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Abstract 
Mycobacterium tuberculosis (Mtb) remains a major public health issue for a large part of 

the developing world, causing more than 1.5 million deaths annually. However, many as-

pects of the host pathogen interactions remain elusive and poorly understood. This is par-

tially due to the pathogen’s relationship with the alveolar macrophage, which provides an 

early replicative niche, allowing immune evasion and the establishment of latent disease 

which is believed to affect a quarter of the world’s population today. The unique charac-

teristics of the alveolar macrophage and milieu in which it is specific for, hampers our 

understanding of the early interactions as in vitro models of this environment are difficult 

to simulate. However, recent advances in stem cell based technologies are providing a 

range of new cell types for research purposes that can theoretically adopt any cell fate, 

including the elusive alveolar macrophage. iPSC derived macrophages (iMAC) have re-

cently been applied to tuberculosis related research, however, their Mtb induced immune 

response and potential role as a model cell line for alveolar macrophages has not been 

evaluated in house. Therefore, this thesis has compared iMACs with alveolar macrophages, 

monocyte derived macrophages and the established TB model cell line, THP1 macro-

phages, to characterize their role as a tool for tuberculosis research. To provide a broad 

overview of the Mtb induced immune responses from all four macrophage types, mRNA 

sequencing was performed to compare the gene expression of untreated and Mtb treated 

cells. mRNA sequencing is an effective tool for an initial exploration and provides data on 

a range of biological processes, which is useful when trying to establish an overview of a 

cell’s immune response.  

The data analyzed in this thesis shows that Mtb induced changes in the gene expression 

of iMACs is highly comparable to AMs and MDMs in aspects such as the inflammatory 

response, receptor expression and antigen presentation processes. Several key differences 

are also observed, including a much stronger type 1 interferon response and in the ex-

pression of proteins that may affect the cell fate of T-cells interacting with iMACs. Although 

MDMs display a closer relationship with AMs, iMACs offer advantages such as homogeneity, 

reproducibility and ease of manipulation, previously only offered by other secondary cell 

lines such as THP1. Furthermore, this thesis provides evidence that iMACs are better suited 

for AM (and MDM) emulation than THP1 cells which, although a well-established cell type 

for tuberculosis research, present themselves as an outlier when compared to the other 

cells. 

Although, a limited number of specific conclusions can be drawn from mRNA expression 

data, the observations made in this thesis serve as an initial guide for researchers at 

CEMIR in determining the specific applications of iMACs. Furthermore, the data highlights 

characteristics that may affect observations in future iMAC based experiments. Hopefully, 

this thesis can contribute to further improvements aimed at making iMACs an accurate 

model cell line, a much-needed asset in the field of tuberculosis research.    
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Sammendrag 
Mycobacterium tuberculosis (Mtb) er fortsatt et omfattende folkehelseproblem for en stor 

del av verdens utviklingsland, og forårsaker mer enn 1,5 millioner dødsfall årlig. Imidlertid 

forblir mange aspekter av interaksjonene i vertspatogenet flyktige og vanskelige å forstå. 

Dette er delvis på grunn av patogenets relasjon til den alveolære makrofagen, som gir en 

tidlig replikativ nisje. Dette legger til rette for immununnvikelse og etablering av den la-

tente sykdommen som antas å påvirke en fjerdedel av dagens verdensbefolkning. De 

unike egenskapene til den alveolære makrofagen og miljøet den er spesifikk for, hemmer 

vår forståelse av de tidlige interaksjonene ettersom in vitro-modeller av dette miljøet er 

vanskelige å simulere. Nyere fremskritt innen stamcellebaserte teknologier gir imidlertid 

en rekke nye celletyper for forskningsformål som, i teorien, kan imitere enhver celles-

kjebne, inkludert den flyktige alveolære makrofagen. iPSC-avledede makrofager (iMAC) 

har nylig blitt brukt til tuberkuloserelatert forskning, men deres Mtb-induserte immunre-

spons og potensielle rolle som en modellcellelinje for alveolære makrofager har ikke blitt 

evaluert. Derfor har denne oppgaven sammenlignet iMAC-er med alveolære makrofager, 

monocyttavledede makrofager og den etablerte TB- modellcellelinjen,  THP1-makrofager, 

for å analysere deres egnethet som et verktøy for tuberkuloseforskning. For å gi en bred 

oversikt over de Mtb-induserte immunresponsene, ble mRNA-sekvensering utført for å 

sammenligne genuttrykket til ubehandlede og Mtb-behandlede celler. mRNA-sekvensering 

er et effektivt verktøy for en innledende granskning og gir data om en rekke biologiske 

prosesser. Dette er nyttig når man prøver å etablere oversikt over en celles immunre-

spons. 

Dataene som er analysert i denne oppgaven viser at Mtb-induserte endringer i genuttryk-

ket til iMAC-er er svært sammenlignbare med AM-er og MDM-er i aspekter som inflamma-

torisk respons, reseptoruttrykk og antigenpresentasjonsprosesser. Flere viktige forskjeller 

er også observert, inkludert en mye sterkere type 1 interferonrespons og i uttrykket av 

proteiner som kan påvirke celleskjebnen til T-celler som samhandler med iMAC-er. Selv 

om MDM-er viser et nærmere forhold til AM-er, har iMAC-er fordeler som homogenitet, 

reproduserbarhet og enkel manipulering, tidligere bare funnet i andre sekundære cellelin-

jer som THP1. Videre viser denne oppgaven at iMAC-er er bedre egnet for AM- (og MDM)-

emulering enn THP1-celler, som, selv om de er en veletablert celletype for tuberkulose-

forskning, viser seg som en avviker sammenlignet med de andre cellene. 

Selv om det kan trekkes en begrenset mengde spesifikke konklusjoner fra mRNA-uttrykks-

data, tjener observasjonene som er gjort i denne oppgaven som en guide for forskere i å 

bestemme de spesifikke anvendelsene av iMAC-er. Videre fremhever dataene egenskaper 

som kan påvirke observasjoner i fremtidige iMAC-baserte eksperimenter. Forhåpentligvis 

kan denne oppgaven bidra til ytterligere forbedringer rettet mot å gjøre iMAC-er til en 

nøyaktig modellcellelinje, en sårt tiltrengt ressurs innen tuberkuloseforskning. 
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Acronyms 
  

 
 

AIM2 Absent in myeloma 2 

AM  Alveolar Macrophages 

AMP Adenosine monophosphate 

ALR AIM2- like receptor 

ASC Apoptosis-associated Speck like protein 

BALF Bronchoalveolar Lavage Fluid 

BCG Bacillus Calmette-Guérin 

bp Base pair  

BMP-4 Bone morphogenic protein 4 

cAIP1/2 Cellular inhibitor of apoptosis 

CARD9 Caspase Recruitment Domain 

CASP Caspase 

cFLIP CASP8 And FADD Like Apoptosis Regulator 

cGAS Cyclic GMP-AMP synthase 

CISH Cytokine Inducible SH2 Containing Protein 

CIITA Class II Major Histocompatibility Complex Transactivator 

CLR  C-Type Lectin Receptor 

CD 

CPM 

Cluster of differentiation 

Counts per million 

CO2 

CR 

Carbon dioxide 

Complement receptor 

CSF2 Colony stimulating factor 2 

CTSS Cathepsin S 

CXCL C-X-C motif chemokine ligand 

DAMP Damage Associated Molecular Pattern 

DE Differentially Expressed 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic Acid 

DPBS Dulbecco′s Phosphate Buffered Saline 

EB Embryoid Body 

FADD FAS associated death domain 

FCS Fetal Calf Serum 

GFC Genomics Core Facility 

GM-CSF Granulocyte-macrophage colony-stimulating factor 

GO Gene Ontology 

GPX4 Glutathione Peroxidase-4 

GS Gene Significance  

GSS GSH Synthase 

GSDMD Gasdermin D 

GSH Glutathione 

HBSS Hank's Balanced Salt Solution 

HIV Human Immunodeficiency Virus 
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IDO1 Indoleamine 2,3-Dioxygenase 1 

IFN Interferon 

IFNAR Interferon-alpha receptor 

IL Interleukin 

iMAC Induced pluripotent stem cell derived macrophage 

iMos Monocyte-like cells 

iPSC Induced pluripotent stem cell 

IRAK Interleukin 1 Receptor Associated Kinase 

K+ Potassium ion 

KEGG Kyoto Encyclopedia of Genes and Genomes 

LDH Lactate dehydrogenase 

LPS Lipopolysaccharide 

LXR Liver X receptor 

M-CSF Macrophage colony-stimulating factor 

M1 Classically activated macrophages 

M2 Alternately activated macrophages 

MDM Monocyte derived macrophage 

MDR Multi-drug resistant 

MHC Major histocompatibility complex 

MLKL Mixed Lineage Kinase Domain Like Pseudokinase 

MOI Mixed Lineage Kinase Domain Like Pseudokinase 

mRNA Messenger Ribonucleic Acid 

MS  Mass spectrometry 

Mtb  Mycobacterium tuberculosis 

MYD88 Myeloid Differentiation Primary Response Gene 88 

NLRP3 Nucleotide-Binding Oligomerization Domain, Leucine Rich Repeat And Pyrin 

Domain Containing 3 

NFkB  Nuclear factor kappa B 

NOD nucleotide-binding oligomerization 

OADC Oleic Albumin Dextrose Catalase 

P/S Penicillin-Streptomycin 

PAMP Pathogen associated molecular pattern 

PBMC Peripheral blood mononuclear cell 

PBS Phosphate buffered saline 

PCA Principle component analysis 

PCR Polymerase Chain Reaction  

PEG Polyethylene Glycol  

PMA Phorbol Myristate Acetate 

PRR Patter recognition receptor 

QC Quality control 

RIPK Receptor Interacting Protein kinase 

RIN RNA Integrity Number 

RNA Ribonucleic acid 

RNI Reactive nitrogen species 

ROS Reactive oxygenated species 

RT-PCR Reverse transcription PCR 
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RPMI Roswell Park Memorial Institute Medium 

RSL-3 RAS-selective lethal 3 

SDEG Significantly differentially expressed gene 

SH2 Src Homology 2 

SOCS Suppressor of cytokine signaling 

STAT Signal transducer and activator of transcription 

STING Stimulator of interferon genes 

TB Tuberculosis 

TGFB Transforming growth factor beta 

Th T-helper 

TLR Toll-like receptor 

TMM Trimmed Mean of M 

TNF Tumor necrosis factor  

TNFR Tumor necrosis factor receptor 

TRADD TNFR associated death domain 

TRAF TNFR associated factor 

V-AT-

Pase Vacuolar-type ATPase 

VEGF Vascular endothelial growth factor 

WGCNA  Weighted gene correlation network analysis 

XDR  Extensively drug-resistant 

ZBP Z-DNA Binding Protein 1 
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1.1 Tuberculosis  

Mycobacterium tuberculosis (Mtb) one of the major human pathogens that have plagued 

humanity for thousands of years. Even with the development of antibiotics, Mtb still causes 

1.5 million deaths annually, making it one of the leading causes of death from a single 

infectious agent, only behind SARS-CoV-2 3. Today the burden of tuberculosis (TB) falls 

primarily on the poor as the 30 countries that contribute to more than 80% of cases are 

almost exclusively located in low- to middle-income countries in Asia and Africa 3. The 

WHO estimates that around a quarter of the world’s population is currently infected with 

Mtb. However, only around 5-10% of these will develop active tuberculosis during their 

lifetime. Mtb transmits from person to person via inhaled droplets but can cause disease 

in a range of organs (extrapulmonary TB) in addition to the lungs (pulmonary TB). Once 

inhaled, the aerosolized particles deposit the bacteria in the respiratory tract where they 

can infect a number of cell types in the upper and lower respiratory tract such as neutro-

phils, endothelial cells and macrophages 4. Most Mtb are deposited in the lower respiratory 

alveoli where they encounter alveolar endothelial cells, dendritic cells and alveolar macro-

phages (AM). AMs play a key role in TB pathogeneses as they are among the first cells to 

be infected and provide a reservoir for bacterial replication 4. Usually, the immune system 

effectively contains the bacteria in the alveoli and surrounding tissue, by forming a gran-

uloma around the infected cells, preventing dissemination and progression to active dis-

ease 5. However, the bacteria are not cleared and are rather pushed into a dormant state 

remaining in the granuloma, possibly for the rest of the host’s life as a latent tuberculosis 

infection 6. The state of the bacteria inside the granuloma, as well as the factors that lead 

to the reactivation of TB are poorly understood, but it is generally accepted that immuno-

suppression as a result of undernutrition, alcohol abuse, diabetes and secondary infections 

such as human immunodeficiency virus (HIV) are contributing factors 7.  

Active TB can be diagnosed in several ways such as microscopy of lung sputum, chest X-

ray and polymerase chain reaction (PCR) techniques. Microscopy and x-ray are most wide-

spread in lower-income countries; however, the sensitivity of microscopy is highly variable 

(20-80%) 8 and x-ray alone cannot differentiate between active and latent TB 9. Further 

exacerbating the skewed burden of TB is the early detection of drug-resistant Mtb offered 

by PCR-based diagnostic techniques 9 that are unavailable in rural areas and low-income 

countries. The emergence of multi-drug resistant (MDR) and extensively drug-resistant 

(XDR) Mtb is a major public health concern that is increasing globally 10,11. The increase of 

drug resistance in Mtb is perpetuated by factors such as poor adherence to the long treat-

ment regiment (>9 months) 12, the length of which only increases with mycobacterial 

resistance 10. 

The obvious solution to drug resistance is vaccination, however, the efficacy of the Bacillus 

Calmette-Guérin (BCG) vaccine, being the only approved TB vaccine, is varies greatly, 

showing either no protection or a protective rate of up to 80% 13. This is a major area of 

research and the M72/AS01E subunit vaccine is currently finishing the phase 2 trials, which 

indicate a protective efficacy of 54% 14. 

1 Introduction 
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1.2 The Alveolar Macrophage 

AMs play a major role in tuberculosis induced activation of both innate and adaptive im-

mune responses. Mtb has been shown to be unable to establish an effective infection in 

mice lacking AMs 15, highlighting the importance of understanding the AM-Mtb interactions. 

Due to the difficulties associated with human AMs acquisition, other more easily accessible 

macrophages such as monocyte-derived macrophages (MDM) and THP-1 macrophages as 

well as murine AMs have been used to understand the complex interactions between the 

macrophage and pathogen. However, AMs represent a type of macrophage that does not 

fit into the commonly used categories of classically activated (M1) and alternately acti-

vated (M2) macrophages as they display markers found on both phenotypes 16,17. M1 and 

M2 can be characterized as pro-inflammatory and regenerative macrophages respectively, 

however, AM show a complex balance of immunoregulatory and inflammatory processes 

as well as receptor expression seen in both macrophage phenotypes (see Figure 1-1).  

 

Figure 1-1. Comparison of classically alternatively and alveolar macrophages. The pattern 
recognition receptors of classically and alternatively activated macrophages as well as alveolar mac-
rophages are visualized and compared based on their relative expression. The figure is adapted from 
17. 

MDMs from the blood stream are differentiated into a M1 or M2 polarization based on a 

cocktail of cytokines, interferons (IFN) and colony-stimulating factors (CSF) at the site of 

infection 18,19. In contrast, AMs are embryonically derived and therefore do not have a 

monocyte intermediary stage, which likely contributes to their unorthodox characteristics 
20. Studies have shown that AMs are kept in a quiescent state, displaying poor phagocytic 

properties and producing little pro-inflammatory cytokines to prevent inflammatory re-

sponses against the foreign antigens they are constantly exposed to from the air we 
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breathe 21. The anti-inflammatory state is perpetuated through close adherence to alveolar 

epithelial cells that express integrin beta 6, a surface receptor that activates AM secreted 

transforming growth factor (TGFB), an anti-inflammatory growth factor that suppresses 

phagocytosis and cytokine production. Once AM toll-like receptors (TLR) are activated, the 

adherence is lost, and TGFB is no longer activated, allowing the AMs to become more 

active and pro-inflammatory 22. This close interaction between the cells of the alveoli is 

one of the factors that makes AMs unique and consequently difficult to study in vitro. 

