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ABSTRACT 
 
 
 

NOVEL THERAPEUTICS, ASSOCIATED ADVERSE EFFECTS, AND CHANGES IN 

IMMUNE RESPONSES DURING PULMONARY INFECTION WITH 

MYCOBACTERIUM TUBERCULOSIS 

 

Patients diagnosed with multidrug resistant (MDR) or extensively drug resistant 

(XDR) tuberculosis (TB) have limited treatment options. The Nix-TB clinical trial 

evaluated a new 6-month regimen containing three-oral-drugs; bedaquiline (B), 

pretomanid (Pa) and linezolid (L) collectively termed as BPaL for the treatment of TB. 

This regimen achieved remarkable results as almost 90% of the participants suffering 

from MDR- or XDR-TB had favorable outcomes. Despite the extraordinary outcomes, 

many patients also developed severe adverse effects (AEs) which were associated with 

the long-term administration of the oxazolidinone protein synthesis inhibitor linezolid. 

Spectinamide 1599 (S) is also a potent protein synthesis inhibitor of Mycobacterium 

tuberculosis (Mtb) with an excellent safety profile, but which lacks oral bioavailability. In 

chapter 2, we hypothesized that inhaled spectinamide 1599, combined with BPa ––

BPaS regimen ––, has similar efficacy to that of BPaL regimen while simultaneously 

avoiding the L-associated AEs. The BPaL and BPaS regimens were compared in the 

BALB/c (permissive resistant) and C3HeB/FeJ (permissive susceptible) murine chronic 

TB efficacy models. Both regimens promoted similar bactericidal effects in lung and 

spleen of both models after 4 weeks. However, treatment with BPaL resulted in 

significant weight loss and the complete blood count suggested development of anemia. 
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These effects were not similarly observed in mice treated with BPaS. BPaL treatment 

also decreased myeloid to erythroid ratio and increased concentration of 

proinflammatory cytokines in bone marrow compared to mice receiving BPaS regimen. 

During therapy both regimens improved the lung lesion burden, reduced neutrophil and 

cytotoxic T cell counts while increased the number of B and helper and regulatory T 

cells. This combined data suggests that inhaled spectinamide 1599 combined with BPa 

is an effective TB therapy that avoids L-associated AEs.  

The granuloma formation is the pathological hallmark of TB, and several studies 

suggest that there are temporal and spatial changes in their distinct immune responses. 

These changes differ not only from one granuloma to another in a single individual but 

also depend on the severity of the disease. In chapter 3, we attempted to understand 

longitudinal changes in immune cells, their relationships, and their spatial distribution in 

granulomas of Mtb infected BALB/c and C3HeB/FeJ mouse models using a novel 

technique of multispectral imaging microscopy. Multiplex fluorescence 

immunohistochemistry (mfIHC) is unique in its ability to provide both expression and 

location of several immune cells along with their co-localization in a single tissue section 

while preserving tissue architecture and spatial context. The results showed that as the 

infection progresses, there are also dynamic changes in the immune phenotypes 

forming the granulomas and those located within the parenchymal tissue. Moreover, the 

histologically similar granulomas manifested complexity in their immune cell 

composition mainly due to the presence of adaptive immune responses. The advanced 

cellular granulomas in BALB/c TB model were mainly predominated by CD4 and CD8 T 

cells, Ly6G stained neutrophils, B220 B cells and all these were surrounded by F4/80 
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macrophages. With time post infection, there was an increased uniform recruitment of 

CD4 and Foxp3 T cells, F4/80 macrophages and Ly6G neutrophils within granulomas 

compared to parenchymal tissue where IFNγ and IL-10 secreting cells were in 

abundance. Moreover, B220 B cells and CD8 T cells also showed increased but 

heterogeneous distribution among the advancing granulomas especially B220 B cells 

formed clusters. The spatial analysis showed an increased median distance for Ly6G 

neutrophils, whereas this distance was decreased for B220 B cells when measured 

from CD4 and CD8 cells. In summary, combining the spatial and temporal data in 

addition to the mere cell counts helps to uncover interactions and relationships between 

different immune cells within the granuloma.  
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CHAPTER 1 

Literature Review 
 
 
 

Epidemiology of Tuberculosis 

Tuberculosis (TB) is one of the oldest known infectious diseases (1) but still 

today it is the 13th leading cause of death in the world while 2nd due to a single infectious 

agent after the COVID-19 pandemic (2). Approximately, one quarter of the world’s 

population is infected with Mycobacterium tuberculosis (Mtb; the causative agent of TB) 

but in most people the infection remains in a latent state and does not develop disease. 

In 2021, 10.6 million new cases of TB along with 1.4 million deaths were reported. Out 

of the new TB cases, 86% occurred within the 30 highest TB burden countries. India, 

China, Indonesia, the Philippines, Pakistan, Nigeria, Bangladesh, and South Africa are 

among the eight countries that accounted for more than two thirds of new TB cases (3).   

People of all ages are at risk of developing TB; however, this disease affects 

mainly the healthiest and most productive segment of the population (adults aged 15-49 

years) (3,4). Its epidemiological control is further complicated by the fact that over 95% 

of TB cases and deaths occur in developing countries with high disproportion of 

socioeconomic indicators. There are many factors that exacerbate this disease 

including conditions that affect the immune system, under or malnutrition (5) and use of 

alcohol and smoking among others. Risk of TB disease increases 3.3 and 1.6 times in 

people smoking tobacco and drinking alcohol respectively (3). Coinfection of Mtb with 

human immunodeficiency virus (HIV) increases by 16 (uncertainty interval: 14-18) times 

the risk of developing active TB (6). Out of the 1.4 million deaths reported in 2021, 
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nearly 187,000 people were HIV-associated TB cases. The global incidence of this co-

infection has increased from 70% (2019) to 73% (2020) and the highest HIV-associated 

TB incidence (85%) is currently found in the World Health Organization (WHO) African 

Region. Among the 10 million new cases of TB, 1.9 million are associated within the 

undernourished population and unfortunately, within this population there are 3 times 

(relative uncertainty interval 3.1 – 3.3) higher risk of developing active TB disease.   

During the last decade, the global incidence of TB has decreased steadily at 

about 2% per year, yet this decline only achieves half of the expectations of the WHO 

End TB Strategy for 2035 (2,7). The End TB Strategy is a WHO program for control of 

TB worldwide. Using as benchmark data from 2015, the End TB strategy aims by 2035 

to have reduced mortality and morbidity by 95% and 90% respectively, along with zero 

TB-affected families facing catastrophic costs due to TB. Apart from HIV infections, drug 

resistance to TB is also a contributing factor affecting control of this disease (8). Long 

treatment duration, poor drug quality, inadequate chemotherapy, history of TB 

treatment, and lack of patient compliance with the treatment accounted for the 

development of drug resistance to Mtb (9). Drug resistance develops when a patient is 

not responding to rifampicin (rifampicin resistant or RR-TB), both isoniazid and 

rifampicin (multidrug-resistant or MDR-TB), or resistant to isoniazid and rifampicin, plus 

any fluoroquinolone and at least one of the three injectables second-line drugs i.e., 

amikacin, kanamycin, or capreomycin (extensively drug-resistant or XDR-TB).  

Currently, drug resistance TB is a major global public health crisis and a health 

security threat that drives the ongoing TB epidemic and contributes to higher morbidity 

and mortality. Out of 10 million new cases of TB in 2021, 450,000 are attributed to 
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MDR- or XDR-TB (2). The treatment of MDR- and XDR-TB is complex, challenging, and 

expensive and in the best-case scenario, it can take between 18 months to more than 2 

years. From 2019 to 2020, the global burden of drug resistant TB declined by 22%, but 

due to the COVID-19 pandemic, the enrolment for treatment of MDR/RR-TB patients 

dropped by nearly 15% (from 177,100 to 150,359) meaning that only about 1 of 3 

MDR/RR-TB patients are getting treatment. This scenario makes TB disease more 

complicated to control (10). 

The incidence of newly reported TB cases in the United States has fallen steadily 

since 1993 to its lowest level ever; in 2020, the incidence was reported as  2.2/100,000 

population (a total of 7,163 TB cases) (11). This steady decline in the number of cases, 

2-3% annual decrease since 2010 – a stunning public health accomplishment- can be 

attributed to a multitude of factors that encompass not only advances in medical 

science, especially in infectious diseases research, but also in social and economic 

policies. Improvement in living standards such as increased public sanitation, 

disinfection of community drinking water, pasteurization of milk, decline in poverty, 

malnutrition, homelessness, and overcrowding collectively created a healthier 

environment leading to lower the prevalence of TB even before the advent of Golden 

Era of TB drug discovery. The advancement in medicine which includes access to the 

leading health care, extensive TB screening via skin testing and the implementation of 

effective multidrug chemotherapy further assisted to reduce the burden of this disease. 

However, after declining for nearly three decades, the number of TB cases has risen in 

the United States since 2020 due to the COVID-19 pandemic as happened worldwide. 
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A Concise History of Tuberculosis 

The origins of human tuberculosis (TB) are not yet completely understood, still it 

is believed that TB is one of the oldest known infectious diseases of humankind. It is 

hypothesized that the early progenitor of Mtb might have infected early hominids in East 

Africa about three million years ago (12–14). Based on the molecular analysis, it is 

suggested that the first infection of Mtb to humans occurred about 70,000 years ago 

during the migration of hunter-gatherers to the European subcontinent (15). Although, 

the first written documents on TB were found in India and China dating back to 3,300 

B.C., and 2,300 B.C. respectively, more recent paleopathological studies in skeletal 

remains in Heidelberg, Germany, found mycobacteria dating back to as early as 5,000 

B.C. Additional evidence was found in Egyptian mummies from 3,700 B.C. showing 

skeletal deformities typical of TB (also referred to as Pott's disease), and in Europe from 

2,500 – 1,500 B.C. (12,13,16,17).  

Until European colonization, it was believed that the Americas were free from TB 

and that TB spread with the arrival of Europeans, however Garcia-Frias in 1940 

reported that the disease was already present there. Histo-morphological, biochemical, 

and molecular biology studies revealed acid-fast positive bacilli and Mtb DNA in 

mummies (2,000 B.C. to A.D. 1,500) from Peru and skeletal remains dated to 150 B.C. 

from native Americans living in West Central Illinois and in Ohio (18,19). 

Tuberculosis has been a sporadic disease and played a minor role in human 

infectious diseases until approximately 10,000 years ago when it became endemic. Low 

population densities in the form of small isolated communal bands of hunter-gathers 

limited person-to-person interaction could not support the widespread dissemination 
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and high infection rates observed in the new world TB pandemic. Being a persistent 

pathogen, Mtb survived throughout human existence until the conditions became 

favorable for its pandemic spread. With the advent of large agrarian societies, cities, 

and ultimately, close contact between people led this “crowd” pathogen to spread, 

reaching its epidemic apex during the 18th and 19th centuries. Further, malnutrition, 

unsanitary, and poor socioeconomic settings during the industrialization era fueled TB 

epidemic and optimized the rapid transmission of an aerosolized pathogen in the form 

of an active infectious disease pathogen (15,20,21).  

After isolation of the tubercle bacilli by Robert Koch and later on with the 

discovery of BCG (Bacillus Calmette-Guérin) vaccine, followed by the antibiotic (anti-

tuberculosis drugs) era, there has been a progressive decline in high-burden of this 

disease (12). Though the global trend in the estimated TB incidence rate between 2000 

and 2019 has dropped steadily, TB is still a major worldwide public health problem. To 

eradicate this disease by the year 2035, as per the commitment of WHO for End TB 

Strategy, it is imperative that we improve drug treatment and vaccine therapeutics, 

diagnostics, and prevention strategies (2,10). 

Mycobacterium tuberculosis: The causative agent of Tuberculosis 

 Tuberculosis is caused by a bacterium that belongs to the Family 

Mycobacteriaceae and the genus Mycobacterium. While most mycobacteria are 

nonpathogenic, more than 20 mycobacterial species cause disease in humans. 

Mycobacterium tuberculosis (Mtb), among them, is the most potential causative agent of 

TB. It is a member of the Mtb complex, a cluster of closely related Mycobacterium 

species. These species are the primary cause of TB in humans and animals (22–24). 
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Their close relationship has been demonstrated using the latest techniques of gene 

sequencing, mass spectrometry and PCR (25–28). 

The Mtb is a facultative intracellular pathogen that primarily infects macrophages 

and dendritic cells (29). It is a non-spore forming, nonmotile, obligate aerobic, and 

straight or slightly curved rod-shaped bacillus of “0.2–0.6 μm by 1.0–10.0” μm. It is a 

slow growing organism with a generation time of 12-24 hours under optimal conditions 

(24,29,30). This organism possesses an extremely complex cell envelope made of 60% 

of lipids, primarily of long chain mycolic acids. The high lipid content of the cell envelope 

of Mtb prevents penetration of dyes and accordingly defines its classification as gram 

positive or negative bacterium. Furthermore, this thick layer of lipids also hinders 

penetration of antimicrobials as well as effective interaction with the host immune 

system, therefore, the thick wall of Mtb plays an important role in pathogenesis. 

Moreover, within the host cell, Mtb can shut down its metabolic and replicative states 

and is capable of surviving under harsh conditions of extreme pH and anaerobic 

conditions; all together allowing this bacillus to remain dormant and to survive 

intracellularly for decades. More importantly, when inside the host macrophages and 

surviving in a dormant state for decades, this bacillus retains its capacity to resume 

growth. At this stage, the host may become infectious and develop clinical symptoms; 

also referred as active TB disease (21,31–33). Altogether, this bacillus is an 

extraordinarily difficult pathogen to protect against and it has survived successfully for 

thousands of years among the human population.   
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Tuberculosis transmission and its Pathophysiology 

Tuberculosis in humans is caused by Mycobacterium tuberculosis (Mtb) which 

mainly affects the lungs (pulmonary TB), however, under certain circumstances Mtb can 

disseminate to and infect other body organs (extra pulmonary TB). Although one third of 

the world population is infected with Mtb, the majority (90%) do not show clinical 

symptoms and are non-infectious. In the clinics, this stage of infection is referred to as 

latent TB (LTB). It is estimated that only 10% of the LTB population is at risk of 

developing active TB (ATB) disease. The LTB population progresses to ATB when it 

becomes immunocompromised, old aged, suffer from stress, when infected with HIV, or 

in response to immunosuppressive drug treatment (10). 

The pathogenesis of TB is a complicated process that involves a complex 

interaction between the host immune system and bacterial virulence factors. A healthy 

individual can be infected by uptaking Mtb via inhalation, ingestion, damaged skin, or 

mucous membranes (34) but inhalation is generally the most common route of infection 

(29,35). Primary infection occurs when a patient with ATB coughs and creates aerosols 

of aqueous droplets containing virulent bacilli that in turn are inhaled by a nearby 

healthy individual. Usually, the aerosolized aqueous droplets are between 1-5 µm in 

diameter and contain one or few infectious bacilli (36). Perhaps, only a single bacillus is 

capable of transmitting infection in susceptible individuals, but repeated exposure is 

most often required to develop infection in less susceptible individuals. The confirmation 

of infection in an individual is associated with detectable cell-mediated immunity. Upon 

inhalation, this organism can reach deep in the terminal lung airways, alveoli, bypassing 

the innate lung physiological barriers, where it can persist in the extracellular matrix and 
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inside the cells. In the highly aerated environment of the lungs, the first immune cells to 

encounter this organism are the alveolar macrophages (AM). These cells have the  

capacity to phagocytose Mtb and to form a phagosome (37). In most instances, the 

phagosome fuses with a lysosome to produce a phagolysosome. The latter provides the 

infected cells with an armamentarium of hydrolytic enzymes capable of killing bacterial 

pathogens by interfering with their metabolic pathways. As discussed above, however, 

Mtb has evolved special mechanisms to hijack the macrophage defense systems and 

among those, in many instances this bacillus can avoid phagosome-lysosome fusion 

and it can create its own primary cellular niche within macrophages. Within the 

phagosome, the bacillus can survive intracellularly for long periods of time; a state that 

clinically is referred to as LTB infection (34,38,39). In the initial stage of TB 

development, Mtb-laden macrophages and dendritic cells may be transported across 

the alveolar barrier through lymphatics and vasculatures to almost any organ of the 

body and infect them (extrapulmonary TB). 

Failure to contain bacterial replication by the immune system facilitates the 

escape of Mtb into the extracellular milieu. In this environment the bacillus can actively  

replicate and can secrete proteins and lipids that interact with host’s cells (23,40). 

These host-bacterial interactions activate recruitment to the site of infection of immune 

cells which organize to form a wall that surround the infected cells and develop into a 

lesion called tuberculous granuloma. The granuloma is the hallmark pathological 

structure of TB (41).  Especially in advance disease states, the histopathological 

examination of human lungs manifests a dynamic and diverse spectrum of TB lesions 

(12,14,37,44) ranging from non-capsulated, pulmonary cellular granulomas containing 
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immune cell aggregates to the highly organized necrotic encapsulated granulomas with 

caseous material with or without a cavity (45,46). Even within a single individual, 

infection can result in histomorphologically distinct granulomas where each progresses 

independently of others based on their immune microenvironments (IME) (44). A study 

by Kaplan et al. revealed heterogeneous morphology, cell composition and distribution 

of acid-fast bacilli (AFB) in human patients (47). Histologically the structure of a 

granuloma consists mainly of macrophages, polymorphonuclear neutrophils (PMNs), 

highly differentiated cells such as multinucleated giant cells, epithelioid cells and foamy 

cells, all these cells being interspaced or surrounded by a rim of lymphocytes (48). The 

granulomatous necrotic area is mostly acellular which may contain caseum and be 

surrounded by a fibrotic tissue layer. AFB can be observed in foamy macrophages and 

in large quantities at the luminal surface of a cavity (47).   

