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Extended co-evolutionary history of humans and Mycobacterium tuberculosis (Mtb), the 

causative agent of TB disease, has led to an evolutionary arms race between host and 

pathogen. The processes by which the immune system recognizes and destroys 

invading pathogens has been extensively co-opted and subverted by Mtb via the 

evolution of specially adapted virulence effectors. Through a tightly orchestrated 

bacterial response, Mtb moves these effectors out of the bacterium and into the host 

cell interface. Traditional bacterial transport systems such as the generalized secretion 

(SEC) and twin arginine transport (TAT) systems move many effectors, however in Mtb, 



Type-7 or “ESX” systems play an essential role in virulence processes. Of the five ESX 

systems in Mtb, some have experimentally defined roles in virulence. ESX-1 is essential 

for phagosome antagonism while ESX-3 sequesters iron from the host, an essential 

micronutrient. ESX-5 in contrast is poorly resolved despite secreting a large number of 

effectors (5-10% of Mtb coding capacity). Based on prior clinical, genetic, and lab-based 

studies, we hypothesize ESX-5 may play roles in virulence and nutrient acquisition. To 

date, limited functional work has been performed to fully elucidate functional roles for 

many ESX-5 secreted putative virulence factors.  

 

In complement, the human immune system is persistently evolving in the face of 

extensive pathogen pressure. The historic and current burden of Mtb infection across 

modern hominids has pushed human populations to evolve strategies countering 

pathogens such as Mtb. While humans evolve substantially slower than their 

mycobacterial counterparts, there is evidence to suggest human populations are 

actively evolving mechanisms to counter Mtb infection resulting in resistance. Clinically, 

populations who resist TB infection via persistently negative testing (RSTRs) are being 

extensively studied to understand the complex genetic interplay resulting in presumed 

enhanced control of Mtb during early exposure. However, given the complexity of 

human genetics, the interplay of multiple genes and cell types, and the heterogeneity of 

Mtb infection itself, we still don’t mechanistically understand how RSTRs are able to 

remain Mtb negative compared to their susceptible counterparts (LTBI). As such we 

aimed to understand how the genetics of Mtb resistant populations (RSTRs) differ from 

susceptible individuals (LTBI), affording possible functional insight into resistance 



processes. Ultimately, we aim to gain functional insight into both human and bacterial 

genetics to more clearly resolve early Mtb-Host interactions during early infection.  

 

Initially, we performed a brief transcriptomic screen of RSTR and LTBI alveolar 

macrophages to explore the role of human genetics in altering transcriptional responses 

to early Mtb infection. We demonstrated that alveolar macrophages from these 

populations display similar but distinct responses. These transcriptional responses in 

RSTRs are marked by an increased inflammatory response to interferons relative to 

LTBI counterparts, which could possibly lead to enhanced control of Mtb. Subsequently 

we investigated the function of specific Mtb gene clusters during early primary 

macrophage infection. We independently deleted ESX-5a, ESX-5b, and ESX-5c, each 

containing a PE/PPE heterodimer and Esx heterodimer from the H37Rv strain of Mtb. 

We then examined the functional consequences of these deletions in macrophages, 

mice, and axenic bacterial culture. We initially observed that deletion of these gene 

clusters significantly alters cytokine levels of TNF, IL-6, and IL-1β in primary 

macrophages. Further analysis revealed this may be due to differential post-

transcriptional or translational regulation of target cytokines, resulting in divergent 

cytokine profiles within infected macrophages. We next examined if this impact 

observed in human macrophages would impact the fitness of these strains in vivo where 

we observed early time point growth defects of our mutant strains tested in C57BL/6 

mice. Subsequent transcriptome analysis revealed these gene clusters likely play a role 

in heavy metal response or homeostasis. Indeed, we demonstrated these gene clusters 



are metal responsive and that their level of expression is correlated to cytokine 

response levels in primary human macrophages.  

 

Together, these observations indicate that both human and bacterial genetics play a role 

in the outcome of early disease. Not only are these ESX-5 gene clusters involved in 

stimulating a cellular response in vitro and in vivo, but that these paralogs likely also 

play a dual role in heavy metal response. These suggest novel function for these 

previously undefined paralogs and highlight the importance of studying both bacteria 

and host concurrently to gain novel insight into host-pathogen interactions.  
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Chapter 1. Introduction 

 

1.1 Mycobacterial distribution and Pathogen Evolution 

 

Mycobacteria are a broad group of organisms belonging to the genus “Mycobacterium”. 

These organisms are characterized generally as non-motile, rod-shaped bacteria, with a 

complex lipid rich membrane ultrastructure containing many specialized lipids 

heterogeneously expressed across species, such as mycolic acids, lipoarabinomannan 

(LAM), phthiocerol dimycocerosate (PDIM), etc. (1). Due to the chemical nature of this 

cell wall, containing an extreme density of specialized lipids, these bacteria can be 

classified as neither gram positive or gram negative and as such are classified as acid 

fast (2,3). Mycobacteria can be found in almost every niche on Earth (4,5). It is believed 

that Mycobacteria as a genus arose approximately 150 million years ago (6,7) and 

initially filled environmental niches before developing pathogenic capabilities (4,5,7). 

This paradigm arises from recent research suggesting Mycobacterium tuberculosis 

(Mtb) and other obligate or opportunistic pathogenic mycobacteria (including other 

members of the Mycobacterium tuberculosis complex, the “MTBC”) arose more recently, 

somewhere between 70,000-10,000 years ago (8–10). The geographic distribution of 

human populations and the relative isolation of Mtb strains during human migration out 

of Africa also gave rise to distinct lineages of Mtb currently denoted L1 through L7, 

associated with distinct regions (8,11). New work examining Mtb genomes proposes the 

expansion of the historical lineage framework to include L8 and L9, emphasizing the 

nuance and challenge associated with classifying disease-causing mycobacteria (12). 
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Alternative competing hypotheses suggest a more recent evolutionary and expansion 

history of Mtb, placing the evolution of Mycobacterium tuberculosis sensu stricto in line 

with the neolithic era of human expansion, approximately 10,000 years ago to present 

(13). While the neolithic expansion of humans undoubtedly aided in the enhanced 

spread and dispersal of Mtb amongst human populations, strong genetic evidence 

argues against a neolithic origin of Mtb (8). Regardless, the current genetic and 

virulence characteristics defining Mtb lineages highlights the true breadth of 

heterogeneity found among human-Mtb interactions (14–16). 

 

1.2 Human-Mtb Co-Evolution and the Current Human Burden of Disease 

  

The co-evolution of Mtb and humans has resulted in a wide dispersal of the bacterium, 

with approximately 2 billion, or one quarter of the human population showing 

immunological evidence of infection at some point in their life (17–19). Most infections 

with Mtb (~90%) will result in presumed bacterial clearance, latent infection, or other 

sub-clinical forms of TB disease (20). At the time of infection, an individual possesses a 

10% risk for progression to active disease over there, totaling 10-15 million cases of 

active TB disease annually (21). This results in about 1.5 million deaths per year, the 

largest cause of mortality from a single infectious agent (22,23). As mentioned above, 

there has been a long co-evolutionary period between Mtb and humans. This extended 

interaction period has not only provided pressure on Mtb to become a more efficient 

human pathogen, it has also provided significant pressure on human populations to 

counter, giving rise to populations of humans which appear to resist Mtb infection (also 
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called “resisters” (RSTR)) (24–28). Resisters are clinically characterize via a resistance 

to Interferon Gamma Release Assay (IGRA) and Tuberculin Skin Test (TST) conversion 

despite known Mtb exposure (28–30). Presumably, these populations rapidly clear Mtb 

upon deposition in the lung, preventing the development of systemic responses that we 

can measure using IGRA and TST. This complex infection dynamic has been difficult to 

characterize; the axis between bacterial virulence and human genetics in these 

populations is intricately linked resulting in subtle phenotypes and heterogeneous 

infection outcomes (31–35). Concurrently, the current gold standard tests make it 

challenging to differentiate incipient disease from uninfected (and possibly resistant) 

individuals (36). Additionally, previous exposure to Mtb, environmental mycobacteria, 

BCG vaccination, heterogeneous spread, and case indexing make the identification and 

specific classification of RSTRs challenging. Nevertheless, multiple studies have 

developed methods for countering confounding variable in the identification of RSTRs 

and demonstrated that individuals with RSTR and LTBI phenotypes exhibit distinct 

genetic and functional predispositions in their responses which may help explain how 

RSTR individuals remain persistently negative despite prolonged and intense exposure 

to Mtb (24–27,37–41). Specifically, the field has observed notable differences in the 

monocytic response to Mtb in these individuals, reflected in unique transcriptomic, 

epigenetic (methylation), and chromatin accessibility (ATAC-seq) profiles that may aid 

the innate immune system in more effectively clearing incipient infection (37,42). 

Nevertheless, a clear functional and mechanistic understanding of how innate cells from 

RSTRs promote Mtb clearance, and by extension effective Mtb resistance, remains 

undefined. Refining our understanding at the axis of human genetics, early 
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immunological responses, and bacterial effector function may allow for more effective 

and synergistic therapeutic deployment targeted at both human and pathogen, thus 

tipping the balance in favor of the host.   

 

1.3 Therapeutic Treatment of Mtb and Vaccine Development 

 

Treatment for Mtb is intensive and long lasting (43). Updated CDC recommendations 

state two preferred standard therapy regimens for drug-sensitive Mtb infection (44). 

Standard therapy originally consisted of 2HRZE/4HR or 2HRZE/7HR, a 6- or 9-month 

regimen of isoniazid, pyrazinamide, rifampin, and ethambutol (44). Recently updated 

CDC guidance alternatively recommends a four-month regimen of rifapentine, isoniazid, 

pyrazinamide, and moxifloxacin shortening treatment duration with observed non-

inferior efficacy (43–45). Drug resistant Mtb is treated with a longer regimen of 

approximately 4-9 months utilizing variable combinations of first line therapeutics 

depending on resistance profiles of the bacteria (45). Failed treatment then turns to a 

subsequent ~18-month treatment period of personalized drug combinations, often 

comprised of second line drugs (45). Of importance to note, therapeutic regimens 

historically and geographically fluctuate depending on the locality where treatment is 

initiated and what is considered standard of care at the time (46). Despite the burden 

these regimens impose on patients, we still do not have an efficacious vaccine 

alternative (47). Currently, BCG is the only licensed Mtb vaccine, however, it is variably 

protective in adults and provides modest protection in children for all-cause mortality, 

including Mtb (47–56). The United Nations framework has outlined targeted goals for 
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the reduction of overall MTB burden in high risk, high burden settings (17,19,21,57,58). 

While we have made progress towards these goals, we have not achieved the targeted 

aims in reduction. Multiple factors have contributed to these missed targets such as the 

evolution of SARS-CoV-2 alongside the difficulty of developing efficacious Mtb vaccines, 

or deploying therapeutic intervention where it is needed (59–63). Greater understanding 

and resolution of the molecular and cellular interactions between Mtb and humans will 

allow us to design more effective chemotherapeutic treatments and vaccines that target 

effective correlates of protection, enabling us to meet reduction goals. 

 

1.4 Cellular and Molecular Interactions Between Mtb and the Host 

 

Initial deposition of Mtb into the alveolar space results in the uptake of these bacilli by 

alveolar resident cells (64). Most alveolar compartment cells are comprised of alveolar 

macrophages (AMs) which make up ~80-95% of the alveolar cell milieu (65–68). AMs 

are also the primary host cell for Mtb during early infection. During early deposition of 

Mtb into the alveolar compartment, AMs phagocytose Mtb and begin cellular processing 

to attempt clearance of the foreign material (64,69). Canonically, it is believed that 

alveolar macrophages skew anti-inflammatory relative to circulating macrophages and 

are ineffective at restricting Mtb growth or clearing the bacilli (70,71). This results in the 

potentiation of Mtb within alveolar macrophages prior to the recruitment of circulating 

hematopoietic-derived immune cells. Peripheral phagocytic cells such as monocyte 

derived macrophages (MDMs) and neutrophils can be recruited to the site of infection to 

aide in bacterial clearance (39,72–75). As infection progresses the adaptive immune 



 13 

system is engaged where classical and non-classical T cells work together to activate 

phagocytes and generate a restrictive immune profile within cells harboring Mtb (39,72–

75). This orchestration of the immune response during early infection is classically 

characterized by granulomatous formation in the alveolar space which contain bacilli 

within a defined region of the lung (76,77). Hallmark features of a granuloma often 

include a fibrotic cuff, leukocyte infiltrate at the core, and interspaced lymphocytes 

leading to an antimicrobial environment (64,76–78,78–81). This formation is associated 

with either bacterial clearance or latent infection due to the reduction in replicative bacilli 

(82,83). In cases where the immune system fails to clear the infection, Mtb often 

persists in the face of these antimicrobial pressures within the granuloma (76). Often, 

the granuloma will fail to sterilize, resulting in a quiescent infection and risk of 

subsequent active disease without intervening treatment (22,84–86). The reason 

alveolar macrophages and the broader immune response heterogeneously restrict Mtb 

is not entirely resolved. It is believed this is partially due to the permissive, anti-

inflammatory nature of alveolar macrophages, in addition to the highly evolved immune 

evasion strategies Mtb deploys upon contact with phagocytes (87–90). Mtb secretes 

many virulence factors to the host cell interface which antagonize essential anti-

microbial pathways, potentiating growth in a hostile immune cell. Namely, Mtb can block 

phagolysosomal maturation, inhibit phagosome acidification, and induce macrophage 

necrosis (91–94). While not an exhaustive list, these strategies serve as an example of 

how Mtb subverts what is otherwise a potent innate immune response. Critical to these 

strategies is Mtb’s ability to escape the phagosome. Through one of its type seven 
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secretion systems (T7SS) known as ESX-1, Mtb perforates the phagosome, enabling 

cytosolic access to the bacilli and bacterial virulence effectors (95–97). 

 

1.5 Type 7 Secretion Systems and their Expansion in Mtb 

 

Bacterial secretion can broadly be categorized into eleven distinct types, denoted as 

T1SS-T11SS (98,99). Common secretion systems amongst many prokaryotes and 

specific eukaryotic organelles include the Sec and TAT system which are describes 

separately from the remining eleven systems (99,100). These systems are 

heterogeneously dispersed amongst prokaryotic groups, often enabling specific effector 

or virulence function. An example of specificity within secretion systems amongst 

prokaryotes is the almost exclusive association of type 7 (T7SS) with the 

actinobacterium phylum (101). Amongst the actinobacteria is the Mycobacterium genus, 

including Mtb. Type 7 systems are defined as inner membrane transporters, embedded 

within the cytoplasmic membrane of mycobacteria (102). They contain hexameric 

geometry within the inner membrane (trimer of dimers) and utilize ATP to secrete small, 

heterodimeric, pre-folded cargo into the pseudo-periplasm of mycobacteria (101,103). 

Beyond these conserved details, the type 7 systems have expanded within 

Mycobacteria to encompass five distinct transport systems containing high levels of 

genetic and structural conservation, but diverse mechanistic function (104). These 

systems provide an array of functions which is sometimes species dependent (105). It is 

believed these systems arose via genetic duplication events within ancestral 

mycobacteria resulting in a wide array of system combinations distributed across the 
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genus (104,106,107). Their heterogeneity across Mycobacteria leads to diverse and 

unique combinations of effector function, but importantly Mtb possesses all five with 

varying degrees of experimentally defined function within this organism. In addition to 

the ancestral ESX-4, the Mtb chromosome encodes ESX-1, ESX-2, ESX-3, and ESX-5 

(101,102,108). Often, ESX-1 is associated with phagosome escape, ESX-3 associated 

with iron sequestration, ESX-4 secretes CpnT/TNT (a necrosis-inducing toxin-antitoxin 

heterodimer), and ESX-2/ESX-5 remain poorly defined (97,109). These systems carry 

out their evolved function via their secreted protein repertoire. These proteins often 

belong to the PE/PPE family and Esx heterodimer family which are typically encoded 

within the chromosomal regions also encoding the secretion machinery (101). Despite 

low resolution of function for ESX-2 and ESX-5, we do know ESX-5 is associated with 

pathogenic mycobacteria and has predicted virulence function for some of its secreted 

proteins (15,110–120).  

 

1.6 ESX-5 Structure and Hypothesized Functions 

 

The ESX-5 system is organized similarly to the other ESX systems in the Mtb 

chromosome (Figure 1.1) (121). The secretion channel is comprised of ESX Conserved 

Component (Ecc) proteins (101,121). These proteins comprise the structural 

components that form the secretion channel and catalyze the export of small, folded 

substrates such the ESX-5 dependent Esx and PE/PPE heterodimers. While seven of 

these small heterodimers are encoded within the chromosomal ESX-5 parent cluster, 

the ESX-5 secreted PE/PPE and Esx proteins are a large family dispersed throughout 
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the chromosome including the more recently expanded PE_PGRS and PPE_MPTR 

families (112,122). Ultimately, ESX-5 is predicted to secrete over 100 of these small 

pleomorphic proteins. Interestingly, a four gene cluster in the parent ESX-5 cluster 

comprised of EsxN, EsxM, PE19, PPE27 was duplicated three additional times in the 

Mtb chromosome resulting in paralogous clusters ESX-5a (PE8, PPE15, EsxI, EsxJ), 

ESX-5b (PE13, PPE18, EsxK, EsxL), and ESX-5c (PE32, PPE65, EsxV, EsxW) (123). 

The function of these paralogous clusters and the broader family of PE/PPE or Esx 

proteins is poorly defined, however there have been recent clinical and functional 

studies suggesting these clusters may play a role in virulence and are highly 

immunogenic (15,111,124). Work by Saelens et.al have shown that clinical strains of 

Mtb containing an intact EsxM gene show increased rates of extrapulmonary 

dissemination (111). Similarly, a study by Holt et. al showed that clinical lineage 2 

isolates of Mtb contain polymorphisms in the EsxW gene that are associated with 

increased transmissibility in their Vietnamese cohort (15). These studies add rationale 

for understanding the molecular function of these effectors in the context of macrophage 

interaction and their role in Mtb physiology, independent of a host cell. 
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Figure 1.1 – Model diagram of ESX-5 genetic organization within Mtb. Blue arrows 
denote structural proteins that comprise the hexameric ESX-5 porin. Orange arrows 
represent the ESX-5 associated and secreted cargo comprised of pe/ppe and esx genes. 
Green circle enclosed around the four orange-gene cluster shows the genetic element 
that was duplicated three additional times and resulted in the three paralogous clusters, 
ESX-5a, ESX-5b, and ESX-5c shown expanded in blue box. These paralogs are 
genomically dispersed away from the parent gene cluster in the Mtb chromosome. 
Created in BioRender. Haynes, A. (2025) https://BioRender.com/9larwr6.  
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Chapter 2. Aims and Research in Context 

 

The overarching goal of this research is to deepen our understanding of early molecular 

host–pathogen interactions during Mycobacterium tuberculosis (Mtb) infection. Via a 

more complete understanding of early host-pathogen interactions, we aim to aid in the 

downstream development of more efficacious therapeutic and preventative strategies. 

Tuberculosis remains a major global health burden, and despite advances in 

diagnostics and treatment, significant gaps remain in our understanding of how Mtb 

manipulates host responses in the earliest phases of infection. This project addresses 

these gaps by dissecting the role of host genetic variation in early transcriptional 

response to Mtb infection, primary macrophage phenotypic responses to Mtb strains 

carrying targeted deletions of genes of interest, and defining Mtb ESX-5 effector 

function via microbiologic approaches.  

 

The first aim of this research is to investigate how human genetic variation contributes 

to differential responses during Mtb infection. By leveraging primary human cells from 

genetically diverse donors, we seek to identify host genetic factors that influence 

macrophage responsiveness and inflammatory signaling in the early stages of infection. 

This aim addresses the observation that susceptibility and disease progression during 

TB disease are not uniform across populations and may be partly explained by host-

intrinsic factors. 
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The second aim focuses on characterizing the functional impact of ESX-5 paralog 

deletions on host macrophage responses in vitro. The ESX-5 secretion system exports 

a number of PE/PPE and Esx proteins, some of which are believed to modulate host 

immunity. We hypothesize that specific ESX-5 paralogs (ESX-5a, ESX-5b, and ESX-5c) 

influence macrophage activation and cytokine production to differentially shape the 

early response to infection. Using deletion mutants and primary human macrophages, 

we will define how these bacterial factors shape the host response during early 

infection. 