1.2.1 The macrophage inflammatory response to Mtb 

Mycobacterial antigens are recognized by macrophage surface receptors such as Fcγ re-

ceptors, complement receptors (CR) 23, TLR2/4 and several C-type lectins (CLR) such as 

DC-SIGN, dectin-1, mannose receptors and mincle 24, leading to the phagocytosis of the 

bacteria and activation of inflammatory responses.  

Once inside the cell, bacterial products can also be recognized by cytosolic receptors such 

as TLR9, nucleotide-binding oligomerization domain containing 2 (NOD2) and NOD-, LRR- 

and pyrin domain-containing protein 3 (NLRP3). The wide range of receptors that recog-

nize Mtb indicates redundancy and studies with TLR and CLR deficient mice show no 

change in Mtb lethality, while the deletion of MYD88 and CARD9 receptor adaptor mole-

cules resulted in accelerated host death 25,26.   

TLR2 has been shown to be one of the central pattern recognition receptors (PRR) respon-

sible for inducing an early inflammatory response and activating pathways that are critical 

in controlling the Mtb infection 27. TLR2, together with the adaptor protein MYD88, acti-

vates the NFkB cascade leading to the expression and secretion of tumor necrosis factor 

(TNF) -alpha, interleukin (IL)-1B and IFN-gamma, all central pro-inflammatory mediators 

in tuberculosis 28. TNF-alpha plays a major role in the recruitment and activation of lym-

phocytes, inducing the production of reactive nitrogen species (RNI) 29 as well as the for-

mation of the granuloma 30. TNF-alpha and IFN-gamma work synergistically to activate 

macrophages in a paracrine and autocrine manner, increasing their capability to phagocy-

tose and kill Mtb, as well as stimulating apoptosis, depriving the bacteria of their replicative 

niche 31. IFN-gamma also stimulates Major histocompatibility complex (MHC) class 1 and 

2 antigen presentation in infected cells, and is therefore a critical factor in T-cell activation 

promoting a T-helper (Th) 1 differentiation of naïve CD4+ lymphocytes 32. Macrophage 

activity is also regulated by IL-1B, which has been shown to induce the production of nitric 

oxide, which has anti-mycobacterial properties 33 as well as promoting phagosome matu-

ration 30.  

However, AMs also suppress the inflammatory response to TB by decreasing antigen 

presentation, limiting the production of oxidants, and downregulating inflammatory cyto-

kines. These functions are mediated by the release of anti-inflammatory cytokines such as 

IL-10, TGFB and type 1 interferon, regulatory molecules like interleukin 1 Receptor Asso-

ciated Kinase 3 (IRAK-M), and suppressor of cytokine signaling (SOCS) proteins as well as 

transcription factors like PARPy and liver X receptor (LXR) 17,28.  

Suppression of inflammatory responses can be triggered by several receptors. Bacterial 

entry through the mannose receptor (MR) has been shown to decrease the fusion of lyso-

somes to the phagosome and is therefore vital for the Mtb survival inside the cell 34. Fur-

thermore, activation of the CD206 leads to the increased expression of PARPy, a transcrip-

tional regulator that has anti-inflammatory properties, likely inhibiting the NFkB pathway 

and subsequently suppressing the production of TNF, IL-6 and IL-1B 17,35.  



15 

 

IL-10 is one of the major immunoregulatory cytokines expressed by AMs in response to 

Mtb and has been shown to inhibit CD4+ T-cell IFN-gamma production and proliferation 
36,37, phagosome maturation 38 as well as nuclear translocation and DNA binding activity 

of NFkB 39. The role of IL-10 and the factors responsible for balancing the immunoregula-

tory effect of the cytokine, are not fully understood. Murine studies show variable results 

regarding the protective and detrimental role of IL-10 expression 17. Similar to, and work-

ing synergistically with IL-10, TGFB also limits inflammatory responses, downregulating 

co-stimulatory receptors and de-activating macrophages 30,40. Furthermore, TGFB produc-

tion by macrophages affects T-cell proliferation and function indirectly through the induc-

tion of anti-inflammatory cytokines.  

Type 1 interferon is another major regulator of the inflammatory response elicited by Mtb 

recognition of mostly cytosolic PRRs, and has been shown to inhibit IFN-gamma signaling 

and nitric oxide, IL-1 and IL-12 production while simultaneously inducing expression of IL-

10 and IL-1 receptor antagonists 17,41. Type 1 interferon activation is induced by viral or 

bacterial DNA in the cytosol and is thought to be mediated by the mycobacterial secretion 

system ESX-1 42. Although type 1 interferons have protective properties, the concentration 

of type 1 interferons in the blood has been shown to correlate with TB severity 43.  

1.2.2 T-cell activation 

CD4+ T-cells, specifically Th1 and Th17 phenotypes have been shown to be a vital part of 

Mtb protection 44. Naïve CD4+ cells are recruited to the site of infection primarily through 

CXCL10 secretion by macrophages 45. They are activated by interacting with antigen-pre-

senting cells, like AMs, displaying Mtb antigens on MHC class 2 molecules and secreting a 

cocktail of cytokines. Naïve CD4+ T-cells are differentiated into Th1 cells by the presence 

of IL-12 and IFN-gamma while a Th17 specification is induced by TGFB, IL-1B, IL-6, IL-21 

and IL-23 44. The primary role of Th1 cells is to activate macrophages through IFN-gamma 

signaling, inducing pro-inflammatory responses, antigen presentation and phagosome 

maturation 46. Th17 protection is believed to be primarily mediated through IL-17 induced 

neutrophil recruitment 47, and local proinflammatory responses. However, the pro-inflam-

matory role of Th17 cells might also have pathological consequences and its regulation 

and precise role in Mtb infection have not been fully determined 44.  

1.2.3 Mtb survival in the phagosome 

Although phagocytized by the macrophages, the bacteria can survive in the cell and un-

dergo colony expansion in the phagosome 48,49, or free in the cytosol 50. Studies have 

shown that an increased availability of Mtb antigen-specific CD4 T-cells did not affect bac-

terial growth or survival during the first week, suggesting that Mtb is located in a niche 

that offers resistance or prevents recognition by adaptive immune cells 51. The methods 

of environment modulation and the cellular location of the bacteria is therefore an area of 

significant interest with differing views as to what actually occurs in vivo. However, there 

is strong evidence that Mtb can be located both in the cytosol and in phagosomes or other 

membrane-bound compartments 52.  

Bacterial survival in the phagosome is proposed to occur by preventing phagolysosome 

maturation and acidification. Mtb secreted protein PtpA has been shown to bind directly to 

macrophage vacuolar-H+-ATPase (V-ATPase), a protein that pumps H+ into the early 

phagosome to decrease pH, inhibiting acidification 53-55. Furthermore, phagocytosis of Mtb 

induces granulocyte-macrophage (GM)-CSF secretion, leading to the expression of 
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cytokine-inducible Src homology 2 (SH2) containing (CISH) protein which can ubiquitinate 

V-ATPase leading to its degradation 56.   

Escape from the phagosome has been proposed to be facilitated through the Mtb ESX-1 

secretion system can then disrupt the phagosome membrane resulting in the release of 

the bacteria, however the mechanisms are still unclear 57. The damaged or disrupted phag-

osome membrane allows the release of bacterial products into the cytosol triggering the 

cytosolic surveillance pathways leading to an interferon type 1 response and IL-1B release 
58.  

1.2.4 Antigen presentation 

The adaptive immune response to Mtb is characterized by a long delay compared to other 

pathogens. A mouse study showed that the transportation of the bacteria took 8-10 days 
59 in comparison to the transportation of influenzae which takes approximately 20 hours 
60. Several virulence factors contribute to limit the effectiveness of adaptive immune re-

sponses, including interference with MHC class II antigen presentation 61, and resistance 

to macrophage activation by T-cell secreted IFN-gamma 62. Furthermore, it has been 

shown that AMs fail to provide an adequate B7 costimulatory signal that interacts with T-

cell CD28 surface receptors in conjunction with antigen-loaded MHC class 2 molecules, to 

activate the lymphocytes 63. Recently, it has also been shown that dendritic cell transpor-

tation of live bacteria to the lung lymph nodes is required for proper T-cell activation. Mtb 

regulates this transportation to allow early proliferation in the absence of activated lym-

phocytes 64. The downregulation of MHC class 2 molecules and B7 costimulatory signal, 

and the need to transport live bacteria to the lymph nodes for T-cell activation combine to 

protect the alveoli form immunopathology, while simultaneously allowing Mtb proliferation 
17.   

1.2.5 Cell death 

Mtb has been shown to activate and regulate a range of cell death pathways in host cells. 

The induced cell death pathway is dependent on the host cell type, mycobacterial strain 

and other conditions of the infections that are poorly understood 65. Apoptosis is a key 

defense mechanism against intracellular pathogens, as the bacteria or virus lose their 

replicative niche and are prevented from being released into the extracellular space 66. 

TNF has been shown to be one of the main drivers of apoptosis in AMs in response to Mtb, 

and is believed to work in an autocrine and paracrine manner by activating the caspase 

cascade responsible for initiating apoptosis 67. The caspase cascade leads to a careful de-

construction of the cell, packaging all the cytosolic components into apoptotic bodies, 

which can be engulfed by other phagocytic cells through efferocytosis. Studies have shown 

that the efferocytosis of infected apoptotic bodies by uninfected macrophages effectively 

eliminates the pathogen when the bacteria escaped phagocytosis mediated killing in the 

first cell 65,68. Furthermore, this process increased both MHC class 1 and 2 presentation of 

Mtb antigens 65,69. However, researchers discovered that apoptosis was induced more often 

in attenuated Mtb strains, while virulent strains resulted in a higher degree of necrotic cell 

death in macrophages 70. The inverse relationship of apoptosis and virulence lead to the 

discovery that apoptosis inhibitions are Mtb-mediated virulence factor. Mtb have been 

shown to secrete secA2 and by making a secA2 Mtb mutant Hinchey et al. showed that 

apoptosis was induced at a much higher rate in mice and guineapigs than when infected 

with wild type Mtb, and furthermore, that T-cell activation and pathogen control was in-

creased, however the mechanism remains unknown 71. Several mechanisms have been 

proposed to contribute to Mtb mediated apoptosis inhibition, and it is likely that it is a 
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combination of several factors that leads to inflammatory cell death. These mechanisms 

include inhibition of membrane repair, Mtb mediated damage of the mitochondrial mem-

brane, and impairing the formation of the apoptotic envelope 70. 

Several forms of programmed necrotic cell death have been identified in the context of 

tuberculosis such as necroptosis, pyroptosis and ferroptosis 72-74. The mixed lineage kinase 

domain-like pseudokinase (MLKL) mediated necroptosis pathway has been identified to be 

prevalent during Mtb infection 75. Similar to apoptosis, MLKL mediated necroptosis is acti-

vated by TNF binding to its respective receptor TNFR1, forming a complex with receptor-

interacting protein kinases (RIPK) 1, RIKP3 and caspase-8 that can initiate both pathways. 

In apoptosis the RIP proteins are cleaved by caspase-8 leading to caspase-3 activation. 

However, the inhibition of caspase-8 leads the complex to phosphorylate MLKL which can 

oligomerize on the cell membrane disrupting the membrane integrity and resulting in ne-

crotic cell death 76. This is characterized by the induction of a robust immune response as 

the cytosolic contents of the cell are released into the extracellular space and recognized 

by other immune cells as damage-associated molecular patterns (DAMPs) 77.  

Ferroptosis is another type of regulated necrotic cell death that has been shown to occur 

in macrophages when challenged with Mtb 73. Infection with Mtb has been shown to be 

associated with increased an intracellular concentration of free iron and experiments af-

fecting the Mtb availability of iron have been shown to reduce virulence 78. This is important 

as ferroptosis is triggered by iron-mediated lipid peroxidation, which disrupts the plasma 

membrane 79. During homeostatic conditions glutathione peroxidase–4 (GPX4) prevents 

lipid peroxidation, however, this mechanisms is proposed to be inhibited by Mtb by limiting 

glutathione availability and reducing GPX4 expression 73.  

Pyroptosis is initiated by the activation of an inflammasome consisting of oligomerized 

NLRP3 or absent in myeloma 2 (AIM2)-like receptors (ALRs), apoptosis-associated speck-

like protein (ASC) and caspase-1. The AIM2 inflammasome is activated by double-stranded 

DNA in the cytosol 80 however, direct NLRP3 agonists are still unknown 81. Two processes 

are believed to be required for NLRP3 activation, the increased expression of IL-1B and 

the components of the NLRP3 inflammasome and a secondary signal caused by damaged 

cells, such as K+ and CL- efflux, mitochondrial dysfunction or lysosomal damage 82-84. The 

inflammasome cleaves proteins such as pro-IL-1B and IL-18 as well as the pore forming 

molecule gasdermin D (GSDMD), and can lead to pyroptotic cell death 85. Pyroptosis has 

been proposed to be induced in THP1 cells by Mtb mediated plasma membrane damage 
72, leading to an efflux of K+ which is associated with NLRP3 activation 82. However, pre-

vious studies have also shown that Mtb induced necrotic cell death is caspase-1 independ-

ent, arguing against pyroptosis activation86. 

The role of necrotic cell death in tuberculosis is complex and difficult to define, but it is 

generally accepted that the release of intracellular components as a result of Mtb mediated 

inhibition of apoptosis facilitates immune evasion, bacterial dissemination87,88, immuno-

pathology and reduced antigen presentation 65,69. Further research is therefore needed to 

understand the effects of the different cell death pathways on TB outcome.     
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1.3 Studying Mtb 

Researchers use model systems ranging from primary and secondary cell lines and 

zebrafish, to non-human primates such as macaque to study tuberculosis 89. Animal mod-

els are used to understand clinical manifestations, drug and vaccine efficacy and virulence 

at a systemic level. However, as tuberculosis is a human disease, several key factors that 

make translating animal model research into inferences about the human body difficult, 

such as the amount of nitric oxide produced by the immune cells 90 and different transcrip-

tional responses induced by the activation of pattern recognition receptors 91. 

For basic science research on the establishment of disease, Mtb virulence factors and host 

immune response, in vitro cultured macrophages have been used extensively. These cul-

tured macrophages can either be primary cell lines obtained from a donor like MDMs, or 

secondary cell lines, like THP1, obtained by sub-culturing primary cells and immortalizing 

them, thus making it possible to passage the cells for an indefinite number of times. There 

are several advantages and disadvantages of primary and secondary cell lines with the 

main difference being their heterogenous and homogenous nature respectively. Cells de-

rived from different donors reflect the host genotype, increasing variability for better or 

worse, while secondary cell lines are essentially clones, making experiments easier to re-

produce but offering little in the way of capturing the heterogeneity of real life. Further-

more, cell lines like THP1 that have undergone passaging for a long time often display 

abnormal characteristics in processes such as cell division, phagocytosis and adherence 
89. In contrast, MDMs are physiological relevant and more likely reflect in vivo interactions 

occurring between Mtb and recruited macrophages. However, as a model cell line for tissue 

resident AMs, their usefulness is more unclear. Primary cell lines are also difficult to pro-

duce in large quantities, and therefore limit the scope of the experiments they are used 

in. 

Induced pluripotent stem cells (iPSCs) are another type of secondary cell line that are 

reprogrammed, using Yamanaka factors (master transcriptional regulators), to stem cells 

that can adopt any cell fate. As these cells can undergo cell proliferation and passaging, 

they are susceptible to genetic manipulation, and can therefore be used for techniques 

such as gene knock-out/in as well as other genotype manipulations 92. Recently, a protocol 

for generating iPSC derived macrophages (iMAC) was published 93, and their use in re-

search is increasing. The Centre of Molecular Inflammation Research (CEMIR) is one of the 

groups aiming to incorporate iMACs into several areas of research, including TB. 
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1.4 Aims and Research question 

The need for improved model systems in tuberculosis research is highlighted by the unique 

characteristics of the alveolar macrophage, and the importance of its early encounter with 

mycobacterium tuberculosis in shaping the innate and adaptive immune response. The 

complexity of tuberculosis, the gaps in early host-pathogen knowledge, the emerging 

threat of drug-resistant Mtb and the lack of an effective vaccine highlight the need for an 

accurate model system. An immortalized, tailor-made cell line, that is simple to culture 

and manipulate would present researchers with a valuable basic science tool that can lay 

the foundation of the clinical research that can change disease outcome and prevalence. 

iMACs have the potential to combine all these characteristics. However, if they are to be 

used as a model system, it is important to properly characterize them and compare them 

against existing model cell lines.  

