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Abstract 
Tuberculosis (TB) is an infectious respiratory disease caused by the bacterial pathogen 

Mycobacterium tuberculosis. Each year, 1.5 million deaths are attributable to TB and 

survivors are prone to increased all-cause mortality, due to excessive TB-associated 

pulmonary inflammation. Recent literature indicated the microRNA hsa-miR-652-3p 

(miR-652) was downregulated in plasma of Chinese TB patients, and further decreased 

in patients who failed to clear the bacteria after antibiotic therapy. This thesis 

investigated the activities of miR-652 during in vitro and in vivo infections with 

intracellular bacterial pathogens, with a special focus on the macrophage response to 

infection. 

My initial study aimed to characterise the phenotypic differences between murine 

alveolar (AMJ2-C11) and peritoneal (IC-21) macrophage cell lines during in vitro 

mycobacterial infections, in order to illustrate the influence of tissue origin on 

macrophage function. Both cell lines were able to control M. bovis BCG and 

M. tuberculosis H37Rv bacterial loads. However, AMJ2-C11 cells exhibited a more 

inflammatory phenotype, with significantly increased cytokine release and nitric oxide 

generation. Additionally, expression of inflammatory cell surface markers was increased 

on AMJ2-C11 cells relative to IC-21 cells. These data suggest that whilst tissue origin can 

influence macrophage phenotype, cell plasticity ensures diverse macrophages can 

respond to invading pathogens. 

Chapter 4 investigated the impact of miR-652 on the murine immune response to 

M. tuberculosis. Bone marrow macrophages from miR-652-/- C57BL/6 mice were able to 

control bacterial growth over 6 days in vitro, though IL-6, TNF, MIP-1α, and KC 

expression was significantly lower than in their wild type counterparts. Western blot 

results indicated AKT and mTOR activation was attenuated in miR-652-/- macrophages. 

miR-652-/- mice infected aerogenically with M. tuberculosis were able to control the 

bacterial load in the lungs and spleen equal to wild type mice over 13 weeks. Leukocyte 

populations were comparable between mouse strains, however, early CD8+ effector T 

cell numbers were elevated in the lung and lymph node miR-652-/- mice, suggesting 

miR-652 may have some impact on T cell differentiation during bacterial infection. 
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Chapter 5 investigated this question in a CD8+ T cell-focused infection model; 

intraperitoneal Listeria monocytogenes infection. miR-652-/- mice were highly 

susceptible to a low-dose infection of 2000 CFU/mouse, exhibiting significantly 

increased weight loss and high morbidity. The early onset of morbidity indicated a 

deficiency in the innate immune response. Highly necrotic liver lesions in miR-652-/- mice 

displayed intense recruitment of neutrophils and macrophages, but bacterial load was 

uncontrolled in these mice. To investigate the antimicrobial phenotype of miR-652-/- 

macrophages, primary peritoneal macrophages were infected with L. monocytogenes in 

vitro. A proteomic analysis highlighted dysregulation of key immune pathways, including 

the lysosome pathway and the pentose phosphate pathway. Also downregulated was 

the in silico-predicted miR-652 target CAPZB. Transfection experiments using luciferase 

reporter constructs indicated miR-652 does not target a predicted sequence in the 

CAPZB 3’UTR. Further, CAPZB mRNA and protein were unaffected by transfection with 

a miR-652 mimic in IC-21 mouse peritoneal macrophage cells, indicating CAPZB 

expression is unaffected by miR-652. 

This thesis demonstrates miR-652 plays clear roles in the proper innate immune 

response to acute infection with an intracellular bacterial pathogen. The pathways 

impacted in miR-652-/- macrophages position miR-652 as an important regulator of 

immune function, potentially regulating inflammation and cell metabolism. Host-

directed therapies possess amazing potential as a complement to existing antimicrobial 

drugs.  microRNA-based therapeutics for infectious diseases are progressing well 

through clinical trials. Analysis of the genes validated as targets for miR-652 underscores 

the promise for a miR-652 mimic as a therapeutic in chronic TB, particular when 

administered with a cell-targeted delivery mechanism. Additional holistic research is 

needed to evaluate the impacts of miR-652 in macrophages to realise the potential of 

miR-652 as a therapeutic miRNA. 
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disease 

  



 

2 
 

Chapter 1. Targets and regulation of microRNA-652-3p in 

homeostasis and disease 
 

1.1. Preamble to Chapter 1 
MicroRNAs (miRNA) are short non-coding RNA which modulate gene translation in 

mammalian cells. The list of cellular pathways and processes regulated by miRNA is 

extensive, from cell fate determination and embryonic development, to cell apoptosis 

and many disease states (1, 2). miRNA regulatory networks continue to grow as new 

miRNA are discovered and further miRNA targets are validated.  

As part of the canonical miRNA biogenesis pathway, long single-stranded primary-

miRNA (pri-miR) are transcribed by RNA polymerase II (3). Pri-miRs, often containing 

multiple miRNAs, are cleaved into pre-miRNA (pre-miR) stem-loops by Drosha and are 

exported to the cytoplasm by Exportin-5 (4, 5). Alternatively, miRNA located within the 

introns of translated genes can be processed to pre-miRs by the spliceosome before 

exportation (6). Cytoplasmic pre-miR stem-loops are further processed by the RNase 

enzyme Dicer to give a double stranded RNA molecule (7). The strands are denominated 

5p and 3p based on their position in the pre-miR stem loop, and both strands can possess 

gene silencing activity (8). The double stranded miRNA is incorporated with an 

Argonaute protein to form the RNA-induced silencing complex (RISC), where one strand 

is degraded (9), and the remaining guide strand binds its target mRNA through binding 

of miRNA nucleotides 2-7 (10). RISC typically inhibits translation of the target mRNA and 

promotes its decay (11). However, in some contexts gene translation is enhanced by 

miRNA binding (12). 

Individual miRNAs can each target and regulate multiple mRNA, creating dense 

networks of interacting genes and miRNA. The diversity of disease-related genes in 

these networks prompts investigation into the use of miRNA as biomarkers and 

therapeutic targets. miRNA-based biomarker panels are already available for diagnosis 

of osteoporosis, cardiovascular disease, and several cancers (13). Whilst no miRNA 

therapeutic has yet received FDA approval, several are in phase 1 and 2 clinical trials for 

both infectious and non-infectious diseases (1, 13). Phase 1 trials for mir-17 inhibitor 
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RGLS4326 in polycystic kidney syndrome are completed (14), and phase 2 trials for 

mir-16 replacement therapy Mesomir/TargomiRs in late-stage mesothelioma are 

ongoing (13, 15). Multiple molecules antagonising mir-122 to treat chronic hepatitis C 

infection have entered or completed phase 2 trials (16, 17). miR-122 is known to bind 

and stabilise the hepatitis RNA genome (18). A recent in silico analysis has suggested 

that miR-122 could bind and stabilise the genome of SARS-CoV-2 by a similar mechanism 

(19). Further research into miRNA regulated cell pathways could present novel 

opportunities for miRNA-targeted therapeutics, particularly in the field of infectious 

disease. 

The object of this thesis is to describe cellular pathways and activities associated with 

the mammalian miRNA miR-652-3p. Dysregulation of this miRNA was recently 

associated with tuberculosis (TB) disease and poor response to treatment (20). There 

are persistent issues with TB diagnosis and treatment, leading to over one million TB-

related deaths each year (21), with an unequal proportion occurring in lower income 

countries (22). TB is caused by infection with the bacterium Mycobacterium tuberculosis, 

an evasive pathogen which can survive and replicate within host cells, subverting many 

host defence mechanisms. 

Antibiotic regimes are effective at treating the majority of TB cases, however, the 

3-6 month duration of the necessary antibiotic course can lead to poor adherence and 

relapsing infections (23). Because of this, the development of antibiotic resistance is a 

growing concern. For example, the incidence of multi-drug resistant (MDR) TB in Papua 

New Guinea ranges from 2-20% of new TB cases, depending on geographic location (24, 

25), and in several eastern European countries as many as 30% of TB cases are estimated 

to be MDR (26). 

Pulmonary TB induces severe inflammation to accumulate in the lungs, and can 

permanently impair lung function (27). Patients successfully treated for TB continue to 

have increased mortality (28). Development of adjunct therapies to control 

inflammation during TB antibiotic treatment is of real importance, and the modulation 

of miRNA pathways presents an intriguing opportunity. 
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The growing threat of drug-resistant TB highlights the need for novel diagnostics and 

treatments, both antimicrobial and anti-inflammatory.  Investigation of TB-associated 

miRNA like miR-652 could uncover anti-TB treatments, or conjunctive therapies to 

control TB-associated inflammation. My investigations utilised two intracellular 

pathogens, M. tuberculosis and Listeria monocytogenes, to investigate the relationship 

between miR-652 dysregulation and intracellular bacterial infection. Identifying these 

relationships and categorizing potential miR-652 target genes in inflammatory 

antibacterial pathways will guide future research into miR-652 as a diagnostic or 

treatment. 

The aims of this study are: 

(i) To investigate the relationship between macrophage tissue origin and the 

response to mycobacterial infection. 

(ii) To identify the impacts of miR-652 expression during in vitro and in vivo 

Mycobacterium tuberculosis infection. 

(iii) To characterise the impacts of miR-652 during Listeria monocytogenes infection 

in mice and mouse macrophages. 

The hypotheses of the study are: 

(i) The alveolar macrophage cell line AMJ2-C11 will exhibit a more proinflammatory 

response to mycobacterial infection, compared to the peritoneal macrophage 

cell line IC-21. 

(ii) Absent miR-652 expression in mouse macrophages will hinder their 

inflammatory response to M. tuberculosis, and prevent control of bacterial 

growth. 

(iii) The inflammatory immune response to in vivo aerosol M. tuberculosis infection 

will be diminished in miR-652-deficient mice. 

(iv) The absence of miR-652 expression will inhibit proinflammatory pathways and 

make mice vulnerable to Listeria monocytogenes infection. 
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1.3. Abstract 
microRNA are small non-coding RNA molecules which inhibit gene expression by binding 

mRNA, preventing its translation. As important regulators of gene expression, there is 

increasing interest in microRNAs as potential diagnostic biomarkers and therapeutic 

targets. Studies investigating the role of one of the miRNA ‒ miR-652-3p ‒ detail diverse 

roles for this miRNA in normal cell homeostasis and disease states, including cancers, 

cardiovascular disease, mental health, and central nervous system diseases. Here we 

review recent literature surrounding miR-652-3p, discussing its known target genes and 

their relevance to disease progression. These studies demonstrate that miR-652-3p 

targets LLGL1 and ZEB1 to modulate cell polarity mechanisms, with impacts on cancer 

metastasis and asymmetric cell division. Inhibition of the NOTCH ligand JAG1 by 

miR-652-3p can have diverse effects on angiogenesis and immune cell regulation.  

Investigation of miR-652-3p and other dysregulated miRNAs identified a number of 

pathways potentially regulated by miR-652-3p. This review demonstrates that 

miR-652-3p has great promise as a diagnostic or therapeutic target due to its activity 

across multiple cellular systems. 

Key Words:  miR-652, cancer, cardiovascular disease, Notch signalling, mental health 

 

1.4. Introduction 
microRNAs (miRNA) are short 20-24 nucleotide non-coding RNA molecules which 

modulate gene expression. In the 27 years since the biomodulatory function of miRNA 

was first described in C. elegans (29), miRNA have been identified as a key element in 

eukaryotic cell regulation (30, 31). Diverse networks of activity are being characterised 

for many miRNAs, including miR-652-3p, already known to modulate cell differentiation, 

proliferation, polarity, and apoptosis pathways (32-35). 

In this review, we focus on miR-652-3p in cardiovascular disease, cancer, and other 

diseases. We describe the utilisation of miR-652-3p in biomarker panels, and we detail 

the validated gene targets of miR-652-3p and their conservation in humans and mice. 

Ever developing knowledge in the field has made miRNA very interesting candidates for 

use as therapeutics and diagnostic tools. miRNA-based biomarker panels are already 
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available for diagnosis of osteoporosis, cardiovascular disease, and several cancers (13). 

Whilst no miRNA therapeutic has yet received FDA approval, several are in phase 1 and 

2 clinical trials for both infectious and non-infectious diseases (1, 13). As the literature 

surrounding miR-652-3p and its target genes continues to expand, its diverse cellular 

activities provide great potential as a diagnostic or therapeutic target. 

1.5. Characteristics of miR-652 
Human gene MIR652 is located on the X chromosome, within an intron of TMEM164, 

encoding transmembrane protein 164 (36, 37). As yet no publications have provided 

evidence that TMEM164 is translated in humans. MIR652 expression is controlled under 

the TMEM164 promoter (38), and the pre-miR hsa-miR-652 may be generated by the 

spliceosome (6). A second miRNA encoding gene MIR3978 is also located on a TMEM164 

intron (39). The encoded miRNA, miR-3978, has been associated with peritoneal gastric 

cancer metastasis (40), but has not been linked with miR-652-3p. 

Expression of miR-652-3p is highest in human myeloid-lineage leukocytes, including 

circulating monocytes, neutrophils, and eosinophils (41-43). Deep sequencing data from 

the FANTOM5 project suggests comparatively low expression of the pre-miR 

hsa-miR-652 in human lymphocytes (38), though the mouse homologue 

mmu-miR-652-3p has been shown to affect the differentiation of CD4+ T cells (44). 

Mature miR-652-3p is also expressed in human epithelial cells and dysregulation of 

miR-652 in epithelial cells has been associated with several cancers (35, 45, 46). 

Extracellular miR-652-3p has been identified in circulating exosomes (47, 48), and 

numerous studies have quantitated miR-652-3p from human serum and plasma (20, 49-

54).  

Dysregulated expression of the passenger strand miR-652-5p has been associated with 

diabetes and gastrointestinal cancers, and with a model of ischaemia (55-59). However, 

deep sequencing data indicates expression of miR-652-5p is much lower than 

miR-652-3p (38), suggesting miR-652-3p is preferentially bound to Argonaute proteins 

during biogenesis (60).  
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Numerous studies are reporting an association or role of miR-652-3p in cardiovascular 

disease, cancers, mental health and the central nervous system (CNS), and immune 

regulation. The association of miR-652-3p with these diseases and known targets of miR-

652-3p are reviewed here. 

1.6. miR-652-3p in cardiovascular disease 
Cardiovascular disease (CVD) is the leading cause of death globally, responsible for 17.8 

million deaths in 2017 (61). miR-652-3p has been implicated in multiple studies of CVD 

with roles in pathways including atherosclerosis, and myocardial infarction.  

Numerous studies have analysed the association of circulating miR-652-3p with CVD, 

focusing on heart failure. An early study found miR-652-3p upregulated in the plasma of 

200 acute coronary syndrome patients (62). When analysed in combination with existing 

prognostic markers NT-proBP and LVEF, low miR-652-3p concentration at initial 

admission was strongly predictive of readmission for heart failure. Ovchinnikova et al. 

found miR-652-3p expression was significantly downregulated in plasma of heart failure 

patients (63). Expression was negatively correlated with heart failure severity and low 

miR-652-3p concentration was predictive of poor 180-day survival. A follow-up study 

found miR-652-3p downregulated in heart failure patients, though not significantly (64). 

Further, this study noted a correlation between lower miR-652-3p expression and 

increased incidence of atherosclerotic lesions (64). With this evidence suggesting a role 

for miR-652-3p in human heart failure, studies were conducted in a rat hypertension 

model and a mouse ischaemic heart failure model (65). In the rodent models, 

hypertension and heart failure did not induce significant changes in expression of the 

miRNAs previously reported to be differentially expressed in humans. 

Recent studies have also suggested miR-652-3p as a biomarker of acute kidney injury in 

heart failure patients. Upregulated miR-652-3p, in conjunction with increased 

neutrophil gelatinase-associated lipocalin (NGAL), in both serum and urine of patients 

with heart failure was predictive of acute kidney injury onset (66). Though, this finding 

was not seen in a separate study that did not find any correlation between miR-652-3p 

and NGAL (49). These differences may be due to the population sampled, methods used 

to measure miRNA levels or other, as yet unidentified factors. 
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It has been suggested that miR-652-3p may play a role in regulating coagulation (48). 

Low miR-652-3p expression in plasma was found to correlate with low platelet count in 

venous thromboembolism patients (67). Low platelet count has been associated with an 

increased risk of recurrent embolisms (67, 68). Additionally, low plasma miR-652-3p was 

associated with increased risk of adverse cardiac and cerebral events in end-stage 

kidney disease patients, suggesting an increased risk of thrombotic events (69). 

Research is ongoing to investigate the involvement of miR-652 in CVD. The most 

prominent CVD is atherosclerosis, a narrowing of blood vessels caused by a build-up of 

lipid plaque in the endothelium (70). Early plaque generation is driven by phagocytosis 

of low-density lipoproteins by macrophages in the subendothelial space (71). These 

macrophages promote atherosclerotic lesion formation through secretion of IL-1α (72). 

Huang et al. observed miR-652-3p was upregulated in atherosclerotic plaque of both 

humans and mice (73). miR-652-3p was found to target Cyclin D2 (CCND2) in human 

umbilical vein endothelial cells, inhibiting endothelial cell proliferation and enhancing 

atherosclerotic lesion formation. Cyclin family proteins are cell cycle regulators, and 

Cyclin D2 was shown to promote cardiac muscle repair in a mouse myocardial infarction 

model (74). In vivo administration of an anti-miR-652-3p antagomir in mice decreased 

aortic lesion area, suggesting miR-652-3p inhibition as a therapeutic in atherosclerotic 

disease (73). A further study from the same group found miR-652-3p upregulation was 

associated with dyslipidaemia (75). Dyslipidaemia predisposes patients to 

atherosclerosis by lowering nitric oxide (NO) generation from endothelial cells (76). The 

transcription factor, insulin gene enhancer protein (ISL1) increases NO production and 

stimulates vasodilation (77, 78). miR-652-3p is overexpressed under hyperlipidaemic 

conditions and targets ISL1, decreasing NO production (75). Administration of 

simvastatin, commonly given to treat dyslipidaemia, led to decreased miR-652-3p 

expression and rescued NO levels in hyperlipidaemic mice (75). 

In vivo inhibition of miR-652-3p also limited cardiomyocyte hypertrophy and apoptosis 

in a mouse myocardial infarction model (79). Hypertrophic cardiomyocytes upregulated 

miR-652-3p, inhibiting expression of NOTCH ligand JAG1 (Figure 1.1). Administration of 

a miR-652- 3p inhibitor in mice with cardiac hypertrophy resulted in increased cardiac 
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angiogenesis, with no obvious organ toxicity (79). Notch signalling plays diverse roles in 

cardiac development and repair, but it is also influential in the immune response (80-

82). In vitro Jag1-mediated Notch signalling was found to inhibit apoptosis of rat 

cardiomyocytes, and promote their proliferation (83). Furthermore, Mycobacterium 

bovis BCG infection of mouse macrophages increased Notch signalling and inhibited 

macrophage apoptosis (84). Additional research investigating the role of miR-652-3p in 

regulating the NOTCH pathway will be required to elucidate these mechanisms.    

In an in vitro myocardial infarction model using primary mouse cardiomyocytes, 

downregulation of miR-652-3p allowed increased expression of MTP18, a controller of 

mitochondrial fission and apoptosis (33, 85). This study determined miR-652-3p activity 

was regulated by the circular-RNA MFACR, which contains numerous miR-652-3p 

binding sites and acted as a miR-652-3p sponge. This circular-RNA has not been further 

investigated and as will be discussed later in this review, it is not clear whether 

miR-652-3p target sites are present in human MTP18 mRNA transcripts. Together these 

studies indicate that miR-652-3p may have multiple roles to play in regulating CVD and 

further research in this area is warranted. 
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Figure 1.1. Regulation of cell polarity and Notch signalling by miR-652-3p. Organisation of cytoplasmic 

components in epithelial cells and mitotic cells is regulated by the co-inhibitory activity of the PAR complex 

(composed of PAR3, PAR6, and aPKC) and the Scribble complex (composed of Scribble (SCRIB), DAP-5, and 

LLGL1 or LLGL2). LLGL1/2 competes with PAR3 to bind aPKC in the apical zone. PAR3 binds and activates 

aPKC, initiating phosphorylation of LLGL1/2, deactivating LLGL1/2 and transporting it to the basolateral 

zone. Phosphorylated LLGL1/2 is reactivated and binds the scribble complex in the basolateral zone. ZEB1 

prevents the expression of LLGL2, interfering with the regulation of the PAR complex. NOTCH-ligand JAG1 

activates NOTCH, causing cleavage of the Notch intracellular domain (NICD) which translocates to the 

nucleus and activates transcription factors. NUMB inhibits Notch signalling by ubiquitinating NICD, 

directing it to the proteasome for degradation. During asymmetric cell division, active aPKC 

phosphorylates NUMB in the apical zone, driving transport of NUMB to basolateral zone. Asymmetric 

distribution of NUMB during mitosis influences daughter cell phenotype. miR-652-3p inhibits the activity 

of both ZEB1 and LLGL1, which can either promote or inhibit cell polarity and differentiation of dividing 

cells depending on cell type, tissue location, and disease. miR-652-3p also inhibits expression of JAG1, 

controlling Notch signalling activity.
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1.7. miR-652-3p in cancer 
Given the wide range of critical cellular pathways controlled by miRNA, it is unsurprising 

that many miRNAs, including miR-652-3p, are dysregulated in cancer (Figure 1.2). For 

example, the miR-34 family is known to downregulate more than 30 oncogenes, and 

downregulation of miR-34 is associated with multiple cancer subtypes (86, 87). This very 

broad influence makes miR-34 a prime target for drug development, though 

unfortunately no miR-34-based therapeutics have passed clinical trials to date (13). 

Cancer is the most studied disease context of hsa-miR-652-3p expression, with miR-652-

3p reported to possess both protective and oncogenic roles in different cancer types. 

These seemingly contradictory activities may be due to the types of tumours, the gene(s) 

targeted by miR-652-3p, or other as yet undetermined factors. The validation of 

numerous miR-652-3p target genes in different cancer settings illustrates the regulatory 

function miR-652-3p plays in key cell processes (34, 35, 45, 46, 88, 89). 

1.7.1 Lung cancer 
A four-miRNA diagnostic biomarker panel containing miR-652-3p was identified by 

Andersen et al., differentiating malignant pleural mesothelioma tumour tissue from 

non-neoplastic tissue (90). The biomarker classifier analysed the downregulation of 

miR-126-3p, miR-143-3p, miR-145-5p, and miR-652-3p in tumour tissue, categorising 

tissue samples with an accuracy of 94% (90). Another study found miR-652-3p was 

similarly downregulated in squamous cell lung carcinoma tumour tissue (91). 

Conversely, two other studies found miR-652-3p expression was upregulated in non-

small cell lung cancer patient serum and tumour tissue, respectively (35, 54). These 

expression differences may be influenced by differences in the study size, subject 

ethnicity or the host response to different lung cancer subtypes. One major issue with 

measuring miRNA expression is data normalisation. These studies each used different 

housekeeper RNA to normalise qRT-PCR data, which can lead to conflicting results. A 

study analysing plasma miRNA of Chinese and Australian tuberculosis patients found the 

expression of several commonly used housekeeper miRNAs varied significantly between 

geographical cohorts (92). Further studies are needed to determine an appropriate 

housekeeper in these lung cancers. 
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A 3-marker panel analysing increased serum expression of mir-660-5p, miR-652-3p, and 

a known lung-cancer biomarker protein Cyfra21-1 was developed for diagnosis of non-

small cell lung cancer (54). A receiver operating characteristic (ROC) curve for this panel 

had an area under the curve of 0.94 for distinguishing non-small cell lung cancer patients 

from controls. 

The potential that miR-652-3p possesses as a biomarker in a number of cancers suggests 

this miR is important in cancer biology. How miR-652-3p influences cancer development 

is now starting to be elucidated.  

miR-652-3p was found to be upregulated in tumour tissue of non-small cell lung cancer 

patients, and promoted tumour metastasis by targeting Lethal(2) giant larvae protein 

homologue 1 (LLGL1) (35). LLGL1 is considered a tumour suppressor, largely because its 

activity in cell polarity maintenance prevents metastasis of cancerous epithelial cells 

(Figure 1.1) (93). Upregulation of miR-652-3p in lung tumour cells, and the subsequent 

inhibition of LLGL1 expression led to an epithelial-to-mesenchymal transition in tumour 

cells, promoting cell migration and invasion (35).  Interestingly, downregulation of miR-

652-3p in pancreatic cancer lines was also found to promote cancer cell proliferation 

and invasion. In this case miR-652-3p acted by targeting the tumour promoting 

expression of transcription factor zinc finger E-box-binding homeobox 1 (ZEB1) (45). 

Increased ZEB1 expression promotes epithelial-to-mesenchymal transition and cell 

migration by inhibiting translation of LLGL2, which performs a similar function to LLGL1 

in many cell types (94-96). These studies, indicate that LLGL1 and ZEB1 targeting by 

miR-652 can both promote or inhibit cell polarity maintenance. These differences may 

depend on cell type, tissue location, or disease state and clearly this subject requires 

further research. 

Cell polarity maintained by LLGL activity also influences the polar distribution of NOTCH 

regulator protein NUMB during cell division (Figure 1.1), controlling Notch signalling in 

daughter cells (97). Considering it also targets a NOTCH ligand, JAG1, miR-652-3p may 

be an influential regulator of the Notch signalling pathway. 
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Figure 1.2. Human miRNAs reported dysregulated with hsa-miR-652-3p in lung cancer, breast cancer, 
and gastrointestinal cancers. Lung cancers include non-small cell lung cancer and plural mesothelioma. 

Gastrointestinal cancer includes oesophageal cancer, gastric cancer, and colorectal cancer.

1.7.2 Breast cancer
Along with lung cancers, several studies have identified dysregulated expression of 

miR-652-3p in breast cancer patients, though no specific target genes have yet been 

identified. Cuk et al. found that miR-652-3p was upregulated in the plasma of 150 breast 

cancer patients (98). miR-652-3p was part of a 7-miRNA panel identified which 

distinguished benign and malignant breast cancer (98). The panel was particularly 

effective in young women (<50 years old), with an area under the ROC curve of 0.86. 
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This study also found miR-652-3p levels correlated with tumour suppressor p53 

expression, which is interestingly a predicted target of miR-652-3p on the TargetScan 

v7.2 database (99). An additional study established a 4-miRNA serum signature including 

miR-652-3p which could also identify triple-negative breast cancer patients likely to 

relapse (53). Increased expression of the 4 miRNAs was predictive of relapse within 36 

months post-surgery. 

Interestingly two studies found circulating miR-652-3p expression reduced in Luminal A 

type breast cancer patients (100, 101).  A biomarker panel analysing decreased 

miR-652-3p, miR-29a-3p, and miR-181a-5p concentrations in whole blood was able to 

identify Luminal A breast cancer, with an area under the ROC curve of 0.80 (101). Indeed, 

low serum levels of miR-652-3p alone was able to identify both Luminal A and non-

Luminal A breast cancers (100).  

Discrepancies in circulating miR-652-3p expression reported in breast cancer may be 

due to the variation between serum and plasma, particularly considering miR-652-3p 

was identified in circulating exosomes, which are depleted in serum (47). Alternatively, 

differences could be attributed to use of different reference controls in miRNA data 

normalisation. These studies used either small nuclear RNA U6 (53, 98) or miR-16-5p 

(101) as a housekeeping control, or no housekeeper at all in a ddPCR method (100). Data 

normalisation methods can cause significant difference in experiment outcomes, and 

the use of U6 as a circulating housekeeping RNA has been questioned (102, 103). A 

further consideration is the varying sizes the cohorts used. Studies reporting miR-652-

3p overexpression in breast cancer used larger cohorts (n=110 and n=210) than those 

reporting miR-652-3p underexpression (n=59 and n=90). Other factors such as stage of 

disease at diagnosis, ethnicity, and age may all influence miR-652-3p expression. It may 

also be that miR-652-3p functions differently in different cancers due to other biological 

factors. 

1.7.3 Gastrointestinal cancers 
Gastrointestinal cancers make up 26% of all cancers globally with 5-year survival rates 

of 24-65%, depending on cancer subtype, and miRNA are already of major interest as 

diagnostic biomarkers in this field (104-106). Recent studies have reported dysregulated 
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miR-652-3p in multiple gastrointestinal cancers including oesophageal, gastric, and 

colorectal cancers. 

A small study of two oesophageal cancer patients found high miR-652-3p levels in fixed 

tumour tissue correlated with poor prognosis (107). Conversely, a later study by Zhen et 

al. found miR-652-3p was downregulated in oesophageal tumour tissue (89). Whilst 

both studies analysed squamous cell carcinoma tissues and used similar RNA 

quantification and data normalisation methods, tissue collection and processing varied 

significantly (89, 107). Larger studies accounting for comorbidities and environmental 

factors are warranted to investigate the role of miR-652-3p in oesophageal cancer. Zehn 

et al. found that transfection of a miR-652-3p mimic in oesophageal cancer cell lines 

decreased cell proliferation and invasion by targeting fibroblast growth factor receptor 

1 (FGFR1) (89). Overexpression of FGFR1 is associated with poor prognosis in several 

cancer types (108-110), and miR-652-3p appears to play a protective role in this context. 

In addition to oesophageal cancer, miR-652 has also been associated with gastric cancer. 

miR-652-3p was upregulated in the serum of gastric cancer patients, determined 

through whole-genome sequencing (111). Shin et al. also found miR-652-3p upregulated 

in plasma of 50 gastric cancer patients using qRT-PCR. This study identified miR-627-5p, 

miR-629-5p, and miR-652-3p as an effective diagnostic/prognostic biomarker panel for 

identification of gastric cancer (112).  

Several other studies have found circulating miR-652-3p is increased in serum and 

plasma of colorectal cancer patients (113, 114). Pre-cancerous colorectal adenoma 

could be identified using increased plasma miR-652-3p concentration (114), and an in 

silico analysis of microarray data found increased miR-652-3p concentration in 

colorectal tumour tissue was associated with poor prognosis (115). Additionally, a 

conference abstract reported upregulated miR-652-3p in serum was also associated 

with poor prognosis in 43 colorectal cancer patients (113). Interestingly, a further study 

found low serum miR-652-3p levels were associated with poor prognosis in 322 patients 

with stage I-III colorectal cancer (52). 
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These apparently conflicting results in colorectal cancer again highlight important issues 

with miRNA as biomarkers. miRNA expression can be influenced by many factors 

including diet, ethnicity, cancer subtype, and environmental factors (116, 117). In this 

instance, miR-652-3p was upregulated in American cancer patients compared to healthy 

controls (114), but no difference was observed in a Chinese population (52). Differences 

may also be dependent on the experimental method, as each study used differing 

sample matrices and methodologies (ddPCR versus qRT-PCR, versus microarray), each 

with their own miRNA normalisation strategy. Further studies including uniform 

approaches to normalise biomarker analysis are clearly required. 

1.7.4 Other cancers 
Dysregulation of miR-652-3p expression has been associated with numerous other 

cancers, and in many cases a miR-652-3p target gene has been experimentally validated. 

miR-652-3p was found to be upregulated in urothelial cells in the urine of bladder cancer 

patients (118). This study developed a large and specific 25-miR biomarker panel which 

included miR-652-3p for non-invasive bladder cancer diagnosis (118). The role of 

miR-652-3p in this context is not yet clear. miR-652-3p has been shown to target KCNN3, 

encoding small conductance calcium-activated potassium channel 3 (SK3).  Treatment 

of the bladder cancer cell lines T24 and J83  with miR-652-3p mimics inhibited SK3 

expression and promoted cancer cell invasion (34). One study found that low SK3 

expression in ovarian tumours was associated with poor patient survival (119). However, 

a number of other studies have shown SK3 is overexpressed in primary tumours, and 

that high SK3 expression by cancer cells caused tumour cell invasion and metastasis 

(120-122).  SK3 expression in these T24 and J83 cell lines is low, compared to primary 

bladder cancer tissue (121) and this may account for the differences seen between the 

cell lines and primary cells. Whilst the activity of miR-652-3p in the T24 and J28 cell lines 

suggests that miR-652-3p does target KCNN3 in bladder cancer, the in vivo effects of 

miR-652-3p on bladder cancer require further investigation.  

Along with targeting SK3, miR-652-3p has been shown to directly target retinoic acid 

receptor-related orphan receptor alpha (RORA) in endometrial cancer cells (46). 

Transfection of the Ishikawa human endometrial cancer cell line with a miR-652-3p 
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mimic decreased RORA expression, leading to increased cell migration and proliferation. 

RORA was also targeted by miR-652-3p in gastric cancer, where miR-652-3p 

overexpression was associated with decreased survival (123). RORA is commonly 

downregulated in cancers and is reportedly a regulator of p53 anti-tumour activity (124-

126). 

Downregulated miR-652-3p has also been seen in primary glioblastoma tissues with low 

miR-652-3p expression associated with poor overall survival (34). Here miR-652-3p was 

acting as a tumour suppressor in glioblastoma cell lines, targeting the transcription 

factor forkhead-box k1 (FOXK1), inhibiting cell migration and promoting apoptosis. 

FOXK1 regulates a variety of cell processes, including aerobic glycolysis and cell 

differentiation, and is upregulated in many cancers (127). Transfection of a glioblastoma 

cell line with a miR-652-3p mimic caused decreased tumour growth when xenografted 

into nude mice (34). 

While downregulation of miR-652-3p has been associated with poor survival in a 

number of cancers, overexpression of miR-652-3p has also been associated with 

increased tumour growth. Overexpression of mir-652-3p has been demonstrated in 

uveal melanoma tissues and in uveal melanoma cell lines (88). Transfection of these cell 

lines with a miR-652-3p inhibitor led to decreased cell migration and increased 

expression of the validated miR-652-3p-target homeobox A9 (HOXA9). HOXA9 is a 

transcription factor regulating diverse processes, including embryonic development and 

haematopoiesis, and HOXA9 dysregulation is associated with several cancers (128-130). 

Increased miR-652-3p expression in uveal melanoma promoted metastatic cell 

behaviour through modulating HOXA9 activity (88). mir-652-3p has also been shown to 

target HOXA9 in human trophoblast cells (32), with inhibition of mir-652-3p leading to 

decreased trophoblast proliferation and migration.   

Upregulated miR-652-3p has been seen in osteosarcoma tissue and osteosarcoma cell 

lines compared to osteoblast cell lines (131). Jin et al. suggested miR-652-3p 

overexpression in osteosarcoma tissue may drive tumour malignancy by targeting the 

transcription factor Krueppel like factor 9 (KLF9) (132). Dysregulation of KLF9 has been 

associated with development of several cancers (133, 134).  Increased miR-652-3p 
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expression in osteosarcoma cell lines inhibited KLF9 expression and promoted cancer 

cell invasion (132). 

These recent studies highlight the diverse role of miR-652-3p, with both up- and 

downregulation of this miRNA associated with increased tumour growth and reduced 

survival. This apparent contradiction in function of miR-652-3p as both a tumour 

suppressor and tumour promoter is likely due to the multiple targets of miR-652-3p and 

how it acts on specific tumour or immune cells. Further research is required to fully 

understand how miR-652-3p is functioning in these different cancers and to determine 

the therapeutic potential of inhibiting or overexpressing miR-652-3p on tumour 

function. 

1.8. miR-652-3p in mental illnesses and the central nervous 

system 
Along with multiple roles in numerous cancers, miRNAs, including miR-652-3p, are also 

being recognised for their roles in mental illnesses and CNS diseases. Knowledge of how 

neuron function is regulated by miRNA is developing rapidly, with miRNA regulation, 

including that of miR-652-3p, being described in control systems in the central nervous 

system, through to neuronal diseases and mental illness (135-137).  

A study of miRNA expression in post-mortem schizophrenia patient brain tissue found 6 

miRNAs upregulated, including miR-652-3p (138). A similar analysis found miR-652-3p 

noticeably upregulated in the frontal cortex of alcoholic patients (139). In order to 

develop a non-invasive molecular method of schizophrenia diagnosis, Lai et al. 

measured miRNA levels in patients’ peripheral blood mononuclear cells (PBMCs) (140). 

miR-652-3p was upregulated in schizophrenia patients compared to controls, and 

formed part of a 7-miR biomarker panel able to robustly identify schizophrenia patients. 

However, a follow-up study found miR-652-3p was notably, but not significantly, 

upregulated in PBMCs of hospitalised schizophrenia patients (141). Differing results 

between the 2 studies may be due a number of factors including recruitment methods, 

ethnicity, age, cohort size, concurrent medications or other comorbidities, and further 

studies in this area are required. 
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miR-652-3p has also been associated with a number of other mental illnesses and CNS 

conditions. miR-652-3p levels were elevated in the blood of bipolar disorder patients, 

while plasma miR-652-3p was decreased in patients diagnosed with the recently 

described internet gaming disorder (142, 143). Both studies implicated miR-652-3p in 

dysregulation of the gamma-aminobutyric acid signalling pathway, associated with 

schizophrenia, bipolar disorder, and alcoholism (144). The potential use of circulating 

cells and molecules as accessible markers of mental illness has been under investigation 

for some time (145), and the mechanisms by which psychiatric conditions interact with 

circulating leukocytes continue to be elucidated (146). 

Studies have also shown an association between upregulated miR-652-3p and the onset 

of multiple sclerosis in both paediatric and adult patients (147). Pleckstrin-2 (PLEK2), an 

in silico predicted target of miR-652-3p, was downregulated in the paediatric multiple 

sclerosis patients (147). PLEK2 expression is associated with T cell movement and 

metastasis of numerous cancers (148, 149), potentially deepening the already discussed 

role of miR-652-3p as a regulator of cell migration. 

Whilst no genes have yet been validated as miR-652-3p targets in nervous diseases, 

targets validated in other studies have implications in CNS disorders. SK3, targeted by 

miR-652-3p in bladder cancer (34), has been linked with schizophrenia and bipolar 

disorder (150, 151). Additionally, changes in SK3 expression have been associated with 

myotonic dystrophy (152) and miR-652-3p was also reported to be upregulated in the 

serum of myotonic dystrophy patients (51). 
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Figure 1.3. Human miRNAs reported dysregulated with hsa-miR-652-3p in cardiovascular disease, 
cancer, and mental health and central nervous system diseases. Cardiovascular disease includes acute 

coronary syndrome, heart failure, venous thromboembolism, and obesity. Cancer includes bladder 

cancer, breast cancer, oesophageal cancer, gastric cancer, mesothelioma, non-small cell lung cancer, and 

osteosarcoma. CNS and mental health disease includes alcoholism, bipolar disorder, internet gaming 

disorder, multiple sclerosis, myotonic dystrophy, and schizophrenia.

1.9. miR-652-3p in other indications
The multifactorial actions of miR-652-3p also extend to reported roles in a number of 

other diseases. miR-652-3p was upregulated in PBMCs of paediatric patients with type 

1 diabetes (59) and downregulated in plasma of pregnant women with pregestational 
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and gestational obesity (50). Low plasma miR-652-3p levels correlated with high blood 

glucose and increased weight gain during pregnancy. Similarly, downregulation of 

miR-652-3p in white adipose tissue was associated with insulin resistance in obese 

women (153). Transfection of primary white adipose cells with a miR-652-3p mimic 

decreased expression of ectonucleotide pyrophosphatase/phosphodiesterase 1 

(ENPP1) and increased glucose incorporation into lipids. ENPP1 is a regulator of bone 

and soft tissue mineralisation, and has been associated with obesity, type 2 diabetes, 

and pathological calcification of soft tissues (154, 155). Several additional studies have 

linked in silico-predicted miR-652-3p targets with fatty acid metabolism pathways (139, 

147), suggesting further investigation into the involvement of miR-652-3p in cell 

metabolism is warranted. 

Downregulation of serum miR-652-3p in liver cirrhosis patients was shown to be highly 

predictive of cirrhosis disease, but not the aetiology or stage of cirrhosis (43). In a mouse 

model of fibrosis, miR-652-3p levels were decreased in the liver tissue suggesting a role 

for miR-652-3p in immune regulation (44). Mouse CD4+ T cells transfected with a 

miR-652-3p mimic expressed significantly lower levels of the Th17 cytokines, IL-17A and 

IL-22 (44). In host immunity, down regulation of miR-652-3p may aid this early response 

to infection. These transfected CD4+ T cells also displayed significantly lower levels of 

β-arrestin 1 (ARRB1), and a luciferase reporter assay confirmed ARRB1 was a target of 

miR-652-3p (44). ARRB1 is ubiquitously expressed, and has known functions in T cell 

regulation (156), TLR signalling (157), and colorectal cancer progression (158), 

underpinning  the role of miR-652-3p in immunoregulation and cancer metastasis (35, 

45, 79). 

To date, the only communicable disease associated with miR-652-3p is Mycobacterium 

tuberculosis infection. Barry et al. found plasma miR-652-3p levels were lower in active 

tuberculosis patients compared to healthy controls, and that concentrations remained 

downregulated throughout the standard 6-month antibiotic treatment (20). If the 

patient group was further stratified based on the success or failure of antibiotic 

treatment, pre-treatment miR-652-3p levels were significantly lower in treatment 

failures compared to treatment successes. Additionally, the human monocyte cell line 
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U937 downregulated miR-652-3p following lentiviral-transduction to express 

M. tuberculosis protein Hsp16.3 (42). Whether the downregulation of miR-652-3p is part 

of the host immune response or bacterial pathogenesis remains to be elucidated. The 

expression of proinflammatory cytokines by Mycobacterium bovis BCG-infected 

macrophages is mediated by JAG1/NOTCH signalling (159), further suggesting a role for 

miR-652-3p in immune regulation (79). 

1.10. miRNAs regularly associated with dysregulated miR-652-3p 
To complement analysis of individual miRNA, investigation of miRNA commonly 

identified as dysregulated together can give insight into which pathways these miRNAs 

may regulate and can give insight into the physiological pathways altered in specific 

diseases.   

Online Resource 1 details all miRNAs reported as either up- or downregulated where 

dysregulated miR-652-3p was also reported. Additionally, all studies identifying miR-

652-3p as part of a disease biomarker signature are listed in Online Resource 2. Many 

miRNAs have been identified as dysregulated with miR-652-3p across multiple cancer 

types (Figure 1.2), and more still are dysregulated with miR-652-3p across cancer, CVD, 

and mental health and CNS disorders (Figure 1.3). 

The miRNA most commonly associated with dysregulated miR-652-3p is mir-223-3p. 

Both were reported as dysregulated in breast cancer, bladder cancer, heart failure, and 

tuberculosis patients (20, 53, 64, 101, 118). miR-223-3p regulates myeloid leukocyte 

differentiation and function (160), with reported functions as either a tumour promotor 

or suppressor in different cancers (161). Similar to miR-652-3p, miR-223-3p can inhibit 

metastasis of cancer cells by targeting ZEB1 (162). 

Multiple studies have also reported an association between significant changes in 

circulating mir-143-3p levels with miR-652-3p, with both miRNAs highly expressed in 

myeloid leukocytes (41). Both miR-143-3p and miR-652-3p were reported to be 

upregulated in non-small cell lung cancer, mesothelioma, and CVD patients, and both 

downregulated in bladder cancer patients (48, 90, 91, 118). miR-143-3p regulates the 

cell cycle by targeting MAPK7, and downregulation of miR-143-3p is associated with 
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progression of several cancers (163, 164). In a murine model, miR-143-3p expression 

was controlled by the Jag1/Notch1 pathway in vascular smooth muscle cells (165). As 

miR-652-3p inhibits JAG1, this suggests miR-652-3p may regulate expression of 

miR-143-3p, through inhibition of JAG1 (79).  

Similarly, miR-18a-5p has reported protective or pathogenic roles in different cancers 

(166), and dysregulated expression of miR-18a-5p has been reported with dysregulated 

miR-652-3p in lung, gastric, and bladder cancers (91, 112, 118). Both miR-18a-5p and 

miR-652-3p are overexpressed in non-small cell lung cancer (35, 167). Moreover, 

miR-18a-3p and miR-652-3p target RORA in glioma and endometrial cancer, respectively 

(46, 168), suggesting both miRNAs may regulate similar pathways. 

Additional studies have suggested that miR-29a-3p dysregulation may be linked with 

both miR-181a-5p and miR-652-3p in breast, lung, and gastrointestinal cancers (Figure 

1.2). Studies have shown both miR-181a-5p and miR-29a-3p target VEGF-A to supress 

angiogenesis in tumours (169, 170). This is intriguing considering miR-652-3p has been 

associated with VEGF signalling in colorectal cancer (115), and suggests miR-652-3p 

could play a protective role in these tumours. 