 

Lastly, we aim to characterize how deletion of these ESX-5 paralogs perturbs bacterial 

regulatory networks and gene expression programs. Given the proposed functional ties 

between ESX systems and Mtb physiology, we hypothesize that loss of individual 

paralogs may lead to compensatory changes in transcriptional networks, secretion 

profiles, or metabolic pathways. Through transcriptomic analysis, we will map these 

perturbations to better understand how Mtb adapts. Collectively, this work integrates 

host and bacterial perspectives to provide a more complete understanding of early 

infection events that could be exploited for new interventions. 
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Chapter 3. Characterizing Transcriptional Responses of RSTR Alveolar Macrophages to 

Mycobacterium tuberculosis Infection  

*This chapter was submitted in full as a manuscript: “Alveolar macrophage transcriptional 
signatures associated with resistance to TST/ IGRA conversion following Mycobacterium 
tuberculosis exposure” Haynes AM, et.al, 2025  
 

3.1 Introduction 

 

Mycobacterium tuberculosis (Mtb) is an aerosol-borne bacterium of which one quarter of 

the human population demonstrates immunological evidence of exposure (125–127). 

While asymptomatic tuberculosis infection (also called latent TB infection (LTBI)) is the 

most common outcome, a proportion will progress to active disease which causes 

significant mortality, totaling near 1.5 million deaths per year (125–128). The wide 

dispersal of Mtb is often attributed to its tight co-evolution with humans, making Mtb 

extremely well-adapted to its niche (129–134). By some estimates, co-evolution has 

been occurring for nearly 70,000 years resulting in an intricate interaction web of 

numerous cell types and profiles of Mtb throughout the course of infection (31–35). This 

results in a complex infection dynamic that has been difficult to characterize. 

Interestingly, this co-evolutionary period has also driven the development of human 

populations which appear to resist Mtb infection (also called “resisters” (RSTR)), 

presumably through rapid clearance of the bacterium upon deposition in the 

lung(25,29,30,35).  
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RSTR populations are clinically characterized by remaining durably negative for Mtb 

infection via Interferon Gamma Release assay (IGRA) and Tuberculin Skin Test (TST) 

despite exposure to Mtb (28–30). Several previous studies have shown that RSTR and 

LTBI individuals display genetic and functional predispositions in their response to Mtb, 

which could help explain how RSTR individuals are able to remain durably negative in 

the face of prolonged heavy exposure (24–27,37–41). Monocytes from RSTRs have 

unique cellular profiles as measured via RNA-seq, methylation, and ATAC-seq 

differentiating their gene expression from LTBI monocytes (37,42) . Despite these 

observations, a clear mechanistic understanding of how myeloid-lineage cells differ in 

response to Mtb infection, and thus result in clearance, is elusive.  

 

The initial interaction of Mtb with human immune cells predominantly occurs in the lung 

where Mtb is phagocytosed by alveolar macrophages (AMs) (128,135). These AMs 

make up approximately 80-95% of the immune cell milieu of the alveolar space 

(128,136). Not only do these macrophages possess a distinctive cellular origin, in 

contrast with other canonical myeloid-lineage cells which originate via hematopoiesis, 

AMs also display a divergent cellular profile. Compared to MDMs, AMs have a milder 

inflammatory response, likely due to the need to balance constant airway exposure to 

antigen, clearance of microbes and debris, while also avoiding destructive inflammatory 

recruitment in the airway (137–140). Previous studies demonstrated that AMs display 

unique Mtb-induced expression profiles compared to other macrophage subtypes 

(27,70,141,142). Integrating the unique profiles of AMs with RSTR status represents a 
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novel opportunity to understand how this first-line cell differs between LTBI and RSTR 

individuals as well as to its circulating monocyte-derived counterparts.  

 

Herein we test the hypothesis that AMs have differential RNA expression profiles from 

other myeloid lineage cells derived from the RSTR cohort and that transcriptional AM 

profiles will differ between RSTR and LTBI individuals at baseline and during in vitro Mtb 

infection. 

 

3.2 Methods 
 

3.2.1 Human Subjects 
 

HIV-negative individuals from the Uganda household contact study were recruited for 

this study as described previously (29,37,143). In brief, individuals with culture-positive 

pulmonary tuberculosis (TB) were recruited as part of the Kawempe Community Health 

Study in Kampala, Uganda from 2002 to 2012 as previously described. Household 

contacts of index cases were initially followed for 2 years with serial tuberculin skin test 

(TST) monitoring. A subset of individuals was retraced from 2014 and 2017 and re-

assessed by TST as well as IFNγ release assays (IGRA) for another 2 years. 

Individuals were also re-assessed via IGRA at the time of bronchoscopy 0 to 5 years 

after retracing. Individuals were classified as concordant negative resisters (RSTR) or 

concordant positive latent tuberculosis infection (LTBI). At time of re-tracing, all 

participants were HIV-negative and gave updated written informed consent which was 

approved by the institutional review boards of their associated institution. For minors 
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(age <18 years in Uganda), informed consent was obtained from a legal parent or 

guardian with concurrent assent obtained from the minor. An Mtb-infected monocyte 

dataset was used for comparison which was derived from cryopreserved peripheral 

blood mononuclear cells (PBMC) from a subset of these retraced individuals (29). All 

methods of this study were approved by Makerere University, CWRU, and the University 

of Washington institutional review boards (IRB).  

 

3.2.2 Bronchoscopy and BAL fluid processing 
 

Bronchoscopies were performed as described previously(136). All BAL collection was 

performed under topical anesthesia via a trans-nasal approach in the bronchoscopy unit 

at Naguru Hospital, Kampala, Uganda. Before each procedure, participants received 

aerosolized 2% lidocaine and gargled several times with 2% lidocaine solution for 30 

seconds. Topical anesthesia of the nasal passage was performed using 2% viscous 

lidocaine jelly applied with cotton applicators. Further local anesthesia was provided by 

topical application of 1 to 2ml aliquots of 1% or 2% lidocaine to the airways via the 

bronchoscope. Participants received supplemental oxygen (2 l/min) via nasal cannula 

and all vital signs were monitored during bronchoscopy. Bronchoalveolar lavage was 

performed by wedging the tip of the bronchoscope in a subsegment of the right middle 

lobe or lingua. Aliquots of 30 ml of ambient temperature sterile normal saline solution 

(up to a total of 240 ml) were instilled into the airway and gently aspirated using a 60 ml 

syringe. We then collected the lavage fluid and pelleted at 300g for 10 minutes at room 

temperature. Cells from the same donor were pooled and enumerated via trypan blue. 

One-half of each sample was washed x2 with C10 medium (see media make-up in 
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‘Media and reagents’) and spun at 300xg for 10 minutes to pellet the cells. The pellet 

was then solubilized in 1mL of Invitrogen Trizol reagent (Waltham, MA) and stored at -

80 C for downstream extraction (labeled “BALC (BAL cell)- Fresh” (Figure 1, 

Supplemental Table 1). The other half of each sample, washed x2 with HBSS (without 

calcium or magnesium), pelleted as described, and then resuspended in a freeze 

medium. Cells were then slowly frozen to -80C using an isopropanol freeze chamber to 

achieve -1C/min. The following day, vials were moved to liquid nitrogen for long-term 

cryogenic storage and transfer to Seattle (labeled “BALC cryopreserved”).  

 

3.2.3 Media and reagents 
 

Collected BAL cells were washed using C10 medium consisting of RPMI 1640 

(containing 1% HEPES and 0.5% Penicillin/Streptomycin v/v) supplemented with 10% 

fetal bovine serum (FBS). Thawed AMs were cultured in RPMI-10 which consists of 

RPMI 1640 medium (Gibco, Waltham MA) with 10% FBS (Atlas Biologicals (Fort Collins 

CO)), along with macrophage colony stimulating factor (M-CSF) (PeproTech, Cranbury 

NJ) at 50ng/mL. For mycobacterial culture, bacteria were grown in 7H9 base medium 

supplemented with Glycerol, ADC, and Tween 80 at final concentrations of 0.2%, 10%, 

and 0.05% respectively. Sautons medium used for washing mycobacteria is a basal 

medium composed of 4.0 grams of L-asparagine, 0.5 grams of MgSO4, 0.5 grams of 

K2HPO4, 0.1 milliliters of a 1% ZnSO4, 2.0 grams of citric acid, and 0.05 grams of ferric 

ammonium citrate into 1 liter of water. Tween 80 and Glycerol were added at the same 

concentration as for 7H9. 

 



 25 

3.2.4 Bacterial cultivation 
 

Virulent Mtb, strain H37Rv (gift of Dr. David Sherman), was grown in 7H9 broth 

according to previously outlined protocols. In short, a frozen 1mL stock of Mtb H37Rv 

was thawed to room temperature. This stock was then inoculated into supplemented 

7H9 medium as outlined in media section. This culture was grown to an OD of ~1.0 

before being back diluted to an OD 0.2. The culture was then outgrown overnight to an 

OD of 0.4, washed with Sautons medium x2, and resuspended at an OD of 1.0 in 

Sautons medium and frozen at -80C. Frozen, Sautons washed H37Rv was then thawed 

and used with a standard OD conversion factor to infect AMs at a multiplicity of infection 

of 1.0.  

 

3.2.5 Infection of alveolar macrophages with Mtb 
 

Cryogenically preserved AMs were removed from liquid nitrogen tanks and thawed 

using a gentle swirling motion in a 37C water bath. Once the vial was almost fully 

thawed, the vial was removed and 1mL of RPMI-10 was slowly added to bring up the 

temperature of the stock while diluting the DMSO. This mixture was then slowly added 

to 5mL of pre-warmed RPMI-10 medium in a sterile 50mL falcon tube. The cells were 

then spun at 500xg for 5 minutes and washed x2 using RPMI-10 before plating into a 

non-tissue culture treated dish and incubated with a penicillin-streptomycin solution for 4 

hours. The monolayer was then washed 6x with a 1x HBSS solution and rested 

overnight in RPMI-10. The following day, cells were collected and viability enumerated 

using trypan blue. Cells were plated into a 24-well tissue culture dish at a concentration 
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of 2E5 cells per well and rested overnight in 1mL of RPMI-10 with M-CSF (labeled “AM 

thaw”, Figure 1, Supplemental Table 2). The following day cells were infected with 

Sautons washed Mtb H37Rv at an MOI of 1.0. Briefly, after inoculation, plates were 

spun at 500xg for 5 minutes at room temperature to bring bacteria into contact with the 

cell monolayer. After brief centrifugation, cells were returned to a 5% CO2 incubator. 

After 6 hours, supernatant was removed and the cell monolayer for each sample was 

dissolved using 1mL of Trizol reagent (ThermoFisher, Waltham, MA).  

 

3.2.6 Cellular processing and RNA extraction 
 

RNA was isolated from Trizol samples according to the manufacturer’s protocol. Briefly, 

0.2mL of chloroform was added to the 1mL Trizol sample and shaken vigorously. The 

samples were then spun at 12,000xg for 15 minutes to isolate aqueous and organic 

phases. Aqueous phase from each sample was isolated and mixed 1:1 with 100% 

ethanol then added to a respective RNeasy mini column (Qiagen, Hilden Germany). 

From here, manufactures protocol for RNeasy was performed, including on-column 

DNase treatment to remove genomic DNA. Total RNA was eluted using RNase free 

water with RNA quality and concentration evaluated using nanodrop.  

 

3.2.7 RNA sequencing  
 

RNA was processed for sequencing using SMARTseq for cDNA generation (Takara). 

Sequencing libraries were constructed using the NexteraXT DNA sample preparation kit 

(Illumina, San Diego CA) to generate Illumina-compatible barcoded libraries. Libraries 
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were pooled and quantified using a Qubit Fluorometer (Life Technologies, Waltham 

MA). Sequencing of pooled libraries was carried out on a NextSeq 2000 sequencer 

(Illumina, San Diego CA) with paired-end 50-base reads, using a NextSeq P3 

sequencing kit (Illumina, San Diego CA) with a target depth of 5 million reads per 

sample. Base calls were processed to FASTQs on BaseSpace (Illumina, San Diego 

CA), and a base call quality-trimming step was applied to remove low-confidence base 

calls from the ends of reads. The FASTQs were aligned to the GRCh38 human 

reference genome using STARv.2.4.2a, and gene counts were generated using htseq-

count. 

 

3.2.8 Transcriptomic and Bioinformatics analysis 
 

QC and metrics analysis was performed using the Picard family of tools (v1.134). 

Briefly, libraries were assessed by total aligned sequences, median coefficient of 

variation (CV) coverage, and principal component analysis (PCA) of log2 counts per 

million (CPM) counts (Sup Figure 1A-1D). All libraries passed median coefficient of 

variation filters (CV < 1). For BALC-Fresh libraries (N = 23 RSTR, 26 LTBI), 1 RSTR 

library was removed as a PCA outlier (> 3 standard deviations away from the mean on 

PC1 or PC2) and 3 RSTR libraries were removed for patients who converted IGRA at 

the time of bronchoscopy. This resulted in 45 libraries (N = 19 RSTR, 26 LTBI) for 

analysis. For AM-Thaw libraries (N = 12 RSTR, 9 LTBI), libraries with < 1 million aligned 

sequences (N = 1 RTSR, 1 LTBI) or that were PCA outliers (N = 1 RSTR, 1 LTBI) were 

removed. In addition, 2 AM-Thaw RSTR donors were determined to have potential 

media contamination. Since it could not be determined if media samples were 
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contaminated or switched with Mtb samples, these donors were removed. In total, 6 

donors were removed during QC, which resulted in 30 libraries (N = 8 RSTR, 7 LTBI, 

media and Mtb) for AM-Thaw analysis. Independently within each experiment, pass-

filter libraries were then filtered to genes with at least 0.5 CPM in at least 2 libraries and 

trimmed means of M (TMM) plus voom log2 CPM normalized.  

 

We then assessed which covariates to include in our analytic model by assessing 

Akaike information criterion (AIC) values. When compared to an unadjusted model with 

no covariates, an absolute delta in AIC (|dAIC|) of >6 is considered significant change in 

fit, 2 < |dAIC| < 6 is considered moderate change in fit, and |dAIC| < 2 is considered no 

change in fit. Based on these criteria for the BALC-fresh dataset, we selected a model 

of RSTR vs LTBI corrected for median CV, sex, age, and Mtb exposure risk score(144). 

For the AM-thaw dataset, we selected a model of the interaction of RSTR/LTBI with Mtb 

stimulation (RSTR:Mtb) corrected for median CV and sex. After model selection for both 

datasets, differentially expressed genes (DEGs) were examined to identify condition 

specific gene expression profiles in both datasets (FDR < 0.2). Further analysis 

consisted of performing pathway enrichment approaches, including gene set enrichment 

analysis (GSEA) of covariate corrected model estimates (fold changes) against the 

Broad Molecular Signatures database (MSigSB) Hallmark gene sets (FDR < 0.3)(145). 

For quality control, we measured whole transcriptome correlation between donors used 

in both arms of this study to determine intra-individual variation. R2 values were high 

(>0.83) and indicated minimal intra-individual variation at a global gene expression level 
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despite differences in cell composition and experimental conditions including 

cryopreservation, and overnight culture in media prior to infection (Figure 3.1). 
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Figure 3.1– Transcriptome correlation analysis. Correlation graphs of the expression 
profiles from pass-filter donors used across both datasets. Linear regression was used to 
identify R2 values across expression profiles in donors from “BALC- Fresh” dataset and 
“AM-thaw” dataset. BALC-Fresh X axis, AM-thaw on Y axis. Each dot represents log 2 
normalized expression of a gene from the corresponding dataset. Black line indicates 



 31 

perfect correlation; blue dashed line represents actual correlation between datasets. 
Individual donors (RSTR or LTBI) are stratified by color. Average R2 value is 0.87, 
minimum 0.83. Correlation regression determined minimal impact of cell processing 
variables on expression profiles across cohorts.  
 

3.3 Results 
 

3.3.1 Basal alveolar macrophage transcriptional profiles differ in RSTR and LTBI groups  
 

To investigate whether RSTR and LTBI alveolar macrophages have different 

transcriptional profiles, we performed RNA sequencing on freshly isolated BAL cells 

(“BALC-fresh”) (Figure 3.2A). After assessing covariates in model fitting with stepwise 

feature selection via impact on AIC values, the final model included median CV, sex, 

age, and Mtb exposure risk score (Figure 3.3A-C). Among 19 RSTR and 26 LTBI 

individuals, we did not detect any differentially expressed genes in this analysis (FDR 

<0.2) (Figure 3.2B). GSEA analysis revealed 13 differentially expressed gene sets 

between RSTR and LTBI groups at FDR <0.3 and five with increased stringency of FDR 

<0.1 (Figure 3.2C). Twelve of the 13 gene sets were negatively enriched in the RSTR 

group while “E2F targets” was positively enriched in the RSTR group (Figure 3.2C). The 

leading-edge genes that belong to the E2F gene set included 46 targets, the majority 

(32 of 46) of which strongly interacted in the STRING protein-protein database (Figure 
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3.2D). These data suggest that RSTR and LTBI AMs have divergent basal gene 

expression.  

Figure 3.2 – BALC-Fresh alveolar macrophage transcriptional profiles at baseline. 
3.2A. Flow chart of cell processing. After BAL, cells were isolated from the BAL and split 
into two cell fractions. One fraction was immediately preserved in Trizol solution (“BALC-
Fresh”). The other fraction was cryopreserved and shipped to Seattle. Cells (“AM-Thaw”) 
from this fraction were thawed, rested, and washed to purify AMs (~80-95% of BALC-
Fresh fraction), then infected with Mtb (H37Rv). Infected cells were then solubilized with 
Trizol. All fractions then underwent RNA extraction and bulk cell mRNA sequencing. 
Sample numbers indicate pass-filter samples in the final analyses. 3.2B. Volcano plot of 
RSTR versus LTBI DEG analysis of BALC-Fresh dataset. Y axis depicts -Log10 FDR 
values indicating significance of RSTR vs LTBI. X axis depicts the Log2 fold change. Plot 
indicates no genes reach our significance criterion of FDR<0.2 and Log2FC > (+/- 1) with 
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the top 3 genes labeled. 3.2C. Differentially enriched gene sets via GSEA in RSTR vs. 
LTBI BALC-Fresh dataset (enrichment of RSTR relative to LTBI). Y axis labels show 
Hallmark gene sets and X axis label depicts analyzed group (BALC- Fresh). Dot color 
indicates normalized enrichment score (NES) (red= positively enriched, blue= negatively 
enriched in RSTR). Shape of the dots indicate significance level at FDR cutoffs of 0.1, 
0.2, 0.3, and non-significant (NS) > 0.3. 3.2D. String protein-protein interaction network 
of “E2F targets” leading-edge genes (N = 46, 1 DEG not found in STRING database). 
Each node represents a gene and lines depict combined STRING score of the 
corresponding nodes. Only scores > 700 are shown.  

Figure 3.3 – Model fitting of RSTR versus LTBI “BALC-fresh” dataset. 3.3A. Impact 
of single covariates on AIC compared to an unadjusted model. Y axis depicts the delta 
AIC (dAIC) relative to an unadjusted model, and X axis depicts the model being tested. 
3.3B. Graph depicts dAIC values of stepwise additions of covariates. Y axis depicts the 
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dAIC relative to the one covariate simpler model. X axis depicts the model being tested 
with stepwise addition of covariates from left to right. 3.3C. Percent of genes better or 
worse fit by stepwise addition models. Bar graph depicts model impact on percent of 
genes. Color coordinates dAIC bins for significant change in fit (|dAIC|>6), moderate 
change in fit (2 < |dAIC| < 6), and no change in fit (|dAIC| < 2). Warm colors indicate worse 
fit and cool colors indicate better fit with the addition of the covariate shown. The final 
model was RSTR vs LTBI corrected for median coefficient of variation (CV), sex, age, and 
Mtb exposure risk score as all covariates improved model fit without worsening fit for any 
genes. 
 