Recently, Trude Flo’s research group performed mRNA sequencing on AMs, iMACs, MDMs 

and THP1 cells challenged with Mtb in parallel with untreated cells. Using the mRNA se-

quencing data provided by Trude Flo’s research group, this thesis aims to evaluate iMACs 

as a new model cell line in tuberculosis research and its eligibility to replace or supplement 

the previously established MDM and THP1 model systems.  

Goals: 

• Use mRNA sequencing data to explore and characterized the differences in Mtb elic-

ited immune responses displayed by the four cell types. 

• Evaluate the possible causes and downstream effects of these differences using the 

current literature.   
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Tackling the scope of the data analysis and selecting the biological processes that are 

evaluated and compared in this thesis is an important part answering the research ques-

tion as mRNA sequencing produces a vast amount of data that can be explored in an 

unlimited number of ways. Therefore, this thesis attempts to combine a data and theory 

driven approach to extract the most important processes that can be evaluated using 

mRNA sequencing. First, exploratory methods such as WGCNA, enrichment analysis and 

hierarchical clustering were used to find biological processes and gene clusters that change 

as a result of the Mtb infection and differ between cell types. 

Then, the literature was used to 

choose important immunological 

events or processes (both host and 

pathogen mediated) that might affect 

the overall immunological response of 

the macrophages. Furthermore, the 

importance of the observations made 

by the exploratory analyses was eval-

uated, and central genes were defined 

by reviewing the current literature. 

The aim of this combined approach 

was to provide a picture of differences 

highlighted by both the bioinformatical 

exploratory methods, and the litera-

ture to ensure that the most important 

cellular functions were compared.  

2.1 RNA-seq infection experiment 

The RNA sequencing infection experiment was performed by Trude Flo’s lab in 2021, 

while the author of this thesis was tasked with analyzing the resulting data. Thus, sec-

tion 2.1, detailing the principals and procedure of the infection experiment is included 

here to provide background information about the cells and experimental conditions 

which the mRNA sequencing data was obtained from. Sections 2.1.3.4 (for the cell death 

pathway assay), 2.2 and 2.3 were performed by the author of this thesis. 

2.1.1 Principles 

An early exploratory comparison of cell types subject to different conditions can be done 

using mRNA sequencing to capture the complete expression profiles of the cells. The se-

quencing data can be used to perform a range of analysis that provide insights into the 

global expression patters such as principal component analysis, and spearman’s correla-

tion matrix as well as insights into specific genes and pathways such as differential ex-

pression, pathway enrichment and co-expression analysis.  

2 Materials and Methods 

Figure 2-1. Flow diagram of the thesis approach. 
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2.1.2 Procedure  

An infection experiment was performed on AMs, iMACs, MDMs and THP1 cells in order to 

capture their gene expression response to Mtb infection using lipopolysaccharide (LPS) as 

a positive control. All cell types were treated with Mtb and LPS parallel to an untreated 

sample, and after 20 hours the cells were lysed, and their mRNA extracted. The mRNA 

was then sent to the NTNU Genomics Core Facility (GCF) for high-throughput sequencing 

and the data was analyzed by the author of this thesis.  

Table 2-1. RNA-seq infection experiment metadata.  

Sample_ID Cell type Treatment 

1iMACUntreated iMACs Untreated 

2iMACUntreated iMACs Untreated 

3iMACUntreated iMACs Untreated 

4iMACMtbAUX iMACs MtbAUX 

5iMACMtbAUX iMACs MtbAUX 

6iMACMtbAUX iMACs MtbAUX 

7iMACLPS iMACs LPS 

8MDMUntreated MDM Untreated 

9MDMUntreated MDM Untreated 

10MDMUntreated MDM Untreated 

11MDMMtbAUX MDM MtbAUX 

12MDMMtbAUX MDM MtbAUX 

13MDMMtbAUX MDM MtbAUX 

14MDMLPS MDM LPS 

15AMUntreated AM Untreated 

18AMMtbAUX AM MtbAUX 

21AMLPS AM LPS 

22THP1Untreated THP1 Untreated 

23THP1LPS THP1 LPS 

24THP1MtbAUX THP1 MtbAUX 

 

2.1.3 Production of Human Macrophages from Pluripotent Stem Cells 

(iMACs) 
Generation of macrophages from iPSCs consist of a multi-step process that includes: 1) 

IPSC culturing; 2) Generation of embryoid bodies (EBs); 3) Myeloid expansion and 4) 

Macrophage maturation. Step 1-3 requires considerable skill and experience and was 

therefore performed by Dr. Marit Bugge, while differentiation from Monocyte-like to Mac-

rophages (step 4) was performed by the thesis author.  

2.1.3.1 iPSC culturing:  

iPSCs were obtained from the European Bank for induced pluripotent Stem Cells (EBiSC, 

https://ebisc.org/about/bank), distributed by the European Cell Culture Collection of Pub-

lic Health England (Department of Health, UK). The iPSCs were cultured in Vitronectin XF 

(StemCell Technologies, 7180) coated plates with mTeSR™ Plus medium (StemCell Tech-

nologies), which was changed daily. Growth medium was removed for passaging and the 
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cells were treated with 1x ReLeSR™ (StemCell Technologies, 5826) to break up iPSC col-

onies, before being re-plated at 1:6 density in mTeSRplus media. 

2.1.3.2 Generation of embryoid bodies (EBs)  

The formation of EB and myeloid differentiation of iPSCs is described in a protocol made 

by former NTNU postdoc Eugenia Meiler, current a researcher at GSK Madrid, based on 

the methods published by Van Wilgenburg et al. in 2013 93. Brief description of the proto-

col: A single-cell suspension of the iPSCs was obtained by treating the cells with Versene 

(Gibco-Thermo Fisher, 15040066) for 5 minutes. Cells were then counted before being 

resuspended in EB media at a concentration of 10 000 cells/ 50 μL. EB media is composed 

of mTeSR™ Plus medium (StemCell Technologies, 5826) supplemented with 50 ng/mL 

bone morphogenic protein 4 (BMP-4) (R&D, 315-BP-010), 20 ng/mL SCF (R&D, 255-SC-

050) and 50 ng/mL vascular endothelial growth factor (VEGF) (R&D, 293-VE-050) to dif-

ferentiate iPSCs towards mesodermal induction and hematopoietic specification (see Fig-

ure 2-2). Rock inhibitor, Y-27632 (StemCell Technologies 72304) was added to increase 

cell survival. Cell suspension (50 ul/well) was added into a 384-well Spheroid Microplate 

(Corning. 3830). followed by centrifugation at 1000 RPM for 3 minutes and incubated for 

4 days at 37 degrees, 5%CO2. Fresh EB media without rock inhibitor (50 ul) was added 

at day 2. 

2.1.3.3 Myeloid expansion 

After 4 days the EBs were harvested and seeded onto gelatine coated T175 flask in X-

VIVO-15 (Lonza) media containing 100 ng/mL macrophage CSF (M-CSF) (Prepotech, 300-

25), 25 ng/mL IL-3 (Prepotech, 200-03), 2 mM glutamax (Gibco-Thermo Fisher, 

35050061), and 0.055 mM β-mercaptoethanol (Gibco-Thermo Fisher, 31350010). Cyto-

kines IL-3 and M-CSF (Prepotech, 300-25) further promotes a myeloid expansion and dif-

ferentiation into monocyte-like cells (iMos). Media was then changed every week and the 

EB culture was renewed after 3-4 months. The resulting monocytes were checked routinely 

using a flow cytometry panel defined for expected surface markers.  

2.1.3.4 Macrophage maturation 

The harvested monocytes were differentiated into macrophages by removing them from 

an IL-3 environment and culturing them in roswell Park Memorial Institute medium (RPMI) 

1640 (Gibco-Thermo Fisher, 61870044) with 10% fetal calf serum (Gibco) and 100 ng/mL 

M-CSF (Prepotech, 300-25) for 5-7 days. 
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2.1.4 MDM isolation and culture 

MDM isolation and culture was performed by Håvard Haukaas and Anne Marstad in 2021 

and is included in this thesis to provide adequate background information about the cells. 

2.1.4.1 Peripheral blood mononuclear cells (PBMC) isolation from whole blood 

Pooled serum and buffy coats were acquired from the St. Olavs Hospital blood bank 

(Trondheim, Norway), obtained from healthy donors after informed consent, with approval 

from the Regional Committee for Medical and Health Research Ethics (No. 2009/2245). 

PBMCs were separated using the density gradient medium Lymphoprep™ (StemCell Tech-

nologies, 07801) and centrifugation according to the manufacturer’s protocol. The buffy 

coat was mixed with 100ml of PBS and 14ml lymphoprep was added to 30 ml of the blood-

PBS mixture and centrifuged at 1800 rpm for 20 minutes at room temperature. The middle 

Figure 2-2. Differentiation of iPSC derived macrophages. The timeline and reagents used to 

differentiate stem cells to macrophages.  Figure adapted from 1 
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layer of PBMCs was harvested using a serological pipette. The PBMC solution was centri-

fuged at 2000 rpm for 10 minutes and the supernatant was discarded. The cells were then 

washed 3 times by adding 20ml of phosphate-buffered saline (PBS) and centrifuging at 

800 rpm for 8 minutes. A drop of ZAP-OGLOBIN II Lytic Reagent (Beckman Coulter, Cat 

#NC0098316) was added to lyse any remaining red blood cells and the PBMCs were 

counted using a Z2 Coulter counter (Beckman Coulter). The cells were then washed a final 

time with 20ml PBS and resuspended in RPMI + 10% human serum.  

2.1.4.2 Monocyte isolation from PBMC and differentiation into macrophages 

MDM media was prepared by adding M-CSF (Prepotech, 300-25) to RPMI (Gibco-Thermo 

Fisher, 61870044) + 10% human serum for a final concentration of 25ng/ml. Monocytes 

were isolated by adding the PBMC solution to a culture flask at a density of 730000 

cells/cm3 and incubated at 37°C for 1 hour to facilitate adherence. Non-adherent cells were 

removed by washing 3 times with HBSS (Sigma, H9394) before the MDM media was 

added. The monocytes were then incubated for 5-7 days to allow differentiation into MDMs 

with a media change on day 3.  

2.1.5 THP1 culture 

THP1 preparation and culture was performed by Anne Marstad. Briefly, THP1 cells were 

differentiated into THP1 macrophages (THP-1M) by culturing them for a minimum of 3 

days in RPMI 1640 medium with 3.4% L-glutamine (Gibco-Thermo Fisher, G8540) and 1% 

HEPES buffer (Sigma, H0887) supplemented with 10% Fetal calf serum (FCS)(Gibco) and 

100ng/ml phorbol 12-myristate 13- acetate (PMA).  

2.1.6 AM acquisition and culture 

AMs were isolated using adherence from Bronchoalveolar Lavage Fluid (BALF) obtained 

from 3 donors undergoing bronchoscopy at St. Olavs hospital. Donors were selected by 

Dr. MD Anders Tøndell, Senior consultant in respiratory medicine, Department of Thoracic 

medicine at St. Olavs University Hospital, with a focus on choosing patients that were 

healthy. Attachment media was prepared using RPMI 1640 (Gibco-Thermo Fisher, 

61870044) medium with 3.4% L-glutamine (Gibco-Thermo Fisher, G8540) and 1% HEPES 

buffer (Sigma, H0887) supplemented with 1% Penicillin-Streptomycin (P/S) (Gibco-

Thermo Fisher, 15140122) and 10% A+ human serum.  

BALF was collected immediately after bronchoscopy and centrifuged at 500x g for 10 

minutes, and supernatant was removed. The pellet was then resuspended in ice cold DPBS 

(Gibco-Thermo Fisher, 14190250) and centrifuged at 300x g for 5 minutes, a process that 

was repeated 3 times before being resuspended in the attachment media. The cells were 

then incubated at a density of 87000 cells/cm2 for 2 hours in 37°C to facilitate adherence 

before non-adherent cells were removed by washing 3 times with Hanks' balanced salt 

solution (HBSS).  

AM media was prepared using RPMI 1640 medium with 3.4% L-glutamine and 1% HEPES 

buffer supplemented with 10% A+ human serum which was added to the adherent cells 

and incubated for 1 hour before experiments were performed.   

2.1.7 Stimuli suspensions 

2.1.7.1 Mtb culture 

The leucine and pantothenate auxotroph strain Mtb mc2 6206 was used to create the Mtb 

infection solution. Growth media was prepared using Middlebrook 7H9 broth (BD 

https://www.thermofisher.com/order/catalog/product/15140122
https://www.thermofisher.com/order/catalog/product/15140122
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Biosciences, 00382902713104) supplemented with 10% Oleic Albumin Dextrose Catalase 

(OADC), 0.05% Tween-80, 24 g/ml D-pantothenate and 50 g/ml L-leucine. The Mtb was 

cultured in a shaking incubator at 37°C with weekly splits that included addition of glycerol 

(final concentration of 0.2%) to ensure exponential growth.  

2.1.7.2 Mtb infection suspension  

The infection suspension was creating by taking four aliquots of 5ml of Mtb mc2 6206 

culture and spinning it down at 4754xg. The remaining pellets were resuspended in the 

same media the 4 cell types were cultured in and sonicated 1 minute in an ultrasonic 

cleaner bath (VWR) at maximum power. The suspensions were then vortexed and centri-

fuged at 300x g for 4 minutes to make a pellet of the largest aggregations of bacteria. The 

supernatant was harvested and OD600 was measured and diluted to make a Mtb suspension 

of multiplicity of infection (MOI) 2.  

2.1.7.3 LPS suspension  

Solutions of LPS in cell specific media was made with a final concentration of 10ng/ml. 

2.1.8 Cell stimulation 

AM (87000 cells/well), MDM (73000 cells/well), and iMACs (73000 cells/well) were plated 

in triplicates for the untreated and Mtb stimulated samples while one sample was stimu-

lated with LPS. THP-1M had only one replicate per sample for all stimuli types. All cells 

were then stimulated for 20 hours with Mtb at an MOI of 2 and LPS at a final concentration 

of 10ng/ml before the experiment was ended and RNA extracted. 

2.1.9 RNA isolation  

After 20 hours the cells were washed once with DPBS and lysed with RTL buffer (Qiagen, 

79216) and store at -80°C. Later, the lysate was thawed on ice and RNA was isolated 

using Qiagen RNeasy® Mini Kit (Qiagen, 74106) as per manufacturer’s protocol. RNA was 

then eluted and stored in RNAse free water and the concentration was measured using a 

NanoDrop™ 1000 (ThermoFischer).  

2.1.10 Sequence alignment 

RNA from the infection experiment was sent to the Genomics core facility (GCF) at NTNU 

for library preparation and sequencing. The RNA integrity number (RIN) of all samples 

passed the quality control (QC) threshold of RIN >= 7. Libraries from the 24 samples were 

prepared using Lexogen SENSE mRNA kit, and the RNA was sequenced using Illumina 

NS500, 1x high output flow cell with 75bp single end reads. Pseudo gene alignment was 

performed with Salmon 94 and aggregation of transcripts to genes was done using tximport 
95. 

2.2 Data analysis 

All data analysis was performed in RStudio 96 using the raw read counts obtained from the 

NTNU GCF. An identical approach was used on the sequencing data generated by Bernard 

et al. 2, with count data obtained from Gene Expression Omnibus (accession number 

GSE132283) in February 2022 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132283). The Rmarkdown 

documents containing the scripts used to generate the results and corresponding visuali-

zations are all available in (gitbub link) and can be reproduced by following the instructions 

in the README file.  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132283
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2.2.1 Selection of samples 

Two of the AM samples showed signs of pre-activation prior to being stimulated with Mtb 

and LPS, most likely a result of the extraction process or due to lung inflammation in the 

donors (see Appendix Figure 1). A decision was therefore made to discard the two acti-

vated samples from the analysis in order to be able to identify genes that are differentially 

expressed between untreated and stimulated samples.  