Another miRNA associated with miR-652-3p in multiple conditions is miR-107. Both have 

been reported to be upregulated in parallel in breast cancer, schizophrenia, and 

myotonic dystrophy (51, 53, 138). miR-107 prevents cell cycle arrest and cancer 

progression by inhibiting CDK6 expression (171). CDK6 itself is regulated by CCND2, a 

validated miR-652-3p-target, illustrating the involvement of miR-652-3p cell cycle 

maintenance (73). In a similar fashion, a study in glioma cells showed hsa-miR-107 

targets NOTCH2 (172), itself a receptor for the miR-652-3p target JAG1 (79). Expression 

of miR-107 in macrophages is TLR and NF-κB dependant, and miR-107 was 

downregulated is response to LPS in mouse macrophages (173, 174). Moreover, 

miR-107 and miR-652-3p were both downregulated in human macrophages expressing 

the recombinant mycobacterial antigen Hsp16.3 (42).These co-dysregulation analyses 

highlight the diversity of pathways influenced by miR-652-3p and present interesting 

avenues for further investigation of miR-652-3p activity. 
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1.11. Interspecies conservation of miR-652-3p and its validated 

target genes  
Common practical and ethical limitations associated with obtaining human samples 

make animal models an attractive alternative for scientific experimentation. Mice are 

among the most commonly used laboratory animals due to ease of colony maintenance 

and relatively short breeding cycle. Whilst mouse and human genomes are largely 

homologous (175), genetic differences between the species can greatly affect 

phenotypic and experimental outcomes (176). 

In order to assess the use of mice as a model of miR-652-3p activity, we performed 

sequence alignments using the EMBOSS Needle global alignment tool 

(https://www.ebi.ac.uk/Tools/psa/) for all miR-652-3p targets validated in humans or 

mice: ARRB1 (44), CCND2 (73), ENPP1 (153), FGFR1 (89), FOXK1 (34), HOXA9 (32, 88), 

ISL1 (75), JAG1 (79), KCNN3 (34), KLF9 (132), LLGL1 (35), MTP18 (33), RORA (46, 123), 

and ZEB1 (45). 

mRNA sequences used in this analysis are detailed in Table S2. The mature miRNAs, 

hsa-miR-652-3p and mmu-miR-652-3p are 100% homologous (177). However, the target 

sequences in the genes they are predicted to bind are not all conserved between 

humans and mice. For instance, the RORA 3’-UTR is conserved in mice, with only a single 

base difference in the binding region (Figure 1.4A). Target sequences in ISL1, KLF9, ZEB1, 

and JAG1 are also well conserved in mice. However, single base differences are present 

in each gene corresponding to the miR-652-3p 5’ seed sequence, known to be influential 

in miRNA-mRNA targeting (10). The hsa-miR-652-3p target sites in human LLGL1 and 

ENPP1, and the mmu-miR-652-3p target site in mouse Arrb1 are all moderately 

conserved between the two species, however, binding of the miR-652-3p seed sequence 

may be significantly impacted by 3’ changes in the target genes. Conservation of 3’-UTR 

target sites in human FGFR1 and FOXK1 in mice is poor, and miR-652-3p is not expected 

to bind these sites. The validated target site for Mtp18 in mice is not present in humans. 

Two separate studies have validated human HOXA9 as a hsa-miR-652-3p target. Both 

studies listed the target sequence predicted by the TargetScan v7.2 database (99). 

However, this target sequence is not present within any HOXA9 mRNA transcripts in the 

https://www.ebi.ac.uk/Tools/psa/
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Refseq database for either human or mouse (32, 88). Rather, it is in a non-transcribed 

region over 600 bp downstream of HOXA9 (Figure 1.4B). This non-transcribed region is 

also well conserved in mice. The predicted target sequence was validated in both studies 

using recombinant luciferase reporter constructs (32, 88). miR-652-3p mimics and 

inhibitors modulated HOXA9 expression, as determined by western blot, suggesting 

there may be a second miR-652-3p target site in the HOXA9 mRNA transcript, or that 

miR-652-3p could be targeting another protein upstream of HOXA9. Similar to the 

HOXA9 target site, the validated miR-652-3p target site in the human KCNN3 3’-UTR is 

not present in known mouse Kcnn3 mRNA transcripts (Figure 1.4C), but it is well 

conserved in the mouse genomic sequence downstream of Kcnn3 (data not shown).  

Though some validated 3’-UTR target sequences are not conserved between humans 

and mice, this does not necessarily mean miR-652-3p does not target these genes, as 

some miRNA are known to have several target sites within a single gene. Huang et al. 

predicted different miR-652-3p target sequences in human and mouse CCND2. Two 

predicted target sites in the human CCND2 3’-UTR are not well conserved in mice (Figure 

1.4D), however a predicted target site in the mouse Cnnd2 coding sequence is well 

conserved in humans (73). Western blot data confirmed miR-652-3p targeted both 

human CCND2 and mouse Ccnd2 and the predicted target site in the mouse Ccnd2 

coding sequence was validated by a standard recombinant-gene luciferase assay (73). 

Mouse models remain a valuable tool for the elucidation of miR-652-3p activity. The 

interspecies conservation of miRNA binding sites should be considered when developing 

investigative models of miRNA activity.   
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Figure 1.4.  mir-652-3p target sequences are conserved between humans and mice. Yellow indicates 

bases bound by miR-652-3p, as described in published literature. a The 3’-UTR of validated miR-652-3p 

target genes in humans and mice. b The in silico predicted miR-652-3p target site in HOXA9 reported in 

the literature is downstream of the transcribed mRNA. c The miR-652-3p target sequence in human 

KCNN3 is conserved in the mouse genome, but is not included in known mouse mRNA transcripts. d The 

predicted miR-652-3p binding sites in the human CCND2 3’-UTR are moderately conserved in mice. The 

predicted miR-652-3p binding site in the mouse Ccnd2 CDS is well conserved in humans. 

 

1.12. Conclusion 
The current literature illustrates the diverse roles miR-652-3p plays in maintaining 

cellular processes, and its contributions to disease pathogenesis. Validated gene targets 

have implicated miR-652-3p in regulation of cell differentiation, metabolism, 

proliferation, and apoptosis, and aberrant miR-652-3p expression in these systems can 

lead to oesophageal, lung, uveal, bladder, endometrial, and pancreatic cancers. 

Dysregulation of miR-652-3p has been associated with several cardiovascular diseases, 

with a number of cardiac repair genes confirmed as miR-652-3p targets. The ability of 

miR-652-3p to target JAG1, LLGL1, and ZEB1, could profoundly influence cell polarity 

maintenance, cell fate determination, generation of inflammatory immune responses, 

and initiation or repression of cancer metastasis.  

Although miR-652-3p has been identified as a potential biomarker in a number of mental 

health and central nervous system diseases, the mechanisms by which miR-652-3p is 

 

 
 

 



 

28 
 

associated with these conditions are yet to be uncovered. The activity of miR-652-3p in 

infectious disease also remains poorly understood and its association with 

mycobacterial infection provides an excellent opportunity for further investigation. 

Continued investigation into the actions of miR-652-3p offers considerable opportunity 

to develop new diagnostic and therapeutic targets to treat a range of human diseases. 
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1.15. Online resources 
 

Online resources are included in Appendix 2. 
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Online Resource 2 Identified disease biomarker signatures utilising miR-652-3p 

Online Resource 3 Sequences used for inter-species alignment analysis of validated miR-

652-3p target genes 
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2.2. Abstract 
Macrophages display marked plasticity with functions in both inflammation and tissue 

repair. Evidence demonstrates that this spectrum of macrophage phenotypes is 

influenced by their local microenvironment and tissue origin. However, in vitro 

macrophage experiments often do not or cannot readily use macrophages from the 

most relevant tissue of origin. In this study we investigated if the origin of two C57BL/6 

mouse macrophage cell lines of alveolar (AMJ2-C11) and peritoneal (IC-21) origin may 

influence their response to mycobacterial infection.  

Both cell lines equally controlled growth of Mycobacterium bovis BCG and 

Mycobacterium tuberculosis, although expression of all proinflammatory cytokines and 

chemokines measured (TNF, IL-6, MCP-1, MIP-1α, MIP-1β, and RANTES) was significantly 

higher in AMJ2-C11 cells than IC-21 cells. During M. tuberculosis infection, IL-6, MCP-1, 

and RANTES expression increased 5-fold, and MIP-1β expression increased 30-fold. 

Additionally, AMJ2-C11 cells exhibited significantly higher iNOS activity than IC-21 cells, 

indicative of a more polarised M1 response. Expression of multiple surface markers were 

also assessed by flow cytometry.  CD80 and CD86 were significantly upregulated in 

AMJ2-C11 cells and downregulated in IC-21 cells during M. tuberculosis infection. 

Our results support the notion that the origin of tissue-resident macrophages influences 

their phenotype and antimicrobial response and demonstrate hereto unrecognised 

potential for these cell lines in in vitro studies.  
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2.3. Introduction 
Macrophages are often the first leukocytes to interact with invading pathogens and 

form an integral part of the innate and adaptive immune systems. Macrophage activity 

is influenced by environmental stimuli and macrophage phenotype is often lineated into 

two categories. M1 macrophages are produced in vitro by stimulation with pathogen-

associated molecules such as LPS, with or without GM-CSF or IFN-γ, and express 

proinflammatory cytokines including IL-1β, IL-6, IL-12, and TNF (178, 179). By contrast, 

Th2-related or anti-inflammatory cytokines such as IL-4, IL-13, IL-10, and TGF-β stimulate 

M2 macrophages, expressing ARG1 and the anti-inflammatory cytokine IL-10 (180). 

Macrophage plasticity allows switching between the M1 and M2 phenotypes as stimuli 

change (181). Recent studies have demonstrated that a binary M1-M2 phenotype 

classification does not universally apply to many tissue-resident macrophage subtypes, 

and that macrophage phenotype is strongly influenced by tissue of origin (182).  

Local tissue microenvironments and disease states generate gene expression profiles 

unique to tissue-resident macrophage subtypes, modulating the gene enhancer 

landscape of transplanted macrophages to produce a spectrum of M1-M2 phenotypes 

(183). Retinoic acid produced in the mouse peritoneal cavity induces expression of the 

peritoneal macrophage-specific transcription factor GATA6, which in turn induces TGF-β 

and ARG1 production, both M2 markers (184). GATA6 is downregulated when peritoneal 

macrophages are transplanted to the lung (183). Peritoneal macrophages express 

typical M2 macrophage markers, including CD206 and TGF-β (182, 185). In comparison, 

alveolar macrophages commonly express both M2 marker CD206 as well as M1 marker 

CD86 in steady state (186). The percentage of alveolar macrophages expressing CD206 

and M1-activation associated enzyme, inducible nitrogen oxide synthase (iNOS), is 

increased in smokers and chronic obstructive pulmonary disease patients (187). Acute 

Mycobacterium tuberculosis infection drives mouse alveolar macrophages toward an 

iNOS+ M1 phenotype, before switching to an ARG1+ M2 phenotype as chronic infection 

persists (188). 

Many in vitro studies utilise immortalised phagocyte cell lines, such as human THP-1 or 

murine RAW 264.7 cells, or commonly differentiate macrophages from circulating 
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human monocytes or mouse bone marrow progenitors. The polarity of mouse bone 

marrow-derived macrophages (BMDM) depends heavily on the cytokines used in their 

differentiation (189). BMDMs differentiated with GM-CSF and M-CSF are phenotypically 

M1 and M2, respectively, the former expressing TNF and IL-6, whilst the latter secrete 

IL-10 and CCL2 (190). Studies in M-CSF deficient mice identified that M-CSF was essential 

for in vivo development of peritoneal macrophages, but not alveolar macrophages 

(191). Secreted cytokine levels may vary markedly between macrophage cell lines and 

change during extended culture (192). Variability in steady state phenotype of model 

cells may influence the cell’s response to M. tuberculosis infection. 

Here we examine the response to mycobacterial infection by two immortalised C57BL/6 

mouse macrophage cell lines of peritoneal and alveolar origin. We compare the ability 

of each cell line to control bacterial growth, demonstrating distinct proinflammatory 

cytokine expression patterns and differing iNOS activity in macrophage cell lines of 

different tissue origin. We demonstrate a more M1 phenotypic profile in the AMJ2-C11 

cells compared to the IC-21 cells, and this also influences the surface receptor expression 

patterns associated with mycobacterial infection. 

 

2.4. Results 

2.4.1 Macrophages from distinct origins retain control of 

mycobacterial growth 
In order to assess the effect of tissue origin on the ability of macrophages to control 

mycobacteria, bacterial growth in AMJ2-C11 and IC-21 cultures were measured over 

time. Bacterial loads in Mycobacterium bovis Bacillus Calmette-Guérin (BCG)-infected 

macrophages remained stable up to 24 hours post-infection (hpi), with both cell lines 

showing mycobacterial killing by 48 hours (P < 0.05, Figure 2.1a). Macrophages infected 

with M. tuberculosis exhibited stable bacterial load over the 48 hour infection, and there 

was no significant difference in capacity to control bacterial growth between the two 

cell lines (Figure 2.2b).  



 

35 
 

 

Figure 2.1 Bacterial growth in alveolar AMJ2-C11 and peritoneal IC-21 macrophage cultures infected 

with (a) BCG and (b) Mycobacterium tuberculosis. Data are the mean ± s.e.m. of nine replicates, from 

three repeat experiments. (c) Supernatant nitrite concentration of AMJ2-C11 and IC-21 macrophage 

cultures during BCG and M. tuberculosis infection. Data are the mean ± s.d. of nine replicate wells, from 

three repeat experiments. Dotted lines represent the assay’s lower limit of quantitation. **P < 0.01, by 

the Student’s t-test, Holm-Šidák method corrected. 

 

 

 

 



 

36 
 

2.4.2 iNOS activity is influenced by macrophage tissue origin 
The proinflammatory iNOS activity of the macrophage cell lines was compared through 

quantification of nitrite, a downstream product of NO. AMJ2-C11 macrophages 

exhibited more iNOS activity than IC-21 macrophages (Figure 2.1c). BCG infection of 

AMJ2-C11 cells induced significantly more nitrite than BCG infection of IC-21 cells. AMJ2-

C11 cells produced similar nitrite levels during BCG and M. tuberculosis infection. No 

nitrite production by IC-21 cells was detected following M. tuberculosis infection. 

 

2.4.3 Increased proinflammatory cytokines expression in 

alveolar macrophages 
The inflammatory response of these macrophages during mycobacterial infection were 

investigated by measuring the cell lines’ proinflammatory cytokine expression during 

BCG and M. tuberculosis infection. Infection with the less virulent BCG induced more 

cytokine and chemokine expression in both cell lines compared to infection with the 

more virulent M. tuberculosis. In particular, production of the chemokines IL-6, TNF, 

MCP-1, and MIP-1β was considerably increased during BCG infection (Figure 2.2).  

BCG infection induced a similar cytokine response from both cell lines (Figure 2.2a), 

although the production of the chemokines MIP-1α and MIP-1β was increased in IC-21 

cells at 6 and 24 hpi, respectively, whilst RANTES production in AMJ2-C11 cells was 

almost 9-fold higher at 24 hpi (Figure 2.2a). Late IL-6 and MCP-1 expression was 

significantly higher at 48 hpi in AMJ2-C11 cells. A significant decrease in bacterial load 

at 24-48 hpi (Figure 2.1a) coincided with increases in cytokine expression, particularly 

MIP-1β, MCP-1, and IL-6. 

However, M. tuberculosis infection induced differential responses between the cell 

lines. AMJ2-C11 cells expressed over 5-fold more IL-6, MCP-1, and RANTES, and more 

than 30-fold more MIP-1β at 48 hpi compared to IC-21 cells (Figure 2.2b).  
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Figure 2.2 Increased cytokine expression by AMJ2-C11 alveolar macrophages compared with IC-21 

peritoneal macrophages following infection with (a) BCG or (b) M. tuberculosis, relative to uninfected 

cells. Data are the mean ± s.d. of triplicate wells, representative of three repeat experiments. Repeat 

experiment data are shown in Supplementary figures 3 and 4. Asterisks represent significant difference 

between AMJ2-C11 and IC-21 expression by 2-way ANOVA with multiple comparisons post-test, Šidák 

method corrected. *P < 0.05, **P < 0.01, ***P < 0.001. 

 

2.4.4 Surface phenotype of alveolar macrophages indicates 

stronger proinflammatory response to mycobacterial 

infection 
Cell surface marker expression is an indicator of macrophage subtype and inflammatory 

state. We quantitated the expression of 12 cell-surface proteins on AMJ2-C11 and IC-21 

cells by flow cytometry, comparing median fluorescence intensity (MFI) between cells 

lines, uninfected and after infection with BCG and M. tuberculosis. A resazurin 

fluorescence assay confirmed no decrease in mitochondrial activity following 

mycobacterial infection, indicating cells remain viable at 24 hpi (Supplementary figure 

1). 
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The expression of most markers was greater in uninfected IC-21 cells compared to 

uninfected AMJ2-C11 cells (Figure 2.3a). Only Ly6C expression was skewed towards 

AMJ2-C11 cells, and this difference was exaggerated upon mycobacterial infection. 

Expression of the M1 marker CD86 was higher in IC-21 peritoneal macrophages prior to 

infection, though AMJ2-C11 alveolar macrophages showed significantly higher 

expression after infection. Furthermore, uninfected IC-21 cells expressed more of the 

M2 marker CD206, as well as CD11b, CD24, and Siglec-F. Expression of these markers 

was not significantly different between cells lines during BCG infection, and was similar 

during M. tuberculosis infection. Expression of MHC-II was equivalent on the uninfected 

cell lines, however, this rose significantly on AMJ2-C11 cells following BCG infection. 

Expression of the M1 marker CD80, as well as CD11c, Ly6G, and immunoglobulin 

receptor, CD64, was greater on IC-21 cells under all conditions. 

Infection with BCG and M. tuberculosis induced comparable responses in AMJ2-C11 

macrophages, with increased expression of all tested markers (Figure 2.3). This 

activation was also reflected in the strong iNOS (Figure 2.1c) and cytokine response 

(Figure 2.2) from AMJ2-C11 cells to both bacterial species. In contrast, IC-21 cells 

downregulated Ly-6C upon BCG infection, and downregulated multiple inflammatory 

markers upon M. tuberculosis infection, including CD80 and CD86 (Figure 2.3). 

Moreover, downregulation of CD64 and CD11b by M. tuberculosis infected IC-21 cells 

could indicate a shift towards an anti-inflammatory phenotype. The comparable marker 

upregulation seen in AMJ2-C11 and IC-21 cells following BCG infection reflects the 

similar cytokine responses by both cell lines (Figure 2.2a). In contrast, the 

downregulation of inflammatory surface markers by IC-21 cells upon M. tuberculosis 

infection coincides with lower cytokine expression (Figure 2.2b) and undetectable iNOS 

activity (Figure 2.1c). 
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Figure 2.3 Expression of surface markers on AMJ2-C11 alveolar macrophages and IC-21 peritoneal 

macrophages during BCG and Mycobacterium tuberculosis infection, as determined by flow cytometry. 

(a) Fold MFI difference for surface markers expressed on AMJ2-C11 and IC-21 cells, uninfected, and 24 h 

after BCG and M. tuberculosis infection. Fold difference is a ratio of AMJ2-C11 MFI to IC-21 MFI. (b) Fold 

change in surface marker expression of AMJ2-C11 cells following 24 h mycobacterial infection, compared 

with uninfected cells. (c) Fold change in surface marker expression of IC-21 cells following 24-h 

mycobacterial infection, compared to uninfected cells. Data are the mean of triplicate wells. All coloured 

rectangles represent P < 0.05, the Student’s t-test, Holm-Šidák method corrected. 

 

2.5. Discussion 
Mice are the most commonly used animal model of mycobacterial infection, with 

C57BL/6 the most common genetic background used. In this study we compared two 

C57BL/6 mouse macrophage cell lines of differing tissue origin, in response to in vitro 

mycobacterial infection. Whilst both the AMJ2-C11 alveolar macrophages and IC-21 

peritoneal macrophages controlled the growth of BCG and M. tuberculosis to the same 

extent, AMJ2-C11 cells exhibited significantly greater proinflammatory cytokine 

expression and iNOS activity in response to the bacterial species. Additionally, AMJ2-C11 

cells presented a more inflammatory surface phenotype during M. tuberculosis 

infection. The response to infection may be influenced by the tissue origin of the two 

cell lines. 

When using primary macrophages or macrophage-derived cell lines for in vitro models 

of infection, it is important to consider both the site of in vivo infection and the origin of 

the macrophage cells. The IC-21 line was prepared from mouse peritoneal macrophages 

virally transduced in vitro (193). In contrast, the AMJ2-C11 line was virally immortalised 

from characterised primary mouse alveolar macrophages(194) and readily expresses 

proinflammatory cytokines when activated (195). 
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Development of a cell-based model of M. tuberculosis infection should take into account 

the basal alveolar macrophage phenotype and cellular changes associated with chronic 

disease (187, 188). Here we illustrated the polarity and anti-microbial response of the 

alveolar and peritoneal macrophage cell lines, AMJ2-C11 and IC-21, during acute 

mycobacterial infection.  

During acute M. tuberculosis infection in vitro, control of bacterial replication does not 

appear to be influenced by macrophage origin. THP-1 monocytic cells controlled 

M. tuberculosis load as efficiently as primary human alveolar macrophages over 4 days 

(196), and MPI cells, a recently derived murine alveolar macrophage line, exhibit a 

similar infection pattern to THP-1, RAW 264.7, and BMDM cells (197). Likewise, this 

study shows both AMJ2-C11 and IC-21 cells demonstrated comparable control of BCG 

and M. tuberculosis growth during a 48-hour infection. However, this may not replicate 

in vivo infection completely, as following intranasal infection in mice, alveolar 

macrophages were more permissive to intracellular M. tuberculosis replication than 

pulmonary interstitial macrophages (198). Ex vivo lung and peritoneal macrophages 

comparably controlled M. tuberculosis H37Rv bacterial load up to 3 days, before 

bacterial growth accelerated in lung macrophages (199). Extended M. tuberculosis 

infection of AMJ2-C11 cells may present similar results. 

Cytokine secretion is central to macrophage antimicrobial and anti-inflammatory 

functions (179), and pro-inflammatory M1 macrophages release cytokines, including 

TNF and IL-6, that are critical for anti-mycobacterial protection (200). We observed 

significantly greater IL-6 expression from AMJ2-C11 cells, indicative of the M1-primed 

polarity seen in alveolar macrophages (186). The alveolar cell line MPI also displays an 

M1 dominant phenotype, expressing high levels of  TNF and IL-6 compared to BMDMs, 

when infected with M. tuberculosis (197). Like AMJ2-C11 cells, human alveolar 

macrophages are known to express chemokines associated with an M1 phenotype, 

including MIP-1α, MIP-1β, and RANTES, following M. tuberculosis infection (201). 

Although peritoneal macrophage-derived cell lines can also express these chemokines 

(192), our results indicate infection-induced chemokine upregulation is delayed (Figure 

2.2). 
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Alveolar macrophage-expressed MCP-1 recruits circulating monocytes during 

M. tuberculosis infection, aiding in bacterial dissemination(202, 203). In the current 

study avirulent BCG induced higher MCP-1 expression on AMJ2-C11 cells than virulent 

M. tuberculosis H37Rv. Similarly, primary human alveolar macrophages expressed more 

MCP-1 when infected with avirulent M. tuberculosis H37Ra, compared to H37Rv (201). 

We observed IC-21 cells expressed comparable MCP-1 to AMJ2-C11 cells during BCG 

infection, but significantly less during M. tuberculosis infection. In turn, IC-21 cells 

expressed more MCP-1 than BMDMs differentiated with M-CSF-containing L929 

supernatant (192). Tissue-resident macrophages are difficult to obtain in large numbers 

from small laboratory animals and mouse bone marrow is commonly used as a source 

of macrophages in vitro due to the quantity of cells generated. Although BMDMs may 

be a more practical for many laboratories than primary tissue-resident macrophages, 

basal phenotypic differences like chemokine expression should be considered when 

planning experimentation. 

A number of surface protein markers are regularly used to characterise macrophage 

polarity, including CD206, CD80, and CD86 (179). The M2 marker CD206 is the mannose 

receptor, involved in post-infection remediation of inflammation, binding bacterial 

glycoproteins and heavily glycosylated anti-bacterial proteins such as myeloperoxidase 

(204). CD206 also facilitates mycobacterial colonisation of macrophages (205). CD80 and 

CD86 are inflammatory co-receptors required for antigen presentation and T-cell 

activation (206). Pro-inflammatory M1 macrophages are known to express high levels 

of CD80 and CD86 (179), whereas only a subset of M2 macrophages express CD86 (207). 

We found that CD206, CD80, and CD86 levels were all higher for uninfected IC-21 

compared to AMJ2-C11. However, whilst IC-21 upregulation of CD206 was notably 

higher during BCG infection, AMJ2-C11 cells showed significantly more upregulation of 

CD80 and CD86 during BCG and TB infection. Studies have shown that during acute M. 

tuberculosis infection, alveolar macrophages present an inflammatory phenotype, with 

high CD86 expression and strong iNOS activity (188), similar to what was shown here 

with AMJ2-C11 alveolar macrophages. Yet, as the granuloma structures typical of 

chronic tuberculosis develop, macrophages decrease iNOS activity and upregulate the 

anti-inflammatory cytokine IL-10 (188). The subdued cytokine expression and weak iNOS 
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activity of IC-21 cells during M. tuberculosis infection suggests these cells may not be an 

appropriate model of acute macrophage infection in the lung. 

Our findings demonstrate that macrophage cell lines of different tissue-origin display 

marked differences in their response to infection, and this should be considered when 

utilising cell lines in in vitro assays. Mycobacterial infection induced significantly 

increased cytokine expression and iNOS activity in AMJ2-C11 cells, highlighting the 

M1/M2 phenotype of their alveolar macrophage origin. In contrast, IC-21 cells, whilst 

still controlling mycobacterial infection over the time frame of this experiment, 

displayed a more M2 phenotype, with lower cytokine expression and downregulation of 

proinflammatory markers. Our work supports the idea that acute M. tuberculosis 

infection models should consider using M1-like macrophages, particularly when using 

polarity-dependent readouts, such as cytokine expression and surface markers. The 

development of more alveolar macrophage-representative cell models, like the MPI cell 

line (197), may also aid future tuberculosis research. 

 

2.6. Methods 

2.6.1 Cell culture 
Murine AMJ2-C11 cells of C57BL/6 origin (ATCC, Manassas, VA, USA) were maintained 

in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 25 mM 

HEPES, 100 U mL-1 penicillin, 100 µg mL-1 streptomycin, and 10% foetal bovine serum. 

Murine IC-21 cells of C57BL/6 origin (ATCC) were maintained in RPMI 1640 medium 

(Thermo Fisher Scientific) supplemented with 25 mM HEPES, 100 U mL-1 penicillin, 100 

µg mL-1 streptomycin, and 10% foetal bovine serum. 

2.6.2 Bacterial cultures 
Mycobacterium bovis Bacillus Calmette-Guérin (BCG) Pasteur and M. tuberculosis H37Rv 

were grown in Middlebrook 7H9 broth (BD Biosciences, Franklin Lakes, NJ, USA) 

supplemented with 5 g L-1 bovine serum albumin (BSA), 2 g L-1 glucose, 4 mg L-1 catalase, 

0.2% glycerol, and 0.05% Tween 20. Cell concentration was routinely determined by OD 

at 600 nm. CFU was determined by plating serial dilutions on Middlebrook 7H11 agar 
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(BD Biosciences) supplemented with 5 g L-1 BSA, 2 g L-1 glucose, 4 mg L-1 catalase, 

500 mg L-1 oleic acid, and 0.5% glycerol, and incubating for 3 weeks at 37 °C. 

2.6.3 Macrophage infections with mycobacteria 
AMJ2-C11 and IC-21 cells were stimulated with 100 U mL-1 IFN-γ (R&D Systems, 

Minneapolis, MN, USA) and infected with BCG or M. tuberculosis at a multiplicity of 

infection of 5 or 1, respectively. Cells were washed after 4-6 hours to remove 

extracellular bacteria. At time points from 0-48 h post-infection, supernatant was 

removed for cytokine and nitrite quantification. Cells were lysed with 0.1% Triton X-100 

solution for CFU determination. Lysates were plated on 7H11 agar and incubated at 

37 °C for 21 days to determine CFU. 

2.6.4 Cytometric bead array 
The concentrations of IL-6, TNF, MCP-1, MIP-1α, MIP-1β, and RANTES in supernatants 

were determined by cytometric bead array (BD Biosciences) according to the 

manufacturer’s protocol. Data were analysed using FCAP Array software (BD 

Biosciences). 

2.6.5 Nitrite assay 
Nitrite concentrations of supernatant samples were determined using Griess reagent, 

consisting of 3.85 mM N-(naphthyl)ethylenediamine dihydrochloride (Sigma-Aldrich, St. 

Louis, MO, USA), 58 mM sulphanilamide (Sigma-Aldrich), and 0.4 M phosphoric acid 

(Sigma-Aldrich) in water. Nitrite standards were prepared using Sodium nitrite (Sigma-

Aldrich). Griess reagent was added to supernatant samples at a ratio of 1:1, and the 

immediate colour change was quantified by measuring absorbance at 550 nm using a 

FLUOstar plate reader (BMG Labtech, Ortenberg, Germany).  

2.6.6 Flow cytometry 
AMJ2-C11 and IC-21 cells were assessed by flow cytometry before infection and 24 hours 

after infection with BCG or M. tuberculosis. Cells were incubated with Fc Block (BD 

Biosciences) for 30 minutes and then stained with fluorochrome-labelled antibodies 

(see Supplementary table 1 for a list of antibodies, clones, fluorochromes, and 

manufacturers) for 30 minutes at room temperature in the dark. Stained samples were 

fixed with 10% neutral buffered formalin (Fronine, NSW, Australia). Data acquisition was 
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performed on a BD Fortessa X20 using the BD FACS Diva software (BD Biosciences). 

Compensation and data analysis were performed in FlowJo v10 software (BD 

Biosciences). Cells were gated using forward scatter and side scatter to remove debris 

and dead cells (see Supplementary figure 2 for an example dot-plot). The expression of 

surface markers is presented as fold MFI difference. This is calculated as a ratio of 

individual surface marker expression on infected cells (BCG or M. tuberculosis) 

compared to uninfected cells, or on AMJ2-C11 cells compared to IC-21 cells, both 

infected (BCG and M. tuberculosis) and uninfected. 

2.6.7 Cell viability 
Macrophage viability was confirmed using a resazurin assay for mitochondrial activity. 

Macrophages were incubated with 5.5 mM resazurin (Sigma Aldrich) for 3 h at 37 °C. 

Conversion of resazurin to resorufin was evaluated by measuring fluorescence using a 

FLUOstar plate reader, excitation at 550 nm, emission at 590 nm. 

2.6.8 Statistical analysis 
GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used for statistical 

analyses. CFU and cytokine concentration over time were compared by two-way analysis 

of variance with multiple comparisons post-test, corrected using the Šidák method. 

Nitrate concentration and flow cytometry MFI were compared using Student’s t-test, 

corrected for multiple comparisons using the Holm-Šidák method. 
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Chapter 3. General materials and methods 
 

3.1. Materials 

3.1.1 General solutions 

• Phosphate buffered saline (PBS): Prepared in deionised water from 10X DPBS 

solution (Gibco). 

• PBS/Heparin: PBS with 20 U/ml Heparin (Sigma). 

• FACS wash: PBS supplemented with 2% foetal bovine serum (FBS) (Hyclone), 

and 2 mM EDTA (Sigma). 

• ACK lysis buffer: 15 nM NH4Cl (Biochemicals), 10 mM KHCO3 (Sigma), and 127 

µM EDTA dissolved in deionised water, adjusted to pH 7.4. 

• 0.1% Triton solution: 0.1% v/v TritonTM X-100 (Sigma) dissolved in water. 

• Resazurin solution: 2 mM resazurin sodium salt (Sigma), dissolved in PBS and 

sterilised by 0.2 µm filtration. 

• Polyethenimine (PEI) solution: 1 g/L polyethylenimine (linear, average Mn 

20000) hydrochloride salt (Sigma) dissolved in deionised water, adjusted to pH 

7.4. 

 

3.1.2 Bacterial culture media 
• Oleic acid albumin dextrose catalase (OADC) enrichment: 50 g/L bovine serum 

albumin (BSA) (Moregate Biotech), 20 g/L dextrose (Sigma), 40 mg/L catalase 

(Sigma), 150 mM NaCl (Sigma), and 1.6 mM oleic acid (Sigma) in water. Solution 

was sterilised by 0.2 µm filtration. 

• Albumin dextrose catalase (ADC) enrichment: 50 g/L BSA, 2 g/L dextrose, and 

4 mg/L catalase in water. Solution was sterilised by 0.2 µm filtration. 

• 7H9 media: 4.7 g/L Middlebrook 7H9 broth powder (BD Biosciences), 0.2% v/v 

glycerol (Sigma), 0.05% v/v Tween 80 (Sigma) in water. Media is then 

autoclaved before the addition of 10% v/v ADC. When culturing M. avium, 7H9 

media can also be supplemented with 0.05% v/v Tyloxapol (Sigma) to prevent 

bacteria clumping. 
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• 7H10 agar: 19 g/L 7H10 agar base (BD Biosciences), 0.5% v/v glycerol in water. 

Media was autoclaved before the addition of 10% v/v OADC. 

• 7H11 agar: 19 g/L Seven H11 agar base (BD Biosciences), 0.5% v/v glycerol in 

water. Media was autoclaved before the addition of 10% v/v OADC. 

• Lysogeny broth (LB): 20 g/L LB Broth, Lennox (Beckton Dickinson), dissolved in 

water and sterilised by autoclaving.  

• LB agar: 35 g/L LB Broth with agar, Lennox (Sigma), dissolved in water and 

sterilised by autoclaving. 

 

3.1.3 Bacteria 
Mycobacterium tuberculosis H37Rv was supplied by BEI Resources (USA). 

Mycobacterium avium 104 lab strain obtained from Dr Luiz Bermudez, The Kuzell 

Institute, San Francisco. Listeria monocytogenes was obtained from Christina Cheers, 

University of Melbourne. 

To prepare the Heat-killed Listeria, L. monocytogenes culture in LB was incubated at 

80 °C for 1 h. Heat-killed Listeria was stored at -80 °C, and resuspended in PBS or tissue 

media before use. 

3.1.4 Animals 
Wild type C57BL/6 mice were obtained from Australian BioResources (Mossvale). The 

tuberculosis model in C57BL/6 mice has been thoroughly investigated in published 

literature, providing a good platform for novel investigations of miRNA in this infection. 

The wealth of antibody reagents available for C57BL/6 mice allows for in depth flow 

cytometric analysis of the immune response to both M. tuberculosis and 

L. monocytogenes. 

The miR-652-/- mouse line was generated on a C57BL/6 background, under a commercial 

arrangement with the Garvan Institute. The gene Mir652 was deleted by CRISPR/Cas9 

mutagenesis and the deletion validated by genomic sequencing. All mice were housed 

in the Centenary Institute Animal House according to standard husbandry conditions, as 

stated in animal ethics protocols 2018-001 and 2021-001.   
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3.1.5 Cell lines 
The IC-21 murine peritoneal macrophage cell line was obtained from ATCC (Manassas, 

USA). The HEK-293T human embryonic kidney cell line was a generous gift from Edward 

Ni. 

3.1.6 Plasmids 
pIS0 was a gift from David Bartel (Addgene plasmid # 12178; 

http://n2t.net/addgene:12178; RRID:Addgene_12178). pIS0 is a reporter plasmid 

containing firefly luciferase under an SV40 promoter (Figure A 1), with restriction sites  

upstream of the SV40 poly(A) signal sequence for insertion of a 3’ untranslated region 

(3’UTR) of interest (208). Oligonucleotides containing the Mus musculus Capzb 3’UTR 

were purchased from IDT DNA with added 5’ and 3’ restriction sites for SacI and XbaI, 

respectively (Table 3.1). The Capzb 3’UTR wild type fragment was inserted into pIS0 to 

generate pIS0-Capzb-WT (Figure A 2). The Capzb 3’UTR mutant fragment, with a mutant 

sequence in place of an in silico-predicted miR-652 binding site, was inserted into pIS0 

to generate pIS0-Capzb-mut (Figure A 3). 
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Table 3.1. Oligonucleotide gene fragments for insertion into pIS0. Gene fragments contain the murine 

Capzb 3’ untranslated region with 5’ and 3’ restriction sites (underlined) and a wild type or mutant miR 

652 predicted target sequence (bold and underlined). 

Oligonucleotide Sequence 

Capzb 3’UTR 

wild type 

GTA GAG CTC GTC TGT GCA GAC GTT TGC AGA CAA ATC AAA GCA AGA 

AGC GCT TAA GAA CGA CCT GGT GGA GGC CTT GAA GAG AAA GCA GCA 

GTG TTG AAG ACC TCT GCT TCA CGC TAA CCG GAC ACG CCA TGC ACT 

CGT TAG GTT CCT TTC TTT AGA AAA CTC GTT TTC TGC TCC TTT TCC CTC 

TTC CTT TCC CGC CCT GAC AGG TCA CAT AAC AGT TTG CAT CGA CCA 

CGC AGC GCC ATC TCT CCC CCA AAA TAA AGT CCG ATA ACC ACC CTC 

CTC TGG CTC CAA GGC CTG CTT CCC ACG ACG TTT CCA TAG AGA CCG 

TGT GGT TTT GTT CGC CTG TCC CCC TTC CTT CCC TTG CCC ATT TAT AGG 

CAC AGA TAC ACT GTC TGA CAC CGC TCC CTC CAT CTT TTT GTT ACA TTG 

GTG TAA AAA ATG TAA AAC AAA AAA TTT TAT GAA CTA ACT GGT GTG 

TGA GAG AAG AAA CTG GAG ATC TGA TCC GTG TGT GTG TGG GAG TTG 

CTT GGA GTC AGG GCT GGG GAC AGG GGA CAG CAG TGG AGG AAG 

GAG TGA TGT CCT CAG CAC TGT CCT GCA CAG GTG GAC CCT TGT CCC 

AAG GAG ACC ATG CTG GGG TGG GGT GGG GCT GGC GAC CGG CTG CTC 

TTC AGG CCA GGT GCT TTT CTG TCA ATT TTT ATG GAA TGC AAA AGG 

AGT TTT TTG TTT TAT TTT GGT TTT TTT TTG TAA AGC TTA AAC AGA CAA 

AAA AAT CTA CAT CTT CTA CTT GAG CCT CCA TAC TTA TCT AGA CGT TA 

Capzb 3’UTR 

mutant 

TAA GTA GAG CTC GTC TGT GCA GAC GTT TGC AGA CAA ATC AAA GCA 

AGA AGC GCT TAA GAA CGA CCT GGT GGA GGC CTT GAA GAG AAA GCA 

GCA GTG TTG AAG ACC TCT GCT TCA CGC TAA CCG GAC ACG CCA TGC 

ACT CGT TAG GTT CCT TTC TTT AGA AAA CTC GTT TTC TGC TCC TTT TCC 

CTC TTC CTT TCC CGC CCT GAC AGG TCA CAT AAC AGT TTG CAT CGA 

CCA CGC ACG CGG TAC TCT CCC CCA AAA TAA AGT CCG ATA ACC ACC 

CTC CTC TGG CTC CAA GGC CTG CTT CCC ACG ACG TTT CCA TAG AGA 

CCG TGT GGT TTT GTT CGC CTG TCC CCC TTC CTT CCC TTG CCC ATT TAT 

AGG CAC AGA TAC ACT GTC TGA CAC CGC TCC CTC CAT CTT TTT GTT 

ACA TTG GTG TAA AAA ATG TAA AAC AAA AAA TTT TAT GAA CTA ACT 

GGT GTG TGA GAG AAG AAA CTG GAG ATC TGA TCC GTG TGT GTG TGG 

GAG TTG CTT GGA GTC AGG GCT GGG GAC AGG GGA CAG CAG TGG AGG 

AAG GAG TGA TGT CCT CAG CAC TGT CCT GCA CAG GTG GAC CCT TGT 

CCC AAG GAG ACC ATG CTG GGG TGG GGT GGG GCT GGC GAC CGG CTG 

CTC TTC AGG CCA GGT GCT TTT CTG TCA ATT TTT ATG GAA TGC AAA 

AGG AGT TTT TTG TTT TAT TTT GGT TTT TTT TTG TAA AGC TTA AAC AGA 

CAA AAA AAT CTA CAT CTT CTA CTT GAG CCT CCA TAC TTA TCT AGA CGT 

TA 
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3.1.7 miRNA mimics 
mirVana mmu-miR-652 and mmu-miR-146a mimic nucleotides were purchased from 

Thermo Fisher. A mirVana miRNA mimic negative control #1 was also purchased from 

Thermo Fisher. Lyophilised mimics were resuspended in nuclease-free water at 100 µM 

and stored at -30 °C in small aliquots. Thawed aliquots were discarded after use. 

3.1.8 Tissue culture media 
• Bone marrow-derived macrophage (BMDM) media: RPMI 1640 media (Gibco) 

supplemented with 10% v/v FBS, and 46 µM 2-mercaptoethanol (Sigma). 

• BMDM differentiation media: RPMI 1640 media supplemented with 10% v/v 

FBS, and 46 µM 2-mercaptoethanol, 110 pM recombinant mouse GM-CSF 

(Peprotech), 100 U/ml penicillin (Gibco), and 100 µg/ml streptomycin (Gibco). 

• Tissue media: RPMI 1640 supplemented with 10% v/v FBS, 100 U/ml penicillin, 

and 100 µg/ml streptomycin, and 46 µM 2-mercaptoethanol. 

• IC-21 media: RPMI-1640 media supplemented with 10% v/v FBS. 

• HEK-293T media: DMEM media (Gibco) supplemented with 10% v/v FBS. 

 

3.1.9 Western blotting solutions 

• Tris-buffered saline tween (TBST): 10 mM Tris (ChemSupply Australia), 

150 mM NaCl (ChemSupply Australia), and 0.05% v/v Tween 20 (Sigma) 

dissolved in deionised water, adjusted to pH 8.0. 

• Transfer buffer: 25 mM Tris, 192 mM glycine (ChemSupply Australia), 10% v/v 

methanol (Sigma) in deionised water. 

• Blocking buffer: 10 mM Tris, 150 mM NaCl, 0.05% v/v Tween 20, and 50 g/L 

BSA dissolved in deionised water, adjusted to pH 8.0. 

• Stripping buffer: 200 mM glycine, 3.45 mM sodium dodecyl sulphate (SDS) 

(Oxoid), and 0.5% v/v Tween 20 dissolved in deionised water, adjusted to 

pH 2.2. 
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3.1.10 Western blot staining antibodies 
All western blot staining antibodies listed in Table 3.2 were diluted 2000-fold in blocking 

buffer before use.  

Table 3.2. Antibodies used in western blot staining procedure. 

Target protein Antibody Manufacturer Catalogue # 

GAPDH GAPDH (D16H11) XP® 

Rabbit mAb 

Cell signalling 

technology 

5174S 

p-AKT Phospho-Akt (Ser473) 

(D9E) XP® Rabbit mAb 

Cell signalling 

technology 

4060S 

p-mTOR Phospho-mTOR 

(Ser2448) (D9C2) XP® 

Rabbit mAb 

Cell signalling 

technology 

5536S 

AKT Akt Antibody Cell signalling 

technology 

9272S 

mTOR mTOR (7C10) Rabbit 

mAb 

Cell signalling 

technology 

2983S 

β-Actin Beta-Actin (13E5) 

Rabbit mAb 

Cell signalling 

technology 

4970S 

CAPZB CAPZB Rabbit PolyAb Proteintech 25043-1-AP 

Rabbit IgG Anti-rabbit IgG, HRP-

linked Antibody 

Cell signalling 

technology 

7074S 

 

 

3.1.11 Primer oligonucleotides for RT-qPCR 
All mRNA primer oligonucleotides listed in Table 3.3, and all miRNA primer 

oligonucleotides listed in Table 3.4, were purchased from Integrated DNA Technologies 

(Carolville, IO, US) and stored in nuclease-free water at -20 °C. The mmu-miR-652-3p 

qPCR primer was purchased from GeneCopoeia. 
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Table 3.3. Primers sequences used in mRNA qPCR reactions. 