3.3.2 Mtb infection drives differential responses in RSTR and LTBI alveolar 
macrophages 
 

With a subset of the cohort (N=7 LTBI, N=8 RSTR), we examined gene expression 

under Mtb and media stimulation conditions in alveolar macrophages which were 

cryopreserved and then thawed prior to infection (“AM-thaw” dataset). Using the same 

model fitting approach, we selected a model that corrected for median CV and sex as 

covariates in this analysis (Figure 3.4A-B). We also tested an equivalent model to 

BALC-Fresh for direct comparison (Figure 3.4C). However, we observed significantly 

worse AIC values (dAIC > 6) when performing this analysis and opted to utilize a best fit 

model. 
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Figure 3.4 – Model fitting of RSTR versus LTBI “AM-thaw” dataset. 3.4A. Impact of 
single covariates on AIC compared to an unadjusted model. Y axis depicts the delta AIC 
(dAIC) relative to an unadjusted model, and X axis depicts the model being tested. 3.4B. 
Graph depicts dAIC values of stepwise additions of covariates. Y axis depicts the dAIC 
relative to the one covariate simpler model. X axis depicts the model being tested with 
stepwise addition of covariates from left to right. 3.4C. Percent of genes better or worse 
fit by stepwise addition models. Bar graph depicts model impact on percent of genes. 
Color coordinates dAIC bins for significant change in fit (|dAIC|>6), moderate change in 
fit (2 < |dAIC| < 6), and no change in fit (|dAIC| < 2). Warm colors indicate worse fit and 
cool colors indicate better fit with the addition of the covariate shown. The final model was 
the interaction of RSTR status and Mtb infection corrected for median coefficient of 
variation (CV) and sex as age and Mtb exposure risk score significantly worsened fit for 
some genes.  
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We detected 5338 DEGs when comparing Mtb-infected to the media condition (FDR 

<0.2, Figure 3.5A, 3.5B). When comparing the RSTR and LTBI groups, we identified 37 

DEGs with no or similar responses to Mtb infection in RSTR and LTBI (FDR<0.2, Figure 

3.5A). Applying a log 2-fold change >1/<-1 threshold decreases this to 7 DEGs more 

highly expressed in RSTR and  
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Figure 3.5 – AM-Thaw basal and Mtb-infected alveolar macrophage transcriptional 
profiles. 2A. Venn diagram of DEGs in the AM-thaw dataset. DEGs for each comparison 
are shown (FDR <0.2) with +Mtb vs media, RSTR vs LTBI, and the RSTR: Mtb interaction 
term. 2B. DEG volcano plot by Mtb infection condition. Figure 2C. DEG volcano plot by 
RSTR versus LTBI status. Figure 2D. DEG volcano plot by RSTR:Mtb interaction term. 
2B-2D. Volcano plots depict differential gene expression per variable, all significant genes 
labeled on plots. Y axis depicts -Log10 FDR values indicating significance level, X axis 
depicts the Log 2-fold change in expression. Dotted lines denote thresholds of FDR < 0.2 
and log2-fold change < -1 or > 1. 
 

8 DEGs more highly expressed in LTBI individuals (Figure 3.5C). Finally, utilizing the 

interaction term (RSTR:Mtb), we identified 25 DEGs with different Mtb responses in 

RSTR vs LTBI (FDR<0.2, Figure 3.5A). Applying a log 2-fold change >1/<-1 threshold 

decreases this number to 11 total DEGs (Figure 3.5D).  

 

Using GSEA, we found two gene sets in the Mtb infection and two in the media 

condition that were downregulated in RSTR compared to LTBI groups (FDR<0.3, media 

condition: TNF signaling via NF-kB, Inflammatory response; Mtb condition: Hypoxia, 

estrogen response early Figure 3.6A). Four gene sets were positively enriched in the 

RSTR group upon Mtb stimulation (Interferon gamma response, interferon alpha 

response, inflammatory response, allograft rejection) (Figure 3.6A). Notable leading-

edge targets in this “inflammatory response” gene set contain TNF superfamily 

members and upstream potentiators of ROS and iNOS activity (TNFSF10, TNFSF9, 

TNFAIP6, NOD2, NLRP3, IL-6, IL-18, etc.).  

 

We also compared GSEA results from the media arms of the two datasets, despite 

different features (cell ratios, fresh vs cryopreservation with thaw and isolation). The 

majority (N=11 of 14) of the gene sets significant in the media conditions shared 
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concordant directionality between RSTR and LTBI, although only one was statistically 

significant for both experiments (Hallmark TNF signaling via NF-kB) (FDR <0.3) (Figure 

3.6A, 3.6B). Three had discordant directionality (Hallmark coagulation, interferon alpha 

response, and estrogen response late) although all failed to reach significance in our 

AM-thaw group (Figure 3.6B). Together, these results indicate shared expression 

profiles despite differing conditions of the experiments. In addition, these data suggest 

that Mtb induces differential gene expression in RSTR and LTBI AMs. 

 

Figure 3.6 – Gene set enrichment results across AM-Thaw and BALC-Fresh. 3.6A. 
AM-Thaw and 3.6B. BALC-Fresh GSEA. 3.6A-3.6B. Gene sets significant in AM-Thaw 
and/or BALC-Fresh are shown (FDR<0.3). Y axis displays Hallmark gene sets and X axis 
depicts cellular cohort and Mtb condition. Dot color indicates normalized enrichment score 
(NES) (red= positively enriched, blue= negatively enriched in RSTR). Shape of the dots 
indicate significance level at FDR cutoffs of 0.1, 0.2, 0.3, and non-significant (NS) > 0.3.  
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3.3.3 RSTR versus LTBI expression profiles in AMs are distinct and partially cell-specific 
compared to peripheral blood monocytes 
 

We next compared RSTR vs LTBI AM profiles to our previously published peripheral 

blood monocyte signatures, which included similar media and infection conditions from 

the same Ugandan cohort (37). When comparing RSTR versus LTBI DEG profiles, we 

did not detect overlapping DEGs between the “AM-thaw” and monocyte datasets for 

either RSTR vs LTBI or the RSTR:Mtb interaction term. GSEA profile comparisons 

between the media conditions of the “AM-thaw” and monocyte datasets revealed 11 

overlapping gene sets with concordant negative directionality (downregulated in RSTR 

compared to LTBI)(37). Of these, only one gene set reached significance in both cell 

types and was also concordantly significant in BALC-Fresh (FDR <0.1 for TNFa 

signaling via NF-kB) (Figure 3.6A, Figure 3.7). No positively enriched gene sets were 

significant and concordant between these media groups though E2F showed 

concordant directionality without consistent significance. The Mtb infection arms of the 

AM-Thaw and monocyte studies share one significant positively enriched gene set in 

RSTRs (inflammatory response, AM-Thaw FDR<0.3, monocyte FDR<0.1 from the 

original study(37)) (Figure 3.6A, Figure 3.7). Several Mtb induced gene sets (N=3) have 

significant discordant directionality between these datasets (Allograft rejection, IFN 

gamma response, hypoxia) and six others were discordant with varied significance. 

Together, these data suggest that Mtb-induced AM RSTR versus LTBI transcriptional 

profiles are different and partially cell-specific when compared to monocytes.  
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Figure 3.7 – Comprehensive GSEA results for AM-Thaw, BALC-Fresh, and 
Monocytes across Media and Mtb+ conditions. Gene sets significant in AM-Thaw 
and/or BALC-Fresh (FDR<0.3) as well as those significant in the original monocyte 
analysis (FDR<0.1) are shown (37). Y axis displays Hallmark gene sets in the same order 
as Figure 3 with monocyte significant only gene sets added at the bottom separated by a 
horizontal line. X axis depicts cellular cohort and Mtb condition. Dot color indicates 
normalized enrichment score (NES) (red= positively enriched, blue= negatively enriched 
in RSTR). Shape of the dots indicate significance level at FDR cutoffs of 0.1, 0.2, 0.3, and 
non-significant (NS) > 0.3.  
 

3.4 Discussion 
 

In this study, we found differential AM responses when comparing RSTR and LTBI 

individuals at baseline and in response to Mtb infection. In addition, the AM RSTR-

specific data included new significant genes and pathways compared to previous 

observations in monocytes from the same cohort. 



 41 

 

A central paradigm of AM immunology is an anti-inflammatory predisposition 

(137,139,146) with a decreased ability to clear Mtb or restrict growth (70,135). Although 

the RSTR AM transcriptional profile is less inflammatory than LTBI at baseline, we 

observe this profile shifts under Mtb infection conditions with upregulation of 

inflammatory responses relative to LTBI. The leading-edge genes in these inflammatory 

pathways include pathogen recognition receptors (NOD2, NLRP3, TLRs, etc.), 

cytokines, and cytokine receptors. Together, this suggests RSTR AMs more potently 

activate canonical inflammatory responses upon Mtb stimulation compared to their LTBI 

counterparts. This could enable RSTR AMs to more effectively control Mtb during initial 

contact and early infection. The upregulation of inflammatory responses also indicates 

the activation of antimicrobial processes essential in the control of Mtb, such as ROS 

generation, iNOS transcription, and TNF synthesis (147–149). Interestingly, we also 

observed monocytes from the same cohort show an upregulation of the Hallmark 

Inflammatory Response gene set, suggesting efficient proinflammatory upregulation 

may be a conserved RSTR Mtb response among different cell types that aid in Mtb 

clearance. Despite overlaps, these cell types also display a divergent IFN response 

signature. Interestingly, AMs from this cohort display an enrichment for IFNγ and IFNa 

responses due to Mtb stimulation in RSTR compared to LTBI. The directionality of these 

signatures is surprising given the clinical definition of groups in this cohort is based on 

LTBI IGRA positivity/RSTR IGRA negativity to Mtb-specific antigen stimulation. IFNγ 

activates macrophage antimicrobial profiles and enables restriction of Mtb 

growth(39,150–156). A possible model is that RSTR AMs are genetically programmed to 
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respond to IFNγ more robustly, which may promote early bacterial clearance before T-

cell responses develop. Others have shown non-RSTR AMs are hyporesponsive to 

IFNγ, in agreement with an anti-inflammatory paradigm but possibly highlighting a 

RSTR response difference (157). The source of this IFNγ could arise from airway 

resident innate-like immune cells (e.g. DURTs, NKTs, ILC1s) rather than classically 

restricted ab T-cells (158–163). Interestingly, recent single-cell RNAseq data from an 

alternative RSTR cohort (in persons living with HIV (PLWH)) has shown innate-like, 

polyfunctional lymphocytes express an IFNγ profile in RSTR BAL, supporting our 

hypothesized model of RSTR AM responses to a local IFN source (27). 

 

We also identified AM-specific RSTR gene sets and pathways that were not present in 

previous analyses of peripheral blood monocytes. The upregulation of E2F targets 

within the RSTR cohort AMs at baseline implicates a novel pathway in the functional 

predisposition of RSTR AMs to clear Mtb rapidly. E2F regulates cell cycle progression 

and may also play a central role in programmed cell death (164–166). The mechanism 

of cell death may impact control of Mtb. For example, apoptotic cell death leads to 

restriction of Mtb growth, while necrotic and pyroptotic cell death may potentiate cell-to-

cell spread (167–169). A possible model is that RSTR AMs may be poised at baseline 

towards E2F-dependent apoptotic cell death that favors control of Mtb. Rapid induction 

of inflammatory profiles alongside restrictive cell death mechanisms may prevent the 

establishment of Mtb in the airway and subsequent recruitment of peripherally derived 

immune responses.  
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Our study has several limitations. First, environmental exposures (e.g. cooking smoke 

exposure, pollution) are important variables that impact AM cellular responses and are 

difficult to control in experimental design. Second, the sample size is small due to the 

challenges of obtaining BALs and epidemiologically defining RSTRs. Despite the small 

sample size, we were able to detect differences in our primary comparisons. Finally, 

additional variables in the Mtb infected arm of this study, such as cryopreservation, 

thaw, and use of M-CSF, could impact our results. Despite these conditions, we 

observed a high intra-donor correlation between the RNA-Seq profiles of AMs examined 

after immediate processing versus delayed with cryopreservation. These comparisons 

increase our confidence that technical issues are not confounding the results.  

 

In summary, we discovered transcriptional differences from AMs of RSTR and LTBI 

individuals. Previous studies examining RSTR status in this cohort has focused on 

peripheral monocytes with epigenetic and transcriptional profiling along with genetic 

data to determine differences between RSTR and LTBI individuals(26,37,38,42,143). 

The current study illustrates the importance of studying cell-type specific mechanisms 

including the central role of AMs in TB pathogenesis.   
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Chapter 4. Exploration of the ESX-5a, ESX-5b and ESX-5c Paralogs in the Context of 

Human Macrophage Infection 

*This chapter was submitted in part as a manuscript: “ESX-5 Deletions in Mycobacterium 
tuberculosis Alter Macrophage Cytokine Signaling, In Vivo Virulence, and Bacterial Heavy 
Metal Response” Haynes AM, et.al. 2025  

 

4.1 Introduction 

 

Pathogenic mycobacteria have co-evolved with their respective hosts for thousands of 

years (2,7,170). Arguably, the most prolific mycobacteria to cause disease in humans is 

Mycobacterium tuberculosis (Mtb). By some estimates, Mtb infects one quarter of the 

human population and causes approximately 1.5 million deaths per year 

(7,17,18,21,171). This tight co-evolution has facilitated the development of many 

antagonistic mechanisms that potentiate bacterial survival and spread in the face of an 

extensively developed and effective human immune system. Specifically, Mtb can block 

phagolysosomal maturation, inhibit phagosome acidification and induce macrophage 

necrosis, among other processes (92–94,172–174,174,175). The molecular 

innerworkings of how Mtb carries out many of its virulence functions are not fully 

described, particularly during early infection when the bacillus is phagocytosed by 

macrophages (76,77,89). A more complete understanding of the interplay between 

bacterial effectors and human macrophages will allow us to better design intervention 

strategies aimed at reducing burden of disease. To do this we need better definition of 

the Mtb antagonistic landscape.  
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The many specialized mechanisms evolved in Mtb for subverting antimicrobial 

pathways and persisting within phagocytes are often carried out by secreted virulence 

effectors (91,92,176,177). Mtb moves these effectors to the host cell interface where 

they antagonize cellular processes. The movement of these virulence factors is critical, 

with Mtb encoding numerous bacterial secretion systems on its chromosome. Namely, 

the general secretion (SEC), twin arginine translocation (TAT), and type seven secretion 

systems (T7SS)(100,101,103,178). In Mtb, T7SS are also called ESX systems. 

Specifically, Mtb encodes five, denoted ESX-1 through ESX-5 (101). Combined, these 

systems secrete roughly 5-10% of Mtb encoded proteins (102,179–181). Many have 

predicted or bona fide virulence function, such as ESX-1 via CFP-10 and ESAT-6 

(97,182,183). Others, like ESX-5, are more sparsely defined. 

 

ESX-5 secretes many Proline-Glutamic Acid (PE), Proline-Proline-Glutamic Acid (PPE), 

Esx, PE-Polymorphic GC-Rich Repetitive Sequence (PE_PGRS), and PPE- Major 

Polymorphic Tandem Repeat (PPE_MPTR) proteins (184–186). Together, these families 

comprise >100 proteins and are extensively expanded in Mtb (112,122,187). Functional 

characterization is lacking for most. Many of these effectors are thought to be involved 

in immune subversion, nutrient acquisition, membrane structuring, and virulence 

(93,108,116,117,122,188,189). Despite a paucity of defined function for most of these 

proteins in Mtb, recent clinical studies have implicated small paralogous ESX-5 secreted 

clusters in virulence, transmissibility, and immune recognition (15,111,124,190). These 

paralogs are each comprised of a four gene cluster and called ESX-5a, ESX-5b, and 

ESX-5c respectively. While these previous studies have provided an intriguing rationale 
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for follow up, notably absent from many is a functional reason for why these clusters 

may play a role in Mtb virulence or transmissibility. 

 

Together, these gaps and early functional studies prompted us to investigate the role of 

these paralogs during human macrophages infection. Leveraging a well-defined lab 

strain of Mtb (H37Rv) we targeted all three paralogs for deletion, creating three 

knockout strains called ∆ESX-5a, ∆ESX-5b, and ∆ESX-5c. We then queried differential 

responses to the knockouts during infection to begin understanding the role these 

proteins play during infection. The data generated herein will be key to more completely 

understanding the early interaction and impacts Mtb has on proinflammatory responses, 

possibly facilitating more efficacious vaccine or therapeutic design. 

 

4.2 Methods 

 

4.2.1 Ethics and Biosafety Precautions 

 

All experiments performed within the scope of this study utilized primary human 

monocyte derived macrophages (MDMs) from healthy human donors in the Seattle 

area. All cells originate from Bloodworks Northwest and are deidentified prior to receipt. 

No IRB is required to perform studies with these cells. All experiments performed with 

live, virulent, Mtb were performed in an accredited BSL-3 at the University of 

Washington School of Medicine campus utilizing validated containment protocols to 

ensure biological safety.  
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4.2.2 Media 

 

Media used throughout experiments consists of RPMI-10 (RPMI 1640 medium (Gibco, 

Carlsbad, CA) with 10% fetal bovine serum (Atlas Biologicals, Fort Collins, CO), along 

with macrophage colony stimulating factor (M-CSF) (Pepro Tech, Carlsbad, CA) at 

50ng/mL. For cell culture of Huh7 cell lines, complete DMEM was used. This media was 

comprised of 90% DMEM (Gibco (Carlsbad, CA) and 10% fetal bovine serum (Atlas 

Biologicals (Fort Collins, CO). For mycobacterial culture, bacteria were grown in 7H9 base 

medium supplemented with Glycerol, ADC, and Tween 80 at final concentrations of 0.2%, 

10%, and 0.05% respectively. Sautons medium used for washing mycobacteria is a basal 

medium composed of 4.0 grams of L-asparagine, 0.5 grams of MgSO4, 0.5 grams of 

K2HPO4, 0.1 milliliters of a 1% ZnSO4, 2.0 grams of citric acid, and 0.05 grams of ferric 

ammonium citrate into 1 liter of water. Tween 80 and Glycerol were added at the same 

concentration as for 7H9. 

 

4.2.3 Bacterial Cultivation 

 

H37Rv wildtype Mtb used in our laboratory was a gift from Dr. David Sherman.  H37Rv 

pNIT was received from Drs. Christoph Grundner and Andrew Frando from Seattle 

Children’s Research Institute (SCRI). All knockout strains (∆ESX-5a, ∆ESX-5b, and 

∆ESX-5c) are descended from the H37Rv pNIT wildtype strain of Mtb. Complementation 

strains are decedents of their respective knockout parent strain. See full list of strains 
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below. All strains were cultured the same way unless otherwise described. To culture 

these Mtb strains, a frozen stock was removed from our -80C Freezer in our BSL-3 

suite. The stock was thawed to room temperature and added to 4mL of 7H9-GAT 

comprised of 7H9 base along with 0.2% Glycerol (G), 10% ADC supplement (A) and 

0.05% Tween 80 (T). Appropriate selection was added if required. Strains were cultured 

shaking and vented until OD reached ~0.8-1.0, then back diluted to OD 0.1, and 

outgrown to mid-logarithmic phase growth before using in downstream assays.  

 

4.2.4 Mtb Gene Expression Quantitation 

 

To quantify Mtb target gene expression we performed a TaqMan (Life Technologies, 

Waltham MA) based gene expression assay approach. We resuspended bacterial 

targets in 1mL of Trizol and transferred to Lysing Matrix B tubes (MP Biomedicals, Santa 

Ana CA). We then homogenized the sample using a 6500rpm, 30 second protocol on a 

beadruptor (Omni International, Kennesaw GA) followed by a 30 second incubation on 

ice. This was repeated x3 to ensure complete lysis of the bacteria and RNA liberation. 

RNA was then isolated using the manufactures isolation protocol for Trizol. Isolated 

RNA was subsequently quantified on a nanodrop (ThermoFisher, Waltham MA). This 

RNA was then input into a cDNA generation protocol using a high-capacity cDNA 

reverse transcription kit (Life Technologies, Waltham MA). Resulting cDNA was used in 

a TaqMan, probe-based gene expression assay. Briefly, target probe sets were added to 

cDNA along with an endogenous control probe set targeting sigma factor A (SigA). 