Despite decades of research, the role of the granuloma is not clear (49) and 

traditionally, it is thought to be host-protective in nature by limiting the infection into a 

confined area (50) but studies from animal models revealed that it can provide a niche 

in which Mtb can proliferate. This dual but opposite role of the granuloma suggest there 

are distinctly diverse IME for each granuloma (51). As infection progresses in time, the 

granuloma increases in size, and varies in cellular composition.  

Animal Models of Tuberculosis 

Since the identification of Mtb as a presumable causative agent of TB and to 

demonstrate his famous postulates, Robert Koch chose the mouse, guinea pig and 

others species as  “animal models” (102–104). The Koch’s postulates established that 

an infectious agent must 1) be present in every case of a disease, 2) but absent when 
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there is no disease, 3) be isolated and grow in a pure culture and, 4) be able to cause 

disease upon reinoculation in an experimental animal model (102,105). Nowadays, the 

extreme urgency for development of new drug therapies and vaccines justifies the use 

of animal models because in vitro models cannot recapitulate the complex immune and 

physiological phenomena occurring in vivo. Yet no animal model is capable of 

recapitulating the entire pathological aspects of human TB (103,106,107). A lot of 

determinants are involved in choosing the most suitable animal model e.g. goals of the 

study, how well the animal model recapitulates features of infection and disease (e.g. 

pathogenesis, immunity) in humans, therapeutic aspects (drug and vaccine efficacy), 

cost and availability of reagents and of course, size of the animals and ethical 

regulations. Today, the animal models most frequently used in TB studies are the 

mouse, guinea pig, rabbit, and the nonhuman primates (NHP) (103,108,109), though 

each model has advantages and disadvantages, altogether they help in advancing TB 

research. Specialized laboratory facilities of biosafety levels (BSL-3), approval of 

protocols from critical supervising committees and agencies (e.g., Institutional Animal 

Care and Use Committee, Office of Laboratory Animal Welfare, etc.), well trained 

personnel to collect relevant, clear, and translatable data and to treat animals humanely 

and the availability of reagents for experiments are the main prerequisites for working 

with animal models.  

Mouse Models 

 Mice are used as TB animal model because of their availability in a wide variety 

of inbred, outbred, transgenic and genetically deficient mouse strains, and, of course, 

because of their small size, easy handling and their cost-effectiveness (104,110,111). 
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For this dissertation, BALB/c and C3HeB/FeJ mouse models have been chosen for 

several reasons explained below.  

BALB/c Mouse Model  

BALB/c mice are frequently used as a preclinical animal model for TB studies. 

After a low-dose aerosol (LDA) infection with Mtb (50-100 CFU per lung), these mice 

develop several uniform pulmonary granulomas that are non-necrotic and non-

capsulated (37,111) where the bacilli are present. The granuloma lesions in BALB/c 

mice are composed primarily of epithelioid macrophages, lymphocytes and small 

number of neutrophils (112,113). These mice have decreased inter-mouse variability 

and therefore provide enhanced power of experimental statistics. Furthermore, the 

bacilli are located mostly intracellularly within macrophages in granulomas. The BALB/c 

TB model while assessing the efficacy of the drug for bacilli within an intracellular 

environment, it lacks extracellular bacilli, necrotic and encapsulating granulomas and 

therefore it could bias and potentially overestimate the effect of the drug under study 

(114–118).  

C3HeB/FeJ Mouse Model 

 C3HeB/FeJ mice are highly susceptible to Mtb infection. The susceptibility and 

early death of C3HeB/FeJ mice to Mtb infection is attributed to the Intracellular 

Pathogen Resistance 1 (Ipr1) gene present on chromosome 1 locus, sst1 (super-

susceptibility to tuberculosis 1). The Ipr1 gene is an important mediator of innate 

immunity which promotes the activation of macrophages against intracellular pathogens 

and, therefore, is involved in the control of macrophage stress responses. It switches 
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cell death pathway of the infected macrophages from necrosis to a well-known highly 

controlled form of suicide, apoptosis (119–121). Studies on characterization of the 

sst1/Ipr1-mediated pathway in macrophages show that Ipr1 loss of function makes sst1 

macrophages of C3HeB/FeJ mice more susceptible to rapid TB progression and death 

by necrosis upon infection with Mtb (120). 

C3HeB/FeJ mice, unlike BALB/c, develop advanced lung pathology with virulent 

Mtb (35). Following a low dose aerosol (LDA) infection, these mice develop 

heterogenous pulmonary granulomas; some are similar to those seen in BALB/c mice 

while other granulomas are highly organized encapsulated caseous necrotic lesions that 

resemble the necrotic granulomas present in some human patients with active TB (37).  

Within the necrotic core of the granulomas, the majority of the bacilli remain 

extracellular and among necrotic cell debris (115,122,123). The necrotic core is 

surrounded by a rim of foamy cells laden with intracellular bacilli. The development of 

these granulomas depends on their respective local immune and inflammatory 

microenvironment (44). Based on the leading work by Dr. Igor Kramnik in describing 

and adopting these mice for TB research, C3HeB/FeJ mice are also referred to as the 

Kramnik mouse model (124). 

Following 2-3 weeks post LDA infection, C3HeB/FeJ mice develop small foci of 

inflammation (early granulomas) composed primarily of myeloid cells especially 

macrophages and neutrophils. After 3-5 weeks, these mice develop three distinct types 

of granulomas classified as  Type I, Type II and Type III lesions (123). Briefly, the Type I 

lesions are highly organized, solid, fibrous, encapsulated caseous necrotic granulomas 

very similar to those found in some active cases of human TB. They can be seen as 
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early as 5 weeks post LDA infection and mainly composed of central accumulation of 

foamy macrophages and neutrophils along with peripherally located collections of 

epithelioid macrophages and lymphocytes. During 7-10 weeks of infection, these 

lesions progress to a highly organized architecture in which the central core of 

granuloma becomes a hypoxic microenvironment (115,125) with neutral pH (126) and 

filled with densely packed neutrophils and necrotic debris. The interior of the core is 

surrounded by a rim of foamy macrophages encapsulated with fibrous tissue while the 

outer zone has fibroblasts and epithelioid cells intermixed with activated macrophages 

and lymphocytes in the surroundings (123). Previous studies (125) showed that these 

mice develop cavities in lung granulomas at 8-14 weeks post infection. To understand 

cavitation of lesions, some studies infected these mice with different strains of Mtb and 

found that the rate of cavity formation was influenced by the Mtb strain used. 

Type II lesions appear after 3 weeks of LDA infection as small clusters of 

granulocytes and epithelioid macrophages. Like type I granuloma, type II is primarily 

composed of neutrophils with few lymphocytes but lack fibrotic and collagen structure. 

When they appear in the infected animals, type II granulomas grow rapidly between 5-7 

weeks and soon many small granulomas consolidate and occupy a large area, 

sometimes the whole lobe. In the later stages, these lesions appear as 

polymorphonuclear alveolitis similar to some outcomes also found in humans (127) and 

show various stages of central caseous necrosis. Histological inspection reveals the 

presence of a considerable number of extracellular bacteria in these lesions (123). 

Animals developing Type II granulomas have poor survival outcomes and succumb to 

infection between 4-7 weeks post infection. 
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Type III lesions are mainly cellular inflammatory granulomas and primarily 

composed of epithelioid and foamy macrophages and a large number of lymphocytes 

present as aggregates or dispersed throughout the lesion. However, unlike type I and II, 

type III granulomas do not contain caseous necrosis and possess a rather small number 

of neutrophils where bacilli are mainly located inside the macrophages (123). 

The Mtb infection progresses rapidly in C3HeB/FeJ mice, and their pulmonary 

bacterial load measured as colony forming unit (CFU) reaches 7 log10 CFU at day 30 

following LDA infection with the Erdman strain. Compared to BALB/c which show 

substantially less CFU (6 log10) at day 40, the mortality rate is also high in these mice 

ranging from 10-40% between 28 to 45 days post-infection. However, the surviving mice 

live an additional 14 weeks with minimum mortality (123). 

Drug Therapy in Tuberculosis 

Treatment for DS-TB patients 

 In 1944, two antibiotics, streptomycin and para-amino salicylic acid (PAS) were 

used for first time in the treatment of TB (130). Between 1952 and 1970, referred to as 

the Golden Era of TB drug discovery, another four drugs were introduced as standard 

therapy to cure TB. The four drugs are isoniazid (H), rifampicin (R), ethambutol (E) and 

pyrazinamide (Z) and the combined regimen is collectively known as HREZ. This 

regimen is still used today to cure drug sensitive TB (DS-TB). The HREZ regimen, 

recommended by Center for Disease Control (CDC), is also known as the first-line anti-

TB drugs or standard TB chemotherapy in which each drug has its unique role (131). 

The standard TB chemotherapy consists of an intensive phase of 2-months with HREZ 
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followed by a continuation phase of 4-months with isoniazid and rifampicin. This 6-9 

month regimen transformed TB from a potentially deadly disease to a curable disease, 

however, this standard regimen remains far from optimal due to the development of Mtb 

resistance (132). 

Isoniazid, a prodrug, also known as isonicotinic acid hydrazide (INH), has been 

the most important potent bactericidal drug in TB standard chemotherapy since 1952. It 

kills about 95% of bacilli during the first two days of treatment. This prodrug is activated 

by the catalase-peroxidase katG enzyme of Mtb. The active INH compound acts on 

bacterial cell wall synthesis by hindering its mycolic acid synthesis via inhA enzyme 

(133). Mutation in katG and inhA genes are the two main molecular mechanisms of 

resistance to INH in Mtb (134,135). 

Rifampicin (RIF) has remained the most important drug for the treatment of TB 

since 1965 for its bactericidal properties and ability to reduce treatment duration. This 

drug is a protein synthesis inhibitor that forms a drug-enzyme complex by binding to β-

subunit of bacterial RNA polymerase leading to the suppression of RNA synthesis and, 

ultimately, cell death (134). Many studies showed the sterilizing activity of RIF in 

combination with INH in mice (136). Resistance to RIF by mutation in the rpoB gene 

that codes for the β-subunit. This mutation leads to conformational changes in the RNA 

polymerase and decreases its affinity for the drug (134,135).   

Ethambutol (EMB) is a synthetic compound used against Mtb since 1960s (137). 

It is a bacteriostatic drug that damages Mtb cell wall by interfering with the biosynthesis 

of arabinogalactan (134,138). Studies show the synergy of EMB with other anti-TB 
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drugs like INH (138) and RIF (139). The well recognized mechanism associated with the 

resistance to EMB is mutations in the embB gene (134,135,140,141).   

Pyrazinamide (PZA) has been a critical frontline drug against Mtb since 1952 

(134). It is a prodrug that is converted to its active form pyrazinoic acid by 

pyrazinamidase enzyme present in Mtb. The antimycobacterial activity of pyrazinoic 

acid is unclear but it may inhibit mycolic acid biosynthesis by inactivating fatty acid 

synthase, a key enzyme in fatty acid synthesis, and therefore it disrupts bacterial cell 

wall function (135). PZA like RIF is unique in reducing the treatment duration from 

previously 9-12 months to 6 months  (142,143). Mutation in the pncA gene encoding 

pyrazinamidase is characterized as the most common type of resistance against PZA 

(134,135,142,143).  

In the early therapeutic history of TB, the HREZ regimen performed very well and 

was able to shorten the lengthy treatment duration to 6-9 months. However, improper 

administration of HREZ or noncompliance with this lengthy treatment have resulted in 

development of drug-resistant-TB (DR-TB) and current treatment failures in patients 

with active DR-TB are fueling the dissemination of Mtb drug-resistant (DR) strains.  

Treatment for DR-TB patients 

 DR-TB is further classified as RR-TB, MDR-TB and XDR-TB. The long duration 

and complexity of the treatment results in a high healthcare cost and remains a public 

health crisis (144). Despite administration of very long therapies with critical associated 

side effects, the outcomes in MDR- and XDR-TB patients are extremely poor, and these 

patients have limited treatment options. To address the urgent need of developing a 
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highly efficacious multidrug regimen for MDR- and XDR-TB treatment, the TB Alliance 

and other research organizations are searching for new multidrug regimens that are 

tested as a unit using in vitro and in vivo models. Following this approach, a number of 

promising new TB regimens are being evaluated in clinical trials. One of the promising 

combinations is the Nix-TB regimen.  

The Novel Nix-TB Regimen for MDR- and XDR-TB patients 

The Nix-TB regimen is a 6-month novel treatment protocol of 3 oral drugs: 

bedaquiline (B), pretomanid (Pa) and linezolid (L). This multidrug combination is 

referred to as the BPaL or Nix-TB regimen (145) because it was first tested in the Nix-

TB trial conducted in South Africa. This regimen was a breakthrough cure for patients 

with XDR-TB or MDR-TB who failed or were intolerant of prior therapy including HIV 

positive patients with a CD4 count of 50 or higher  (146). The Nix-TB regimen in animal 

models demonstrated better efficacy for drug susceptible TB compared to the standard 

TB chemotherapy (147–151). In this regimen, each drug has potent preclinical and 

clinical anti-TB activity with minimal pre-existing resistance. 

Bedaquiline (B) is a novel compound approved by the United States FDA in 2012 

to cure pulmonary MDR- and XDR-TB in combination with other anti-TB drugs (152) 

though it is also effective against DS-TB (153). This drug inhibits the proton transfer of 

bacterial ATP synthase enzyme by binding to its subunit c and has demonstrated 

bactericidal effect. This binding is highly specific to the ATP synthase enzyme of Mtb 

and therefore, it is unlikely to produce target-based toxicity in the host cells (154). 

Compared to conventional TB regimes, in mice B alone or in combination with other TB 

drugs (INH, PZA, clofazimine) have improved the treatment outcome by 30% (155). B is 
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equally effective against replicating and nonreplicating Mtb and both INH- and RR Mtb 

strains (135). A recent study on the cost-effectiveness analysis showed that addition of 

B to MDR-TB regimen improves health outcomes and reduces costs in high TB burden 

countries (156). However, the use of B is associated with several safety concerns in 

patients including increased mortality and heart- and liver-related adverse reactions 

(10,151). 

Pretomanid (Pa), an interesting prodrug with anti-TB activity, belongs to 

nitroimidazole and blocks Mtb cell wall production by inhibiting mycolic acid biosynthesis 

(146,157). Its anti-TB activity works against both actively replicating and hypoxic non-

replicating (persistent) Mtb. The novel mechanism of this drug includes the generation 

of reactive nitrogen species such as nitric oxide (NO) that functions as a “suicide bomb”. 

NO either directly damages the bacterial DNA or inhibits the energy metabolism by 

blocking the ATP synthase enzyme thus causing anaerobic killing (157). Pa was 

recently approved by the US FDA as an anti-TB drug as part of a combination regimen 

with B and linezolid for the treatment of pulmonary MDR- and XDR-TB (146). 

Linezolid (L) is a synthetic drug that belongs to the oxazolidinone class of drugs 

and binds to a site on the bacterial 23S ribosomal RNA of the 50S subunit. The unique 

mechanism of binding of this drug prevents the formation of 70S ribosomal unit and 

therefore results in inhibition of protein synthesis (135,158,159). L was recently 

approved for treatment of MDR-TB and XDR-TB (160).   

Collectively, the three drugs in BPaL regimen showed the remarkable outcomes 

(90% effectiveness for 6 months of treatment) of curing XDR- and treatment intolerant 

MDR-TB patients, but many side effects were observed in the clinical trial. Among the 
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BPaL regimen, the long-term administration of L is responsible for myelosuppression 

(48%), peripheral neuropathy and optic neuritis (81%) and anemia (37%) (161). To 

avoid and understand these toxicities, several studies have evaluated dose 

modifications of L within the BPaL regimen (146,162). Along with the adverse effects 

(AEs) noted, L has also been reported in many studies for its resistance against Mtb 

(163,164). Therefore, based on these observations, researchers are working to modify 

the BPaL regimen to improve its efficacy against DR-TB and minimize its AEs. 

A follow-up trial, the ZeNix, was aimed to adjust the BPaL regimen for L doses 

and duration for patients in South Africa, Russia, Georgia and Moldova. This trial also 

had remarkable results; it cured 84-91% patients (9 to 26 weeks therapy respectively) 

and resulted in fewer AEs than those observed in the Nix-TB trial along with fewer 

treatment interruptions or discontinuations (162). Other trials such as the TB-

PRACTECAL clinical trial showed promising results with the addition of moxifloxacin 

(BPaLM) and clofazimine (BPaLC) to the BPaL regimen (165). Therefore, in 2019 the 

approval of BPaL regimen by the United States Food and Drug Administration that is 

affective against highly DR-TB patients (146) was one of the steps taken towards 

achieving WHO goal to end TB and spread of drug resistance. 

Current Guidelines of WHO on DR-TB Treatment 

 WHO categorized the drugs to be used for DR-TB treatment into three groups. 

Group A contains fluoroquinolone (levofloxacin or moxifloxacin), bedaquiline, and 

linezolid while Group B encompasses clofazimine, and cycloserine or terizidone and 

Group C consists of ethambutol, delamanid, pyrazinamide, imipenem/cilastatin or 

meropenem, amikacin or streptomycin, ethionamide or prothionamide and para-
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aminosalicylic acid (166,167). According to the guidelines released in 2020, WHO 

prefers all-oral drugs for DR-TB treatment based on the drug susceptibility test and the 

treatment history of patients. An 18-month treatment consists of two phases; a 6-month 

intensive phase comprised of four TB drugs three of which belong to Group A and at 

least one from Group B. However, if a four-drug regimen cannot be achieved with drugs 

from Group A and B, the agents from Group C will be considered for this formation. The 

continuation phase follows the remaining treatment duration with a total of at least three 

drugs except bedaquiline and this phase may be modified according to the treatment 

response.  