Target 
gene 

Primer Sequence 

Capzb 
Forward ACA AAA TCC GAA GCA CGC TG 

Reverse GTG GTT GTC GGG GAT AGC AT 

Ctsz 
Forward TGT CAA CTA TGC CAG CGT CA 

Reverse TTG ATG TTG ATT CGG TCT GCC 

Ctsd 
Forward CTT GTG AGA AGG TGT CCA GC 

Reverse CAC CCT GCG ATA CCT TGA GTA 

Ctsb 
Forward GAA GCC ATT TCT GAC CGA ACC 

Reverse CAC CAT TAC AGC CGT CCC 

Pgd 
Forward CAT GCC CGT CAC CCT CAT T 

Reverse GGA CCC TTC AGC TTT TGG CT 

G6pdx 
Forward CAA GAG ACC TGC ATG AGT CAG A 

Reverse TGT GGT TCG ACA GTT GAT TGG A 

Gpi1 
Forward TTG TCG CCC TGT CTA CGA AC 

Reverse AGT CCA ATG GCT GAC CAC AG 

Pfkl 
Forward CTA CGT GAA GGA TCT GGT GGT 

Reverse GGA TTC GGT CGA AGG CTG AA 

Tkt 
Forward CCC TGA AGG ACA CAG CCA AT 

Reverse ACA GGA CAG CCA TGA TCT CG 

Taldo1 
Forward GCC GAC ACG GGT GAT TTC AA 

Reverse CTT GGT AGG CAG GCA TCT GG 

Isg15 
Forward TCT GAC TGT GAG AGC AAG CAG 

Reverse ACC TTT AGG TCC CAG GCC ATT 

Ifnb1 
Forward TGG GAG ATG TCC TCA ACT GC 

Reverse CCA GGC GTA GCT GTT GTA CT 

Stx5a 
Forward GAA ACA GCA GAG GAA CCG TC 

Reverse AAT TAT GGG ACC ACC TCC AAG G 

Jag1 
Forward CCT GCG AGC CAA GGT GTG 

Reverse CTC CAC CAC AAC AGT TCC CA 

Notch1 
Forward AAG TGG GAC CTG CCT GAA TG 

Reverse GAT TGG AGT CCT GGC ATC GT 

Notch2 
Forward GCC GTG GGG CTG AAA AAT CT 

Reverse GGC TGG GGT CCT TCA TCA TC 

 

Table 3.4. Forward primer sequences used in miRNA qPCR reactions. 

Target miRNA Sequence 

RNU6 CGC AAG GAT GAC ACG CAA AT 

miR-146a-5p GCA GTG AGA ACT GAA TTC CA 

miR-652-3p Unknown, proprietary 
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3.1.12 Flow cytometry staining antibodies 
The antibodies listed in Table 3.5 were used for extracellular and intracellular cell 

staining, for flow cytometry experiments. Live/Dead differential staining was performed 

using LIVE/DEAD Fixable Blue Dead Cell Stain (Invitrogen). 

Table 3.5. Fluorescent antibodies for flow cytometry staining. 

Target marker Fluorophore conjugate Antibody clone Manufacturer 

CD103 APC M290 BD Biosciences 

CD11b AF700 M1/70 Biolegend 

CD11b BB515 M1/70 BD Biosciences 

CD11c BV421 N418 BD Biosciences 

CD11c PE/Cy7 HL3 BD Biosciences 

CD24 PE-CF594 M1/69 BD Biosciences 

CD4 APC GK1.5 eBioscience 

CD4 BV510 RM4-5 BD Biosciences 

CD44 FITC IM7 BD Biosciences 

CD44 FITC IM7 BD Biosciences 

CD45 AF700 30-F11 BD Biosciences 

CD45.2 Pacific Blue 104 Biolegend 

CD45.2 PerCP-Cy5.5 104 Biolegend 

CD45.2 V450 104 BD Biosciences 

CD45R/B220 FITC RA3-6B2 BD Biosciences 

CD45R/B220 PerCP-CyTM5.5 RA3-6B2 BD Biosciences 

CD62L APC/Cy7 MEL-14 Biolegend 

CD62L BV786 MEL-14 BD Biosciences 

CD69 BV605 H1.2F3 BD Biosciences 

CD69 BV786 H1.2F3 BD Biosciences 

CD69 PE H1.2F3 BD Biosciences 

CD8 AF700 53-6.7 Biolegend 

CD8 PE 53-6.7 BD Biosciences 

CD8 PECy5 53-6.7 Biolegend 

CD8 PerCP-Cy5.5 53-6.7 BD Biosciences 

IFN-y PE XMG1.2 BD Biosciences 

IL-17A PE-CF594 TC11-18H10 BD Biosciences 

IL-2 BV421 JES6-5H4 BD Biosciences 

KLRG1 APC 2F1 BD Biosciences 

Ly-6C BV605 AL-21 BD Biosciences 

Ly-6C PerCP-Cy5.5 O4-46 BD Biosciences 

Ly-6G APC RB6-8C5 Biolegend 

Ly-6G BV786 1A8 BD Biosciences 

Ly-6G PerCP-Cy5.5 1A8 Biolegend 

MHC-II APC M5/114.15.2 Biolegend 

MHC-II BV510 2G9 BD Biosciences 

MHC-II PE M5/114.15.2 Biolegend 

Siglec-F PE E50-2440 BD Biosciences 

TNF APC MP6-XT22 BD Biosciences 
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3.1.13 Flow cytometer  
Flow cytometry data acquisition was performed on a Fortessa X20 instrument (Becton 

Dickinson). The lasers and detectors of the Fortessa X20 instrument are detailed in Table 

3.6. 

Table 3.6. Fortessa X20 lasers and detectors. 

Laser colour 
Laser 

wavelength 
(nm) 

Detector 
Detector 

wavelength 
(nm) 

Detector 
bandwidth 

(nm) 

Typical 
fluorophore 

UV 355 

UV379_C 379 28 BUV395 

UV450_B 450 50 Hoescht 

UV740_A 740 41 BUV737 

Violet 405 

V450_F 450 50 BV421 

V525_E 525 50 BV510 

V605_D 605 12 BV605 

V655_C 655 8 BV650 

V710_B 710 50 BV711 

V810_A 810 60 BV786 

Blue 488 

SSC 488 10 - 

B530_B 530 30 FITC 

B695_A 695 30 PerCP-Cy5.5 

Yellow/Green 561 

YG582_D 582 15 PerCP-Cy5.5 

YG610_C 610 20 PE-AF610 

YG670_B 670 30 PE-AF647 

YG780_A 780 60 PE-Cy7 

Red 640 

R670_C 670 15 APC 

R730_B 730 45 AF700 

R780_A 780 60 APC-Cy7 

 

 

3.1.14 Reagents for protein isolation and processing 
• Reconstitution buffer: 1% SDS, 0.1 M HEPES (Gibco), 1X c0mplete protease 

inhibitors (Thermo Fisher), 34 U/ml benzonase endonuclease (Sigma), in 

deionised water, adjusted to pH 8.0. 

• Tris(2-carboxyethyl)phosphine (TCEP) solution: 250 mM TCEP-HCl (Sigma) in 

deionised water, adjusted to pH 7.0. 

• Acrylamide solution: 1 M acrylamide monomers (Sigma) in deionised water. 
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• Dithiothreitol (DTT) solution: 1M DTT (Sigma) in water. 

• AMBIC: 200 mM Ammonium bicarbonate (Sigma) in water. 

• SP3 bead mixtures: 25 mg/ml hydrophilic and 25 mg/ml hydrophobic 

SpeedBead™ Magnetic Carboxylate Modified Particles (GE Healthcare). 

• 10% trifluoroacetic acid (TFA): 10% v/v TFA (Honeywell) in deionised water. 

• Isopropanol/1% TFA: 1% v/v TFA in isopropanol (Honeywell). 

• Elution solvent: 1M NH4OH (Sigma), 70% acetonitrile (Honeywell), dissolved in 

deionised water. 

• MS loading solvent: 2% v/v acetonitrile, 0.2% v/v formic acid (Honeywell), in 

deionised water. 

To generate STAGE-Tips for protein clean-up procedures, a blunt needle is used to punch 

an SDB-RPS (Sigma) disk, which is forced into a standard plastic 200 µl pipette tip. A hole 

is formed in the lid of a 2 ml tube, for the tube to act as a holder and filtrate reservoir 

for the STAGE-tip during centrifugation steps. 

 

3.2. Methods 

3.2.1 Mammalian cell line tissue culture 
IC-21 adherent cultures were maintained in IC-21 media and incubated at 37 °C, 5% CO2. 

Cultures were passaged twice weekly and kept below 1 x 106 cells/ml. To passage, 

adherent cultures were washed twice with PBS and treated with trypsin-EDTA solution 

(Sigma), incubating at 37 °C for 10 min. IC-21 media was added to deactivate trypsin 

before cells were counted and passaged at the desired concentration. For long term 

storage, IC-21 cells were resuspended in RPMI-1640 media supplemented with 10% v/v 

FBS, and 5% v/v dimethyl sulphoxide (Amresco). Cells were frozen at -80 °C overnight in 

a CoolCell controlled cooling apparatus (BioCision) before transfer to vapour phase 

liquid nitrogen storage. 

HEK-293T adherent cultures were maintained in HEK-293T media and incubated at 

37 °C, 5% CO2. Cultures were passaged 2-3 times weekly and kept below 2 x 106 cells/ml. 

To passage, adherent cultures were washed twice with PBS and treated with 
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trypsin-EDTA solution (Sigma), incubating at 37 °C for 10 min. HEK-293T media was 

added to deactivate trypsin before cells were counted and passaged at the desired 

concentration. For long term storage, HEK-293T cells were resuspended in DMEM media 

supplemented with 10% v/v FBS, and 5% v/v dimethyl sulphoxide. Cells were frozen 

at -80 °C overnight in a CoolCell controlled cooling apparatus before transfer to vapour 

phase liquid nitrogen storage. 

3.2.2 Bacterial culture 
Mycobacterial suspension cultures were maintained in 7H9 medium and incubated at 

37 °C, 5% CO2. Static cultures were prepared in T25 or T75 tissue culture flasks. Culture 

optical density was measured using the Biophotometer spectrophotometer 

(Eppendrof), and sustained at less than 0.8 OD through dilution with 7H9.  For long term 

storage, mycobacterial cultures were centrifuged and resuspended in 30% v/v 

glycerol/PBS, and stored at -80 °C. 

Listeria monocytogenes suspension cultures were maintained in LB medium and 

incubated at 37 °C. Static cultures were prepared in T25 or T75 tissue culture flasks. 

Cultures were split daily, by dilution with additional LB medium. For long term storage, 

L. monocytogenes cultures were centrifuged and resuspended in 30% v/v glycerol/LB, 

and stored at -80 °C. 

3.2.3 Enumeration of bacterial colony forming units 
M. tuberculosis or M. avium colony forming units (CFU) were enumerated in 

supernatant, tissue homogenates, or other suspensions. Samples were serially diluted 

in sterile deionised water, and 100 µl aliquots plated on 7H10 or 7H11 agar. Solid agar 

cultures were wrapped in plastic food wrap to minimise contamination, and incubated 

for 14-21 days at 37 °C with 5% CO2. After this time, bacterial colonies were counted to 

calculate the bacterial load in original solutions and homogenised tissues. 

L. monocytogenes CFU were enumerated in supernatant, tissue homogenates, or other 

suspensions. Samples were serially diluted in sterile deionised water, and 100 µl aliquots 

plated on LB agar. Solid agar cultures were incubated for 24-48 hours at 37 °C in aerobic 

culture. After this time, bacterial colonies were counted to calculate the bacterial load 

in original solutions and homogenised tissues. 
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3.2.4 Tissue homogenisation to determine bacterial load 
Liver, spleen, and lung tissues were collected into sterile water and homogenised using 

an IKA T10 basic ULTRA-TURRAX (IKA-Works) or Polytron (Kinematica) homogeniser. The 

bacterial load of tissue homogenates was determined as detailed in section 3.2.3. 

Homogenates were clarified by centrifugation at 2500 rcf for 5 min. Clarified 

homogenates were stored at -80 °C for later cytokine quantitation. 

3.2.5 Histology 
Tissue was perfused with 10% neutral buffered formalin and fixed by submersion in 10% 

neutral buffered formalin for 6 months. Tissue segments were paraffin embedded and 

5 µm sections stained with haematoxylin and eosin by Veterinary Pathology Diagnostic 

Services, Sydney School of Veterinary Science, University of Sydney. Stained sections 

were imaged using the Axioscan (Zeiss) slide-scanning bright field microscope and the 

BX51 (Olympus) bright field inverted microscope.  

3.2.6 Tissue dissociation to single cells for flow cytometry 
Lung tissue from M. tuberculosis-infected mice was dissociated to single cells using the 

gentleMACS Dissociator (Miltenyi). Initial dissociation was performed using the 

LUNG_01 setting. Dissociated tissue was supplemented with 13 µg/ml DNase (Sigma) 

and 50 U/ml collagenase IV (Sigma), and then incubated for 30 min at 37 °C with rolling 

agitation. A second dissociation was performed with the gentleMACS LUNG_02 setting. 

The cell suspension was passed through a 70 µm cell strainer. Cells were centrifuged at 

500 rcf for 5 min. The cell pellet was resuspended in 1 ml ACK lysis buffer for 1 min to 

lyse red blood cells. Cells were immediately diluted 10-fold with tissue media to halt cell 

lysis. Cells were centrifuged at 500 rcf for 5 min, and the cell pellet resuspended in 1 ml 

tissue media. Cells were counted and diluted in tissue media as required for flow 

cytometry staining. 

The mediastinal lymph node of M. tuberculosis-infected mice was forced through a 

70 µm cell strainer using a syringe plunger, generating a single-cell suspension for flow 

cytometry staining. Cells were centrifuged at 500 rcf for 5 min, and the cell pellet 

resuspended in 1 ml tissue media. Cells were counted and diluted in tissue media as 

required for flow cytometry staining. 
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Spleen tissue from L. monocytogenes-infected mice was perfused with tissue media to 

dislodge cells. All suspended cells and remaining tissue were forced through a 70 µm cell 

strainer using a syringe plunger, generating a single-cell suspension for flow cytometry 

staining. Cells were centrifuged at 500 rcf for 5 min. The cell pellet was resuspended in 

1 ml ACK lysis buffer for 1 min to lyse red blood cells. Cells were immediately diluted 10-

fold with tissue media to halt cell lysis. Cells were centrifuged at 500 rcf for 5 min, and 

the cell pellet resuspended in 1 ml tissue media. Cells were counted and diluted in tissue 

media as required for flow cytometry staining. 

3.2.7 Flow Cytometry 

3.2.7.1 Surface antigen staining 
Single cell suspensions of 5 x 105-1 x 106 mouse cells were added to a 96-well round-

bottom assay plate (Corning) and centrifuged at 500 rcf for 5 min. Pelleted cells were 

resuspended in 50 µl Mouse Fc BlockTM (Becton Dickinson, diluted 300-fold in FACS 

wash), and incubated at room temperature in the dark for 30 min with shaking. 

Fluorescent antibody stains in FACS wash were added to each well (50 µl/well) and 

incubated at room temperature in the dark for 30 min with shaking. Stained cells were 

centrifuged at 500 rcf for 5 min. The cell pellet was resuspended in 100 µl 10% neutral 

buffered formalin to fix cells. M. tuberculosis-infected cells were incubated in formalin 

at room temperature in the dark for at least one hour to kill any remaining bacteria 

before removal from the physical containment level 3 (PC3) facility. Flow cytometry 

analysis was performed on the Fortessa X20 instrument. Collected FCS data was 

analysed using FlowJo software version 10.5.0 (Becton Dickinson). 

3.2.7.2 Intracellular staining 
Mouse spleen cells from L. monocytogenes-infected mice were plated in a 24-well flat-

bottom plate (Corning) in tissue media. Each well was stimulated with 2 x 107 CFU/ml 

heat-killed Listeria for 2 h at 37 °C, 5% CO2. Brefeldin A (Sigma) was added to each well 

at 10 µg/ml and the plate incubated at 37 °C overnight. Cells were pelleted by 

centrifugation at 500 rcf for 5 min, resuspended in 200 µl FACS wash, and transferred to 

a 96-well round bottom plate.  
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Cells were pelleted and resuspended in 50 µl Mouse Fc BlockTM (diluted 300-fold in FACS 

wash), and then incubated at room temperature in the dark for 30 min with shaking. Cell 

surface markers were stained with a surface marker antibody panel (50 µl/well), shaking 

at room temperature in the dark for 30 min. Cells were pelleted by centrifugation at 

500 rcf for 5 min, and resuspended in 100 µl Cytofix/Cytoperm buffer (BD Biosciences). 

Cells were incubated at room temperature in the dark for 30 min with shaking, before 

cells were washed twice with 200 µl Perm/Wash buffer (BD Biosciences), centrifuging at 

500 rcf for 5 min each wash. Intracellular markers were stained with an intracellular 

marker antibody panel (50 µl/well), shaking at room temperature in the dark for 30 min. 

Stained cells were washed twice with 200 µl Perm/Wash buffer, centrifuging at 500 rcf 

for 5 min each wash, then resuspended in 150 µl 10% neutral buffered formalin for 

fixation. Flow cytometry analysis was performed on the Fortessa X20 instrument. 

Collected FCS data was analysed using FlowJo software version 10.5.0. 

3.2.8 Resazurin metabolic activity assay 
A resazurin assay was run to determine the metabolic activity of in vitro mammalian and 

bacterial cultures in a 96-well flat-bottom culture plate. All culture supernatant was 

removed and replaced with 200 µl BMDM media. Resazurin solution was added to each 

well to a final 50 µM concentration, and the plate incubated at 37 °C for 3 h. A 150 µl 

aliquot was then taken from each well and transferred to a new 96-well flat-bottom 

plate. Fluorescence was read using the FLUOstar plate reader (BMG Labtech); excitation 

at 550 nm, emission at 590 nm.  

3.2.9 Cytometric bead array cytokine assay 
Supernatant from infected macrophages was collected to analyse cytokine 

concentrations. Quantitation of IL-6, TNF, MIP-1α, and KC concentration was performed 

by cytometric bead array (CBA) (Becton Dickinson). 

Clarified liver and spleen homogenates from infected mice were analysed for IL-6 and 

TNF concentration by CBA. All tissue homogenate samples were diluted 1:1 with CBA 

assay diluent (Beckton Dickinson). Cytokine standard titrations were prepared in control 

50% tissue homogenate solutions, generated from the relevant tissues of uninfected 

mice. 
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All CBA assays were run according to the manufacturer’s protocol, detailed briefly here. 

Required fluorescent capture beads were combined and diluted 100-fold in CBA Capture 

Bead Diluent (Becton Dickinson). Required fluorescent detection antibody reagents 

were combined and diluted 100-fold in CBA Detection Reagent Diluent (Becton 

Dickinson). Kit recombinant cytokine standards were reconstituted in CBA Assay Diluent 

(Becton Dickinson), giving a stock concentration of 25 ng/ml. Required cytokine 

standards were combined and diluted 10-fold in CBA Assay Diluent, before serial dilution 

in CBA Assay Diluent to generate the standard titration. 

The wells of a round-bottom 96-well plate were pre-wet by addition and removal of 100 

µl CBA Wash Buffer (Becton Dickinson). Standard titration samples and all unknown 

samples were added to the assay plate (10 µl/well). Capture beads were mixed well by 

aspiration and 10 µl added to each well. The plate was incubated for 1 hour at room 

temperature in the dark with shaking. The detection reagent mixture was mixed well by 

aspiration and 10 µl added to each well. The plate was incubated for 1 hour at room 

temperature in the dark with shaking. The plate was centrifuged at 2000 rcf for 5 min, 

and the pelleted beads resuspended in 200 µl 10% neutral buffered formalin to fix 

samples. M. tuberculosis-containing samples were incubated in formalin at room 

temperature in the dark for at least one hour to kill any remaining bacteria before 

removal from the PC3 facility. 

Flow cytometry analysis was performed on the Fortessa X20 instrument. Unknown 

cytokine concentrations were determined by interpolation into the standard titration 

curves using FCAP Array software version 3.0 (Becton Dickinson). 

3.2.10 Western blot for protein phosphorylation 

3.2.10.1 Assessing protein concentration 
Cellular protein was collected from infected BMDMs following lysis with RIPA buffer 

(Thermo Fisher), supplemented with Halt™ Protease and Phosphatase Inhibitor Single-

Use Cocktail (Thermo Fisher). M. tuberculosis-containing protein samples were sterilised 

by 30 min incubation in an 80 °C water bath before removal from the PC3 facility. Sample 

protein concentrations were determined using a Pierce™ BCA Protein Assay Kit (Thermo 

Fisher) according to the manufacturer’s protocol, detailed briefly here. The kit BSA 
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standard was serially diluted in deionised water to prepare the standard titration. A 10 

µl volume of each unknown protein sample and each standard titration sample was 

added to the wells of a flat-bottom 96-well plate. The kit BCA reagent, consisting of 1 

part kit Reagent A and 50 parts kit Reagent B, was added to each well of the assay plate 

(100 µl/well). The plate was incubated for 1 hour at 37 °C, before the 562 nm absorbance 

was measured using the Spark 10M plate reader (Tecan). Unknown protein 

concentrations were determined by interpolation into the standard titration curve using 

Prism software version 9.3.1 (Graphpad Software).  

3.2.10.2 Separation by gel electrophoresis 
In preparation for sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE), 5 µg of each protein sample was diluted in deionised water to a maximum 

volume of 13 µl, and the supplemented with 5 µl 4X NuPAGE LDS sample loading buffer 

(Invitrogen) and 2 µl 10X NuPAGE sample reducing agent (Invitrogen). Samples were 

incubated at 70 °C for 10 min before each 20 µl sample was loaded onto Bolt 10% Bis-Tris 

Plus gels (Invitrogen), and electrophoresis run at 200 V for 30 min using MOPS SDS 

running buffer (Invitrogen). The completed SDS-PAGE gel was moved into TBST. 

3.2.10.3 Western blot membrane transfer 
Western blot transfer was conducted using the Mini Blot Module (Invitrogen), with the 

transfer stack assembled as indicated in Figure 3.1. Placed on the Mini Blot Module 

cathode were one sponge soaked in transfer buffer, 3MM Chr blotting paper (GE) 

soaked in transfer buffer, the SDS-PAGE gel in TBST, a PVDF western blotting membrane 

(Roche) activated by briefly soaking in methanol (Honeywell), another 3MM Chr blotting 

paper soaked in transfer buffer, and one sponge soaked in transfer buffer. The anode 

cover was added, and then the blotting module filled with transfer buffer and run at 10 

V for 70 min. 
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Figure 3.1. The western blot transfer stack. Components of the stack are assembled in ascending order: 

the Mini Blot Module cathode, sponge soaked in transfer buffer (green), blotting paper soaked in transfer 

buffer (yellow), SDS-PAGE gel in TBST (blue), PVDF membrane in methanol (grey), blotting paper soaked 

in transfer buffer, sponge soaked in transfer buffer, and the Mini Blot module anode. 

 

3.2.10.4 Antibody staining and stripping 
Before antibody staining, blot membranes were blocked by 3 h room temperature 

incubation in blocking buffer. Rabbit primary antibodies (Table 3.2) were diluted 2000-

fold in blocking buffer and incubated with the blot for 16 h at 4 °C, with constant rolling 

agitation. The primary antibodies were removed and the blots washed 3 times with 

TBST, 5 min each wash with constant rolling agitation. The horse radish peroxidase-

conjugated anti-rabbit IgG secondary antibody (Table 3.2) was diluted 2000-fold in 

blocking buffer and incubated with the blots for 1 h at room temperature, with constant 

rolling agitation. The secondary antibody was removed and the blots washed twice with 

TBST, 10 min each wash with constant rolling agitation. Blots were imaged using the 

Amersham Imager 600 (GE Healthcare) and Pierce™ ECL Western Blotting Substrate 

(Thermo Fisher). 

Staining antibodies were stripped from blots by two 5 min washes with stripping buffer, 

followed by two 5 min washes with PBS, and then two 5 min washes with TBST. Stripped 

blots were re-blocked by 3 h room temperature incubation in blocking buffer, before 

antibody re-staining. 
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All blots stained for AKT and mTOR activation were initially stained for phosphorylated 

AKT (p-AKT), phosphorylated mTOR (p-mTOR), and the housekeeper protein GAPDH. 

Each blot was then stripped, and stained for total AKT, total mTOR, and GAPDH. 

3.2.10.5 Western blot band quantitation 
Amersham Imager 600 output blot images were converted from 16-bit TIFF to 8-bit TIFF 

format using ImageJ software version 2.3.0 (209). Band quantitation was performed 

using GelAnalyzer software version 19.1 (www.gelanalyzer.com) by Istvan Lazar Jr., PhD 

and Istvan Lazar Sr., PhD, CSc. Lane background was subtracted using the rolling ball 

technique, with peak width tolerance 10% of lane length. Peaks were detected 

automatically or drawn manually when required. To normalise for protein loading, all 

AKT and mTOR band volumes were divided by the respective GAPDH band volume. 

Protein activation results for AKT and mTOR were calculated as phosphorylated protein 

divided by total protein. To normalise for CAPZB protein loading, all CAPZB band 

volumes were divided by the respective β-Actin band volume. 

3.2.11 RNA purification 
Infected mouse cells were lysed with TRIzol reagent (Bioline) and snap frozen at -80 °C. 

RNA was purified from TRIzol samples using Direct-zol RNA Miniprep Plus kits (Zymo 

Research) and the manufacturer’s protocol, detailed briefly here.  

The TRIzol samples were diluted 1:1 with 100% ethanol (Sigma) and mixed thoroughly. 

Samples were transferred into the kit’s Zymo-spin IIC column (Zymo Research) and 

centrifuged at 16000 rcf for 30 s. Centrifugation was repeated with remaining sample 

volume for samples larger than 350 µl. Then 400 µl RNA Wash Buffer (Zymo Research) 

was added and the column centrifuged at 16000 rcf for 30 s. DNase treatment was 

performed to remove any DNA contaminant. Lyophilised DNase I (Zymo Research) was 

reconstituted in deionised water to 6 U/µl. A 5 µl aliquot of DNase I solution was added 

to 75 µl DNA Digestion Buffer (Zymo Research), and the entire mixture added to the spin 

column for 15 min at room temperature to digest DNA. A 400 µl volume of RNA PreWash 

(Zymo Research) was added to the column and centrifuged at 16000 rcf for 30 s. This 

wash was repeated. Afterwards 700 µl RNA Wash Buffer was added to the column and 

centrifuged at 16000 rcf for 2 min. The spin column was transferred to a new 1.5 ml 
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Eppendorf tube. 30 µl DNase/RNase-Free Water (Zymo Research) was added directly to 

the column membrane, and the column centrifuged at 16000 rcf for 30 s to elute purified 

RNA.  

3.2.12 Determining mRNA expression by quantitative PCR 

3.2.12.1 RNA purification and cDNA synthesis from mRNA 

template 
RNA was purified from lysed cells as described in section 3.2.11. Sample RNA 

concentrations were determined using the NanoDrop One spectrophotometer (Thermo 

Fisher). Synthesis of cDNA from mRNA was performed using the SuperscriptTM III 

Reverse Transcriptase system. To prepare for cDNA synthesis, the RNA sample, dNTP 

mix, and oligo(dT) primer were mixed (Table 3.7). Mixtures were incubated in the 

Mastercycler thermocycler (Eppendorf) for 5 min at 65 °C, then for 1 min at 4 °C. The 

First Strand buffer, DTT and SuperscriptTM III Reverse Transcriptase were then added to 

the mixture (Table 3.7). The cDNA synthesis reaction was performed in the Mastercycler 

thermocycler, incubating at 37 °C for 60 min, 85 °C for 5 min, and then held at 4 °C. 

Table 3.7. cDNA synthesis reaction for messenger RNA template. 

Reagent Manufacturer Final concentration Volume (µl) 

RNA sample - 20 ng/µl 0-5 

Nuclease-free 

Water 

- - 0-5 

dNTP mix Invitrogen 0.5 mM dTTP 

0.5 mM dATP 

0.5 mM dCTP 

0.5 mM dGTP 

0.5 

Superscript III Invitrogen 2.5 U/µl 0.125 

DTT Invitrogen 5 mM 0.5 

Oligo(dT) primer Integrated DNA 

technologies 

5 µM 0.5 

First Strand Buffer Invitrogen 1X 2 

Total   10 
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3.2.12.2 Quantitative real-time quantitative polymerase 

chain reaction (RT-qPCR) 
RT-qPCR assays were run using the SYBR Green intercalation system to quantitate the 

relative gene expression. Reagents were mixed as detailed in Table 3.8. Reactions were 

setup in MicroAmp Optical 384-well reaction plates (Applied Biosystems), and plates 

sealed with MicroAmp Optical Adhesive Film (Applied Biosystems). All primer pairs are 

listed in Table 3.3. Assays were performed using the QuantStudio 12K Flex instrument 

(Applied Biosystems). PCR reactions were initiated with 2 min incubation at 50 °C, and a 

10 min incubation at 95 °C, followed by 40 PCR cycles of 95 °C for 15 s and 60 °C for 1 

min. Melting curve analysis was performed at the end of amplification. 

Table 3.8. mRNA qPCR reaction reagent volumes. 

Reagent Manufacturer Final concentration Volume (µl) 

cDNA sample - 0.8 ng/µl 2 

PowerUp SYBR 

Green Master Mix 

Applied Biosystems 1X 5 

Forward primer Integrated DNA 

technologies 

400 nM 1 

Reverse primer Integrated DNA 

technologies 

400 nM 1 

Nuclease-free Water - - 1 

Total   10 

 

3.2.12.3 Relative expression calculation 
Gene expression was quantified using the ΔΔCt method. Sample Stx5a Ct was subtracted 

from target gene Ct to give ΔCt. Mean ΔCt of the uninfected control was subtracted from 

the infected sample ΔCt to give ΔΔCt. Fold change expression was calculated by 2-ΔΔCt. 

Stx5a has been validated as a suitable housekeeper gene for in vitro analysis of murine 

macrophages following stimulation with bacterial antigens (210). 
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3.2.13 Determining miRNA expression by quantitative PCR 

3.2.13.1 cDNA synthesis from miRNA template 
RNA was purified from lysed cells as described in section 3.2.11. Sample miRNA 

concentrations were determined using the Qubit 2.0 Fluorometer (Invitrogen) and Qubit 

microRNA Assay Kit (Invitrogen), according to the manufacturer’s protocol. Briefly, the 

Qubit microRNA Reagent was diluted 200-fold in Qubit miRNA Buffer to prepare the 

Qubit Working Solution. Each unknown RNA sample was diluted 200-fold in Qubit 

Working solution, then vortexed for 2-3 s and incubated at room temperature for 2 min, 

before analysis. 

Synthesis of cDNA from miRNA was performed using All-in-One miRNA First-Strand 

cDNA Synthesis Kit (GeneCopoeia). To prepare for cDNA synthesis, the RNA sample, Poly 

A polymerase, RT mix, and PAP/RT Buffer were mixed (Table 3.9). The cDNA synthesis 

reaction was performed in the Mastercycler thermocycler, incubating at 37 °C for 60 

min, 85 °C for 5 min, and then held at 4 °C. 

Table 3.9. cDNA synthesis reaction for microRNA template. 

Reagent Manufacturer Final concentration Volume (µl) 

RNA sample - 16 ng/µl small 

molecule RNA 

0-9 

Nuclease-free 

Water 

- - 0-9 

Poly A Polymerase GeneCopoeia 0.1 U/µl 0.5 

RTase Mix GeneCopoeia 1X 0.5 

5X PAP/RT Buffer GeneCopoeia 1X 2.5 

Total   12.5 
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3.2.13.2 Quantitative RT-qPCR for miRNA expression 
RT-qPCR assays for miRNA were run using the All-in-One™ miRNA qRT-PCR Detection Kit 

(GeneCopoeia), according to the manufacturer’s protocol, modified to utilise the 

PowerUp SYBR Green Master Mix. Reagents were mixed as detailed in Table 3.10. 

Reactions were setup in MicroAmp Optical 384-well reaction plates, and plates sealed 

with MicroAmp Optical Adhesive Film. All forward primers are listed in Table 3.4; the kit 

uses a universal reverse primer. Assays were performed using the QuantStudio 12K Flex 

instrument. PCR reactions were initiated with a 10 min incubation at 95 °C, followed by 

40 PCR cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 10 s. Melting curve analysis 

was performed at the end of amplification. 

Table 3.10. miRNA qPCR reaction reagent volumes. 

Reagent Manufacturer Final concentration Volume (µl) 

cDNA sample - 0.64 ng/µl 2 

PowerUp SYBR 

Green Master Mix 

Applied Biosystems 1X 5 

Forward primer Integrated DNA 

technologies 

200 nM 1 

Universal Adaptor 

PCR Primer 

GeneCopoeia 200 nM 1 

Nuclease-free Water - - 1 

Total   10 

 

3.2.13.3 Relative miRNA expression calculation 
miRNA expression was quantified using the ΔΔCt method. Sample RNU6 Ct was 

subtracted from target gene Ct to give ΔCt. Mean ΔCt of the uninfected control was 

subtracted from the infected sample ΔCt to give ΔΔCt. Fold change expression was 

calculated by 2-ΔΔCt. 
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3.2.14 Statistical analyses 
All statistical comparisons were made using Prism software version 9.3.1. Bacterial load 

(CFU/ml) values were log10 transformed and compared using 2-way analysis of variance 

(ANOVA) with multiple comparisons post-test, corrected for multiple comparisons using 

the Šidák method. 

Cytokine expression, resazurin fluorescence, protein phosphorylation, and qPCR-

quantified mRNA expression were compared using 2-way analysis of variance (ANOVA) 

with multiple comparisons post-test, corrected for multiple comparisons using the Šidák 

method. 

miR-652-3p miRNA, Capzb mRNA, and CAPZB protein expression by transfected IC-21 

cells were compared by 2-tailed student’s t test. 
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Chapter 4. The impact of miR-652 during mycobacterial 

infection 
 

4.1. Introduction 
Tuberculosis (TB) is an ancient disease and continues to be one of the deadliest 

infectious diseases on the planet. The causative pathogen, Mycobacterium tuberculosis, 

infects almost 10 million people annually, leading to 1.5 million fatalities in 2020 (21). 

TB infections and deaths are overrepresented in low- and lower middle-income 

countries (22). Furthermore, the emergence of the SARS-CoV-2 virus and its effect on 

global medical systems has led to decreased notifications of new TB cases, fewer 

patients successfully treated, and increased TB-related deaths (21). 

M. tuberculosis infection occurs primarily through inhalation of aerosol droplets, 

transferred between people through coughing. Once in the alveolar space, the bacteria 

are phagocytised by tissue-resident alveolar macrophages, which migrate into the lung 

interstitial space (211). M. tuberculosis can persist and replicate inside the macrophage 

phagosome, ultimately leading to cell death and bacterial release (212, 213). Free 

M. tuberculosis bacilli in the lung interstitium are phagocytised by dendritic cells (DC) 

and transported to the draining lymph node, initiating CD4+ helper T cell activation (214, 

215). Activation of the adaptive immune response triggers formation of the TB 

granuloma, consisting of live M. tuberculosis bacilli and infected macrophages at its core, 

surrounded by epithelioid macrophages, multi-nuclear giant cells, and foamy 

macrophages, and with outer layers of NK cells, DCs, B cells, and T lymphocytes (216). 

From this point the infection can proceed on three possible paths; the clearance of all 

bacteria, long-term bacterial containment in a latent infection state, or continued 

progression into TB disease (200, 217, 218). An estimated 1.7 billion people are latently 

infected with M. tuberculosis (219), each with the potential of reactivation and 

progression to active TB (218, 220). 

Standard TB treatment is a 6-month regimen of multiple antibiotics, with an 85% success 

rate globally (21). Infection with drug-resistant M. tuberculosis strains requires 9-24 

months treatment with additional antibiotics (221). This is problematic for patients in 
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lower-income settings due to the high cost and low availability of these medications in 

an extended regimen (222). Poor adherence is not uncommon, largely due to severe 

adverse side effects, high pill burden, and poor education about regimen requirements 

(23, 222-224). Even following successful treatment of active TB, disease-associated host 

inflammation can lead to permanent lung damage. Cured TB patients are prone to 

airway obstruction and chronic obstructive pulmonary disease (27), up to half can have 

persistent pulmonary dysfunction, and TB patients present increased all-cause mortality 

rates (28, 225, 226). 

The World Health Organisation-recommended diagnosis method is GeneXpert rapid 

nucleotide-based testing for both M. tuberculosis presence and rifampicin resistance 

(227). However, the most common method of diagnosis remains microscopic evaluation 

of sputum smears, largely due to technology availability (228). Microscopic diagnosis 

requires specialised staff experience and is less sensitive than molecular techniques 

(228, 229). Additionally, both microscopy and GeneXpert require the generation of 

sputum, something difficult or impossible in paediatric, latently-infected, or 

extrapulmonary patients (230). 

In this TB landscape, urgent development of point of care, non-sputum-based 

diagnostics, and host-directed therapies to combat excessive inflammation and 

antimicrobial resistance is required. Host miRNAs continue to garner interest as 

diagnostic and therapeutic targets in infectious disease settings. Several studies have 

identified promising miRNA biomarker panels for the diagnosis of pulmonary TB (231), 

and a number of miRNA, including miRNA-155, provide protective roles during TB (232). 

However, as yet no miRNA has been nominated as a target in TB treatment. 

The miRNA hsa-miR-652-3p (from here termed miR-652) was downregulated in a cohort 

of Chinese TB patients, and low miR-652 expression correlated with poor response to 

antibiotic treatment (20). As detailed in Chapter 1, miR-652 regulates multiple processes 

in cell differentiation and maintenance, with interesting implications in the immune 

response to infectious disease. 
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This chapter describes an exploratory study into the activity of miR-652 during 

M. tuberculosis infection. With a focus in macrophage phenotype, the responses to 

mycobacterial infection are assessed in vitro and in vivo. This study describes the effect 

of miR-652 expression on macrophage cytokine secretion and the involvement of 

miR-652 in the NOTCH and mTOR signalling pathways. The absence of miR-652 

expression in mice and mouse macrophages has important impacts on macrophage 

inflammatory activation, and on CD8+ T cell differentiation. These changes may critically 

influence the control of M. tuberculosis and TB disease progression. 

 

4.2. Methods 

4.2.1 Isolation and culture of primary mouse bone marrow cells 
Mice were euthanised by CO2 asphyxiation and the tibia and femur collected into tissue 

media. Bone marrow was flushed out using a 27G needle (Terumo) and passed through 

a 70 µm cell strainer (Corning). Cells were centrifuged at 500 rcf for 5 min at 4 °C, and 

then resuspended in ACK lysis buffer for 1 min to lyse red blood cells. Cells were 

immediately diluted 10-fold in BMDM differentiation media to halt cell lysis, before 

centrifugation at 500 rcf for 5 min at 4 °C, in order to remove ACK lysis buffer ingredients. 

Remaining cells were resuspended in BMDM differentiation media, counted, and diluted 

as required. Cells were cultured in BMDM differentiation media, containing GM-CSF, for 

6 days at 37 °C with 5% CO2, with media replenished after 3 days. BMDM cells were 

selected by adherence to tissue culture plates. Non-adherent cells were washed away 

with BMDM media before in vitro infection assays. 

4.2.2 In vitro mycobacterial infection 
BMDMs were seeded in flat-bottom tissue culture plates (Corning Costar) at 5 x 105 

cells/ml or 1.5 x 106 cells/ml in BMDM media. M. tuberculosis or M. avium cultures were 

centrifuged and resuspended in BMDM media, before sonication in the Digital Sonifier 

250 (Branson) cup sonicator (amplitude 30%, 10 s) to separate clumped bacteria. 

BMDMs were infected with M. tuberculosis at a multiplicity-of-infection (MOI) of 1 (low-

dose) or 5 (high-dose), or with M. avium at an MOI of 2 (low-dose) or 10 (high-dose). 
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Infected cultures were washed with BMDM media after 4 h to remove extracellular 

bacteria. 

To determine the bacterial load of infected wells, all supernatant was removed and cells 

lysed with 200 µl 0.1% Triton solution for 15 min at 37 °C. Lysates were serially diluted 

in water and plated to determine the CFU concentration. Plates were incubated at 37 °C 

for 14-20 days before CFU counts. 

4.2.3 In vivo mycobacterial infection 
Mice were infected with M. tuberculosis by aerosol administration. A 10 ml volume of 

M. tuberculosis culture was centrifuged at 3270 rcf for 10 min, and the bacteria 

resuspended in 4 ml PBS with 0.05% v/v Tween 20. The resuspended bacteria were 

centrifuged at a low-speed of 230 rcf for 10 min to collect the single cell suspension in 

the supernatant. Bacteria were again centrifuged at 3270 rcf for 10 min and 

resuspended in water, then sonicated before aerosol infection using the Digital Sonifier 

250 cup sonicator (amplitude 30%, 10 s). Aerosol infection was conducted using the 

Glascol Inhalation Exposure Chamber (vacuum 60, nebuliser 8-9). 

On day 1 post-infection, two mice were euthanised for CFU dose check. Lungs were 

homogenised in sterile deionised water, the entire volume plated on 7H11 agar, and 

incubated for 14-21 days before CFU check. Each mouse was infected with a dose of 

81 ± 17 CFU.  

Mice were housed for up to 13-weeks post infection and at predetermined time points, 

were euthanised by CO2 asphyxiation for organ collection. Prior to lung dissection, the 

lungs were perfused with PBS/Heparin by injection into the heart. The middle right lung 

lobe and the left liver lobe were removed into 10% neutral-buffered formalin (Fronine) 

for histology. The left lung and spleen were each collected into sterile water for CFU 

determination. Superior and inferior lung lobes were collected into tissue media for 

dissociation to single cells.  
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4.2.4 Flow cytometry gating 
Lung and MLN leukocytes of M. tuberculosis-infected mice were stained and analysed 

according to section 3.2.7. Gating was performed using FlowJo v10 software. 

Myeloid cell subsets 

A gating strategy was developed to analyse myeloid lineage leukocytes (Figure 4.1), 

based on a previously published strategy (233). Cell debris was excluded by gating for 

high FSC-A and low-high SSC-A. Single cells were gated in the linear portion of the FSC-

A vs FSC-H plot, eliminating cell aggregates. This gating was repeated using SSC-A and 

SCC-H to exclude further aggregates. Live cells were gated based on Live-Dead dye 

exclusion. All leukocytes were gated based on CD45 expression. From the total CD45+ 

population, events were plotted on CD11b vs CD11c to gate CD11c+ CD11bmid alveolar 

macrophages. An MHC-II vs CD11b plot was used to gate CD11b+ cells apart from CD11b- 

cells, which includes some MHC-II- CD11bmid cells. The CD11b- population was plot on 

MHC-II vs B220 in order to gate MHC-II+ B220+ B cells. CD11b+ cells were plot on CD11b 

vs Ly6G to gate Ly6G+ neutrophils. The remaining Ly6G- population was gated on MHC-II 

vs CD11c to gate MHC-II+ CD11clow-mid interstitial macrophages and MHC-IIlow CD11c- 

monocytes.  

T cell subsets 

A gating strategy was developed to analyse T cell leukocytes, and the activation status 

of particular T cell subsets (Figure 4.2). Cell debris was excluded by gating for high FSC-A 

and low-high SSC-A. Single cells were gated in the linear portion of the FSC-A vs FSC-H 

plot, eliminating cell aggregates. This gating was repeated using SSC-A and SCC-H to 

exclude further aggregates. Live cells were gated based on Live-Dead dye exclusion. All 

leukocytes were gated based on CD45 expression, and then CD4+ helper T cells and CD8+ 

cytotoxic T cells were gated on a CD4 vs CD8 plot. Under each of the CD4+ and CD8+ 

gates, the effector T cells were gated as CD44hi CD62Llo, memory T cells were gated as 

CD44hi CD62Lhi, and naïve T cells were gated as CD44lo CD62Lhi. Effector CD4+ T cells and 

effector CD8+ T cells were identified as activated based on CD69 expression. 
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Figure 4.1. Flow cytometry gating strategy for the analysis of myeloid lineage cells in tissue of 
M. tuberculosis-infected mice. Cells are gated to remove cell debris, before selection of singles cells. Live 

cells are selected based on dye exclusion. Leukocytes are isolated by CD45.2 expression. Alveolar 

macrophages are gated as CD11bmid and CD11chi. Remaining cells were separated into CD11b+ cells and 

CD11b- cells, containing B220+ B cells. Neutrophils were gated as CD11b+ Ly6G+. Ly6G- cells were separated 

into MHC-II- monocytes and MHC-II+ interstitial macrophages. 
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Figure 4.2. Flow cytometry gating strategy for the analysis of T cells in tissue from M. tuberculosis-
infected mice. Cells are gated to remove cell debris, before selection of singles cells. Live cells are selected 

based on dye exclusion. Leukocytes are isolated by CD45.2 expression. CD4+ and CD8+ T cell populations 

are gated, and individually separated into effector, memory, and naïve subsets based on CD44 and CD62L 

expression. Effector T cell subsets are gated on CD69 expression as a marker of activation.
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4.3. Results 

4.3.1 In vitro cytokine expression by infected macrophages is 

impaired by miR-652 knockout 
No previous studies have investigated the roles of miR-652 in an infectious disease 

setting. To characterise miR-652 activities in vitro and in vivo, a miR-652-/- mouse line 

was generated on a C57BL/6 background. The M. tuberculosis aerosol infection in mice 

is well studied (234).  As macrophages are the first immune cells exposed to 

M. tuberculosis in the lung, bone-marrow macrophages were infected with two 

mycobacterial species, M. tuberculosis and M. avium. 