Quantitative PCR (qPCR) was performed to get Ct values of each target in multiplexed 
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samples. Relative quantitation was performed using the ∆∆Ct method and converted to 

fold change expression relative to control for the target of interest (191). 

 

4.2.5 Genomic DNA Extraction from Mtb 

 

Genomic DNA was extracted from Mtb via a crude lysate method. Cultures of desired 

strains were grown to an optical density of 1.0 as described. One mL of culture was then 

pelleted at 14,000 rpm for 10 minutes and resuspended in 500uL of molecular water. 

These resuspensions were then boiled at 95 C for 30 minutes to inactivate and lyse 

bacteria. After 30 minutes, the lysates were pelleted again to remove insoluble debris. 

The aqueous fraction was then filtered through a 0.22-micron Polyether Sulfone (PES) 

filter unit for additional purification. Purified, water soluble DNA was then used for 

downstream, DNA-based applications.  

 

4.2.6 CFU Quantitation of Mtb Growth 

 

Colony forming unit assays were performed according to our standard protocol. Initially 

cells were infected as described in Macrophage infection method. Briefly, MDMs were 

infected at desired MOI and spun at 500g for 5 minutes. After desired time point of 

infection (72 hours for replication or 4 hours for uptake), media was removed from the 

monolayers, and the cells were washed using RPMI-10 and then lysed using 200uL of a 

1% Triton X-100 solution in water. This constitutes our 0 dilution. The lysate was then 

serially diluted 10-fold in 7H9-GAT containing tween to break up bacterial clumps. At 
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each serial dilution, 20uL of the previous was moved into 180uL of fresh 7H9-GAT for a 

final dilution range of 10-1 to 10-6 for all samples. 100uL of the 10-3 through 10-5 was 

plated on 7H10 agar plates and dried at room temperature. Plates were outgrown for ~2 

weeks and colonies enumerated. Back calculation was performed to determine the 

original CFU number in each condition. Replicates were averaged to generate intra-

condition variability.  

 

4.2.7 pNIT Allelic Exchange 

 

Recombineering was performed using RecET mediated homology directed exchange as 

described previously. Briefly, we PCR amplified 500 base pair homology arms flanking 

our Mtb genome regions of interest. We subsequently generated a PCR product of a 

hygromycin resistance marker under control of a strong mycobacterial promotor. 

Concurrently, we linearized our destination plasmid pUC19 within the MCS using a 

single restriction enzyme coupled with dephosphorylation using Quick CIP (New 

England Bio Labs, MA). Once all linear products had been generated, we purified all 

constructs using a combination of gel (Qiaquick Gel Extraction) and PCR reaction clean 

up (Qiaquick PCR Purification) methods (Qiagen, Hilden Germany). After linear DNA 

products had been generated in sufficient purity and quantity, we performed an InFusion 

reaction (Takara Bio) as described by the manufacturer. Fused product was then used 

to transform Stellar Competent Cells (Takara Bio, Japan) followed by an overnight 

outgrowth on LB agar. Colonies were isolated and the contained plasmids amplified 

before validation using whole plasmid sequencing. Successful recombinants were 
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subsequently midi prepped using the NucleoBond Xtra Midi kit (Macherey-Nagel, 

Germany). From this stock construct, our linear exchange fragment was amplified using 

PCR with primers flanking the 5’ and 3’ ends. We then purified the exchange product 

using the Qiaquick Gel Extraction (Qiagen, Hilden Germany) and quantified knockout 

template quantity using nanodrop. After generating pure exchange constructs, we then 

used standard MTB electroporation protocols to introduce the exchange construct. 

Initially we induced the expression of the gp130 and 131 genes within Mtb H37Rv 

containing the pNIT plasmid, using Isovaleronitrile (sigma Aldrich, Saint Louis MO). We 

then made these recombinogenic bacteria electrocompetent via pelleting and 

successive washing using a chilled 10% glycerol solution three times. The final pellet is 

resuspended in 3mL (10% initial culture volume) 10% glycerol. 400uL of competent cells 

were added to a 2mm gap cuvette (BioRad, Hercules CA) along with ~1 microgram of 

pure gene exchange template. These mixtures were electroporated using a standard 

Mtb pulse of 2.5 kV, 1,000 Ω, and 25 μF. Bacteria were immediately recovered into 5mL 

of 7H9-GAT overnight. The following day recovered bacteria were concentrated via 

centrifugation and plated onto 7H10 agar plates with Hygromycin selection. Outgrowth 

was allowed to proceed for a maximum of 5 weeks. Colonies were selected and 

screened using molecular and phenotypic methods to ensure proper knockout.  

 

4.2.8 Complementation Vector Cloning 

 

Complementation cloning was performed using the pTEC15 plasmid (Gift of Dr. Rafael 

Hernandez). Complementation constructs were generated using a serial cloning 
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method. First, the pTEC15 plasmid was reengineered for Bleocin resistance by inserting 

a Bleocin resistance gene under control of the Mtb HSP60 promoter, destroying the 

original resistance marker. The resulting construct was named pTEC15 ZeoR and 

sequence verified via whole plasmid sequencing. Next, pTEC15 ZeoR was linearized 

using the EcoRV restriction site (New England Bio Labs, MA), destroying the mWasabi 

reporter marker. Insertion DNA was amplified using sequence specific primers 

containing 15 base pair homology arms flanking the EcoRV restriction site used. 

Insertion DNA and linear vector were then ligated using homology directed 

recombination with the InFusion system (Takara Bio, San Jose CA). These plasmids 

were then validated using whole plasmid sequencing. Properly assembled plasmids 

were then amplified and purified using the NucleoBond Xtra Midi Kit (Macherey-Nagel, 

Germany).  

 

4.2.9 Macrophage generation and column isolation 

 

Human peripheral blood mononuclear cells (PBMC) were obtained from Bloodworks 

Northwest as discarded byproduct from blood donation. We obtain leukocyte reduction 

system (LRS) cones that remove leukocytes during blood donation and extracted cells 

from this cone via standard Ficoll gradient isolation as described elsewhere. Isolated 

PBMC are stored in liquid nitrogen at 50E6 cells per vial until use. To generate 

macrophages, a PBMC stock was drawn from liquid nitrogen storage and thawed in a 

37C water bath using a gentle swirling motion until only a small piece of ice was 

remaining. One milliliter of complete RPMI medium containing 10% FBS (RPMI-10) was 
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added to the stock to bring up temperature while concurrently diluting DMSO of the 

freeze media. This mixture was then added to 5mL of RPMI-10 and pelleted at 500g for 

5 min. The cells were washed twice using RPMI-10 before final resuspension in RPMI-

10 in a non-tissue culture treated petri dish. Macrophage colony stimulating factor (M-

CSF) was added to this dish at a final concentration of 50ng/mL. Cells were incubated 

for 5-7 days at 37C and 5% CO2. At the end of incubation, macrophages were 

harvested by manual scraping and isolation via CD14+ affinity isolation using the MACS 

column separator according to manufacturer’s protocol (Miltenyi Biotec, Germany). 

Cells were then plated at varying densities for desired assay and rested overnight at 

37C, 5% CO2, before infection the following day. 

 

4.2.10 Macrophage infections 

 

Macrophage infections were carried out according to our labs standard protocol. Initially, 

cells were plated at necessary concentrations as described before. Concurrently, 

bacteria were cultured as outlined above. At the time of infection, bacterial culture was 

harvested via centrifugation (4000 rpm, 5-10 min) and washed twice with Sautons 

medium. The cultures were then resuspended in 2.5mL of Sautons medium and 

enumerated using OD600 absorbance and a standard conversion factor of 5E8 CFU/mL 

at OD600 of 1.0. After enumeration, necessary volumes of the bacterial suspensions 

were diluted into RPMI-10 to achieve the necessary MOI for the experiment. This media 

was then used to exchange the media on the macrophages. To bring bacteria into 

contact with cells rapidly, an optional spin at 500g for 5 minutes can be performed. 
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Macrophages were then returned to incubation for downstream assay specific 

timepoints.  

 

4.2.11 Macrophage Fractionation 

 

Cells were fractionated to collect paired secreted and cellular fractions from the same 

sample and query cellular cytokine concentrations. Cells were infected as described. At 

the time of harvest, cellular supernatants were collected and filtered in a 0.22-micron 

PVDF low protein binding filter plate for removal from the BSL-3. For the residual 

monolayer, it was washed x2 with 1x HBSS to remove any residual supernatant. 

Following wash, the monolayer was lysed using the following protocol. A 100uL aliquot 

of a 1% Triton x-100 in water solution (containing protease and phosphatase inhibitors) 

was added to each well. The plates were incubated at RT for 10-20 minutes to allow for 

complete lysis. The lysate was then agitated using a multichannel pipette to ensure 

complete lysis before filtration in a 0.22-micron low protein binding filter plate. Filtered 

fractions were then removed from the BSL-3 and used for downstream assays. 

 

4.2.12 MG132 treatment 

 

MG132 proteasome inhibitor was purchased from Millipore-Sigma (Burlington MA) as a 

lyophilized powder. 1mg of MG132 was resuspended at 10mM final stock concentration 

using 210µL of Dimethyl Sulfoxide (DMSO) as an organic solvent. For use in infections, 

the 10mM stock was diluted to a final concentration of 10µM by diluting 1uL of stock 
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solution per 1000uL of final media volume (1:1000 Dilution). Media was then exchanged 

onto cells at the start of Mtb infection and remained for 24 hours. 

 

4.2.13 Acidic Phagosome Staining 

 

LysoTracker Deep Red (L12492) (ThermoFisher, Waltham MA) was used to selectively 

label acidified compartments within cells. Macrophages were column isolated as 

described and plated at 5E5/well of a 96 well tissue culture treated plate. These cells 

were rested overnight and infected with H37Rv or knockout strains at an MOI of 1.0. 

Infection was carried out for four hours before adding LysoTracker at a final 

concentration of 100nM. LysoTracker treatment was run for two hours followed by a 

media exchange with RPMI-10. Treated cells were then measured via Mean 

Fluorescence Intensity (MFI) at 647nm excitation and 668nm emission using a BioTek 

Cytation 5 (Agilent, Santa Clara CA).  

 

4.2.14 Enzyme Linked Immunosorbent Assay (ELISA) 

 

DuoSet (R&D Systems, Minneapolis MN) enzyme linked immunosorbent assay (ELISA) 

was performed on isolated cell fractions, either secreted or cellular. Both fractions were 

treated the same during the protocol. Briefly, capture antibodies for a target analyte 

were plated on a ½ area 96 well plate and incubated sealed at room temp (RT) 

overnight to allow for antibody adherence to the plate. The following day, plates were 
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washed using 1X PBST to remove the primary antibody solution. Reagent diluent 

(1%BSA PBS solution) was added to each well for one hour at RT to allow for blocking. 

Following blocking, plates were washed x3 with PBST then sample added to respective 

wells at a 1:5 dilution with reagent diluent and incubated for 2 hours at RT. Concurrently, 

a standard analyte was added to its respective plate to generate a standard curve. 

Plates were then washed x5 with PBST and detection antibody was added to all wells, 

including standard analyte wells which was followed by a 1-hour incubation at RT. The 

plate was then washed x5 with PBST and Streptavidin HRP was added to each well for 

20 minutes. Following this, the plates were washed again x5 with PBST and developed 

with a TMB substrate for 15 minutes and stopped with a 2N sulfuric acid. Plates were 

immediately read at 450nm absorbance. 

 

4.2.15 Cellular RNA Isolations and Gene Expression Quantitation 

 

To quantify gene expression of target genes in macrophages we performed probe-

based gene expression assay approach. Initially, cellular RNA was isolated using a 

Trizol isolation technique. We resuspended cell monolayers in 1mL of Trizol. RNA was 

then isolated using the manufactures isolation protocol. Isolated RNA was subsequently 

quantified using nanodrop. This RNA was then input into a cDNA generation protocol 

using a high-capacity cDNA reverse transcription kit (Life Technologies, Waltham MA). 

Resulting cDNA was used in a probe-based, junction spanning, gene expression assay 

reaction to quantify transcript levels. Briefly, target-specific probe sets were used along 

with an endogenous control probe targeting human GAPDH (IDT, Coralville IA). 



 58 

Quantitative PCR (qPCR) was performed to get Ct values of each target in multiplexed 

samples. Relative quantitation was performed using the ∆∆Ct method and converted to 

fold change expression relative to control for the target of interest (191). 

 

4.2.16 Interferon Beta Reporter Assay  

 

Initially, supernatants from infected macrophages (containing IFNβ) were used to treat a 

transgenic Huh7 cell line with an IRF3-linked IFNAR. A 1:10 dilution of Macrophage 

output supernatants were diluted with complete DMEM. Within the Huh7 cell line, 

binding of IFNAR to IFNβ then leads to the downstream transduction of IRF3 to the MX1 

promoter element. MX1 activation leads to the expression of Gaussia luciferase (gLuc). 

Gaussia luciferase is then secreted by these cells into the supernatant. After 24 hours of 

IFNβ stimulation on this transgenic cell line, supernatants were collected. These 

supernatants then mixed 1:1 with a coelenterazine substrate (ThermoFisher, Waltham 

MA) to measure luminescent signal. 

 

4.2.17 LEGENDplex Cytokine Analysis 

 

Staining was performed according to the manufactures protocol with a custom analyte 

panel (LEGENDplex, BioLegend CA). As outlined, supernatants were isolated from 

infected cells and filtered. These supernatants were then added to a bead mixture 

containing capture beads for our target analytes. These were then washed and bound 

by a secondary antibody for target detection. A fluorescent reporter was then conjugated 
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for detection via flow cytometry. Flow analysis resolved analyte bead populations based 

on color and bead size. Results were analyzed using BioLegend software where 

standard curves were calculated for respective analytes.  

 

4.2.18 Phospho-eIF2 Alpha Western Blots 

 

Western blots were performed as standard. Initially, macrophages were plated at a 

concentration of ~2E6 cells per well of a 6 well tissue culture dish. These cells were 

then infected with respective strains (H37Rv or ∆ESX-5c) for 24 hours at an MOI of 5. 

The following day protein lysates were generated by removing the culture media and 

lysing cells in 45µL 1x RIPA Buffer (Millipore-Sigma, Burlington MA) containing complete 

protease and phosphatase inhibitors (Roche, Basel Switzerland). Lysates were then 

added to 15µL of 4x LDS buffer (ThermoFisher, Waltham MA) and boiled at 100C for 30 

minutes. Proteins were then run on a gradient Bis-Tris polyacrylamide gel and 

transferred to a PVDF membrane using standard transfer approaches. Actin and p-

eIF2a were targeted on separate blots using respective antibodies. Of note, only 

ABCAM anti-p-eIF2a (ab32157) has worked for us to detect this target. Targets were 

then developed using cell signaling signal fire ECL reagent (Danvers, MA) and imaged 

on a LICOR C-DiGit chemiluminescent imager (LICOR, Lincoln NE).  

 

4.2.19 Caspase -1 Activity 
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Caspase activity was measured using a Caspase-Glo 1 Inflammasome Assay 

(Promega, Madison WI). Kit instructions were followed to measure the caspase 

activation upstream of IL-1β cleavage. Briefly, cells were infected with Mtb populations 

as outlined. We then added our detection substrate to the cells and measured 

luminescence using a Cytation 5 plate reader (Agilent, Santa Clara CA). Luminescent 

signal specific to Casp-1 activity was determined via the inclusion of a control inhibitor 

to identify background Caspase activity for apoptosis-linked caspases. 

 

4.3 Results 

 

4.3.1 In Silico Analysis of Exchange Regions 

 

We sought to delete these paralogous structures (ESX-5a, ESX-5b, and ESX-5c) from 

the Mtb genome using a recombineering method that relies on the RecET enzymes of 

the CheC9 Mycobacteriophage under control of a synthetic, nitrile-responsive promoter. 

Via this method we were able to target the three discrete regions of the Mtb genome 

with high specificity. By designing exchange constructs with 500 base pair homology 

arms flanking the region of interest, we enhance specificity barring any homologous 

structures flanking these regions. All three paralogs were screened via in silico analysis 

for up and downstream genetic motifs that could interfere with the specific targeting of 

the exchange constructs. We identified an insertion element flanking the ESX-5b and 

ESX-5a loci. Specifically, we identified an IS1081 transposase flanking ESX-5b. There 

are 7 additional annotated IS1081 elements in the Mtb genome. To avoid any possibility 
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that alternative IS1081 elements interfere with allelic exchange efficiency, we designed 

the knockout template to remove this vestigial transposase along with the ESX-5b 

cluster. IS1650 flanks the ESX-5a cluster but only repeats once in the Mtb chromosome 

and as such we attempted allelic exchange without the removal of this transposase to 

minimize off target perturbations to the genome.  

Figure 4.1 – Validation of ESX-5 Paralog Deletions via PCR and qPCR Amplification. 
4.1A. PCR Gel Image for Hygromycin cassette amplification. Sixteen total clones were 
tested for Hygromycin cassette insertion via gene amplification, numbers indicate gel lane 
and target (1-5 = ∆5a, 6-8 & 10-12 = ∆5b, 13-17 = ∆5c), red boxes indicate amplification 
fragment of ~2200 base pairs corresponding to insert gene length and successful 
recombination. 4.1B. qPCR of deleted gene targets. Bar graph depicts fold change 
expression (y axis) of ESX-5a, ESX-5b, and ESX-5c gene cluster expression in respective 
deletion mutants (x axis). Title indicates gene target being measured, red dotted line 
indicates wildtype expression level for a given gene target. Analysis run in triplicate, error 
bars denote standard deviation of the mean.  
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4.3.2 Validation of Paralog Knockouts Demonstrates Deletion of Gene Regions. 
 

To verify the complete removal of these loci from their respective parent strain we 

deployed concurrent, orthogonal approaches. Phenotypic analysis showed that primary 

colonies that were picked and expanded in selective rich broth grew normally, indicating 

a high degree of hygromycin resistance not found in the parental strain used to 

generate knockouts. We collected genomic DNA from these strains and designed 

several PCR reactions to amplify target regions in these knockouts. Ultimately, we 

designed a PCR reaction that amplified the Hygromycin resistance marker. Only clones 

with successful integration of the exchange template should amplify the hygromycin 

marker (Figure 4.1A). We demonstrated most of our phenotypically resistant clones 

also yield strong bands at ~2200 base pairs of length, corresponding to  

the length of the promoter and gene region of the hygromycin resistance cluster. To 

negate any risk that we amplified residual exchange template DNA, we also queried 

gene expression of the target clusters using TaqMan probes (Applied Biosystems, 

Waltham MA). Given these structures are operonic in nature and therefore polycistronic, 

we designed probes targeting coding regions of genes that have low homology with 

other genes in the Mtb chromosome, ensuring specificity. Quantitative PCR revealed 

our target genes were indeed bordering at or near undetectable (Figure 4.1B). Lastly, 

we sanger sequenced the junctions of our target regions to ensure the chromosome 

was altered at the desired position. By designing primers that flank upstream of the 

target regions and sequencing into the knockout region we were able to show the 

presence of the hygromycin resistance cassette where the original paralogs would be 
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(sequencing data not shown). With this successive validation approach, we were 

confident in the removal of these gene clusters from Mtb.  

 

4.3.3 Paralog Knockouts Display Intact Replication Phenotypes in Human Macrophages 

and Rich Broth 

 

With the putative role of these clusters being involved in virulence, we also tested if the 

deletion of these clusters alters the ability of macrophages to clear these bacteria 

relative to WT. As mentioned, innate macrophage responses will fail to restrict Mtb 

without T cell help via IFN-gamma activation. To test if these mutants are attenuated, we 

performed a CFU assay based on a 72-hour infection model where we let bacteria 

replicate within cells prior to cell death and lysis. Across six donors, we observed no 

difference in replication for all strains (Figure 4.2A). This result indicates there are no 

macrophage specific attenuations we introduced to these bacteria via these paralog 

deletions. Additionally, we assessed growth of these strains in 7H9 rich broth and 

showed no difference in growth for wildtype and knockout strains across ten 

independent growth experiments (Figure 4.2B). Together these data indicate these 

deletions impart no growth defect or attenuation in either macrophages or rich broth 

environments.  