 In December 2022, WHO updated the guidelines which contain recommendations 

on treatment of MDR/RR-TB. The novelty of updated guidelines was the addition of two 

new multidrug regimens. (1) A 6-month BPaL regimen which may be used with 

moxifloxacin (BPaLM) or without in case of documented resistance to fluoroquinolones 

(in patients with pre-XDR-TB). (2) A 9-month all-oral bedaquiline-containing regimen for 

patients in whom resistance to fluoroquinolones has been excluded but who are not 

eligible for BPaLM. This treatment approach consists of two phases; the intensive phase 

which utilizes a combination of bedaquiline with fluoroquinolone, ethionamide (or linezolid 

at the dosage of 600 mg daily), ethambutol, high-dose isoniazid, pyrazinamide and 

clofazimine, followed by a continuation phase comprises of fluoroquinolone, clofazimine, 

ethambutol, and pyrazinamide. The longer (18-month) treatments, as above, remain a 

valid option in all cases in which shorter regimens cannot be implemented due to 

intolerance, drug-drug interactions, XDR-TB, extensive forms of extrapulmonary TB, or 

previous treatment failure. 
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Routes of Drug Administration in Tuberculosis 

Different routes of administration provide varying concentrations of drugs at 

target sites in the body. Ideally a drug should penetrate to the target site at therapeutic 

concentration for activity without causing toxicity. Systemic toxicities are frequently 

observed with parental and oral drugs and may lead to side effects and lack of patient 

compliance with the treatment (168). 

Inhalational Route 

Inhalation or direct administration of aerosolized antibiotics in Mtb infected lungs, 

the main site of Mtb infection, has recently gained attention (169). This promising route 

of delivery provides high local concentration of drug with lower systemic exposures than 

oral or injection administration and as a result can reduce systemic toxicity (170,171).  

Spectinamides are semisynthetic analog of spectinomycin with potent anti-

tubercular activity due to their ability to avoid drug efflux by Rv1258c transporters 

present on the surface of Mtb (172,173). Spectinamides are active under hypoxic 

conditions and have shown excellent activity against MDR- and XDR-TB (155,174). One 

of the lead compounds, spectinamide 1599 (1599) has demonstrated promising results 

both in vitro and in vivo studies with lack of cross-resistant with existing TB drugs. 

Having poor oral bioavailability, 1599 has to be administered via parenteral route 

(154,155,174). 

Spectinamide 1599 shows synergism when combined with classical and non-

classical TB drugs. In vitro, it shows efficacy with clarithromycin, doxycycline, and 

clindamycin (154). Co-administration of 1599 in different mouse models shows 
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synergistic activity with most of the first-line TB drugs e.g. RIF and PZA or BDQ and 

PZA [202] and clarithromycin (154). Despite the efficacious results, one of the 

limitations of using 1599 as injectable is risk of lack of patient compliance with the long 

treatment duration. However, due to its hydrophilic nature, 1599 can be delivered 

directly to the lungs (intrapulmonary IPA) as “inhalational therapy” with high efficacy 

when combined with other frontline TB drugs (128,172,175). A comparative study of 

drug administration routes demonstrated that 1599 has 48 times higher exposure in 

mouse lungs by inhalation than subcutaneous injection and it could be the reason for 

increased efficacy of this drug when administered via inhalation (128,175). Moreover, 

like other members within the aminocyclitol group (tobramycin and amikacin) also used 

as inhalation therapy, 1599 shows a great potential to be used as dry powder inhalation 

therapy (176).  

Future Perspective of Tuberculosis Chemotherapy 

Over the last two decades of intensified research, there has been tremendous 

progress in DR-TB treatment. However, the recent pandemic of COVID-19 has caused 

disruptions across the TB health care system by posing challenges in diagnosis, 

appropriate treatment and reporting of such patients through national disease 

surveillance systems, altogether leading to an increase in TB cases globally. The 

collaborative efforts from academia, pharmaceutical industry and non-profit 

organizations have led to the approval of new promising anti-TB drugs such as 

bedaquiline and pretomanid. Moreover, improvement management of toxicities and 

adverse effects and the development of shorted regimens using all-oral drug regimens 

have improved the outcomes and retention of DR-TB patients in TB care. The BPaL and 
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BPaLM regimens are the first ever 6-month all-oral treatment for MDR/XDR-TB patients. 

Many other studies, including the study discussed in chapter 2 of this thesis are 

underway aiming to develop short-course, injection-free, low pill burden regimes with 

reduced toxicity that are more efficacious in sterilizing Mtb and, ultimately, avoiding 

relapse. Regardless of these developments, some uncertainties remain and therefore 

must be considered while progressing forward. Drug resistance may emerge to the new 

drugs suggesting that the use of new core drugs such as bedaquiline and pretomanid 

must be used based on the defined recommendation and within defined regimens to 

prevent further resistance acquisition. Research on the growing pipeline for anti-TB drug 

candidates should result in the development of new promising agents. While rapid and 

proficient diagnostic approaches are essential to offer improved clinical outcomes to the 

patients, treatment should be based on drug susceptibility testing and treatment history 

of the patients. Markers for progression of latent TB to the active pulmonary form and 

markers for drug response and prediction of relapse, along with animal models capable 

of assessing treatment shortening potential of new regimens in the clinics are required. 
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CHAPTER 2 

Preclinical in vivo Assessment of Replacing Linezolid with Spectinamide 1599 in 

the Nix-TB Regimen 

 
 
 

Introduction 

Human tuberculosis (TB) is caused by Mycobacterium tuberculosis (Mtb) (1,2). 

TB is a curable disease; however, it requires long-term multi drug chemotherapy. The 

standard TB chemotherapy comprises of four anti-TB drugs such as isoniazid (INH), 

rifampicin (RIF), ethambutol (EMB) and pyrazinamide (PZA). These drugs are used for 

the treatment of drug-susceptible TB (DS-TB) which requires a treatment course of ~6-9 

months (3,4). Lack of patient compliance, substandard quality of antibiotics, difficult 

management of multidrug therapies and malnutrition are the major factors contributing 

to the development of drug resistance against TB (5,6). Drug resistance in TB patients 

is clinically attributed to patients that do not respond to RIF (RIF resistant or RR-TB) or 

to both drugs, RIF and INH (multidrug-resistant or MDR-TB). When patients are already 

MDR and do not respond also to any fluoroquinolone and at least to one of the three 

injectables second-line drugs i.e., amikacin, kanamycin, or capreomycin, they are 

clinically diagnosed as extensively drug-resistant or XDR-TB. 

In 2021, there were 10.6 million new cases of TB diagnosed and among those, 

450,000 cases were also diagnosed as MDR- or XDR-TB. MDR- and XDR-TB takes 

several months to more than 2 years of multidrug therapy with limited treatment options 

(7). The long treatment duration and complexity of these regimens result in a high 
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healthcare cost and thus the treatment of MDR-TB remains a public health crisis (8). In 

addition to problems associated with the length, cost, and intensity of treatment, the 

outcomes are extremely poor, especially in MDR- and XDR-TB (9). In this scenario, the 

World Health Organization (WHO) proposed the End TB Strategy. Using the 2015 data 

as a benchmark, this program aims to control TB worldwide by 2035. The latter will be 

achieved by reducing mortality and morbidity by 95% and 90% respectively, along with 

zero TB-affected families facing catastrophic costs due to TB.  

More recently, the United States Food and Drug Administration (FDA) approved 

a 6-month novel treatment regimen of 3 oral drugs: bedaquiline (B), pretomanid (Pa) 

and linezolid (L) referred to as BPaL regimen. In this regimen, each drug has potent 

preclinical and clinical anti-TB activity with minimal pre-existing resistance. Preclinical 

studies in animal models demonstrated the better efficacy of BPaL regimen for DS-TB 

compared to the standard TB chemotherapy (8,10,11). The BPaL regimen was tested in 

the Nix-TB clinical trial (12) conducted in South Africa. The trial enrolled patients with 

XDR-TB as well as treatment-intolerant or non-responsive MDR-TB, including HIV 

positive patients with a CD4 count of 50 or higher were enrolled. The treatment regimen 

showed remarkable results by curing 95 out of 107 patients though it had a high rate of 

adverse effects (AEs). A follow up trial, the ZeNix (13), designed to fine-tune linezolid 

doses was conducted in South Africa, Russia, Georgia, and Moldova and this trial 

enrolled 181 patients (including 20% HIV+) with drug resistant TB. The ZeNix resulted in 

a high success rate like Nix-TB trial and had fewer AEs. Therefore, approval of the 

BPaL regimen was one of the steps taken towards achieving WHO goal to end TB and 

spread of drug resistance. 
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Bedaquiline (B) is a novel anti-TB drug recommended by WHO for the treatment 

of MDR- and XDR-TB (14). This is the only anti-TB drug that binds to the subunit c of 

ATP synthase enzyme and thereby targets the energy metabolism of Mtb (15). It has 

significant minimum inhibitory concentrations (MICs) both against DS-TB and drug-

resistant TB in combination with other TB drugs (14) and it is equally effective against 

replicating and nonreplicating Mtb and against both INH- and rifampicin-resistant Mtb 

strains (16). Some studies have reported that B also activates host macrophage innate 

immune resistance to Mtb infection (17,18). B alone or in combination with other anti-TB 

drugs such as PZA, moxifloxacin and clofazimine improves the efficacy of treatment in 

murine models when compared to the standard TB chemotherapy (19,20). A study on 

the cost-effectiveness analysis in selected high TB burden countries showed that 

addition of B to MDR-TB regimen improves the health outcomes and reduces cost (21). 

It is pertinent to mention as well that in some patients, administration of B is associated 

with several safety concerns including heart- and liver-related drug reactions leading, in 

few instances, to death (15).  

Pretomanid (Pa) is a prodrug which is metabolically activated by Mtb 

nitroreductase enzyme. The active form of Pa acts against both replicating and hypoxic, 

and non-replicating Mtb by its two unique mechanisms of action (22–24). In aerobic 

state, Pa blocks Mtb cell wall production by inhibiting protein and lipid synthesis by a 

mechanism which decreases the availability of keto mycolic acids (25). While in 

anaerobic conditions, the therapeutic action of Pa against Mtb is to produce nitric oxide 

(NO) and it functions as  “suicide bomb", by inhibiting cytochrome c oxidase that leads 

to a significant reduction in ATP concentrations in the cell (23,25). Based on the 
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promising published data, Pa was recently approved by WHO for the treatment of drug 

resistant TB in combination with B and linezolid. The AEs data of Pa is still incomplete 

but the most common effects reported in trails include gastrointestinal, dermatological 

and musculoskeletal events along with consistent reversible increase in serum 

creatinine and transient liver enzyme elevation (26–28).  

Linezolid (L) is a synthetic antibiotic that belongs to the oxazolidinone group and 

functions as a protein synthesis inhibitor. This drug binds to a site on bacterial 23S 

ribosomal RNA of 50S subunit and thereby prevents the formation of 70S ribosomal unit 

(29,30). L is a protein inhibitor in prokaryotic cells, but it also binds to mitochondrial 

ribosomes, leading to mitochondrial protein inhibition and mitochondrial toxicity. The 

later results in activation of the Nlrp3 inflammasome and in vivo inflammatory response 

associated with suppression of bone marrow myeloid precursors, which is consistent 

with the hematologic anomalies seen in patients (31–33). It was recently categorized as 

Group A drug by WHO for the treatment of MDR-TB and XDR-TB (34). L associated 

AEs encompasses bone marrow myelosuppression, anemia, peripheral and optic 

neuropathy leading to disability and blindness often of irreversible nature (33,35).  

Spectinomycin, an aminocyclitol antibiotic, is a broad spectrum antibiotic used 

mainly for treatment of Nisseria gonorrhoeae (36). Although the efficacy of 

spectinomycin against Mtb is poor due to the efflux of drug by Rv1258c transporters 

present on the surface of Mtb, it has a high safety profile with no known ototoxicity and 

nephrotoxicity (37,38). The poor activity of spectinomycin against Mtb was 

compensated for by its structural modification leading to the development of a series of 

semisynthetic analogues called spectinamides (2,39). Spectinamides potent anti-
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tubercular activity is attributed to its ability to evade the drug efflux and unlike 

spectinomycin, they bind selectively with bacterial 30S ribosomes (helix 34 of 16S 

rRNA) but not with the mammalian mitochondrial 30S (40,41). Moreover, spectinamides 

are active under hypoxic conditions and have shown excellent activity against MDR- 

and XDR-TB in in vitro models (19,42). However, poor oral availability of spectinamides 

has limited its usage to injectables. 

Spectinamide 1599 (S), one of the lead compounds, has demonstrated promising 

results both in vitro and in vivo studies and it lacks cross-resistance with existing anti-TB 

drugs (19,40–44). Moreover, S shows synergy when combined with classical and non-

classical tuberculosis drugs. One study (41) showed in vitro synergy of S with 

clarithromycin, doxycycline and clindamycin and in vivo with clarithromycin. Co-

administration of S subcutaneously (SC) in different mouse models shows synergistic 

activity with most of the anti-TB drugs such as RIF, PZA, B and P (19).  

Inhalation or direct administration of aerosolized antibiotics to the lung, main site 

of Mtb infection, has being studied for decades as an alternative to systemic drug 

administration. Despite the efficacious results, one of the limitations of using S as 

injectable is the risk of lack of patient compliance with long duration of TB treatment 

(45). Direct administration of S has been tested in preclinical in vivo studies using liquid 

formulation of the drug. These studies have shown that monotherapy of S or 

combination with PZA have high efficacy and good tolerability (46,47). A comparative 

study assessing biodistribution of the drug in relation to the administration route 

demonstrated that S has 48 times higher exposure in mouse lungs via inhalation than 

by subcutaneous injection; the latter may explain the increased efficacy of this drug via 
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intrapulmonary aerosol (43,47). Moreover, like other members of aminocyclitol group 

(tobramycin and amikacin) administered as inhalation therapy (48), S shows potential to 

be used as a dry powder inhalation therapy (48). Therefore, in this study, we propose to 

replace L in the BPaL regimen with S as BPaS regimen.  We hypothesize that 

inhalational administration of S if combined with BPa (BPaS regimen) has higher or 

similar efficacy than the BPaL regimen. Furthermore, the BPaS regimen avoids the 

adverse effects observed during administration of the BPaL regimen.   

 

Materials and Methods 

Mice and Mtb infection 

Female C3HeB/FeJ and BALB/c mice at 6-8 weeks of age were purchased from 

the Jackson Laboratories (Bar Harbor, ME). Before infection, mice were rested for at 

least one week inside the BSL3 laboratory at Colorado State University (CSU). All 

protocols and use of these animals were reviewed and approved by the Institutional 

Animal Care and Use Committee (IACUC) at CSU. Mycobacterium tuberculosis (Mtb) 

Erdman strain was used to infect the animals. Briefly, animals were infected using a low 

dose aerosol (LDA) infection of Mtb (ATCC 35801) using the inhalation exposure 

system (Glas-Col, Terre Haute, IN). The nebulizer attached to the Glass- Col chamber 

was loaded with five mL of an inoculum solution (2x106 colony forming units (CFU)/mL) 

and the Glass-Col unit was calibrated to deliver ~50-100 CFU to the lungs of each 

mouse located inside the chamber. To confirm the bacterial deposition into the lungs, 

mice (n=5) were euthanized after infection and their lung homogenates were plated onto 

7H11 agar plates followed by incubation at 37 °C for 3-4 weeks until the colonies were 
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visible to the naked eye on the agar and were enumerated. Likewise, the CFU in serial 

dilutions of the inoculum were also determined as explained above. Clinical 

observations of these mice (e.g., inactivity, rough fur, hunched posture, increased 

respiratory rate or effort) were monitored daily and their live body weights were taken 

weekly. As per IACUC protocol, mice were sacrificed if the loss of body weight was 

<20% of the initial weight. 

Drug preparation and treatment 

 Bedaquiline fumarate (B: cat#B165121) and linezolid (L: cat#L3453) were 

obtained from LKT laboratories (St. Paul, MN), pretomanid (Pa: cat#140130) from 

ChemShuttle (Burlingame, CA) and spectinamide 1599 (dihydrochloride) was provided 

by Dr. Lee at St. Jude Children’s Research Hospital (Memphis, TN). B was 

administered at 25 mg per kg (mpk) whereas Pa and L were dosed at 100mpk each and 

1599 at 50mpk and 100mpk in BALB/c and C3HeB/FeJ TB models respectively. The 

drugs were formulated in weekly batches according to the live body weights of the 

animals, aliquoted for single daily dosing and stored at 4 °C in the dark. All drugs were 

administered once daily for 5 days/week for 4 weeks by oral (gavage) administration 

except S which was administered 3 days/week on the alternate days by intrapulmonary 

aerosol using MicroSprayer® aerosolized (Penn Century). The drug treatments were 

started at 4 weeks post infection in BALB/c while 8-9 weeks post infection in 

C3HeB/FeJ TB models. B was administered in the morning, Pa one hour after B and, L 

and S at least 4 hours after Pa. The timeline and drug regimen are given in Figure 2.1. 
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Figure 2.1. Experimental design of the studies. (Top) C3HeB/FeJ mice were infected with Mtb 

(C3HeB/FeJ TB model) and rested for 8 weeks. Mice were randomly divided into 6 groups and treated 

with monotherapy or combination therapy for 4 weeks starting from week 9 post infection to week 12. 