BMDMs from wild type C57BL/6 and miR-652-/- mice were infected in vitro with 

M. tuberculosis or M. avium, and cultured for up to 6 days. Macrophage cytokine 

expression is essential for the control of mycobacteria in the lung (200). The 

concentrations of proinflammatory cytokines IL-6, TNF, MIP-1α, and KC in culture 

supernatant were analysed by CBA. Cytokine levels in all uninfected wells were at or 

below the lower limit of detection for the CBA assay method (data not shown). 

Expression of all cytokines was increased within 6 hours of infection, under all infection 

conditions (Figure 4.3). Generally, cytokine levels increased up to 24 hours post-

infection, where they trended to plateau. 

Expression of key cytokines IL-6 and TNF were significantly decreased in miR-652-/- cells 

following high-dose M. tuberculosis (MOI of 5) and M. avium (MOI of 10) infections 

(Figure 4.3b and d), suggesting the inflammatory response in these miR-652-/- 

macrophages is much weaker. Down regulation occurred early at 24 hours 

post-M. tuberculosis infection and 48 hours post-M. avium infection, and remained 

downregulated at 144 hours post-infection. Furthermore, the neutrophil-attracting 

chemokine MIP-1α was downregulated in miR-652-/- cells at early time points during 

both infections, and expression of chemokine KC was noticeably lower in miR-652-/- cells, 

though differences were not significant. 

Cytokine expression was lower in all cells following low-dose mycobacterial infections. 

Wild type BMDMs expressed significantly more of all four cytokines 144 hour after 

M. tuberculosis infection at an MOI of 1 (Figure 4.3a). However, cytokine expression was 
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comparable between wild type and miR-652-/- BMDMs after M. avium infection at an 

MOI of 2 (Figure 4.3c). 

 

Figure 4.3. Proinflammatory cytokine expression is reduced in miR-652-/- macrophages after 
mycobacterial infection. Wild type and miR-652-/- mouse BMDMs were infected in vitro with 

M. tuberculosis at an MOI of (a) 1 or (b) 5, or with M. avium at an MOI of (c) 2 or (d) 10. Cytokine 

concentrations in supernatant were quantified by CBA. Data are the mean ± SD of 9 biological replicates, 

from 3 separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by 2-way ANOVA with 

multiple comparisons post-test, Šidák method corrected. 

 

4.3.2 Inflammatory pathways are downregulated in infected 

miR-652-/- macrophages 
Decreased cytokine expression in miR-652-/- macrophages could be regulated by a 

number of inflammatory pathways. It was hypothesised that activation of the 

AKT/mTOR pathway may be dysregulated in miR-652-/- cells. The AKT/mTOR pathway is 

known to regulate the inflammatory phenotype of macrophages, including cytokine 
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expression (235). BMDMs were infected with M. tuberculosis and M. avium, and lysed 

for western blot analysis of AKT and mTOR phosphorylation, indicating protein 

activation. Activation of both proteins was significantly upregulated in wild type 

BMDMs, compared to miR-652-/- cells (Figure 4.4). AKT phosphorylation was increased 

90 min after high-dose M. tuberculosis infection (Figure 4.4c). Moreover, low-dose 

M. avium infection also induced increased AKT and mTOR activation in wild type cells at 

90 min post-infection (Figure 4.4d). High-dose M. avium infection induced a similar 

trend, whereas AKT activation was notably, though not significantly, increased in wild 

type cells (Figure 4.4e). 

Regulation of AKT activation can be mediated through NOTCH signalling (236), shown to 

be regulated by miR-652 targeting of a NOTCH ligand JAG1 (79). RT-qPCR analysis of 

infected BMDMs monitored expression of receptors Notch1 and Notch2, and the Jag1 

ligand. Mycobacterial infection did not elicit differential expression of Notch1, Notch2, 

or Jag1 mRNA in wild type or miR-652-/- BMDMs (Figure 4.5). This suggests that the 

sustained increase in cytokine expression by wild type BMDMs may not be stimulated 

through the NOTCH signalling pathway, and the observed AKT activation in wild type 

macrophages may occur through an alternative mechanism. 

4.3.3 miR-652 knockout in macrophages does not impair 

control of mycobacterial growth 
TNF is required for macrophage activation during TB (200, 237). It was hypothesised that 

decreased TNF expression in vitro could negatively impact bacterial killing and impair 

control of the bacterial load. To address the impact of decreased cytokine expression 

and AKT activation on the antibacterial activity of miR-652-/- BMDMs, bacterial CFU 

concentrations were determined from cell lysates of infected BMDMs. The 

M. tuberculosis bacterial load was comparable between wild type and miR-652-/- 

BMDMs (Figure 4.6a and b). Though significantly higher CFU were present in wild type 

BMDMs 72 and 24 hours after low- and high-dose infection, respectively, in both cases, 

CFU equalised at later time points. Conversely, M. avium bacterial load was significantly 

higher in miR-652-/- cells 48 hours after low-dose infection (Figure 4.6c), but again, this 

difference was transient.  



 

80 
 

 
Figure 4.4. Activation of the AKT-mTOR pathway is decreased in miR-652-/- macrophages following 
mycobacterial infection. Mouse BMDMs were infected as in Figure 4.3. Protein samples were collected 

from (a) uninfected cells, cells infected with M. tuberculosis at (b) MOI 1 or (c) MOI 5, and cells infected 

with M. avium at (d) MOI 2 or (e) MOI 10. Phosphorylated and total AKT, and phosphorylated and total 

mTOR were detected, normalised to GAPDH. Activation is expressed as phosphorylated protein divided 

by total protein. Data are the mean ± SD of biological replicates, from 3 separate experiments. *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001, by 2-way ANOVA with multiple comparisons post-test, Šidák 

method corrected. 
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Figure 4.5. Notch receptor expression is not impaired in miR-652-/- cells after mycobacterial infection. 

Mouse BMDMs were infected as in Figure 4.3. Cells were lysed with TRIsure reagent and mRNA was 

purified.  Jag1, Notch1, and Notch2 transcripts were quantified by RT-qPCR, and normalised against Stx5a. 

Data are the mean ± SD of biological replicates, from 1-3 separate experiments. Comparisons were made 

using 2-way ANOVA with multiple comparisons post-test, Šidák method corrected. 
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Figure 4.6. Wild type and miR-652-/- BMDMs control M. tuberculosis growth. Mouse BMDMs were 

infected in vitro with M. tuberculosis at an MOI of (a) 1 or (b) 5, or with M. avium at an MOI of (c) 2 or (d) 

10, as in Figure 4.3. Supernatant was removed and BMDMs were lysed with Triton-X100 for enumeration 

of internalised bacteria. Data are the mean ± SD of 9 biological replicates, from 3 separate experiments. 

*P < 0.05, by 2-way ANOVA with multiple comparisons post-test, Šidák method corrected. 

 

Figure 4.7. Wild type and miR-652-/- macrophages are metabolically active 24 hours after mycobacterial 
infection. Mouse BMDMs were infected as in Figure 4.3. Resazurin metabolic activity fluorescence assay 

was performed 24 hours post-infection. Data are the mean ± SD of biological replicates, from 3 separate 

experiments. ****P < 0.0001, by 2-way ANOVA with multiple comparisons post-test, Šidák method 

corrected. 
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Notably, high-dose M. tuberculosis (Figure 4.6b) and M. avium (Figure 4.6d) infections 

did not lead to extensive bacterial overgrowth at 72- or 144-hours post-infection. To 

confirm bacteria were not lost in culture supernatant before macrophage lysis, 

supernatant bacterial load was analysed. Culture supernatants removed before cell lysis 

contained a small and consistent proportion of the bacterial CFU count (Figure A 4). The 

percent of bacteria in solution was not significantly different between mouse strains or 

with time.  

Though bacterial loads were similar between wild type and miR-652-/- BMDMs, it 

remained unclear whether macrophages from each mouse strain could equally engulf 

and control the same number of bacteria, or whether large quantities of bacteria were 

outnumbering dying macrophages. Resazurin fluorescence assays were run to 

determine the cells metabolic activity as a measure of cell number and cell viability. 

There were no significant differences in metabolic activity between wild type and 

miR-652-/- cells 24 hours after any infection (Figure 4.7). Metabolic activity was 

significantly lower in both cell types following high-dose M. tuberculosis infection, 

suggesting the significant burden of pathogenic bacteria was causing macrophage cell 

death. Observed by light microscopy, macrophage numbers were markedly lower by 72 

hours post-infection (data not shown). Nevertheless, any macrophage death at late time 

points did not allow for a significant increase in bacterial burden (Figure 4.6b). During all 

other infections, macrophage metabolic activity did not change significantly. 

To determine the effect of bacterial metabolism on the resazurin assay, infected BMDMs 

were lysed with Triton-X100 and bacterial metabolism assayed alone. The metabolic 

activity of the bacteria alone was far lower than that of the macrophages (Figure A 5a 

and b), and in many cases the fluorescent signal generated by the mycobacteria was not 

significantly greater than that of lysed uninfected macrophages (Figure A 5c). 

4.3.4 miR-652-/- mice capably control M. tuberculosis bacterial 

load 
From the in vitro experiments detailed above, miR-652-/- macrophages could not 

produce the cytokine levels of their wild type counterparts, and yet they controlled 

bacterial growth equally well over the 6-day infection. The cytokines and chemokines 
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assayed have important roles in recruiting and activating other leukocytes at the site of 

infection, including T cells and neutrophils (200, 217). These experiments raised the 

question of how decreased cytokine expression in macrophages may impact the 

immune response to chronic M. tuberculosis infection. An in vivo infection model was 

used to explore these interactions. Lung alveolar macrophages are the first immune cells 

to come into contact with M. tuberculosis following in vivo infection. To establish 

whether the downregulated cytokine response from miR-652-/- macrophages in vitro 

would translate into a delayed in vivo response to infection, mice were infected with 

M. tuberculosis by aerosol administration (Figure 4.8). 

The bacterial load in the lungs and the spleen is an indicator of tuberculosis 

development in mice. The M. tuberculosis bacterial load increased in the spleen of both 

mouse strains between 4 and 13 weeks post-infection (Figure 4.9b). A significant 

increase in lung bacterial load was only seen in wild type mice (Figure 4.9a), however, 

there was no significant difference in bacterial load in either organ between wild type 

and miR-652-/- mice at any time point.  

Lung tissue of infected mice was analysed by histology to identify whether similar 

bacterial loads in mice would be reflected in equivalent levels of inflammation. Fixed 

tissue sections were stained with haematoxylin and eosin, and then imaged by light 

microscopy. Moderate lung inflammation was seen in both wild type and miR-652-/- mice 

at 4 weeks post-infection (Figure 4.10a and b). At 13 weeks, inflammation in both mouse 

strains had increased, with inflammatory lesions growing markedly denser (Figure 4.10c 

and d). Nevertheless, the level of lung inflammation was comparable between wild type 

and knockout mice, with inflammatory involvement increasing in line with bacterial load 

(Figure 4.9). 
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Figure 4.8. In vivo Mycobacterium tuberculosis infection in mice. Mice were infected with 81 ± 17 CFU 

by aerosol administration. At 4, 8, and 13-weeks post-infection, mice were euthanised for organ collection 

and analysis.

Figure 4.9. Wild type and miR-652-/- mice control M. tuberculosis bacterial load. Mice were infected with 

M. tuberculosis by aerosol administration. The bacterial load in the (a) lung and (b) spleen homogenates 

was enumerated over 13 weeks. Data are the mean ± SD, of 6-10 mice from two experiments. *P < 0.05, 

**P < 0.01, ***P < 0.001, by 2-way ANOVA with multiple comparisons post-test, Šidák method corrected.
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Figure 4.10. Lung inflammation progresses in both wild type and miR-652-/- mice following M. 
tuberculosis infection. Mice were infected as in Figure 4.9. Lungs were formalin fixed and paraffin 

embedded. Sections were stained with haematoxylin and eosin and images under bright field microscopy. 

Images show lungs from wild type mice at (a) 4 and (c) 13 weeks post-infection, and mir-652-/- mice at (b) 

4 and (d) 13 weeks post-infection. Images are brightness and contrast adjusted. 
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4.3.5 Lung immune cell populations are not affected by miR-652 

knockout 
The anti-mycobacterial defence response relies on recruitment of diverse immune cells 

to the lung. The leukocyte composition of lung inflammation was analysed by flow 

cytometry, as was the mediastinal lymph node (MLN), the draining lymph node of the 

lung. Gating strategies were developed for analysis of myeloid lineage cell types (Figure 

4.1) and T cell subtypes (Figure 4.2). There were no significant differences in 

macrophage or monocyte populations in the lungs of wild type and miR-652-/- mice 

(Figure 4.11a). Phagocytic cell populations decreased at 8 weeks, though monocyte 

numbers rebounded at 13 weeks post-infection. Chemokines MIP-1α and KC are key for 

attracting neutrophils to sites of inflammation during infection (238). Whilst significant 

decreases in chemokine expression were observed in in vitro-infected miR-652-/- 

macrophages (Figure 4.3), neutrophil populations were not significantly decreased in 

vivo (Figure 4.11). 

Similar to myeloid phagocyte cell types, lymphocyte populations were comparable 

between wild type and miR-652-/- mice, in both the lung and MLN. However, a late 

decrease in miR-652-/- lung B cell numbers at 13 weeks corresponded with a significant 

increase in CD4 T cell numbers (Figure 4.12a). Lung B cell populations expanded 

significantly at 8 weeks in both wild type (P < 0.0001) and miR-652-/- (P < 0.001) mice. 

The lung T cell proportion duly decreased over the same period (P < 0.0001 for both 

mouse strains). 

Whilst comparable lymphocyte populations in the lungs suggest T cell recruitment to 

the lung is not hampered in miR-652-/- mice, dramatic decreases in IL-6 expression by 

lung phagocytes may affect T cell activation (239). CD69 expression was used as a marker 

of effector T cell activation. CD8 effector T cell activation was notably increased at 13 

weeks in both the lung and MLN of miR-652-/- mice (Figure 4.13). However, there were 

no significant differences in CD4+ or CD8+ T cell activation between wild type and miR-

652-/- mice. 

Though effector T cell populations in both mouse strains were equally activated, 

decreased effector T cell numbers could adversely affect the ability of mice to respond 
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to new pathogens and acute infections. There was no difference in CD4+ effector T cell 

(CD44hi CD62Llo), memory (CD44hi CD62Lhi), or naïve (CD44lo CD62Lhi) populations 

between wild type and miR-652-/- mice at any time point. The large majority of CD4+ T 

cells in the lungs of infected mice were effector cells. This high percentage remained for 

the entire 13-week study. 

Converse to stable CD4+ populations, significant changes were seen in CD8+ T cell 

populations of miR-652-/- mice. CD8+ memory T cells formed a significantly larger 

proportion of CD8+ cells in wild type mouse lungs at 4 weeks (Figure 4.15a). Lung naïve 

T cells were increased at 4 weeks in wild type mice (P = 0.07), and a corresponding 

reduction in effector CD8+ T cells was observed at the same time point (P = 0.12). CD8+ 

populations in the MLN were comparable between wild type and miR-652-/- mice (Figure 

4.15b), and did not change significantly over time. 

Figure 4.11 to Figure 4.15 display populations as a percentage of live cells, and these 

same population comparisons were also made with total cell numbers. The trends 

observed in total cell numbers and the resulting conclusions reflected those seen in 

population percentages. 
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Figure 4.11. Myeloid leukocyte populations are not affected by miR-652 expression in M. tuberculosis-
infected mice. Mice were infected as in Figure 4.9. The lungs and mediastinal lymph nodes of infected 

mice were dissociated to single cells, and stained for flow cytometry. Plots present (a) lung and (b) 

mediastinal lymph node myeloid lineage leukocytes. Populations are presented as a percentage of all 

CD45+ leukocytes. Data are the mean ± SD of 5-10 animals, from two experiments. Comparisons were 

made using 2-way ANOVA with multiple comparisons post-test, Šidák method corrected. 
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Figure 4.12. Lymphocyte populations are altered during chromic M. tuberculosis infection of miR-652-/- 
mice. Mice were infected as in Figure 4.9. The lungs and mediastinal lymph nodes of infected mice were 

dissociated to single cells, and stained for flow cytometry. Plots present lymphocyte populations of the 

(a) lung and (b) mediastinal lymph node. Populations are presented as a percentage of all CD45+ 

leukocytes. Data are the mean ± SD of 5-10 animals, from two experiments. * P < 0.05, ** P < 0.01, by 

2-way ANOVA with multiple comparisons post-test, Šidák method corrected. 
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Figure 4.13. miR-652 deficiency does not affect activation of effector T cell populations in M. 
tuberculosis-infected mice. Mice were infected as in Figure 4.9. The (a) lungs and (b) mediastinal lymph 

nodes of infected mice were dissociated to single cells, and stained for flow cytometry. The activation of 

effector T cells is indicated by expression of CD69. Activated cell numbers are presented as a percentage 

of all CD4+ or CD8+ effector T cells. Data are the mean ± SD of 5-10 animals, from two experiments. 

Comparisons were made using 2-way ANOVA with multiple comparisons post-test, Šidák method 

corrected. 
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Figure 4.14. Helper T cell populations are similar in wild type and miR-652-/- mice during M. tuberculosis 
infection. Mice were infected as in Figure 4.9. The (a) lungs and (b) mediastinal lymph nodes of infected 

mice were dissociated to single cells, and stained for flow cytometry. The T cell subsets are expressed as 

a percentage of all CD4+ cells. Data are the mean ± SD of 5-10 animals, from two experiments. 

Comparisons were made using 2-way ANOVA with multiple comparisons post-test, Šidák method 

corrected. 
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Figure 4.15. Memory cytotoxic T cell populations are decreased during acute M. tuberculosis infection 
of miR-652-/- mice. Mice were infected as in Figure 4.9. The (a) lungs and (b) mediastinal lymph nodes of 

infected mice were dissociated to single cells, and stained for flow cytometry. The T cell subsets are 

expressed as a percentage of all CD8+ cells. Data are the mean ± SD of 5-10 animals, from two experiments. 

*P < 0.05, ***P < 0.001, by 2-way ANOVA with multiple comparisons post-test, Šidák method corrected. 
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4.4. Discussion 
An investigation quantifying plasma miRNA in a cohort of Chinese TB patients found that 

decreased circulating miR-652 was associated with severe TB disease, and also with TB 

treatment failure (20). The current investigation endeavoured to characterise the 

actions of miR-652 during mycobacterial infection in miR-652-/- mice. This chapter 

showed that miR-652 deficiency in mouse macrophages greatly impaired the expression 

of cytokines TNF, IL-6, MIP-1α, and KC, all critical for the activation of anti-mycobacterial 

defences. Activation of the AKT-mTOR signalling pathway was dysregulated in 

miR-652-/- cells, indicating a potential pathway by which miR-652 may regulate cytokine 

expression. However, during in vivo aerosol M. tuberculosis infection, miR-652-/- mice 

controlled the bacterial load comparably with their wild type counterparts. Considering 

the less inflammatory phenotype of miR-652-/- macrophages, the competent in vivo 

control suggests these mice rely on compensatory mechanisms from other immune 

compartments, which will be discussed here. 

Alveolar tissue resident macrophages are the first leukocytes to encounter 

mycobacteria following a pulmonary infection, and their reaction to the invading 

pathogen is instrumental in shaping the immune response, including granuloma 

formation. In vitro macrophage infections with M. tuberculosis and M. avium highlight 

the differential macrophage response to mycobacteria of differing virulence. Both 

Mycobacterium species are important human pathogens, known to induce distinctive 

immune responses (200, 217, 240). After infection with M. tuberculosis, around 10% of 

patients will develop active tuberculosis disease, whilst the remainder clear the bacteria 

or contain the pathogen in a latent infection (217). In comparison, M. avium is a non-

tuberculoid mycobacteria common in the environment. The majority of the population 

are not susceptible to M. avium infection, however, immunosuppression and severe 

pulmonary disease predispose patients to M. avium colonisation (240). Global TB 

incidence has slowly decreased between 2000-2020 (21), whilst M. avium infection rates 

have recently increased in several reporting regions, including Australia (241). Better 

understanding the impact of miR-652 in both infections could have important 

implications for anti-microbial treatments or conjunctive inflammation management. 
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Macrophage cytokine expression is key for leukocyte recruitment to the lung, and assists 

in activation and programming of arriving cells. An efficient cytokine response is 

required for an organised immune response to M. tuberculosis infection, and mice 

lacking key cytokines including TNF, IFNγ, and IL-12 are susceptible to low-dose infection 

(200). TNF is primarily produced by macrophages and functions to regulate cell 

apoptosis and cytokine expression (242). TNF-/- mice fail to form structured granulomas 

and cannot control bacterial spread, resulting in a high bacterial burden in the lung (243-

245). Similar results are observed in human patients receiving anti-TNF therapies (220). 

TNF expression in miR-652-/- macrophages was significantly decreased in vitro compared 

to wild type cells, despite both wild type and miR-652-/- macrophages controlling the 

bacterial growth in a similar fashion. Previous studies have demonstrated mice lacking 

macrophage-derived TNF struggle to control bacterial load up to 4 weeks post-infection, 

however bacterial load is subsequently reduced with TNF expression from T cells (246). 

The data presented here demonstrated that the lungs of M. tuberculosis-infected 

miR-652-/- mice displayed an unaffected histological phenotype, with contained 

inflammatory lesions, even though macrophage TNF expression was significantly 

decreased in vitro. Whilst macrophage TNF expression is decreased in miR-652-/- mice, 

compensatory TNF may be expressed by other cell types. In vivo TNF expression in the 

lung was not analysed in this study, and determination of TNF concentration in mouse 

lung homogenates could shed light on any compensatory mechanisms. For example, the 

in vitro macrophage infection in this study has limitations due to the lack of T cell 

interactions, in particular T cell IFNγ release. IFNγ is essential for proinflammatory 

activation of macrophages, stimulating cytokine release and bacterial killing (217, 247). 

Future studies should investigate the contribution of IFNγ towards activation of 

miR-652-/- macrophages. Additionally, intracellular staining for TNF expression in 

miR-652-/- primary lung leukocytes could clarify if decreased TNF expression is 

macrophage- or myeloid lineage-restricted. 

And so, while the susceptibility of TNF-/- mice to M. tuberculosis is well established (244, 

248, 249), the effect of low-level macrophage TNF expression in M. tuberculosis-infected 

miR-652-/- mice is less clear. Studies have shown transmembrane TNF-restricted mice, 

which cannot produce soluble TNF, can control M. tuberculosis in the lung for more than 
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16 weeks, but lesions degenerate by 25 weeks post-infection and mice become 

moribund (245). Similarly, diminished TNF expression in miR-652-/- mice could be 

sufficient to attract leukocytes to the lung and initially restrict M. tuberculosis growth, 

but may not be sufficient to maintain long-term control. As previously stated, future 

studies should assess actual soluble TNF concentrations in the lung.  

This chapter demonstrated decreased expression of the cytokine IL-6 in mycobacteria-

infected miR-652-/- macrophages. IL-6 is not essential for the early control of low-dose 

aerosol M. tuberculosis infection (250), however, IL-6-/- mice are more susceptible to 

intravenous M. tuberculosis infection (250, 251). Furthermore, decreased IL-6 levels in 

the bronchoalveolar lavage fluid of human TB patients is associated with increased 

cavitary lung lesions (252). Both TNF and CXCL1, the human KC analogue, induce IL-6 

expression in macrophages (242, 253), and TNF itself can induce CXCL1 expression. The 

decreased cytokine expression observed in miR-652-/- mice may be a downstream 

impact of TNF downregulation. 

The chemokines MIP-1α and CXCL1 recruit T cells and neutrophils to the M. tuberculosis-

infected lung (242, 254). Both chemokines are elevated in the plasma of TB patients, and 

higher concentrations are associated with increased disease severity (255). Moreover, 

high plasma MIP-1α prior to antibiotic treatment is associated with poorer treatment 

outcomes, whilst increased plasma CXCL1 correlates with improved outcomes (255, 

256). This study showed decreased expression of both MIP-1α and KC in miR-652-/- cells. 

Considering higher miR-652-/- concentration in serum is associated with better 

treatment outcomes (20), these results suggest miR-652 might play a more direct role 

in regulating KC expression in macrophages. 

As dysregulated cytokine expression in miR-652-/- mice could lead to impaired chronic 

M. tuberculosis tolerance, it is necessary to investigate the miR-652-dependent 

mechanisms of cytokine regulation. Ideally, this would provide an opportunity to 

therapeutically augment M. tuberculosis control in miR-652-low individuals. With this 

aim, it was hypothesised that the AKT-mTOR pathway would regulate cytokine release 

in miR-652-/- mouse macrophages. The highly conserved kinase mTOR is a central 

regulator of cell growth, differentiation, metabolism, and proliferation, with important 
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impacts on the immune response. mTOR forms two separate complexes, mTORC1 and 

mTORC2, depending on whether it associates with Raptor or Rictor, respectively (257, 

258). mTORC1 is regulated by the serine/threonine kinase AKT via phosphorylation of 

the TSC1/TSC2 complex (235). mTORC2 is not regulated by AKT kinase activity, but rather 

mTORC2 phosphorylates and activates AKT (257, 259). There are three AKT isoforms 

present in humans and mice, AKT1, AKT2, and AKT3, each transcribed from separate 

genes and each with varying activities (260-262). 

In this study AKT phosphorylation was decreased in miR-652-/- macrophages 90 min after 

infection with both M. tuberculosis and M. avium. This only translated into increased 

mTOR phosphorylation during low-dose M. avium infection, however, these results 

suggest miR-652 could regulate cytokine expression through AKT. This complex mTOR 

regulatory pathway is very relevant to M. tuberculosis infection, as mycobacterial 

antigens can modulate diverse leukocyte phenotypes via AKT-mTOR pathway activation, 

affecting the progression of TB disease. Mannose-capped lipoarabinomannan, a 

characteristic component of the M. tuberculosis cell wall, interferes with CD3 activation 

on CD4+ T cells (263). This leads to decreased AKT and mTOR phosphorylation and 

subsequent inhibition of T cell proliferation and cytokine expression (264, 265), 

functions both essential to the containment of the bacteria (217). 

M. tuberculosis is also known to influence macrophage phenotype via AKT-mTOR 

modulation. Rv1987, a protein secreted by pathogenic mycobacteria, induces a Th2 

response and M2 macrophage phenotypes in vivo (266). Alveolar macrophages 

decreased CD86 expression and increased CD206 in response to Rv1987-expressing 

M. smegmatis, changes not induced by wild type M. smegmatis. Rv1987 binds 

macrophages through an unknown mechanism, causing phosphorylation of AKT1 and 

mTORC1, thus inhibiting NF-κB activation (267) and impairing control of bacterial load 

(266). In contrast, phosphorylation of AKT2 induces NF-κB activation in macrophages, 

potentially through kinase HK2 (268). AKT2 activation switches macrophages towards 

an M1 inflammatory phenotype and induces TNF and IL-6 expression (260, 262). The 

AKT3 isotype inhibits development of macrophages into foam cells (269), and whilst 
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foam cells have a role in the tuberculosis granuloma (216), the involvement of AKT3 in 

bacterial control is uncertain.  

These conflicting activities of the AKT isotypes are interesting, as the methods described 

in this chapter do not differentiate which AKT isotype was phosphorylated during 

infection. The western blot antibodies used here to evaluate AKT expression and 

phosphorylation are not specific for a particular AKT isotype. Thus, it remains unclear 

whether decreased AKT activation may be responsible for low cytokine expression in 

miR-652-/- macrophages. Similarly, the antibodies used to measure mTOR expression 

and phosphorylation by western blot bind mTOR alone, and it is not possible from these 

results to determine its activity within the mTORC1 or mTORC2 complexes. Western blot 

antibodies targeting specific AKT isotypes are commercially available, and should be 

applied in future studies to accurately characterise miR-652-dependent AKT activation. 

Macrophage metabolism is heavily regulated by the AKT-mTOR pathway (257), further 

manipulated by M. tuberculosis antigens (270, 271). In vitro M. tuberculosis infection of 

PBMCs causes metabolic switching towards glycolysis via TLR2 and AKT-mTOR, 

increasing IL-1β expression (270, 272). Glycolytic interstitial macrophages are more 

adept at controlling M. tuberculosis bacterial load, compared to alveolar macrophages 

which utilise oxidative phosphorylation (273). Furthermore, macrophage glycolysis 

allows for increased generation of NADPH via the pentose phosphate pathway shunt, 

providing necessary substrates for generating reactive oxygen and nitrogen species 

(274). Modulated AKT activation in miR-652-/- macrophages could regulate their 

inflammatory phenotype and downstream cytokine secretion. The relevance of 

macrophage immunometabolism and glycolytic activity in miR-652-/- mice will be 

discussed further in chapters 5 and 6. 

In order to identify the upstream activators of AKT, or indeed parallel pathways for 

miR-652-dependent cytokine regulation, this study investigated the impacts of miR-652 

deficiency on Notch signalling. The Notch pathway was a hypothesised target of miR-652 

regulation in macrophages because the NOTCH ligand JAG1 is a validated target of 

miR-652 in cardiomyocytes (79). Furthermore, the Notch signalling pathway regulates a 

diverse range of cellular systems, including key anti-mycobacterial defence pathways. 
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Notch signalling heavily impacts T cell development (275-278) and macrophage 

inflammatory phenotypes (279-282). Infection with M. bovis BCG activates NOTCH 

signalling via TLR2 (159, 283), stimulating IL-6 and TNF expression (280, 284-286). In 

turn, NOTCH1 activation by JAG1 further increases JAG1 expression in an auto-activation 

feedback loop to enhance inflammatory macrophage phenotype (84, 285). This study 

saw no change in NOTCH1, NOTCH2, or JAG1 mRNA transcription during mycobacterial 

infection of miR-652-/- macrophages. No change in the NOTCH-JAG1 auto-amplification 

loop suggests that the NOTCH signalling in macrophages is not impacted by miR-652 

expression. Considering JAG1 was validated as a miR-652 target in mouse cardiac tissue 

(79), other redundant regulatory mechanisms may influence NOTCH activation in the 

macrophage context, including alternative NOTCH ligands JAG2 and DLL1, 3, and 4. For 

example, DLL4 activation of NOTCH in human macrophages promotes an inflammatory 

phenotype, including increased IL-1β secretion, and increased apoptosis of M2 

macrophages (287). Thus, the effects of competing ligands could compensate for or 

augment any modified JAG1 signalling in miR-652-/- cells. Further studies are necessary 

to investigate these additional ligands in miR-652-deficient mice. 

Although miR-652 expression has a clear impact on cytokine expression during an acute 

mycobacterial infection in vitro, it remained unclear how this might influence the 

immune response in a chronic in vivo infection. Considering that a high MOI in vitro 

induced more cytokine release than a low MOI, this suggests the aerosol bacterial dose 

administered in vivo could also impact the disease phenotype.  When a moderate dose 

of approximately 100 bacilli is administered to the lungs of C57BL/6 mice, each animal 

will typically control the infection for more than 6 months (245). However, lung 

granulomas in C57BL/6 mice are often considered disorganised and diffuse compared to 

those in the human lung (288-290).  Interestingly, a very recent study suggests this may 

have more to do with the bacterial load administered than the species infected. Mice 

receiving approximately one M. tuberculosis bacterium by aerosol infection present very 

human-like granulomas, with lymphocytes and macrophages densely associated around 

the granuloma, rather than throughout adjacent lung tissue (291). Low miR-652 

expression is associated with TB disease in the human context (20), where patients are 

probably receiving a similarly low infectious dose. Reflecting this, perhaps the in vivo 
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impact of miR-652-deficiency would be more apparent in mice with a much lower dose 

administered. Whilst there are unavoidable practical obstacles associated with 

conducting such ultra-low dose infection experiments in mice, such protocols may give 

a more accurate picture of the immune response in miR-652-low patients.  

When imaging lung inflammation in M. tuberculosis infected mice, this study found that 

miR-652-/- mice presented with very similar lung inflammation to their wild type 

counterparts over a 13-week infection. Histology showed progression of inflammatory 

lung lesions was comparable in both mouse strains, and this was reflected in the ability 

of both strains to control bacterial growth. Histological data was further validated by 

flow cytometry data. Neutrophil and T cell populations recruited to the infected lungs 

were largely similar, suggesting that differences in in vitro chemokine expression may 

be compensated for in vivo, either through expression by other cell types or by 

stimulation of macrophages with IFNγ to optimise activation. Furthermore, the 

comparable CD69 expression observed in effector T cells suggests that T cell activation 

was not adversely affected by any potential downregulation of TNF expression. A similar 

result was observed in mice lacking soluble TNF (245). These mice effectively recruited 

and activated T cells, and yet could not control the M. tuberculosis infection beyond 25 

weeks. An assessment of cytokine concentration in lung homogenates may shed light 

on in vivo TNF regulation in the miR-652-/- mouse, and extended time points may be 

necessary to capture any late-stage capitulation of lung granulomas lacking sufficient 

TNF. 

Whilst CD4+ T cell subpopulations were comparable between wild type and miR-652-/- 

mice analysed at each time point, the proportion of CD8+ effector T cells increased at 4 

weeks post-infection, with fewer memory CD8+ T cells present in the lungs of miR-652-/- 

mice. This is of particular interest because the differentiation of CD8+ memory and 

effector subsets is regulated by LGL1 (292, 293), another confirmed gene target of 

miR-652 (35). The proper expansion of memory CD8+ cytotoxic T cells is necessary for 

the long-term control of latent M. tuberculosis infection and guards against potential 

reinfection (294, 295). CD8+ T cell-depleted mice die earlier than wild type mice (296). 

Furthermore, CD8+ T cell depletion prior to M. tuberculosis infection of non-human 
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primates removes the protection provided by M. bovis BCG vaccination or previous 

M. tuberculosis infection (294). In this context, dysregulation of the CD8+ T cell response 

in miR-652-/- mice suggests low miR-652 expression could impair bacterial control during 

chronic infection, or during the long antibiotic course required for TB treatment. Further 

studies could investigate the impact on differentiation of CD8+ effecter T cells into 

terminally differentiated effector cells versus long-lived effector memory precursors, a 

process also modulated by LGL1 complexes (292, 297, 298). These phenotypes can be 

distinguished by KLRG1 and IL-7Rα expression. 

There are notable differences in the activities of human and murine CD8+ T cells against 

mycobacteria, particularly the expression of granulysin. The pore-forming protein 

granulysin enters infected cells through perforin pores, and can attack the mycobacterial 

cell wall directly (299). CD8+ T cell granulysin expression is increased in patients with 

latent versus active TB (300), suggesting this direct antimicrobial activity may play an 

important role in bacterial control. These activities are not present in the mouse model, 

as there is no granulysin homologue in rodent species. Additionally, transgenic 

expression of human granulysin in mice aids in M. tuberculosis clearance (301). That 

said, murine CD8+ T cells do possess other cytotoxic proteins including perforin and 

granzymes, and granulysin is not essential for the control of other intracellular bacterial 

pathogens (302, 303). To better characterise the impact of miR-652 expression on CD8+ 

T cell differentiation and phenotype, miR-652-/- mice were studied in a CD8+ T cell-

focused infection model; acute infection with the Listeria monocytogenes bacterium. 

This study is described in Chapter 5. 

This chapter described the importance of miR-652 expression in the proinflammatory 

macrophage response to M. tuberculosis. Cells deficient in miR-652 showed decreased 

expression of key cytokines, and although the direct mechanism of miR-652 in cytokine 

regulation remains unclear, these data suggest activation of the AKT-mTOR axis is 

necessary. Data from M. tuberculosis-infected miR-652-/- mice suggest that, in addition 

to macrophages, CD8+ T cell phenotypes may be modulated by miR-652 expression. This 

could have important implications in control of latent and chronic TB disease.  
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CHAPTER 5 

The impact of miR-652 during Listeria 

monocytogenes infection 
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Chapter 5. The impact of miR-652 during Listeria 

monocytogenes infection 
 

5.1. Introduction 
Listeria monocytogenes is a gram-positive bacillus ubiquitous in the environment. It is 

the causative agent of the disease listeriosis in animals and humans, typically contracted 

following ingestion of contaminated plant matter or processed foods (304, 305). In the 

past few decades, murine listeriosis has become an important laboratory model for 

analysis of the cytotoxic T cell response, as well as the interactions between the innate 

and adaptive immune systems. L. monocytogenes is notably able to colonise an 

intracellular niche, spreading from cell-to-cell without passing through the intercellular 

space, and thus evading much of the innate immune system. This is accomplished 

through the actions of several essential virulence factors.  

The listerial receptors InlA and InlB bind mammalian E-cadherin and cMet, respectively, 

to gain entry to non-phagocytic cells via endocytosis (306, 307). Phagocytic cells quickly 

engulf free bacteria into a phagosome, and the majority are destroyed following 

lysosome-phagosome fusion (308). The secreted pore-forming protein Listeriolysin O 

cooperates with two secreted phospholipases PlcA and PlcB to destabilise the 

phagosome, and allow escape of the bacteria into the host cell cytosol (309-311). Listeria 

do not form flagella at mammalian corporal temperatures, and instead rely on 

sequestration and polymerisation of host cell actin to generate characteristic comet tails 

(312). The listerial membrane protein ActA, localised on one end of the bacillus, binds 

host ARP2/3 to initiate actin filament extension (313). Continuous filament extension 

propels the bacteria within the cytosol, enabling nutrient access and autophagy evasion 

(314, 315). Cytosolic Listeria sense the metabolic state of the host cell and regulate their 

metabolic activity in response (316). At the cell membrane, actin filament propulsion 

protrudes the bacteria into neighbouring cells, which engulf Listeria in a double-

membraned endosome (313). Endosome escape continues, and the bacteria 

disseminate without exposure to the extracellular space and the humoral immune 

system. 
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Following gastric infection, L. monocytogenes targets goblet cells to invade the intestinal 

lumen, where it is phagocytised by resident intestinal macrophages (317). Macrophages 

and CD103+ DCs carry live bacteria to the mesenteric lymph node and spleen for antigen 

presentation (318, 319). Listeria colonising the intestines can also transit through the 

peritoneal cavity and invade the liver capsule directly (320). Though gastric infection is 

the most common clinical presentation, intravenous and intraperitoneal system 

infection methods are commonly used in mice. This was initially to overcome an 

apparent murine resistance to gastric listeriosis, later attributed to an amino acid 

difference in E-cadherin which affected affinity to InlA (321). 

In systemically infected mice, L. monocytogenes is quickly phagocytised by spleen 

macrophages, liver Kupffer cells, and circulating monocytes (317, 322-324). Infected 

macrophages express IL-12 and TNF to activate local natural killer (NK) cells, inducing 

IFNγ expression to activate the antibacterial functions of the macrophage in turn (325). 

Neutrophils and monocytes are recruited from the bone marrow to contain the infection 

in the spleen and the liver (326-328). If bacterial growth is not contained, disseminated 

infection can cross the blood-brain barrier and the placental-foetal barrier (329). 

Whilst the innate immune system can contain the initial infection for more than 10 days, 

a cytotoxic T cell response is required for Listeria clearance (330, 331). The splenic naïve 

T cell population begins to change within 24 hours of infection before rapid expansion 

of antigen specific cells at days 4-5 post-infection (332). The T cell response peaks at 

days 7-8 (333, 334), before swift population contraction by day 10, by which time most 

bacteria have been cleared (330, 335). Memory T cell populations begin differentiation 

from day 5 and capably protect animals from secondary infection (334, 336). 

Constant interaction between these innate and adaptive immune systems are necessary 

in defence against intracellular bacterial pathogens, including L. monocytogenes and 

M. tuberculosis. Regulation of these interactions is multifaceted, and the contributions 

of miRNA to this immunoregulation are yet to be fully uncovered. Chapter 4 described 

the effects of miR-652 deficiency to murine antimycobacterial responses. Cytokine 

expression by infected macrophages was diminished in the absence of miR-652, and 

data suggested that CD8+ T cell development may also be impacted. In this chapter, the 
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CD8+ T cell-focused Listeria infection model was used to ascertain the impacts of 

miR-652 on both macrophage and T cell function. In vivo mouse infections 

demonstrated that miR-652 has a vital role in immunoregulation during the response to 

acute Listeria infection. Further, the proteomes of in vitro infected macrophages 

indicate that multiple key antibacterial pathways can be regulated by miR-652. 

 

5.2. Methods 

5.2.1 Isolation and culture of primary mouse peritoneal 

macrophages 
Mice were euthanised by CO2 asphyxiation and the skin removed to reveal the 

peritoneum. A 27G needle was used to inject the peritoneal cavity with 10 ml 

PBS/Heparin. The cavity was gently massaged to suspend peritoneal cells, and the fluid 

removed using an 18G needle and held on ice. Collected peritoneal cells were pelleted 

by centrifugation at 500 rcf for 5 min at 4 °C. Cells were resuspended in tissue media, 

counted, and diluted as required. Peritoneal macrophage cultures were incubated in 

adherent static culture at 37 °C, with 5% CO2. Non-adherent cells were washed away 

with BMDM media before infection assays, leaving remaining adherent macrophages. 

5.2.2 In vitro L. monocytogenes infection 
Mouse peritoneal macrophages in BMDM media were seeded on 6-well, 24-well, and 

96-well flat-bottom culture plates (Corning) and incubated overnight for macrophages 

to adhere to the plate surface. Wells were washed twice with BMDM media to remove 

non-adherent cells. 

L. monocytogenes culture in LB was centrifuged at 10000 rcf for 5 min. The bacteria 

pellet was resuspended in BMDM media, the OD600 determined using a 

spectrophotometer (Eppendorf), and then the bacteria were diluted in BMDM media as 

required. Peritoneal macrophages were infected with L. monocytogenes at an MOI of 1 

and incubated for 1 h. Wells were then washed with BMDM media to remove 

extracellular bacteria. BMDM media supplemented with 50 µg/ml gentamicin (Gibco) 

was added to each well and the plate incubated for 1 h, to kill any remaining extracellular 
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bacteria. Wells were washed twice with BMDM media to remove gentamicin and 

replacement BMDM media was added. Infected cells were incubated for up to 8 h. 

To determine the bacterial load of infected wells, all supernatant was removed and cells 

lysed with 200 µl 0.1% Triton solution for 10 min at 37 °C. Lysates were serially diluted 

in sterile water and plated on LB agar to determine the CFU concentration. Plates were 

incubated at 37 °C for 20-30 h before CFU counts. 

5.2.3 In vivo L. monocytogenes infection 
Mice were infected with a low dose of L. monocytogenes by intraperitoneal injection. 

L. monocytogenes suspension culture was revived from frozen stock and grown 

overnight at 37 °C in LB. The bacterial culture was centrifuged at 6000 rcf for 5 min, and 

the bacterial pellet resuspended in PBS at 5 x 104 CFU/ml. Each mouse was administered 

200 µl bacterial suspension into the peritoneal cavity. To confirm infection dose, the 

injection suspension was serially diluted in sterile water, plated on LB agar, and 

incubated at 37 °C for 24 h before CFU were counted. Mice were administered 2000-

4800 CFU/mouse. 

Mice were weighed prior to infection, and then once or twice daily from 2-10 days post-

infection. At regular timepoints, mice were euthanised by CO2 asphyxiation for organ 

collection. 

The right median liver lobe was removed into 10% neutral-buffered formalin for 

histology. The left liver lobe was collected into sterile water for CFU enumeration. The 

spleen was cut in half and each half weighed; half was placed in sterile water for CFU 

enumeration, and half was placed in tissue media for flow cytometry analysis.  
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5.2.4 Flow cytometry gating 
Spleen leukocytes of L. monocytogenes-infected mice were stained and analysed 

according to section 3.2.7. Gating was performed using FlowJo v10 software. 