 

4.3.4 Lysotracker Staining of Acidified Organelles Demonstrates ESX-5c Dependent 

Reduction at Early Infection Time Points.  
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Previous studies have demonstrated that Mtb antagonizes the phagosome(91,129,133). 

Not only does Mtb escape this organelle, but it is also able to exclude key maturation 

moieties that facilitate the destruction of cargo and promote acidification. The prevention 

of acidification is key to Mtb surviving long enough to potentiate infection to the next 

cell. We know from previous work that ESX-1 is essential for phagosomal antagonism 

and tested phagosome acidification levels using our mutants to determine if there were 

any ESX-5 dependent impacts on acidified compartments. We tested early phagosome 

acidification levels looking at mean fluorescence intensity using lysotracker red four 

hours post infection. We reasoned this is early enough to see if there are direct impacts 

on Mtb’s ability to subvert maturation processes but avoid potentially confounding late-

stage maturation events such as autophagosome formation. We observed little 

difference in the MFI level of acidified compartments across three biological donors and 

strain conditions; however, we did see small differences. Notably, in two of our three 

donors we observed ∆5c mutant infected cells contain a lower level of acidified 

compartments relative to H37Rv infected. The other two mutants were not significantly 

different (Figure 4.2C).  

 

4.3.5 Proinflammatory Cytokine Profiles are Strongly Reduced in Macrophages During 

Paralog Knockout Infections.  

 

By removing these loci from Mtb, we generated a tool for interrogating early human 

macrophage responses to H37Rv Mtb in the absence of these clusters. Initially, we 

performed profiling experiments to characterize differences in the cellular response of 
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macrophages to these different strains. We reasoned that the putative role of these 

genes as virulence factors could lead to an impact on early macrophage responses.  A 

24-hour infection revealed that these primary human MDMs synthesize significantly 

reduced proinflammatory cytokine profiles when infected with our deletion strains 

(Figure 4.2D). Wildtype H37Rv induced levels of cytokine synthesis similar to what 

we’ve seen previously (Figure 4.2D). Restoration of locus expression via a trans-acting 

complementation approach completely restored wildtype levels of expression, in some 

cases inducing higher than wildtype expression levels (Supplemental Figure 4.1A-C). 

Importantly, mutant strains also do not appear to differentially impact cell viability 

(Supplemental Figure 4.2) 
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Supplemental Figure 4.1 – Complementation of paralogs ablates deletion 
phenotype.  SF4.1A. Graphs display TNF, IL-6 and IL-1β levels across H37Rv (Rv), ∆5a, 
∆5a complement (5a C), and not infected control (N.I.). SF4.1B. Graphs show same 
comparison but for ∆5b and 5b complement (5b C). SF4.1C. Graphs show same 
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comparison but for ∆5c and 5c complement (5c C). SF4.1A-C. Bar charts show 
expression levels for respective cytokines within a given comparison of a deletion mutant 
and its complement strain. For all graphs, y axis denotes concentration of the cytokine in 
picograms/milliliter while x axis shows the infecting strain used. Each condition was 
performed with N=3 biological donors in a minimum technical triplicate. Statistics for all 
graphs calculated using two-way ANOVA with a post-hoc T-test and Dunnett correction 
for multiple comparisons (95% Confidence interval, p≤0.05). Error bars show standard 
deviation around the mean. 

 
Supplemental Figure 4.2 – Macrophage cell health is not ESX-5 dependent during 
in vitro infection. Dot plots display the RFU measurement (y-axis) from cells treated with 
Alamar Blue and infected with varying strains of Mtb (x-axis, N.I. = uninfected, blnk = 
media only). Graphs depict respective time point measurements evaluating accumulated 
level of reduced Alamar Blue (saturation reached at 24hpi, decay observed at 48hpi). 
Error bars show standard deviation of the mean. 
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Despite wildtype levels of RNA induction, we wanted to validate that the mutations we 

generated did not alter the ligand-receptor interaction landscape of these strains in a 

way that reduces cytokine output via reduced receptor engagement. Additionally, to 

shed light on whether the cytokine effect we observe is due to an active process or a 
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static change in these bacteria we performed an infection of MDMs with fixed and 

inactivated bacteria. The fixation of all strains using 4% paraformaldehyde, coupled with 

extensive washing, allows for us to determine if the viability state of these bacteria 

impacts our observed cytokine phenotype. Once bacteria were inactivated, we infected 

MDMs as described and collected the secreted fraction for analysis via ELISA. Results 

demonstrate that the viability of the bacteria is essential for the cytokine suppression 

effect we observe with our knockout mutants. Specifically, we see across donors there 

is no reduction in the levels of secreted cytokine detectable in the mutant infected 

condition relative to wild type (Figure 4.2E). This result indicates that the effect we 

observe is likely due to an active process within these bacteria and is not due to an 

intrinsic or passive effect we have generated via the knockouts. Taken together these 

data suggest that not only are the effects specific to the knockouts, but that the viability 

state of these bacteria is essential for the phenotype, implying an active process altering 

the cytokine profile. 
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 Figure 4.2 – ESX-5 paralog deletion mutants induce differential inflammatory 
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profiles in infected monocyte-derived macrophages. 4.2A. Mutations do not impact 
bacterial fitness in macrophages. Bar chart displays 72hr replication rates via CFU 
recovered from N=6 infected donors. X axis displays infecting strain, y axis displays CFU 
recovered in Log10 scale. 4.2B. Knockout growth is not attenuated in broth culture. Bar 
chart displays broth replication levels for all knockout and wildtype strains. X axis displays 
strain and y axis displays OD600 as a measure of growth. Statistics calculated on N=10 
replicate values using one-way ANOVA with a post-hoc T-test and Dunnett correction for 
multiple comparisons (95% Confidence interval, p≤0.05). Error bars show standard 
deviation around the mean. 4.2C. Mutations may alter bacterial interaction with acidic 
organelles. Bar chart displays acidic organelle staining in macrophages 6 hours post 
infection (6hpi). Infecting strain is on the x axis (“N.I.” is uninfected control, “No LT” is no 
lysotracker control) and mean fluorescence intensity on the y axis. Dots represent N=3 
biological donors run in technical triplicate. 4.2D. Mutants induce altered cytokine profile. 
Bar charts each depict proinflammatory cytokine (TNF, IL-1B or IL-6) abundance after Mtb 
infection. For each bar chart y axis represents the protein level for a respective target in 
picograms per milliliter. Infecting Strain condition is displayed on the x axis. Dots 
represent N=3 distinct donors run in minimum of technical triplicate. 4.2E. Bacterial 
inactivation restores cytokine production. Dot plots show cytokine protein level (TNF, IL-
6, IL-1β) from cells infected with 4% PFA inactivated strains. Y axis shows respective 
cytokine in picograms per milliliter, x axis shows the strain used for infection along with 
the uninfected control (N.I.). All dots for a given column represent an individual biological 
donor run in minimum technical triplicate. 4.2A,4.2C-E. Statistics calculated using two-
way ANOVA with a post-hoc T-test and Dunnett correction for multiple comparisons (95% 
Confidence interval, p≤0.05). Error bars show standard deviation around the mean.  
 
 

4.3.7 Bacterial Uptake is not differential between strains  

 

To understand if cytokine decreases spanning cytokine classes is due to a reduction in 

bacterial uptake and therefore less signal transduction, we performed an experiment 

comparing phagocytosis rates of the WT strain to our mutants. Cells were infected at an 

MOI of 1 for ~4 hours to allow for phagocytosis to occur (192). As performed for 

replication assays, we deployed a CFU readout to enumerate phagocytosed bacteria. 

Media was removed and the monolayers were washed to remove extracellular bacteria. 

Monolayers were lysed and bacteria plated. We observed that there are no strain-

dependent differences in the number of bacteria phagocytosed at this early time point. 
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On a donor-by-donor basis, all three donors showed no significant difference, and this 

trend held when donors were analyzed as composite (Figure 4.3A) via two-way ANOVA 

with post hoc T-test (95% CI, P≤0.05, Dunnett correction). 

 

4.3.8 RNA induction at early and medium timepoints is not impacted  

 

The generation of robust cytokine responses is due in part to the initiation of signaling 

cascades, which drive the expression of pro inflammatory transcripts. Uptake is no 

different between these strains, indicating the level of inflammatory stimulus delivered to 

cells is not divergent between mutants and wild type bacteria. To determine if the 

transduction of inflammatory signals by TLR’s, CLR’s, and other receptors leads to an 

altered RNA landscape responsible for decreased cytokine output, we performed 

quantitative PCR (qPCR) looking at transcripts for IFNβ, IL-1β, TNF, and IL-6. Infected 

cells were harvested at 6 hours post infection using 1 mL of Trizol reagent before 

extracting total RNA from the sample. Subsequent cDNA generation and qPCR analysis 

revealed there is no difference between the amount of proinflammatory cytokine 

transcript within cells across paired WT and mutant conditions. Timepoint and MOI 

variables alter RNA levels but do not change significance levels between comparable 

groups. Composite analysis across N=3 biologically independent donors shows no 

difference reaching significance between the groups (Figure 4.3B). A partial analysis of 

RNA profiles at 24-hour post infection revealed levels stay similar in the conditions we 

examined, never reaching significant differences between strain groups (Supplemental 

Figure 4.3). 
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4.3.9 Protein is not trapped within the cellular compartment 

 

Previously, it has been demonstrated that other pathogenic Mycobacteria can 

antagonize the export of protein as a way of subverting immune responses and 

signaling between cells. By preventing the translocation of peptides into the 

endoplasmic reticulum (ER), Mycobacterium abscessus effectively shuts down protein 

export (193–195). We reasoned that Mtb could also possess mechanisms that 

antagonize proper localization or secretion of proteins, effectively trapping protein 

cellularly. To test this we fractionated cells, first collecting the secreted fraction then the 

paired cellular lysates using a gentle lysis reaction. We detected the same phenotype 

we observed previously with decreased secreted proinflammatory output from MDMs 

infected with any of our knockout mutants (Figure 4.3C). Additionally, we observed in 

cellular fractions that this phenotype is consistent in conditions where cytokines were 

detectable (IL-1β, IL-6) (Figure 4.3C). The absence of increased cellular cytokine 

indicated to us that these targets are likely not retained within the cellular fraction. 

However, we also reasoned that cellular retention may subject proteins to proteasomal 

degradation before the timepoint we analyzed. To ensure excess protein was not 

degraded in the cytosol before collection at 24hpi, we treated cells with a proteasome 

inhibitor (MG132) at the time of infection and performed an identical fractionation 

experiment. With or without this inhibitor, cellular lysates and supernatants display the 

same phenotype of reduced cytokine across all conditions (Figure 4.3C-4.3D). Together 

these data suggest that regulation of cytokine production likely occurs upstream of 
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protein synthesis, via translational antagonism or target-specific post transcriptional 

regulation. 
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Figure 4.3 – Paralog deletions alter cytokine levels upstream of protein export but 
leave early cellular responses intact. 4.3A. Bacterial uptake is unchanged across 
mutant strains. Bar plot display 4-hour phagocytosis levels measured via CFU. X axis 
displays the respective strain used for infection (MOI 1) and y axis displays total CFU 
returned from a given infection in Log10 format. Individual dots by column represent the 
spread of three donors run in technical triplicate. 4.3B. RNA induction is comparable 
across strains. Bar charts represent the relative expression of target transcripts (TNF, IL-
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6, and IL-1β) across infection conditions. For all graphs, x axis denotes the strain used 
for the infection (MOI 5), y axis shows the fold change expression of the respective target 
gene relative to uninfected cells. Dots represent the spread of N=3 distinct donors run in 
technical singlet. 4.3C. Cytokine is not retained with the cellular fraction of infected cells. 
Dot plots represent the cytokine levels (TNF, IL-6, IL-1β) for either secreted or cellular 
(internal) fractions of infected cells denoted by graph title. Y axis shows the quantity of 
target cytokine across conditions in picograms per milliliter while x axis shows the 
respective strain used for infection (MOI 5). N.I. is uninfected control. Dots represent 
individual donors run in technical triplicate. 4.3D. Proteasome inhibition does not rescue 
cytokine production. Dot plots display same data as 4.3C graphs but display cytokine 
production for respective conditions under the treatment of cells with 10µM MG132 to 
inhibit proteasome function. 4.3A-4.3D. Statistics for all analyses generated using two-
way ANOVA with post-hoc T-test and Dunnett correction for multiple comparisons (95% 
confidence interval, p≤0.05). Error bars show standard deviation around the mean. 
 

 

Supplemental Figure 4.3 – ESX-5 and macrophage 24-hour cytokine mRNA 
expression. SF4. RNA induction is non-significant across wild type and ∆5a mutant at 
24hrs post infection. Bar charts represent the relative expression of target transcripts 
(TNF, IL-6, and IL-1β) across infection conditions. For all graphs, x axis denotes the strain 
used for the infection, y axis shows the fold change expression of the respective target 
gene relative to uninfected cells after 24 hours of infection. Dots represent the spread of 
N=3 distinct donors run in technical singlet. Statistics for all analyses generated using 
paired, two-tailed T-test (95% confidence interval, p≤0.05). Error bars show standard 
deviation of the sample mean. 

 

H37Rv ∆5a
0

200

400

600

IL-6 Transcript Levels 
24hpi

Infecting Strain

Fo
ld

 C
ha

ng
e 

Ex
pr

es
si

on

0.2148

H37Rv ∆5a
0

5

10

15

20

TNF Transcript Levels 
24hpi

Infecting Strain

Fo
ld

 C
ha

ng
e 

Ex
pr

es
si

on

0.0773

H37Rv ∆5a
0

50

100

150

200

250

IL-1β Transcript Levels 
24hpi

Infecting Strain

Fo
ld

 C
ha

ng
e 

Ex
pr

es
si

on
0.1289



 76 

 

4.3.10 Proinflammatory Cytokine Reduction is Class Spanning, Impacting Interferon 

Beta 

 

To gain additional cellular insight into the impact mutant infection has on cellular 

cytokine outputs, we queried the Type-I Interferon response in these infected 

macrophages, specifically interferon beta (IFNβ). To test this, we deployed a cellular 

reporter-based approach. Direct measurements via capture ELISA were also performed 

but failed to resolve reliable concentrations. As seen with other cytokines, IFNβ levels 

were significantly reduced across various infectious doses with any of our three mutant 

strains as compared to wildtype (Figure 4.4A). This result is interesting given the 

difference of IFNβ induction and synthesis pathways compared to alternative cytokines 

in macrophages. Specifically, we know Mtb signals through nucleic acid sensing toll like 

receptors (TLR’s) to trigger IFNβ induction within macrophages. This is divergent from 

interleukins and TNF, suggesting a mechanism of regulation that is shared between 

these classes. 

 

4.3.11 Extended cytokine analysis reveals differential impact on alternative Mtb induced 

macrophage cytokines  

 

The reduction of cytokine level in both secreted and cellular fractions in conjuncture with 

normal levels of transcript suggest post-transcriptional or translational levels of 

regulation governing the observed cytokine phenotype. We reasoned that a broader 
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examination of cytokines at the protein level could provide insight into how extensive the 

effect is and afford possible insight into co-regulatory networks of cytokines that have 

been studied in the past (196–198). To discern between these mechanisms, we 

deployed several orthogonal approaches to determine the breadth of impact on cytokine 

families. We reasoned that spanning effects for all Mtb inducible cytokine would point 

towards a global level of regulation, such as translation antagonism, whereas discrete 

reduction for specific cytokine species would indicate transcript level regulation. To 

begin testing this, we examined an additional five cytokine targets, four via orthogonal 

approaches. We first leveraged our standard ELISA approach to investigate the levels 

of IL-8 (CXCL8), a highly expressed macrophage cytokine. As expected, we observed 

highly detectable IL-8 in infected and uninfected macrophages indicating a high 

baseline for this target, even in uninfected cells. Comparing mutant vs. wildtype cytokine 

induction levels, we observed that ∆ESX-5a, ∆ESX-5b, and ∆ESX-5c elicit comparable 

levels of IL-8 to wildtype in macrophages (Figure 4.4B). This result suggests certain 

cytokine species may be differentially regulated. However, because this cytokine is 

already potently expressed, possibly obscuring Mtb-dependent effects, we aimed to find 

additional targets that display this trend. Accordingly, we used a LEGENDplex 

(BioLegend, San Diego CA) bead-based array to examine four additional cytokines 

(CCL3, CCL4, CCL5, and GM-CSF) that were previously shown to be expressed in 

macrophages during Mtb infection (199). Applying this approach to five independent 

donors (N=5) we demonstrated three additional cytokines (CCL3, CCL5, and GM-CSF) 

match prior trends of reduction under knockout infection (Figure 4.4C). Notably, CCL4 

(known as MIP-1β) displayed no difference between strains, much like IL-8. We 
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observed CCL4 is highly inducible during MTB infection, but variable across donors in 

terms of magnitude (Figure 4.4C). To account for this high degree of variability we 

normalized the concentration values using a log transformation, which better allows us 

to fit the assumptions of our statistical test and reduce large outlier impact. We 

observed uninfected macrophages produce very low levels of CCL4 at baseline (~10-50 

pg/mL, Figure 4.4C), indicating CCL4 is a highly inducible target during Mtb infection 

and is robustly divergent from other targets in showing no impact by infecting strain. 

Together, this differential regulation of specific transcript species possibly indicates 

target-specific mechanisms influencing the levels of cytokine synthesized during mutant 

infection of MDMs. However, CCL4 and IL-8 levels do not recapitulate any previously 

known co-regulatory networks that would provide insight into the cellular mechanism 

producing this phenotype.  
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Figure 4.4 – ESX-5 regulates Mtb-induced signaling in macrophages with cytokine 
specificity 4.4A. ESX-5 and IFN-beta. Bar charts show the level of interferon beta (IFN-
β) across a bacterial dose curve comparing wildtype and a respective knockout strain. X 
axis for all plots displays the infecting strain and respective bacterial dose (MOI) along 
with the uninfected control (N.I.). Y axis shows relative luminescence units (RLU) for 
amount of reporter produced in response to IFNβ levels for that condition. Dots for every 
group represent N=3 donors run in technical triplicate. 4.4B. IL-8 levels are unaffected by 
ESX5 deletion mutants. Bar chart shows the level of IL-8 expression across infection. Y 
axis shows concentration in picograms per milliliter while x axis shows infecting strain 
along with N.I. (uninfected control). Dots for every group represent N=3 donors run in 
technical triplicate. 4.4C. Chemokines display heterogenous reduction profile. Bar charts 
display protein levels for four distinct chemokines and cytokines across infection 
conditions. Y axis shows cytokine concentrations in picograms per milliliter and x axis 
shows the infecting strain. CCL4 shows log transformed concentrations on y axis due to 
abnormal data across infection conditions (negative Shapiro-Wilk normality test). Dots 
represent N=5 biological donors run in technical singlet. 4.4A-C. Statistics for all analyses 
generated using two-way ANOVA with post-hoc T-test and Dunnett correction for multiple 
comparisons (95% CI, p≤0.05). Error bars show standard deviation around the mean.   
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4.3.12 Micro RNA Analysis of Mtb Infected Cells to Define Changes in the Micro RNA 

Landscape 

 

It has been demonstrated previously that Mycobacteria induce potent and differential 

micro-RNA profiles in phagocytes. Given the role of miRNA profiles in post-

transcriptionally shaping the protein response to infection, we examined the miRNA 

profile of cells infected with our mutants vs H37Rv to understand the possible roll 

miRNAs may contribute to our cytokine effect. Leveraging a direct probe hybridization 

approach called nCounter (Nanostring, Seattle WA), we measured the levels of ~800 

biologically active and functional miRNA species across an N=3 donor set in response 

to wildtype and knockout infection. We initially set a threshold (inclusion ≥50 probes per 

sample) to remove lowly or inconsistently detected targets. This resulted in 130 

detected targets meeting inclusion criteria (Figure 4.5A). Of these targets, one probe 

showed a trending difference across infecting strains (hsa-miR-4454+hsa-miR-7975) 

with all three mutants eliciting more expression of this target compared to H37Rv 

infected cells and the Rv vs. ∆5c comparison approaching significance (Figure 4.5B). 