The removal of replicates results in lower statistical power and a loss of significantly dif-

ferentially expressed genes, however, this was determined to be less detrimental than the 

masking effect the stimulated untreated samples would have on the differential expression 

analysis.  

2.2.2 Data Normalization 

2.2.2.1 Principles  

Following the sequencing process the number of reads mapped to specific genes do not 

represent the actual expression of that gene in the cell. For the raw count data to reflect 

the number of transcripts within a cell, the data has to be normalized for gene length, 

library composition and library size. Furthermore, accuracy and statistical power is in-

creased by removing genes with very low read counts. Genes with very few mRNA tran-

scripts are generally not translated into protein at a biologically significant level, if trans-

lated at all, and are therefore removed before differential expression analysis occurs. Fur-

thermore, these genes unlikely to provide the statistical power to classify them as differ-

entially expressed and can therefore be removed with minimal loss of information, while 

simultaneously improving the accuracy of the differential expression analysis 97.  

The illumina sequencing process requires relatively short DNA fragments and transcripts 

are therefore cut at regular intervals (50-350 bp) meaning the length of the gene will 

determine the number of fragments created per mRNA transcript and therefore affect the 

number of reads aligned to the gene. Furthermore, when comparing different cell types 

some genes will be highly expressed in some cells while not being expressed in others. As 

there is a limited number of total reads per sample, highly expressed genes will result in 

less reads for the rest of the genes and therefore needs to be accounted for 98. The total 

number of reads in the sample will also affect the number of reads mapped to genes, and 

as the library size of each sample will vary as a result of the amplification process, raw 

counts are usually converted to counts per million.  

2.2.2.2 Procedure 

The R code for the following procedure can be found in the rawdata_normalization.rmd file 

(gitbub link). To ensure identical normalization and filtering steps for all downstream anal-

ysis, the rawdata_normalization.rmd is rendered from the individual scripts that require 

the normalized data using the source_rmd() function.  

The DGElist function (edgeR package, version 3.36.0) 99 was used to create an object 

containing the raw gene counts from GCF, metadata and gene information. Using this 

object, the raw data was filtered for genes with low counts using the filterByExpr function 

(edgeR package, version 3.36.0) 99. The filterByExpr function removes genes that have 

less than 10 counts per million in n samples (n is determined by smallest group of samples, 

in this case 1) and less than 15 counts across all samples reducing the total number of 

represented genes from 60271 to 18117. Normalization factors were calculated with the 

calcNormFactor() function (edgeR package, version 3.36.0) 99 using the trimmed mean of 
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M values (TMM) method 100, which takes into account gene length, library composition and 

library size. To apply the normalization factors to the counts the cpm() function (edgeR 

package, version 3.36.0) 99 was used. This returns the log2(counts per million) values that 

will be referred to as normalized counts for the remainder of this thesis. Z-scores were 

calculated for each gene (i) observed in a sample (j) based on the average expression of 

that gene (G) across all samples.  

𝑍𝑖𝑗 =
𝐺𝑖𝑗 − 𝐺̅𝑖

𝜎𝐺𝑖
 

Equation 1. 

The Z-score values represents the how many standard deviations an observation is from 

the mean expression of that gene and is therefore useful in visualizations comparing be-

tween cell relative expression of a large number of highly variable gene with heatmaps. 

2.2.3 Principal component and Correlation analysis 

The R code for the following procedure can be found in the PCA_and_corr.rmd file 

(https://github.com/ulrikhorn/MasterThesis). The principal component was performed on 

the z-transformed normalized count data using the prcomp() (stats package, version 

4.1.3) 96. The sample spearman correlations were calculated using the cor() function 

(stats package, version 4.1.3) 96. 

2.2.4 Hierarchical clustering 

2.2.4.1 Principals 

Hierarchical clustering groups samples together according to the correlation of the obser-

vations between samples or genes. All observations are first treated as separate clusters, 

and the clusters with the smallest distance between them are merged into a larger cluster. 

This bottom-up approach results in a set of clusters containing objects that are broadly 

similar.  

2.2.4.2 Procedure 

The R code for the following procedure can be found in the h_clustering.rmd file 

(https://github.com/ulrikhorn/MasterThesis). Z- transfomed normalized count data 

(log2(CPM) was filtered for all differentially expressed genes across samples, and the eu-

clidian distance between both genes and samples were calculated using the dist() function 

(Stats package version 4.1.3) 96. Complete hierarchal clustering was then performed using 

the hclust() function (Stats package version 4.1.3) 96 and the resulting dendrograms were 

cut to create 4 sample clusters and 7 gene clusters using the cuttree() function (Stats 

package version 4.1.3) 96. The resulting dendrograms revealed that THP1 clustered sepa-

rately from the other samples (see Figure 3-3) and as such should be treated as an outlier. 

THP1 affected the analysis due to a high number of highly expressed genes related to cell 

cycle and developmental biological processes and as such reduced the information on im-

munological processes. With THP1 samples removed the clusters were analysed for en-

riched GO terms using the enrichgo() function (clusterProfiler package, version 4.2.2) 101 

and a summary of the biological processes for each cluster was plotted together with the 

expression values in a heatmap using the heatmap() function (ComplexHeatmaps pack-

age, version 2.10.0) 102 and clustered according to the previously created dendrograms. 



28 

 

Hierarchical clustering was also used when generating gene specific heatmaps. These den-

drograms show the similarity of expression with regards to the selected genes as well as 

indicate weather the changes in expression are a result of the simuli. If the gene expres-

sion patterns are affected by the stimuli, the samples will cluster according to the treat-

ment group rather than the cell type, which by default is most similar. Therefore, if the 

samples cluster according to cell type, this indicates that the treatment has little to no 

effect on the observed expression patterns.  

2.2.5 Differential expression analysis 

2.2.5.1 Principles 

The normalized and filtered expression data obtained from mRNA sequencing can be used 

to find differentially expressed (DE) genes. Differential expression analysis is a useful way 

of comparing the expression profiles and identifying key genes in cells under different 

conditions by quantifying the magnitude differential expression and estimating the signif-

icance of the difference. Differential expression analysis estimates the difference in gene 

expression using regression-based models and then estimates significance using a statis-

tical test based on a null hypothesis that expression is the same for all conditions.    

2.2.5.2 Procedure  

The R code for the following procedure can be found in the deg_analysis.rmd file 

(https://github.com/ulrikhorn/MasterThesis). The normalized counts were used to fit each 

gene to a linear model using the lmFit() function (Limma package, version 3.50.1) 103, and 

then fit to the defined contrast matrix using the contrast.fit() function (Limma package, 

version 3.50.1)  103. Empirical bayes statistics were then calculated using the eBayes() 

function (Limma package, version 3.50.1) 103 resulting in a data frame of differential ex-

pression data and the corresponding statistics. Genes with an absolute log2 fold change 

of more than 1 and a p-value of less than 0.05 were filtered from the results and will be 

referred to as significantly differentially expressed genes for the remainder of this thesis.   

2.2.6 Weighted gene correlation network analysis 

2.2.6.1 Principles 

Weighted correlation network analysis (WGCNA) is used to describe correlation patterns 

across RNA-seq or microarray gene expression data. WGCNA uses expression values to 

find clusters or modules of highly correlated co-expressed genes and the relationship be-

tween such modules and experimental traits. Correlation networks are constructed from a 

matrix where, in the case of expression data, the row indices correspond to the samples 

of different experimental conditions and the column indices correspond to the genes to 

which the expression was measured. The module trait relationship is calculated by finding 

the correlation between a module and treatment groups in the experiment.  

2.2.6.2 Procedure 

The R code for the following procedure can be found in the wgcna.rmd file 

(https://github.com/ulrikhorn/MasterThesis). The blockwiseModules function (WGCNA 

package, version 1.71) 104 was used to create a signed pearson correlation network with 

a soft threshold power value of 12 based on the pickSoftThreshold() function (WGCNA 

package, version 1.71) 104. The categorical variables (untreated, MtbAUX and LPS) were 

binarized using the binarizeCatagoricalVariable() function (WGCNA package, version 

1.71)104 and the pearson correlation between the modules and treatment was calculated 
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using the cor() function (Stats package version 4.1.3) 96. Modules significantly (p-value < 

0.05) associated with the Mtb stimuli were then investigated further by analyzing for en-

riched GO terms using the enrichgo() function (clusterProfiler version 4.2.2) 101. 

2.2.7 Gene ontology enrichment analysis 

2.2.7.1 Principles 

The gene ontology (GO) platform is a database of terms describing molecular functions, 

biological processes and cellular components. Within each GO term is a list of genes asso-

ciated to the process described, curated from published peer reviewed literature. Using a 

list of all genes obtained from a differential expression analysis, together with a list of 

significantly differentially expressed genes (p<0.05), over-represented processes that are 

affected by treatment or regulated differently between cell types can be identified.     

2.2.7.2 Procedure 

The R code for the following procedure can be found in the enrichment_analysis.rmd file 

(https://github.com/ulrikhorn/MasterThesis). The GO enrichment analysis was performed 

using the enrichGO() function (clusterProfiler version 4.2.2) on the data frame containing 

the log2Fold change and p-values of all gene transcripts collected alongside the list of 

significantly differentially expressed genes (p<0.05). The search was limited to GO terms 

describing molecular function and the maxGSSize was set to 100, increasing the specificity 

of the GO terms included as more generalized terms with a large number of genes are 

excluded. The GO term descriptions, gene ratios (percentage of total DE genes in GO term) 

and p-adjusted values of the over-representation was plotted using the dotplot() function 

(Enrichplot package, version 1.14.2)105.  

2.2.8 Pathview  

The R code for the following procedure can be found in the enrichment_analysis.rmd file 

(https://github.com/ulrikhorn/MasterThesis). Pathview images were generated using the 

log2 fold change (MtbAUX vs untreated) and overlaid on Kyoto encyclopedia of genes and 

genomes (KEGG) pathway images (KEGG PATHWAY Database (genome.jp), images ob-

tained march 2022) using the pathview() function (Pathview package, version 1.34.0) 106.  

2.3 Cell death pathway assay 

2.3.1 Principles 

To identify the cell death pathways that are active in the iMACs, a cell death experiment 

aimed at triggering apoptosis, necroptosis, pyroptosis and ferroptosis (see Table 2-2) in 

the presence of a range of reagents (see Table 2-3) was performed. The reagents target 

biological processes involved in the different cell death pathways, some specific for a single 

pathway while others affect more than one. These reagents were added to verify what 

components of the different cell death pathways that were active, and to see the effects 

of the reagents on lactate dehydrogenase (LDH) release.   

 

 

https://www.genome.jp/kegg/pathway.html


30 

 

Table 2-2. iMAC cell death stimuli.  The cell death pathway assay used four types of stimuli, 
aimed at activating pyroptosis, ferroptosis, apoptosis and necroptosis in order to investigate the 
ability of the iMACs to activate different cell death pathways. 

Stimuli Cell death pathway 

LPS + Nigericin Pyroptosis 

RSL-3 Ferroptosis 

Venetoclax Apoptosis 

TNF + zVAD Necroptosis 

 

The samples stimulated with Venetoclax (Tocris, 6960) and TNF (Peprotech, 300-01A) + 

zVAD were prepared the day before the other samples were stimulated due to previous 

experience indicating that a longer incubation time was needed for these reagents to have 

the desired effect. An additional negative control was then included to show the cytotoxi-

city of the inhibitors over 18 hours.  

Table 2-3. Inhibitors of cell death processes.  The known effects of the reagents used to inhibit 
specific cell death signaling molecules or cellular processes. These were added to investigate the 

activity of central effector proteins as well as to investigate the reagents effects on the LDH release.  

Reagent Function 

MCC950 NLRP3 inhibition 

Disulfiram GSDMD and TNF inhibition 

PEG 8000 Stabilization of osmotic 

swelling caused by plasma 

membrane pores 

Glycine Inhibition of necrotic cell 

death 

 

2.3.2 Procedure 

iMACs were harvested after myeloid expansion (see section 2.1.3.3) and plated in a 96 

well glass bottom plate (Cellvis p96-1.5-H-N) at a concentration of 30000 cells/well in 

RPMI 1640 (Gibco-Thermo Fisher, 61870044) with 10% fetal calf serum and 100 ng/mL 

M-CSF (Peprotech, 315-02) for 7 days.  

The inhibitors were solubilized in RPMI 1640 (Gibco-Thermo Fisher, 61870044) with 3.4% 

L-glutamine (Gibco-Thermo Fisher, G8540), 1% fetal calf serum and 1:1800 DRAQ7. Di-

sulfiram and MCC950 were first solubilized in dimethyl sulfoxide (DMSO), while polyeth-

ylene glycol (PEG)-8000 (VWR, 97061-102) and glycine (Merck, 1042010100) were dis-

solved directly into the culture medium. DMSO was also added to one of the columns at 

the same concentration as the disulfiram and MCC950, to measure the cytotoxicity of 

DMSO alone.  

10mM PEG-8000, 50mM glycine, 30uM disulfiram and 10uM MCC950 was added to the 

wells that were to be stimulated by venetoclax (Tocris, 6960) and TNF-alpha (Peprotech, 

300-01A) + zVAD as well as the 18 hour no stimuli control and incubated for 30 minutes 

before 25uM venetoclax (Tocris, 6960) and 10ng/ml TNF-alpha (Peprotech, 300-01A) + 

20uM zVAD was added to their respective wells. 

The cells where then incubated at 37°C., 5% CO2 for 18 hours. After 18 hours new inhib-

itor solutions were made and added to the remaining wells, and incubated 30 minutes 
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before 200ng/ml LPS, and 4uM RAS-selective lethal (RSL)-3 was added. After 3 hours 

20uM nigericin (Sigma N7143) was added to the wells stimulated with LPS. After 4 hours 

10X LDH lysis buffer (CyQuant, cat# C20300) was added to 3 control wells to measure 

max LDH release and 50ul of supernatant was harvested and added to an ELISA 96 well 

plate and 50ul of LDH reaction mixture (CyQuant, cat# C20300) was added. The ELISA 

plate absorbance was read after 30 minutes at 490nm and 655nm. 
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3.1 Expression profile comparisons between AMs, MDMs, iMACs 

and THP1 

3.1.1 Global expression profiles reveal a high degree of AM and MDM 

similarity 

Visualizing the overall similarities between cell types and treatment groups, is an im-

portant initial step in comparing the macrophages. Therefore, the global transcriptional 

profiles of the query cells were used to generate a principal component analysis (PCA) 

plot. This analysis shows the relative similarity of the samples based on the principal 

components (PC) that represent the most variance between samples, PC1 and PC2.  

As expected, the samples primarily cluster according to cell type. iMACs showed the largest 

difference between treatment groups followed by THP1. MDMs and AMs however show 

little to no difference between treatment groups (see Figure 3-1). Furthermore, the PCA 

plot suggests that the iMACs correlate more with AMs and MDMs in PC1, while THP1 are 

closer to the primary cell lines in PC2.   

 

Figure 3-1. AMs and MDMs show the highest degree of similarity. Principal component anal-
ysis of the global expression patterns of the samples averaged for replicates treated with the same 
stimuli. The axis shows the variance attributed to principal component (PC) 1 (x-axis) and PC2 (y-
axis), where PC1 represents the most variance. The cell types are differentiated by color while the 

sample treatment is denoted by the point shape. 

The global transcriptional profiles were further investigated using a spearman correlation 

analysis to make a heatmap of sample similarity. In accordance with the PCA plot, this 

heatmap reveals a high degree of correlation within cell type. iMACs and THP1 also show 

3 Results 
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some clustering according to treatment group, however, this is not discernable in MDMs 

and AMs (see Figure 3-2). The correlation between the cell types based on their global 

transcriptional profiles provides an early indication of the applicability of iMACs, as they 

seem to have a slightly higher degree of similarity with AMs than THP1. However, to dis-

cern more about the differences in immune response, the correlation of genes affected by 

Mtb needs to be investigated.  

 

Figure 3-2. iMACs display a higher degree of correlation with AMs than THP1.The correlation 
between iMACs, MDMs, AMs and THP1 with and without Mtb infection is visualized based on their 
global transcription profiles. The spearman correlation coefficient is visualized by the gradient color 

intensity of the heatmap tiles, from 0.8 (white) to 1 (darkgreen).  