(Bottom) BALB/c mice were randomly divided into 8 groups after infection with Mtb (BALB/c TB model). 

Animals were treated for 2 weeks (combination therapy) and 4 weeks (monotherapy and combination 

therapy). For both studies, mice were euthanized at the end of the drug-treatment and organs were 

collected for further analysis.   
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The drugs were prepared as reported previously (19). B was prepared in an 

acidified solution. Briefly, B was taken into a brand-new Pyrex glass flask. A 20% 2-

hydroxypropyl-β-cyclodextrin (Sigma) solution [prepared with autoclaved Milli-Q water 

and filter sterilized through a 0.2 µM filter] was added into the flask. Calculated volume 

of freshly prepared 1N HCl solution was added dropwise until the solution became 

clear. The flask was completely covered by aluminum foil and stirred overnight with the 

addition of a brand-new Teflon coated magnetic stir bar (VWR). Next day, if the solution 

was still cloudy, more 1N HCl was added, whilst warming the solution to a maximum of 

37°C. The pH of B solution was adjusted to 3.5 with dropwise addition of freshly made 

1N NaOH if necessary. The batch was then aliquoted with a glass pipette into amber 

glass vials.  

The Pa was suspended in 10% 2-hydroxypropyl-β-cyclodextrin (Sigma) in a 

conical tube and rotated overnight using an orbital shaker (Orbital Genie). Next day, the 

suspension was sonicated twice with a Vibra Cell probe Sonicator for 10 minutes at 

25% amplitude and 15 minutes at 30% amplitude to make sure the homogeneous 

mixing of Pa. During this process the drug tube was kept on ice. In between sonication 

steps, frozen 10% w/v soybean lecithin (MP Biomedicals, Irvine, CA) was added, and 

the suspension tube was stirred for 10 minutes at room temperature.   

The L was suspended in 5% v/v polyethylene glycol 200 [PEG 200, Sigma] in a 

conical tube and grinded with a tissue grinder. Then 95% v/v methylcellulose (Sigma) in 

the distilled water was added and the tube was placed on an orbital shaker overnight at 

a slow rotation of 25 rpm.  
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The S was dissolved in 0.22 µm filtered endotoxin free 0.9% saline water 

(Teknova) and then aliquoted. 

Necropsy of animals 

After 4-weeks of treatment, BALB/c and C3HeB/FeJ mice were euthanized by 

CO2 narcosis, the thoracic cavity was opened and whole blood was collected via 

cardiac puncture in EDTA containing tubes. Lung, spleen, and long bones were 

collected from each mouse for further processing and analysis. 

Assessment of treatment efficacy in the lungs 

The efficacy of treatment was assessed by determining the reduction in bacterial 

burden [measured as colony forming unit; CFU] in the lung and spleen of animals at the 

end of drug treatment. Lungs were homogenized using the Next Advance Bullet Blender 

(Averill Park, NY). Briefly, the whole lung was placed into two 1.5 mL sterile, safe lock 

Eppendorf tubes (half lung in each tube) containing 0.5 mL sterile 1xPBS and 3 × 3.2 

mm sterile stainless-steel beads. Thereafter the tubes were placed in the Bullet Blender 

and homogenized for 4 min at 800 rpm. Lung homogenate from both tubes were mixed 

and plated in a serial 10-fold dilutions onto 7H11 agar plates supplemented with 0.4% 

activated charcoal to reduce the carryover effect of drugs and incubated for 6-8 weeks 

before the final CFU count. The remaining lung homogenate samples were centrifuged, 

and the supernatant was collected and stored at -80°C for further evaluation of their 

cytokine and chemokines content. 
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Histopathological evaluation and lesion scoring 

A separate group of mice were sacrificed and their whole lungs were fixed in 4% 

paraformaldehyde (PFA) for 48 hours and embedded in paraffin for histopathology 

purposes. Sections were cut at 5 µm, stained with hematoxylin and eosin [H&E (Leica 

Biosystems)] and scanned at 40X magnification using the multispectral automated 

PhenoImager (Akoya Biosciences Inc.) for histopathological evaluation. The extent of 

the lesion burden in the lungs was quantified using blinded digital images and an open-

source QuPath software for image analysis. For each tissue section, a region of interest 

(ROI) was generated at low magnification with a custom tissue detecting algorithm 

using decision forest training and classification to differentiate tissue versus background 

based on color and area. Lesions were identified within tissue ROIs at high 

magnification with an additional custom-made algorithm using decision forest training 

and classification based on staining intensity, color normalization and deconvolution, 

area, and morphological features. Percent lesion calculations were integrated into the 

same algorithm and calculated from tissue area and lesion area as designated by the 

ROI and lesions detected. 

Bone marrow histopathology 

The sternum and femur and tibia bones from both limbs of each mouse were 

collected. Muscles in the bones were removed as much as possible with the help of 

scissors and forceps. The sternum and one femur were fixed in 4% PFA and processed 

for histology. To evaluate the myelosuppressive effect of the drugs, bone sections were 

cut at 5 µm and stained with H&E. The number of myeloid and erythroid cells from 5 

different regions of the bone were blinded and then counted by a veterinary pathologist. 
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The rest of the bones were used to collect bone marrow. Briefly, a 0.6 mL sterile 

eppendorf tube punctured at the bottom with the help of a 26-gauge needle was 

inserted into a 1.5 mL sterile eppendorf tube. One end of the epiphysis of the long 

bones was cut open to expose the bone marrow and placed down into the small 

eppendorf tube-system. The tubes were centrifuged at 10,000 x g for 15 seconds and 

the marrow was collected from the base of the large eppendorf tube. The bone marrow 

was resuspended in PBS and centrifuged again. Thereafter, the supernatant was 

collected and stored at -80 °C for evaluation of cytokines and chemokines content while 

the bone marrow cells were saved in 4% PFA and freezing media for further use in 

clinical pathology analysis and flow cytometry, respectively. 

Processing of blood 

For complete blood count (CBC) analysis of C3HeB/FeJ animals during the 

treatment, blood was collected via submandibular vein as described previously (49). 

Briefly, the mouse was held by the scruff of the neck and their submandibular vein was 

lanced with a sterile single-use mouse Goldenrod lancet (4 mm). The blood was 

collected in K2-EDTA tubes and 50-100 μL aliquots were immediately analyzed in 

VETSCAN® HM5 hematology analyzer (Zoetis). 

At the time of necropsy, the thoracic cavity of each mouse was opened and 

whole blood was collected via cardiac puncture in K2-EDTA containing tubes. After 

adding an equal volume of PBS, the sample was centrifuged at 800 × g for 10 min at 25 

°C with the brake off (deceleration = 0). The top plasma layer was collected and stored 

at -80 °C for evaluation of their cytokines and chemokine content. The buffy coat was 

collected, washed and the erythrocytes were lysed using RBC lysis buffer (Miltenyi, 
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CA). The cells were washed and resuspended in 500 µL of complete DMEM media 

(Corning) to perform flow cytometry analysis. 

Determination of cytokine and chemokine concentrations 

Multiplex immunoassay using plasma, lung homogenates and bone marrow 

supernatants was performed using a Luminex bead-based multiplex ELISA kit 

(ProcartaPlex Mouse Cytokine & Chemokine Panel 1 26plex, reference # EPXR260-

26088-901, Invitrogen). Each sample was normalized to the total protein concentration 

determined by Bicinchoninic acid (BCA) assay (Thermo Fisher). The BCA and Luminex 

assays were performed according to the manufacturer’s instructions and the final 

stained samples were fixed with 4% PFA prior to acquisition. Sample data were 

acquired on a MAGPIX instrument running xPONENT 4.3 software (Luminex Corp.) and 

analyzed using a five-parameter logistic model with an 80-120% standard acceptance 

range. LLOQ indicates the lower limit of quantification for assay; extrapolated values 

below the LLOQ were evaluated at the LLOQ. Heatmaps of the cytokine and chemokine 

concentration levels in the samples were generated using R pheatmap package. 

Correlation analyses of cytokines and chemokines content with bacterial burden in the 

lung and spleen data were performed using the corrplot package in R.  

Analysis of immune cell populations via flow cytometry 

A single cell suspension of bone marrow, blood, and lung from C3HeB/FeJ TB 

model was prepared as described previously (3). Cells were counted using Countess 3 

cell counter (Invitrogen) and 1 x 106 cells were added to a 96-well V-bottom plate 

(Greiner Bio-One, cat#651-180). Viability staining was performed by incubating cells 
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with 100 µl of Zombie NIR (Biolegend, cat# 423106) viability dye (1:2000 dilution 

prepared in PBS) for 15 minutes in the dark. Cells were washed twice, and Fc receptors 

were blocked using 1:200 dilution of anti-mouse CD16/32 antibody (Biolegend, cat# 

156604). Cells were finally stained with predetermined optimal concentrations of 

specific antibodies (Table 2.1) for 30 minutes in the dark at 4oC. Cells were washed to 

remove excess antibody, fixed using 4% PFA and resuspended in 300 μL of flow 

cytometry staining (FACS) buffer. Samples were acquired using Cytek AuroraTM 4-Laser 

spectral flow cytometer where 100,000 events were recorded. Data were analyzed in 

FlowJo software (BD Biosciences) using manual gating (50). 

Multiplex fluorescence immunohistochemistry 

Five µm sections of formalin fixed paraffin embedded (FFPE) lung tissues were 

stained for multiplex fluorescence immunohistochemistry (mfIHC) by the Imaging Core 

at the University of Colorado, Anschutz Medical Campus, Denver. The mfIHC was 

performed for a panel of 6-color antibodies + DAPI using Opal-plex Tyramide Signal 

Amplification (TSA) technique in Leica Bond III autostainer. The protocol and details of 

antibodies and Opal fluorophores used are given in Table 2.2. Each antibody was 

optimized in our lab using Opal 3-Plex Anti-Rb Detection Kit (Akoya Biosciences Inc. 

cat# NEL830001KT) and stained with automated LabSatTM Research (Lunaphore 

Technologies SA, Epredia). Slides were scanned using multispectral automated 

PhenoImagerTM (Akoya Biosciences) and analyzed for different immune cell populations 

using the inForm® tissue Finder (Version 2.4.8) and PhenochartTM (Version 1.0.12) 

software (Akoya Biosciences). 
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Table 2.1. List of the antibodies used for flow cytometry. 

 

 

 

Antibodies Source Identifier 

Anti-mouse LY6G PerCP BioLegend Cat# 127654; RRID: 

AB_11218876 

Anti-mouse CD14 PerCP Cy5.5 Invitrogen Cat# 120606; RRID: AB_493267 

Anti-mouse NKp46/CD335 PE BioLegend Cat# 137604; RRID: AB_2566163 

Anti-mouse B220/ CD45R PE-Cy7 BioLegend Cat# 103222; RRID: AB_2573837 

Anti-mouse CD8 FITC BioLegend Cat# 100706; RRID: AB_394458 

Anti-mouse CD34 PE-Dazzle 594 BioLegend Cat# 128616; RRID: 

AB_11219403 

Anti-mouse TER119 APC BD Pharmingen Cat# 561033; RRID: 

AB_10900980 

Anti-mouse γδ-TCR APC Fire 750 BioLegend Cat# 118129; RRID: AB_755986 

Anti-mouse LY6C Alexa Fluor 700 BioLegend Cat# 128024; RRID: AB_2869739 

Anti-mouse CD4 BV421 BioLegend Cat# 100544; RRID: AB_2562555 

Anti-mouse MHC-II BV480 BD Biosciences Cat# 566088; RRID: AB_2562612 

Anti-mouse CD11b Pacific Blue BioLegend Cat# 101224; RRID: AB_2565937 

Anti-mouse CD3e BV510 BioLegend Cat# 100353; RRID: AB_2563056 

Anti-mouse CD45 BV570 BioLegend Cat# 103136; RRID: AB_2814047 

Anti-mouse CD19 BV605 BioLegend Cat# 115540; RRID: AB_2563289 

Anti-mouse CCR2 BV711 BD Biosciences Cat# 747964; RRID: AB_2660295 

Anti-mouse CC11c BV785 BioLegend Cat# 117335; RRID: AB_2073247 
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Statistical analysis. The lung and spleen bacterial burden data were expressed as 

CFU which were Log10-transformed and analyzed using GraphPad Prism version 9.5.1 

(GraphPad software, La Jolla, CA). The statistical analysis was performed using a 

Tukey’s multiple comparison test as part of either one-way or two-way ANOVA and 

mixed-model effects where necessary. The correlation analyses were performed using 

the spearman’s correlation test. Flow cytometry and mfIHC data were graphed in R 

studio and statistical evaluation was performed using stats package in R.  

Table 2.2. List of the antibodies and Opal fluorophores used for multiplex fluorescence 

immunohistochemistry. 

 

 

Results 

This study evaluated the comparative efficacy and adverse effects (AEs) of 

linezolid (L) and spectinamide 1599 (S) in combination with bedaquiline (B) and 

pretomanid (Pa) as BPaL and BPaS regimens respectively. Two mouse TB models 

were used: the C3HeB/FeJ and the BALB/c TB models. Mice were infected with a low-

dose aerosol infection of Mtb and treated with L or S monotherapy or with a combination 

Antibody Specie Type Company Catalog # Concentration pH Opal 

CD8 Rabbit mAb CST D4W2Z 1:400 6 480 

CD4 Rat mAb Thermo Fisher 4SM95 1:200 6 520 

B220 Rat mAb BD Pharm RA3-6B2 1:500 6 570 

Foxp3 Rabbit mAb R&D MAB8214 1:200 6 620 

Ly6G Rabbit mAb CST 87048 1:100 6 690 

F4/80 Rabbit mAb CST D4C8V 1:100 6 780 
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therapy of BPaL or BPaS drug combinations for 4 weeks. The efficacy of each regimen 

was determined by comparative analysis of the bacterial burden between infected 

animals not receiving therapy and those treated with the BPaL or BPaS regimens. To 

study drug related AEs, live body weight of animals, complete blood count (CBC), bone 

marrow and lung histopathology along with changes in the profile of immune cell 

populations of animals were monitored.  

Monotherapy of linezolid or spectinamide 1599 show similar efficacy in the 

C3HeB/FeJ TB model 

To compare the efficacy of monotherapy, Mtb infected C3HeB/FeJ (n=6 mice 

received linezolid (L; 100 mpk administered 5/7 a week orally) or spectinamide 1599 (S; 

100mpk administered 3/7 a week on alternate days via intrapulmonary aerosol delivery) 

for 4 weeks. At the end of treatments, the animals were sacrificed, and their lung and 

spleen bacterial burden (measured as CFU) were enumerated (Figure 2.2). As 

expected in for the C3HeB/FeJ TB model, L (7.30 ± 0.45 log10) and S (6.90 ± 0.48 log10) 

treated mice had similar lung CFU compared to untreated (UnRx) (7.81 ± 0.36 log10) 

control (2.2A). In spleen, however, L (4.49 ± 0.10 log10) treated mice had significantly 

(p<0.05) lower CFU compared to UnRx (5.43 ± 0.27 log10) mice whereas no significant 

difference (p<0.05) was found between L and S (4.94 ± 0.11 log10) treated mice (2.2B).   
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Figure 2.2. Bacterial burden (measured as log10 CFU per lung is in Y-axis) in Mtb infected C3HeB/FeJ mice treated with monotherapy. (A) In vivo 

efficacy data shows that linezolid (L) and spectinamide 1599 (S) treated mice had similar lung CFU as in untreated (UnRx) control. (B) In spleen, 

mice treated with L had significantly decreased CFU compared to UnRx control, but no significant difference was observed between in the 

number of CFU between L and S treated mice. ns = non-significant, ** = p < 0.005  
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Combination therapy of BPaL or BPaS have similar efficacy in the C3HeB/FeJ TB 

model 

We further tested and compared the efficacy of combination therapy wherein 

linezolid (L) in BPaL regimen was replaced with inhaled spectinamide 1599 (S) (aka 

BPaS regimen). Mtb infected C3HeB/FeJ mice were treated with BPaL (B= 25mpk; Pa= 

100mpk and L= 100mpk all administered 5/7 a week via oral gavage) or BPaS (BPa as 

in BPaL and S= 100mpk administered 3/7 a week on alternate days via intrapulmonary 

aerosol delivery) regimen for 4 weeks and their lung and spleen were cultured on agar 

plates for enumeration of the CFU. The comparative analysis from combined data of 

three independent studies is shown in Figure 2.3 and results of individual studies are 

shown in Figure 2.3i-iii. Two of the three studies contained an extra group of BPa only 

as a reference control. Compared to untreated control (7.48 ± 0.12 log10), mice in the 

BPa (5.49 ± 0.42 log10), BPaL (4.76 ± 0.38 log10) and BPaS (4.98 ± 0.35 log10) 

treatment groups had significantly (p<0.05) reduced the total number of lungs CFU 

(2.3A). Importantly among all three treatment groups, there was no significant difference 

between the lungs CFU. Similar results were obtained in spleen where BPa (1.54 ± 0.18 

log10), BPaL (1.70 ± 0.14 log10) and BPaS (1.76 ± 0.22 log10) had significantly lowered 

the number of CFU compared to UnRx (5.69 ± 0.12 log10) control (2.3B). However, most 

of the spleen CFU remained below the limit of detection (LOD) of the assay.
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Figure 2.3. Bacterial burden (CFU) in Mtb infected C3HeB/FeJ mice treated with combination therapy. The graphs represent the combined data 

from three independent studies.  The Y-axes show log10 CFU in lung (A) and spleen (B) of mice after 4 weeks of treatment with one of the 

multidrug combination regimens (BPa, BPaL and BPaS) and untreated (UnRx) control. No significant difference was observed among the 

treatment groups. The BPa group was included in one of the two studies. LOD: limit of detection, ns = non-significant, *** = p < 0.0005, **** = p 

< 0.00005 
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Figure 2.3i (C3HeB/FeJ Study 1). Lung and spleen bacterial burden (CFU) in Mtb infected C3HeB/FeJ mice treated with BPaL and BPaS regimen for 

4 weeks. n = 7, LOD: limit of detection, ns = non-significant, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.00005 
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Figure 2.3ii (C3HeB/FeJ Study 2). Lung and spleen bacterial burden (CFU) in Mtb infected C3HeB/FeJ mice treated with BPaL and BPaS regimen 

for 4 weeks. n = 3-9, LOD: limit of detection, ns = non-significant, *** = p < 0.0005, **** = p < 0.00005 
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Figure 2.3iii (C3HeB/FeJ Study 3). Lung and spleen bacterial burden (CFU) in Mtb infected C3HeB/FeJ mice treated with BPaL and BPaS regimen 

for 4 weeks. n = 7, LOD: limit of detection, ns = non-significant, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.00005 
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Monitoring of adverse effects during drug treatment in the C3HeB/FeJ TB model 

The Nix-TB clinical trial (12) reported severe adverse effects (AEs) in many 

patients which were associated with the long-term administration of L in BPaL regimen. 