Human miR-4454 has been previously suggested to regulate NFkB (200). Together, 

these analyses indicate our knockout strains elicit a highly similar but slightly distinct 

miRNA profile as compared to H37Rv which may play a role in our cytokine effect via 

post-transcriptional regulation.  



 81 

 

Figure 4.5 –miRNA and UPR responses are not ESX-5 dependent. 4.5A. Dot plot 
shows quantitation levels of Mtb inducible microRNA species in human macrophages 
using nCounter absolute quantitation. Y axis shows the absolute number of probes 
detected while x axis shows respective microRNA species assigned by number (1-130). 
The included miRNA data has been baseline subtracted to remove lowly detected or 
inconsistently detected probe sets (removal of 697 probes). Dot shape correlates with 
respective strain used for infection within a given microRNA target (Circle = H37Rv, 
Square = ∆5a, Triangle = ∆5b, and Diamond = ∆5c). Black square represents highest 
abundance probe set detected for all samples, hsa-miR-4454+ hsa-miR-7975. All 
samples were run in biological triplicate for all strains. Error bars show standard deviation 
around the mean of N=3 samples per condition. 4.5B. Bar chart shows probe count across 
strains for probe target hsa-miR-4454+ hsa-miR-7975. Y axis shows absolute probe count 
and x axis shows the infecting strain used. Dots represent individual biological donors 
(N=3) run in technical triplicate for each infection. 4.5C. Bar chart shows levels of 
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respective UPR and ISR targets HSPA5, TRIB3, and spliced XBP1, respectively. Y axis 
represents fold change gene expression of the target over the control (Uninfected 
control). X axis shows the infecting strain used for given samples (N.I. is uninfected 
control cells). Red line denotes baseline expression across targets. Dots are 
representative of N=5 biological donors run in technical singlet for HSPA5 and TRIB3 
while technical duplicate for XBP1. 4.5B-C. Error bars show standard deviation of the 
mean. Statistics for all analyses generated using two-way ANOVA with post-hoc T-test 
and Dunnett correction for multiple comparisons (95% CI, p≤0.05).  
 

Supplemental Figure 4.4 – Western blot of phospho- eIF2α (Ser51) in ESX-5 paralog 
mutant infected cells. SF4.2. Blot shows the levels of detectable p-eIF2α (Ser51) and 
control ß-Actin across lanes 1-6. Lanes 1-2 shows protein from donor one, lanes 3-4 show 
donor 2, and lanes 5-6 show donor 3. Lanes 1,3, and 5 show H37Rv infected conditions 
while lanes 2,4, and 6 show ∆5c infected conditions.  
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4.3.13 Cellular Stress Levels are Equivalent Across Mutant and Wildtype Infections 

 

Concurrently, we queried the levels of cellular stress these mutants elicit in 

macrophages. It has been described previously that Mtb induces the integrated stress 

response (ISR) and unfolded protein response (UPR) which alter the translational 

landscape when activated. We initially observed cells infected with our mutant strains 

display no change in the levels of HSPA5 or TRIB3 expression in addition to similar 

levels of XBP1 splicing during early infection (Figure 4.5C). These targets are 

downstream of UPR and ISR induction indicating activation of these pathways is similar 

across strains. Additionally, we observed that cells infected with our mutants display 

comparable levels of phospho-eIF2a (Supplemental Figure 4.4) which is a central 

mediator within the ISR and UPR pathways. From this we hypothesized cell stress 

mechanisms may be equivalent or marginally impacted between different strains. 

However, even small changes in the activation of the UPR and ISR pathways can lead 

to translational impacts within target cells. We tested whether inhibition of these 

pathways using pharmacological approaches would restore wildtype levels of cytokine 

synthesis. We initially targeted the three main transducers of the UPR (IRE1a, ATF6, 

and PERK) using 4µ8c, Ceapin-A7, and GSK2606414, respectively (Selleck Chemicals, 

Houston TX). Using ISRIB (Selleck Chemicals, Houston TX), we also directly inhibited 

the phosphorylation of eIF2a, preventing the development p-eIF2a mediated 

translational alterations broadly in these cells. We infected these pre-treated cells with 

our H37Rv and knockout strains to evaluate cytokine responses. Untreated cells 

displayed expected responses with reduced cytokine output in the mutant infection 
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conditions (Figure 4.6A-C). Inhibitor treatment displayed marginal but heterogeneous 

impacts across the cytokines we examined, however nearly all conditions tested 

displayed a phenotype matching untreated cells indicating UPR/ISR inhibition does not 

restore wildtype levels of cytokine secretion (Figure 4.6A-C). One exception is the IL-6 

levels induced in 4µ8c treated cells infected with ∆5a and WT (Figure 4.6B). This 

comparison shows similar levels of cytokine; however, this response is largely driven by 

2/5 donors that are outliers (>1SD above mean). Together these data indicate cell stress 

is modestly activated within these macrophages, but this activation is not differential 

across strains and is likely not the dominant underlying mechanism driving observed 

cytokine reduction phenotypes. 
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Figure 4.6 – Inhibition of UPR and ISR mediators does not rescue cytokine 
synthesis. 4.6A. TNF levels across cells treated with no inhibitor, 4µ8c, Ceapin A7, 
GSK2606414, or ISRIB respectively. 4.6B. IL-6 levels across cells treated with no 
inhibitor, 4µ8c, Ceapin A7, GSK2606414, or ISRIB respectively. 4.6C.  IL-1β levels across 
cells treated with no inhibitor, 4µ8c, Ceapin A7, GSK2606414, or ISRIB respectively. 4.6A-
C. Graphs depict levels of given cytokine under treatment with a respective UPR/ISR 
inhibitor and bacterial strain. For all graphs, y axis depicts the concentration in picograms 

 

A 

B 

C 

RV ∆5a ∆5b ∆5c N.I.
-1000

0

1000

2000

3000

No Inhibitor TNF 

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-2000

0

2000

4000

6000

No Inhibitor IL-6

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-20

0

20

40

60

80

No Inhibitor IL-1β

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-500

0

500

1000

1500

4µ8c TNF

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)
<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-1000

0

1000

2000

3000

4000

4µ8c IL-6

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

0.4969

0.0001

0.0024

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-20

0

20

40

60

80

4u8c IL1B

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-1000

0

1000

2000

3000

CeapinA7 TNF

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-2000

0

2000

4000

6000

8000

Ceapin A7 IL-6

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

0.0092

<0.0001

0.0008

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-10

0

10

20

30

Ceapin A7 IL-1β

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-1000

0

1000

2000

3000

4000

GSK TNF

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-1000

0

1000

2000

3000

4000

5000

GSK IL-6

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-10

0

10

20

30

GSK IL-1β

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

0.0455

0.0114

0.0434

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-500

0

500

1000

1500

2000

2500

ISRIB TNF

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-2000

0

2000

4000

6000

ISRIB IL-6

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

<0.0001

<0.0001

<0.0001

<0.0001

Rv ∆5a ∆5b ∆5c N.I.
-50

0

50

100

150

ISRIB IL-1β

Infecting Strain

C
yt

ok
in

e 
(p

g/
m

L)

0.0056

<0.0001

<0.0001

<0.0001



 86 

per milliliter while the x axis shows the strain used for infection. Titles of graphs show 
which inhibitor was used for respective groups. Dots within bars each represent an 
independent donor (N=6) run in technical triplicate. Error bars show +/- 1 standard 
deviation around the mean. Statistics for all analyses generated using two-way ANOVA 
with post-hoc T-test and Dunnett correction for multiple comparisons (95% confidence 
interval, p≤0.05). 
 

4.4 Discussion 

 

Here we have shown that small paralog deletions can have outsized impacts on the 

early macrophage response to infection. Specifically, we have shown that the deletion of 

any ESX-5 paralog (∆5a, ∆5b, or ∆5c) elicits a robust reduction in the amount of 

synthesized proinflammatory cytokine. We examined numerous cellular processes to 

identify where these deletion mutants differentially interact with host macrophages to 

drive altered responses. Early during infection, phagocytosis and proinflammatory 

transcript induction are unchanged. Concurrently, late-stage analysis suggested there is 

likely a post-transcriptional or translational regulation event occurring upstream of 

protein synthesis. We examined global regulatory processes through micro-RNA 

analysis and UPR/ISR induction and did not observe differences. However, we did 

observe that not all cytokines are down regulated during mutant infection suggesting 

that target specific processes are likely at play, regulating some macrophage 

inflammatory factors but not all. 

 

Classically, human macrophages respond to Mtb infection by strongly expressing 

proinflammatory IL-6, TNF, and IL-1β (201–203). While some cytokine responses are 

well described, how others shape the early cellular response to Mtb is less clear (202). 

It is speculated this strong inflammatory response may be beneficial to Mtb, potentiating 
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spread through lytic cell death and enhanced phagocytic recruitment to the site of 

infection(204–207). This is converse to traditional assumptions that greater 

inflammation is detrimental to pathogen survival, resulting in evolved mechanisms to 

prevent immune development (208). Our in vitro data together suggests ESX-5 effectors 

may actively promote cellular responses as a mechanism for potentiating inflammation 

and inducing bacterial spread to neighboring cells. This is not the first time this has 

been proposed. Others have shown that ESX-5 secreted proteins are highly 

immunogenic and constitute potent epitopes in MHC presentation (124,190). Our data 

suggests these effectors may also potently stimulate innate cell activation. This 

observation, paired with prior findings that attenuated innate recruitment in vivo leads to 

enhanced control of Mtb, suggests Mtb may have evolved to use its ESX-5 encoded 

proteins to potentiate infection via the activation of innate immune responses (209). We 

propose a model wherein an altered ESX-5 landscape via targeted deletion leads to the 

activation of target specific, post-transcriptional, or translational regulatory mechanisms 

that alter the inflammatory state of cells. This in turn leads to enhanced control via 

reduced immunopathology and inflammatory recruitment to the site of infection. The 

cellular mechanism governing this is still unclear, but our data suggests a cytokine-

specific post-transcriptional or translational regulation event.  

 

We’ve demonstrated strong initial mRNA synthesis for inflammatory gene targets, 

indicating intact early signaling events (210). This suggests our strains possess the 

correct stimulatory motifs to initiate inflammatory cascades yet lack fully formed 

cytokine. Notably, CCL4 and IL-8 (CXCL8) are not down regulated alongside other 
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inflammatory markers. The regulatory motifs driving the expression of these cytokines 

relative to others is not fully understood, particularly in the context of Mtb infection. 

However, their unaltered profile suggests a post transcriptional process that promotes 

their differential expression. It is well described that the cell uses many combinatory 

processes for regulating protein synthesis, particularly as it pertains to cytokine 

responses. For example, TNF, IL-6 and others possess RNA binding protein (RBP) 

motifs to recruit regulatory elements (211,212). Alternatively, some transcripts recruit 

ribosomes to upstream ORF elements (uORF) as a mechanism for regulating main 

ORF (mORF) translation (213). We propose under wild type conditions, the ESX-5 

paralog proteins described here may inhibit these cellular regulatory elements and 

promote excess translation of inflammatory cytokine. However, during knockout 

infection these effectors are absent allowing for unabated regulatory processes to occur 

within infected cells, effectively curbing the inflammatory response. Although this model 

is highly speculative, it provides a starting framework for dissecting these regulatory 

processes that govern ∆ESX-5 cellular responses in future studies. We propose target 

specific cross-linking and pulldown experiments alongside polysome profiling, to resolve 

the target-specific regulation events described herein while concurrently evaluating 

target levels of translation.  

 

In summary, we’ve demonstrated the ESX-5 paralogs, ESX-5a, ESX-5b, and ESX-5c 

play outsized roles in driving inflammatory responses in macrophages. Previous studies 

on these gene clusters were limited and to our knowledge this is the first functional 

exploration of all three paralogs together. Our study highlights the importance of 
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investigating Mtb genes in the context of cellular responses to gain more complete 

insight into gene function across diverse environments. 
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Chapter 5. In Vivo Challenge with ESX-5 Mutants Reveals Attenuation in Mouse Model 

of Disease 

*This chapter was submitted in part as a manuscript: “ESX-5 Deletions in Mycobacterium 
tuberculosis Alter Macrophage Cytokine Signaling, In Vivo Virulence, and Bacterial Heavy 
Metal Response” Haynes AM, et.al. 2025  
 

5.1 Introduction 

 

The mouse model of disease has long been used as a correlate for investigating the 

impacts of Mtb infection on a complete and intact mammalian immune system 

(64,70,75,81,201,214). The mouse immune system contains a high degree of synteny 

and conserved function with the human immune system, making it a tractable model for 

physiologically complex, high-biocontainment experiments leveraging virulent Mtb (215). 

By some estimates, mice and humans share ~90 percent of syntenic regions despite 

large physiological differences, highlighting the level of genetic conservation shared 

across the Mammalia class of organisms (215). As such the laboratory mouse provides 

a unique opportunity to explore the interaction of Mtb with a complete immune system in 

a cost-effective capacity. While ex vivo and in vitro monoculture of myeloid cells lines or 

primary antigen presenting cells (APCs) (dendritic cells, macrophages, THP-1, U937, 

etc.) provide large functional insight into the molecular interactions between bacterium 

and host, they often fail to recapitulate the complexity and unique immune 

microenvironments encountered in vivo (215,216).  
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The innate immune system comprises numerous cell types that coordinate working 

together to clear infections and recruit the adaptive system for target specific responses 

(214,217). In addition to the initial cells potentiating infection, namely the alveolar 

macrophage, the innate immune system is comprised of numerous tissue resident and 

recruited immune cells including neutrophils, peripheral macrophages, dendritic cells, 

etc. (74,135,217,218). The complex interplay of these cells drives a robust initial 

response to infection while recruitment and coordination of adaptive immunity begins to 

occur. Adaptive immune responses develop more slowly but allow for a targeted 

response to Mtb antigens that is classically believed to facilitate enhanced control of via 

innate coordination and participation in granuloma formation (154,214,219). However, 

the efficacy of this structure in restricting Mtb growth and dissemination is increasingly 

debated (78,79,82–84). Previously, we observed large changes to the human 

macrophage response to Mtb infection using our mutant strains. Despite these large 

alterations to the proinflammatory profile, these macrophages do not control or succumb 

to mutant infection more efficiently than wildtype strains. We reasoned that while altered 

cytokine profiles of infected macrophages might not lead to observable differences in 

growth kinetics, this altered effect may lead to restrictive profiles in vivo from synergistic 

effects of complementary cells. Previous studies have shown how tightly coordinated 

the cytokine response is at driving a systemic response to Mtb and as such we 

hypothesized that we would likely see alterations to the virulence profile of our ESX-5 

paralog knockouts in vivo (153–155,214,220,221).  
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Herein we tested the replicative capacity of Wildtype H37Rv Mtb and ∆ESX-5c Mtb in 

the C57BL/6 mouse model. ESX-5c has been previously suggested to be a virulence 

cluster promoting transmissibility, highlighting a unique opportunity to explore a 

previously proposed function in an in vivo model (15). We examined the CFU burden in 

these mice across the pulmonary compartment and disseminated locations (Spleen and 

Lymph nodes) to understand how these strains perform in establishing pulmonary 

infection, but also in how they disseminate. We analyzed both day 17 and day 35 time 

points to resolve the implications of an innate response early and the role adaptive 

immunity may play during later infection.  

 

5.2 Methods 

 

5.2.1 Media 

 

Media used throughout experiments consists of RPMI-10 (RPMI 1640 medium (Gibco, 

Carlsbad, CA) with 10% fetal bovine serum (Atlas Biologicals, Fort Collins, CO), along 

with macrophage colony stimulating factor (M-CSF) (Pepro Tech, Carlsbad, CA) at 

50ng/mL. For mycobacterial culture, bacteria were grown in 7H9 base medium 

supplemented with Glycerol, ADC, and Tween 80 at final concentrations of 0.2%, 10%, 

and 0.05% respectively. Sautons medium used for washing mycobacteria is a basal 

medium composed of 4.0 grams of L-asparagine, 0.5 grams of MgSO4, 0.5 grams of 

K2HPO4, 0.1 milliliters of a 1% ZnSO4, 2.0 grams of citric acid, and 0.05 grams of ferric 



 93 

ammonium citrate into 1 liter of water. Tween 80 and Glycerol were added at the same 

concentration as for 7H9. 

 

5.2.2 Mice 

 

C57BL/6J (B6, #000664) mice were purchased from Jackson Laboratories (Bar Harbor, 

ME). Female mice between the ages of 9–12 weeks were used. All animals were 

housed and maintained in specific-pathogen-free conditions at Seattle Children’s 

Research Institute (SCRI). All animal studies were performed in compliance with the 

SCRI Animal Care and Use Committee. 

 

5.2.3 Mtb aerosol infections 

 

Infections were done with stocks of H37Rv and ∆ESX-5c as previously described 

previously(222). To perform aerosol Mtb infections, mice were placed in a Glas-Col 

aerosol infection chamber, and 50–100 CFU were deposited into their lungs. To confirm 

the infectious inoculum, two mice per infection were euthanized on the same day of 

infection, and their lungs were homogenized and plated onto 7H10 plates for 

determination of CFU. 

 

5.2.4 Flow Cytometry of Murine Lung Cells 

 



 94 

To generate single cell suspensions, lungs were excised and lightly homogenized in 

HEPES buffer containing Liberase Blendzyme 3 (70 μg/ml; Roche) and DNaseI (30 

μg/ml; Sigma-Aldrich) using a GentleMACS dissociator (Miltenyi Biotec). The lungs 

were then incubated for 30 min at 37°C and then homogenized a second time with the 

GentleMACS. The homogenates were filtered through a 70 μm cell strainer, pelleted for 

RBC lysis with RBC lysing buffer (Thermo), and washed once with PBS. Cells were then 

resuspended in 50 ul of PBS containing Zombie UV viability dye (BioLegend) and 

incubated for 10 min at room temperature in the dark. Viability dye was quenched by the 

addition of 100 μl of a surface antibody cocktail diluted in 50% FACS buffer (PBS 

containing 2.5% FBS and 0.1% NaN3)/50% 24G2 Fc block buffer using saturating 

levels of antibodies (anti-CD64 PerCP-e710, anti-CD11b BV570, anti-CD11c BV711, 

anti-SiglecF BV421, anti-Ly6G BV605, all BioLegend). Surface staining was performed 

for 20 min at 4°C. Then, the cells were washed once with FACS buffer and fixed with 

4% paraformaldehyde for 30 min prior to analyzing on a Symphony flow cytometer (BD 

Biosciences). 

 

5.2.5 CFU plating 

 

Target organs (Lung, pulmonary lymph node, and spleen) were homogenized in M 

tubes (Miltenyi) containing 1mL PBS+0.05% Tween-80 (PBS-T) using a GentleMACS 

machine (Miltenyi) at target time points. Homogenates were then diluted in PBS-T and 

plated onto 7H10 plates. Plates were incubated at 37°C for at least 21 days before 

quantification of CFU. 
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5.3 Results 

 

5.3.1 Early Time Point Bacterial Burden and Cell Distribution Reveals Restriction of 

∆ESX-5c. 

  

Despite observing no impact of these knockouts on the replicative ability within 

macrophages, we wanted to assess the impact that altered cellular responses may 

have in the context of a complete immune system. As such we designed an in vivo 

approach to query the restrictive capacity of B6 mice with wildtype H37Rv or our ∆5c 

mutant. Mice were infected using standard dosing (~50-100 CFU per mouse) of 

respective strains carrying a mCherry reporter plasmid. These animals were then 

followed for 17 and 35 days to evaluate via flow and CFU the bacterial burden in lung, 

spleen, and lymph node tissue. Initial flow analysis on lung homogenates at the time of 

harvest demonstrated a reduced mCherry signal in ∆5c infected mice indicating 

possible attenuation (Figure 5.1A-B). Delineation of different cell types within the 

mCherry+ fraction showed no difference for mCherry positivity by cell type indicating no 

altered distribution within specific cells by strain. Quantitative CFU analysis of lung, 

spleen, and lymph node confirmed initial findings showing a significant reduction in the 

lung and lymph node compartments in mice infected with the ∆5c mutant at D17 post 

infection (Figure 5.1C). Spleen also displayed a reduction in bacterial burden with 5/5 
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mice showing evidence of infection and bacterial burdens detectable for 2/5 mice in this 

tissue group.  