3.1.2 Hierarchical clustering indicates a strong type 1 interferon response 

in iMACs  

To investigate the similarity between samples based on genes affected by Mtb infection, 

hierarchical clustering was performed based on all observed significantly differentially ex-

pressed genes (MtbAUX vs untreated, total of 3,320 genes). This generates a dendrogram 

visualizing the hierarchical clustering of the Euclidian distances, a metric of similarity, be-

tween the samples.  

The cluster dendrogram displays two major clusters consisting of AMs, iMACs and MDMs 

in one, and THP1 in the other (see Figure 3-3). Again, the MDMs and AMs cluster most 

closely, indicating a similarity in the expression of Mtb stimulated genes as well as in the 

global expression patterns (see Figure 3-1 and Figure 3-2). The Euclidean distance be-

tween the treatment groups of the iMACs was higher than in the other cells forming two 

distinct clusters, indicating a strong response to the stimuli that had a large impact on 

gene expression. The clustering according to treatment was also seen in MDMs and THP1 
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cells, however, this was not evident in the AMs, indicating little differential expression in 

response to Mtb and LPS.  

 

Figure 3-3. THP1 cells differ from iMACs, MDMs and AMs in expression of Mtb affected 
genes.  The hierarchal clustering of AM, MDM, iMAC and THP1 samples generated from the Euclidean 
distances between the samples based on expression of all Mtb vs Untreated significantly differentially 
expressed genes (-1 > log2FoldChang > 1 and p-value < 0.05). 

 

Using the same technique, large clusters of genes, that were similarly expressed were 

identified. These clusters could then be compared between cell types and treatment 

groups, by visualizing the relative gene expressions in a heatmap (see Figure 6). Further-

more, using enrichment analysis, the major biological functions that the identified clusters, 

could be defined. As the THP1 samples clustered as an outlier (see Figure 3-3), they were 

excluded from the following analysis to improve the resolution of the of differences in 

immune-related gene expression.  

Clusters 1, 2 and 3 are composed of genes related to expected immunological processes 

such as IFN-gamma, IL-1, chemokine and type 1 interferon signaling, while clusters 4 

and 5 represents nuclear DNA replication and tissue biomineralization (see Figure 3-4).  

The hierarchical clustering heatmap reveals several cell type specific expression trends of 

note. First, the similarity between the Mtb and untreated AM samples indicate that the 

stimuli had a low impact on the expression of the selected genes. Second, and in con-

trast to the AMs, iMACs show a more obvious pattern of expression according to treat-

ment. Lastly, the MDMs display a trend of subdued differential expression of the selected 

genes. 
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Cluster 3, representing inflammatory drivers, is similarly expressed in Mtb infected 

iMACs and AMs, and although being showing an upregulating trend this change is more 

moderated in MDMs (see Figure 3-4, cluster 3). Interestingly, cluster 2 is highly upregu-

lated in iMACs and slightly upregulated in MDMs, while AMs display a consistently low ex-

pression of these type 1 interferon related genes.   

The hierarchical clustering heatmap shows that MDMs and AMs have the most closely re-

lated overall expression profiles of the differentially expressed genes (see Figure 3-3). 

However, the upregulation of the proinflammatory related genes (see Figure 3-4, gene 

cluster 3) seems to be somewhat more similar between iMACs and MDM.  

 

Figure 3-4. Hierarchical clustering reveals a modest MDM inflammatory response and a 
strong type 1 interferon response in iMACs. Z-transformed relative gene expression heatmap 

of all Mtb vs Untreated significantly differentially expressed genes (-1 > log2FoldChang > 1 and p-
value < 0.05) clustered according to the euclidean distances between samples (columns) and genes 
(rows). The biological processes represented by the clusters were identified using GO enrichment 
analysis on the genes in their respective clusters (1-7). The GO terms specified are the top 

significantly enriched (Benjamini-Hochberg adjusted p-value < 0.05). 
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3.2 All macrophage cell lines are enriched for inflammatory 

processes 

To determine the main biological functions affected in response to the Mtb challenge, 

gene ontology enrichment analysis was run on the Mtb vs untreated significantly differ-

entially expressed (log2 fold change > 1 or < -1 and P-value < 0.05). 

As expected, the most significantly enriched terms are almost exclusively related to an 

immune response, confirming that the majority of the differentially expressed genes are 

a result of the Mtb infection. Many similarities in the enriched biological processes can be 

observed, such as cellular response to interleukin-1 and INF-gamma as well as processes 

related to chemokine signaling (see Figure 7). iMACs and THP1 cells are also highly en-

riched for negative regulation of viral processes which correlates with the findings of the 

Figure 3-5 iMACs, AMs, MDMs and THP1 are all enriched for cellular response to IL-1 and 
IFN-gamma. The dotplot of enriched GO terms in MDMs, iMACs, THP1 and AMs, was generated 
based on the Mtb vs Untreated significantly differentially expressed genes (-1 > log2FoldChang > 1 

and p-value < 0.05) displaying the top 10 significantly (adjusted P-value < 0.05) enriched biological 

processes. The x-axis displays the geneRatio (ratio of input genes that are annotated in the given 
GO term), while the size of the dot indicates the number of genes that conformed to the respective 
GO term. The color of the dot indicates the Benjamini-Hochberg adjusted P-value.  
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WGCNA observations (see Figure 3-8). MDMs are most significantly enriched for biological 

processes related to chemokines and chemotaxis, which, although represented, is not as 

prominently featured in the other macrophages. Interestingly, although the cellular re-

sponse to IFN-gamma features prominently, no IFN-gamma mRNA was detected in any of 

the query cells. This analysis shows that IL-1 and IFN-gamma are main inflammatory 

drivers activated by Mtb and that chemokines affect cellular signaling in all macrophage 

phenotypes.  

3.3 Weighted gene correlation network analysis 

In order to investigate similarities and differences in the expression of clusters of co-ex-

pressed genes, weighted gene correlation network analysis was employed. 49 modules 

were identified (see Appendix Figure 2) and the correlation between module and sample 

was visualized in a heatmap (see Figure 3-6). The linear modeling was then employed to 

identify three modules that were significantly (adjusted P-value < 0.05) upregulated in 

response to Mtb.  

Figure 3-6. Three modules of co-expressed genes are significantly associated with Mtb 

infection of macrophages. Heatmap showing the association between the modules of co-ex-
pressed genes (y-axis) identified by the WGCNA analysis, and the samples, averaged for replicates 

(x-axis). Modules lightsteelblue1, orange and white were identified to be significantly (adjusted P-
value < 0.05) differentially expressed between Mtb- and untreated cells using linear modeling. The 
correlation value is expressed as a color from -1 (blue) to 1 (red).   
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The degree to which the modules of genes were upregulated in response to Mtb differed 

between the cell types with the AMs consistently showing the least amount of differential 

expression, and iMACs showing the most (see Figure 3-8). Module 41 (lightsteelblue1) 

showed highest correlation with the change in expression between untreated and Mtb 

treated samples. This module consisted of 68 genes that are enriched for biological pro-

cesses related to regulation of T-cell activation, type 1 interferon production and cellular 

responses to interleukin-1 and interferon-gamma. Furthermore, the strong correlation be-

tween module membership (MM) and gene significance (GS) (r =0.75, p-value = 1.8e-13) 

indicates that the hub genes in the module are significant in the cellular response to Mtb 

(see Figure 3-7). The main three hub genes in this module are indoleamine 2,3-dioxygen-

ase 1 (IDO1), aconitate decarboxylase 1 (ACOD1) and intercellular adhesion molecule 1 

(ICAM1). 

Figure 3-7. Gene significance and module membership are highly correlated in module 41. 
Scatterplot of the gene significance (y-axis) and module membership (x-axis) of all the genes in 

module 41 (lightsteelblue1), fit to a linear model to show the correlation (cor = 0.75) and the p-
value (1.8e-13). 

The relationship between module 25 (orange) and the stimulated samples had higher var-

iation, with Mtb infected MDMs and AMs showing lower expression of this module than 

iMACs and THP1 (see Figure 3-8). This strong association iMACs and THP1 show with type 

1 interferon and negative regulation of viral responses is supported by the enrichment 

analysis (see Figure 3-5) as well as the high expression of similar genes in the hierarchical 

clustering heatmap (see Figure 3-4). The correlation between GS and module membership 

(MM) was lower than module 41 (r = 0.4, p-value = 1.5e-7), with C-X-C motif chemokine 

ligand 10 (CXCL10), ETS Variant Transcription Factor 7 (ETV7), Signal transducer and 

activator of transcription 1 and 2 (STAT1/2) and CXCL11, being the genes with the highest 

MM and GS.  
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Figure 3-8. iMACs and THP1 display a strong type 1 interferon response. Boxplots of the 
module eigengene values (measure of collective module gene expression) for the samples grouped 
by treatment type. GO enrichment of biological processes related to the genes in modules 41, 25 
and 27 respectively, with the x-axis displaying the geneRatio (ratio of input genes that are annotated 

in the given GO term), and the size of the dot indicating the number of genes that conformed to the 
respective GO term. 

 

Module 27 (orange) is most significantly enriched for genes related to neutrophil chemo-

taxis, macrophage activation, cellular responses to chemokines and unexpectedly, cellular 

responses to metal ions such as zinc and copper (see Figure 3-8). The THP1 cells showed 

a consistently lower expression of this module for all treatment types, although some 

upregulation can be observed in response to stimuli. Interestingly, untreated AMs display 

a significantly higher expression of this module in comparison to the other cell types how-

ever, the upregulation was not as large as iMACs, which expressed the module 27 genes 

at the highest level after stimulation.  
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3.4 Pathway maps provide indications of differing regulation of 

TB related processes 

The differential expression of key receptors, intermediate signaling molecules and pathway 

products in the tuberculosis KEGG pathway (obtained from the KEGG database March 

2022, accession code hsa05152, https://www.genome.jp/entry/pathway+hsa05152) was 

visualized using the pathview package 106. This provides an overview of the of key differ-

ences between the cells with regards to Mtb infection specific processes, that is useful for 

selecting what specific immunological events to investigate further. 

From these pathway maps, differences can be observed in the differential expression of 

genes related to antigen presentation and inhibition of apoptosis, as well as in the cell 

surface receptors and anti-inflammatory cytokine expression. Furthermore, the expression 

Figure 3-9. Pathway map indicates MHC class 2 and TGFB downregulation in AMs.  

The log2 fold change is denoted by the color of the gene boxes from -1 (green) to 1 (red). The 
boxes represent a single gene (i.e. IL-10) or a group of closely related genes (i.e. MHC class 2 

molecules) of which the mean log2 fold change is calculated and displayed. The image (accession 
code hsa05152) was downloaded from the KEGG database (https://www.genome.jp/entry/path-
way+hsa05152) in March 2022. 

https://www.genome.jp/entry/pathway+hsa05152
https://www.genome.jp/entry/pathway+hsa05152
https://www.genome.jp/entry/pathway+hsa05152
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of pro-inflammatory cytokines and their upstream regulators like NFkB, show a high de-

gree of similarity between cell types (see Figure 3-9, Figure 3-9, Figure 3-11, Figure 3-12).  

   

 

Figure 3-10. Pathway map indicates MHC class 2 downregulation and IL-10 upregulation 
in iMACs.  

The log2 fold change is denoted by the color of the gene boxes from -1 (green) to 1 (red). The boxes 
represent a single gene (i.e. IL-10) or a group of closely related genes (i.e. MHC class 2 molecules) 
of which the mean log2 fold change is calculated and displayed. The image (accession code 

hsa05152) was downloaded from the KEGG database (https://www.genome.jp/entry/path-
way+hsa05152) in March 2022. 

 

https://www.genome.jp/entry/pathway+hsa05152
https://www.genome.jp/entry/pathway+hsa05152
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Figure 3-11. Pathway map indicates MHC class 2 upregulation in MDMs.  

The log2 fold change is denoted by the color of the gene boxes from -1 (green) to 1 (red). The 

boxes represent a single gene (i.e. IL-10) or a group of closely related genes (i.e. MHC class 2 
molecules) of which the mean log2 fold change is calculated and displayed. The image (accession 

code hsa05152) was downloaded from the KEGG database (https://www.genome.jp/entry/path-
way+hsa05152) in March 2022. 

 

https://www.genome.jp/entry/pathway+hsa05152
https://www.genome.jp/entry/pathway+hsa05152
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Figure 3-12. Pathway map indicates an upregulation of IFN-beta and anti-inflammatory 
cytokines in THP1.  

The log2 fold change is denoted by the color of the gene boxes from -1 (green) to 1 (red). The 
boxes represent a single gene (i.e. IL-10) or a group of closely related genes (i.e. MHC class 2 

molecules) of which the mean log2 fold change is calculated and displayed. The image (accession 

code hsa05152) was downloaded from the KEGG database (https://www.genome.jp/entry/path-
way+hsa05152) in March 2022. 

https://www.genome.jp/entry/pathway+hsa05152
https://www.genome.jp/entry/pathway+hsa05152
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3.5 iMACs and THP1 have many more differentially expressed 

genes than AMs and MDMs 

To look at the number of differentially expressed genes that were shared between the 

different cells types a four-way Venn diagram was made. The number of significantly (p-

value < 0.05 and -1 > log2FoldChange > 1) differentially expressed protein coding genes 

varied greatly between the cell types, with iMACs having the most significantly differen-

tially expressed genes (1766) and AMs having the least (205). Only 20 significantly differ-

entially expressed protein coding genes are shared among all four cell types, however, 

this is largely limited by the low number of SDEGs identified in the AMs and if removed 

the three remaining cell types share 143 SDEGs. Interestingly, THP1 share the most 

SDEGs with AMs, contrasting with the highly different expression profiles (see Figure 3-1, 

Figure 3-2, Figure 3-3).  

 

3.6 Differential expression of genes related to spesific immune 

processes 

The exploratory analyses provided insights into the differences and similarities in regula-

tion of biological processes involving many genes. The results discussed above, together 

with a review of the current literature, were used to select specific aspects of the host-

pathogen interactions of which to focus on. These specific aspects include the cell surface 

receptors, inflammatory response, antigen processing and T-cell activation, and cell death 

pathways. Little evidence of cell death was observed in the exploratory analyses; however, 

this is a major area of tuberculosis research, an area that the CEMIR research group, the 

primary benefactors of the author of this thesis, is deeply invested in.   

The expression of key genes (selected and curated by the author of the thesis), central to 

immunological processes important during Mtb infection, were compared by creating 

heatmaps and corresponding dendrograms generated using hierarchical clustering. This 

allows the reader to easily see patterns of up and downregulation, compare expression 

Figure 3-13. Venn diagram shows the high variation in the number of differentially ex-
pressed genes between the macrophages. Venn diagram of Mtb vs Untreated significantly differ-
entially expressed genes (-1 > log2FoldChange > 1 and p-value < 0.05) shared between cell types. 
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levels and, using the dendrograms, see patterns of similarity between treatment groups 

and cell types.  

3.6.1 THP1 cells display significant differences in PRR expression 

The fate of Mtb inside the cell, as well as the induced inflammatory response, can differ 

based on what receptor that is responsible of recognizing and internalizing the bacteria 17. 

The basal expression, as well as the gene expression changes of these receptors in re-

sponse to stimuli is therefore compared. 

The expression of most of the selected cell surface PRRs was similar for untreated AMs, 

iMACs and MDMs, while the low expression of these receptors in THP1 cells make them a 

bit of an outlier (see Figure 3-14b). Notable exceptions are the high basal expression of 

Figure 3-14. THP1 show significant differences in PRR expression. 

(a) Heatmap where each row represents a gene, and the columns represent the 
treatment groups separated by cell type. The z-scores, averaged for cell type-
treatment replicates, represent gene-wise relative expression (see equation 1) 

and are visualized by a continuous color gradient from low (blue) to high (red). 
Mtb vs Untreated significantly differentially expressed genes (-1 > log2FoldChang 
> 1 and p-value < 0.05) are annotated by a red outline. (right) Hierarchical clus-
tering dendrogram generated based on the expression correlation of the genes in 

the heatmap.  
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TLR2 in iMACs and complement receptor 3 (ITGAM) in MDMs. Interestingly, except TLR2 

in iMACs, MDMs and THP1, most of the receptors show a downregulating trend after 20 

hours of stimuli exposure. 