These AEs included peripheral neuropathy (81% of patients) and alteration in bone 

marrow precursor cells [myelosuppression (48%)]; consistent with the hematologic 

anomalies [anemia (37% of study population)] seen in the Nix-TB trial and decrease in 

hemoglobin. Therefore, the potential AEs in the current study during drug therapy were 

monitored at several levels 1) change in the live body weight; 2) lung histopathology and 

lesion scoring 3) evaluation of complete blood count (CBC), 4) clinical pathology to study 

myelosuppression in bone marrow and 5) change in immune cell populations at lung, 

spleen, bone marrow and blood level. 

1. Change in the live body weight in the C3HeB/FeJ TB model 

a) Monotherapy of linezolid or spectinamide 1599 does not affect the live 

body weight of mice 

First the effect of monotherapy on the live body weight of Mtb infected C3HeB/FeJ 

(n=6) mice was evaluated. Mice were treated for 4 weeks with linezolid (L; 100mpk 

administered 5/7 a week orally) or spectinamide 1599 (S; 100 mpk administered 3/7 a 

week on alternate days via intrapulmonary aerosol) and their live body weight was 

monitored on weekly basis. The results demonstrated that there was not statistically 

significant (p<0.05) difference in the live body weight among all groups during 

monotherapy treatment (Figure 2.4).  
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Figure 2.4. Change in the average live body weight of Mtb infected C3HeB/FeJ mice during monotherapy treatment. Mice were treated with 

linezolid (L) or spectinamide 1599 (S) for 4 weeks. No significant difference was observed among the groups (n=5). p < 0.05 
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b) BPaL therapy decreases the live body weight of mice 

The average live body weight of Mtb infected C3HeB/FeJ mice treated with 

combination therapy of BPaL or BPaS summarized in Figure 2.5 shows the combined 

data from three independent studies. The result of individual study is given in Figure 2.5i 

A-C. Two of the three studies contained an extra group of BPa only as a reference 

control. All mice tolerated well the BPa, BPaL and BPaS regimens as the loss in the 

body weight ranged only between 2.37-5.13%. By the end of therapy, mice treated with 

BPaL regimen significantly (p<0.05) decreased their live body weight compared to BPa, 

BPaL and untreated (UnRx) groups.  
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Figure 2.5. Change in the average live body weight of Mtb infected C3HeB/FeJ mice during drug treatment.  Mice treated with BPaL regimen had 

significantly decreased their live body weight compared to BPa, BPaL and untreated (UnRx) groups. The graph represents the combined data 

from three independent studies and two of the three studies contained an extra group of BPa. p < 0.05 
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Figure 2.5i. Change in the average live body weight of Mtb infected C3HeB/FeJ mice during drug 

treatment. (A) Study 1, n = 7 (B) study 2, n = 3-9 (C) study 3, n – 7 are presented and the combined 

results of these studies are shown in Figure 2.5. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 
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2. BPaL and BPaS therapy result in significantly lower lesion burden 

in the C3HeB/FeJ TB model 

The lung samples from Mtb infected C3HeB/FeJ mice treated with the BPaL or 

BPaS regimen were processed for histopathology and lesion scoring. As was 

expected by the lung CFU, the untreated (UnRx) mice produced well-formed TB 

lesions (granuloma) typical of C3HeB/FeJ model that occupied most of the lung 

tissue area as depicted by their lesion scores (Figure 2.6). The C3HeB/FeJ mice 

displayed a diverse spectrum of granulomatous lesions from cellular infiltrate to 

granulocytic pneumonia to highly organized granulomas with collagen encapsulation 

and central caseous necrosis that can also be seen in some human patients (51). 

However, BPaL and BPaS therapy significantly decreased the number and size of 

TB lesions, importantly, without showing any difference (p<0.05) between the 

treatments (Figure 2.6).   
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Figure 2.6. Change in the lung histopathology and lesion score of Mtb infected C3HeB/FeJ mice during 

drug treatment.  BPaL and BPaS treatment significantly decreased the lesion size and number compared 

to UnRx control and their lesion scores reflect that change. H&E, 20X. ns = non-significant, ** = p < 

0.005, *** = p < 0.0005 
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3. BPaL therapy but not BPaS decreases hemoglobin concentration in the 

C3HeB/FeJ TB model 

  As shown above, the L associated BPaL regimen significantly (p<0.05) 

decreased the live body weights of mice, we further analyzed blood of Mtb infected 

C3HeB/FeJ mice during therapy for their complete blood count (CBC) profile to see if the 

hematological changes seen in the Nix-TB trial are consisted with the use of BPaL.  

The results obtained from mice treated with monotherapy of L or S for 4 weeks are 

given in Table 2.3 and summarized in Figure 2.7. The L treatment compared to UnRx 

control and S, significantly (p<0.05) increased red blood cell distribution width (RDWs), 

however, both L and S significantly (p<0.05) decreased mean corpuscular hemoglobin 

concentration (MCHC) compared to UnRx control.  

The effect of combination therapy of BPaL or BPaS on CBC profile was analyzed 

at 1-, 2- and 4-weeks (Figure 2.8). None of the 20 parameters of CBC were changed after 

the first two weeks of therapy. However, BPaL regimen decreased (p<0.05) hemoglobin 

(HBG) concentration and mean platelet volume (MPV) at 4 weeks compared to UnRx and 

BPa controls respectively. Similar results for MCHC and RDWs were observed for BPaL 

and BPaS regimen as were seen in monotherapy (Figure 2.7). The consistent alteration 

in RDWs and MCHC both in mono- and combination therapy along with the decrease in 

HBG caused by BPaL regimen suggest the development of mild anemia in C3HeB/FeJ 

mice, interestingly, no such difference (p<0.05) was associated with BPa control. 
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Table 2.3. Changes (Mean ± SEM) in CBC parameters of Mtb infected C3HeB/FeJ mice after 4-week monotherapy 

 

 

 

 

 

 

 

 

 

CBC, complete blood count; WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean cell volume; MCH, mean 

cell hemoglobin; MCHC, MCH concentration; RDW, red cell distribution width; MPV, mean platelet volume; PCT, platelet crit; PDWc, platelet cell 

distribution width coefficient of variation; PDWs, platelet cell distribution width standard deviation; L, linezolid; S, spectinamide 1599. 

a Statistically significant at p < 0.05 

  

CBC UnRx L S 

WBC (10ˆ9/L) 7.35 ± 1.44 5.39 ± 0.51 4.94 ± 0.72 
Lymphocyte (10ˆ9/L) 2.818 ± 0.31 3.56 ± 0.57 2.39 ± 0.39 
Monocyte (10ˆ9/L) 0.676 ± 0.19 0.28 ± 0.03 0.33 ± 0.06 
Neutrophil (10ˆ9/L) 3.858 ± 1.29 1.23 ± 0.08 2.21 ± 0.58 
Lymphocyte% auto 43.24 ± 7.47 69.23 ± 2.47 a 49.82 ± 6.65 
Monocyte% auto 8.68 ± 0.96 5.58 ± 0.79 6.88 ± 1.21 
Neutrophil% auto 48.08 ± 6.57 29.17 ± 4.95 43.3 ± 6.46 
RBC (10ˆ12/L) 11.23 ± 0.41 10.73 ± 0.13 10.04 ± 0.77 
HGB (g/dL) 13.62 ± 0.14 13.8 ± 0.18 12.58 ± 0.9 
HCT (%) 53.36 ± 1.2 56.65 ± 0.76 52 ± 3.46 
MCV (fl) 47.8 ± 2.51 52.83 ± 0.74 52.2 ± 1.98 
MCH (pg) 12.2 ± 0.49 12.85 ± 0.17 12.56 ± 0.35 
MCHC (g/dL) 25.54 ± 0.39 24.3 ± 0.16 a 24.2 ± 0.35 a 
RDWc (%) 21.34 ± 0.89 21.8 ± 0.62 19.46 ± 0.56 
RDWs (fl) 37.2 ± 1.01 42.72 ± 0.8 a 37.48 ± 0.89 
Platelets (10ˆ9/L) 325.8 ± 32.18 297.7 ± 26.54 303 ± 34.12 
MPV (fl) 7.1 ± 0.37 7.25 ± 0.18 7.74 ± 0.16 
PCT (%) 0.234 ± 0.03 0.21 ± 0.02 0.23 ± 0.02 
PDWc (%) 33.62 ± 1.83 33.28 ± 1.02 33.94 ± 0.91 
PDWs (fl) 10.78 ± 1.61 10.15 ± 0.76 10.62 ± 0.74 
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Figure 2.7. Change in the CBC profile of Mtb infected C3HeB/FeJ mice during monotherapy treatment. Mice were treated with linezolid (L) or 

spectinamide 1599 (S) for 4 weeks.  p < 0.05 

U
nR

x L S
30

35

40

45

50
p = 0.0029

p = 0.9752

R
D

W
s

 (
fl

)

p = 0.0020

U
nR

x L S

23

24

25

26

27

28
p = 0.0257

M
C

H
C

 (
g

/d
L

)
p = 0.0310



 

70 

 

1 2 4 
0

5

10

15

20
H

G
B

 (
g

/d
L

)
p = 0.0278

p = 0.1408

1 2 4 
0

10

20

30

40

M
C

H
C

 (
g

/d
L

)

p = 0.0374

p = 0.0430

Weeks

1 2 4 
0

5

10

15

M
P

V
 (

fl
)

p = 0.0461

p = 0.3248

Weeks

1 2 4 
20

30

40

50

60

R
D

W
s

 (
fl

)

UnRx

BPa

BPaL
BPaS

p = 0.0188

p = 0.7169

p = 0.0353

p = 0.0392

 

 

Figure 2.8. Change in the CBC profile of Mtb infected C3HeB/FeJ mice during combination treatment. Mice were treated with either BPaL or 

BPaS for 4 weeks. A horizontal dotted line indicates the lower end of the reference interval for C3HeB/FeJ mice.  p < 0.05
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4. BPaL therapy decreases the ratio of myeloid to erythroid cells in bone 

marrow of the C3HeB/FeJ TB model 

 To further evaluate if the drugs have a myelosuppressive effect, we performed 

hematopathology analysis of bone marrow of Mtb infected C3HeB/FeJ mice and treated 

with either BPa, BPaL or BPaS regimens as above (Figure 2.9). The number of myeloid 

(M) and erythroid (E) precursors cells were calculated from H&E stained sections (2.9A) 

and thereafter their M:E ratio was calculated. BPa and BPaL therapies significantly 

(p<0.05) decreased the content of M cells while increasing the number E cells counted 

for 300 bone marrow cells in 5 different regions. Hence, the corresponding M:E ration in 

bone marrow of animals treated with BPaL or BPa were lower compared to those from 

UnRx control (2.9B). Importantly, bone marrow of animals treated with BPaS therapy did 

not show difference in the content of M or E cells.  
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Figure 2.9. BPaL and BPa therapy cause alteration in M:E ratio in Mtb infected C3HeB/FeJ mice after 4 weeks of treatment. BPaL and BPa 

treatment caused a significant drop in the number of myeloid (M) cells (black arrows, A in UnRx) while increase in erythroid (E) cells (white 

arrows, A in UnRx) in bone marrow as compared to untreated (UnRx) and BPaS groups. H&E image at 20X; scale bar 100 µm; ns = non-significant, 

p < 0.05 
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5. BPaL therapy triggers proinflammatory cytokine and chemokine response 

in bone marrow of the C3HeB/FeJ TB model 

a. Change in the total protein concentration 

A comparative analysis for the concentration of cytokine and chemokine in bone 

marrow, plasma, and lung samples from Mtb infected C3HeB/FeJ mice treated with 

BPaL or BPaS regimen was measured. First the total protein (TP) concentration in lung 

homogenate and bone marrow supernatant was calculated to normalize its 

concentration for Luminex assay (Figure 2.10). The plasma samples, however, did not 

require TP measurement as their matrix was self-normalizing. The TP concentration in 

the lung samples was significantly (p<0.05) reduced in BPaL and BPaS groups 

compared to UnRx control, and there was no significant difference between both the 

treatment groups (2.10A). Contrary, total protein concentration in bone marrow 

supernatants remained unaltered among the groups (2.10B).
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Figure 2.10. Change in the total protein (TP) concentration in lung and bone marrow from Mtb infected C3HeB/FeJ mice during drug treatment. 

(A) Mice treated with BPaL and BPaS regimen significantly decreased TP concentration in lung compared to untreated (UnRx) control. (B) TP 

concentration in bone marrow remained unchanged after the drug treatment. ns = non-significant, ** = p < 0.05, *** = p < 0.0005
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b. Change in the cytokine and chemokine response  

The 26 cytokines and chemokines in bone marrow supernatant from Mtb infected 

C3HeB/FeJ mice showed significant difference for IL-1β, IL-12p70, IL-23, TNF alpha, 

GRO alpha (CXCL1), MP-2 alpha (CXCL2), MP-1 alpha (CCL3), RANTES (CCL5), 

MCP-3 (CCL7), Eotaxin (CCL11) and IP-10 (CXCL10) between BPaL and BPaS 

treatment groups at the end of 4 weeks. BPaL treatment group showed significantly 

higher concentration of pro-inflammatory cytokines and chemokines than BPaS group 

(Figure 2.11). 

When plasma samples from these animals were analyzed using the same 

methodology as for bone marrow (discussed above), only MCP-3 (CCL7) chemokine 

showed significant (p<0.05) difference between both treatment groups and its level was 

higher in the BPaS than in the BPaL group (Figure 2.12). However, the lung 

homogenate samples showed no significant differences between treatment groups for 

these cytokines and chemokines (Figure 2.13).  
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Figure 2.11. Measurement of 26 cytokines and chemokines in bone marrow (BM) supernatants of Mtb infected C3HeB/FeJ mice treated with 

BPaL or BPaS regimen. The BPaL mice showed significantly higher concentration of proinflammatory cytokines and chemokines compared to 

BPaS treated mice after 4 weeks. LOD = limit of detection, * =  p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.00005 
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Figure 2.12. Measurement of 26 cytokines and chemokines in plasma of Mtb infected C3HeB/FeJ mice treated with BPaL or BPaS regimen. MCP-

3 was found to be significantly different between the treatment groups after 4 weeks.  p < 0.05 
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Figure 2.13. Measurement of 26 cytokines and chemokines in lung homogenate of Mtb infected C3HeB/FeJ mice treated with BPaL or BPaS 

regimen. As depicted by the z-score, no significant difference was observed between the groups after 4 weeks of treatment. 
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c. Correlation between lung CFU and cytokines and chemokines 

 We further investigated a correlation factor between lung bacterial burden (CFU), 

and 26 cytokines and chemokines from bone marrow supernatant, plasma and lung 

homogenate samples from BPaL and BPaS treatment groups. The Spearman’s 

correlation analysis revealed that most of the cytokines and chemokines from bone 

marrow (Figure 2.14), plasma (Figure 2.15) and lung (Figure 2.16) samples were 

positively correlated with the lung CFU except for IL-5 in lung and Eotaxin (CCL11) in 

plasma samples and these were correlated negatively. However, IL-4, IL-13 and GM-

CSF did not show any correlation as their concentration in bone marrow samples was 

detected at the limit of detection (LOD) of the assay. Similar results for IL-4, IL-10, IL-23 

and GM-CSF concentration in plasma samples were observed.  
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Figure 2.14. Spearman’s correlation analysis between lung bacterial burden and bone marrow cytokines and chemokines profile in Mtb infected 

C3HeB/FeJ mice treated with BPaL or BPaS regimen. 
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Figure 2.15. Spearman’s correlation analysis between lung bacterial burden and plasma cytokines and chemokines profile in Mtb infected 

C3HeB/FeJ mice treated with BPaL or BPaS regimen. 
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Figure 2.16. Spearman’s correlation analysis between lung bacterial burden and lung cytokines and chemokines profile in Mtb infected 

C3HeB/FeJ mice treated with BPaL or BPaS regimen. 
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6. BPaL and BPaS therapy affect the profile of immune cell populations in 

bone marrow, lung and blood of the C3HeB/FeJ TB model 

We further assessed the environment of immune cells using flow cytometry in 

bone marrow, blood, and lungs from each group of Mtb-infected C3HeB/FeJ mice. The 

bone marrow (Figure 2.17) results revealed that as compared to UnRx control, there 

was a significant decrease in the percentage of inflammatory myeloid phenotypes 

(CD45+CD3-CD11b+CD11c-Ly6C+CCR2+, CD45+CD3-CD11b+CD11c-

Ly6C+CCR2+MHC-II+ and CD45+CD3-D14+CCR2+) in response to therapy with either 

BPa, BPaL, or BPaS. In contrast, neutrophils (CD45+CD3-CD11b+CD11c-

Ly6C+Ly6Ghigh), precursor T cells (CD45+CD3+) and B cells (CD45+CD3-CD19+B220-) 

were significantly increased in either BPa, BPaL, or BPaS treatment groups compared 

to UnRx control in bone marrow. This reduced inflammatory response in treatment 

groups is also consistent in blood shown by significantly reduced inflammatory myeloid 

cells (CD45+CD3-CD11b+CD11c-Ly6C+CCR2+) (Figure 2.18A). Interestingly, the 

response to therapy in the lungs (Figure 2.18B) was manifested by a significant 

increase of CD3+CD4+ T helper cells and B-1 cells (CD3-CD19+) and a reverse trend 

for CD3+CD8+ and γδ-T cells (CD3+CD8+γδTCR+).  
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Figure 2.17. Change in the immune cell populations in bone marrow of Mtb infected C3HeB/FeJ mice 

during drug treatment. Statistical significance was calculated using one-way ANOVA with Tukey’s test for 
multiple comparisons. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005  
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Figure 2.18. Change in the immune cell populations in blood and lung samples of Mtb infected 

C3HeB/FeJ mice during drug treatment. Statistical significance was calculated using one-way ANOVA 

with Tukey’s test for multiple comparisons. p < 0.05 
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7. Change in the distribution of lung immune cells during BPaL and BPaS 

therapy in the C3HeB/FeJ TB model 

 Changes in the distribution of immune cells in the lungs of C3HeB/FeJ mice from 

each group was studied using multiplex fluorescence immunohistochemistry (mfIHC). A 

7-color composite image for cell markers (B220, CD4, CD8, Foxp3, F4/80 and Ly6G) 

along with DAPI is shown in Figure 2.19 while their single-color staining is shown in 

Figure 2.20. Figure 2.19 shows a typical necrotic TB granuloma comprised of central 

necrosis, peripheral rim and parenchyma. The analysis of mfIHC images (Figure 2.21A 

& 2.22) revealed that BPaL and BPaS treatment significantly and dramatically lowered 

the number of neutrophils (count based on Ly6G+) compared to UnRx control, however, 

F4/80+ cells were observed significantly higher in BPaS compared to UnRx control. 