 

5.3.2 Resurgence of the ∆ESX-5c Strain at Later Time Points Suggests Adaptive 

Immune Involvement Abrogates Bacterial Restriction 

 

The same tissues from the remaining N=5 mice were analyzed at D35 post infection. At 

this later time point the initial growth defect observed in ∆5c infected mice was no longer 

significantly different between groups (Figure 5.1D). CFU analysis of spleen, and lymph 

node from these mice confirmed findings that the observed reductions at peripheral 

sites (spleen and lymph node) were no longer different between strains, however lymph 

node differences were approaching significance (p=0.089) (Figure 5.1D). Lung CFU 

burden at this timepoint also showed no significant difference by statistical analysis but 

was trending down (p=0.1905) (Figure 5.1D). These observations are in strong contrast 

with our initial observations at D17. Together these suggest early infection with ∆5c 

mutants results in an attenuation of these strains that is then reversed at later 

timepoints.  
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Figure 5.1 – ESX-5c paralog knockout with early attenuated survival in murine in 
vivo Mtb infection model. 5.1A. Flow cytometry graphs depict the mCherry positivity 
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signal from lung homogenates infected with either H37Rv or ∆5c, respectively. Flow plots 
are gated on a y axis of CD11c positivity and x axis of mCherry positivity. All mCherry 
signal circled in black gates. 5.1B. mCherry positivity in lung homogenates based on 
mCherry positive events from the flow plots over the total events measured. 5.1C. CFU 
day 17 post infection. 5.1D. CFU day 35 post infection. 5.1C-D. Bar charts show the total 
colony forming units (CFU) returned from respective tissue (lung, lymph node, and 
spleen) in Mtb infected mice. Y axis shows total CFU returned for respective graphs in 
Log10 scale while x axis shows the strain used for infection. Dots for each column 
represent N=5 mice tested in singlet for each respective tissue at each time point. D17 
Spleen CFU shows limit of detection line (LOD) as N=3 mice were below CFU detectable 
limits at the dilutions used for plating. Error bars represent standard deviation from the 
mean value. Normality for all comparisons evaluated using Shapiro-Wilks test. Statistics 
for 5.1C Lung and Lymph Node, 5.1D Lymph Node and Spleen generated using unpaired, 
two-tailed T-test (95% confidence interval, p≤0.05). For 5.1C Spleen and 5.1D Lung, data 
was evaluated using Mann-Whitney analysis due to abnormal data distribution. 

 

5.4 Discussion 

 

Through this work we’ve shown that the ∆ESX-5c mutant shows differential restrictive 

capacity in vivo. In C57BL/6 mice, we observe at day 17 post infection there is a 

significant reduction in bacterial burden across all tissues tested. Lung tissue shows the 

strongest reduction of Mtb burden; however, we also see strong reductions within 

disseminated sites such as the spleen and lymph nodes. At day 35 post infection, we 

observe a reversal of this early restriction with all tissues showing non-significant 

differences in burden across infections. Together these data indicate an early fitness 

defect in the ∆ESX-5c strain that is rescued during later time point analyses. 

 

A hallmark feature of early Mtb infection is the induction and recruitment of the early 

innate immune response. In the murine model, alveolar macrophages, followed by 

recruited peripheral cells respond and attempt to restrict bacterial growth (64). Under 
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standard infection (50-100 CFU) using virulent Mtb, this leads to heterogeneous 

outcomes influenced by mouse genotype, bacterial strain, antimicrobial processes, and 

immune cell recruitment (223). There is growing evidence to support the idea that 

heightened pulmonary pathology caused by the inflammatory recruitment of peripheral 

innate cells like granulocytes (neutrophils, basophils, mast cells, etc.) may also 

contribute to less effective control of Mtb during early innate recruitment (224,225). 

Integrating our human macrophage response data, we observe that these mutant 

strains induce an attenuated proinflammatory response, characterized by reduced TNF, 

IL-6, and IL-1β. Despite this, we see no difference in replicative capacity of these strains 

relative to wildtype in macrophage monoculture. It is interesting to speculate that we 

may induce a similar attenuated proinflammatory response in murine macrophages 

during early infection. By extension its possible this attenuated early cytokine response 

from professional antigen presenting cells (APCs) such as macrophages may alter the 

early recruitment and coordination of additional innate cells (226,227). This reduction 

could moderate the heightened inflammatory response of other immune cells, leading to 

a reduction in pulmonary immunopathology and resulting sequelae. Indeed, others have 

shown that the interruption of neutrophil-driven immunopathology may lead to enhanced 

control of Mtb during infection (81,228). This is possibly driven via the reduction of lytic 

cell death that promotes Mtb potentiation to naïve cells. Taken together, we hypothesize 

the alterations to the signaling and proinflammatory profile of infected APCs, alongside 

additional immune cell help, may lead to an early coordinated response that more 

effectively restricts ∆ESX-5c.  
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Subsequent late-stage infection is dominated by the adaptive immune response. By day 

35 post infection, CD4+ T-cells, mature B-cells, among other smaller populations of 

adaptive lymphocytes begin to impact the response to Mtb infection (214). Classically, 

this late-stage adaptive response is characterized by a strong Interferon gamma 

signature in mice (75,150,153,155). Interferon gamma production and stimulation 

amongst innate immune cells has been classically thought of as host protective but a 

growing body of literature suggests that the heightened inflammation and coordinated 

formation of the granuloma may potentiate Mtb survival and replication in some cases 

(78). We know that the formation of the granuloma often leads to heterogenous 

outcomes in bacterial clearance (76,79,83,84). Despite strong inflammatory activation 

via proinflammatory cytokine and the activation of antimicrobial processes like iNOS 

induction, granulomas may still fail to clear the bacilli and may even potentiate spread 

via the recruitment of other naïve immune cells (78,81). Our data suggests a putative 

disconnect between early and late immune responses to our ∆ESX-5c mutant. The 

mechanism proposed herein may contribute to the resurgent growth of our ∆ESX-5c 

strain observed during later time points. The initial restrictive innate profile is likely 

surmounted by a potent interferon gamma response. This may lead to restored cell-to-

cell spread and subsequent loss of bacterial restriction.  

 

Future studies examining both early innate and late adaptive immune correlates of 

disease would shed light on the validity of the model we propose here. Examining 

neutrophil infiltration during early infection would allow us to infer the role these 

proinflammatory potentiators of infection play during early time points. Additionally, we 
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propose either serum-based or flow-based analysis of the cytokine response during 

early infection. While there are many differences in the innate cytokine response 

between humans and mice, we would expect to identify significantly altered cytokine 

profiles in the murine model based on our human macrophage observations. These 

together would allow us to more confidently confirm our proposed model of early 

infection dynamics. Subsequent analysis of the adaptive response during late infection 

would allow us to confirm if recruited adaptive lymphocytes induce an interferon 

gamma-dominant profile and if that immune profile leads to enhanced bacterial 

potentiation via the recruitment of non-protective cells or increased immune-pathology. 

Herein we’ve demonstrated the importance of performing coordinated in vitro and in 

vivo experiments, allowing novel insights into the interactions of a complete immune 

system and our bacterial targets of interest.  
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Chapter 6: Defining Changes in Microbial Physiology in Response to Paralog Deletions  

*This chapter was submitted in part as a manuscript: “ESX-5 Deletions in Mycobacterium 
tuberculosis Alter Macrophage Cytokine Signaling, In Vivo Virulence, and Bacterial Heavy 
Metal Response” Haynes AM, et.al. 2025  
 

6.1 Introduction 

 

Prokaryotic cellular process is often tightly regulated in the face of extensive 

environmental pressure and stimuli (229). Through the complex coordination of gene 

expression and protein availability, bacteria are able to adjust to environmental 

changes, ensuring their adaptation and survival (229–231). Concurrently with changing 

and dynamic gene expression, genetic modifications that arise within the genomes of 

bacteria add an additional layer of adaptation. These spontaneous mutations arise due 

to random errors in genome replication and are subject to selection (232–235). 

Selection on genetic variants falls into three general categories: purifying (or negative), 

positive, and stabilizing selection. Together, these processes select for genetic and 

genomic variants that are the most “fit” for a given environmental-physiological pairing 

(236). The large reproductive rate and quantity within prokaryotic populations often 

means these minor alleles are persistently coming into existence and subject to 

selection. To exemplify this point, we can look to the development antimicrobial 

resistance in bacterial populations where random chance gives rise to resistant 

populations, often coming with a fitness trade off (237). These bacteria would normally 

be purified as less fit than their parent, but under an environment containing antibiotic, 

the fitness tradeoff may be tolerated.  
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While selection within bacteria is largely due to environmental pressures such as 

antibiotic or host defenses (in the case of pathogens), there is often an element of 

physiological selection as well. The most extreme genetic variants that alter core or 

essential cellular processes are strongly counterbalanced against selective pressures, 

often being deleterious but sometimes retained in the case of strong enough stressors. 

For example, a reduction in membrane permeability may be purifying in a population of 

bacteria under rich environmental conditions but provide a selective advantage if this 

same population is exposed to a toxin or antimicrobial compound needing cytosolic 

access (238). In the case of mycobacteria, we have observed that non-pathogenic 

species have more permeable membranes compared to their pathogenic counterparts 

(239). For example, Mycobacterium smegmatis (Msmeg) through its MspA complex 

contains a relatively more permeable membrane as compared to its Mtb counterpart 

(239). Contrarily, pathogenic species such as Mtb, contain highly impermeable cell walls 

lacking classical porins (188,240). One could speculate that this lack of membrane 

permeability has led to the incredible success of Mtb as a human pathogen but 

contributes to its reduced fitness in environmental niches. In essence, the physiology of 

prokaryotes, especially pathogenic prokaryotes such as Mtb, is often a tightly regulated 

balancing act between conservation of core, essential function, and adaptation to new 

pressures. 

 

This shift of mycobacteria out of environmental niches and into pathogenic niches 

represents a large-scale, permanent alteration in environmental pressure. This led to a 
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large-scale remodeling of the Mtb genome and the resulting physiological processes 

that enable life as an intracellular pathogen (7,14,123,241). Specifically, within Mtb, the 

evolution of the PE/PPE proteins have been hypothesized to be a selective expansion 

at the axis of membrane permeability and nutrient acquisition (185,188,240). As 

outlined, environmental mycobacteria such as Msmeg contain large porins that increase 

the permeability of the membrane and allow for the movement of aqueous substrates 

across the mycomembrane (239). As mycobacteria, namely the Mycobacterium 

tuberculosis complex (MTBC), evolved towards pathogenic niches, reductions in 

membrane permeability were likely required in response to the high levels of immune 

pressure faced by these species (242). The reduction in membrane permeability via the 

loss of canonical porins like MspA, likely led to the evolution of alternative processes 

that balance the need for exchange between the environment and the bacterial cytosol. 

Specifically, it is been hypothesized and preliminarily demonstrated that the PE/PPE 

proteins which are extensively expanded in slow growing, pathogenic, mycobacteria are 

responsible for the acquisition of targeted nutrients and molecules from the environment  

(188,240). Under the assumptions of this hypothesis, this genomic shift effectively 

reduced the membrane permeability of intracellular pathogens while maintaining 

essential nutrient exchange and bacterial survival. These genomic and environmental 

changes create a new tightly regulated system of cellular processes; a system we can 

perturb to measure bacterial responses. 

 

The specialized adaptation and expansion of genes like the pe/ppe family opens the 

possibility for exploration using omics approaches. The outsized quantity and 
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hypothesized role these genes play likely indicates a tight regulation of bacterial 

networks that work cohesively to achieve their physiological function. Using molecular 

techniques, such as CRISPR interference and allelic exchange, we perturbed three 

putative virulence gene clusters, ESX-5a, ESX-5b, and ESX-5c. By extension, we 

speculate we induced detectable shifts in bacterial transcriptional profiles that we can 

measure to gain functional insight. To determine the role of these gene clusters at 

baseline in these bacteria, we examined the physiologic response within Mtb to their 

deletion in broth culture. Specifically, using bacterial RNA transcriptomics, we examined 

the gene expression within Mtb in response to these deletions. To this end, we explored 

how gene expression changes in response to our genomic deletions, providing possible 

insight into the function of these paralogs. 

 

6.2 Methods 

 

6.2.1 Media 

 

Media used throughout experiments consists of RPMI-10 (RPMI 1640 medium (Gibco 

(Carlsbad, CA)) with 10% fetal bovine serum (Atlas Biologicals (Fort Collins, CO))), along 

with macrophage colony stimulating factor (M-CSF) (Pepro Tech, Carlsbad, CA) at 

50ng/mL. For mycobacterial culture, bacteria were grown in 7H9 base medium 

supplemented with Glycerol, ADC, and Tween 80 at final concentrations of 0.2%, 10%, 

and 0.05% respectively. Sautons medium used for washing mycobacteria is a basal 

medium composed of 4.0 grams of L-asparagine, 0.5 grams of MgSO4, 0.5 grams of 
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K2HPO4, 0.1 milliliters of a 1% ZnSO4, 2.0 grams of citric acid, and 0.05 grams of ferric 

ammonium citrate into 1 liter of water. Tween 80 and Glycerol were added at the same 

concentration as for 7H9. 

 

6.2.2 RNA Isolation 

 

We resuspended bacterial targets in 1mL of Trizol and transferred to Lysing Matrix B 

tubes (MP Biomedicals, Santa Ana CA). We then homogenized the sample using a 

6500rpm, 30 second protocol on a beadruptor (Omni International, Kennesaw GA) 

followed by a 30 second incubation on ice. This was repeated x3 to ensure lysis of the 

bacteria and RNA liberation. RNA was then isolated using the manufactures isolation 

protocol for Trizol to initially isolate the aqueous phase containing nucleic acids. Total 

RNA was then purified from the aqueous phase using an RNeasy kit with on column 

DNase digestion as outlined by the manufacturer (Qiagen, Hilden Germany). Isolated 

total RNA was subsequently quantified on a nanodrop (ThermoFisher, Waltham MA). 

 

6.2.3 Ribosomal RNA depletion 

 

Ribosomal RNA (rRNA) was depleted using a previously described protocol (243). In 

brief, biotinylated DNA probes were generated with complementarity to the ribosomal 

RNA sequences for Mtb. These probes target 46 different rRNA species, covering 23s, 

16s, and 5s rRNA sequences (Supplemental table with probe sequences). Probes were 

mixed with total RNA and hybridized using a decreasing temperature gradient approach 
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starting at 70C and dropping by 0.1C per second until reaction reached 25C. 

Streptavidin magnetic beads were then added to the hybridized mixture and incubated 

at 50C to bind the biotin moiety on respective probes, and isolated using a magnetic 

separator. The supernatant containing rRNA depleted RNA was then cleaned further 

using AMPure XP beads (Beckman Coulter, Brea CA) to bind RNA and immobilize on a 

magnetic separator. Bead-bound RNA was then washed twice to remove impurities prior 

to elution in TE buffer.  

 

6.2.4 Library Generation and Sequencing 

 

Isolated mRNA was then prepared for paired end 150 base pair short read sequencing 

(PE150) using the NEBNext Ultra II RNA Library Prep Kit for Illumina (New England 

Biolabs, Ipswich, MA) according to manufacturer’s instructions, and using the AMPure 

XP reagent (Beckman Coulter, Brea CA) for size selection and cleanup of adaptor-

ligated DNA. In brief, purified mRNA was fragmented and first strand cDNA generated 

according to manufactures protocol. From this second strand cDNA was generated 

using first strand cDNA as a template. Double stranded cDNA was then purified using 

AMPure XP beads via magnetic isolation and serial washing. Cleaned, double stranded 

cDNA was end prepped and adapters ligated using standard Illumina adapter 

sequences followed by a subsequent AMPure XP bead cleanup. Purified, adapter 

ligated product was then amplified using included index specific primers for target 

amplification followed by a final AMPure XP cleanup. Sample ID and associated i5 and 

i7 indices are included in supplemental information. Amplified and purified libraries were 



 108 

then submitted to Northwest Genomics Center (NWGC) sequencing core for library 

preliminary QC and sequencing. Library quality was assessed using a High Sensitivity 

DNA Assay for the Bioanalyzer 2100 (Agilent, Santa Clara CA). All libraries were then 

multiplexed and sequenced using an Element Aviti 300 Cycle Low Output chip totaling 

2.5E8 reads (~2E7 reads per sample).  

 

6.2.5 Transcriptomic and Bioinformatics analysis 

 

Raw FASTQ data from the sequencing core was initially inspected using the FASTQC 

program to inspect read length, read quality, among other quality metrics prior to further 

analysis. After initial quality control, the raw sequences were run through our labs 

SEAsnake pipeline for RNA sequencing data processing(244). Initially, SEAsnake was 

setup for human sequencing analysis but was amended for Mtb sequencing inputs for 

the purpose of this analysis. SEAsnake was loaded and stepwise initialized. First, 

adapter sequences were trimmed and low-quality reads removed using the 

“AdapterRemoval” program. Outputted sequencing data was then run through FASTQC 

to ensure trimmed reads were of sufficient quality and length before proceeding. 

Sequences were then aligned to reference using the STAR program. Alignment filtering 

and output quality were assessed using samtools (flagstat). Quality assessed 

alignments were then input into the “Subread” package to count reads within genes, 

outputting a TSV file for all read quantities across the genome. Subsequent analysis 

was performed in R studio using the DEseq2 package to calculate differentially 

expressed genes across our samples, averaging experimental replicates for statistical 
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analysis. Differentially expressed genes were thresholded using FDR correction and 

log2 fold change relative to wildtype baseline. Output gene lists were intersected to 

identify unique and overlapping gene hits across our strains. These lists were then used 

in a string analysis (StringDB) to identify clustering with concurrent GSEA analysis 

(PantherDB) on GO processes.  

 

6.2.6 Heavy Metal Culture 

 

Bacterial culture with heavy metal was performed as described previously. In short 

bacterial cultures for all knockout and wildtype strains (4 total) were thawed from stock 

and grown in rich broth for ~3 days. Growth of these primary cultures were assessed via 

OD and back diluted to an OD of 0.1 for 48 hours of subsequent outgrowth. After 

outgrowth, these cultures were back diluted again into four separate rich medium 

cultures tubes containing heavy metal (copper, cadmium, Zinc, or Iron). Stock metal 

solutions were created at 1 molar concentration of the respective metal. Working 

concentrations of metal ranged for given experiments, dilution factors calculated based 

on experimental working concentration.  

 

6.2.7 Heavy Metal Growth Curves 

 

Growth curves were performed using OD600 collections over 5-day time span. Initially, 

bacterial cultures for all knockout and wildtype strains (4 total) were thawed from stock 

and grown in rich broth for ~3 days. Growth of these primary cultures were assessed via 
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OD and back diluted to an OD of 0.1 for 48 hours of subsequent outgrowth. After 

outgrowth, these cultures were back diluted again into four separate rich medium 

cultures tubes containing heavy metal (copper, cadmium, Zinc, or Iron) totaling 16 

cultures. copper and cadmium cultures were treated with 100µM of the respective metal 

while Zinc and Iron cultures were treated with 500µM. The initial OD was calculated to 

0.1 on day 0. OD measurement was then collected on day 1, 2, and 5 for all samples 

tested. Between OD measurements, cultures were grown shaking at 37C.  

 

6.2.8 ESX Gene Expression Quantitation 

 

To quantify Mtb target gene expression we performed a probe-based gene expression 

approach. We resuspended bacterial targets in 1mL of Trizol and transferred to Lysing 

Matrix B tubes (MP Biomedicals, Santa Ana CA). We then homogenized the sample 

using a 6500rpm, 30 second protocol on a beadruptor (Omni International, Kennesaw 

GA) followed by a 30 second incubation on ice. This was repeated x3 to ensure 

complete lysis of the bacteria and RNA liberation. RNA was then isolated using the 

manufactures isolation protocol for Trizol. Isolated RNA was subsequently quantified on 

a nanodrop. This RNA was then input into a cDNA generation protocol using a high-

capacity cDNA reverse transcription kit (Life Technologies, Waltham MA). Resulting 

cDNA was used in a TaqMan, probe-based gene expression assay. Briefly, target probe 

sets were added to cDNA along with an endogenous control probe set targeting sigma 

factor A (SigA). Quantitative PCR (qPCR) was performed to get Ct values of each target 

in multiplexed samples. Relative quantitation was performed using the ∆∆Ct method 



 111 

and converted to fold change expression relative to control for the target of interest 

(191). 