3.6.2 Many similarities in the expression of pro-inflammatory mediators but 

the MDM response in subdued 

The hallmark drivers of the inflammatory response during Mtb infection were compared 

revealing a high degree of similarity in the upregulation patterns of AMs, iMAC and THP1, 

with the major difference being the significant upregulation of IL-23 and GM-CSF (CSF2) 

in AMs. Although all pro-inflammatory cytokines were upregulated after exposure to stim-

uli, the MDMs showed an unexpectedly subdued response in comparison with the other 

Figure 3-15. Mtb induced gene expression of pro-inflammatory mediators 
in AMs is most accurately reflected by iMACs.  

(a) Heatmap where each row represents a gene, and the columns represent the 
treatment groups separated by cell type. The z-scores, averaged for cell type-treat-
ment replicates, represent gene-wise relative expression (see equation 1) and are 
visualized by a continuous color gradient from low (blue) to high (red). Mtb vs Un-
treated significantly differentially expressed genes (-1 > log2FoldChang > 1 and p-
value < 0.05) are annotated by a red outline. (b) Hierarchical clustering dendrogram 

generated based on the expression correlation of the genes in the heatmap.  

 



47 

 

cell types. However, TNF, IL-1B and IP-10 (CXCL10), arguably the most important, were 

significantly upregulated. NFkB was also upregulated in iMACs, MDMs and THP1, and while 

AMs do show a higher expression of the signaling molecule this was not a significant ob-

servation. 

The effect of Mtb and LPS stimuli of the gene expression of iMACs, AMs and THP1 is high-

lighted by the distinct clustering of the samples according to treatment (see Figure 3-15). 

Interestingly, the dendrogram also shows that iMACs and AMs had the most similar ex-

pression of the pro-inflammatory mediators after Mtb infection. 

3.6.3 Anti-inflammatory cytokines 

The role of anti-inflammatory cytokine production induced by Mtb as well as the anti-

inflammatory characteristics of AMs in vivo are of great interest when comparing the im-

mune response of the cells, as they have several important down-stream effects that are 

believed to be promoted by the pathogen.  
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Except for TGFB and IL-10, AMs show a trend of higher expression of anti-inflammatory 

mediators than the other cell types. iMACs do show a significant upregulation of several 

important regulatory proteins such as SOCS1 and IRAK3, as well as the LXR transcription 

factor NR1H3. However, this is only in response to the stimuli whereas AMs express these 

factors at a higher level even when unstimulated. Interestingly, IL-10 expression in iMACs 

and MDMs show little change but much higher expression than AMs and THP1, which was 

not expected. The dendrogram generated from the gene expression of these anti-inflam-

matory mediators indicate that there are little treatment related changes in these genes 

as the samples cluster according to cell type and not treatment group. 

Figure 3-16. Expression of anti-inflammatory cytokines changes little 
in response to stimuli.  

(a) Heatmap where each row represents a gene, and the columns represent 

the treatment groups separated by cell type. The z-scores, averaged for cell 
type-treatment replicates, represent gene-wise relative expression (see 
equation 1) and are visualized by a continuous color gradient from low (blue) 
to high (red). Mtb vs Untreated significantly differentially expressed genes (-

1 > log2FoldChang > 1 and p-value < 0.05) are annotated by a red outline. 
(right) Hierarchical clustering dendrogram generated based on the expres-
sion correlation of the genes in the heatmap. 
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3.6.4 IFN-beta is expressed in iMACs and THP1 but not in AMs and MDMs 

The differences in type 1 interferon related cellular processes identified by the exploratory 

analyzes as well as its complex role during bacterial infection prompts an investigation of 

the expression of type 1 interferon related genes. Therefore, the expression of type 1 

interferon response genes, as well as IFN-beta was visualized in a heatmap and, to see 

similarities between the cell types a dendrogram was created based on the expression of 

the selected genes. 

The expression of type 1 interferon response genes differs greatly between AMs/MDMs 

and iMACs/THP1 and correlates clearly with the presence or absence of IFN-beta. 

Figure 3-17. iMACs and THP1 show a strong upregulation of type 1 inter-
feron response genes.  

(a) Heatmap where each row represents a gene, and the columns represent the 
treatment groups separated by cell type. The z-scores, averaged for cell type-
treatment replicates, represent gene-wise relative expression (see equation 1) and 
are visualized by a continuous color gradient from low (blue) to high (red). Mtb vs 
Untreated significantly differentially expressed genes (-1 > log2FoldChang > 1 and 

p-value < 0.05) are annotated by a red outline. (b) Hierarchical clustering dendro-
gram generated based on the expression correlation of the genes in the heatmap. 
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Interestingly, there is one exception, LPS treated THP1 cells which did not produce IFN-

beta, still showed significant upregulation of most of the response genes. The dendrogram 

generated based on the expression of the selected type 1 interferon response genes forms 

two clusters according to the presence of IFN-beta expression (except LPS treated THP1). 

This suggests that the response genes are indeed expressed as a result of IFN-beta pro-

duction. Interestingly, IFN-alpha was not expressed in any of the samples.  

3.6.5 The data suggests that MHC class 2 molecule expression is regulated 

differently between MDMs and AMs 

Mtb’s ability to suppress antigen pre-

senting processes in macrophages 

and other antigen presenting cells is 

well defined and is believed to occur 

via several mechanisms, one of 

which is the downregulation of MHC 

class 2 molecules. Therefore, the 

log2 fold change (Mtb vs Untreated) 

of all the MHC class 2 molecules is 

visualized to determine whether this 

downregulating trend is seen in the 

query cells. 

The log2 fold change in expression of 

the 15 MHC class 2 molecule subu-

nits was highly variable for iMACs and 

THP1 while AMs showed a clear, albeit 

small, downregulation contrasting the 

upregulation seen in MDMs of the an-

tigen presenting molecules (see Fig-

ure 3-18). The master regulator 

CIITA, believed to induce MHC class 2 

expression was slightly downregulated in the AMs and iMACs (log2 fold change = -0.5, not 

significant), and upregulated (log2 fold change = 1.13, not significant) in MDMs which 

correlates with the transcription factor function. 

 

 

 

 

 

 

 

 

 

 

Figure 3-18. The differential expression of MHC 
class 2 molecules differs between AMs and 
MDMs. Mtb vs Untreated Log2 fold change in MHC 
class 2 molecule expression for AMs, iMACs, MDMs and 

THP1. 
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3.6.6 Cell death pathways 

3.6.6.1 Mtb challenge affect on the expression of apoptosis inhibiors is more 

evident in iMACs and THP1 than in MDMs and AMs 

The inhibition of apoptosis has been shown to be preferential to Mtb in that necrotic cell 

death pathways are associated with Mtb immune evasion and dissemination 74. The ex-

pression of apoptosis inhibitors was therefore explored in order to determine if there Mtb 

induced an upregulation in these inhibitors that might lead to necrotic cell death.  

Figure 3-19. iMACs and THP1 show significant upregulation of several 
apoptosis inhibitor genes.  

(a) Heatmap where each row represents a gene, and the columns represent the 
treatment groups separated by cell type. The z-scores, averaged for cell type-

treatment replicates, represent gene-wise relative expression (see Equation 1) 
and are visualized by a continuous color gradient from low (blue) to high (red). 

Mtb vs Untreated significantly differentially expressed genes (-1 > log2FoldChang 
> 1 and p-value < 0.05) are annotated by a red outline. (b) Hierarchical cluster-
ing dendrogram generated based on the expression correlation of the genes in 
the heatmap. 
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Several key apoptosis inhibitors were significantly upregulated in iMACs and THP1, while 

MDMs and AMs showed little change in expression of these genes as a result of Mtb expo-

sure (see figure 21). Interestingly, iMACs also showed a downregulation of the anti-apop-

tosis protein Bcl-2 which contrasts the general upregulation of pro-survival signals.   

3.6.6.2 THP1 regulates necroptosis related gene expresseion differently from 

the other cell types  

To look for differences in the regulation of necroptosis related genes in the sequenced 

macrophages, the expression of central mediators was visualized. Key to necroptosis ac-

tivation is the inhibition of apoptosis (discussed above) as well as the expression of necrop-

tosis regulating proteins, the constituents of complex 1 and 2 and effector proteins like 

MLKL.  

Figure 3-20. Little evidence of Mtb induced upregulation of necroptosis 
related genes can be observed.  

(a) Heatmap where each row represents a gene, and the columns represent the 
treatment groups separated by cell type. The z-scores, averaged for cell type-

treatment replicates, represent gene-wise relative expression (see Equation 1) 
and are visualized by a continuous color gradient from low (blue) to high (red). 
Mtb vs Untreated significantly differentially expressed genes (-1 > log2Fold-
Chang > 1 and p-value < 0.05) are annotated by a red outline. (b) Hierarchical 
clustering dendrogram generated based on the expression correlation of the 

genes in the heatmap. 
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mRNA for the proteins that form Complex 1 and 2 (RIPK1, cFLIP, FADD, CASP8 and TNFR1 

(TNFRSF1A)) was detected in all cell types, indicating that the necroptosis required com-

plexes can be formed. Interestingly, iMACs and THP1 show a low basal expression and a 

tendency to upregulate many of the necroptosis related genes in response to simuli, while 

AMs and MDM show little differential expression. The iMACs treated with Mtb seem to show 

a similar expression pattern as MDM and iMACs treated with LPS and these samples there-

fore cluster together (see figure 22b).  

3.6.6.3 THP1 expression of ferroptosis related genes contrasts the other 

macrophages 

The expression of ferroptosis related genes show little differentiation based on the treat-

ment of the cells highlighted by the clustering pattern seen in the dendrogram (see figure 

23). Although there were some differentially expressed genes in these do not indicate that 

ferroptosis is occurring in the cells after 20 hours of stimuli. Interestingly, AMs showed the 

Figure 3-21. Differential expression of ferroptosis related genes indicate 
that ferroptosis is not occurring. (a) Heatmap where each row represents a 
gene, and the columns represent the treatment groups separated by cell type. 
The z-scores, averaged for cell type-treatment replicates, represent gene-wise 

relative expression (see Equation 1) and are visualized by a continuous color 
gradient from low (blue) to high (red). Mtb vs Untreated significantly differen-
tially expressed genes (-1 > log2FoldChang > 1 and p-value < 0.05) are anno-
tated by a red outline. (b) Hierarchical clustering dendrogram generated based 
on the expression correlation of the genes in the heatmap. 
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highest expression of GPX4, and an upregulation (not significant) in GSS, the two main 

effector proteins responsible for preventing the lipid peroxidation that induces ferroptosis. 

3.6.6.4 Little evidence of Mtb induced pyroptosis could be observed in the 

macrophages 

Pyroptosis is a cell death pathway that has only recently been shown to be involved in Mtb 

infected macrophages 72. The upregulation of the NLRP3 or AIM2 inflammasome compo-

nents is believed to be a hallmark of the pyroptosis pathway and should therefore be more 

easily observed with mRNA sequencing data if the cell death pathway is activated at the 

time of RNA extraction. 

Figure 3-22. AMs expression of pyroptosis related genes differs from the 
other macrophages.  

(a) Heatmap where each row represents a gene, and the columns represent the 

treatment groups separated by cell type. The z-scores, averaged for cell type-treat-
ment replicates, represent gene-wise relative expression (see Equation 1) and are 

visualized by a continuous color gradient from low (blue) to high (red). Mtb vs Un-
treated significantly differentially expressed genes (-1 > log2FoldChang > 1 and p-
value < 0.05) are annotated by a red outline. (b) Hierarchical clustering dendrogram 
generated based on the expression correlation of the genes in the heatmap. 
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Although, IL-1B is upregulated the expression data shows little differential expression of 

the NLRP3 inflammasome components (see figure 24a). Interestingly, with the exception 

of AIM2, the AMs seem to express the inflammasome components at a lower level than 

the other cell types. This is especially prominent in the case of NLRP3, which might indicate 

a lower chance of NLRP3 mediate pyroptosis activation. AIM2 was significantly upregulated 

in iMACs, MDMs and THP1, however, iMACs and MDMs also show a very low basal expres-

sion of the intracellular DNA recognizing receptor, compared to AMs and THP1. The THP1 

cells show the largest change in the expression pattern of the pyroptosis related genes, 

while the others cluster largely according to cell type indicating that the stimuli had little 

transcriptional effect on the cells 20 hours post infection.  

3.7 Comparison of iMAC gene expression at three timepoints 

To get an overview of iMAC mRNA expression 

over time, the data generated for this thesis 

was compared with sequencing data ob-

tained from Bernard et al. 2 where iPSC de-

rived macrophages (produced following the 

same protocol as in this thesis 93) were chal-

lenged with Mtb at two timepoints (2 and 48 

hours). This raw count data was filtered and 

normalized using the same parameters and 

algorithms used on the sequencing data an-

alyzed in this thesis, providing a pseudo 

timeline of gene expression across 3 

timepoints.  

The iMACs sequenced for this thesis shared 

131 and 698 significantly differentially ex-

pressed genes with the iMACs stimulated for 

2 and 48 hours respectively. Additionally, 

362 genes were shared between all sam-

ples. Interestingly, the iMACs exposed to 

Mtb for 48 hours had a much higher total 

number of differentially expressed genes 

(3288) compared to the 20-hour (1889) 

and 2 (1520) hour stimulated iMACs. 

A gene enrichment analysis of the differentially expressed genes identified from the iMACs 

sequenced by Bernard et al. provides an overview of the changes in the immune response 

against Mtb in the iMACs over time. The cellular responses to IL-1, IFN-gamma and to 

some degree chemokines is maintained in the iMACs at all four timepoints, indicating that 

Figure 3-23. Venn diagram of shared signifi-
cantly differentially expressed genes be-
tween iMACs stimulated with Mtb for 2, 20 
and 48 hours. Sequencing data for iMAC_2h 
and iMAC_48 hour samples were obtained 
from Bernard et al. 2.    
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there is no change in what 

drives the inflammatory re-

sponse during the query 

timeline. The impact of 

chemokines (chemotaxis) on 

the biological processes of 

the iMACs seem to lessen 

over time, with many of the 

relevant terms not being 

represented at all after 48 

hours. The downregulation 

of chemotaxis related pro-

cesses suggests that the ex-

pression of chemokines was 

downregulated over time, or 

that there is a desensitiza-

tion of chemokine receptors. 

The negative regulation of 

viral processes and genome 

replication does not appear 

to be induced until after the 

first two hours but seems, at 

least in part, to continue un-

til 48 hours post infection. 

The activation of processes 

linking the innate to the 

adaptive immunity such as 

antigen processing and 

presentation, as well as T-

cell mediated immunity 

seems to occur sometime 

between 20-48 hours post 

infection. The delay in anti-

gen presentation in response 

to Mtb is well documented in other macrophages 107. 

 

  

 

 

Figure 3-24. GO enrichment comparative dotplot of bio-
logical processes in iMACs at 2, 20 and 48 hours. Sequenc-
ing data for 2h and 48 hour samples were obtained from Ber-
nard et al. 2 
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The expression over time of four genes of interest was visualized to predict the long-term 

changes in gene expression (see Figure 3-25). All four of these genes show a consistent 

trend of up- or down- regulation, indicating that the log2 fold change values of these four 

genes increased with longer exposure to the pathogen.  

3.8 Cell death pathway assay suggests ferroptosis and 

pyroptosis can be activated in iMACs 

The explore the inducibility of different cell death pathways in iMACs a wet lab experiment 

was performed aimed at activating pyroptosis, ferroptosis, necroptosis and apoptosis using 

specific stimuli. The cells were treated with four different cell death inducers, LPS + Ni-

gericin, RSL-3, Venetoclax and TNF + zVAD. The cells were also treated with several rea-

gents to measure their inhibitory effect on the release of LDH during cell death.  