T cell subsets 

A gating strategy was developed to analyse T cell leukocytes, and the activation status 

of particular T cell subsets (Figure 5.1). Cell debris was excluded by gating for high FSC-A 

and low-high SSC-A. Single cells were gated in the linear portion of the FSC-A vs FSC-H 

plot, eliminating cell aggregates. This gating was repeated using SSC-A and SCC-H to 

exclude further aggregates. All leukocytes were gated based on CD45 expression, and 

then CD4+ helper T cells and CD8+ cytotoxic T cells were gated on a CD4 vs CD8 plot. 

Under each of the CD4+ and CD8+ gates, the effector T cells were gated as CD44hi CD62Llo, 

memory T cells were gated as CD44hi CD62Lhi, and naïve T cells were gated as CD44lo 

CD62Lhi. Effector CD4+ T cells and effector CD8+ T cells were identified as activated based 

on CD69 expression, and as terminally differentiated effector T cells based on KLRG1 

expression. 

Myeloid subsets 

A gating strategy was developed to analyse myeloid lineage leukocytes (Figure 5.2), 

based on a previously published strategy (233). Cell debris was excluded by gating for 

high FSC-A and low-high SSC-A. Single cells were gated in the linear portion of the FSC-A 

vs FSC-H plot, eliminating cell aggregates. This gating was repeated using SSC-A and 

SCC-H to exclude further aggregates. All leukocytes were gated based on CD45 

expression. From the total CD45+ population, a CD103+ DC subset was gated based on 

CD103 expression. CD103- cells were plotted on CD11b vs Ly6G to gate Ly6G+ 

neutrophils. Ly6G- cells were plotted on CD11c vs Siglec F to gate CD11c- Siglec-F+ 

eosinophils. An MHC-II vs CD11b plot was used to gate CD11b+ cells from CD11b- cells, 

and the CD11b- population includes some MHC-II- CD11bmid cells. The CD11b- population 

was plot on MHC-II vs B220 in order to gate MHC-II+ B220+ B cells. The CD11b+ population 

was plot on MHC-II vs CD24, gating for MHC-II+ CD24- interstitial macrophages, an 

MHC-II+ CD24+ CD11b+ DC subset, and remaining MHC-IIlo cells. These MHC-IIlo cells were 

separated based on Ly6C expression into Ly6C+ monocytes and Ly6C- monocytes.  
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Intracellular cytokine expression 

A gating strategy was developed to analyse cytokine expression by T cell leukocytes 

(Figure 5.3), following intracellular staining of cytokines. Cell debris was excluded by 

gating for high FSC-A and low-high SSC-A. Single cells were gated in the linear portion of 

the FSC-A vs FSC-H plot, eliminating cell aggregates. This gating was repeated using 

SSC-A and SCC-H to exclude further aggregates. All leukocytes were gated based on 

CD45 expression, and then CD4+ helper T cells and CD8+ cytotoxic T cells were gated on 

a CD4 vs CD8 plot. Under each of the CD4+ and CD8+ gates, cells were gated for 

expression of four cytokines; IFNγ, IL-2, IL-17a, and TNF. 

 
Figure 5.1. Flow cytometry gating strategy for analysis of T cell populations in the spleen of 
L. monocytogenes-infected mice. Cells are isolated from debris and single cells selected. CD45+ leukocytes 

are isolated into CD4+ and CD8+ T cell populations, and both are gated for effector, memory, and naïve T 

cell subsets. The expression of early activation marker CD69 and terminal differentiation marker KLRG1 

are analysed within the effector T cell subsets. 
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Figure 5.2. Flow cytometry gating strategy for analysis of myeloid lineage cell populations in the spleen 
of L. monocytogenes-infected mice. Cells are isolated from debris and single cells selected. CD45+ 

leukocytes are isolated from remaining cells. Dendritic cell, neutrophil, and eosinophil populations are 

sequentially isolated using CD103+, Ly6G+, and Siglec-F+ selection, respectively. CD11b expression 

separates B220+ B cells, from phagocytic populations. MHC-II and CD24 expression isolates CD11b+ 

dendritic cells and interstitial tissue macrophages from monocytes and monocyte-derived macrophages, 

which can themselves be separated into subsets based on Ly6C expression 
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Figure 5.3. Flow cytometry gating strategy for analysis of T cell cytokine expression, following 
intracellular staining of spleen cells from L. monocytogenes-infected mice. Cells are isolated from debris 

and single cells selected. CD45+ leukocytes are isolated into CD4+ and CD8+ T cell populations. Each of the 

CD4+ and CD8+ populations is then gated for expression of IL-2, IL17a, IFNγ, and TNF.
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5.2.1 Proteomics analysis of protein expression 

5.2.1.1 Protein isolation and alkylation 
Peritoneal macrophages were infected with L. monocytogenes in a 6-well flat-bottom 

plate. Cells were washed 3 times with PBS before lysis with 200 µl reconstitution buffer. 

Samples in reconstitution buffer were incubated for 30 min at 37 °C in order for 

benzonase to digest DNA. Samples were heated to 60 °C for 60 min, and cooled to room 

temperature. Samples were supplemented with TCEP to 5 mM and acrylamide to 

20 mM, and then incubated at room temperature for 60 min in order to reduce and 

alkylate protein disulphide bonds. Alkylation was quenched with the addition of DTT to 

20 mM. 

5.2.1.2 Protein digestion and clean-up 
Alkylated proteins were prepared for proteomics according to the SP3 method (337). 

Briefly, 180 µl alkylated protein sample was mixed with 2 µl SP3 beads, giving a final 

55 µg/ml bead concentration. To induce protein binding to beads, 180 µl 100% ethanol 

was added and mixed for 5 min. Beads were washed 3 times with 80 % ethanol to 

remove surfactants. Using a magnetic rack, protein-saturated beads were isolated and 

suspended in 100 µl AMBIC solution, before addition of 1 µg Trypsin Gold, Mass 

Spectrometry Grade (Promega). Beads were disaggregated by brief sonication, and 

incubated at 37 °C overnight to digest proteins. The sample was then centrifuged at 

20000 rcf to pellet beads and recover peptides in solution. 

5.2.1.3 Protein normalisation by STAGE-tip desalting 
STAGE-tips and all solutions were prepared as detailed in section 3.1.13. A standard 

STAGE-tip typically binds 10 µg of peptides under acidic conditions. Peptide 

concentrations were normalised by saturating each STAGE-tip with protein sample, and 

eluting peptides into a constant volume. 

Digested peptides were acidified with TFA (final 1% concentration). 50 µl acetonitrile 

was added to the STAGE-tip and the tip centrifuged at 2300 rcf for 5 min, thus activating 

the STAGE-tip. The STAGE-tip was then equilibrated with 50 µl 1% TFA, and centrifuged 

at 2300 rcf for 5 min. Peptide samples were loaded onto the STAGE-tip, passed into the 

filter disc by brief centrifugation, incubated for 1 min at room temperature, and then 

centrifuged at 2300 rcf for 5 min. The STAGE-tip was washed with 60 µl isopropanol/1% 
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TFA, then with 60 µl 1% TFA, centrifuging at 2300 rcf for 2 min each wash. 60 µl elution 

solvent was passed into the STAGE-tip disc by brief centrifugation, and incubated for 10 

min at room temperature. The tip was then centrifuged at 2300 rcf for 5 min to elute 

peptides. Samples were dried in the Speed Vac Concentrator DNA 120 (Thermo Fisher) 

and resuspended in 25 µl MS loading solvent, ready for LC/MS/MS sampling.  

5.2.1.4 LC/MS/MS 
Using an Acquity M-class nanoLC system (Waters), 5 µl of the sample was loaded at 

15 µl/min for 3 min onto a nanoEase Symmetry C18 trapping column (180 µm x 20 mm) 

before being washed onto a PicoFrit column (75 µmID x 350 mm; New Objective) packed 

with SP-120-1.7-ODS-BIO resin (1.7 µm; Osaka Soda Co) heated to 45 °C. Peptides were 

eluted from the column and into the source of a Q Exactive Plus mass spectrometer 

(Thermo Scientific) using the following program: 5-30% MS buffer B (98% Acetonitrile + 

0.2% Formic Acid) over 90 minutes, 30-80% MS buffer B over 3 minutes, 80% MS buffer 

B for 2 minutes, 80-5% for 3 min. The eluting peptides were ionised at 2400 V. A Data 

Dependant MS/MS (dd-MS2) experiment was performed, with a survey scan of 350-

1500 Da performed at 70,000 resolution for peptides of charge state 2+ or higher with 

an AGC target of 3e6 and maximum Injection Time of 50 ms. The Top 12 peptides were 

selected fragmented in the HCD cell using an isolation window of 1.4 m/z, an AGC target 

of 1e5 and maximum injection time of 100 ms. Fragments were scanned in the Orbitrap 

analyser at 17,500 resolution and the product ion fragment masses measured over a 

mass range of 120-2000 Da. The mass of the precursor peptide was then excluded for 

30 s.  

5.2.1.5 Data analysis 
The MS/MS data files produced by the Q Exactive Plus were searched using PEAKS Studio 

version 10.6 (Bioinformatics Solutions Inc.) against a combined C57BL/6 mouse and 

L. monocytogenes database (based on the reference sequence database Uniprot) with 

the following parameter settings. Variable modifications: propionamide, oxidised 

methionine, deamidated asparagine. Enzyme: trypsin. Number of allowed missed 

cleavages: 3. Parent mass error tolerance: 10 ppm. Fragment mass error tolerance: 

0.05 Da. The results of the search were then filtered to include peptides with a -log10P 
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score that was determined by the False Discovery Rate (FDR) of <1%, the score being 

that where decoy database search matches were <1% of the total matches. 

Expression comparisons were performed using PEAKS label-free quantitation with the 

following settings. Mass error tolerance: 20.0 ppm. Retention time shift tolerance: 

3.0 min. The results were filtered by including only proteins with ≥5 unique peptides, 

significance ≥20, and fold change ≥2. 

Protein network analysis was performed using the STRING database (string-db.org) 

(338), inputting proteins differentially expressed between infected wild type and 

infected miR652-/- peritoneal macrophages, filtered as detailed above. KEGG pathway 

analysis was performed as part of STRING network generation (339). 

5.2.2 Mammalian cell transient transfection 
A modified transient transfection protocol was adapted from Longo et al. (340). IC-21 

murine peritoneal macrophage cells were seeded in 12-well tissue culture plates at 2 x 

105 cells/ml, 1 ml/well, and allowed 24 hours to adhere. The miR-652 and negative 

control miRNA mimics were diluted to 600 nM in RPMI-1640. PEI was diluted to 17 µg/ml 

in RPMI-1640. miRNA and PEI solutions were combined in a 1:1 ratio and held at room 

temperature for 15 min. This approximates to a 1:1 µg ratio of PEI:RNA. IC-21 culture 

supernatant was removed and replaced with 900 µl RPMI-1640 media, supplemented 

with 0.5% FBS. To each culture well, 100 µl PEI-RNA solution was added, resulting in 

1.7 µg/ml PEI and 30 nM RNA. After 24 hours, transfected cells were lysed with 400 µl 

TRIsure reagent for collection of RNA, or with 200 µl RIPA buffer supplemented with 

protease and phosphatase inhibitors. Collected RNA and protein samples were stored 

at -80 °C. 

HEK-293T cells were seeded in a solid-white 96-well tissue culture plates at 2 x 105 

cells/well, 200 µl/well, and allowed 24 hours to adhere. The miR-652 or miR-146a mimic 

was diluted to 200 nM in DMEM together with luciferase reporter plasmids pIS0, 

pIS0-Capzb-WT, or pIS0-Capzb-mut at 20 ng/µl. PEI was diluted to 70 µg/ml in DMEM. 

RNA-DNA and PEI solutions were combined in a 1:1 ratio and incubated at room 

temperature for 15 min. This approximates to a 3:1 µg ratio of PEI:nucleotide. HEK-293T 
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culture supernatant was removed and replaced with 900 µl DMEM media, 

supplemented with 0.5% FBS. To each culture well, 100 µl PEI-RNA-DNA solution was 

added, resulting in 3.5 ng/µl PEI, 10 nM miRNA, and 1 ng/µl plasmid DNA. After 24 hours, 

luciferase expression was quantified by luminescence assay. 

5.2.3 Firefly luciferase luminescence assay 
The luminescence assay was run to quantify firefly luciferase expression after pIS0 

transfection. The ONE-Glo luciferase assay system (Promega) was run according to the 

manufacturer’s specifications. Lyophilised ONE-Glo luciferase substrate was 

reconstituted in ONE-Glo luciferase assay buffer to prepare the luciferase reagent.  

Luciferase reagent was equilibrated to room temperature. All supernatant was removed 

from the solid-white 96-well plate containing transfected cells. 100 µl DMEM was added 

to each well. 100 µl luciferase reagent was added to each well and incubated at room 

temperature for 5 min to allow for cell lysis. Luminescence was measured using the 

Infinity M200 Pro plate reader (Tecan). Luminescence measurements for miRNA mimic-

transfected wells were normalised against wells transfected with pIS0 only. 
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5.3. Results

5.3.1 miR-652-/- mice are highly susceptible to L. monocytogenes 
infection

In order to assess the impact of miR-652 expression on the development of the CD8+ T 

cell response, wild type and miR-652-/- mice were infected with L. monocytogenes. Mice 

were administered a low dose (approximately 2000-4000 CFU/mouse) by IP injection 

(Figure 5.4) and weighed twice daily from 3 days post-infection. At each weighing, the 

physical condition of each mouse was assessed. Evidence of poor condition included a 

rough coat, a scrunched nose, hunching, and inability to move freely or access food and 

water. Any mice in poor condition and any mice whose mass fell below 20% of their 

starting mass were euthanised. Mice which met ethical thresholds for euthanasia were 

designated ET mice, whilst mice euthanised at preassigned time points were designated 

TP mice.

Figure 5.4. In vivo Listeria monocytogenes infection in mice. Mice were infected with 2000-4800 CFU of 

L. monocytogenes by intraperitoneal injection, and euthanised at predetermined time points (green 

arrows) for organ collection and analysis. (a) Experiment 1 timeline; mice euthanised on days 4, 7, and 10 

post-infection. (b) Experiment 2 timeline; mice euthanised on days 2, 4, and 6 post-infection.
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The miR-652-/- mice were more susceptible to low-dose L. monocytogenes infection. A 

Kaplan-Meier analysis demonstrated miR-652-/- mice had a significantly lower rate of 

survival compared to wild type mice (Figure 5.5). The condition of miR-652 mice 

deteriorated early during infection, with several mice euthanised on days 3 and 4 post-

infection. In comparison, only a single wild type mouse was euthanised due to excessive 

weight loss, at 6 days post-infection. The early-stage vulnerability necessitated a shorter 

experimental timeline for a repeat infection experiment (Figure 5.4). 

Weight measurements taken for wild type and miR-652-/- groups are presented in Figure 

5.6. miR-652-/- TP mice lost significantly more weight compared to wild type TP mice 

(Figure 5.6). Furthermore, by 10 days post-infection, wild type TP mice had regained and 

surpassed their starting weight, whilst miR-652-/- TP mice did not recover to their 

starting weight. 

Significant weight loss was a feature of both the one wild type mouse and all miR-652-/- 

mice that met an ET (Figure 5.6), suggesting that the path to morbidity in the two groups 

is similar. However, as significantly more miR-652-/- mice were moribund compared with 

wild type mice, and their weight loss occurred earlier, it was clear that the loss of miR-

652 expression impairs the ability of the mice to control the Listeria infection in the 

acute phase. 

Unlike the ET mice, both wild type TP and miR-652-/- TP mice controlled the Listeria 

infection over 10 days. The bacterial load in the spleen was stable in both TP groups up 

to 4 days post-infection, and decreased by day 7 (Figure 5.7a). By day 10, all 7 wild type 

TP mice had cleared the infection in the spleen, as had all 3 miR-652-/- TP mice. 

Additionally, both wild type TP and miR-652-/- TP groups controlled the bacterial load in 

the liver up to day 7 (Figure 5.7b). Similar to the spleen, 5 of 7 wild type TP and 3 of 3 

miR-652-/- TP mice had cleared the infection in the liver by day 10. 

Whilst the majority of mice controlled the Listeria infection, the one wild type ET mouse 

and all miR-652-/- ET mice controlled the infection poorly in the acute phase. Bacterial 

load in the miR-652-/- ET spleen was 10-100-fold higher than in corresponding 

miR-652-/- TP mice (Figure 5.7a). The single wild type ET mouse also showed a 100-fold 
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increase in spleen CFU compared to wild type TP mice, when euthanised at day 6. The 

bacterial load in the spleens of miR-652-/- ET mice decreased from days 3-6, suggesting 

these mice began to control the infection. However, by that time, the condition of these 

mice had already deteriorated and they met the threshold for euthanasia.  

Liver bacterial loads presented a similar trend. The livers of moribund wild type ET and 

miR-652-/- ET mice contained 10-100-fold more CFU than those from wild type TP and 

miR-652-/- TP mice (Figure 5.7b). The bacterial load in livers of miR-652-/- ET mice was 

stable between days 3-6. However, mice were moribund before the infection was 

controlled. In summary, these data suggest that the path to morbidity was similar in 

L. monocytogenes-infected wild type and miR-652-/- mice, but miR-652-/- mice were 

more likely lose control of the infection. A failure to control the bacterial load before 

day 3 led to mouse morbidity. 

 

 

Figure 5.5. miR-652-/- are mortally susceptible to Listeria infection. Mice were infected with a low dose 

of L. monocytogenes by IP injection. Kaplan-Meier survival analysis between wild type and miR-652-/- mice. 

Comparison by log-rank test. 
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Figure 5.6. Infection-induced weight loss is increased and prolonged in miR-652-/- mice. Relative weight 

change in mice infected with L. monocytogenes. Mice were infected with a low dose of L. monocytogenes 

by IP injection. Infected mice were euthanised at a predetermined time point (TP) or upon meeting an 

ethical threshold (ET). Moribund ET wild type and miR-652-/- mice lost considerably more weight than 

their TP counterparts. Data are mean ± SEM from two replicate experiments (cohorts; n=34 wild type TP, 

n=26 miR-652-/- TP, n=1 wild type EP, n=9 miR-652-/- EP). Comparisons were made between wild type TP 

and miR-652-/- TP groups only. *P < 0.05, **P < 0.01, by 2-way ANOVA with multiple comparisons post-

test, Šidák method corrected. 

 

Table 5.1. Euthanasia times for L. monocytogenes-infected mice. Mice infected as in Figure 5.6. 

Day Wild type TP Wild type ET miR-652-/- TP miR-652-/- ET 

2 5 0 5 0 

3 0 0 0 3 

4 10 0 10 4 

5 0 0 0 1 

6 5 1 5 1 

7 7 0 3 0 

8 0 0 0 0 

9 0 0 0 0 

10 7 0 3 0 
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Figure 5.7. Bacterial growth was uncontrolled in moribund ET mice. The bacterial load in the (a) spleen 

and (b) liver of Listeria-infected mice. Mice were infected as in Figure 5.6. L. monocytogenes CFU were 

enumerated from tissue homogenates. Bacterial growth was comparable between TP groups, but much 

higher in EP mice. Dotted lines depict the lower limit of quantitation; 40 and 20 CFU/organ for the spleen 

and liver, respectively. Data are mean ± SEM from two replicate experiments (cohorts; n=34 wild type TP, 

n=26 miR-652-/- TP, n=1 wild type EP, n=9 miR-652-/- EP). Comparisons were made between wild type TP 

and miR-652-/- TP groups only, by 2-way ANOVA with multiple comparisons post-test, Šidák method 

corrected.  
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5.3.2 Liver inflammation is increased in susceptible miR-652-/- 

mice 
We endeavoured to assess whether the significant weight loss and increased bacterial 

load observed in miR-652-/- mice was associated with dysregulated inflammation in the 

spleen and liver, the organs most affected by L. monocytogenes infection. IL-6 and TNF 

concentrations in spleen and liver homogenates were assessed by CBA.  

Inflammatory cytokine concentrations in the tissues were increased in miR-652-/- TP 

mice over wild type TP mice, and all ET mice presented still higher concentrations in the 

liver (Figure 5.8). Day 4 IL-6 levels in the miR-652-/- TP liver were much higher than in 

wild type TP mice (Figure 5.8a), and liver TNF levels were increased in miR-652-/- mice 

from days 2-6 post-infection (Figure 5.8c). Furthermore, both wild type and miR-652-/- 

ET mice presented 2-fold higher liver IL-6 and almost 10-fold higher liver TNF at day 6. 

In the spleen, both IL-6 and TNF were elevated in miR-652-/- TP mice compared to wild 

type TP mice (Figure 5.8b and d). Spleen TNF levels were particularly high in moribund 

miR-652-/- ET mice (Figure 5.8d), however they decreased sharply in mice euthanised 

after day 4, as the mice gradually controlled the bacterial growth within the spleen 

(Figure 5.7a). 

IL-6 and TNF expression is associated with recruitment and proliferation of inflammatory 

leukocytes (239, 341), and it was not clear whether this cytokine elevation was a result 

of, or associated with, increased inflammation. To investigate this, fixed liver sections 

from infected wild type and miR-652-/- mice were stained with haematoxylin and eosin, 

and viewed by bright field microscopy. From the early stages of infection, lesions in wild 

type livers were predominantly small and contained (Figure 5.9a). They consisted of 

polymorphonuclear cells (PMNs) and macrophages at their core, with macrophages at 

the lesion periphery in the surrounding hepatic parenchyma (Figure 5.9b). Although a 

single wild type mouse presented one large lesion, it remained contained. At day 7, 

lesions were smaller than seen at day 4. At day 7, wild type lesions were composed of 

lymphocytes and some macrophages (Figure 5.9d), and by day 10 liver inflammation was 

largely resolved in wild type mice. 
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In contrast, miR-652-/- liver lesions were larger and more numerous, suggesting a failure 

to control bacterial spread. Whilst small contained lesions were common from 3 days 

post-infection, large necrotic lesions were also present (Figure 5.10a) with a dense PMN 

core surrounded by necrotic hepatocytes (Figure 5.10b). Macrophages were present, 

but lesions were dominated by PMNs. By day 4, some lymphocyte migration into the 

lesions was evident, but lesions in both TP and ET miR-652-/- mice were large and diffuse 

(Figure 5.10c). These large lesions held dense concentrations of PMNs at their centre, 

and were surrounded by several smaller lesions, also dominated by PMNs (Figure 5.10d). 

These smaller satellite lesions suggest L. monocytogenes was spreading effectively in 

miR-652-/- mice, either inside infected motile phagocytes, or directly between infected 

hepatocytes. PMNs and macrophages spread broadly through the liver parenchyma, and 

furthermore, areas of broad hepatocyte necrosis were evident, with no discernible 

organisation in lesion structure. By contrast, only the single moribund wild type mouse 

presented such disorganised and necrotic lesions (Figure 5.9c). miR-652-/- mice began to 

resolve inflammation by day 7 as lymphocyte recruitment increased (Figure 5.10e). 

However, regions of intense necrosis were still present at day 10, by then encased in 

recruited lymphocytes (Figure 5.10f). 
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Figure 5.8. Cytokine expression is increased in miR-652-/- mice and moribund ET mice from both groups. 

Proinflammatory cytokine levels in Listeria-infected mouse tissues. Mice were infected as in Figure 5.6. 

Cytokine levels in tissue homogenates were quantified by CBA analysis. IL-6 expression in the (a) liver and 

(b) spleen, and TNF expression in the (c) liver and (d) spleen. Data are mean ± SEM from two replicate 

experiments (cohorts; n=34 wild type TP, n=26 miR-652-/- TP, n=1 wild type EP, n=9 miR-652-/- EP). 

Comparisons were made between wild type TP and miR-652-/- TP groups only, by 2-way ANOVA with 

multiple comparisons post-test, Šidák method corrected. 
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Figure 5.9. Wild type mice contain L. monocytogenes in compact liver lesions. Inflammatory lesions in 

liver tissue of Listeria-infected wild type mice. Mice were infected as in Figure 5.6. Formalin-fixed liver 

tissue sections were stained with haematoxylin and eosin, and imaged under bright field microscopy. At 

4 days post-infection, (a) the liver contained frequent small contained lesions, (b) with a core of PMNs 

and macrophages. (c) The single moribund wild type mouse euthanised at day 6 presented large lesions 

with a necrotic core surrounded by a diffuse network of PMNs, macrophages, and lymphocytes. (d) By 

day 7, wild type mice had largely resolved liver inflammation. Lesions were predominantly dense 

collections of lymphocytes with some macrophages. 
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Figure 5.10. L. monocytogenes induces large necrotic liver lesions in miR-652-/- mice. Inflammatory 

lesions in liver tissue of Listeria-infected miR-652-/- mice. Mice were infected as in Figure 5.6. Formalin-

fixed liver tissue sections were stained with haematoxylin and eosin, and imaged under bright field 

microscopy. (a) At 3 days post-infection, large lesions were very numerous, often surrounded by necrotic 

hepatocytes. (b) Lesions were dense with PMNs, and limited macrophages were obvious. Day 4 post-

infection, (c) large disorganised lesions were frequent, with surrounding satellite lesions developing. (d) 

Lesions remained PMN-dominated, with T cell influx evident. (e) Resolution of inflammation had begun 

by day 7, and organised lesions were more common. (f) Necrotic lesions remained at day 10, with large 

scale lymphocyte recruitment. 
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From this data, it was clear that miR-652-/- mice showed increased inflammation 

following L. monocytogenes infection. To quantify the immune populations contributing 

to this inflammation, spleen leukocytes were analysed by flow cytometry. Only spleens 

from wild type TP and miR-652-/- TP mice were processed for flow cytometric analysis. 

There were no significant differences in major lymphocyte or myeloid cell populations 

between wild type and miR-652-/- mice at day 4 post-infection (Figure 5.11). The 

percentage of CD8+ T cells was significantly lower in mir-652-/- mouse spleens at days 7 

and 10 (Figure 5.11b). The proportion of CD4+ T cells was notably, though not 

significantly, decreased in miR-652-/- mice at these time points (Figure 5.11a). 

Whilst total CD4+ T cell numbers were not different between mice at day 4 (Figure 5.11), 

the phenotypes of T cells found in the spleen differed. CD44hi CD62Llo effector CD4+ cells 

were greatly increased in miR-652-/- mice (Figure 5.12a), with naïve CD4+ cells 

correspondingly decreased (Figure 5.12c). A similar trend was observed in CD8+ T cells, 

with mean CD8+ effector cell numbers increased at day 4 (Figure 5.12d).  

The markers CD69 and KLRG1 were used as indicators of T cell activation and terminal 

effector differentiation, respectively, to assess the anti-bacterial activity of spleen T cell 

populations. The percentage of both CD8+ and CD4+ T cells expressing the early 

activation marker CD69 peaked at day 4 and decreased significantly (P < 0.001) at days 

7 and 10 (Figure 5.13b and d). KLRG1 expression was increased on wild type and 

miR-652-/- CD8+ effector cells between days 4 and 7 (Figure 5.13c, P < 0.0001), indicating 

increased terminal differentiation of effector cells. Furthermore, KLRG1 expression was 

increased in wild type CD4+ effector T cells at day 7 (P < 0.001). KLRG1 expression was 

increased at day 7 on miR-652-/- CD4+ cells, reaching significance by day 10 (Figure 

5.13a). 

To determine the T cell cytokine expression phenotypes, splenic T cells were stimulated 

overnight with Heat-killed Listeria, and intracellular staining of cytokines IL-2, IFNγ, TNF 

and IL-17a was performed, as an indicator of T cell responses and activities. Cytokine 

expression by CD4+ cells was not different between wild type and miR-652-/- cells (Figure 

5.14a-d). The majority of cytokine expressing CD4+ T cells were single positive for IFNγ, 

IL-2, or TNF (Figure 5.15a). The percentage of CD4+ T cells expressing IFNγ decreased 
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with time (Figure 5.14a), with significant decreases in IFNγ (P < 0.05), IL-2 (P < 0.001), 

and IL-17a (P < 0.001). The percentage of wild type CD4+ cells expressing TNF decreased 

from day 4 to 7 (P < 0.01). However, TNF expression in miR-652-/- CD4+ T cells did not 

change with time, perhaps due to noticeably lower expression at day 4.  

IL-2 expression by CD8+ T cells was significantly increased in miR-652-/- mice (Figure 

5.14f), and these cells were single-positive for IL-2 expression (Figure 5.15). However, all 

cytokine expression in CD8+ T cells decreased by day 7 post-infection (P < 0.001, Figure 

5.14e-h).  

Figure 5.11 to Figure 5.15 display populations as a percentage of live cells, and these 

same population comparisons were also made with total cell numbers. The trends 

observed in total cell numbers and the resulting conclusions were reflected those seen 

in population percentages. 

Overall, liver inflammation was increased in miR-652-/- mice early during the 

L. monocytogenes infection. That said, the makeup of spleen leukocyte populations was 

largely comparable between wild type TP and miR-652-/- TP mice. The difference in 

inflammation may not be related to leukocyte numbers, but rather in leukocyte 

activation and function during the infection. 
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Figure 5.11. Spleen CD8+ T cell expansion was diminished in miR-652-/- mice after L. monocytogenes 
infection. Mice were infected as in Figure 5.6. Major spleen leukocyte populations were analysed by flow 

cytometry. Populations are expressed as a percentage of total CD45+ leukocytes. Data are mean ± SD of 

3-7 individual animals. *P < 0.05, by 2-way ANOVA with multiple comparisons post-test, Šidák method 

corrected. 
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Figure 5.12. CD4+ effector T cell populations are elevated in miR-652-/- mice early during 
L. monocytogenes infection. Mice were infected as in Figure 5.6. Spleen T cell subsets were analysed by 

flow cytometry. (a-c) CD4+ and (d-f) CD8+ T cell subset populations are expressed as a percentage of their 

parent CD4+ of CD8+ leukocytes. Data are mean ± SD of 3-7 individual animals. ***P < 0.001, by 2-way 

ANOVA with multiple comparisons post-test, Šidák method corrected. 
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Figure 5.13. Activation marker expression is similar on wild type and miR-652-/- effector T cells during 
L. monocytogenes infection. Activation and differentiation status of effector T cells in the spleen of 

Listeria-infected mice. Mice were infected as in Figure 5.6. Spleen T cell populations were analysed by 

flow cytometry for expression of (a,c) terminal differentiation marker KLRG1, and of (b,d) activation 

marker CD69. KLRG1+ and CD69+ cells are expressed as a percentage of parent effector T cell populations. 

Data are mean ± SD of 3-7 individual animals. Comparisons were made by 2-way ANOVA with multiple 

comparisons post-test, Šidák method corrected. 
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Figure 5.14. Cytokine-expressing T cell populations are similar in L. monocytogenes-infected wild type 
and miR-652-/- mice. Cytokine expression in (a-d) CD4+ and (e-h) CD8+ T cells. Mice were infected as in 

Figure 5.6. Spleen T cells were stained for intracellular cytokines and analysed by flow cytometry. 

Cytokine-positive populations are expressed as a percentage of parent CD4+ of CD8+ leukocytes. Data are 

mean ± SD of 3-7 individual animals. **P < 0.01, by 2-way ANOVA with multiple comparisons post-test, 

Šidák method corrected. 
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Figure 5.15. Single, double- and triple-positive cytokine expressing T cells are comparable between wild 
type and miR-652-/- mice. (a) CD4+ and (b) CD8+ T cells in the spleen of L. monocytogenes-infected mice 

single, double, and triple-positive for cytokine expression. Mice were infected as in Figure 5.6. Spleen T 

cells were stained for intracellular cytokines and analysed by flow cytometry. Cytokine expression was 

compared between wild type and miR-652-/- mice at each time point. *P < 0.05, by student’s t test, Holm-

Šidák method corrected. 
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5.3.3 miR-652-/- macrophages capably control L. monocytogenes 

bacterial load in vitro 
The onset of increased mortality in miR-652-/- mice following L. monocytogenes infection 

occurred at day 2-4 post-infection, before the peak T cell response observed at day 7. 

This suggests that the innate, rather than the adaptive, immune response may be key in 

the differential survival of wild type and miR-652-/- mice. To assess the effect of miR-652 

expression on macrophage defence against Listeria, mouse primary peritoneal 

macrophages were infected with L. monocytogenes in vitro at an MOI of 1. Adherent 

macrophages were infected with L. monocytogenes for one hour before being washed, 

and treated with gentamicin to kill extracellular bacteria. 

The metabolic activity of infected cells was measured by resazurin fluorescence assay. 

Fluorescence data for 8 hours post-infection was normalised to fluorescence at 0 hours 

post-infection for each respective individual. Metabolic activity of neither wild type nor 

miR-652-/- macrophages was significantly affected by infection (Figure 5.16a). 

Macrophages were lysed to count intracellular CFU. The intracellular bacterial load of 

infected cells did not differ significantly between wild type and miR-652-/- macrophages 

up to 8 hours post-infection (Figure 5.16b).  

Whilst both cell types were able to control Listeria growth over 8 hours in vitro, 

differential activity in proinflammatory pathways, including cytokine expression, could 

influence the immune response over an extended infection in vivo. To evaluate the 

impact of Listeria infection on cytokine secretion, IL-6 and TNF in cell culture 

supernatants was quantified by CBA. Cytokine secretion by uninfected cells was 

negligible in both wild type and miR-652-/- macrophages (Figure 5.17). IL-6 secretion by 

both wild type and miR-652-/- macrophages increased significantly between 4- and 8-

hours post-infection (P = 0.003, Figure 5.17a), with similar levels of IL-6 expressed by 

both wild type and miR-652-/- macrophages at all time points. Similarly, TNF expression 

increased over time in both cell types (P = 0.002), again with no significant difference 

between infected wild type and miR-652-/- cells at any time (Figure 5.17b). 
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Figure 5.16. miR-652 expression does not affect mouse macrophage metabolic activity or control of 
Listeria infection. Wild type and miR-652-/- mouse peritoneal macrophages were infected in vitro with 

L. monocytogenes at a multiplicity of infection of 1. (a) A resazurin metabolic activity assay on uninfected 

and infected macrophages illustrates no impact of infection on fluorescence. (b) The Listeria bacterial load 

was controlled by wild type and miR-652-/- macrophages over 8 hours. Data are the mean ± SD of 7 

biological replicates. Comparisons were made by 2-way ANOVA with multiple comparisons post-test, 

Šidák method corrected. 

 

 

Figure 5.17. TNF expression is not suppressed in Listeria-infected miR-652-/- macrophages. Mouse 

peritoneal macrophages were infected as in Figure 5.16.  (a) IL-6 and (b) TNF concentration in culture 

supernatant was quantified by CBA. Between 4 and 8 hours post-infection, IL-6 (P = 0.003) and TNF (P = 

0.002) concentrations increased for both wild type and miR-652-/- cells. Data are mean ± SD of 7 biological 

replicates. Comparisons were made by 2-way ANOVA with multiple comparisons post-test, Šidák method 

corrected. 
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5.3.4 Proinflammatory pathways are downregulated in 

miR-652-/- macrophages 
To develop a comprehensive inflammatory profile of the effect of L. monocytogenes 

infection on peritoneal macrophages, cells were lysed 8 hours post-infection for 

proteomic analysis. Protein samples were isolated from cell homogenates and trypsin-

digested for analysis by LC/MS/MS. Mus musculus and L. monocytogenes proteins 

identified from MS/MS data were filtered to include only proteins identified with at least 

5 unique peptides detected. 

Of all proteins identified, 47% were detected in all groups; wild type uninfected and 

infected, and miR-652-/- uninfected and infected (Figure 5.18). There were 111 proteins 

undetected in uninfected miR-652-/- macrophages, and a further 248 proteins detected 

only in wild type macrophages. This was reflected in label-free quantitation comparisons 

performed using PEAKS software. Differentially expressed proteins were filtered down 

to those significantly changed between groups, with greater than 2-fold expression 

difference. When comparing uninfected macrophages, the vast majority of differentially 

expressed proteins are downregulated in miR-652-/- cells (Figure 5.19a). Furthermore, 

90% of proteins dysregulated in infected macrophages were downregulated in 

miR-652-/- cells (Figure 5.19b).  
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Figure 5.18. Protein expression patterns are altered by miR-652 knock-out. Proteins identified in wild 

type and miR-652-/- mouse peritoneal macrophage proteomes, uninfected and during L. monocytogenes
infection. Macrophages were infected as in Figure 5.16. Cells were lysed and total cellular protein was

purified. Cell proteomes were analysed by LC/MS/MS. Venn diagram analysis was restricted to proteins 

with at least 5 unique peptides detected.

Figure 5.19. Essential cellular pathways downregulated in miR-652-/- macrophages. Relative protein 

expression in wild type and miR-652-/- peritoneal macrophages during L. monocytogenes infection. 

Macrophages were infected as in Figure 5.16. Cells were lysed and total cellular protein was purified. Cell 

proteomes were analysed by tandem LC/MS/MS. Protein expression was compared in uninfected and 

infected macrophages using Peaks Studio label-free quantitation methods. Proteomes filtered to include 

only differentially expressed proteins with at least 5 unique peptides detected.
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To identify key pathways dysregulated in infected miR-652-/- macrophages, a protein 

network was generated using the STRING database (338). Input data consisted of all 

proteins significantly different between L. monocytogenes-infected wild type and 

miR-652-/- cells. The resulting network illustrates the high degree of interaction between 

dysregulated proteins, suggesting multiple key pathways may be regulated by miR-652 

in macrophages (Figure 5.20). The STRING analysis included pathway analysis using 

KEGG (339). Proteins significantly increased or decreased in miR-652-/- cells were 

enriched for multiple pathways associated with defence against pathogens (Table 5.2). 

Interestingly, key members of the pentose phosphate pathway and the lysosome 

pathway were reduced in miR-652-/- cells (Figure 5.20). Both pathways are associated 

with macrophage defence against bacterial pathogens (274, 342). Furthermore, F-actin 

capping-protein subunit beta (CAPZB) was less abundant in miR-652-/- macrophages, 

whether uninfected or L. monocytogenes-infected (Figure 5.20). This protein has been 

identified in silico as a target of miR-652-3p in mice by the Target Scan v7.2 (99) and 

miRDB (343) databases. 

To further investigate some of the key proteins identified by proteomic analysis, 

peritoneal macrophages were again infected with L. monocytogenes, and lysed 8 hours 

post-infection to collect mRNA. The expression of key dysregulated proteins was 

validated by qPCR. This included Capzb, and dysregulated members of the pentose 

phosphate pathway (G6pdx, Gpi1, Pfkl, Pgd, Taldo1, and Tkt) and lysosome pathway 

(Ctsb, Ctsd, and Ctsz). Interferon response genes Isg15 and Ifnb1 were also assayed. 

Gene expression was not significantly different between infected wild type and 

miR-652-/- macrophages. However, with the exceptions of Pfkl and Tkt, there was a trend 

for higher mean expression in wild type cells compared to miR-652-/- cells (Figure 5.21). 

This correlates with proteomics data.  

Type 1 interferon signalling is associated with Listeria infection, promoting cell-to-cell 

bacterial movement (344). Though IFN-β protein was not detected during proteomic 

analysis, Ifnb1 mRNA was quantified by RT-qPCR. Interestingly, expression of Ifnb1 was 

noticeably lower in miR-652-/- macrophages. 
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Figure 5.20. STRING network shows interacting pathways with known anti-bacterial activity were 
dysregulated in miR-652-/- macrophages. Macrophages were infected as in Figure 5.16. Cells were lysed 

and total cellular protein was purified. Cell proteomes were analysed by tandem LC/MS/MS. Proteomes 

were filtered to include only differentially expressed proteins with at least 5 unique peptides detected. 

Network generated from STRING database for proteins differentially expressed between Listeria-infected 

wild type and miR-652-/- peritoneal macrophages. Highlighted are the pentose phosphate pathway (blue) 

and lysosome (red) KEGG term members, and the in silico predicted miR-652-3p target Capzb (pink).
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Table 5.2. KEGG pathways enriched in differentially expressed proteins from Listeria-infected peritoneal 
macrophages. 

Rank Term ID Term description 
Observed  

gene count 
Term total 
gene count 

Strength 
False 

discovery 
rate 

1 mmu01100 Metabolic pathways 28 1536 0.55 1.37E-06 

2 mmu01200 Carbon metabolism 9 122 1.15 4.26E-06 

3 mmu00030 Pentose phosphate pathway 6 33 1.55 5.10E-06 

4 mmu01230 Biosynthesis of amino acids 6 77 1.18 3.00E-04 

5 mmu04141 
Protein processing in 
endoplasmic reticulum 

8 168 0.96 3.00E-04 

6 mmu04142 Lysosome 7 127 1.03 3.40E-04 

7 mmu00531 Glycosaminoglycan degradation 4 21 1.57 3.70E-04 

8 mmu04810 Regulation of actin cytoskeleton 8 212 0.86 7.70E-04 

9 mmu05134 Legionellosis 5 60 1.21 7.90E-04 

10 mmu04612 
Antigen processing and 
presentation 

5 74 1.12 1.80E-03 
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Figure 5.21. Gene expression trends infected macrophages correlated with differential protein 
expression. Macrophages were infected as in Figure 5.16. Cells were lysed with TRIsure reagent to isolate 

mRNA. A qPCR assay was run to assess transcription of dysregulated proteins highlighted in Figure 5.20. 

mRNA expression correlated with expression of translated proteins. Ifnb1 mRNA expression was 

decreased in miR-652-/- cells, however, IFNβ protein was not detected in proteomics data. Data are the 

mean ± SD of 7 biological replicates. Wild type and miR-652-/- cells were compared by 2-way ANOVA with 

multiple comparisons post-test, Šidák method corrected. 
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5.3.5 miR-652 targeting of Capzb in mouse macrophages 
Proteomic analysis of L. monocytogenes-infected macrophages identified CAPZB as 

significantly decreased in miR-652-/- cells, and RT-qPCR showed a trend for reduced 

Capzb expression in miR-652-/- macrophages. The Capzb mRNA transcript has a 

purported miR-652 target binding site in the 3’UTR. Capzb is important in cell motility 

and trafficking of cellular organelles (345, 346), but is also utilised for L. monocytogenes’ 

intracellular movement (313). To confirm whether Capzb is a target of miR-652, in vitro 

transfection assays were performed using miRNA mimics. 

IC-21 mouse peritoneal macrophages were transiently transfected with a miR-652 mimic 

or a negative control mimic. Expression levels of Capzb mRNA and CAPZB protein were 

analysed by RT-qPCR and western blot, respectively. Transfection with the miR-652 

mimic significantly increased cellular concentration of mature miR-652-3p miRNA 

(Figure 5.22a), but did not have any effect on Capzb mRNA concentration (Figure 5.22b). 

Additionally, overexpression of miR-652 did not significantly alter the translation of 

CAPZB protein in miR-652 mimic-transfected cells (Figure 5.23). 

To confirm whether miR-652 can bind the Capzb 3’UTR to inhibit protein translation, 

plasmid reporter constructs were generated on the pIS0 background. The plasmids 

encode for a firefly luciferase gene with either no 3’UTR (pIS0), the wild type Capzb 

3’UTR (pIS0-Capzb-WT), or a control Capzb 3’UTR with a mutated binding site 

(pIS0-Capzb-mut). Each plasmid was co-transfected with a miR-652 mimic or a miR-146a 

mimic as a control. Luminescence decreased by more than 10% upon co-transfection of 

miR-652 with all three plasmids (Figure 5.24a). However, there was no significant 

difference in luminescence between pIS0-Capzb-WT- and pIS0-Capzb-mut-transfected 

wells, indicating miR-652 can inhibit luciferase translation, but irrespective of the Capzb 

3’UTR predicted binding site. Similarly, miR-146a transfection decreased luciferase 

expression with all three pIS0 plasmids, but there was not luminescence difference 

between plasmids. Thus, whilst both miR-652 and miR-146a potentially bound and 

targeted luciferase mRNA, these data indicate that the predicted miR-652 binding site 

in the Capzb 3’UTR was not a valid miR-652 binding site. 
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Figure 5.22. miR-652 overexpression did not impact Capzb transcription. The IC-21 peritoneal 

macrophage cell line was transiently transfected with miRNA mimics. After 24-hours, cells were lysed with 

TRIsure reagent to isolate miRNA and mRNA. A qPCR assay was run to assess the expression of 

(a) miR-652-3p and (b) Capzb in miR-652-3p mimic-transfected cells, versus in control mimic-transfected 

cells. Data are the mean ± SD of biological replicates. **** P < 0.0001, by student’s t test.