 

6.2.9 Macrophage Infection 

 

Isolated macrophage infections were carried out according to our standard protocol. 

Cells were plated at 5E5 cells/ well of a 96 well tissue culture plate. Concurrently, 

bacteria were cultured as outlined. At the time of infection, bacterial culture was 

harvested via centrifugation (4000rpm, 5-10 min) and washed x2 with Sautons medium. 

The cultures were then resuspended in 2.5mL of Sautons medium and enumerated 

using OD600 absorbance and a standard conversion factor of 5E8 CFU/mL at OD600 of 

1.0. After enumeration, necessary volumes of the bacterial suspensions were diluted 

into cell culture medium to achieve MOI of 5 per 100 microliters.  This media was then 

used to exchange the media on the macrophage monolayer. To bring bacteria into 

contact with cells rapidly, an optional spin at 500g for 5 minutes can be performed. 

Macrophages were then returned to incubation for 24 hours before harvest the following 

day. 

 

6.2.10 ELISA 

 

DuoSet (R&D Systems Minneapolis MN) enzyme linked immunosorbent assay (ELISA) 

was performed on isolated cell fractions, either secreted or cellular. Both fractions were 

treated the same during the protocol. Briefly, capture antibodies for a target analyte 
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were plated on a ½ area 96 well plate and incubated sealed at room temp (RT) 

overnight to allow for antibody adherence to the plate. The following day, plates were 

washed using 1X PBST to remove the primary antibody solution. Reagent diluent 

(1%BSA PBS solution) was added to each well for one hour at RT to allow for blocking. 

Following blocking, plates were washed x3 with PBST then sample added to respective 

wells at a 1:5 dilution with reagent diluent and incubated for 2 hours at RT. Concurrently, 

a standard analyte was added to its respective plate to generate a standard curve. 

Plates were then washed x5 with PBST and detection antibody was added to all wells, 

including standard analyte wells which was followed by a 1-hour incubation at RT. The 

plate was then washed x5 with PBST and Streptavidin HRP was added to each well for 

20 minutes. Following this, the plates were washed again x5 with PBST and developed 

with a TMB substrate for 15 minutes and stopped with a 2N sulfuric acid. Plates were 

immediately read at 450nm absorbance. 

 

6.3 Results 

 

6.3.1 Transcriptome sequencing of Paralog Knockouts Reveals Metal Responsive Gene 

Signature 

 

The immunological alterations to macrophages and early attenuation of our strains in 

vivo prompted us to examine the underlying physiological changes in our knockouts that 

could impact these processes. We initially performed RNA sequencing, identifying the 

transcriptomic differences between our knockouts and wildtype. Using an Illumina, 
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short-read (PE150) platform we sequenced all mutant transcriptomes. Analysis revealed 

a stark downregulation of many genes (FDR ≤0.01, Log2 Fold-Change ≤-1). Specifically, 

92, 88, and 85 genes were downregulated in ∆ESX-5a, ∆ESX-5b, and ∆ESX-5c 

respectively (Figure 6.1A, Supplemental Figure 6.1). Using an informatics approach, 

we intersected these gene lists to identify overlaps, revealing 71 (63.2%) downregulated 

genes are shared between all three knockout strains. This list of 71 genes was used to 

generate a string network identifying connected clusters (Figure 6.1B). Further analysis 

of the clustering using gene set enrichment analysis (GSEA) via Gene Ontology (GO) 

revealed a strong and significant metal response gene signature (Figure 6.1C). 

Specifically, “response to cadmium ion” (FDR 2.43E-03) and “response to copper ion” 

(FDR 2.96E-03) were significantly enriched in our expression data (Figure 6.1C).  
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Figure 6.1 – Transcriptional analysis of ESX-5 paralog knockouts reveals metal 
response axis. 6.1A. Volcano plots comparing expression values of mutant relative to 
wildtype. All plots show respective fold change expression of the Mtb transcriptome for a 
given knockout strain relative to the parent wildtype strain. Title indicates which strain pair 
for a given graph. For all volcano plots, y axis shows the -Log10 FDR Corrected 
(“Adjusted”) p-value, while the x axis shows the Log2 Fold Change of expression. Each 
dot is representative of a given Mtb gene being downregulated (-Log2 Fold Change) or 
upregulated (+Log2 Fold Change) relative to wildtype. Red dots denote gene expression 
that meets significance (FDR ≤0.01, Log2FC ≥1/≤-1), grey dots are non-significant. 6.1B. 
String network of overlapped down-regulated genes shared across all knockout strains. 
Each node represents a gene while the connecting lines represent combined string score 
or respective nodes (minimum string score >0.700, medium high connectivity, string-
db.org). 6.1C. Functional enrichment plot of overlapping genes in gene set enrichment 
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analysis. Enrichment plot shows top 7 most significant gene sets based on Gene 
Ontology (GO) biological process gene set for Mtb H37Rv reference. Y axis of this plot 
shows the enriched gene set (top 7), and x axis shows the strength of the observation 
(Log10(observed genes/expected genes)). Size of node is proportional to the number of 
genes in our data belonging to a respective gene set. Color of node correlates to the FDR 
strength of the observation. Significance calculated using Fishers Exact test with 
Benjamini-Hochberg FDR correction.  
 
 

 
Supplemental Figure 6.1 –Venn diagram overlap of ESX-5 paralog knockout strain 
transcriptional profiles. SF6.1 Venn diagram shows three circles corresponding to 
significant gene expression for a given knockout compared to H37Rv wildtype. Gene 
distributions by circle and overlaps represent which genes are shared between which 
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mutants and which are unique within respective strains. 71 (or 64%) of all genes 
identified are shared. 
 

6.3.2 Metal Treatment Does Not Differentially Affect Growth Rates of Mtb Mutants In 

Vitro  

  

Based on the identification of a metal response axis in our transcriptomic data we 

attempted a growth curve experiment of all three knockout strains and H37Rv, treated 

with 100µM Cu, Cd or 500µM Fe, Zn over 5 days to determine if our knockout strains 

are selectively sensitive to excess environmental metals. Zn and Fe ions are imported 

via ESX-5 independent mechanisms and served as controls for this experiment. We 

collected OD600 measurements at D0, D1, D2, and D5 for 16 different conditions. After 

D5 collection we saw that excess Cd and Cu were growth restrictive for all strains 

(Figure 6.2A, Cd & Cu). We also observed excess Fe and Zn ions lead to normal 

growth levels of ~1 doubling every 18-24 hours for all strains (Figure 6.2A, Fe & Zn). 

Excess environmental Cd and Cu ions did not lead to any substantive differences in 

growth between H37Rv or any knockout strains, indicating no apparent sensitivity or 

resistance of our knockouts to excess heavy metal (Figure 6.2A, Cd & Cu).  

 

6.3.3 Bacterial Pretreatment with Heavy Metal Drives Upregulation of Paralog 

Expression  

 

Our transcriptomic data suggested a link between the expression of ESX-5a, ESX-5b, 

and ESX-5c and metal response profiles. We reasoned that these clusters may be 
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responsive to metal treatment either directly or indirectly via inducing broad stress 

responses within the bacteria. To this end we grew H37Rv in the presence of high dose 

cadmium and copper for ~24 hours and analyzed the expression of ESX-5a, ESX-5b, 

and ESX-5c clusters via qPCR. We observed that excess copper can upregulate the 

expression of ESX-5a and ESX-5c (Figure 6.2B). Conversely, copper and cadmium 

reduced ESX-5b expression, although only copper reached significance (Figure 6.2B). 

These results suggest that ESX-5a, ESX-5b, and ESX-5c are either directly metal 

responsive or are indirectly responsive via bacterial stress responses under heavy 

metal exposure.  

 

6.3.4 Heavy Metal Loading of Bacteria Results in Increased Cytokine Synthesis in 

MDMs 

 

Our findings that heavy metal treatment affects ESX-5a, ESX-5b, and ESX-5c 

expression along with our MDM cytokine data suggests a putative link between paralog 

expression levels and cytokine expression levels in macrophages. To examine if there is 

a link between ESX paralog expression and the level of cytokine induction we pre-

treated H37Rv Mtb for five days with either low dose copper or cadmium in rich broth. 

We then washed and infected macrophages to subsequently evaluate expression of 

TNF, IL-1β, and IL-6. As expected, the pre-treatment of Mtb with these metals did lead 

to the increase in cytokine production for 2/3 cytokines tested across N=5 donors (TNF, 

IL-6) (Figure 6.2C). Integrating our observations, this data indicates the presence of 

heavy metals likely upregulates gene expression for tolerating metal stress, including 



 118 

the ESX-5a and ESX-5c clusters. The upregulation of these stress responses in Mtb 

then leads to subsequent cytokine responsiveness in macrophages. This is in 

agreement with our overexpression complementation results (Supplemental Figure 

4.1), adding a robust link between the level of paralog expression and the amount of 

cytokine synthesis.  
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Figure 6.2 – Bacterial heavy metal treatment leads to differential paralog 
expression and increased cytokine output in macrophages. 6.2A. Time course 
growth curve for heavy metal treated strains. Graph depicts data from 16 different optical 
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density (OD) growth curves performed, each strain (H37Rv = red, ∆5a = teal, ∆5b = blue, 
and ∆5c = pink) were grown in Fe, Zn, Cu, or Cd (500µM, 500µM, 100µM, and 100µM 
respectively) for 5 days starting at on OD of 0.1 on day 0. Each metal correlates with a 
dot shape (Fe = circle, Zn = Triangle, Square = Cd, Diamond = Cu). Y axis denotes the 
optical density (OD600) value while x axis shows time in days. Brackets on graph depict 
clustering of metal groups, upper bracket shows Iron and Zinc treated strains while lower 
bracket shows copper and cadmium treated strains. 6.2B. Esx paralog gene expression 
in H37Rv under metal stimulus. Bar charts show expression of a respective Esx gene 
cluster within H37Rv wildtype under different stimulation conditions. Y axis shows the 
“Fold Change Expression” of the target relative to untreated. X axis shows the stimulus 
condition for each column, 7H9 denotes the untreated control grown in rich broth. Red 
dotted line indicates baseline expression of respective gene cluster in untreated bacteria. 
Dots represent individual RNA harvests and gene quantitation experiments. 6.2C. Metal 
pre-treatment leads to increased cytokine expression in macrophages. Bar charts show 
the relative abundance of a given target (TNF, IL-1β, and IL-6) from cells infected with 
metal pre-treated H37Rv. Y axis for all graphs depicts the concentration 
(picograms/milliliter) for a given target. X axis depicts the H37Rv pretreatment group used 
to infect macrophages. “WT” is untreated bacteria, Cd is cadmium treated, Cu is copper 
treated, and NI is the “not infected” cellular control. Each dot on a column represents a 
biological donor (N=5) run in minimum technical quadruplicate. 6.2B-C. Statistics for all 
analyses generated using two-way ANOVA with post-hoc T-test and Dunnett correction 
for multiple comparisons (95% confidence interval, p≤0.05). Error bars show standard 
deviation of the mean. 
 

6.4 Discussion 

 

In summary we’ve leveraged small changes to the bacterial genome to resolve large 

underlying responses in bacterial physiological networks. Using bacterial 

transcriptomics, we’ve identified a shared metal response axis between all three ESX-5 

paralogs. Subsequently, we’ve shown that we can modulate ESX-5 paralog expression 

in H37Rv using heavy metals, confirming this link. By modulating ESX paralog 

expression using heavy metal stimulation, we are also able to alter the level of cytokine 

secretion in infected macrophages.  
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There is a growing body of literature that suggests the PE/PPE proteins play a large role 

in nutrient import and homeostasis of biologically critical ions (109,188,240). 

Interestingly, our data seems to suggest a complex interplay of all three gene clusters in 

the homeostasis of heavy metals such as copper and cadmium. To our knowledge, this 

is the first time ESX-5a, ESX-5b, and ESX-5c clusters have been implicated in heavy 

metal homeostasis. It is interesting to speculate that the co-regulation of the ESX-5 

paralog encoded PE/PPE and Esx heterodimers may have evolved due to the 

localization of Mtb in the phagosome and the need for response to metal intoxication 

(231,245,246). Integrating our cellular microbiologic observations, we hypothesize that 

metal stress in the phagosome may lead to differential regulation of the ESX-5 paralogs. 

This in turn leads to the expression of the PE/PPE heterodimers which work directly to 

stabilize metal stress. In addition to our data here, others have shown PE/PPE proteins 

transcriptionally respond to metal stress, supporting this hypothesis(240). In tandem, 

the co-transcribed Esx heterodimers are expressed, driving inflammatory responses 

that may potentiate cell spread. In support of this model, our overexpression mutants 

and metal pre-treated bacteria (which both upregulate these gene clusters) demonstrate 

increased cytokine elicitation within infected MDMs. This supports our earlier model 

suggesting paralog expression levels are directly tied to the cytokine response and by 

extension paralog expression is a response to antimicrobial stress encountered in 

phagocytes.  

 

Our study has many limitations and will be better served by future investigations. While 

we have provided strong evidence for the role of these gene clusters in responding to 
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metal stress, we have not identified how these clusters specifically interact with cellular 

metal balance; that being efflux, import, or alternative processes. Additionally, there are 

larger questions to answer regarding the direct role of these clusters in metal response. 

Specifically, do these paralogs respond directly to metal stress or secondary stress 

stimuli downstream in the metal signaling response. Future work will focus on 

understanding the regulatory network that drives the expression of these gene clusters 

and whether they are primary responders to metal stress or secondary responders.  

 

In conclusion we have demonstrated that small alterations to the bacterial genome can 

lead to large changes in bacterial physiological processes. Specifically, we have shown 

that the ESX-5a, ESX-5b, and ESX-5c gene clusters not only play a role in the early 

stages of the innate immune response, but also the PE/PPE proteins encoded within 

may contribute in the response to heavy metal stimulus or heavy metal acquisition. 

Through this data we’ve added to the growing body of literature that hypothesizes a role 

of the PE/PPE genes in facilitating specialized nutrient acquisition and possibly 

identified novel importers or exporters of copper and cadmium through the 

mycomembrane.  
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Chapter 7. Concluding Remarks and Future Directions 

 

Future Directions  

This body of work reveals novel insights into how host genetic background and bacterial 

effector repertoires converge to shape the trajectory of Mycobacterium tuberculosis 

(Mtb) infection from its earliest moments (Figure 7.1). However, this work also surfaces 

new, pressing questions that warrant further investigation. One major area of 

opportunity lies in the upstream determinants of the distinct alveolar macrophage (AM) 

responses observed between individuals with tuberculosis infection (LTBI) and those 

categorized as resisters (RSTR). While prior work focused largely on peripheral blood 

monocytes, our data demonstrate that AMs carry distinct, potentially pre-programmed 

transcriptional profiles in RSTR individuals, which become even more divergent upon 

Mtb exposure. Notably, RSTR AMs show robust activation of inflammatory gene sets 

including TNF, IL-1β, and ROS-generating pathways, alongside enhanced 

responsiveness to IFNγ and IFNα. Future functional studies including restriction assays 

and cytokine response profiling will be essential to determine whether these differences 

drive measurable response differences on a donor-by-donor basis. 

On the bacterial side, our work underscores the importance of subtle genetic elements, 

specifically the ESX-5 paralog clusters, in modulating macrophage response. While 

deletion of individual paralogs does not impair bacterial replication in vitro, these strains 

elicit a significantly attenuated cytokine response from macrophages, specifically 

reducing levels of IL-6, TNF, and IL-1β. Intriguingly, this reduction is not observed at the 
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level of transcription, pointing to a post-transcriptional or translational bottleneck in 

cytokine production. Future experiments further resolving the underpinning cellular 

mechanisms responsible could prove valuable for future therapeutic host-directed 

targets for modulating disease, improving outcomes. By extension, our in vivo 

experiments suggest that ESX-5 paralog deletions confer a transient fitness cost to Mtb 

early during infection. In C57BL/6 mice, we observed significantly reduced bacterial 

burdens at day 17 post-infection, particularly in the lung. This in vivo observation 

suggests there may be ESX-5-host interaction axes we can target using both bacterial 

and host directed therapeutics to enhance host control of infection. A more complete, 

temporal understanding of immune recruitment alongside specific cellular and cytokine 

responses in vivo could prove to be a highly valuable future direction to query. 

Specifically, assessing neutrophil recruitment, cytokine milieu, and lymphocyte effector 

functions may shed light on how the immune system's initial response to these mutants 

governs enhanced control early during infection. 

Finally, we uncovered a novel and compelling link between ESX-5 paralogs and 

bacterial response to heavy metal stress. Through transcriptomics and functional 

assays, we demonstrated that copper and cadmium can modulate ESX-5 paralog 

expression in wildtype Mtb, and that metal pre-exposure of bacteria enhances 

proinflammatory cytokine production in infected macrophages. This observation opens a 

new line of inquiry into the role of the ESX-5 system in bacterial nutrient acquisition and 

intracellular stress adaptation. The PE/PPE proteins secreted by ESX-5 have been 

increasingly implicated in nutrient homeostasis, and our data suggest a coordinated 

system where Mtb detects and responds to phagosomal metal intoxication by 
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modulating both nutrient scavenging and immune engagement. Future studies will need 

to determine whether these paralogs directly transport metals or simply co-regulate with 

metal efflux/import machinery.  

 

Conclusions 

Together, these findings highlight the nuance and complexity of Mtb infection. While 

we’ve known since the discovery of the TB bacillus how complex and challenging this 

organism is, molecular queries like this expose just how heterogeneous this infection 

can be. Through the interplay of host and bacterial genetics, spatial, and temporal 

heterogeneity, TB infection has revealed itself to be highly dynamic in which both sides 

modulate their behavior. We hope this highlights the essentiality of studying the pair 

together and the value of insights we can resolve in these lines of inquiry.  

While this work has answered key questions, it has also raised many more. What is the 

full suite of host receptors and signaling nodes that respond to ESX-5 paralog 

expression? How do different human genotypes, including those related to IFN 

signaling, influence this response? Do ESX-5 paralogs function similarly in diverse 

clinical Mtb strains, or is their effect strain-specific? Can their expression be modulated 

therapeutically to enhance early immune recognition? Can the RSTR phenotype be 

induced in susceptible individuals via vaccines or airway-targeted immune modulation? 
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These open questions are a testament to the complexity of TB pathogenesis and to the 

importance of dissecting it at the molecular level. This dissertation offers one framework 

for how subtle genetic variation, both human and microbial, can meaningfully influence 

infection outcomes. As the global health community continues to pursue better TB 

diagnostics, vaccines, and therapies, studies like this offer an optimistic outlook: we 

possess the knowledge and technology to deeply dissect complicated interactions and 

generate meaningful insights, moving us closer to a world without TB.  

Figure 7.1 – Diagram conceptualizes the integration of our observations across 
experimental models and findings. Early on during infection Mtb is phagocytosed, 
initiating inflammatory and antimicrobial processes to respond to infection (1). Bacteria 
respond to phagosomal stress, including heavy metal intoxication, by upregulating stress 
response and virulence effectors such as the ESX-5 paralogs (2). Concurrently, Mtb 
escapes the phagosome and translocates to the cytosol while also releasing virulence 
effectors like the Esx heterodimers (3). The released Esx heterodimers then antagonize 
inflammatory regulatory processes such as RNA binding proteins or translation initiation 
inhibition to promote the translation of proinflammatory cytokines and chemokines (4A-
4B, 5). Inflammatory markers are then exported where they recruit additional immune 
cells (6,7). Under wildtype infection, unrestricted cytokine induction leads to heightened 
inflammation, enhanced cellular recruitment and immunopathology, subsequent cell lysis 
and bacterial spread (8a). Conversely, mutant infection results in lower inflammatory 
cytokine output, damping cellular recruitment and inflammation resulting in enhanced Mtb 
control (8b). Created in BioRender. Altman, M. (2026) https://BioRender.com/3kkdwdd. 
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