The experiment showed that LPS/Nigericin, RSL-3 and venetoclax were able to cause cell 

death in iMACs while TNF/zVAD did not show significantly more cell death than the 18-

hour negative control. Interestingly, PEG showed consistent inhibition of cell death in all 

three of the stimuli that worked. This was expected in RSL-3 as PEG 8000 has previously 

been shown to delay ferroptotic cell death by affecting the osmotic swelling of cells with 

membrane pores 108. The inhibition of LDH release in cells stimulated by LPS + nigericin is 

also somewhat expected as this stimuli is known to activate the oligomerization of the 

pore forming protein gasdermin D. Glycine also showed an inhibitory effect on the LDH 

release in RSL-3, which was also expected as its role in the inhibition of necrotic cell death 

is well described 109. Interestingly, PEG and glycine both inhibited LDH release in the ve-

netoclax treated cells. The high degree of LDH release, as well as the inhibition by reagents 

that affect necrotic cell death pathways indicate that the Bcl-2 inhibitor venetoclax did not 

cause an apoptotic cell death in the iMACs. Unexpectedly, disulfiram had some inhibitory 

Figure 3-25. Expression patterns trends of IDO1, IFN-beta, IL-10 and IL-23 con-
tinue after 20 hours of Mtb exposure. IDO1, IFN-beta, IL-10 and IL-23 average ex-

pression in Mtb-challenged and untreated iMACs at 2, 20 and 48 hours. Sequencing data 
for 2h and 48 hour samples were obtained from Bernard et al. 2 
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effect of the LDH release in RLS-3 stimulated cells even though its main activity in cell 

death related pathways is the inhibition of gasdermin d pore formation (pyroptosis) and 

TNF induced necrosis 110,111.  

  

 

 

 

 

Figure 3-26. ferroptosis, pyroptosis and apoptosis inducers resulted in iMAC 
cell death. % Cytotoxicity as measured by LDH assay after treatment with cell death 
stimuli, in the presence of various reagents and inhibitors.  
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In this thesis the main goal was to compare the gene expression of four cell types in 

response to Mycobacterium tuberculosis. This was done in order to evaluate the use of 

iMACs, as a model system for AMs in comparison to MDMs and THP1 cells. First, the data 

analysis focused on techniques aimed at characterizing differences in the larger biological 

processes. Then, by reviewing the current literature on the differing processes identified 

by the exploratory analyses, key genes were identified, and their expression was compared 

between cell types and treatment groups. 

It is in this order of increasing specificity this thesis has attempted to compare the cells in 

their response to stimulus. First, by looking how cells relate to each other with relation to 

their global expression profiles followed by the expression profiles of differentially ex-

pressed genes in an exploratory manner. Secondly, evaluating what biological processes 

the differentially expressed genes are enriched for. Lastly, by looking at the expression of 

genes related to specific immunological events, such as inflammation, antigen presenta-

tion and T-cell activation, and cell death.  

4.1 AM state of activation 

A major part of this thesis is comparing iMACs, MDMs and THP1 cells to the AMs and it is 

therefore important to ensure that the measured gene expression of the AM samples re-

flect the treatment (untreated, MtbAUX and LPS). Although the healthiest possible patients 

were selected as donors, bronchoalveolar lavage is only performed to diagnose lung re-

lated diseases, and as a result none of the donors were completely healthy. This introduces 

unknown variables such as the state of activation and inflammation the cells were already 

exposed to prior to extraction. As untreated control cells from two of the donors displayed 

a stimulated state, they were removed from the analysis in order to identify as many 

differentially expressed genes as possible. Although the cells from the last donor showed 

a more distinctive response to the stimuli, the untreated sample still shows some tendency 

towards an inflamed state. AMs in the alveoli have been shown to display anti-inflamma-

tory characteristics mainly perpetuated by TGFB and a close association with alveolar ep-

ithelial cells 22. However, the silent, quiescent properties described in the literature is not 

observed in the AMs obtained for this experiment. This is therefore a major weakness of 

the analysis performed for this thesis and needs to be kept in mind when interpreting the 

results.   

4.2 Differing expression of PRR may lead to contrasting 

intracellular survival of Mtb 

The recognition and phagocytosis of mycobacterium tuberculosis is a key event in the AM-

pathogen interaction and can influence the phagosome maturation, inflammatory re-

sponse, and ultimately the fate of the internalized bacteria 112. TLR 2 has been identified 

as an important PRR that can bind a range of mycobacterial antigens, which can elicit both 

pro-inflammatory mediators like TNF, IL-12 and NOS as well as anti-inflammatory re-

sponses such as IL-10 and TGFB 113,114. The C-type lectin MRC1 (CD206) together with 

4 Discussion  
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complement receptors CR1 and CR3 have been shown to the main effectors of mycobac-

terial phagocytosis in AMs and MDMs 17,115. Interestingly, bacterial entry via the CD206 

has been shown limit phagosome-lysosome fusion and is believed to enhance intracellular 

survival 116. Therefore, the expression of the PRRs responsible for activation of inflamma-

tion as well as bacterial internalization was important to characterize.  

The expression of most of the important PRR is similar for iMACs, AMs and MDMs however, 

THP1 express these receptors at generally lower rate, with the exception of TLR2. This 

indicates that THP1 cells are influenced by TLR2 signaling than the other cells which might 

lead to further downstream differences in the inflammatory response. CD206 has previ-

ously been shown to be highly expressed in AMs and MDMs 117 which is supported by the 

data collected in this thesis. iMACs also show high expression of this PRR, but interestingly 

also downregulates its expression in response to Mtb. This might affect Mtb exploitation 

of this internalization pathway and lead to more effective phagosome-lysosome fusion in 

iMACs than in AMs and MDMs. THP1 also show a significant downregulation of CD206 as 

well as CR3. Together with the low expression of CR1 these factors might add up to affect 

THP1 cell’s ability to phagocytose the bacteria, however, further research is needed to 

confirm this. 

4.3 Major differences in inflammatory mediators  

The expression of Mtb related, pro-inflammatory cytokines were compared between cells 

and treatment groups revealing a high degree of similarity in AMs, iMACs and THP1 while 

MDMs, although showing an upregulating trend for all cytokines in response to stimuli, 

showed a distinctly more subdued response. The induction of pro-inflammatory cytokines 

in response to Mtb has been shown to be largely mediated by TLR recognition of myco-

bacterial antigens, initiating the NFkB cascade through the adaptor protein MYD88 28. The 

upregulation of NFkB and MYD88 as well as TNF and IL-1 indicate that the same major 

mediators are driving the inflammatory response in all cell types.  

Interestingly, although all cells showed enrichment of IFN-gamma mediated biological pro-

cesses, no IFN-gamma mRNA was detected in any of the cells. The lack of IFN-gamma 

mRNA in Mtb infected iMACs, MDMs and AMs has been reported in previous studies 2,118,119. 

However, IFN-gamma protein has been shown with ELISA to be present in MDMs and AMs 

as soon as 4 hours post infection 32, and in MDMs IFN-gamma mRNA was detected at 24 

hours with quantitative RT-PCR 118. Furthermore, Volpe et al. showed that the amount of 

IFN-gamma mRNA was too low for microarray detection, and that protein levels increased 

significantly after 3 days in MDMs. This suggests that IFN-gamma mRNA might have been 

detected in the experiment performed for this thesis with deeper sequencing. Furthermore, 

the significant upregulation of IFN-gamma induced protein 10 (CXCL10) in all cells as a 

response to stimuli (see figure 17a), together with the enriched IFN-gamma related bio-

logical processes suggests the presence of IFN-gamma protein in the query cells.  

However, the upregulated expression of IFN-beta and type 1 interferon related genes in 

iMACs and THP1 might also affect the expression of IFN-gamma. Studies have shown that 

type 1 interferons and downstream effectors such as IL-10 have an inhibitory effect on 

IFN-gamma 120. The correlation between type 1 interferon related genes and the Mtb stim-

ulated samples (see figure 10) as well as the upregulation of type 1 interferon response 

genes (see figure 19) was especially prominent in the iMACs and THP1 and correlate some-

what to the observed IL-10 expression. Although studies have shown that the type 1 in-

terferon IFN-beta has some protective functions in Mtb infection 121, the high expression 
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of type 1 interferon related genes in iMACs and THP1 may result in an altered inflammatory 

response that may not reflect the AMs at the timepoint that was measured. The production 

of type 1 interferons can be induced by cytosolic pattern recognition receptors (PRRs) that 

are activated by bacterial components and DNA such as, nucleotide-binding oligomeriza-

tion containing protein 2 (NOD2) 122 and cGAS-STING 123. This might indicate poor phag-

osome integrity, or that the bacteria escape the phagosome more effectively or at an 

earlier timepoint in the iMACs and THP1 than in the MDMs and AMs.  

Type 1 interferons suppress expression of proinflammatory cytokines and inhibit T-cell 

responses 124 and correlate with increased severity of TB in mice 125. Furthermore, type 1 

interferons have been shown to cause macrophages switch from the classically activated 

phenotype (M1) to the more permissively activated phenotype (M2) in the absence of IFN-

gamma 126. The induction of type 1 interferon signaling in AMs as a response to Mtb is well 

documented 127,128, however, the expression data suggests that this does not occur in the 

AMs examined in this thesis at the 20 hour timepoint. The contrasting activation of type 1 

interferons in iMACs and THP1 may therefore influence the IFN-gamma activation, T-cell 

interactions and possibly the overall phenotype of the cells that is not reflected in the AMs.  

CSF2 has been shown to be upregulated in human AMs in response to virulent Mtb 119 

supported by the AMs and THP1 tested in this thesis, however, MDMs and iMACs showed 

no significant upregulation of CSF2 in response to Mtb. GM-CSF is believed to promote a 

M1 phenotype in macrophages, which Verreck et al. have shown to express IL-23 in re-

sponse to mycobacterial stimuli, while M2 macrophages expressed higher levels of IL-10 
129. In this regard, iMACs and MDMs show M2 characteristics that AMs do not display. 

The subdued pro-inflammatory response of the MDMs seen evident from several of the 

performed analyses (see Figure 3-4,  and Figure 3-15). The GO enrichment analysis also 

showed that a majority of the enriched biological processes were related to cell migration 

and chemotaxis contrasting iMACs and THP1 (see ). As MDMs are usually recruited from 

the blood stream and activated by other macrophages at the site of infection, they are 

rarely the first to encounter a pathogen directly without previous stimuli. Thus, the poor 

inflammatory response might indicate that the PBMC to macrophage differentiation pro-

cess was not sufficient for proper activation. However, it may also indicate that other cell 

types are better suited for infection experiments like the one performed for this thesis.  

The differences in type 1 interferon responses, as well as CSF2, IL-23 and IL-10 expression 

between the cells may affect processes such as expression of other inflammatory cyto-

kines, macrophage differentiation as well as downstream interactions with other immune 

cells. Although AMs cannot be categorized as strictly M1 or M2, the query cells do not 

reflect certain AM M1 characteristics and further investigation should focus on type 1 in-

terferon responses and the M1/M2 characteristics of iMAC, MDMs and THP1.  

4.4 AMs show several unique properties in the regulation of 

antigen presenting, and T-cell activating genes 

The activation of antigen presenting processes in macrophages during Mtb infection is a 

critical function as it allows macrophages to activate CD4+ Th1 and Th17 cells that are 

crucial in controlling the pathogen and preventing active TB disease 44,130. The downregu-

lation of antigen processing and presentation during infection is an important regulatory 

mechanism preventing excessive inflammation, however, studies have shown that this 



62 

 

regulatory measure is exploited and increased by Mtb in order to prevent CD4+ T-cell 

recognition of infected macrophages 107.  

Studies have shown that Mtb suppresses MHC class 2 antigen presentation by inhibiting 

antigen loading and processing as well as transcriptional downregulation of MHC class 2 

molecules. Transcriptionally, antigen presentation is through to be suppressed through a 

TLR2 dependent inhibition of CIITA 61, a MHC class 2 master regulator. CIITA is expressed 

at a much lower level in iMACs and THP1 resulting in an overall low expression of MHC 

class 2 molecules when compared to AMs and MDMs. Furthermore, the downregulation of 

CIITA seems to cause some downregulation of MHC class 2 molecules in Mtb stimulated 

AMs and iMACs, however, this is not reflected in MDMs (see figure 11-13). The downreg-

ulation of MHC class 2 molecules through TLR2 is not Mtb specific but has been shown to 

be more pronounced for pathogens known to reside in intracellular membrane bound com-

partments for a prolonged period of time 130. The lack of CIITA and MHC class 2 molecule 

downregulation in might therefore indicate that the bacteria reside inside the phagosome 

for a shorter time period or that they are more effectively eliminated in MDMs, than in AMs 

and iMACs.  

Antigen processing and loading onto MHC class 2 molecules is believed be inhibited 

through interference with Cathepsin S, a cystine protease 131. This protease generates 

MHC class 2 molecules that can efficiently load Mtb antigens, and is thought to be inhibited 

by IL-10 107. However, this is not reflected in the gene expression measured in this thesis, 

as Cathepsin S (CTSS) is not downregulated in any cells and rather is significantly upreg-

ulated in iMACs.  

The interactions between the macrophages and adaptive immune cells determine the cell 

fate of the T-cells. Th17 and Th1 cells are the main effector CD4+ cells in tuberculosis, 

activating the macrophages and neutrophils with IFN-gamma secretion which has been 

shown to be aN essential in the control of Mtb 132. This is supported in the mRNA data by 

the high association between the regulation of alpha-beta (T-cell receptor) T-cell activation 

and Mtb infection observed in the WGCNA analysis (see figure 10). T-cell receptors (TCR) 

interact with antigen bound MHC class 1 or 2 molecules, resulting in the activation of the 

T-cell into either cytotoxic T-cells or helper/regulatory T-cells respectively 133. The specifi-

cation of the CD4+ T-cells that interact with MHC class 2 presenting cells depends on 

cytokines and catabolites secreted by the antigen presenting cell 134,135. Th1-cell specifi-

cation is activated through IL-2, IFN-gamma and IL-12 signaling from the antigen pre-

senting cells, where as a Th17 differentiation is mediated by a combination of IL-6, TGFB, 

and IL-23 133,136. Interestingly, none of the Th1 signaling cytokines were detected with 

mRNA sequencing and AMs were the only cell type to display a significant upregulation of 

IL-23 and IL-6. It can therefore be speculated that the query cell types are not able to 

induce a Th17 T-cell differentiation. Furthermore, the major hub gene of the TCR regula-

tory associated co-expressed gene module (module 41), IDO1 has been shown to promote 

a T-regulatory differentiation of naïve CD4+ T-cells 135, as well as inhibiting IL-17 produc-

tion by Th17 cells 132 by producing the tryptophan catabolite kynurenine. IDO1 is signifi-

cantly upregulated by all well types, however, AMs express this gene as a substantially 

lower level (3.5 transcripts per million) than iMACs and MDMs (60 transcripts per million), 

which might affect kynurenine concentration and subsequently affect the T-cell activation. 

Several factors indicate that the cells tested in this thesis regulate their antigen presenta-

tion processes differently. The differences in MHC class 2 molecule expression, as well as 

the changes in CIITA expression indicates poor antigen presentation activity in iMACs and 
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THP1. Furthermore, the cytokines and catabolites produced by the model cell lines indicate 

that the activation of naïve CD4+ T-cells is likely to fail to induce a Th17 differentiation at 

the timepoint mRNA was measured in this thesis. The mRNA sequencing data obtained 

from Bernard et al. also indicates that expression of IL-23 continues to decrease, while 

IFN-beta and IDO1 mRNA production continues to increase after 20 hours (see figure 27), 

suggesting that the proposed effects will not dissipate with time.  

4.5 Cell death 

Determining the activation of various cell death pathways and differentiating them from 

each other using mRNA sequencing proved difficult and probably inaccurate. The central 

proteins involved in most of the cell death pathways are regulated by protein-protein in-

teractions such as cleavages, complex formations and phosphorylations leading to little 

change in the transcriptional profile of the cells. The results therefore reflect little differ-

ential expression of cell death effector proteins, and one has to look at less specific genes, 

indirectly affecting the query pathways, decreasing the resolution of the analysis. Further-

more, the timepoint at which the cells undergo cell death can differ greatly according to 

cell type and the activated pathway. As the mRNA collected in this thesis was extracted at 

only one timepoint it is therefore difficult to conclude anything about the activation of cell 

death with the data available. 

However, some inferences can be made based on the presence or absence of certain gene 

transcripts, as the relative expression of proteins like apoptosis inhibitors, cell death com-

plex components and PRRs indicate whether a certain pathway can or cannot be triggered. 