Figure 5.23. miR-652 overexpression did not cause decreased translation of CAPZB protein. IC-21 cells 

were transfected as in Figure 5.22. After 24-hours, cells were lysed with RIPA buffer to isolate cellular 

protein. (a) A western blot was run to assess expression of CAPZB protein. (b) CAPZB band density was 

calculated over the β-Actin reference protein band. Data are the mean ± SD of 3 replicates. Comparisons 

were made with student’s t test.
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Figure 5.24. miR-652 does not target to predicted site in the Capzb 3'UTR. The HEK-293T embryonic 

kidney cell line was transiently co-transfected with pIS0 plasmids encoding firefly luciferase and either a 

(a) miR-652 or (b) miR-146a miRNA mimic. After 24 hours, cells were lysed and luciferase expression 

quantified by luminescence assay. Data are the mean ± SD of 3 replicates. Comparisons were made by 

one-way ANOVA, with multiple comparisons post-test, Šidák method corrected. 

  

pIS
0

pIS
0-C

ap
zb

-W
T

pIS
0-C

ap
zb

-m
ut

0

20

40

60

80

100

miR-652
N

or
m

al
is

ed
lu

m
in

es
ce

nc
e 

(%
)

pIS
0

pIS
0-C

ap
zb

-W
T

pIS
0-C

ap
zb

-m
ut

0

20

40

60

80

100

miR-146a

N
or

m
al

is
ed

lu
m

in
es

ce
nc

e 
(%

)

(a) (b)



 

143 
 

5.4. Discussion 
Murine listeriosis is an important model for investigation of the cytotoxic T cell response 

to infection, and demonstrates key interactions between the innate and adaptive 

immune systems. This chapter has illustrated the importance of miRNA in immune 

regulation, in particular the impact of miR-652 for defence against this acute 

intracellular bacterial pathogen. miR-652-/- mice were extremely susceptible to 

L. monocytogenes infection. They lost significantly more weight than their wild type 

counterparts, and presented greatly increased mortality after low dose infection. The 

miR-652-/- mice more often failed to control bacterial growth in the liver and spleen. 

Inflammation and necrosis were much more prevalent in the liver of miR-652-/- mice, 

particularly at the early stages of infection. The increased mortality in knockout mice 

was apparent from days 3-4 post-infection, before the expansion of CD8+ T cells typical 

from day 5 in L. monocytogenes-infected mice. This suggests that miR-652 deficiency 

has impaired the innate immune response. Numerous factors are known to be essential 

to innate anti-listerial defence, and each could contribute to susceptibility in 

miR-652-/- mice. 

A coordinated cytokine response is requisite for the recruitment and activation of 

macrophages and neutrophils at the site of infection, involving type I IFNs, IFNγ, TNF, 

IL-12 and IL-6. Type I and type II interferon have contrasting influence on the survival of 

Listeria-infected mice. Type I IFN signalling through IFNAR1 is essential for anti-viral 

immunity and gives protection against several intracellular bacterial pathogens, but it is 

associated with susceptibility to L. monocytogenes infection (347-349). A recent study 

showed IFNAR1 activation promoted L. monocytogenes motility in the cytosol and 

increased intercellular spread of bacteria (344). IFNAR1-/- mice are resistant to IP and IV 

infection, containing bacteria in organised liver lesions (349, 350). However, the impact 

of type I IFNs appears to depend on the route of infection, as intragastrically-infected 

IFNAR-/- mice succumb to infection earlier than wild type mice (351). In the study 

described here, Ifnb1 mRNA was lower in miR-652-/- macrophages infected in vitro. 

Macrophages are a major source of IFNβ after IP infection (347), and decreased 

expression may have implication for intercellular spread in vivo. That said, the diffuse, 
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necrotic lesions prevalent in miR-652-/- mice demonstrate that L. monocytogenes was 

spreading effectively in the liver of these mice. 

In contrast to type I IFNs, expression of type II IFNγ is essential for early defence against 

L. monocytogenes in the liver. IFNγ is expressed primarily by NK cells during the acute 

phase of infection (352), and is required to activate macrophages, inducing cytokine 

expression and bacterial killing (347, 353). IFNγ-deficient mice die within 5 days of IV 

L. monocytogenes infection (354). Although miR-652-/- mice were prone to early 

mortality, mice which survived to day 7 were able to mount a normal T cell response. 

Spleen T cell expansion was comparable to wild type mice, and lymphocyte recruitment 

was evident in liver lesions at days 7 and 10 post-infection. Similarly, IFNγ-/- mice 

infected with attenuated L. monocytogenes survive to generate a robust antigen-specific 

CD8+ T cell response (353). Intracellular IFNγ expression was not decreased in 

miR-652-/- splenic CD4+ and CD8+ T cells. However, expression by liver NK cells was not 

evaluated; this would be a prudent addition to future experiments. 

IL-6 and TNF were not differentially expressed by wild type and miR-652-/- macrophages 

in vitro, but their expression was significantly increased in moribund mice. It is likely that 

this is due to the high bacterial load, and is not the driver of it. Mice deficient in IL-6 or 

the IL-6 receptor are susceptible to L. monocytogenes infection, with significantly 

increased mortality within 4 days of IV infection (355, 356). This mortality is rescuable 

with exogenous recombinant IL-6. The cellular targets of IL-6 during L. monocytogenes 

infection remain undetermined. IL-6 expression has impacts on macrophage and T cell 

responses, but does not appear essential for either (357). The activity of TNF in the anti-

Listeria response is better characterised. TNF is expressed by macrophages and Kupffer 

cells and, in conjunction with IL-12, activates NK cells to express IFNγ (358). TNF-/- mice 

are susceptible to low-dose L. monocytogenes infection when administered IV, as most 

mice succumb to infection within one week (359, 360). As described in chapter 4, 

miR-652-/- BMDMs expressed significantly less TNF in the 24 hours after in vitro 

M. tuberculosis infection. Although miR-652-/- macrophage TNF expression was not 

different after an 8-hour in vitro L. monocytogenes infection, a difference may have been 

more evident at a later time point. Furthermore, deficient TNF expression in the first 
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24-48 hours of an in vivo infection may have dramatic impact on the activation of liver 

macrophages in miR-652-/- mice. 

Histological analysis of Listeria-infected livers showed miR-652-/- mice can recruit both 

neutrophils and macrophages to liver lesions, and yet cannot control the bacterial 

spread. Neutrophils and monocytes are both involved in the early stages of 

L. monocytogenes infection, recruited from the bone marrow to the site of infection 

(328). Neutrophils are adept at killing extracellular bacteria, through the release of 

cytotoxic granules and neutrophil extracellular traps (326), and also by direct 

phagocytosis (361). Early studies suggested that neutrophils were essential to the innate 

response towards Listeria, particularly in the liver (362). Neutrophil-depleted mice show 

decreased liver damage at early time points, but fail to control bacterial load, and 

succumb to mortality within 3-6 days (362-364). However, the necessity of neutrophils 

has come into question. These early depletion experiments were conducted with the 

anti-GR-1 antibody RC6-8C5, now known to target Ly6G on neutrophils, as well as Ly6C 

on circulating monocytes. Both would be depleted by systemic antibody administration, 

confounding results. More recent studies using Ly6G-specific antibody-based depletion 

have illustrated neutrophils, though still contributing to defence, are dispensable to the 

anti-Listeria response (326, 365). This is reflected in this chapter, as miR-652-/- mice 

succeeded to recruit neutrophils to the site of liver infection, and yet failed to control 

bacteria dissemination. 

At the same time, the essential roles of macrophages and monocytes during the early 

response are becoming clearer. Peritoneal macrophages are the first macrophages to 

encounter L. monocytogenes following IP infection. They carry the bacteria to the 

mediastinal lymph node where it is thought to escape to the blood (366). Blood-borne 

bacilli are quickly phagocytised by CD169+ macrophages in the spleen marginal zone 

(317, 367), and by Kupffer cells, the liver tissue resident macrophage population (324). 

Mice depleted of macrophages or circulating monocytes quickly perish after Listeria 

infection (324, 327, 367). The absence of the CD169+ spleen macrophage population 

impairs antigen presentation to CD8+ cells, and allows uncontrolled bacterial growth in 

the spleen (367). Importantly, macrophages kill 60% of engulfed L. monocytogenes 



 

146 
 

bacilli through phagosome acidification and lysosome fusion (308), and depletion of liver 

Kupffer cells leads to rampant invasion of hepatocytes and extensive bacterial growth 

(324). Infected Kupffer cells are the major source of early TNF and IL-6 expression (358), 

required to induce IFNγ release from NK cells, in turn activating bacterial killing by 

Kupffer cells and any recruited monocytes (317, 325). Several studies have shown 

monocyte recruit is essential to control L. monocytogenes in the liver, with CCL2 

signalling important for chemoattraction (326, 327, 356, 368). Mice lacking CCR2+ 

monocytes quickly succumb to IV L. monocytogenes infection by day 4 (326). Prior to 

monocyte depletion, these mice produce regular inflammatory lesions in the liver; a 

neutrophil-rich core surrounded by macrophages, effectively containing L. 

monocytogenes within. Following monocyte depletion, neutrophils are still recruited to 

the liver lesions, but bacteria are no longer contained. In the current study, wild type 

liver lesions were predominantly small and dense, with organised neutrophils and 

macrophages. In contrast, miR-652-/- lesions were large, diffuse, and often surrounded 

by intense necrosis, suggesting bacteria were poorly contained. These lesions were 

present in both moribund mice, and mice which survived to day 10. This was reflected 

in the increased weight loss in all miR-652-/- mice. These data suggest that miR-652-/- 

deficiency could hinder early monocyte recruitment or macrophage activity, an idea 

investigated in the proteomic analysis of Listeria-infected peritoneal macrophages and 

discussed below.  

Flow cytometry data did not indicate any failed recruitment of monocytes to the spleen 

in miR-652-/- mice. However, one limitation of the current study was, due to practical 

limitations, moribund mouse spleens were not processed for flow cytometry analysis. 

Furthermore, liver leukocyte populations were not quantified. Considering monocyte 

activity in the liver is crucial for bacterial containment, future analysis of liver 

populations during the infection would be judicious. Flow cytometry analysis did identify 

that CD8+ T cell populations were smaller at days 7 and 10 in miR-652-/- mice. 

Considering the vital participation of spleen macrophages in listerial antigen 

presentation to T cells (367), any impaired macrophage function in mice could have 

important impacts on the adaptive immune response. This has further implications for 
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miR-652 in the long-term defence against other intracellular pathogens, including 

M. tuberculosis (294, 295).  

It became clear a more comprehensive picture of miR-652-/- macrophages would be 

required, to capture their basal phenotype and their immediate response to 

L. monocytogenes infection. This was undertaken by proteomic analysis of peritoneal 

macrophages infected in vitro with L. monocytogenes. Diverse pathways were 

dysregulated in miR-652-/- pathways, perhaps testament to the nature of miRNA, which 

are capable of regulating manifold pathways concurrently. Some pathways were chosen 

for further analysis based on their likely relevance to immunity to Listeria and other 

bacterial pathogens. Many other proteins and pathways must remain for future 

investigation. 

Proteomic analysis highlighted dysregulated pathways central to macrophage 

antibacterial activities, and none are more intriguing than CAPZB and actin 

polymerisation. CAPZB protein was downregulated in miR-652-/- peritoneal 

macrophages, both before and after L. monocytogenes infection. CAPZB concentration 

is known to affect the rate of L. monocytogenes motility (369), suggesting altered CAPZB 

expression in miR-652-/- macrophages could potentially enhance intercellular spread of 

the bacteria. In silico predictions identified CAPZB as a target of miR-652, owing to the 

7-consecutive base complementary sequence in the CAPZB 3’UTR (99, 343). However, 

this study determined in vitro overexpression of miR-652 had no impact on Capzb 

transcription or CAPZB translation. Whilst complementary binding of miRNA bases 2-8 

is considered an indicator of likely binding and mRNA inhibition (8), recent studies have 

confirmed this is not essential. For example, human genes ZEB1 (45), CCND2 (73), and 

ENPP1 (153) have all been validated as miR-652 target genes, and none of these genes 

show complete complementarity with bases 2-8 of miR-652, as shown in chapter 1. 

Differential CAPZB expression may still affect control of Listeria spread, but its regulation 

appears miR-652-independent, or at least not directly downstream of miR-652.  

In addition to CAPZB, downregulation of proteins in the pentose phosphate and 

lysosome pathways could have important implications in macrophage activity. A total of 

6 pentose phosphate pathway (PPP) and glycolysis proteins were downregulated in 
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infected miR-652-/- macrophages, including PGD and G6PDX in the PPP oxidative branch, 

and the glycolysis enzymes GPI1 and PFKL. Glycolysis is reported to be rapidly 

upregulated upon L. monocytogenes infection, to meet the high energy requirements 

for cell activation (274, 316). The PPP runs in parallel with glycolysis, facilitating 

nucleotide synthesis, but also importantly producing NADPH in the oxidative branch 

(370, 371). NADPH is a key substrate for macrophages generating reactive oxygen and 

nitrogen species, molecules key for immunoregulation and direct bactericidal action 

(257). L. monocytogenes infection induces swift glycolysis upregulation in mouse 

macrophages (372). Furthermore, in vivo inhibition of glycolysis by a glucose analogue 

impaired mouse control of L. monocytogenes (373). Similar to the present study, these 

glycolysis-inhibited mice present severe pathological inflammation in the spleen and 

liver, with a significantly decreased percentage of TNF+ macrophages. In a comparable 

fashion, macrophage glycolysis is downregulated by addition of exogenous lactate, the 

terminal metabolite of aerobic glycolysis (374). The added lactate impaired the ability of 

macrophages to produce TNF and IL-1β in response to M. tuberculosis infection. The 

data presented in chapter 4 illustrate the decreased cytokine expression from 

miR-652-/- macrophages during M. tuberculosis infection. This is possibly due to 

macrophage metabolic reprogramming. Although macrophages and monocytes were 

successfully recruited to the liver and spleen of infected miR-652-/- mice, 

downregulation of glycolysis and the PPP could have hindered their antibacterial 

activities once there. Future studies should employ intracellular staining of spleen and 

liver myeloid cell populations to elucidate the inflammatory state of infected 

macrophages in vivo. Moreover, a metabolomic analysis of miR-652-/- macrophages is 

warranted. This would demonstrate the glycolytic flux in miR-652-/- macrophages, and 

could identify the mechanism regulating inflammatory activation of these cells. 

Lysosome proteases Cathepsins B, D, and Z were also all decreased in 

miR-652-/- macrophages, and each has known associations to the antibacterial immune 

response. Cathepsin D has direct anti-listerial activity in the phagosome, cleaving the 

key virulence protein Listeriolysin O to prevent bacteria escaping the phagosome (375). 

Cathepsin D deficient macrophages fail to control L. monocytogenes growth in vitro 

(376). Decreased Cathepsin D expression may lead to enhanced phagosomal escape of 
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L. monocytogenes to the macrophage cytosol. Alternatively, a modest Cathepsin D 

decrease may facilitate the generation of spacious Listeria-containing phagosomes, 

termed SLAPs, a niche utilised by Listeria for intracellular replication (377). Cathepsin D 

has also been shown to cleave the MHC-II invariant chain in the endosome, to facilitate 

antigen loading for presentation to CD4+ T cells (378). Additionally, cathepsins B and D 

cleave foreign peptides for loading into the mature MHC-II complex (378-380). Whilst 

CD4+ help is not necessary in response to systemic L. monocytogenes infection (381), 

CD4+ T cells are essential for defence against TB (217). If decreased miR-652 expression 

impairs MHC-II antigen presentation and T cell activation, this could have grave 

implications in chronic M. tuberculosis infection. That said, data in chapter 4 indicates 

miR-652-/- mice formed a robust CD4+ T cell response to M. tuberculosis, and miR-652 

deficiency may not impact lysosomal cathepsin activity or MHC-II presentation in that 

context. Future investigations could investigate whether these proteomic differences in 

miR-652-/- macrophages are pathogen-specific. 

In addition to regulating MHC-II antigen presentation, diminished cathepsin activity in 

the endosome could impact detection of mycobacterial antigens by the endosomal toll 

like receptors (TLRs). The intracellular receptors TLR7 and TLR9 bind bacterial ssRNA and 

dsDNA, respectively, in the endosome and both receptors require cathepsin processing 

for proper activation (380, 382-384). Roles for TLR7 and TLR9 in L. monocytogenes 

infection remain unclear. On the other hand, TLR9 stimulation enhances MHC-II 

presentation of mycobacterial antigens (385), and induces IL-12 production in murine 

DCs (386). Another student in our laboratory has investigated TLR signalling in mouse 

wild type and miR-652-/- macrophages. Stimulation of macrophages with the TLR9 

agonist ODN1585 induced significantly less IL-6, TNF, KC, and MIP-1α in 

miR-652-/- macrophages (Hansen, unpublished thesis), demonstrating TLR-dependent 

macrophage activation was inhibited by miR-652 deficiency. Clearly, lysosomal 

pathways are integral to antibacterial defence and miR-652 could very well be central 

to regulating these processes. 

Finally, notably decreased in infected miR-652-/- cells was interferon-stimulated gene 15 

(ISG15). A protein with ubiquitin-like structures and function, ISG15 is associated with 
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responses to both M. tuberculosis and L. monocytogenes. Soluble ISG15 can have 

cytokine-like functions, and conjugation of ISG15 to free lysine residues on target 

proteins can inhibit the polyubiquitination and proteasome degradation of said proteins 

(387). ISG15 is upregulated in Listeria-infected epithelial cells following cytosolic 

detection of bacterial DNA (377). It conjugates to endoplasmic reticulum and golgi 

proteins, enabling cytokine release. M. bovis BCG-infected PBMCs secrete ISG15, to 

induce IFNγ expression from NK cells and T cells (388). Similarly, M. tuberculosis-infected 

macrophages shed ISG15-containing microparticles, inducing cytokine expression from 

nearby uninfected macrophages (389), a potentially crucial process in a TB granuloma 

microenvironment. Human patients with congenital ISG15-deficiency are prone to 

mycobacterial infections (388), and a similar phenotype is apparent in ISG15 knockout 

mice (390). Whilst ISG15 was downregulated in infected miR-652-/- macrophages, the 

potential regulation of ISG15 by miR-652 requires further investigation. This was beyond 

the scope of the current study. 

Although an exact mechanism for why miR-652-/- mice are so susceptible to L. 

monocytogenes infection remains hidden, the list of potentially contributing factors is 

extensive. Compromised cytokine expression is evident in M. tuberculosis-infected 

miR-652-/- macrophages, and similar decreases during the acute response to Listeria may 

terminally impair the immune response in the liver. The dynamics of cytokine release 

and cell migration between the liver, spleen, and bone marrow are fine-tuned. 

Disruption and dysregulation of these processes due to diminished miR-652 expression 

could spell disaster for defence against both acute and chronic intracellular bacterial 

pathogens. A priority for future investigations is to characterise the activities of 

macrophages, neutrophils, and NK cells in the liver of miR-652-/- mice during infection. 

These cell types and the relationships between them are integral to early anti-listerial 

response. Dysregulation of these relationships has implications for L. monocytogenes 

infection and beyond. 
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Chapter 6. General Discussion 
 

The studies described in chapters 4 and 5 stem from an investigation of miRNA as 

biomarkers of TB disease (20). The data therein illustrate the diverse impacts miR-652 

can have during bacterial infections. miR-652-/- mice tolerated a chronic M. tuberculosis 

infection, but were highly prone to an acute L. monocytogenes infection. miR-652 clearly 

plays an important role in infectious disease, the mechanisms of which are yet to be 

uncovered. Even so, considering the promise of miRNA therapeutics as host-directed 

therapies, and the complexity of TB as a host-pathogen interaction, there are excellent 

prospects for miRNA to tackle persistent complications and difficulties associated with 

TB treatment. 

6.1. Tuberculosis and miR-652 as a prospective therapeutic  

6.1.1 TB as a continuing problem 
There are still around 1.5 million deaths attributable to TB each year (21), and 10% of 

these deaths are attributable to multidrug-resistant (MDR) M. tuberculosis (26). 

Depending on which drug resistances are present, antibiotic regimens have a duration 

of 6-20 months (221). The incidence of severe side effects during these treatments is 

very high, as are rates of non-compliance (23). The success of the 6-month bedaquiline-

linezolid-pretomanid treatment as part of the NIX-trial is a welcome development for 

MDR TB patients (391). However, continued overuse and misuse of antibiotics 

worldwide suggests significant resistance to new drugs will arise. 

A prominent concern associated with the length of MDR TB antibiotic treatment is the 

extensive inflammation which can develop in the lungs over the treatment period, and 

the long-term or permanent lung damage this can cause. Successfully treated TB 

patients have significantly increased all-cause mortality in the 16 years after treatment 

completion (225). Host-directed therapies have the capability to address lung 

hyperinflammation, and also the potential to assist MDR TB control, potentially 

accomplishing these aims without selecting for microbial resistances. 
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6.1.2 Targeting miR-652 as a host-directed therapy 
There are 15 target genes validated for miR-652, including the most recently identified 

PRRX1 (392). These genes act in diverse cellular pathways, positioning miR-652 in a 

complex regulatory system. This is evidenced by the dramatic changes in the proteome 

of L. monocytogenes-infected miR-652-/- macrophages, and the effects of miR-652 

deficiency may be just as stark in other cell types. Because the various miR-652 gene 

targets are validated in several cell types, either the upregulation or downregulation of 

miR-652 could be applied for beneficial effects, depending on the cellular or tissue 

context.  

System administration of a naked miR-652 mimic did not cause any detectable organ 

toxicity in mice (79). There may be risks associated with repeat administration of a 

miR-652 mimic or inhibitor during a chronic TB infection. Chronic upregulation or 

downregulation of miR-652 is associated with oncogenesis (35, 46, 53, 98, 111, 112, 

123). Furthermore, systemic knockout of miR-652 in our miR-652-/- mice made them 

extremely vulnerable to a common environmental pathogen in L. monocytogenes. These 

risks do not immediately devalue miR-652 as a therapeutic, and can be mitigated with 

careful patient monitoring. Alternatively, leukocyte-targeted miRNA delivery may be 

optimal in this situation to avoid adverse oncogenic effects, whether cell targeting to 

macrophages or T cells during TB; this will be discussed below. 

M. tuberculosis is known to subvert host defences through several mechanisms. Inside 

an infected macrophage, phagocytised bacteria initiate phagosome perforation, prevent 

phagosome maturation, evade destruction by autophagy, inhibit inflammasome 

activation, inhibit apoptosis of the infected cell, and inhibit detection by cytosolic 

surveillance systems (393-395). The miR-652 validated targets ARRB1, ENPP1, HOXA9, 

KLF9, RORA, and ZEB1 each have relevance to these subversion methods, and the 

administration of miR-652 mimics or inhibitors to regulate their expression could 

reinforce host defences against M. tuberculosis, or curb host-inflammation during anti-

microbial treatment. 
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6.1.3 Known miR-652 targets in TB therapy 

6.1.3.1 ARRB1 
β-arrestin1 (ARRB1) was originally characterised as a G protein-coupled receptor-

binding protein facilitating receptor desensitisation post-activation. More recent 

research shows β-arrestin1 binds over 100 proteins, including important targets in 

inflammatory pathways (396). miR-652 regulates ARRB1 expression in CD4+ T cells, and 

increased ARRB1 promotes Th17 differentiation (44). The immunoregulatory roles of 

ARRB1 can be proinflammatory or anti-inflammatory depending on cell type and setting. 

ARRB1 expression promotes cytokine expression in murine microglia, increasing IL-6, IL-

1β, and TNF mRNA (397). Conversely, overexpression of ARRB1 in primary mouse 

Kupffer cells inhibits translation of the same cytokines after LPS stimulation (398). This 

is  due to ARRB1 preventing poly-ubiquitination of TRAF6 downstream from TLR4, thus 

inhibiting activation of NF-κB (157). Other studies have determined ARRB1 interacts with 

the nuclear receptor and transcription factor PPAR-γ to inhibit inflammatory activity in 

mouse macrophages. ARRB1 binds PPAR-γ and prevents association with other 

transcription cofactors, preventing transcription of Nos2, IL-6, and Tnf mRNA (399). 

Similar to these studies, miR-652-/- macrophages expressed significantly less IL-6 and 

TNF compared to wild type macrophages. The absence of miR-652 in these cells would 

allow increased ARRB1 expression, potentially inhibiting both TRAF6 and PPAR-γ to 

suppress cytokine expression. 

The opposing activity of ARRB1 in microglia and Kupffer cells is interesting. Both are 

resident phagocytes in tissues relevant to M. tuberculosis and L. monocytogenes 

infections. These pathogens each colonise the liver readily, and can cause bacterial 

meningitis (28, 317). Administration of a miR-652 mimic to these tissue-resident 

macrophages could effectively increase their inflammatory activity where and when it 

is required. The opposing tissue-dependent activities must be considered if miR-652 

were to be dosed in TB patients with different disease presentations. 

6.1.3.2 KLF9 
Similar to ARRB1, regulation of the transcription factor Krüppel-like factor 9 (KLF9) by 

miR-652 could have both pro- and anti-mycobacterial results. miR-652 inhibits KLF9 

translation, to promote proliferation and motility of osteosarcoma cell lines (132). 
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Overexpression of KLF9 promotes apoptosis of mouse RAW264.7 macrophages (400), 

and furthermore, KLF9 promotes apoptosis and autophagy in human synovial fibroblasts 

(401). Apoptosis of infected macrophages is thought to aid in M. tuberculosis killing, as 

bacteria are retained in apoptotic bodies and are destroyed by efferocytosis (402). 

Increased autophagy in infected macrophages may improve killing of intracellular and 

cytosolic M. tuberculosis (403). On the other hand, increased KLF9 expression in 

macrophages also limits their release of IL-6, IL-1β, and TNF (400). Likewise, KLF9 

expression in colon cancer cells inhibits the IFNβ-dependent release of ISG15 (404), 

which, as discussed in chapter 5, is a proinflammatory mediator during 

L. monocytogenes and M. tuberculosis infections. Proteomics data demonstrated ISG15 

was downregulated in L. monocytogenes-infected miR-652-/- macrophages, and RT-qPCR 

analysis suggested IFNβ expression is also decreased in these cells. Combined with the 

decreased cytokine expression by miR-652-/- macrophages during M. tuberculosis 

infection, these data indicate KLF9 may be eliciting an anti-inflammatory phenotype in 

the absence of miR-652. 

On the other hand, the opposing immunoregulatory activities of KLF9 may act in 

tandem. Considering how essential a coordinated cytokine response is to controlling 

M. tuberculosis and to maintaining the granuloma structure, the increased benefit of 

macrophage autophagy and apoptosis may be offset by losses due to impaired cytokine 

release. The balance of these effects in tissue resident macrophages will need to be 

examined during development of a miR-652 therapeutic, accounting for all known gene 

targets and their opposing regulatory functions. 

6.1.3.3 RORα 
The retinoic acid receptor-related orphan receptor α (RORα) is negatively regulated by 

miR-652 in several cancers (46, 123). As a nuclear receptor and transcription factor, 

RORα has diverse functions in cell regulation and cancer prevention (124, 126), and 

several studies have linked RORα activation with anti-inflammatory activities. In primary 

smooth muscle cells, RORα promotes transcription of IκBα, the inhibitor of NF-κB 

activation (405). Overexpression of RORα leads to decreased IL-6 and IL-8 release, and 

decreased production of the enzyme COX-2, required for production of the 
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proinflammatory lipid mediator prostaglandin E2 (PGE2) (406). Conversely, RORα 

deletion in THP-1 cells and primary mouse macrophages increased basal and LPS-

dependent release of IL-6, TNF, IL-18, and especially IL-1β (407, 408). By the same token, 

RORα stimulation in primary mouse Kuppfer cells promotes an M2 phenotype, whilst 

RORα deletion drives a switch to M1 (409). In chapter 5, glycolysis and pentose 

phosphate pathway enzymes were downregulated in miR-652-/- macrophages after 

L. monocytogenes infection. Downregulated glycolysis is one hallmark of M2 

macrophages (410), and increased RORα expression in macrophages lacking miR-652 

could induce this anti-inflammatory phenotype. Collectively these studies point to RORα 

as an excellent target gene for miRNA intervention in the macrophages of a TB 

granuloma. Targeting a miR-652 mimic to infected macrophages should decrease RORα 

expression to promote an inflammatory M1 phenotype. Additional direction of a 

miR-652 mimic towards CD8+ T cells could also prove fruitful, as RORα deletion promotes 

IFNγ production and cytotoxic activity in these cells (407). 

6.1.3.4 ZEB1 
Zinc finger E-box-binding homeobox 1 (ZEB1) is a transcription factor with some 

oncogenic functions (94, 411), and was targeted by miR-652 in pancreatic cancer cells 

(45). Like RORα, ZEB1 expression promotes an M2 tumour-associated macrophage 

phenotype. Circulating monocytes upregulate ZEB1, which promotes high CCR2 

expression, driving swift recruitment to tumours (412). However, these monocytes 

increase expression of the M2 marker CD206, as well as the anti-inflammatory cytokine 

IL-10. Another study expanded on this, showing that ZEB1 expression in recruited 

inflammatory macrophages inhibits expression of IL-6 and TNF, and promotes IL-10 

(413). Hypothetically, macrophages with low miR-652 levels would increase ZEB1 

expression to inhibit secretion these cytokines, reflecting precisely what occurred in 

miR-652-/- macrophages infected with M. tuberculosis in chapter 4. IL-6 and TNF 

expression was decreased in miR-652-/- macrophages after M. tuberculosis infection. In 

further support of this hypothesis, monocytes were readily recruited to the liver of 

L. monocytogenes-infected mice, suggesting ZEB1, and thus CCR2, may be upregulated 

in miR-652-/- circulating monocytes.  
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Interestingly, ZEB1 can also promote glycolysis in breast cancer cells under hypoxic 

conditions, directly initiating transcription of key glycolysis enzymes (414). Glycolytic 

activity is considered essential for inflammatory macrophage activity and for T cell 

expansion during infection. Inhibiting ZEB1 expression with a miR-652 mimic may 

increase cytokine expression in macrophages and monocytes, but hindering glycolysis 

could prevent a broader array of antibacterial mechanisms, due to impeded ATP 

generation. These competing promotive and inhibitive transcription factor roles of ZEB1 

are entirely dependent on which co-transcription factors are also present in a given cell 

(415). Studies must be undertaken to ascertain which ZEB1 co-factors are expressed in 

macrophages under basal and infection conditions. This may determine the practicality 

of ZEB1 as a target gene for a therapeutic miR-652 mimic. 

6.1.3.5 HOXA9 
The transcription factor homeobox A9 (HOXA9) is the most well-validated miR-652 

target gene, even though, as described in chapter 1, the identification of a miR-652 

target sequence in the HOXA9 mRNA transcript is uncertain (416). miR-652 inhibition of 

HOXA9 promotes proliferation of melanoma and osteosarcoma cells (88, 417), and has 

similar proliferative action in placental trophoblasts (32). Studies have shown HOXA9 is 

either a positive or negative regulator of cell glycolysis, depending on the expression of 

certain co-factors. In squamous cell carcinoma cells, HOXA9 forms a heterodimer with 

co-factor CRIP2 to inhibit the transcription of HIF-1α (418). As a major glycolysis-

promoting transcription factor, HIF-1α inhibition by HOXA9 decreased glycolytic 

switching and proliferation in these cancer cells. Converse to this situation, HOXA9 acts 

as a glycolysis promoter in haemopoietic stem cells, initiating transcription of HIF-1α 

(419). Here DNA binding required a heterodimer between HOXA9 and MEIS1. Thus, the 

role of HOXA9 as an immunometabolic regulator is not only dependent on its own 

expression, but also that of relevant co-factors. Chapter 5 proteomic data demonstrated 

glycolysis enzymes GPI1 and PFKL were downregulated in infected miR-652-/- 

macrophages, as were four enzymes of the pentose phosphate pathway. HIF-1α 

transcriptionally regulates PFKL directly (420), and is also an upstream regulator of GPI1 

(421, 422). Furthermore, HIF-1α overexpression in mouse macrophages increases 

generation of pentose phosphate pathway metabolites (423), indicating HIF-1α also 
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promotes pentose phosphate pathway flux. Thus, increased HOXA9 expression in 

miR-652-/- cells could be responsible for downregulation of multiple metabolic pathways 

via HIF-1α inhibition. Modulating macrophage HOXA9 expression and controlling cell 

metabolism by means of a miR-652 mimic could be a useful mechanism to regulate the 

inflammatory activities of a cell. Particularly if said mimic were simultaneously targeting 

ZEB1 and RORα expression for compounded proinflammatory effect. However, the 

expression of HOXA9 in mature leukocytes is somewhat unclear. The Human Protein 

Atlas indicates HOXA9 transcripts are present in human monocytes and macrophages, 

though expression may potentially be relatively low (424). HOXA9 expression should be 

assessed in alveolar and granuloma-associated macrophages from TB patients, and 

potentially also in T cell populations, before considering HOXA9 as an intended gene 

target in these cell types. 

6.1.3.6 ENPP1 
Finally, ectonucleotide pyrophosphatase/phosphodiesterase family member 1 (ENPP1) 

is regulated by miR-652 in adipocytes to promote adipogenesis (153). Though, perhaps 

more relevant to M. tuberculosis infection is the role ENPP1 plays in the cytosolic 

detection of bacteria dsDNA and nucleotide pathogen-associated molecular patterns 

(PAMPs). Bacterial dsDNA in the cytosol is detected by the enzyme cGAS, which 

produces cyclic GMP-AMP (cGAMP) to stimulate the internal receptor STING and initiate 

a type I IFN response (393). M. tuberculosis secretes the cyclic nucleotide PAMP 

c-di-AMP, released into the cell cytosol through the perforated phagosome where it can 

also activate STING (425). Though largely a cell surface bound receptor, ENPP1 held on 

the endoplasmic reticulum can hydrolyse both cGMAP and c-di-AMP (426), minimising 

the detection of intracellular M. tuberculosis (393), L. monocytogenes (427), and likely 

other intracellular pathogens secreting nucleotide PAMPs. Targeted administration of a 

miR-652 mimic into infected macrophages could lower ENPP1 expression to prevent 

hydrolysis of M. tuberculosis c-di-AMP. Increasing detection of these PAMPs by STING 

could increase the type I IFN activity of infected macrophages, and may also increase 

destruction of intracellular bacteria by autophagy (428). miR-652-/- macrophages 

exhibited decreased IFNβ mRNA during L. monocytogenes infection, potentially due to 

decreased intracellular detection of the pathogen. Histology data in chapter 5 
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demonstrated that L. monocytogenes was spreading efficiently in the liver of miR-652-/- 

mice. Evasion of autophagy mechanisms in the cell cytosol is essential for intercellular 

spread of Listeria (314), a strategy potentially aided by increased ENPP1 expression in 

miR-652-/- mice. The M. tuberculosis enzyme CdnP possesses the same hydrolysis activity 

of ENPP1, cleaving c-di-AMP and cGAMP (425). Small molecule inhibitors for CdnP have 

already been identified (393), and co-loading of a therapeutic delivery vector with a 

miR-652 mimic and a small molecule CdnP inhibitor could prove to be a potent 

synergistic promoter for M. tuberculosis detection within infected macrophages of the 

TB granuloma. 

In summary, a miR-652 mimic targeted to macrophages in active TB patients could act 

on multiple cell pathways to enhance defence against tuberculosis. The repression of 

transcription factors KLF9, ZEB1, and RORA by miR-652 has the potential to increase the 

proinflammatory phenotype of granuloma macrophages, including increased cytokine 

release. Modulation of HOXA9 has the potential to stimulate macrophage glycolysis, 

known to be associated with antibacterial activity, and regulation of ENPP1 could 

enhance detection of intracellular the intracellular pathogen. Conversely, upon 

resolution of the bacterial infection or during extended antibiotic treatment, a miR-652 

inhibitor might be applied to quell the hyperinflammation often associated with chronic 

TB in the lung. The opportunities for miR-652 as a therapeutic entity are great indeed. 

 

6.2. Metabolism and antimicrobial defence 

6.2.1 Deconvolution of metabolism and leukocyte action 
In chapter 5, proteomics results highlighted that miR-652 deficient macrophages have 

decreased expression of several enzymes involved in glycolysis and the pentose 

phosphate pathway. Because these two pathways are highly linked with the typical 

inflammatory M1 macrophage phenotype, these data suggest that broad failings in the 

miR-652-/- mouse immune response to Listeria could be a result of upstream influence 

on the macrophage metabolism. Immune cell metabolism can be regulated as part of 

immune function, to meet the changing needs of the cell. Rapidly dividing leukocytes, 

such as antigen-activated T cells, switch to glycolysis and produce lactate from pyruvate 
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(332), even though sufficient oxygen is available and the TCA cycle more efficiently 

produces ATP. Glycolysis and the parallel pentose phosphate pathway generate rapid 

energy in the form of ATP, and also synthesise materials required for proliferation and 

gene translation, including nucleotides and amino acids (271, 429). Interruption of these 

metabolic changes can strongly influence the host immune response, and unsurprisingly 

this is a strategy taken by many pathogens, including L. monocytogenes and 

M. tuberculosis (316, 372, 430, 431). The question then becomes, if pathogen-induced 

metabolic changes influence the immune response downstream, does it become more 

practical to attempt modulation of the host immune metabolism? In the case of 

M. tuberculosis, this is one thought now under serious investigation. 

Considering that the miR-652-/- mice described here are a model of low circulating 

miR-652 in a sample of Chinese TB patients (20), the data in chapter 5 highlights how 

one regulatory miRNA could potentially change cell metabolism and ultimately 

determine patient outcomes. It remains to be seen if the proteomic differences 

observed in macrophage metabolic pathways are mirrored in other leukocyte 

populations, and what impact this could have in vivo. Naïve CD8+ T cells rely primarily 

on fatty acid oxidation, before massively upregulating both glycolysis and oxidative 

phosphorylation within days of antigen stimulation (332). Terminal effector cells then 

switch to primary glycolysis for rapid proliferation and expansion, whilst effector 

memory precursor T cells move towards oxidative phosphorylation (OXPHOS) for long 

term cell maintenance. If these metabolic switches are obstructed by a pathogen, the 

development of adaptive immunity may be compromised. Furthermore, if host gene 

dysregulation modifies the basal capability of a cell for metabolic switching, the host 

may develop an extreme vulnerability to the invading pathogen. As M. tuberculosis is 

suspected to influence metabolism in several host cell types, these considerations are a 

pertinent concern for TB researchers. 

6.2.2 Cell metabolism and tuberculosis 
During active TB, the metabolism of macrophages is a key consideration, due to their 

status as the main intracellular niche for M. tuberculosis, and also their role as direct 

antimicrobial actors. Macrophage metabolism is broadly considered to align with the 
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M1-M2 phenotype axis. M1 macrophages activated with LPS quickly upregulate 

glycolysis, necessary for inflammasome activation and IL-1β secretion (316). Conversely, 

M2 macrophages rely on OXPHOS through the TCA cycle for sustained energy (410). 

Whilst M. tuberculosis antigens do stimulate TLR4, the receptor for LPS, the metabolism 

of M. tuberculosis-infected macrophages is not simply glycolytic. Early in vitro studies 

suggested macrophages stimulated with M. tuberculosis antigens upregulated glycolysis 

and increased expression of proinflammatory cytokines (270, 272). However, more 

recent investigations utilising metabolic flux assays suggest macrophages downregulate 

both OXPHOS and glycolysis after M. tuberculosis infection (430), or at least that the 

switching between glycolysis and OXPHOS is phasic and time-dependent (198, 432). This 

aligns with phenotype-focussed studies which highlight primary alveolar macrophages 

switching from an M1 to an M2 phenotype during chronic M. tuberculosis infection 

(188). 

T cell release of IFNγ is essential for the control of M. tuberculosis. IFNγ-deficient mice 

are extremely vulnerable to M. tuberculosis infection (200), as are HIV-positive patients 

with low CD4+ T cell counts (433). As detailed in chapter 5, splenic T cell IFNγ expression 

was similar between L. monocytogenes-infected wild type and miR-652-/- mice. 

However, this flow cytometry analysis was not performed on mice which met an ethical 

threshold for euthanasia. Liver IL-6 and TNF concentrations were much higher in these 

ET mice as they lost control of the bacterial load. Analysis of T cell cytokine expression 

in these vulnerable mice would help generate a more complete picture of how the 

miR-652-/- response to Listeria is failing, and whether this is IFNγ-dependent. IFNγ 

signalling is most important for macrophage function, where it stimulates release of 

proinflammatory cytokines and enhances bacterial killing by autophagy (217). Of 

particular note is the increased glycolytic metabolism induced by IFNγ stimulation. In 

fact, the major glycolysis regulator HIF-1α has been identified as a key mediator of IFNγ 

signalling in macrophages (247, 434-436). IFNγ upregulates glycolysis in M. tuberculosis-

infected macrophages, necessary for increasing IL-1β, IL-12, and IL-6 expression, whilst 

decreasing IL-10 secretion (247). Epigenetic modifications to increase macrophage 

glycolysis induce similar increased IL-1β and decreased IL-10 expression (437), indicating 

the impact of IFNγ is not parallel to glycolysis, but rather through it. Treatment of human 
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macrophages with a small-molecule histone deacetylase inhibitor not only promoted 

glycolysis and cytokine release, but also augmented the antigen presenting capabilities 

of macrophages to induce greater IFNγ release from CD4+ T cells (437). In this sense, 

driving macrophage glycolysis in macrophages assists not just the innate response, but 

also the adaptive immune system. 

Whilst macrophage glycolysis favours proinflammatory activities, mycobacteria are able 

to decrease macrophage glycolysis for intracellular persistence. Infection of 

macrophages with live M. tuberculosis induces IFNβ signalling, via the intracellular 

receptor STING (438, 439). This type I IFN signalling leads to decreased glycolysis and 

ultimately mitochondrial damage in neighbouring cells. This illustrates how invasion of 

macrophages can have considerable bearing on the metabolism, and thus the function 

of the local tissue environment. Proteomic and RT-qPCR data showed IFNβ and glycolysis 

enzymes GPI1 and PFKL were all downregulated in miR-652-/- macrophages, indicating 

that any decrease in glycolytic flux may be IFNβ-independent in these cells. IFNβ-

dependent glycolysis regulation is enormously interesting because stimulation of STING 

by M. tuberculosis-generated c-di-AMP also induces inflammasome activation and 

autophagy (393, 428). Thus, while STING activation may serve to regulate inflammation 

at a broader level, it can also aid mycobacterial control within the infected macrophage.  

STING-independent induction of IFNβ can have a more anti-inflammatory activity in M. 

tuberculosis-infected macrophages. Virulent clinical M. tuberculosis isolates tend to 

induce greater release of IFNβ, whilst inducing less IL-1β (438). This effect was 

exacerbated in rifampicin-resistant strains. Rifampicin acts to inhibit bacterial RNA 

polymerase (440), and the single nucleotide polymorphisms (SNP) within the 

polymerase β subunit which grant rifampicin resistance also affect transcription of key 

mycobacterial lipid biosynthesis enzymes (438). This in turn adjusts the bacterial cell 

wall lipid composition, and transforms subsequent host-pathogen interactions. 

Rifampicin resistant M. tuberculosis strains induce additional IFNβ, decrease both IL-1β 

expression and glycolysis, and could also impair phagocytosis (438). 

These virulent clinical strains of M. tuberculosis also shift macrophage metabolism and 

necrosis programming by controlling lipid uptake and storage. Macrophages infected 
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with M. tuberculosis increase lipid uptake and form internal lipid droplets (434, 441), 

eventually growing to foam cells. This was originally thought a M. tuberculosis survival 

strategy, guaranteeing the bacteria a carbon source (442). However, a recent study 

identified that, whilst M. tuberculosis does metabolise macrophage lipids, macrophage 

lipid droplets formation is IFNγ-dependent and works to prevent TB growth (434). The 

IFNγ-HIF-1α axis drives lipid droplet formation, to aid production of lipid mediators, 

including PGE2, from lipid droplets. As discussed above, dysregulated expression of 

glycolysis and pentose phosphate pathway enzymes suggests HIF-1α induction may be 

impaired in miR-652-/- cells. Should miR-652 deficiency prove to regulate HIF-1α 

expression, this would impact inflammatory pathways beyond glycolysis. PGE2 acts to 

prevent macrophage necrosis and is an essential proinflammatory mediator for M. 

tuberculosis control (432). However, the virulent M. tuberculosis strain HN878 is thought 

to induce more accumulation of lipids synthesised into arachidonic acid in lipid 

membranes, and away from PGE2 synthesis (432). HN878 induces increased glycolytic 

metabolism in infected macrophages, compared to more virulent rifampicin-resistant 

strains (438). From these studies it appears M. tuberculosis drug-resistance can coincide 

with broad macrophage metabolic dysregulation. As the prevalence of MDR TB 

continues to increase, host metabolism-directed therapies may prove to be extremely 

necessary and impactful. 