Interestingly, the spearman’s correlation plot (Figure 2.21B) shows that a significant 

decrease in Ly6G+ neutrophils positively correlated with an increase of other immune 

cells. 
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Figure 2.19. A lung composite image stained with multiplex immunohistochemistry displays different immune cell markers along with DAPI in a 

necrotic TB granuloma. The central and peripheral regions of granuloma and the parenchyma of lung are also shown.   
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Figure 2.20. A single-color composite image of individual markers with DAPI showing distribution of each immune cell population in a TB 

granuloma (shown in Figure 2.19). The full composite image of these individual markers is shown in Figure 2.19.  
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Figure 2.21. Change in the immune cell populations in lungs from Mtb infected C3HeB/FeJ mice during drug treatment. (A) Cell population (%) of 

several immune cells per total number of their phenotypes was calculated in untreated (UnRx) and treated (BPaL and BPaS) groups based on a 

panel of 6-color antibodies + DAPI. (B) Spearman’s correlation matrix for immune cell populations (B220, CD4, CD8, F4/80, Foxp3, Ly6G) showing 

all relationships. A coefficient with a value of either +1 (blue), 0 (white), or -1 (red) indicates a perfect association, no association, and a perfect 

negative association of ranks, respectively. Numbers indicate the correlation coefficient. 
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Figure 2.22. Immune cell populations in lung samples of Mtb infected C3HeB/FeJ TB model after 4 weeks therapy. Statistical significance was 

calculated using two-way ANOVA with Tukey’s test for multiple comparisons and p < 0.05 was considered significant. 
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Monotherapy of linezolid and spectinamide 1599 show similar efficacy in the 

BALB/c TB model 

The bactericidal effect of monotherapy of linezolid (L) and spectinamide 1599 (S) 

was tested in Mtb infected BALB/c mice. Animals received L or S for 4 weeks and at the 

end of treatment their lung and spleen bacterial burden was measured by enumerating 

the colony forming units (CFU) (Figure 2.23). The results showed that compared to UnRx 

(5.40 ± 0.07 log10) and vehicle (5.49 ± 0.20 log10) controls, animals in L (4.57 ± 0.16 

log10) and S (4.63 ± 0.06 log10) treated groups had significantly (p<0.05) lowered lung 

CFU (2.23A). Importantly, no statistically significant difference was observed between 

either treatment group. Bacterial burden in spleen after 4 weeks of L and S treatment 

showed no change in CFU, and all the groups behaved alike (2.23B).  
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Figure 2.23. Bacterial burden (CFU) in Mtb infected BALB/c mice treated with monotherapy of linezolid (L) and spectinamide 1599 (S). L and S 

significantly decreased lung CFU (A) compared to untreated (UnRx) and vehicle controls and no significant difference was observed between 

both treatment groups. In the spleen, there was no difference in CFU(B). ns = non-significant, ** = p < 0.005  
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Combination therapy of BPaL or BPaS have similar efficacy in the BALB/c TB 

model 

The effect of combination therapy on lung and spleen bacterial burden (CFU) of 

Mtb infected BALB/c mice was measured at the end of 4 weeks of drug treatment. The 

comparative analysis of lung CFU of combined data from two independent studies is 

shown in Figure 2.24 and the results of each individual study are shown in Figure 

2.24i&ii. The combined results demonstrated that compared to untreated (UnRx) (5.24 ± 

0.17 log10) control, mice in BPaL (1.29 ± 0.13 log10) and BPaS (1.44 ± 0.17 log10) 

treated groups significantly (p<0.05) reduced the lungs CFU (2.24A). Importantly, no 

significant difference was observed between the treatment groups. Similarly, in spleen, 

4 weeks of BPaL and BPaS treatments reduced CFU below the level of detection (LOD) 

compared to UnRx (5.68 ± 0.38 log10) control (2.24B). 
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Figure 2.24. Bacterial burden (CFU) in Mtb infected BALB/c mice treated with BPaL or BPaS regimen. Both treatment regimens significantly 

lowered the CFU in lung (A) and spleen (B) after 4 weeks compared to untreated (UnRx) control. No significant difference was observed between 

either treatment groups in lung or spleen. The graphs represent combined data from two independent studies. LOD: limit of detection; ns = non-

significant, **** = p < 0.00005 
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Figure 2.24i (BALB/c Study 1). Lung and spleen bacterial burden (CFU) in Mtb infected BALB/c mice treated with BPaL or  BPaS regimen for 4 

weeks. n = 5, LOD: limit of detection, ns = non-significant, **** = p < 0.00005 
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Figure 2.24ii (BALB/c Study 2). Lung and spleen bacterial burden (CFU) in Mtb infected BALB/c mice treated with BPaL or BPaS regimen for 4 

weeks. n = 7, LOD: limit of detection, ns = non-significant, **** = p < 0.00005
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Monitoring of adverse effects during drug treatment in the BALB/c TB model 

1. Changes in the live body weight in the BALB/c TB model during treatment 

a. Monotherapy of linezolid or spectinamide 1599 does not affect the 

live body weight of mice 

First the effect of monotherapy on the average live body weight of Mtb infected 

mice was evaluated. Mice were treated with linezolid (L) or spectinamide 1599 (S) alone 

for 4 weeks and their average live body weight was measured on a weekly basis. The 

results demonstrated that the live body weight of Mtb infected BALB/c mice treated with 

L or S was not affected during the 4 weeks of monotherapy treatment (Figure 2.25). 
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Figure 2.25. Change in the average live body weight of Mtb infected BALB/c mice during monotherapy. Mice treated with linezolid (L) or 

spectinamide 1599 (S) alone while untreated (UnRx) and vehicle groups served as control. No significant difference was observed among the 

groups after monotherapy. p < 0.05
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b. BPaL therapy decreases the live body weight of mice 

The average live body weight of Mtb infected female BALB/c mice summarized in 

Figure 2.26 is the combination of two independent studies and the results of individual 

studies are given in Figures 2.26i. The combined results showed that BPaL and BPaS 

treatments were well tolerated as change (%) in the live body weight of mice only 

ranged between 2.28-3.85%. The BPaL treatment significantly (p<0.05) decreased 

average live body weight of mice compared to untreated (UnRx) and BPaS treated 

animals. However, there was no significant (p<0.05) difference between UnRx and 

BPaS treatment groups.  
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Figure 2.26. Change in the average live body weight of Mtb infected BALB/c mice during drug treatment. Mice treated with BPaL regimen 

significantly decreased their live body weight compared to untreated (UnRx) control and BPaS groups. The graph represents the combined data 

from two independent studies. p < 0.05 
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Figure 2.26i. Change in the average live body weight of Mtb infected BALB/c mice during drug 

treatment. (A) Study 1, n =7 (B) and study 2, n = 5 are presented here and the combined results of these 

studies are shown in Figure 2.26. p < 0.05 
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2. BPaL and BPaS therapy result in significantly lower lesion burden in the 

BALB/c TB model 

The lungs from Mtb infected BALB/c mice treated with BPaL or BPaS regimen 

were processed for histopathology and lesion scoring. Contrary to C3HeB/FeJ mice, 

all granulomas in BALB/c mice consisted of cellular aggregations with very 

homogeneous structure. Importantly, like C3HeB/FeJ, BPaL and BPaS therapy in 

BALB/c mice significantly decreased the number and size of TB lesions and a 

significant (p<0.05) lesion burden score difference was observed between untreated 

and drug treatment groups (Figure 2.27).   
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Figure 2.27. Change in the lung histopathology and lesion score of Mtb infected BALB/c mice during drug 

treatment.  BPaL and BPaS treatments significantly decreased the lesion size and number compared to 

untreated (UnRx) control and their lesion scores reflect that change. H&E, 20X. ns = non-significant, p < 

0.05 
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3. BPaL and BPaS therapy does not alter the cell ratio in bone marrow of the 

BALB/c TB model 

 Hematopathology of bone marrow of Mtb infected BALB/c mice was done at the 

end of 4 weeks treatment with BPaL and BPaS. The effect of treatments was evaluated 

by counting the number of myeloid (M) cells and other (O) cell types per 100 bone 

marrow cells. Both BPaL and BPaS treatments did not alter their numbers (Figure 2.28).
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Figure 2.28. Evaluation of bone marrow cells in Mtb infected BALB/c mice after 4 weeks of treatment. The number and ratio of myeloid (M) cells 

and other (O) cell types remained unaltered after BPaL and BPaS treatments. p < 0.05 
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4. BPaL and BPaS therapy has no effect on cytokine and chemokine response 

in bone marrow of the BALB/c TB model 

a) Change in the total protein concentration 

A comparative analysis for the concentration of cytokine and chemokine in bone 

marrow, plasma, and lung samples from Mtb infected BALB/c mice treated with BPaL or 

BPaS regimen was measured. First the total protein (TP) concentration in lung 

homogenate and bone marrow supernatant was calculated to normalize its 

concentration for Luminex assay. The plasma samples, however, did not require TP 

measurement as their matrix was self-normalizing. The TP concentrations remained 

unaltered among the groups both in lung and spleen (Figure 2.29).
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Figure 2.29. Change in the total protein (TP) concentration in lung and bone marrow from Mtb infected BALB/c mice during drug treatment. 

Mice were treated with BPaL and BPaS regimen but at the end of treatment no significant change was observed in TP concentration in lung (A) 

and bone marrow (B) samples in untreated (UnRx) and treatment groups.
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b) Change in the cytokine and chemokine response 

When bone marrow, plasma and lung samples of Mtb infected BALB/c mice were 

analyzed for 26 cytokines and chemokines, the BPaL and BPaS treatments did not 

change their concentration as depicted by their z-score in Figure 2.30, 2.31 and 2.32 

respectively. 
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Figure 2.30. Measurement of 26 cytokines and chemokines in bone marrow (BM) supernatants of Mtb infected BALB/c mice treated with BPaL 

or BPaS regimen. No significant difference was observed for all cytokines and chemokines between the treatment groups after 4 weeks. p < 0.05 
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Figure 2.31. Measurement of 26 cytokines and chemokines in plasma of Mtb infected BALB/c mice treated with BPaL or BPaS regimen. No 

significant difference was observed for all cytokines and chemokines between the treatment groups after 4 weeks. p < 0.05 
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Figure 2.32. Measurement of 26 cytokines and chemokines in lung homogenates of Mtb infected BALB/c mice treated with BPaL or BPaS 

regimen. No significant difference was observed for all cytokines and chemokines between the treatment groups after 4 weeks. p < 0.05 
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c) Correlation between lung CFU and cytokines and chemokines 

 We further investigated the correlation factor between lung bacterial burden 

(CFU) and 26 cytokines and chemokines from bone marrow, plasma and lung samples 

from untreated (UnRx) and treatment (BPaL and BPaS) groups. None of the bone 

marrow cytokines and chemokines were found significantly (p<0.05) correlated with lung 

CFU (Figure 2.33). In plasma samples IL-13 (R=0.58, p=0.049) and IL-27 (R=0.64, 

p=0.026) were significantly positively correlated with the lung CFU (Figure 2.34). 

Whereas in the lung samples IP-10 (CXCL-10; R=0.71, p=0.01), GM-CSF (R=0.62, 

p=0.032), RANTES (CCL5; R=0.62, p=0.031), MCP-3 (CCL7; R=0.59, p=0.045), IL-17A 

(CTLA-8; R=0.69, p=0.012) and MIP-2 alpha (CXCL2; R=0.6, p=0.041) were positively 

correlated with lung CFU (Figure 2.35). 
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Figure 2.33. Spearman’s correlation analysis between lung bacterial burden and bone marrow cytokines and chemokines profile in Mtb infected 

BALB/c mice treated with BPaL or BPaS regimen. 
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Figure 2.34. Spearman’s correlation analysis between lung bacterial burden and plasma cytokines and chemokines profile in Mtb infected BALB/c 

mice treated with BPaL or BPaS regimen. 
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Figure 2.35. Spearman’s correlation analysis between lung bacterial burden and lung cytokines and chemokines profile in Mtb infected BALB/c 

mice treated with BPaL or BPaS regimen. 
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Discussion 

Despite decades of research, there are limited treatment options for MDR- and 

XDR-TB patients. Fortunately, the BPaL regimen consisting of all-oral drugs such as B, 

Pa and L showed excellent efficacy in preclinical (11,20,52,53) and clinical trials (12,13), 

yet there were associated severe AEs linked to long-term administration of L. In an 

attempt to overcome L-associated AEs, we evaluated a new regimen in which L in BPaL 

regimen was replaced with inhaled spectinamide 1599 (S), administered at 50 and 

100mpk as reported previously (43). S has shown excellent efficacy against MDR- and 

XDR-TB in in vitro models studies (19,42), has potential for with high safety profile 

(37,38) and to be used as a dry powder inhalation therapy (48). Therefore, in the current 

study, we hypothesized that the BPaS regimen has similar efficacy to that of BPaL, 

while avoiding L-associated AEs. 

We used two preclinical chronic TB murine efficacy models (54–56) to investigate 

BPa, BPaL and BPaS, for efficacy and any associated AEs during the course of 4-

weeks of treatment. Based on the diversity of outcomes observed during human TB 

disease (43) and as no single animal model recapitulates the wide spectrum of human 

TB pathology (57), we chose the BALB/c and C3HeB/FeJ murine TB models. The BALB 

/c chronic TB model is representative of a long-term Mtb chronic infection that develops 

homogenous lung granulomatous lesions that restrain the bacilli within intracellular 

compartments (58). In contrast, low-dose aerosol Mtb infection of C3HeB/FeJ mouse 

also results in a chronic infection, but their lungs  exhibit a heterogenous spectrum of 

lesions including granulomas similar to those seen in BALB/c chronic TB model in 

addition to caseous necrotic lesions surrounded by a fibrotic rim (51,59,60). The 
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caseum of these necrotic granulomas creates a hypoxic environment and contains 

abundant extracellular bacilli (51,60,61) in a similar fashion to necrotic granulomas 

found in some human TB patients. It is believed that fibrotic, necrotic and hypoxic 

environment of these granulomas creates barriers to drug penetration, alters bacterial 

phenotype, and together both attributes challenge therapeutic outcomes (54–56,62). 

Therefore, to better understand the broader implications of drug efficacy and drug 

associated AEs in scenarios without (BALB/c) and with (C3HeB/FeJ) necrotic 

granulomas, both murine TB efficacy models were employed.               