4.5.1 Apoptosis inhibition and necroptosis  

Several mycobacterial proteins have been implicated in the inhibition of apoptosis 137,138, 

however the mechanisms and effects on expression of pro- and anti- apoptotic proteins in 

the host cell seems to vary greatly with the cell type 139. iMACs and THP1 cells showed 

significant upregulation of several anti-apoptotic genes such as cIAP2 (BIRC3) (also up-

regulated in MDMs and highly expressed in AMs), cFLIP (CFLAR) and Bcl-2 related protein 

A1 (BCL2A1). The expression of cAIP2, cFLIP and Bcl-2 A1 has been shown to be induced 

by NFkB signaling 140-142, suggesting that a strong activation of the NFkB cascade is pref-

erential to Mtb in that the cells are pushed towards a necrotic cell death. Furthermore, 

NFkB is significantly upregulated in all cell types except AMs and may therefore inhibit 

apoptosis to a stronger degree in iMACs, MDMs and THP1. Further research is therefore 

needed to interpret what causes the upregulation of NFkB in the query cells and not the 

AMs, as well as the effects this might have on the cell death pathways that are activated 

in these cells. 

The primary regulator of necroptotic cell death is believed to be TNF-alpha. Similarly to 

apoptosis, TNF-alpha binds tumor necrosis factor receptor (TNFR) on the cell surface, re-

sulting in the formation of complex 1. Complex 1 consists of a TNFR associated death 

domain (TRADD), FAS associated death domain (FADD), RIPK1, TNFR associated factors 

(TRAF) and cellular inhibitor of apoptosis (cAIP1/2). RIPK1 promotes NFkB signaling and 

cell survival, but can be deubiquitinated by CYLD, forming a new complex of RIPK1, RIPK3, 

FADD and caspase-8 81. At this point, caspase-8 can cleave RIPK1 and RIPK3, leading the 

cell to apoptosis, however if caspase-8 is inhibited the two RIP-kinases for a RIP complex 

which will induce mitochondrial ROS release. RIPK3 interacts with the mitochondrial phos-

phatase PGAM5 which in turn phosphorylates DRP1 which has been shown to trigger ROS 

production and release 143. Furthermore, the RIP complex phosphorylates MLKL which can 
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oligomerize leading to plasma membrane pore formation and subsequently, necroptosis 
144. One study has shown that intracellular pathogens such as Salmonella enterica and 

Salmonella Typhimurium cause necroptosis in a TNF independent manner 145. This is 

thought to occur through type 1 interferon induced, persistent upregulation of STAT1, 

STAT2 and IRF9, and direct interaction between type 1 interferon receptor IFNAR inducing 

phosphorylation and activation of RIPK1.  

Although necroptosis largely mediated by non-transcriptional mechanisms, Stutz et al. 

recently identified several key necroptosis mediators that were differentially regulated in 

macrophages as a result of Mtb infection. MLKL, TNFR1, cFLIP and ZBP1 were all signifi-

cantly upregulated while caspase-8, RIPK1 and RIPK3 were not significantly altered 75. 

Unexpectedly, they also found that cAIP1 and CYLD were downregulated. The gene ex-

pression patterns of the AMs, iMACs and THP1 tested in this thesis support some of the 

findings proposed by Stutz et al. such as the significant upregulation of ZPB1 and cFLIP 

(CFLAR) and some upregulation of MLKL TNFR1 (see figure 22), as well as the lack of 

change in RIPK1 and RIPK3 expression. However, MDMs showed a contrasting pattern of 

MLKL and ZBP1 downregulation (not significant), as well as a low expression of the com-

plex 1 and 2 components.  

Little evidence of necroptosis can be inferred from the gene expression of the cells at the 

timepoint when mRNA was extracted and further investigation should focus on when the 

macrophages are likely to undergo necroptosis, as well as establishing if Mtb induced 

necroptosis can occur in a TNF independent manner, especially in the cell types that 

showed a strong type 1 interferon response.   

4.5.2 Ferroptosis 

Ferroptosis is a cell death pathway is characterized by an increase in the intracellular 

concentration of lipid reactive oxygenated species (ROS) 146. A recent study has shown 

that ferroptosis occurs during Mtb infection in bone marrow derived macrophages, and 

that ferroptosis might have a detrimental effect on the host similar to necrosis. The study 

showed that Mtb induced ferroptosis was highly associated with reduced levels of gluta-

thione (GSH) and glutathione peroxidase-4 (GPX4) expression.  

Ferroptosis occurs as a result of lipid ROS accumulation, usually prevented by GPX4 to-

gether with GSH synthase (GSS) 146. However, GPX4 inhibitors such as RSL3, DP17, and 

FIN56, all known activators of ferroptosis, act directly on GPX4 or by promoting GPX4 

degradation 147. Amaral et al. did show that GPX4 expressed decreased, however not until 

5 days post infection 73, which is supported by the lack of GPX4 (and GSS) downregulation 

in the cells investigated in this thesis. The amino acid antitransporter SLC7A11/SLC3A2, 

which transports cystine (involved in GSH production) into the intracellular lumen, has 

been shown to be transcriptionally inhibited by p53 148, leading to lipid ROS accumulation. 

P53 has also been shown to activate ferroptosis through the STAT1-ALOX15 pathway, 

which leads to lipid peroxidation and higher levels of lipid ROS 149. However, the mRNA 

data showed a downregulation of ALOX15 and an upregulation SLC7A11 indicating that 

p53 activated ferroptosis did not occur.  

Although the observed gene expression patterns indicate that ferroptosis does not occur 

in any of the query cells, the mechanisms by which key proteins such as GPX4 is regulated, 

means that the mRNA sequencing performed in this thesis is inadequate for determining 

whether ferroptosis occurs. The cell death experiment showed that inhibiting GPX4 with 

RSL-3 lead to cell death in iMACs, and long term (> 5 days) experiments measuring GPX4 
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mRNA as well as intracellular GSH levels should be performed to confirm that ferroptosis 

can be induced in the cells as a result of Mtb stimuli.  

4.5.3 Pyroposis 

Pyroptosis is believed to be induced by Mtb through the activation of the NLRP3 inflam-

masome, together with plasma membrane damage leading to the efflux of K+ from the 

cell 72. The first step in NLRP3 activation is thought to be a transcriptional upregulation of 

the protein itself, together with IL-1B and caspase-1. This upregulation which can be trig-

gered by TLRs or NOD2 recognition of PAMPs or DAMPs, or through the NFkB cascade 

which is triggered by TNF or IL-1B signaling 150,151. The mRNA sequencing data of cells 

measured in this thesis do show a significant upregulation of IL-1B in iMACs, MDMs and 

THP1 but very little change in NLRP3 and caspase-1 expression. Interestingly, AIM2 up-

regulation in iMACs, MDMs and THP1 seems to correlate with the IFN-beta, and type 1 

interferon response gene expression. This upregulation of AIM2 is strongest in the iMACs 

and THP1 treated with Mtb and the MDMs treated with LPS and provides further evidence 

of more Mtb or Mtb-cellular components in the cytosol of the secondary cell lines. Further 

research is needed to determine the cellular location of Mtb in iMACs and THP1, as well as 

the possible activation of AIM2 and its role in Mtb induced pyroptosis.   

4.6 mRNA sequencing as a tool for immune response 

characterization 

Due to the vast number of post translational modifications and regulatory steps that affect 

the expression and activity of a protein, mRNA sequencing provides only an indication of 

the change in processes that occur inside a cell. This limits the scope of conclusions that 

can be drawn from mRNA sequencing data analysis to cellular processes that are tran-

scriptionally regulated. As the innate immune response is the first line of defense activated 

when challenged with a pathogen, many of the regulatory mechanisms are mediated by 

faster protein-protein interactions such as phosphorylation, cleavages and protein degra-

dation.  

Protein mass spectrometry (MS) is another high-throughput that measures the protein 

concentration, the splice variant as well as post-translational modifications, and can there-

fore provide more information to go along with the changes is protein production. This 

method might therefore be more useful when characterizing immunological processes that 

are regulated through non-transcriptional mechanisms, such as cell death.  

Another major issue with the mRNA sequencing performed for this thesis is that only a 

single timepoint was measured. Other timepoints of mRNA extraction could have been 

added, but due to the number of cell types and conditions, this would be very expensive 

and produce a vast amount of data that is unpractical to handle. This could be solved by 

experimentally verifying the mRNA or protein concentrations of proteins of interest at other 

timepoints with techniques such as RT-PCR or ELISA respectively. 

A fallacy of the mRNA sequencing performed for this thesis was the lack of replicates for 

LPS stimulated samples and THP1 samples. In addition, more replicates for AMs should 

have been included to account for the possible pre-activation that was observed in two of 

the samples. A benchmark study has shown that a minimum of six biological replicates 

are recommended but that 12 was preferrable to accurately identify all differentially ex-

pressed genes 152. The study also showed that DESeq2 performed best for analysis of low 

replicate data and should therefore have been used in place of limma for this thesis. 
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However, limma, edgeR and DESeq were all shown to have low false discovery rates with 

few replicates98, indicating that the algorithm choice for this thesis lead to lower sensitivity 

and false negatives, rather than false positives.  

One advantage of high-throughput techniques like mRNA sequencing is its ability to gather 

data on almost all mRNA transcripts available in the cell. As a result, inferences can be 

made about the biological processes that are affected in a cell, not by knowing the activa-

tion state or concentration of specific proteins, but by the sheer number of process related 

genes whose gene expression is altered. 

Inferences can also be made based on the presence or absence of certain mRNA tran-

scripts. Many genes are cell type specific, and their respective mRNA can be completely 

absent based on the cell that is measured. This is useful when comparing cell types as the 

lack of mRNA from certain genes will affect the related cellular processes exhibited by that 

cell.  

In conclusion, other high throughput tools that provide more information than mRNA, as 

well as experimental techniques that could be used in conjunction with mRNA sequencing, 

would create a more complete picture of the host cell response and differences in immu-

nological processes displayed by the query cells tested in this thesis. However, as a limited 

project, that aims to characterize the broad cellular processes, and indicate where further, 

more specific research is needed, mRNA provides a simple method of cell comparison.  

4.7 Future prospects 

This thesis provides an overview of differences in gene expression between the cell types 

in response to Mtb, however, in order to verify the findings of these computational obser-

vations, more specific in vitro experiments are needed. Here several characteristics of the 

iMACs that would benefit from further experimental investigations are proposed.   

Further investigation into the phagocytosis of Mtb by the different cell types could lead to 

a better understanding of what model cell lines that are best suited for in vitro experiments 

regarding the internalization of the bacteria. The changes in expression of central recep-

tors CD206 and TLR2 seen in iMACs and THP1 was in sharp contrast to AMs and MDMs and 

may affect important downstream processes. Experiments that explore the differences in 

bacterial uptake as well as the importance of the specific receptors on downstream effects 

like intracellular survival and inflammatory responses are therefore recommended. This 

would provide insight, not only on the characteristics of the model cell lines, but also on 

the early host-pathogen interactions that have been shown to be vital to Mtb infection 

control. 

The characterization of type 1 and 2 interferon expression over time is also a recom-

mended aspect of interest as interferons play a major role during both innate and adaptive 

Mtb immunity. The difference in the type 1 interferon response observed between 

iMACs/THP1 and AMs (as well as MDMs to some degree) could result in a major difference 

in the regulation of their cellular Mtb response. Simple qPCR and ELISA experiments that 

span several timepoints could be used to observe the timeline of IFN production. Subse-

quently, this resolve whether a similar type 1 interferon response seen in iMACs and THP1, 

occurs in MDMs and AMs at all or just at a different timepoint. Furthermore, this could 

verify the early, but low level, production of IFN-gamma that is speculated to occur in all 

the query cells tested in this thesis, but which was not detected by mRNA sequencing. 



67 

 

Further experiments regarding the activation of different cell death pathways are also rec-

ommended as mRNA sequencing was unable offer any definitive conclusions to this aspect. 

Furthermore, the cell death experiment performed in this thesis needs to be optimized and 

Mtb added to the list of stimuli as this would allow a quantification of what cell death 

pathways that were activated as a result of the bacteria. If data on the gene expression 

profiles of macrophage cell death is wanted, initial experiments to determine the timepoint 

when most cell death is occurring would be needed. This could be determined by treating 

cells with cell death stimuli (see Table 2-2) or Mtb and using microscopy, in conjunction 

with DRAQ7 or LDH assays at different timepoints to determine percentage of cell death.  

4.8 Conclusion  

The aim of this thesis was to characterize and compare the early Mtb immune response of 

iMACs, AMs, MDMs and THP1 cells based on the mRNA gene expression. Of the four, two 

primary (AMs and MDMs) and one secondary cell line (THP1) are well established model 

systems used frequently in tuberculosis research. The last cell type, an iPSC derived mac-

rophage, is a recent addition, and as such its interactions and response to Mtb needs to 

be well characterized and defined for future reference.  

In order to achieve the aim of this thesis, a data analysis workflow, starting with explora-

tory techniques looking at larger biological processes and ending with a comparison of 

expression at a single gene level, was implemented. This was done to provide both a larger 

overview of similarities and differences between cell lines at the time of mRNA extraction, 

as well as to hypothesize about the downstream effect of the differential expression of key 

genes.  

Main findings presented in this thesis: 

• Basal expression of cell surface receptors in AMs is reflected most accurately in 

iMACs. 

• THP1 had a highly contrasting expression profile of the cell surface receptors. 

• The expression of pro-inflammatory mediators in AMs infected with Mtb was most 

accurately reflected by iMACs. 

• MDMs displayed a poor Mtb induced inflammatory response. 

• The strong type 1 interferon response seen in iMACs and THP1 was not reflected in 

MDMs and AMs. 

• This might be an indication of differences in the intracellular location of the 

bacteria or phagosome integrity.  

• This might also affect downstream inflammatory processes as well as T-cell ac-

tivation. 

• iMACs and AMs are possibly more susceptible to Mtb induced MHC class 2 down-

regulation than MDMs. 

• The expression of T-cell differentiation factors indicate that AMs are more likely to 

induce a Th17 cell fate than iMACs, THP1 and MDMs. 

• Evidence supporting the activation of specific cell death pathways could not be 

inferred from the mRNA sequencing data at 20 hours post infection. 

• iMAC expression of cell death related genes were more similar to AMs and MDMs 

than that of THP1, with the exception of pyroptosis.  

 

This thesis presents strong evidence that iMACs is a viable model cell that can be a useful 

tool in tuberculosis research. Importantly, the mRNA expression data strongly indicates 

that iMACs are more suited to emulate AMs, than THP1, while offering many of the same 
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advantages such as homogeneity and reproducibility. Furthermore, the iMACs can be fur-

ther manipulated to better display wanted characteristics, making them a valuable tool 

that this thesis has shown to be worthwhile investing in.  

Model systems never reflect in vivo conditions perfectly and translating observations from 

cell culture experimental conditions to real life interactions is impossible without making 

many assumptions. However, to understand a system as complex as the immune system 

and host-pathogen interactions, variables need to be removed and conditions simplified. 

Using cells that most accurately reflect in vivo conditions is therefore vital but, in the case 

of Mtb infection of the unique niche of the alveoli, extremely difficult. The establishment 

of a new model cell line like iMACs could improve our understanding of the body’s early 

interactions with Mtb, and in a world where this pathogen has claimed countless lives over 

the millennia, this is sorely needed. In light of the emerging threat of drug resistant tu-

berculosis, continuing to improve the quality of TB research, should be a priority for all, 

not only for the developing countries most heavily burdened with this disease, and as 

recent events have shown, money does not make one immune to the threat of microor-

ganisms. 
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6 Appendix 

 

 

Appendix Figure 1. Donor 2020-11-26 and 2020-11-04 show high expression of TNF and 
IL-8 in control samples.  

TNF, IL-1b and IL8 ELISA was performed by Dr. Marit Bugge on alveolar macrophages from the 

three donors used to perform the RNA sequencing infection experiment for this thesis.  
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Appendix Figure 2. Hierarchical clustering of WGCNA identified modules.  

WGCNA was performed on the mRNA expression data of untreated, Mtb-infected and LPS 

treated iMACs, MDMs, AMs and THP1 cells to identify 50 modules of co-expressed genes.  
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