Finally, macrophage metabolism can be also affected by anti-microbial drugs 

themselves. For example, the antibiotic Clofazimine acts to inhibits macrophage 

OXPHOS after in vitro infection with M. tuberculosis H37Rv (443). This may promote the 

antimicrobial M1 macrophage phenotype beneficial for clearance of live and dying 

bacteria, but after extended use, it may impair the generation of M2 healing 

macrophages required for post-infection resolution of inflammation. These drug-

metabolism interactions should be considered when considering metabolic targets as 

host-directed therapeutics. 

6.2.3 Metabolic targets as tuberculosis therapeutics 
Host-directed therapies offer a valuable alternative to small molecule antimicrobial 

drugs, particularly with continuing rise of drug-resistant bacteria. The obvious influence 
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of cell metabolism on the immune response makes metabolic pathways an intriguing 

opportunity as therapy targets. Chapter 5 proteomics data indicates the metabolism of 

macrophages was impacted by miR-652 deficiency, and it remains unclear whether this 

effect is cell specific, or actually systemic in miR-652-/- mice clearly vulnerable to 

infection. As discussed, targeting transcription factors like ZEB1 and HOXA9 with a 

miR-652 mimic could increase glycolysis and inflammatory activation of macrophages 

for direct anti-mycobacterial defence. However, negative regulation of glycolysis could 

be equally as valuable as a means of limiting pathological inflammation in TB patients 

already receiving antibiotics. Small molecule inhibitors for glycolysis enzymes achieve in 

vivo attenuation of macrophage inflammation. 2-DG and Shikonin, which inhibit rate-

limiting glycolysis enzymes hexokinase and pyruvate kinase muscle isozyme 2, 

respectively, both decrease glycolytic flux in macrophages, inhibiting inflammasome 

activation and IL-1β release (444, 445). In these studies, inhibition of glycolysis-

dependent inflammation increased survival of LPS-stimulated and septic mice. 

Considering the low cytokine expression exhibited by miR-652-/- macrophages, an 

investigation of IL-6 and TNF expression after 2-DG or Shikonin treatment would help 

position these drugs as potential adjunct treatments in miR-652-low TB patients. 

However, the application of these molecules for human use needs further safety 

investigation. Shikonin has long been used as part of traditional Chinese medicine, 

however, some trials suggest it may induce nephrotoxicity with extended use (446).  

Metformin, a drug commonly used to treat type 2 diabetes, has been identified to lower 

the risk of active TB and to increase TB patient response to antibiotics (447). Yet the 

biological mechanisms harnessed to achieve this outcome remain unknown. Recent 

studies have identified metabolic shifts in several leukocyte populations after treatment 

with metformin. Healthy patients receiving metformin showed increased lactate in 

whole blood, along with decreased OXPHOS-associated enzyme transcription (448). 

PBMCs isolated from these patients presented lower IL-1β, TNF, IFNγ, and IL10 after in 

vitro stimulation with M. tuberculosis lysate. Though in an apparent contradiction, these 

PBMCs demonstrated increased phagocytosis and better M. tuberculosis killing. 

Metformin-treated CD8+ T cells exhibit increased OXPHOS and enhanced mitochondrial 

health (431, 449). This augments the contribution of T cells towards bacterial control, as 
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transfer of metformin-educated murine CD8+ T cells imparts greater bacterial killing in 

recipient mice (449). Thus, metformin highlights the powerful impact of metabolism-

targeting therapies for infectious disease, but also signals the potential for drug-drug 

interactions with any miRNA-based therapeutic also targeting leukocyte metabolism 

and demonstrates the need for further studies in this area. 

Aside from glycolysis and OXPHOS, the dietary supplementation of omega-3 fatty acids 

has also been suggested as an adjunct treatment for TB (406). These polyunsaturated 

fatty acids serve as precursors for resolvins, anti-inflammatory lipid mediators acting in 

opposition to inflammatory mediators like PGE2 (450). The limited human trials 

conducted with omego-3 fatty acids and TB present inconclusive results, though 

preclinical animal studies suggest their anti-inflammatory activity can limit pathological 

inflammation during extended antibiotic treatment (406). 

6.2.4 Host-microbe metabolic interactions – targets in the 

microbiome? 
Dietary arginine supplementation was once seen as a promising adjunct therapy in 

active TB patients (451). Arginine is an essential substrate for inducible NO synthase 

(iNOS) in macrophages and other immune cells, and researchers hypothesised increased 

iNOS activity would aid bacterial clearance and allow inflammation resolution. However, 

several human trials offered mixed results, with reduced symptoms and increased 

weight gain only in a small number of patients (452-454). However, a recent animal 

study identified the benefit of dietary arginine may not be a result of host arginine 

utilisation, but rather the effect of arginine on the gut microbiome (455). In mice, 

arginine supplements aided control of pulmonary M. abscessus, and authors linked the 

benefit to two species of Bifidobacterium in the gut. Oral probiotic administration of 

these species gave the same benefit as arginine supplementation. The benefit of a 

probiotic may be limited in humans if given in conjunction with extended high-dose 

antibiotics. Unfortunately, this would likely be the case with most TB patients. The 

authors identified that the Bifidobacterium metabolite inosine may be the key mediator 

of arginine-dependent mycobacterial control. Clinical evaluation of inosine supplement 

as an adjunct therapy to TB antimicrobials would be highly valuable. 
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6.3. Developing miRNA molecules for infectious disease 

treatment 

6.3.1 Feasibility of miRNA as therapeutic targets 
Since the identification of miRNA in 2000, miRNA drugs have been touted as an up-and-

coming field. And yet, more than 20 years later, no miRNA-based drugs have completed 

clinical trials for human use. miRNA regulatory networks are incredibly complex and the 

activities of most miRNA are yet to be uncovered. Chapters 4 and 5 describe the 

expansive effects of miR-652 deficiency on infected macrophages, influencing pathways 

from metabolism to antigen presentation, and likely beyond. This is only one cell 

context, and much more research is required to identify the effects in other cell lineages. 

So far 15 genes are known as miR-652 targets (392, 416), and new target genes will 

continue to be discovered. Existing in silico target prediction tools have known 

limitations (456), indicating the actual list of genes targets is beyond current 

expectations.  

Experimental exploration of miRNA activities is complicated by regulation from 

redundant miRNA, all targeting the same gene transcript. For example, the miR-652 

target HOXA9 is also regulated by miR-126-3p, miR-145-5p, and miR-210-3p (457, 458), 

and RORα by miR-33b-5p and miR-106a-5p (459, 460). As detailed in chapter 1, 

miR-126-3p and miR-145-5p are dysregulated with miR-652 in bladder and lung cancers 

(90, 91, 118). Furthermore, miR-106a-5p is dysregulated with miR-652 during endurance 

exercise and cardiac diseases (48, 63, 67, 461). These associations suggest the miRNAs 

are regulated together, and may have redundant gene silencing functions acting in 

parallel. There is the possibility that redundant regulatory miRNAs will diminish the 

efficacy of any miR-652 inhibitor in vivo, or alternatively may compound the effect of a 

miR-652 mimic. With such complexity and ambiguity associated with miRNA functions, 

it begs the question, will the administration of exogenous miRNA ever form a viable drug 

platform? Will such therapeutics ever actually be efficacious in a broad population? 

The most common reason for RNA-based therapeutics to fail clinical trials is a lack of 

efficacy (462). In turn, poor efficacy can be a result of several factors, including the 
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unstable molecular structure of free miRNA, the very short half-life of miRNA in 

circulation, the high immunogenicity of exogenous RNA, and population genomic 

variability in miRNA and their target genes. Moreover, each of these factors can 

contribute to off-target miRNA binding and adverse events in patients. 

6.3.1.1 Population variability 
Depending on the conservation of target genes amongst various populations, genomic 

variability can affect miRNA binding affinity and ultimately drug efficacy. Genomic SNPs 

are demonstrated to prevent the binding of endogenous miRNA to target mRNA, and 

these SNPs can be strongly associated with oncogenesis (463-465). Thus, genes with a 

high incidence of intra- or inter-population SNPs may not be suitable targets for 

therapeutic miRNAs. The same considerations would be required for poorly conserved 

miRNA as targets for anti-miR oligonucleotides. 

To estimate the impact of genomic SNPs on miR-652-dependent gene regulation, each 

of the validated miR-652 target genes discussed in chapter 1 were analysed for SNPs 

present in the identified miRNA binding region (Figure 1.4). SNPs in these regions were 

collected from the dbSNP database (accessed 14/7/2022) (466), and analysed for 

population frequency of each allele using the Ensembl database (release 107, human 

genome GRCh38.p13) (467). SNPs present in at least 0.1% of any population are listed 

in Table 6.1. All unlisted SNPs were present in <0.1% of all analysed populations. 

The most prevalent SNP was rs73778612 in ENPP1, present in 4.2% of all subjects. 

However, this single change is outside the sequence binding the miR-652 seed region 

(base pairs 2-8 of the miRNA) and may not dramatically affect miR-652 binding. FOXK1 

SNP rs200327172 was present in 2.6% of East Asian subjects, consisting of an insertion 

within the miR-652 seed binding sequence. However, the repetitive nature of the 

insertion means the seed region binding site would not change, only affecting 

complementary base pairs downstream of the miR-652 seed region, and thus are likely 

less consequential. Other SNPs listed in Table 6.1 are present in 0.1-1% of a specific 

population, and several could adversely affect miR-652 binding. These particular 

populations and variations should be assessed when considering these genes as in vivo 

targets of a miR-652-based therapeutics.  
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There is potential that genome wide SNPs could introduce new miRNA binding sites into 

previously unidentified target gene mRNA. This scenario could introduce off-target 

binding, with negative implications for efficacy and drug safety outcomes. The influence 

of genomic SNPs is difficult to gauge, especially considering in silico methods to predict 

miRNA binding already identify a wealth of false positives (456). Identification of key 

patient populations early in drug design would be a cost-effective strategy, as 

predominant SNP profiles can be introduced into the miRNA drug sequence. Screening 

individual patients for SNPs prior to treatment would likely be prohibitively expensive 

for low-income TB patient populations. To minimise the safety implications of SNP-

dependent off-target effects, delivery vehicles should be engineered for direct targeting 

of recipient cell populations. 

 

Table 6.1. Single nucleotide polymorphisms identified in the miR-652 binding sequence of target genes. 

Gene Accession Ancestral/Variation 
Allele 

prevalence 
(%) 

Population 
miR-652 

seed region? 

ENPP1 

rs530876692 G/A/T 0.3 South Asian No 

rs561164522 A/G 0.2 African Yes 

rs73778612 G/A 
4.2 All No 

10.8 African No 
      

FOXK1 rs200327172 GGCG/GGCGGCG 
0.5 All Yes 

2.6 East Asian Yes 
      

ISL1 rs1231127610 G/A 0.2 Gambian Yes 
      

JAG1 
rs554327524 C/T 0.1 East Asian Yes 

rs778183555 CC/CCC 0.1 Latin American Yes 
      

KCNN3 
rs534004979 C/A/T 0.3 East Asian Yes 

rs566654745 T/C 0.2 East Asian Yes 
      

LLGL1 rs560887236 G/A 0.2 African Yes 

SNPs listed are those present in >0.1% of a given population. SNPs listed in dbSNP. Population genetics 

obtained from Ensembl database. 
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6.3.1.2 Off-target effects 
Whilst targeting multiple related genes with a single miRNA makes for an efficient 

mechanism of action, it also breeds the opportunity for multiple off-target binding 

events with conceivably grave biological repercussions. Some miRNAs are well 

characterised and multiple target genes have already been validated. For other miRNAs, 

including miR-652, new targets are still being identified, and many of these targets were 

not predicted as targets by existing in silico methods (44, 45, 153, 416). Moreover, such 

in silico prediction tools presently have limitations in their applicability (456, 468). In 

depth study into a target miRNA is necessary for the development of a reliable and 

robust therapeutic, or specific design and engineering efforts must be taken to limit off-

target effects. 

Delivery vectors can be manufactured for delivery to specific cell types in a specific tissue 

location. As hypothesised in chapter 4, miR-652 may affect T cell differentiation through 

regulation of the cell polarity protein LLGL1 (35, 293), making T cells an interesting cell 

target in TB patients. Spleen CD8+ T cells numbers were lower in miR-652-/- mice at 7 and 

10 days after L. monocytogenes infection, and the formation of CD8+ memory T cell 

populations was dysregulated in miR-652-/- 4 and 8 weeks after M. tuberculosis infection. 

As CD8+ T cells are required for controlling chronic M. tuberculosis infection (295), 

specific delivery of miR-652 to T cells could ensure optimal mycobacterial control in 

latent patients during antibiotic treatment. T cells are not phagocytic and engage in little 

endocytosis, so ligand-receptor interaction-mediated is necessary for T cell targeting. 

Xie et al. successfully targeted activated T cells using polyethylenimine cationic polymer 

nanoparticles (NP) conjugated to the transferrin ligand, allowing specific siRNA delivery 

(469). The cationic polymer associated well with negative siRNA, allowing efficient NP 

loading, and endocytosis mediated through the transferrin receptor facilitated siRNA 

entry comparable to lipofectamine transfection in vitro. Similar success was achieved 

with an anti-CD4 antibody-conjugated lipid NP vector delivering siRNA to Th1 T cells 

(470). 

Delivering miRNA to specific macrophages at the site of TB infection presents different 

challenges, when trying to avoid phagocytosis by unrelated tissue macrophages. An 
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ingenious solution may have been engineered by Zang et al. in their efforts to deliver a 

miR-155 mimic into M2 tumour-associated macrophages, and promote a switch to 

tumour clearing M1 macrophages (471). Their multi-layered calcium phosphonate NPs 

are PEGylated on the outer layer to prevent complement binding, and aggregate at the 

tumour due to the enhanced permeability and retention effect. The enhanced 

permeability and retention effect drives aggregation of NPs at tumour sites, 

hypothetically caused by increased local leaky vascularisation without sufficient 

adjacent lymph drainage (472). Zang et al. showed that within the acidic tumour 

microenvironment, their NPs’ pH-sensitive outer lipids dissociate to uncover covalently 

bound PEG-mannose. Expression of the mannose receptor CD206 is high on the anti-

inflammatory tumour-associated macrophages, and the now free mannose facilitates 

endocytosis and miRNA delivery (471). This same device could be applied to the TB 

granuloma with similar effect. Whilst the centre of the caseous granuloma is neutrally 

charged, the environment at the caseous cuff is acidic (473). In this scenario, miRNA-

loaded particles would aggregate at the highly vascularised granuloma zone (474, 475), 

and extravasate towards the acidic caseous cuff microenvironment where mannose 

residues would be revealed in a pH-dependent manner. This would then allow uptake 

by granuloma macrophages exhibiting an M2 phenotype, delivering a miRNA package to 

propel phenotypic conversion. As observed in chapter 2, mycobacterial infection 

induced CD206 expression in alveolar and peritoneal macrophage cell lines. Moreover, 

CD206-expressing macrophages are common in human necrotic and non-necrotic TB 

granulomas (476). As discussed above, the already validated targets of miR-652 have 

marked relevance to macrophage function and TB disease, making miR-652 an excellent 

candidate for delivery in this system. The known oncogenic potential of miR-652 in 

specific tissue contexts emphasises the value in such targeted delivery systems, and the 

probable necessity for targeted delivery of miR-652. Alternatively, miR-652 gene targets 

associated with a specific disease could be targeted by different means, particularly in 

situations where oncogenesis is more likely.  
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6.4. Limitations 
The in vitro and in vivo infection studies described in chapter 4 have several limitations. 

miR-652-/- macrophages presented a clear phenotype of impaired cytokine expression, 

but the regulatory mechanisms controlling this in the absence of miR-652 were not 

elucidated. Differential activation of the AKT-mTOR pathway in these cells provides one 

avenue for investigation, but more detailed mechanistic investigation is necessary. 

The ethical restrictions on survival studies, along with the practicality and expense of 

housing infected mice long-term prevented a survival analysis of M. tuberculosis-

infected miR-652-/- mice. Functional analysis of leukocytes in chronically infection miR-

652-/- mice was also not possible. Considering the importance of CD8+ T cells in long term 

TB control and the potential regulation of CD8+ T cell differentiation through LLGL1, 

analysis of infected mice over a longer timescale would be prudent. Analysis of other 

infections where CD8+ T cells dominate, such as Influenza infection, would also be 

interesting to pursue. 

Limitations were present in the analysis of L. monocytogenes-infected mice in chapter 

5. Due to practical timing limitations, only the spleens of TP wild type and miR-652-/- 

mice were analysed by flow cytometry. Thus, the composition and activation status of 

spleen leukocyte populations were not analysed in the ET mice most susceptible to 

infection. Furthermore, liver tissue was not dissociated for flow cytometry analysis. 

Considering the dramatic differences seen in liver histology between wild type and 

miR-652-/- mice during Listeria infection, analysing leukocyte recruitment and activation 

in the liver would contribute greatly towards the picture of immune dysregulation in 

miR-652-/- mice. 

Despite the wealth of information contained in the proteomic analysis in chapter 5, few 

of the identified proteins and pathways have been thoroughly investigated. As a result, 

the mechanisms by which key immune pathways are regulated remain elusive. This 

includes cathepsins in the lysosome pathway, and the enzymes of the glycolysis and 

pentose phosphate pathways. There is a valuable opportunity for the experimental 

analysis of these pathways in miR-652-/- mice during bacterial infection. 
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6.5. Future Studies 
As an initial priority, further research must characterise the activities of miR-652 in 

immune cell populations in-depth. This miRNA clearly has important functions in innate 

immunity, potentially in regulating the movement and function of macrophages, 

monocytes, neutrophils, or NK cells. The acute Listeria infection is a suitable model to 

dissect these effects, though the tissue context, especially when detailing the functions 

of tissue resident macrophages, must be carefully considered. 

As discussed here, known targets of miR-652 could potentiate vulnerability to bacterial 

infection, and each of HOXA9, RORA, ZEB1, and KLF9 present as fantastic targets for 

investigation. As transcription factors these proteins have potential to manoeuvre broad 

pathways, with great influence over cell activities. The presence or absence of certain 

transcription cofactors has critical effect in determining the final activity of these 

proteins, and this should be investigated in the bacterial infection context. 

Any influence miR-652 has on cell metabolism could have huge implications for both 

infectious and non-infectious disease. The application of metabolic flux assays would be 

useful to investigating miR-652-/- macrophage metabolism, with and without 

mycobacterial infection, to determine the associated regulatory mechanism. 

The data in this thesis is decidedly valuable in elucidating the weighty impact of miR-652 

on the immune system, and it has opened many exciting avenues for investigation. 

 

6.6. Conclusion 
Mycobacterium tuberculosis continues to evolve with modern challenges, and anti-

tuberculosis treatments must continue to evolve alongside. Host-directed miRNA 

therapies show the enormous potential needed to tackle MDR TB and the pathological 

inflammation of chronic TB. miR-652 has great prospect in this setting, though its 

activities in the innate immune cells must first be more fully elucidated. Chapter 2 

described the phenotypic plasticity of tissue resident macrophages in response to 

mycobacterial infection. Chapter 4 demonstrated the proinflammatory roles miR-652 
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plays in this macrophage response. miR-652 deficiency led to decreased release of IL-6 

in vitro, but did not impair bacterial control in vivo. Chapter 5 made it very clear miR-652 

is an important regulator of the in vivo innate immune response to bacterial infection. 

miR-652-/- mice were very susceptible to acute Listeria monocytogenes infection, and 

proteomic results indicted dysregulation of key antimicrobial pathways in infected 

peritoneal macrophages. Overall, this thesis has depicted miR-652 as a prominent 

immune regulator, and discussed the exciting possibilities for a miR-652-based 

therapeutic in tuberculosis treatment.  
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Abstract
microRNA are small non-coding RNAmolecules which inhibit gene expression by binding mRNA, preventing its translation. As
important regulators of gene expression, there is increasing interest in microRNAs as potential diagnostic biomarkers and
therapeutic targets. Studies investigating the role of one of the miRNA—miR-652-3p—detail diverse roles for this miRNA in
normal cell homoeostasis and disease states, including cancers, cardiovascular disease, mental health, and central nervous system
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disease progression. These studies demonstrate that miR-652-3p targets LLGL1 and ZEB1 to modulate cell polarity mechanisms,
with impacts on cancer metastasis and asymmetric cell division. Inhibition of the NOTCH ligand JAG1 by miR-652-3p can have
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Online Resource 1 miRNAs dysregulated with miR-652-3p

* Frequency column describes how many times each miRNA is dysregulated with miR-652-3p

Author Year Journal Species Disease/indication/cells Compartment miR-652-3p change Assoc. miR Assoc. miR change Frequency Accession

Allantz et al. 2012 PLOS One Human Immune cell subsets Circulating leukocytes Up hsa-miR-143-3p Up 6 MIMAT0000435

Allantz et al. 2012 PLOS One Human Immune cell subsets Circulating leukocytes Up hsa-miR-223-3p Up 7 MIMAT0000280

Andersen et al. 2014 Journal of Molecular Diagnostics Human Malignant pleural mesothelioma Tumour biopsy Down hsa-miR-126-3p Down 4 MIMAT0000445

Andersen et al. 2014 Journal of Molecular Diagnostics Human Malignant pleural mesothelioma Tumour biopsy Down hsa-miR-143-3p Down 6 MIMAT0000435

Andersen et al. 2014 Journal of Molecular Diagnostics Human Malignant pleural mesothelioma Tumour biopsy Down hsa-miR-145-5p Down 3 MIMAT0000437

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Down hsa-miR-133a-3p Up 1 MIMAT0000427

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Down hsa-miR-146a-5p Up 5 MIMAT0000449

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Down hsa-miR-21-5p Up 6 MIMAT0000076

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Down hsa-miR-221-3p Up 4 MIMAT0000278

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Down hsa-miR-223-3p Up 7 MIMAT0000280

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Down hsa-miR-26a-5p Up 4 MIMAT0000082

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Down hsa-miR-28-5p Up 1 MIMAT0000085

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Down hsa-miR-29a-3p Up 6 MIMAT0000086

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Down hsa-miR-99b-5p Up 4 MIMAT0000689

Bruno et al. 2016 International Journal of Cardiology Human Heart failure Plasma Down hsa-let-7i-5p Up 2 MIMAT0000415

Bruno et al. 2016 International Journal of Cardiology Human Heart failure Plasma Down hsa-miR-199a-3p Up 5 MIMAT0000232

Bruno et al. 2016 International Journal of Cardiology Human Heart failure Plasma Down hsa-miR-27a-3p Down 5 MIMAT0000084

Bruno et al. 2016 International Journal of Cardiology Human Heart failure Plasma Down hsa-miR-423-5p Up 5 MIMAT0004748

Carreras-Badosa et al. 2015 Journal of Clinical Endocrinology & Metabolism Human Gestational obesity Plasma Down hsa-miR-122-5p Down 1 MIMAT0000421

Carreras-Badosa et al. 2015 Journal of Clinical Endocrinology & Metabolism Human Gestational obesity Plasma Down hsa-miR-324-3p Down 2 MIMAT0000762

Carreras-Badosa et al. 2015 Journal of Clinical Endocrinology & Metabolism Human Gestational obesity Plasma Down hsa-miR-375-3p Down 2 MIMAT0000728

Carreras-Badosa et al. 2015 Journal of Clinical Endocrinology & Metabolism Human Gestational obesity Plasma Down hsa-miR-625-5p Up 1 MIMAT0003294

Cuk et al. 2013 PLOS One Human Breast cancer Plasma Up hsa-miR-127-3p Down 1 MIMAT0000446

Cuk et al. 2013 PLOS One Human Breast cancer Plasma Up hsa-miR-148b-3p Down 3 MIMAT0000759

Cuk et al. 2013 PLOS One Human Breast cancer Plasma Up hsa-miR-376a-3p Down 2 MIMAT0000729

Cuk et al. 2013 PLOS One Human Breast cancer Plasma Up hsa-miR-376c-3p Down 2 MIMAT0000720

Cuk et al. 2013 PLOS One Human Breast cancer Plasma Up hsa-miR-409-3p Down 1 MIMAT0001639

Dahlman et al. 2017 American Journal of Physiology-Endocrinology and Metabolism Human Obesity White adipose tissue Down hsa-miR-143-3p Up 6 MIMAT0000435

Fernandez-Costa et al. 2016 PLOS One Human Myotonic dystrophy type 1 Serum Up hsa-miR-103a-3p Up 4 MIMAT0000101

Fernandez-Costa et al. 2016 PLOS One Human Myotonic dystrophy type 1 Serum Up hsa-miR-107 Up 4 MIMAT0000104

Fernandez-Costa et al. 2016 PLOS One Human Myotonic dystrophy type 1 Serum Up hsa-miR-21-5p Down 6 MIMAT0000076

Fernandez-Costa et al. 2016 PLOS One Human Myotonic dystrophy type 1 Serum Up hsa-miR-29a-3p Down 6 MIMAT0000086

Fernandez-Costa et al. 2016 PLOS One Human Myotonic dystrophy type 1 Serum Up hsa-miR-30c-5p Up 2 MIMAT0000244

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-100-5p Down 1 MIMAT0000098

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-101-3p Down 3 MIMAT0000099

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-125b-5p Down 1 MIMAT0000423

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-126-3p Down 4 MIMAT0000445

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-126-3p Down 4 MIMAT0000445

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-130a-3p Down 1 MIMAT0000425

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-143-3p Down 6 MIMAT0000435

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-145-5p Down 3 MIMAT0000437

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-181a-5p Down 6 MIMAT0000256

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-18a-5p Up 6 MIMAT0000072

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-21-5p Up 6 MIMAT0000076

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-22-3p Up 3 MIMAT0000077

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-26a-5p Down 4 MIMAT0000082

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-26b-5p Down 5 MIMAT0000083
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Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-29a-3p Down 6 MIMAT0000086

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-29c-3p Down 3 MIMAT0000681

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-30a-5p Down 2 MIMAT0000087

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-30b-5p Down 3 MIMAT0000420

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-30d-5p Down 2 MIMAT0000245

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-30e-5p Down 3 MIMAT0000692

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-31-5p Up 2 MIMAT0000089

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-320a-3p Down 3 MIMAT0000510

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-34a-5p Up 4 MIMAT0000255

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-412-3p Up 1 MIMAT0002170

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-451a Down 2 MIMAT0001631

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-504-5p Up 1 MIMAT0002875

Gao et al. 2011 Journal of Cancer Research and Clinical Oncology Human Non-small cell lung cancer Tumour tissue Down hsa-miR-99a-5p Down 1 MIMAT0000097

He et al. 2018 Journal of Cellular Biochemistry Rat Neuron differentiation Neural stem cells Up rno-miR-155-5p Up 1 MIMAT0030409

He et al. 2018 Journal of Cellular Biochemistry Rat Neuron differentiation Neural stem cells Up rno-miR-210-3p Up 1 MIMAT0000881

He et al. 2018 Journal of Cellular Biochemistry Rat Neuron differentiation Neural stem cells Up rno-miR-29a-5p Up 1 MIMAT0004718

He et al. 2018 Journal of Cellular Biochemistry Rat Neuron differentiation Neural stem cells Up rno-miR-674-5p Up 1 MIMAT0005329

Ji et al. 2018 Ebiomedicine Human Colorectal cancer Serum Down hsa-miR-328-3p Down 3 MIMAT0000752

Ji et al. 2018 Ebiomedicine Human Colorectal cancer Serum Down hsa-miR-342-3p Down 1 MIMAT0000753

Ji et al. 2018 Ebiomedicine Human Colorectal cancer Serum Down hsa-miR-501-3p Down 1 MIMAT0004774

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-142-3p Up 3 MIMAT0000434

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-155-5p Up 1 MIMAT0000646

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-15b-5p Up 5 MIMAT0000417

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-17-5p Up 2 MIMAT0000070

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-193a-5p Up 1 MIMAT0004614

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-195-5p Up 1 MIMAT0000461

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-21-5p Up 6 MIMAT0000076

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-29a-3p Up 6 MIMAT0000086

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-29c-3p Up 3 MIMAT0000681

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-331-3p Up 3 MIMAT0000760

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-339-3p Up 2 MIMAT0004702

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-423-5p Up 5 MIMAT0004748

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-532-3p Up 2 MIMAT0004780

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma Plasma Up hsa-miR-532-5p Up 3 MIMAT0002888

Lai et al. 2011 PLOS One Human Schizophrenia Periferal blood mononuclear cells Up hsa-miR-34a-5p Up 4 MIMAT0000255

Lai et al. 2011 PLOS One Human Schizophrenia Periferal blood mononuclear cells Up hsa-miR-432-5p Down 1 MIMAT0002814

Lai et al. 2011 PLOS One Human Schizophrenia Periferal blood mononuclear cells Up hsa-miR-449a Up 2 MIMAT0001541

Lai et al. 2011 PLOS One Human Schizophrenia Periferal blood mononuclear cells Up hsa-miR-548d-3p Up 1 MIMAT0003323

Lai et al. 2011 PLOS One Human Schizophrenia Periferal blood mononuclear cells Up hsa-miR-564 Up 1 MIMAT0003228

Lai et al. 2011 PLOS One Human Schizophrenia Periferal blood mononuclear cells Up hsa-miR-572 Up 1 MIMAT0003237

Lai et al. 2016 Translational Psychiatry Human Schizophrenia Periferal blood mononuclear cells None hsa-miR-34a-5p Up 4 MIMAT0000255

Lai et al. 2016 Translational Psychiatry Human Schizophrenia Periferal blood mononuclear cells None hsa-miR-449a Up 2 MIMAT0001541

Lee et al. 2018 Frontiers in Psychiatry Human Internet gaming disorder Plasma Down hsa-miR-200c-3p Down 3 MIMAT0000617

Lee et al. 2018 Frontiers in Psychiatry Human Internet gaming disorder Plasma Down hsa-miR-26b-5p Down 5 MIMAT0000083

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-let-7f-5p Up 2 MIMAT0000067

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-let-7g-5p Up 1 MIMAT0000414

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-101-3p Up 3 MIMAT0000099

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-135b-5p Up 2 MIMAT0000758

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-1-3p Up 2 MIMAT0000416

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-140-5p Up 3 MIMAT0000431

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-144-3p Up 1 MIMAT0000436

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-146a-5p Up 5 MIMAT0000449

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-152-3p Up 1 MIMAT0000438

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-153-3p Up 1 MIMAT0000439

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-15b-5p Up 5 MIMAT0000417

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-18a-5p Up 6 MIMAT0000072

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-194-5p Up 2 MIMAT0000460

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-196a-5p Up 1 MIMAT0000226

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-196b-5p Up 2 MIMAT0001080

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-203a-3p Up 1 MIMAT0000264

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-301a-3p Up 2 MIMAT0000688

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-339-5p Up 2 MIMAT0000764
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Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-34c-5p Up 1 MIMAT0000686

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-369-3p Up 1 MIMAT0000721

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-374b-5p Up 2 MIMAT0004955

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-376c-3p Up 2 MIMAT0000720

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-380-3p Up 1 MIMAT0000735

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-423-5p Up 5 MIMAT0004748

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-454-3p Up 1 MIMAT0003885

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-515-3p Up 1 MIMAT0002827

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-519b-3p Up 1 MIMAT0002837

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-553 Up 1 MIMAT0003216

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-580-3p Up 1 MIMAT0003245

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-586 Up 1 MIMAT0003252

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-665 Up 1 MIMAT0004952

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-7-5p Up 2 MIMAT0000252

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-802 Up 1 MIMAT0004185

Lewohl et al. 2011 Alcoholism-Clinical and Experimental Research Human Alcoholism Brain tissue Up hsa-miR-92a-3p Up 2 MIMAT0000092

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-let-7a-5p Up 3 MIMAT0000062

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-let-7b-5p Up 1 MIMAT0000063

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-125a-5p Up 3 MIMAT0000443

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-148b-3p Down 3 MIMAT0000759

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-181a-5p Up 6 MIMAT0000256

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-182-5p Up 2 MIMAT0000259

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-185-5p Up 4 MIMAT0000455

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-221-3p Up 4 MIMAT0000278

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-25-3p Up 3 MIMAT0000081

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-320a-3p Up 3 MIMAT0000510

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-942-5p Up 2 MIMAT0004985

Liguori et al. 2018 Human Molecular Genetics Human Multiple Sclerosis Whole blood Up hsa-miR-99b-5p Up 4 MIMAT0000689

Liu et al. 2011 European Journal of Cancer Human Gastric cancer Serum Up hsa-miR-1-3p Up 2 MIMAT0000416

Liu et al. 2011 European Journal of Cancer Human Gastric cancer Serum Up hsa-miR-20a-5p Up 3 MIMAT0000075

Liu et al. 2011 European Journal of Cancer Human Gastric cancer Serum Up hsa-miR-27a-3p Up 5 MIMAT0000084

Liu et al. 2011 European Journal of Cancer Human Gastric cancer Serum Up hsa-miR-34a-5p Up 4 MIMAT0000255

Liu et al. 2011 European Journal of Cancer Human Gastric cancer Serum Up hsa-miR-423-5p Up 5 MIMAT0004748

Lulla et al. 2011 Sarcoma Human Osteosarcoma Tumour tissue Up hsa-miR-135b-5p Up 2 MIMAT0000758

Lulla et al. 2011 Sarcoma Human Osteosarcoma Tumour tissue Up hsa-miR-150-5p Up 2 MIMAT0000451

Lulla et al. 2011 Sarcoma Human Osteosarcoma Tumour tissue Up hsa-miR-542-5p Up 1 MIMAT0003340

Mangolini et al. 2015 Biomarker Research Human Breast cancer Serum Down hsa-miR-148b-3p Down 3 MIMAT0000759

McDermott et al. 2014 PLOS One Human Breast cancer Blood Down hsa-miR-181a-5p Down 6 MIMAT0000256

McDermott et al. 2014 PLOS One Human Breast cancer Blood Down hsa-miR-223-3p Down 7 MIMAT0000280

McDermott et al. 2014 PLOS One Human Breast cancer Blood Down hsa-miR-29a-3p Down 6 MIMAT0000086

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-let-7a-5p Down 3 MIMAT0000062

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-let-7d-3p Up 2 MIMAT0004484

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-let-7d-5p Down 1 MIMAT0000065

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-let-7f-5p Down 2 MIMAT0000067

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-106b-5p Down 2 MIMAT0000680

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-107 Down 4 MIMAT0000104

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-1184 Up 1 MIMAT0005829

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-1236-3p Up 1 MIMAT0005591

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-1255b-2-3p Up 1 MIMAT0022725

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-125b-2-3p Up 1 MIMAT0004603

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-1260a Down 1 MIMAT0005911

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-1260b Down 1 MIMAT0015041

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-1275 Down 1 MIMAT0005929

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-130b-3p Up 2 MIMAT0000691

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-133b Up 1 MIMAT0000770

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-138-2-3p Down 1 MIMAT0004596

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-142-3p Down 3 MIMAT0000434

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-142-5p Down 2 MIMAT0000433

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-146a-5p Down 5 MIMAT0000449

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-147b-3p Up 1 MIMAT0004928

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-148a-3p Down 1 MIMAT0000243

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-150-5p Up 2 MIMAT0000451
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Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-1587 Down 1 MIMAT0019077

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-15a-5p Down 1 MIMAT0000068

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-15b-5p Down 5 MIMAT0000417

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-16-5p Down 1 MIMAT0000069

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-181a-5p Down 6 MIMAT0000256

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-185-5p Down 4 MIMAT0000455

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-18b-3p Up 1 MIMAT0004751

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-196b-3p Down 1 MIMAT0009201

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-1973 Down 1 MIMAT0009448

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-197-3p Down 3 MIMAT0000227

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-19a-3p Down 2 MIMAT0000073

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-200b-3p Up 1 MIMAT0000318

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-20b-3p Down 1 MIMAT0004752

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-20b-5p Down 2 MIMAT0001413

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-2113 Up 1 MIMAT0009206

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-2115-3p Down 1 MIMAT0011159

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-21-5p Down 6 MIMAT0000076

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-221-5p Up 1 MIMAT0004568

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-223-3p Down 7 MIMAT0000280

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-22-3p Down 3 MIMAT0000077

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-224-3p Up 1 MIMAT0009198

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-2355-3p Up 1 MIMAT0017950

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-23b-3p Down 2 MIMAT0000418

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-23c Up 1 MIMAT0018000

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-24-3p Down 1 MIMAT0000080

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-25-3p Down 3 MIMAT0000081

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-26a-5p Down 4 MIMAT0000082

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-27a-3p Down 5 MIMAT0000084

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-27b-3p Down 3 MIMAT0000419

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-296-5p Up 1 MIMAT0000690

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-299-3p Down 1 MIMAT0000687

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-29c-3p Down 3 MIMAT0000681

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-301a-3p Down 2 MIMAT0000688

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-30a-5p Down 2 MIMAT0000087

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-30b-5p Down 3 MIMAT0000420

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-30e-3p Up 1 MIMAT0000693

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-30e-5p Down 3 MIMAT0000692

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3156-3p Up 1 MIMAT0019209

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3175 Down 1 MIMAT0015052

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3182 Down 1 MIMAT0015062

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3191-5p Up 1 MIMAT0022732

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-323a-3p Up 2 MIMAT0000755

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-331-3p Down 3 MIMAT0000760

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-339-5p Down 2 MIMAT0000764

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-33b-5p Up 1 MIMAT0003301

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-361-5p Up 2 MIMAT0000703

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3646 Down 1 MIMAT0018065

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3651 Down 1 MIMAT0018071

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3654 Down 1 MIMAT0018074

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-365a-3p Down 1 MIMAT0000710

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3680-5p Up 1 MIMAT0018106

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3685 Up 1 MIMAT0018113

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-374a-5p Down 1 MIMAT0000727

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-374b-3p Up 1 MIMAT0004956

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-374b-5p Down 2 MIMAT0004955

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-374c-3p Up 1 MIMAT0022735

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-375-3p Down 2 MIMAT0000728

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-377-5p Up 1 MIMAT0004689

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-378c Down 1 MIMAT0016847

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3938 Up 1 MIMAT0018353

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-3941 Up 1 MIMAT0018357

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-424-5p Down 1 MIMAT0001341
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Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4268 Up 1 MIMAT0016896

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4278 Up 1 MIMAT0016910

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4279 Down 1 MIMAT0016909

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4286 Down 1 MIMAT0016916

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4324 Up 1 MIMAT0016876

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4429 Down 1 MIMAT0018944

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4431 Up 1 MIMAT0018947

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4436b-5p Up 1 MIMAT0019940

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4445-5p Down 1 MIMAT0018963

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4450 Down 1 MIMAT0018971

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4454 Down 1 MIMAT0018976

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4467 Down 1 MIMAT0018994

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4500 Down 1 MIMAT0019036

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4511 Up 1 MIMAT0019048

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-451a Up 2 MIMAT0001631

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-451b Down 1 MIMAT0019840

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4540 Up 1 MIMAT0019083

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4633-5p Down 1 MIMAT0019689

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4636 Down 1 MIMAT0019693

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4644 Down 1 MIMAT0019704

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4653-3p Down 1 MIMAT0019719

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4664-3p Up 1 MIMAT0019738

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4668-5p Down 1 MIMAT0019745

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4678 Up 1 MIMAT0019762

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4685-3p Up 1 MIMAT0019772

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4695-3p Down 1 MIMAT0019789

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4728-3p Up 1 MIMAT0019850

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4787-5p Down 1 MIMAT0019956

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-4804-3p Up 1 MIMAT0019985

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-483-3p Down 1 MIMAT0002173

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-485-3p Up 1 MIMAT0002176

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-486-5p Up 1 MIMAT0002177

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-493-5p Down 1 MIMAT0002813

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-498-5p Up 1 MIMAT0002824

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-5000-3p Down 1 MIMAT0021020

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-5002-3p Up 1 MIMAT0021024

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-5089-5p Down 1 MIMAT0021081

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-532-5p Down 3 MIMAT0002888

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-548ao-3p Up 1 MIMAT0021030

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-548as-3p Up 1 MIMAT0022268

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-550a-3p Up 1 MIMAT0003257

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-550b-3p Up 1 MIMAT0018445

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-551a Up 1 MIMAT0003214

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-5581-3p Down 1 MIMAT0022276

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-5684 Down 1 MIMAT0022473

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-5689 Up 1 MIMAT0022481

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-5690 Up 1 MIMAT0022482

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-615-3p Up 1 MIMAT0003283

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-657 Up 1 MIMAT0003335

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-660-5p Down 2 MIMAT0003338

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-664b-5p Down 1 MIMAT0022271

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-675-3p Up 1 MIMAT0006790

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-7-2-3p Up 1 MIMAT0004554

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-7-5p Down 2 MIMAT0000252

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-92b-3p Down 1 MIMAT0003218

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-93-3p Down 1 MIMAT0004509

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-935 Up 1 MIMAT0004978

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-93-5p Down 2 MIMAT0000093

Meng et al. 2014 BMC Microbiology Human Macrophages Macrophage cell line Down hsa-miR-937-3p Down 1 MIMAT0004980

Nielsen et al. 2014 PLOS One Human Endurance exercise Plasma Down hsa-let-7i-5p Down 2 MIMAT0000415

Nielsen et al. 2014 PLOS One Human Endurance exercise Plasma Down hsa-miR-106a-5p Down 4 MIMAT0000103

Nielsen et al. 2014 PLOS One Human Endurance exercise Plasma Down hsa-miR-146a-5p Down 5 MIMAT0000449
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Nielsen et al. 2014 PLOS One Human Endurance exercise Plasma Down hsa-miR-151a-3p Down 2 MIMAT0000757

Nielsen et al. 2014 PLOS One Human Endurance exercise Plasma Down hsa-miR-151a-5p Down 1 MIMAT0004697

Nielsen et al. 2014 PLOS One Human Endurance exercise Plasma Down hsa-miR-221-3p Down 4 MIMAT0000278

Nielsen et al. 2014 PLOS One Human Endurance exercise Plasma Down hsa-miR-30b-5p Down 3 MIMAT0000420

Nuzziello et al. 2018 International Journal of Molecular Sciences Human Multiple Sclerosis Whole blood Up hsa-miR-125a-5p Up 3 MIMAT0000443

Nuzziello et al. 2018 International Journal of Molecular Sciences Human Multiple Sclerosis Whole blood Up hsa-miR-185-5p Up 4 MIMAT0000455

Nuzziello et al. 2018 International Journal of Molecular Sciences Human Multiple Sclerosis Whole blood Up hsa-miR-25-3p Up 3 MIMAT0000081

Nuzziello et al. 2018 International Journal of Molecular Sciences Human Multiple Sclerosis Whole blood Up hsa-miR-320a-3p Up 3 MIMAT0000510

Nuzziello et al. 2018 International Journal of Molecular Sciences Human Multiple Sclerosis Whole blood Up hsa-miR-942-5p Up 2 MIMAT0004985

Ovchinnikova 2016 European Journal of Heart Failure Human Heart failure Plasma Down hsa-miR-106a-5p Down 4 MIMAT0000103

Ovchinnikova et al. 2016 European Journal of Heart Failure Human Heart failure Plasma Down hsa-miR-18a-5p Down 6 MIMAT0000072

Ovchinnikova et al. 2016 European Journal of Heart Failure Human Heart failure Plasma Down hsa-miR-199a-3p Down 5 MIMAT0000232

Ovchinnikova et al. 2016 European Journal of Heart Failure Human Heart failure Plasma Down hsa-miR-26b-5p Down 5 MIMAT0000083

Ovchinnikova et al. 2016 European Journal of Heart Failure Human Heart failure Plasma Down hsa-miR-27a-3p Down 5 MIMAT0000084

Ovchinnikova et al. 2016 European Journal of Heart Failure Human Heart failure Plasma Down hsa-miR-30e-5p Down 3 MIMAT0000692

Pergoli et al. 2017 Particle and Fibre Toxicology Human Cardiovascular disease Extracellular vescicles Down hsa-let-7c-5p Down 1 MIMAT0000064

Pergoli et al. 2017 Particle and Fibre Toxicology Human Cardiovascular disease Extracellular vescicles Down hsa-miR-106a-5p Down 4 MIMAT0000103