Overall, our antimicrobial data are in accordance with the granuloma spectrum of 

both mouse models discussed above where a more robust reduction in lung bacterial 

burdens was observed in the absence (BALB/c) versus the presence (C3HeB/FeJ) of 

necrotic lesions. Although the spleen contains culturable Mtb, the pathological response 

is limited, consisting of microscopic aggregates of macrophages localized within 

lymphoid white pulp compartments in both models (62). As such, no difference in 

treatment response for BPa, BPaL, or BPaS was observed in spleen between BALB/c 

and C3HeB/FeJ mice. The overall lung efficacy observed for monotherapy with L or S 

administered for 4-weeks was <1 log10 CFU reduction (Figure 2.2 & 2.25), but both 

multidrug regimens as BPaL or BPaS promoted much higher CFU reduction. Thus, 

BPaL and BPaS significantly reduced lung burdens by 3.8-4.0 log10 and 2.5-2.7 log10 in 

BALB/c (Figure 2.26) and C3HeB/FeJ TB (Figure 2.3) models, respectively. The 

bactericidal effect of S as monotherapy (24) and BPaL (53) in mice is in line with 

previous reports. We therefore conclude that both regimens promote similar bactericidal 

effects in murine models lacking, or featuring, advanced pulmonary pathology.  
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A primary concern with the continued use of BPaL in humans, is the appearance 

of L-associated AEs including peripheral neuropathy, anemia, myelosuppression, and 

optic neuritis (12,13). Moreover, among all the hematological anomalies found in the 

patients worldwide treated with L or BPaL, the most commonly reported anomalies are 

anemia and myelosuppression (19,57,63,64). Although considered manageable, these 

AEs required dose reductions or interruptions in treatment of patients with L, which may 

drive treatment failure and/or further resistance development to B or Pa.   

We deployed a host of diverse strategies to investigate regimen efficacy, 

tolerability, and treatment-associated alterations in hematology and immune function by 

quantifying the lung and spleen bacterial burdens, live body weight of animals, 

pulmonary histopathology, CBC profiles, and bone marrow histopathology as measures 

of treatment response, anemia, and myelosuppression.  

 Detailed pathological assessment revealed an improvement in the lesion burden 

score in mice treated with BPaL and BPaS when compared to untreated animals. The 

improvement of lesion burden strongly correlated with the reduction of bacterial burden 

in both TB models (Figure 2.6 & 2.29). Thus, we concluded that the potent antimicrobial 

effect of BPaL and BPaS regimens also results in improvement of the pathological 

outcome during chronic infection with Mtb. It remains to be determined whether BPaS is 

equivalent to BPaL in terms of achieving durable relapse-free cure in mice, which was 

outside of the scope of this initial study.  

Weight loss is an important clinical parameter in TB patients as the extent of 

weight loss determines the severity of disease progression (65). Moreover it is also 

used in clinics as an indicator of in vivo drug efficacy (66). As in a previous study (43), 
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monotherapy with 4-weeks of L or S did not have a pronounced effect on the live body 

weight of mice (Figure 2.4 & 2.27). However, L-containing BPaL regimen, but not BPaS, 

was associated with a significant decrease in the live body weight at week 4 in Mtb-

infected BALB/c (Figure 2.28) and C3HeB/FeJ mice (Figure 2.5). A similar inverse 

relationship between body weight and L exposure was recently reported in human 

patients (67). Nevertheless, it remains unclear whether the observed change in mice 

body weight while on 4-weeks of treatment with BPaL versus L alone is the result of 

stress arising from repeated daily drug administration by oral gavage but arguably the 

treatment with BPaS also received repeated daily dosing. Therefore, we concluded it 

might be a regimen-specific effect that will need to be monitored during longer periods 

of treatments.  

Among L-associated hematological side effects, the incidence of anemia is 

reported at rates of up to 62.5% in MDR and XDR-TB patients (68–70) and the onset of 

this effect can occur 2 weeks to 2 months post L administration (71). Using a CBC profile 

of 20 peripheral blood parameters, we showed that mild anemia is associated with 4-

weeks of L or BPaL drug treatment in Mtb-infected C3HeB/FeJ mice. In contrast, our 

preclinical study failed to detect any difference between 4-weeks L or S monotherapy in 

terms of total red blood cells, white blood cells, platelets, or hemoglobin (HGB) 

concentrations compared to untreated control group (data not shown). However, L 

treatment alone increased RDWs and both L and S decreased MCHC (Figure 2.7). In 

human TB patients treated with anti-TB drugs (72–74), increased RDWs and lower HGB 

are associated with anemia and these parameters serve as markers of disease prognosis. 

Interestingly, in our study, such changes were observed in BPaL but not in BPa or BPaS 
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groups suggesting that L could be the causative agent leading to these changes. As 

MCHC was also decreased to an equivalent extent in mice receiving 4-weeks of BPaL 

and BPaS, this suggests that reduction in MCHC is independent of inclusion of an 

oxazolidinone in a BPa-based combination regimen. Another striking observation is that 

none of the 20-blood parameters evaluated showed any change after the first two weeks 

of therapy with BPa, BPaL, or BPaS (Figure 2.8). However, by 4-weeks, a significant drop 

in HGB and an increase in RDWs was apparent for BPaL group (Figure 2.8). This is 

interpreted to mean that mild hematological effects observed in mice treated for 4-weeks 

with L or BPaL are dependent on the number of L-doses administered and are thus, time-

dependent. Overall, the onset of these hematological effects when testing an L-containing 

regimen (BPaL) is in agreement with previous studies (71,75) in human patients.  

Toxicity of the oxazolidinones remains a critical issue. The mechanism of L-

induced toxicity is attributed to its binding with the host mitochondrial ribosomes leading 

to mitochondrial toxicities (32). The latter results in activation of Nlrp3 inflammasome 

(31) and subsequently results in L-mediated bone marrow myelosuppression (64); a 

phenomenon consistent with the hematologic anomalies seen in patients treated with L 

for extended time periods. Because spectinamides do not bind to mitochondrial 

ribosomes there is reduced potential for similar side effects (42) (76). To conclusively 

test this hypothesis, we performed bone marrow histopathology to quantify M to E ratio 

(M:E), a parameter that provides information about the relative proportions of myeloid 

lineage (granulocytes, monocytes, and their precursors) to erythroid lineage (77). The 

BPa and BPaL regimens altered M:E ratio in C3HeB/FeJ TB model by suppressing 

myeloid and inducing erythroid lineages (Figure 2.9) whereas no such difference was 
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observed in mice treated with BPaS compared to untreated control. L was previously 

shown to impact M:E ratio, although an opposite trend was observed in those studies, 

which employed 12-days of L administration and a different strain of otherwise healthy 

mice (31). Time course studies using a single consistent assay method are needed to 

resolve this discrepancy. 

Elevation of interleukin 1β (IL-1β) levels and activation of Nlrp3 inflammasome 

have been previously linked to myelosuppression (64). A 26-plexed immunoassay on 

bone marrow samples from Mtb-infected C3HeB/FeJ mice revealed that most of the 

proinflammatory cytokines and chemokines including IL-1β, IL-12p70 and TNF-α were 

present at significantly higher concentrations in animals treated with BPaL compared to 

BPaS (Figure 2.11). The presence of elevated IL-1β was previously reported during 

monotherapy with L (31),(78). Studies from UnRx Mtb-infected C3HeB/FeJ mice also 

revealed highly elevated levels of cytokine and chemokine, as expected (Figure 2.14).  

Lastly, we examined the effect of BPaL and BPaS regimens with regards to 

changes in the immune cell profile of bone marrow, blood, and lungs. Similar to 

changes observed for cytokine profiles, our comparative analysis of cell populations in 

bone marrow revealed a significant reduction in the number of most immune cell 

subsets during BPa, BPaL or BPaS treatment compared to UnRx control (Figure 2.17). 

Two cell subsets showed a specific increase with drug treatment including CD45+CD3+ 

T-lymphocytes and CD45+CD3-CD19+B220- B-lymphocytes. This quantitative increase 

in T- and B-lymphocytes suggests changes in adaptive immunity with effective drug 

treatment in mice. These observations are further supported by quantification of 

immune cells in lungs which also revealed an increase of T- (CD4, CD8 and Foxp3) and 
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B-lymphocytes (B220) in BPaL and BPaS treatment groups compared to UnRx control 

(Figure 2.21). Comparative analysis of immune cell populations in Mtb-infected 

C3HeB/FeJ mice treated with BPaS and BPaL was similar for all groups except for cells 

expressing the F4/80 marker, which were significantly higher in mice treated with BPaS 

(Figure 2.22).  

An additional striking finding from this study was a strong concordance between 

the decrease in lung and spleen bacterial burdens and a corresponding decrease in the 

number of cells expressing the neutrophil associated marker (Ly6G) (Figure 2.21). This 

observation further supports profound overall changes in the reorganization of immune 

cells during therapy with BPaL or BPaS (Figure 2.22). An implication of this finding is 

that the favorable treatment outcomes may promote a corresponding decline in Ly6G 

neutrophil population. This finding is noteworthy as the previous studies have suggested 

a correlation between the presence of Ly6G neutrophils in lungs with higher Mtb load 

and worsened disease severity, whereas, depletion of this cell population was found to 

lower Mtb burdens, without affecting other immune cells (79).These observations should 

be considered with caution given that only a single timepoint was allocated to this study 

arm.  

In support of our original hypothesis, we show that 4-weeks of treatment with 

BPaS was equivalent to BPaL in terms of bactericidal response in lungs and spleens in 

two mouse models of increasing pathologic complexity. Hematologic and bone marrow 

histopathology confirmed a role for L and BPaL in promoting mild anemia and 

myelosuppression in mice. In contrast, BPaS was not found to promote AEs within the 

timeframe and dosing interval tested herein. Both regimens also promoted significant 
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improvement in lung pathology score and quantitative changes of markers of adaptive 

immunity. Together this data suggests that inhaled spectinamide 1599 is an effective 

partner agent to BPa and may serve as a potentially safer replacement for L in a 

modified Nix-TB regimen (BPaS).  

This report has several limitations. The studies conducted were not designed as 

formal safety trials and should be considered accordingly. The studies performed only 

looked at 1-month of L, BPaL or BPaS treatment, and longer dosing would be 

necessary to determine if treatment continued to reduce lung bacterial burden and/or 

resulted in more significant L-associated AEs. Definitive relapse trials are also 

warranted to understand if BPa + S is as effective as BPa + L in promoting durable cure 

in mice.  

The TB drug development field is working towards developing shorter and safer 

therapies with a common goal of developing new multidrug regimens of low pill burden 

that are accessible to patients, of short duration (ideally 2-3 months) and consist of 3-4 

drugs of novel mode-of-action with proven efficacy, safety, and limited toxicity. Here we 

present initial results that are in line with these goals. Further studies with inhaled 

spectinamide 1599 and BPa are therefore warranted to determine if 2-3 months of 

treatment with BPaS, further reduces the bacterial burden and leads to sterilizing 

activity without associated AEs.
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CHAPTER 3 

Spatial and temporal profiling of immune responses during pulmonary infection 

with Mycobacterium tuberculosis 

 
 
 

Introduction 

Tuberculosis (TB) is an infectious disease caused by Mycobacterium 

tuberculosis (Mtb), and it has been recorded since ancient history. In 2021, 1.4 million 

people died of TB and 10 million new cases of this disease were diagnosed (1). 

Commonly, a person is infected by inhaling Mtb and thus the bacteria first infects the 

lungs, however, it can also disseminate to and infect other body organs like kidney, 

brain, liver, spleen, and bones (2). An estimated one fourth of the world population is 

infected with Mtb (3) but the majority (90%) lack clinical symptoms and are non-

infectious; clinically this stage of infection is diagnosed as latent TB (LTB) (4). Only 10% 

of the infected world population develop clinical symptoms and can be infectious; 

clinically these patients are diagnosed with active TB (ATB).  

Mtb is an intracellular bacillus that primarily infects macrophages and dendritic 

cells (DCs), the innate component of the immune system in the lungs. Upon entry into 

the lungs, alveolar macrophages (AMs) along with other phagocytes (DCs) engulf Mtb 

(5). Infection of these cells promotes an inflammatory response that leads to recruitment 

of more macrophages and neutrophils, all of which form a wall surrounding the infected 

cell.  Eventually, as the infection progresses in time, the inflammatory responses recruit 

several types of lymphocytes at the site of infection. This cell wall surrounding the 
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infected cells is referred to as a tuberculous granuloma. Thus, the granuloma is a highly 

organized lesion located within stromal cells of the lungs and which contains focal 

aggregates of central myeloid cells (mainly macrophages, neutrophils and DCs) that are 

at various stages of activation and are interspaced or surrounded with T and B 

lymphocytes (6,7). This structure can further be surrounded by a fibrous capsule of 

fibroblasts and collagen fibers that separates the immune cells from the uninvolved 

adjacent healthy tissue or parenchyma (8) and in some instances the core of the 

granuloma becomes necrotic and is highly infiltrated with neutrophils. The granuloma is 

considered the hallmark of TB and its main role is to create unique immune 

microenvironments (IME) that controls dissemination of the bacteria to other organs and 

to another host (6). However, if IME fails to control the infection, the integrity of the 

granuloma is lost and the Mtb is free to replicate within and outside cells. Active 

replication of the bacilli results in uncontrolled inflammatory responses along with 

extensive lung tissue and airway damage. The latter also facilitates the host expulsion, 

via coughing, of droplets containing bacilli which are transmitted and implanted into a 

new host (ATB infection) (9,10). 

The Mtb-containing droplets first interact with alveolar macrophages (AMs) 

located in the alveolar sacs of the lungs. These cells phagocytose Mtb bacilli and often 

kill them via formation of phagolysosomes and production of antimycobacterial peptides 

and reactive oxygen and nitrogen intermediaries (ROIs and RNIs respectively) (11). 

This process, in response, causes mild inflammation in the lungs. The initial 

containment of the infection may depend on factors such as genetics of the individual 

and on the inhaled Mtb strain. However, Mtb has also evolved numerous mechanisms 
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to escape the host defense system by triggering anti-inflammatory responses and 

blocking the formation of phagolysosomes (12).  

Most frequently as soon as the AMs interact and ingest the bacteria, these cells 

secrete various cytokines; among others the most important are tumor necrosis factor 

alpha (TNFα), interleukin (IL) 12 and 23 along with a variety of chemokines; CCL2 and 

CCL5. This initial inflammatory response of the AMs recruit neutrophils, DCs and blood 

monocytes to the site of infection, all of which are also capable of ingesting and 

digesting bacteria. Antigen presenting DCs are very important cell populations at this 

point because after uptaking the bacilli they move quickly from the site of infection to the 

draining lymph nodes where naïve T lymphocytes reside (13). The DCs at the lymph 

nodes activate differentiation of naïve T cells into effector T cells that in turn will be 

recruited back to the forming granuloma in the lungs. At the granuloma, effector T cells 

recognize the infected macrophages and secrete interferon gamma (IFNγ) which 

activates macrophages to kill intracellular Mtb via RNIs production (14). However, the 

latter mechanism has no sterilizing capacity, and some bacteria survive the attack, as a 

result, a perpetual inflammatory response ensues with a continuous recruitment of more 

T and B lymphocytes along with regulatory T cells and more myeloid cells; all aiming to 

balance the antimicrobial and inflammatory responses (and subsequent tissue damage) 

with anti-inflammatory responses that limit excessive inflammation and tissue damage. 

Thus, the successful longevity of a granuloma and restraining of bacilli within its wall is 

possible thanks to the well-balanced environment of pro-inflammatory (e.g. TNFα and 

IFNγ) and anti-inflammatory (e.g. IL-10) cytokines (15) produced by lymphocytes and 

macrophages within the granuloma. Overall, as discussed above, the granuloma acts 
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as a double-edged sword because it limits infection, but it also provides a safe IME for 

Mtb to survive for long periods of time. In this scenario, more than 90% of the infected 

individuals are capable of restraining Mtb within granulomas; these individuals are 

diagnosed with LTB infection and remain asymptomatic.  

About 10% of LTB infections can eventually develop ATB. Reactivation may be 

caused because patients develop immunosuppression or due to the environmental 

causes such as coinfection with HIV infection, other co-morbidities and aging (16). In 

this stage, Mtb can actively replicate, disrupt the granuloma structure and become a 

free-living bacterium within and outside the granuloma and in the extracellular matrix. 

The latter leads to overriding inflammatory responses, advance pathology and extensive 

tissue and airway damage that results in pulmonary disease and often leads to 

cavitation of the lungs.  

Human TB manifests a diverse spectrum of granulomas (17) which exhibit 

morphological heterogeneity both in ATB and LTB disease as revealed by the studies 

conducted more than 50 years ago (4). Apart from the classic caseous granuloma, 

granulomas range from the non-necrotizing, neutrophil-rich, mineralized granulomas to 

the highly organized necrotic encapsulated granulomas with a cavity (7). The 

heterogeneity of the granulomas is influenced by factors such as the state and number 

of Mtb, the type of localized immune response, and the overall host disease status 

(18,19). These findings are supported by the studies conducted in humans (8,20–23) 

and animal models (10,24,25) all of which reiterate the inherent complexity of this 

disease. With the progression of time, granulomas increase in size, number, and 

distribution in the lungs and vary in cellular composition and histological features. 
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Initially the small cellular aggregates of non-necrotic lesions develop into large mature 

necrotic granulomas.  

    Animal models play an important role in basic and translational TB research 

and, therefore, are frequently used to answer critical questions. There is no single 

animal model that truly recapitulates the human TB spectrum (4). For example, Mtb 

infection in BALB/c mice develop into a long-term and very slow chronic infection 

resulting in uniform pulmonary non-capsulated cellular lesions containing clusters of 

immune cells (24). On the other hand, Mtb infection in C3HeB/FeJ mice develops into a 

much rapid and advanced pathology and disease that results in heterogenous 

pulmonary lesions including cellular granuloma and highly organized encapsulated 

caseous necrotic lesions (24,25). Each model is well suited to help understand the 

course of immunopathology in circumstances (BALB/c mice) in which the bacteria 

remain intracellularly versus other scenarios (C3HeB/FeJ mice) in which bacteria can 

be found either intracellular or extracellularly in necrotic and encapsulated granulomas 

and there is rapid progression into advanced disease with early mortality. Most 

important, it is well reported that the granulomas are not static lesions and over time 

there are important spatial and temporal changes that lead to changes in their structure 

and composition. These changes differ not only from one granuloma to another in a 

single individual but also depend on severity of the disease (4). Thus, longitudinal 

studies using the BALB/c and C3HeB/FeJ mice also allow us to study spatial and 

temporal changes of different types of granulomas at different disease states.  