Pergoli et al. 2017 Particle and Fibre Toxicology Human Cardiovascular disease Extracellular vescicles Down hsa-miR-143-3p Down 6 MIMAT0000435

Pergoli et al. 2017 Particle and Fibre Toxicology Human Cardiovascular disease Extracellular vescicles Down hsa-miR-185-5p Down 4 MIMAT0000455

Pergoli et al. 2017 Particle and Fibre Toxicology Human Cardiovascular disease Extracellular vescicles Down hsa-miR-218-5p Down 1 MIMAT0000275

Pergoli et al. 2017 Particle and Fibre Toxicology Human Cardiovascular disease Extracellular vescicles Down hsa-miR-331-3p Down 3 MIMAT0000760

Pergoli et al. 2017 Particle and Fibre Toxicology Human Cardiovascular disease Extracellular vescicles Down hsa-miR-642a-5p Down 1 MIMAT0003312

Pergoli et al. 2017 Particle and Fibre Toxicology Human Cardiovascular disease Extracellular vescicles Down hsa-miR-99b-5p Down 4 MIMAT0000689

Pilbrow et al. 2014 International Journal of Cardiology Human Acute coronary syndrome Plasma Up hsa-miR-27b-3p Up 3 MIMAT0000419

Pilbrow et al. 2014 International Journal of Cardiology Human Acute coronary syndrome Plasma Up hsa-miR-323a-3p Up 2 MIMAT0000755

Roderburg et al. 2012 PLOS One Human Liver cirrhosis Serum Down hsa-miR-513a-3p Up 1 MIMAT0004777

Roderburg et al. 2012 PLOS One Human Liver cirrhosis Serum Down hsa-miR-571 Up 1 MIMAT0003236

Sahlberg et al. 2015 Clinical Cancer Research Human Breast cancer Serum Up hsa-miR-101-3p Down 3 MIMAT0000099

Sahlberg et al. 2015 Clinical Cancer Research Human Breast cancer Serum Up hsa-miR-103a-3p Up 4 MIMAT0000101

Sahlberg et al. 2015 Clinical Cancer Research Human Breast cancer Serum Up hsa-miR-107 Up 4 MIMAT0000104

Sahlberg et al. 2015 Clinical Cancer Research Human Breast cancer Serum Up hsa-miR-18b-5p Up 1 MIMAT0001412

Sahlberg et al. 2015 Clinical Cancer Research Human Breast cancer Serum Up hsa-miR-20a-5p Up 3 MIMAT0000075

Sahlberg et al. 2015 Clinical Cancer Research Human Breast cancer Serum Up hsa-miR-223-3p Up 7 MIMAT0000280

Sahlberg et al. 2015 Clinical Cancer Research Human Breast cancer Serum Up hsa-miR-30d-5p Up 2 MIMAT0000245

Sahlberg et al. 2015 Clinical Cancer Research Human Breast cancer Serum Up hsa-miR-32-5p Down 2 MIMAT0000090

Santarelli et al. 2011 Biological Psychiatry Human Schizophrenia Brain tissue Up hsa-miR-107 Up 4 MIMAT0000104

Santarelli et al. 2011 Biological Psychiatry Human Schizophrenia Brain tissue Up hsa-miR-134-5p Up 1 MIMAT0000447

Santarelli et al. 2011 Biological Psychiatry Human Schizophrenia Brain tissue Up hsa-miR-17-5p Up 2 MIMAT0000070

Santarelli et al. 2011 Biological Psychiatry Human Schizophrenia Brain tissue Up hsa-miR-328-3p Up 3 MIMAT0000752

Santarelli et al. 2011 Biological Psychiatry Human Schizophrenia Brain tissue Up hsa-miR-382-5p Up 1 MIMAT0000737

Shin et al. 2015 Molecular Cancer Human Gastric cancer Plasma Up hsa-miR-140-5p Up 3 MIMAT0000431

Shin et al. 2015 Molecular Cancer Human Gastric cancer Plasma Up hsa-miR-18a-5p Up 6 MIMAT0000072

Shin et al. 2015 Molecular Cancer Human Gastric cancer Plasma Up hsa-miR-199a-3p Up 5 MIMAT0000232

Shin et al. 2015 Molecular Cancer Human Gastric cancer Plasma Up hsa-miR-627-5p Up 1 MIMAT0003296

Shin et al. 2015 Molecular Cancer Human Gastric cancer Plasma Up hsa-miR-629-3p Up 1 MIMAT0003298

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-106b-5p Up 2 MIMAT0000680

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-126-3p Up 4 MIMAT0000445

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-1305 Down 1 MIMAT0005893

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-140-3p Up 1 MIMAT0004597

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-140-5p Up 3 MIMAT0000431

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-142-3p Up 3 MIMAT0000434

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-142-5p Up 2 MIMAT0000433

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-143-3p Up 6 MIMAT0000435

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-145-5p Up 3 MIMAT0000437

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-146a-5p Up 5 MIMAT0000449

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-146b-5p Up 3 MIMAT0002809

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-151a-3p Up 2 MIMAT0000757

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-181a-5p Up 6 MIMAT0000256

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-182-5p Up 2 MIMAT0000259

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-18a-5p Up 6 MIMAT0000072

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-191-5p Up 1 MIMAT0000440

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-199a-3p Up 5 MIMAT0000232
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Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-19a-3p Up 2 MIMAT0000073

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-19b-3p Up 1 MIMAT0000074

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-200a-3p Up 1 MIMAT0000682

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-200c-3p Up 3 MIMAT0000617

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-20a-5p Up 3 MIMAT0000075

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-20b-5p Up 2 MIMAT0001413

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-221-3p Up 4 MIMAT0000278

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-222-3p Up 2 MIMAT0000279

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-223-3p Up 7 MIMAT0000280

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-224-5p Up 1 MIMAT0000281

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-26a-5p Up 4 MIMAT0000082

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-26b-5p Up 5 MIMAT0000083

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-324-3p Up 2 MIMAT0000762

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-339-3p Up 2 MIMAT0004702

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-429 Up 1 MIMAT0001536

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-491-5p Up 1 MIMAT0002807

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-573 Up 1 MIMAT0003238

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-93-5p Up 2 MIMAT0000093

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-96-5p Up 1 MIMAT0000095

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Up hsa-miR-99b-5p Up 4 MIMAT0000689

Vegter et al. 2017 Clinical Research in Cardiology Human Heart failure Plasma Down hsa-miR-18a-5p Down 6 MIMAT0000072

Vegter et al. 2017 Clinical Research in Cardiology Human Heart failure Plasma Down hsa-miR-199a-3p Down 5 MIMAT0000232

Vegter et al. 2017 Clinical Research in Cardiology Human Heart failure Plasma Down hsa-miR-223-3p Down 7 MIMAT0000280

Vegter et al. 2017 Clinical Research in Cardiology Human Heart failure Plasma Down hsa-miR-27a-3p Down 5 MIMAT0000084

Walker et al. 2015 Journal of Psychiatric Research Human Bipolar disorder Whole blood Up hsa-miR-132-3p Up 1 MIMAT0000426

Walker et al. 2015 Journal of Psychiatric Research Human Bipolar disorder Whole blood Up hsa-miR-15b-5p Up 5 MIMAT0000417

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-103a-3p Down 4 MIMAT0000101

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-106a-5p Down 4 MIMAT0000103

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-146b-5p Up 3 MIMAT0002809

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-15b-5p Up 5 MIMAT0000417

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-197-3p Down 3 MIMAT0000227

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-21-5p Up 6 MIMAT0000076

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-222-3p Up 2 MIMAT0000279

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-22-3p Up 3 MIMAT0000077

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-26b-5p Up 5 MIMAT0000083

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-27b-3p Down 3 MIMAT0000419

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-30c-5p Up 2 MIMAT0000244

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-361-5p Down 2 MIMAT0000703

Wang et al. 2019 Clinical Epigenetics Human Venous thromboembolism Plasma Down hsa-miR-532-5p Up 3 MIMAT0002888

Wang et al. 2020 Journal of Nephrology Human End-stage kidney failure Plasma Down hsa-miR-126-5p Down 1 MIMAT0000444

Wang et al. 2020 Journal of Nephrology Human End-stage kidney failure Plasma Down hsa-miR-423-5p Up 5 MIMAT0004748

Wang et al. 2020 Journal of Nephrology Human End-stage kidney failure Plasma Down hsa-miR-92a-3p Down 2 MIMAT0000092

Xu et al. 2017 Neoplasma Human Colorectal cancer Tumour tissue Down hsa-let-7a-5p Down 3 MIMAT0000062

Xu et al. 2017 Neoplasma Human Colorectal cancer Tumour tissue Down hsa-miR-181a-5p Down 6 MIMAT0000256

Xu et al. 2017 Neoplasma Human Colorectal cancer Tumour tissue Down hsa-miR-197-3p Down 3 MIMAT0000227

Xu et al. 2017 Neoplasma Human Colorectal cancer Tumour tissue Down hsa-miR-32-5p Up 2 MIMAT0000090

Xu et al. 2017 Neoplasma Human Colorectal cancer Tumour tissue Down hsa-miR-328-3p Down 3 MIMAT0000752

Xu et al. 2017 Neoplasma Human Colorectal cancer Tumour tissue Down hsa-miR-505-3p Down 1 MIMAT0002876

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-let-7b-5p Up 1 MIMAT0000775

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-let-7e-5p Up 1 MIMAT0000777

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-10b-5p Up 1 MIMAT0000783

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-134-5p Down 1 MIMAT0000840

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-142-5p Up 1 MIMAT0000847

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-188-5p Up 1 MIMAT0005301

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-200a-3p Up 1 MIMAT0000874

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-208a-3p Up 1 MIMAT0000880

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-296-5p Up 1 MIMAT0000898

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-301b-3p Down 1 MIMAT0005304

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-30d-5p Up 1 MIMAT0000807

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-336-5p Up 1 MIMAT0000576

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-375-3p Up 1 MIMAT0005307

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-448-3p Up 1 MIMAT0001534
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Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-500-3p Up 1 MIMAT0005321

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-501-5p Up 1 MIMAT0003116

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-540-3p Up 1 MIMAT0003174

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-874-3p Up 1 MIMAT0005284

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-879-5p Up 1 MIMAT0005287

Zhang et al. 2014 Journal of Diabetes Research Rat Diabetes Blood Down rno-miR-880-3p Up 1 MIMAT0005288

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-let-7e-5p Down 1 MIMAT0000066

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-103a-3p Down 4 MIMAT0000101

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-125a-5p Up 3 MIMAT0000443

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-130b-3p Down 2 MIMAT0000691

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-146b-5p Up 3 MIMAT0002809

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-186-5p Up 1 MIMAT0000456

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-196b-5p Up 2 MIMAT0001080

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-200c-3p Up 3 MIMAT0000617

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-205-5p Up 1 MIMAT0000266

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-23b-3p Up 2 MIMAT0000418

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-29a-3p Up 6 MIMAT0000086

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-31-5p Up 2 MIMAT0000089

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-376a-3p Up 2 MIMAT0000729

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-410-3p Up 1 MIMAT0002171

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-532-3p Up 2 MIMAT0004780

Zhao et al. 2013 Asian Pacific Journal of Cancer Prevention Human Oesophageal cancer Tumour tissue Up hsa-miR-598-3p Up 1 MIMAT0003266

Zhou et al. 2015 Cancer Letters Human Non-small cell lung cancer Serum Up hsa-miR-194-5p Up 2 MIMAT0000460

Zhou et al. 2015 Cancer Letters Human Non-small cell lung cancer Serum Up hsa-miR-660-5p Up 2 MIMAT0003338

Zurawek et al. 2018 Diabetes Research and Clinical Practice Human Diabetes PBMCs Up hsa-let-7d-3p Down 2 MIMAT0004484

Zurawek et al. 2018 Diabetes Research and Clinical Practice Human Diabetes PBMCs Up hsa-miR-1247-3p Down 1 MIMAT0022721

Zurawek et al. 2018 Diabetes Research and Clinical Practice Human Diabetes PBMCs Up hsa-miR-3180 Down 1 MIMAT0018178

Zurawek et al. 2018 Diabetes Research and Clinical Practice Human Diabetes PBMCs Up hsa-miR-3180-3p Down 1 MIMAT0015058

Zurawek et al. 2018 Diabetes Research and Clinical Practice Human Diabetes PBMCs Up hsa-miR-3652 Down 1 MIMAT0018072

Zurawek et al. 2018 Diabetes Research and Clinical Practice Human Diabetes PBMCs Up hsa-miR-4750-5p Down 1 MIMAT0019887

Zurawek et al. 2018 Diabetes Research and Clinical Practice Human Diabetes PBMCs Up hsa-miR-487a-3p Up 1 MIMAT0002178

Zurawek et al. 2018 Diabetes Research and Clinical Practice Human Diabetes PBMCs Up hsa-miR-885-3p Down 1 MIMAT0004948
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Online Resource 2 Identified disease biomarker signatures utilising miR-652-3p

Author Year Journal Species Indication/disease miRNA location Change

Andersen et al. 2014 Journal of Molecular Diagnostics Human Malignant pleural mesothelioma Tumour biopsy Downregulated

Barry et al. 2018 Journal of Infection Human Tuberculosis Plasma Downregulated

Carreras-Badosa et al. 2015 Journal of Clinical Endocrinology & Metabolism Human Gestational obesity Plasma Downregulated

Cuk et al. 2013 PLOS One Human Breast cancer Plasma Upregulated

Ji et al. 2018 Ebiomedicine Human Colorectal cancer Serum No difference

Kanaan et al. 2013 Annals of Surgery Human Colorectal adenoma (pre-cancer) Plasma Upregulated

Lai et al. 2011 PLOS One Human Schizophrenia PBMCs Upregulated

Lai et al. 2016 Translational Psychiatry Human Schizophrenia PBMCs and brain tissue None

Lee et al. 2018 Frontiers in Psychiatry Human Internet gaming disorder Plasma Downregulated

McDermott et al. 2014 PLOS One Human Breast cancer Blood and tissue Downregulated

Ovchinnikova et al. 2016 European Journal of Heart Failure Human Heart failure Plasma Downregulated

Roderburg et al. 2012 PLOS One Human Liver cirrhosis Serum, circulating leukocytes Downregulated

Sahlberg et al. 2015 Clinical Cancer Research Human Breast cancer Serum Upregulated

Shin et al. 2015 Molecular Cancer Human Gastric cancer Plasma Upregulated

Urquidi et al. 2016 Oncotarget Human Bladder cancer Urothelial portion in urine Upregulated

Xu et al. 2017 Neoplasma Human Colorectal cancer Tumour tissue Upregulated

Zhou et al. 2015 Cancer Letters Human NSCLC (non-small cell lung cancer) Serum Upregulated
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Online Resource 3 Sequences used for inter-species alignment analysis of validated miR-652-3p target genes

Species Gene Accession number

Mus musculus Rora NM_013646.2

Homo sapiens RORA NM_134261.3

Mus musculus Arrb1 NM_177231.2

Homo sapiens ARRB1 NM_004041.5

Mus musculus Mtp18 NM_026443.4

Homo sapiens MTP18 NM_016498.5

Mus musculus Enpp1 NM_001308327.1

Homo sapiens ENPP1 NM_006208.3

Homo sapiens LLGL1 NM_004140.4

Mus musculus Llgl1 NM_001159405.2

Homo sapiens ZEB1 NM_001128128.3

Mus musculus Zeb1 NM_011546.3

Homo sapiens JAG1 NM_000214.3

Mus musculus Jag1 NM_013822.5

Homo sapiens HOXA9 NG_029923.1

Mus musculus Hoxa9 AC113985.11 Reverse

Mus musculus Foxk1 NM_199068.2

Homo sapiens FOXK1 NM_001037165.2

Homo sapiens FGFR1 NM_023110.3

Mus musculus Fgfr1 NM_010206.3

Homo sapiens KCNN3 NM_002249.6

Mus musculus Kcnn3 NM_080466.2

Homo sapiens CCND2 NM_001759.4

Mus musculus Ccnd2 NM_009829.3

Homo sapiens ISL1 NM_002202.3

Mus musculus Isl1 NM_021459.4

Homo sapiens KLF9 NM_001206.4

Mus musculus Klf9 NM_010638.5
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Abstract

Macrophages display marked plasticity with functions in both inflammation and

tissue repair. Evidence demonstrates that this spectrum of macrophage

phenotypes is influenced by their local microenvironment and tissue origin.

However, in vitro macrophage experiments often do not or cannot readily use

macrophages from the most relevant tissue of origin. This study investigated if

the origin of two C57BL/6 mouse macrophage cell lines of alveolar (AMJ2-C11)

and peritoneal (IC-21) origin may influence their response to mycobacterial

infection. Both cell lines equally controlled the growth of Mycobacterium bovis

BCG and Mycobacterium tuberculosis, although the expression of all

proinflammatory cytokines and chemokines measured (TNF, IL-6, MCP-1,

MIP-1a, MIP-1b, and RANTES) was significantly higher in AMJ2-C11 cells

than in IC-21 cells. During M. tuberculosis infection, IL-6, MCP-1, and RANTES

expression increased 5-fold, and MIP-1b expression increased 30-fold.

Additionally, AMJ2-C11 cells exhibited significantly higher inducible nitric

oxide synthase activity than IC-21 cells, indicative of a more polarized M1

response. The expression of multiple surface markers was also assessed by flow

cytometry. CD80 and CD86 were significantly upregulated in AMJ2-C11 cells

and downregulated in IC-21 cells during M. tuberculosis infection. The results

support the notion that the origin of tissue-resident macrophages influences

their phenotype and antimicrobial response and demonstrate hereto

unrecognized potential for these cell lines in in vitro studies.

INTRODUCTION

Macrophages are often the first leukocytes to interact

with invading pathogens and form an integral part of the

innate and adaptive immune systems. Macrophage

activity is influenced by environmental stimuli and the

macrophage phenotype is often lineated into two

categories. M1 macrophages are produced in vitro by

stimulation with pathogen-associated molecules such as

lipopolysaccharide, with or without GM-CSF or IFN-c,
and express proinflammatory cytokines including IL-1b,
IL-6, IL-12, and TNF.1,2 By contrast, Th2-related or anti-

inflammatory cytokines such as IL-4, IL-13, IL-10, and

TGF-b stimulate M2 macrophages, expressing arginase 1

(ARG1) and the anti-inflammatory cytokine IL-10.3

Macrophage plasticity allows switching between the M1

and M2 phenotypes as stimuli change.4 Recent studies

have demonstrated that a binary M1-M2 phenotype

classification does not apply universally to many tissue-

resident macrophage subtypes, and that the macrophage

phenotype is strongly influenced by the tissue of origin.5

Local tissue microenvironments and disease states

generate gene expression profiles unique to tissue-resident

macrophage subtypes, modulating the gene enhancer

landscape of transplanted macrophages to produce a

spectrum of M1-M2 phenotypes.6 Retinoic acid produced
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in the mouse peritoneal cavity induces expression of the

peritoneal macrophage-specific transcription factor

GATA6, which in turn induces TGF-b and ARG1

production, both M2 markers.7 GATA6 is downregulated

when peritoneal macrophages are transplanted to the

lung.6 Peritoneal macrophages express typical M2

macrophage markers, including CD206 and TGF-b.5,8 In

comparison, alveolar macrophages commonly express

both M2 marker CD206 as well as M1 marker CD86 in

steady state.9 The percentage of alveolar macrophages

expressing CD206 and M1-activation associated enzyme,

inducible nitrogen oxide synthase (iNOS), is increased in

smokers and chronic obstructive pulmonary disease

patients.10 Acute Mycobacterium tuberculosis infection

drives mouse alveolar macrophages toward an iNOS+ M1

phenotype, before switching to an ARG1+ M2 phenotype

as chronic infection persists.11

Many in vitro studies utilize immortalized phagocyte

cell lines, such as human THP-1 or murine RAW 264.7

cells, or commonly differentiate macrophages from

circulating human monocytes or mouse bone marrow

progenitors. The polarity of mouse bone marrow-derived

macrophages (BMDM) depends heavily on the cytokines

used in their differentiation.12 BMDMs differentiated

with GM-CSF and M-CSF are phenotypically M1 and

M2, respectively, the former expressing TNF and IL-6,

whilst the latter secrete IL-10 and CCL2.13 Studies in M-

CSF deficient mice identified that M-CSF was essential

for the in vivo development of peritoneal macrophages,

but not alveolar macrophages.14 Secreted cytokine levels

may vary markedly between macrophage cell lines and

change during extended culture.15 Variability in the

steady state phenotype of model cells may influence the

cell’s response to M. tuberculosis infection.

Here we examine the response to mycobacterial

infection by two immortalized C57BL/6 mouse

macrophage cell lines of peritoneal and alveolar origin.

We compare the ability of each cell line to control

bacterial growth, demonstrating distinct proinflammatory

cytokine expression patterns and differing iNOS activity

in macrophage cell lines of different tissue origin. We

demonstrate a more M1 phenotypic profile in the AMJ2-

C11 cells compared with the IC-21 cells, and this also

influences the surface receptor expression patterns

associated with mycobacterial infection.

RESULTS

Macrophages from distinct origins retain control of

mycobacterial growth

In order to assess the effect of tissue origin on the ability

of macrophages to control mycobacteria, bacterial growth

in AMJ2-C11 and IC-21 cultures were measured over

time. Bacterial loads in Mycobacterium bovis Bacillus

Calmette-Gu�erin (BCG)-infected macrophages remained

stable up to 24 h post-infection (hpi), with both cell lines

showing mycobacterial killing by 48 h (P < 0.05,

Figure 1a). Macrophages infected with M. tuberculosis

exhibited a stable bacterial load over the 48 h infection,

and there was no significant difference in the capacity to

control bacterial growth between the two cell lines

(Figure 1b).

iNOS activity is influenced by macrophage tissue origin

The proinflammatory iNOS activity of the macrophage

cell lines was compared through quantification of nitrite,

a downstream product of NO. AMJ2-C11 macrophages

exhibited more iNOS activity than IC-21 macrophages

(Figure 1c). BCG infection of AMJ2-C11 cells induced

significantly more nitrate than BCG infection of IC-21

cells. AMJ2-C11 cells produced similar nitrite levels

during BCG and M. tuberculosis infection. No nitrite

production by IC-21 cells was detected following

M. tuberculosis infection.

Increased proinflammatory cytokines expression in

alveolar macrophages

The inflammatory response of these macrophages during

mycobacterial infection were investigated by measuring

the cell lines’ proinflammatory cytokine expression

during BCG and M. tuberculosis infection. Infection with

the less virulent BCG induced more cytokine and

chemokine expression in both cell lines compared with

infection with the more virulent M. tuberculosis. In

particular, the production of the chemokines IL-6, TNF,

MCP-1, and MIP-1b was increased considerably during

BCG infection (Figure 2).

Bacillus Calmette-Gu�erin infection induced a similar

cytokine response from both cell lines (Figure 2a),

although the production of the chemokines MIP-1a and

MIP-1b was increased in IC-21 cells at 6 and 24 hpi,

respectively, whilst RANTES production in AMJ2-C11

cells was almost 9-fold higher at 24 hpi (Figure 2a). Late

IL-6 and MCP-1 expression was significantly higher at

48 hpi in AMJ2-C11 cells. A significant decrease in

bacterial load at 24–48 hpi (Figure 1a) coincided with

increases in cytokine expression, particularly MIP-1b,
MCP-1, and IL-6.

However, M. tuberculosis infection induced differential

responses between the cell lines. AMJ2-C11 cells

expressed over 5-fold more IL-6, MCP-1, and RANTES,

and more than 30-fold more MIP-1b at 48 hpi compared

with IC-21 cells (Figure 2b).
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Surface phenotype of alveolar macrophages indicates

stronger proinflammatory response to mycobacterial

infection

Cell surface marker expression is an indicator of

macrophage subtype and inflammatory state. We

quantitated the expression of 12 cell-surface proteins on

AMJ2-C11 and IC-21 cells by flow cytometry, comparing

the median fluorescence intensity (MFI) between cell

lines, uninfected and after infection with BCG and

M. tuberculosis. A resazurin fluorescence assay confirmed

no decrease in mitochondrial activity following

(a) (b) (c)

Figure 1. Bacterial growth in alveolar AMJ2-C11 and peritoneal IC-21 macrophage cultures infected with (a) BCG and (b) Mycobacterium

tuberculosis. Data are the mean � s.e.m. of nine replicates, from three repeat experiments. (c) Supernatant nitrite concentration of AMJ2-C11

and IC-21 macrophage cultures during BCG and M. tuberculosis infection. Data are the mean � s.d. of nine replicate wells, from three repeat

experiments. Dotted lines represent the assay’s lower limit of quantitation. **P < 0.01, by the Student’s t-test, Holm-�Sid�ak method corrected.

(a) (b)

Figure 2. Increased cytokine expression by AMJ2-C11 alveolar macrophages compared with IC-21 peritoneal macrophages following infection

with (a) BCG or (b) M. tuberculosis, relative to uninfected cells. Data are the mean � s.d. of triplicate wells, representative of three repeat

experiments. Repeat experiment data are shown in Supplementary figures 3 and 4. Asterisks represent significant difference between AMJ2-C11

and IC-21 expression by 2-way ANOVA with multiple comparisons post-test, �Sid�ak method corrected. *P < 0.05, **P < 0.01, ***P < 0.001.
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mycobacterial infection, indicating that the cells remain

viable at 24 hpi (Supplementary figure 1).

The expression of most markers was greater in

uninfected IC-21 cells compared with uninfected AMJ2-

C11 cells (Figure 3a). Only Ly6C expression was skewed

towards AMJ2-C11 cells, and this difference was

exaggerated upon mycobacterial infection. Expression of

the M1 marker CD86 was higher in IC-21 peritoneal

macrophages prior to infection, though AMJ2-C11

alveolar macrophages showed significantly higher

expression after infection. Furthermore, uninfected IC-21

cells expressed more of the M2 marker CD206, as well as

CD11b, CD24, and Siglec-F. Expression of these markers

was not significantly different between the cell lines

during BCG infection, and was similar during

M. tuberculosis infection. Expression of MHC-II was

equivalent on the uninfected cell lines; however, this rose

significantly on AMJ2-C11 cells following BCG infection.

Expression of the M1 marker CD80, as well as CD11c,

Ly6G, and immunoglobulin receptor, CD64, was greater

on IC-21 cells under all conditions.

Infection with BCG and M. tuberculosis induced

comparable responses in AMJ2-C11 macrophages, with

increased expression of all tested markers (Figure 3). This

activation was also reflected in the strong iNOS

(Figure 1c) and cytokine response (Figure 2) from AMJ2-

C11 cells to both bacterial species. In contrast, IC-21 cells

downregulated Ly-6C upon BCG infection, and

downregulated multiple inflammatory markers upon

M. tuberculosis infection, including CD80 and CD86

(Figure 3). Moreover, downregulation of CD64 and

CD11b by M. tuberculosis infected IC-21 cells could

indicate a shift towards an anti-inflammatory phenotype.

The comparable marker upregulation seen in AMJ2-C11

and IC-21 cells following BCG infection reflects the

similar cytokine responses by both cell lines (Figure 2a).

In contrast, the downregulation of inflammatory surface

markers by IC-21 cells upon M. tuberculosis infection

coincides with lower cytokine expression (Figure 2b) and

undetectable iNOS activity (Figure 1c).

DISCUSSION

Mice are the most commonly used animal model of

mycobacterial infection, with C57BL/6 the most common

genetic background used. In this study, we compared two

C57BL/6 mouse macrophage cell lines of differing tissue

origin, in response to in vitro mycobacterial infection.

Whilst both the AMJ2-C11 alveolar macrophages and IC-

21 peritoneal macrophages controlled the growth of BCG

and M. tuberculosis to the same extent, AMJ2-C11 cells

exhibited significantly greater proinflammatory cytokine

expression and iNOS activity in response to the bacterial

species. Additionally, AMJ2-C11 cells presented a more

inflammatory surface phenotype during M. tuberculosis

infection. The response to infection may be influenced by

the tissue origin of the two cell lines.

When using primary macrophages or macrophage-

derived cell lines for in vitro models of infection, it is

important to consider both the site of in vivo infection

and the origin of the macrophage cells. The IC-21 line

was prepared from mouse peritoneal macrophages virally

transduced in vitro.16 In contrast, the AMJ2-C11 line was

virally immortalized from characterized primary mouse

alveolar macrophages17 and readily expressed

proinflammatory cytokines when activated.18

(a) (b) (c)

Figure 3. Expression of surface markers on AMJ2-C11 alveolar macrophages and IC-21 peritoneal macrophages during BCG and Mycobacterium

tuberculosis infection, as determined by flow cytometry. (a) Fold MFI difference for surface markers expressed on AMJ2-C11 and IC-21 cells,

uninfected, and 24 h after BCG and M. tuberculosis infection. Fold difference is a ratio of AMJ2-C11 MFI to IC-21 MFI. (b) Fold change in

surface marker expression of AMJ2-C11 cells following 24 h mycobacterial infection, compared with uninfected cells. (c) Fold change in surface

marker expression of IC-21 cells following 24-h mycobacterial infection, compared to uninfected cells. Data are the mean of triplicate wells. All

colored rectangles represent P < 0.05, the Student’s t-test, Holm-�Sid�ak method corrected.
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Development of a cell-based model of M. tuberculosis

infection should take into account the basal alveolar

macrophage phenotype and cellular changes associated

with chronic disease.10,11 Here we illustrated the polarity

and anti-microbial response of the alveolar and peritoneal

macrophage cell lines, AMJ2-C11 and IC-21, during acute

mycobacterial infection.

During acute M. tuberculosis infection in vitro, the

control of bacterial replication does not appear to be

influenced by macrophage origin. THP-1 monocytic cells

controlled M. tuberculosis load as efficiently as primary

human alveolar macrophages over 4 days,19 and MPI cells,

a recently derived murine alveolar macrophage line,

exhibited a similar infection pattern to THP-1, RAW 264.7,

and BMDM cells.20 Likewise, this study shows both AMJ2-

C11 and IC-21 cells demonstrated comparable control of

BCG and M. tuberculosis growth during a 48 h infection.

However, this may not replicate in vivo infection

completely, as following intranasal infection in mice,

alveolar macrophages were more permissive to intracellular

M. tuberculosis replication than pulmonary interstitial

macrophages.21 Ex vivo lung and peritoneal macrophages

comparably controlled M. tuberculosis H37Rv bacterial

load up to 3 days, before bacterial growth accelerated in

lung macrophages.22 Extended M. tuberculosis infection of

AMJ2-C11 cells may present similar results.

Cytokine secretion is central to macrophage

antimicrobial and anti-inflammatory functions,2 and pro-

inflammatory M1 macrophages release cytokines,

including TNF and IL-6, that are critical for anti-

mycobacterial protection.23 We observed significantly

greater IL-6 expression from AMJ2-C11 cells, indicative

of the M1-primed polarity seen in alveolar macrophages.9

The alveolar cell line MPI also displays an M1 dominant

phenotype, expressing high levels of TNF and IL-6

compared with BMDMs, when infected with

M. tuberculosis.20 Like AMJ2-C11 cells, human alveolar

macrophages are known to express chemokines associated

with an M1 phenotype, including MIP-1a, MIP-1b, and
RANTES, following M. tuberculosis infection.24 Although

peritoneal macrophage-derived cell lines can also express

these chemokines,15 our results indicate infection-induced

chemokine upregulation is delayed (Figure 2).

Alveolar macrophage-expressed MCP-1 recruits

circulating monocytes during M. tuberculosis infection,

aiding in bacterial dissemination.25,26 In the current study

avirulent BCG induced higher MCP-1 expression on

AMJ2-C11 cells than virulent M. tuberculosis H37Rv.

Similarly, primary human alveolar macrophages expressed

more MCP-1 when infected with avirulent M. tuberculosis

H37Ra, compared with H37Rv.24 We observed IC-21 cells

expressed comparable MCP-1 to AMJ2-C11 cells during

BCG infection, but significantly less during

M. tuberculosis infection. In turn, IC-21 cells expressed

more MCP-1 than BMDMs differentiated with M-CSF-

containing L929 supernatant.15 Tissue-resident

macrophages are difficult to obtain in large numbers

from small laboratory animals and mouse bone marrow

is commonly used as a source of macrophages in vitro

due to the quantity of cells generated. Although BMDMs

may be a more practical for many laboratories than

primary tissue-resident macrophages, basal phenotypic

differences such as chemokine expression should be

considered when planning experimentation.

A number of surface protein markers are regularly

used to characterize macrophage polarity, including

CD206, CD80, and CD86.2 The M2 marker CD206 is the

mannose receptor, involved in post-infection remediation

of inflammation, binding bacterial glycoproteins and

heavily glycosylated anti-bacterial proteins such as

myeloperoxidase.27 CD206 also facilitates mycobacterial

colonization of macrophages.28 CD80 and CD86 are

inflammatory co-receptors required for antigen

presentation and T-cell activation.29 Pro-inflammatory

M1 macrophages are known to express high levels of

CD80 and CD86,2 whereas only a subset of M2

macrophages express CD86.30 We found that CD206,

CD80, and CD86 levels were all higher for uninfected IC-

21 compared with AMJ2-C11. However, whilst IC-21

upregulation of CD206 was notably higher during BCG

infection, AMJ2-C11 cells showed significantly more

upregulation of CD80 and CD86 during BCG and TB

infection. Studies have shown that during acute

M. tuberculosis infection, alveolar macrophages present an

inflammatory phenotype, with high CD86 expression and

strong iNOS activity,11 similar to what was shown here

with AMJ2-C11 alveolar macrophages. Yet, as the

granuloma structures typical of chronic tuberculosis

develop, macrophages decrease iNOS activity and

upregulate the anti-inflammatory cytokine IL-10.11 The

subdued cytokine expression and weak iNOS activity of

IC-21 cells during M. tuberculosis infection suggests these

cells may not be an appropriate model of acute

macrophage infection in the lung.

Our findings demonstrate that macrophage cell lines of

different tissue-origin display marked differences in their

response to infection, and this should be considered when

utilizing cell lines in in vitro assays. Mycobacterial infection

induced significantly increased cytokine expression and

iNOS activity in AMJ2-C11 cells, highlighting the M1/M2

phenotype of their alveolar macrophage origin. In contrast,

IC-21 cells, whilst still controlling mycobacterial infection

over the time frame of this experiment, displayed a more

M2 phenotype, with lower cytokine expression and
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downregulation of proinflammatory markers. Our work

supports the idea that acute M. tuberculosis infection

models should consider using M1-like macrophages,

particularly when using polarity-dependent readouts, such

as cytokine expression and surface markers. The

development of more alveolar macrophage-representative

cell models, such as the MPI cell line,20 may also aid future

tuberculosis research.

METHODS

Cell culture

Murine AMJ2-C11 cells of C57BL/6 origin (ATCC, Manassas,
VA, USA) were maintained in DMEM (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 25 mM

HEPES, 100 U mL�1 penicillin, 100 µg mL�1 streptomycin,
and 10% fetal bovine serum. Murine IC-21 cells of C57BL/6
origin (ATCC) were maintained in RPMI 1640 medium
(Thermo Fisher Scientific) supplemented with 25 mM HEPES,
100 U mL�1 penicillin, 100 µg mL�1 streptomycin, and 10%
fetal bovine serum.

Bacterial cultures

Mycobacterium bovis Bacillus Calmette-Gu�erin (BCG) Pasteur
and M. tuberculosis H37Rv were grown in Middlebrook 7H9
broth (BD Biosciences, Franklin Lakes, NJ, USA)
supplemented with 5 g L�1 bovine serum albumin (BSA),
2 g L�1 glucose, 4 mg L�1 catalase, 0.2% glycerol, and 0.05%
Tween 20. The cell concentration was routinely determined by
OD at 600 nm. CFU was determined by plating serial
dilutions on Middlebrook 7H11 agar (BD Biosciences)
supplemented with 5 g L�1 BSA, 2 g L�1 glucose, 4 mg L�1

catalase, 500 mg L�1 oleic acid, and 0.5% glycerol, and
incubating for 3 weeks at 37°C.

Macrophage infections with mycobacteria

The AMJ2-C11 and IC-21 cells were stimulated with 100 U
mL�1 IFN-c (R&D Systems, Minneapolis, MN, USA) and
infected with BCG or M. tuberculosis at a multiplicity of
infection of 5 or 1, respectively. The cells were washed after
4–6 h to remove extracellular bacteria. At time points from 0
to 48 h post-infection, the supernatant was removed for
cytokine and nitrite quantification. The cells were lysed with
0.1% Triton X-100 solution for CFU determination. The
lysates were plated on 7H11 agar and incubated at 37°C for
21 days to determine the CFU.

Cytometric bead array

The concentrations of IL-6, TNF, MCP-1, MIP-1a, MIP-1b,
and RANTES in supernatants were determined by cytometric
bead array (BD Biosciences) according to the manufacturer’s

protocol. Data were analyzed using FCAP Array software (BD
Biosciences).

Nitrite assay

Nitrite concentrations of supernatant samples were determined
using Griess reagent, consisting of 3.85 mM N-(naphthyl)
ethylenediamine dihydrochloride (Sigma-Aldrich, St Louis,
MO, USA), 58 mM sulphanilamide (Sigma-Aldrich), and 0.4 M

phosphoric acid (Sigma-Aldrich) in water. Nitrite standards
were prepared using sodium nitrite (Sigma-Aldrich). Griess
reagent was added to supernatant samples at a ratio of 1:1,
and the immediate color change was quantified by measuring
absorbance at 550 nm using a FLUOstar plate reader (BMG
Labtech, Ortenberg, Germany).

Flow cytometry

AMJ2-C11 and IC-21 cells were assessed by flow cytometry
before infection and 24 h after infection with BCG or
M. tuberculosis. The cells were incubated with Fc Block (BD
Biosciences) for 30 min and then stained with fluorochrome-
labeled antibodies (see Supplementary table 1 for a list of
antibodies, clones, fluorochromes, and manufacturers) for
30 min at room temperature in the dark. Stained samples
were fixed with 10% neutral buffered formalin (Fronine,
Riverstone, NSW, Australia). Data acquisition was performed
on a BD Fortessa X20 using the BD FACS Diva software (BD
Biosciences). Compensation and data analysis were performed
in FlowJo v10 software (BD Biosciences). Cells were gated
using forward scatter and side scatter to remove debris and
dead cells (see Supplementary figure 2 for an example dot-
plot). The expression of surface markers is presented as fold
MFI difference. This is calculated as a ratio of individual
surface marker expression on infected cells (BCG or
M. tuberculosis) compared with uninfected cells, or on AMJ2-
C11 cells compared with IC-21 cells, both infected (BCG and
M. tuberculosis) and uninfected.

Cell viability

Macrophage viability was confirmed using a resazurin assay
for mitochondrial activity. Macrophages were incubated with
5.5 mM resazurin (Sigma Aldrich) for 3 h at 37°C. Conversion
of resazurin to resorufin was evaluated by measuring
fluorescence using a FLUOstar plate reader, excitation at
550 nm, emission at 590 nm.

Statistical analysis

GraphPad Prism (GraphPad Software, San Diego, CA, USA) was
used for statistical analyses. The CFU and cytokine concentration
over time were compared by two-way analysis of variance with
multiple comparisons post-test, corrected using the �Sid�ak
method. The nitrate concentration and flow cytometry MFI
were compared using the Student’s t-test, corrected for multiple
comparisons using the Holm-�Sid�ak method.
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Appendix 4 
Supplementary data for Chapter 2 “Macrophages of different tissue origin 

exhibit distinct inflammatory responses to mycobacterial infection” 

  



Supplementary table 1. Fluorophore-tagged antibodies used for cell staining in preparation for flow cytometry.  

Antigen Fluorochrome Clone Catalogue # Manufacturer 

CD11b BB515 M1/70 564455 BD Biosciences 

CD11c BV421 N418 565451 BD Biosciences 

MHC-II BV510 2G9 743871 BD Biosciences 

Ly6C BV605 AL-21 563011 BD Biosciences 

CD64 BV650 X54-5/7.1 740622 BD Biosciences 

Ly6G BV786 1A8 740953 BD Biosciences 

CD206 AF700 C068C2 141734 Biolegend 

F4/80 APC eFluor780 BM8 47-4801-82 eBioscience 

Siglec F PE E50-2440 562068 BD Biosciences 

CD80 PE 16-10A1 561955 BD Biosciences 

CD86 APC GL1 558703 BD Biosciences 

CD24 PE-CF594 M1/69 562477 BD Biosciences 
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Supplementary figure 1. Mouse macrophage cell lines maintain viability 24 h after mycobacterial infection. 

Mitochondrial activity is not significantly different 24 h after BCG infection. TB infection causes significantly 

increased mitochondrial activity in AMJ2-C11 and IC-21 cells.  Data are the mean ± SD of triplicate wells, with 

individual values shown. Asterisks represent significant difference in fluorescence by 2-way ANOVA with multiple 

comparisons post-test, Šidák method corrected. ** P < 0.01, *** P < 0.001. 
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Supplementary figure 2. Example analysis of AMJ2-C11 and IC-21 cells by flow cytometry. (a) Forward and side 

scatter dot plots illustrating gating of AMJ2-C11 and IC-21 cell populations to exclude dead cells and debris, during 

flow cytometric analysis. IC-21 cells are adherent and were gently removed on ice and then by scrapping, which 

resulted in higher cell death. (b) Representative histograms illustrate expression of protein markers on the 

macrophage cell surface. Shown are AMJ2-C11 cells (blue) and IC-21 cells (red) 24 hours after infection with M. 

tuberculosis, overlayed on uninfected cells (dotted histograms).  
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Supplementary figure 3. Supernatant cytokine concentrations from repeat (a) BCG and (b) M. tuberculosis 

infection experiment. Data are the mean ± SD of triplicate wells. Asterisks represent significant difference 

between AMJ2-C11 and IC-21 expression by 2-way ANOVA with multiple comparisons post-test, Šidák method 

corrected. * P < 0.05, ** P < 0.01, *** P < 0.001.  
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Supplementary figure 4. Supernatant cytokine concentrations from repeat (a) BCG and (b) M. tuberculosis 

infection experiment. Data are the mean ± SD of triplicate wells. Asterisks represent significant difference 

between AMJ2-C11 and IC-21 expression by 2-way ANOVA with multiple comparisons post-test, Šidák method 

corrected. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Appendix 5 
pIS0 luciferase expression plasmid maps for transfection experiments 
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Figure A 1. pIS0 luciferase expression plasmid map. Firefly luciferase expressed under the SV40 

promoter. Ampicillin resistance gene for cloning in bacteria. 
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Figure A 2. pIS0-Capzb-WT luciferase reporter plasmid map. Firefly luciferase expressed under the SV40 

promoter. Ampicillin resistance gene for cloning in bacteria. The wild type mouse Capzb 3’ untranslated 

region was inserted at the luciferase 3’ end, containing the predicted miR-652-3p target sequence. 
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Figure A 3. pIS0-Capzb-mut luciferase reporter plasmid map. Firefly luciferase expressed under the 

SV40 promoter. Ampicillin resistance gene for cloning in bacteria. The mutated mouse Capzb 3’ 

untranslated region was inserted at the luciferase 3’ end, containing the inverted miR-652-3p target 

sequence. 
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Appendix 6 
Supporting data for Chapter 4 - The impact of miR-652 during in 

mycobacterial infection 
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Figure A 4. A small minority of mycobacteria are removed in culture supernatant, leaving the majority 
internalised by macrophages, or adherent to the assay plate. Mouse BMDMs were infected as in Figure 

1.3. Supernatant from mouse BMDMs infected with (a) M. tuberculosis or (b) M. avium was taken for 

enumeration of bacterial CFU in suspension. Supernatant bacterial load did not differ between wild type 

and miR-652-/- cell wells. Less than 10% of (c) M. tuberculosis and (d) M. avium CFU were collected with 

supernatant. The percentage of bacterial CFU in supernatant was not significantly different between 

wild type and miR-652-/- cell wells. Data are the mean ± SD of 3 biological replicates. Comparisons were 

made using 2-way ANOVA with multiple comparisons post-test. 
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Figure A 5. Internalised mycobacteria have small effect on resazurin metabolic activity assay 
fluorescence readout 24 hours post-infection. The metabolic activity of mycobacteria infected (a) wild 

type and (b) miR-652-/- BMDMs was determined pre- and post-lysis with 0.1% Triton-X100. (c) The 

metabolic activity of the infecting mycobacteria post-lysis is only significantly different to that of lysed 

uninfected cells at high bacterial MOI. Data are mean ± SD of 3 biological replicates. 
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