Our goal is to understand the in situ immunopathological course of different 

scenarios of TB using the BALB/c and C3HeB/FeJ mouse models of TB. Previous 
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studies have used similar models to investigate the cellular and molecular composition 

of the lung immunopathology using flow cytometry, immunoassays, etc. (26–30) but all 

these approaches use homogenates or isolated cell suspensions of lung tissue which 

lack the histological context of the granuloma. Therefore, intrinsic interactions in situ 

between cells during formation of the granuloma and their changes over time remain 

poorly understood. Conventional histopathological techniques such as hematoxylin and 

eosin (H&E), immunofluorescence (IF) and immunohistochemistry (IHC) are limited in 

their capacity to study immunopathology. Here, we studied longitudinal relationships of 

immune cells as well as their unique populations within and around granuloma in 

BALB/c and C3HeB/FeJ mouse models of TB using a novel technique of multispectral 

imaging microscopy. Compared to flow cytometry and other techniques, multiplex 

fluorescence immunohistochemistry (mfIHC) is unique in its ability to provide both 

expression and location of several immune cells along with their co-localization in a 

single tissue section while preserving tissue architecture and spatial context. 

 

Materials and Methods  

Mice and Mycobacterium tuberculosis infection 

Female 6-8 weeks old BALB/c and C3HeB/FeJ mice were purchased from the 

Jackson Laboratories (Bar Harbor, ME). Mice were rested for at least one week at BSL3 

laboratory in Colorado State University (CSU) before infection. All protocols and use of 

these animals were reviewed and approved by the Institutional Animal Care and Use 

Committee (IACUC) at CSU. Animals were infected with a low dose aerosol infection of 
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Mycobacterium tuberculosis (Mtb) (Erdman strain; ATCC 35801) using an inhalation 

exposure system (Glas-Col, Terre Haute, IN) calibrated to deliver ~50-100 colony 

forming units (CFU) to the lungs. To confirm the bacterial deposition into the lungs, mice 

(n=5) were euthanized after the aerosol infection and their lung homogenates were 

plated onto 7H11 agar plates followed by incubation at 37 °C for 3-4 weeks until the 

colonies were visible to the naked eye on the agar and were enumerated. Likewise, the 

total CFU of the inoculum was also determined as explained above. Clinical 

observations of these mice e.g., inactivity, rough fur, hunched posture, increased 

respiratory rate or effort were monitored daily. 

Necropsy of animals 

Mtb-infected BALB/c mice (n=5) were sacrificed at 5-, 9- and 11-weeks post 

infection and C3HeB/FeJ mice (n=3) were sacrificed at 9- and 13-weeks post infection. 

Mice were terminally euthanized by CO2 narcosis, then the thoracic cavity was opened, 

and their lungs collected and processed for further analysis.  

Measurement of bacterial burden in the lungs 

The bacterial burden was measured as CFU in the lungs of animals. Because the 

course of infection in BALB/c mice is homogenously distributed between lung lobes, 

only the left lung lobes (1/3 of the lungs) were collected and prepared for CFU 

quantitation. On the other hand, because the course of infection in the C3HeB/FeJ mice 

is heterogeneously distributed, we used the whole lungs for CFU quantitation. Lungs 

were collected and homogenized using the Next Advance Bullet Blender (Averill Park, 
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NY) as described previously (31). The lung homogenates were plated in a serial 10-fold 

dilution onto 7H11 agar plates and incubated for 4-6 weeks before the final CFU count.  

Lung histopathology and lesion scoring 

The right lung lobes from BALB/c animals and whole lungs from C3HeB/FeJ 

mice were fixed in 4% paraformaldehyde (PFA) for 48 hours and embedded in paraffin 

for histopathological evaluation. Formalin fixed paraffin embedded (FFPE) tissues were 

sectioned at 5 µm, dried overnight at room temperature and then kept at 4 °C until 

further use. The sections were stained with hematoxylin and eosin (H&E: Leica 

Biosystems) and scanned at 40X magnification using the multispectral automated 

PhenoImager (Akoya Biosciences) for lesion scoring. The extent of the lesion burden in 

the lungs was quantified using blinded digital images and an open-source QuPath 

software for image analysis. For each tissue section, a region of interest (ROI) was 

generated at low magnification with a custom tissue detecting algorithm using decision 

forest training and classification to differentiate tissue versus background based on 

color and area. Lesions were identified within tissue ROIs at high magnification with an 

additional custom-made algorithm using decision forest training and classification based 

on staining intensity, color normalization and deconvolution, area, and morphological 

features. Percent lesion calculations were integrated into the same algorithm and 

calculated from tissue area and lesion area as designated by the ROI and lesions 

detected.  
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Multiplex fluorescence immunohistochemistry 

Five µm sections of FFPE lung tissues were further stained for multiplex 

fluorescence immunohistochemistry (mfIHC) using a Leica bond autostainer at the 

Human Immunology & Immunotherapy Initiative (HI³) core located at the University of 

Colorado, Denver. mfIHC was conducted using an Opal 7-color automatic IHC kit 

(Akoya Biosciences) with Tyramide Signal Amplification (TSA) technique. The principle 

of TSA technique for mfIHC staining is described in Figure 3.1. Briefly, the detection 

method of antigen is based on the use of fluorophore conjugated to a tyramide molecule 

in the TSA reagent. In this system, horse-radish peroxidase (HRP) enzyme conjugated 

with secondary antibody is used to catalyze a reaction between tyramide. Tyrosine 

residues formed in this process covalently deposit each fluorophore on or near the 

epitope of interest on the tissue section. Compared to conventional fluorescence IHC, 

the TSA offers brighter signals by producing a local sea of fluorophores near an HRP-

conjugated antibody. Due to the covalent binding, mfIHC staining leaves a permanent 

fluorescent label in the tissue slide and therefore it allows more colors to be added by 

sequential labelling. This step is followed by the heat-mediated stripping of primary and 

secondary antibodies from the tissue slide without removing the fluorophore. A new set 

of antibodies is then applied to detect the next antigen, and the process is repeated 

sequentially until all 6 markers of interest are detected in a single tissue section. The 

main advantage of this detection system is that it does not require specially labeled 

primary antibodies and can be used with standard unlabeled primary antibodies.  
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Figure 3.1. Principle of Tyramide Signal Amplification (TSA) technique. Secondary antibody conjugated with HRP enzyme is attached to the 

primary antibody. HRP enzyme catalyzes the reaction between TSA conjugated fluorophore and converts inactive tyramide fluorophore to active 

one. Active tyramide molecules then covalently deposit on or near the epitope of interest on the tissue to amplify detection. Heat stripping of 

primary and secondary antibody complex allows the next round of antibodies to attach with the target (31).
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Development of mfIHC assay 

Three 7-color panels were developed as described previously (31) and their 

details are given in Table 3.1. In brief, the staining pattern for each antibody was first 

optimized using a single color IHC staining on a control slide containing different mouse 

tissue from lung, spleen, tonsil, and intestine. Based on the known brightness ranking of 

TSA fluorophores, more abundant antibodies were paired with less bright fluorophores. 

The ranking of fluorophore brightness is given in Table 3.2. TSA dilutions were titrated 

as per need starting at the initial recommended dilution of 1:150. Full three panels were 

validated in HI³ core before final mfIHC staining. Details of antibodies and Opal 

reagents are given in Table 3.3. 

Whole Slide Scanning 

The mfIHC stained sections were scanned for whole slide imaging at 40X using 

the automated quantitative pathology imaging system (PhenoImagerTM HT, Akoya 

Biosciences). Each channel was set for exposure time using the auto-exposure feature 

at the region of interest (ROI) for a lung tissue sample. Similarly, the exposure time for 

each channel for all of the lung samples from different time points were set individually 

for both strains of mice. 
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Table 3.1. Details on the antibodies combine with their respective fluorophore in each of 7-

color mfIHC staining panel.  

Panel 
Opal fluorophore 

480 520 570 620 690 780 Nuclear staining 

1 CD8 CD4 B220 Foxp3 DEC-205 F4/80 DAPI 

2 CD4 LY6G IFNγ CD11c IL-10 CD8 DAPI 

3 CD4 PD-1 OTB DEC-205 PDL-1 CD8 DAPI 

 

 

Table 3.2. Brightness ranking of Opal fluorophores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Opal fluorophore Brightness ranking 

Opal 480 Highest 

Opal 520 Highest 

Opal 570 Medium 

Opal 620 Medium 

Opal 690 Lowest 

Opal 780 Lowest 
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Table 3.3. Details of the antibodies used in three 7-color mfIHC staining panels. 

 

 

 

Antibody Specie Type Company Cat# Clone/ Lot# Concentration pH 

CD4 Rat mAb Thermo Fisher 4SM95  1:200 6 

CD8 Rabbit mAb CST D4W2Z  1:400 6 

B220 Rat mAb BD Pharm RA3-6B2  1:500 6 

Foxp3 Rabbit mAb R&D MAB8214 1054C 1:200 9 

DEC-205 Rat mAb Biorad MCA949  1:10 6 

F4/80 Rabbit mAb CST D4C8V  1:100 6 

CD11c Rabbit mAb CST 97585S D1V9Y 1:300 6 

Ly6G Rabbit mAb CST 87048  1:100 6 

IFNγ Rabbit Polyclonal Bioss bs-0480R BJ07074740 1:200 6 

IL-10 Rabbit Polyclonal Bioss bs-20373R BA01279056 1:200 6 

PD-1 Rabbit mAb CST 84651T D7D5W 1:100 6 

PDL-1 Rabbit mAb MSVA 2083-711R-01 MSVA-711R 1:100 6 

OTB Rabbit mAb Otsuka   1:100 6 
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Image Analysis and autofluorescence removal 

The mfIHC stained whole slide scanned (WSS) images were analyzed using 

Phenochart and inForm Tissue Finder software (Akoya Biosciences). Briefly, the WSS 

images were loaded in Phenochart (version 1.1.0) and all of the granuloma lesions 

along with parenchymal tissue were annotated using Stamp feature based on the size 

of the lesions. At least 5 representative Stamps were chosen to make a project for 

image analysis. The project was further opened in inForm Tissue Finder software 

(version 2.4 8) and tissue autofluorescence was removed using a control unstained lung 

tissue slide (not stained with DAPI and Opal reagents) from the respective mouse strain 

in this project. The removal of autofluorescence ensures the accurate quantification of 

different immune cell interactions in the tissue of interest without false-positive signals 

from the background.  

The Stamps with some artifacts like tissue folds, or fluorescence precipitates were 

manually removed from analysis using Disinterest Region feature. Threshold values for 

each fluorophore were modified to create uniform view settings of images. The image 

analysis using inForm Tissue Finder was comprised of 4 different steps and details of 

each step are given below.  

1. Unmixing of images 

The first step in image analysis is the preparation of images or spectral unmixing. 

The inForm unmixes images based on the emission spectra of respective fluorophores 

and enables the identification and separation of weakly expressing and overlapping 

signals from background autofluorescence (Figure 3.2). Spectral unmixing separates 
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the signals from the fluorescent reagents placed on the tissue into individual bins. The 

advantage of using Vectra Polaris for multiplex image is automatic extraction of the 

signals from overlapping spectra and therefore no need to worry about spectral 

overlapping in this system as compared to conventional system where single-color 

spectral libraries are required for this purpose.  

2. Tissue segmentation 

The automatic tissue segmentation detects specific tissue types using train-by-

example deep learning pattern recognition algorithms. The inForm can segment lung 

tissue into different tissue types based on the tissue morphologies and fluorescent 

color. For this study, we segmented the annotated Stamps in granuloma lesions, 

unaffected parenchyma, and glass (where no tissue was found, and slide was blank) 

types (Figure 3.2). Quantitative outputs of tissue segmentation included the total 

number of granuloma lesions identified and the total area occupied by granuloma and 

parenchymal tissues.   

3. Nuclear segmentation 

The nuclear segmentation through deep learning approach is based mainly on 

the DAPI marker in the image (Figure 3.2). As the nucleus is present in nearly all cell 

types, DAPI being the nuclear marker helps in this segmentation. To further assist 

individual nuclear segmentation, CD4 and CD8 were selected as cytoplasmic markers 

using real-time tuning. Minimum cytoplasm and membrane thresholds of cells were set.  
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4. Cellular Phenotyping 

The last and very important step in image analysis is cell phenotyping (Figure 

3.2). Training of inForm based on a small set of different biomarkers classifies these 

cells in the WSS image. TSA based mfIHC helps identification of low expressing 

epitopes by tagging them with the brightest fluorophores and vice versa.  

Batch processing  

After completing a set of training of a project, remaining Stamps were batch 

analyzed based on this project. Each time point and mouse strain type were trained for 

a particular project and ultimately batch analyzed. To further check the quality of image 

analysis and to ensure data integrity, each Stamp was reviewed and removed from 

batch analysis if found unsuitable.  

Data visualization and spatial analysis 

Data from batch analyzed set of Stamps was merged into summary data files 

and graphed using GraphPad Prism version 9.5.1 (GraphPad software, La Jolla, CA) 

and the R software v.3.6.3. To explore the potential of image analysis data, the spatial 

distribution of different immune phenotypes was analyzed at 35-, 63- and 77-days post 

infection. For this purpose, the X and Y coordinates of each phenotype in the image 

analysis process were generated and spatially plotted using phenoptrReports (Akoya 

Biosciences) built-in the R software v.3.6.3. To investigate the cell interactions, the 

nearest neighbor distance was calculated and presented as a median distance from 

CD4 and CD8 to each phenotype included in the panels. Further, the mean immune cell 

counts in a radius of 100 µm from a single CD4 and CD8 cell was performed.  
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Figure 3.2. Image analysis using inForm software. Raw images can be processed for analysis in 4 different steps. Spectral unmixing is done based 

on the emission spectra of the respective fluorophore. Tissue segmentation relies on deep learning pattern recognition algorithms. Nuclear 

segmentation through deep learning approach is based mainly on the DAPI marker in the image. Phenotyping identifies different cells based on 

the training for a small set of different cells.
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Statistical analysis 

 Bacterial burden data were expressed as CFU which were Log10-transformed 

and analyzed using GraphPad Prism version 9.5.1 (GraphPad software, La Jolla, CA). 

The statistical analysis was performed using a Tukey’s multiple comparison test as part 

of one-way ANOVA. Lesion score, total cell phenotypes and their cell densities were 

plotted using GraphPad Prism while the cell densities were Log10-transformed. Nearest 

neighbor median distance and count with 100 µm radius were calculated based on the 

matrix of X and Y coordinates of each cell and visualized as heatmap using R studio. 

 

Results 

This project was conducted to study in situ immuno-pathogenesis of TB using the 

BALB/c and C3HeB/FeJ TB models. The lungs from both murine TB models were 

collected and prepared to measure the bacterial burden (CFU), lesion score and the 

spatial and temporal distribution of immune cells several times over the course of the 

infection. A comparative investigation was also conducted to study differences between 

each stage of TB disease recapitulated by each mouse TB model.  

Temporal changes in lung bacterial burden of the BALB/c TB model 

As shown in Figure 3.3, the lung bacterial burden at 35-, 63- and 77-days post 

infection were 6.37 ± 0.08, 6.08 ± 0.13 and 5.03 ± 0.41 log10 CFU respectively. Overall, 

the CFU decreased with time and a significant difference was observed for CFU at 35 

and 63 days to 77 days post infection. However, no significant difference was observed 

for CFU between 35- and 63-days post infection. 
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Figure 3.3. Bacterial burden (measured as log10 CFU per lung is in Y-axis) in Mtb infected BALB/c mice at 

different time points post infection. The lungs were homogenized, serially diluted and plated on 7H11 

agar. The CFU was enumerated after 4-6 weeks of incubation and analyzed using one-way ANOVA.  

Statistical differences between timepoints were established using Tukey’s multiple comparison test. 
* p < 0.05, ** p < 0.001  
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Temporal changes in lung lesion burdens in the BALB/c TB model 

 The lung lesion score at increased time post infection was calculated based on 

the size of granulomas versus uninvolved tissue. The H&E images of lung tissues at 35-

, 63- and 77-days post-infection are shown in Figure 3.4. and their lesion scores are 

given in Figure 3.5. Figure 3.4 A-C show representative images highlighting examples 

of granulomas (hexagons) and unaffected parenchymal tissue (arrows). As the infection 

progresses in time, the granuloma increased in size leaving a smaller proportion of 

unaffected parenchymal tissue as depicted by their lesion scores given in Figure 3.5. 

For lesion scoring, the unrelated lymphoid (oval) and cardiac tissue (rectangle) were 

removed from the algorithm.  
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Figure 3.4. Temporal changes in the lung histopathology of Mtb infected BALB/c mice. Lung tissues were collected on day 53 (A), 63 (B) and 77 

(C) post infection. (A-C) Arrows show examples of regions selected as unaffected parenchymal tissue while hexagons represent examples of 

regions identified as granulomas. In (B), the rectangle corresponds to the cardiac tissue while ovals select for the lymphoid tissue that were also 

harvested with the same sample. H&E, 20x 
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Figure 3.5. Temporal changes in the lung lesion score of Mtb infected BALB/c mice.  A gradual increase in 

the lung lesion score was observed as reflected by their histopathology images in Figure 3.4.  

  

35 63 77
0

5

10

15

20

Days Postinfection

L
e
s
io

n
 s

c
o

re
 (

%
)

BALB/c TB model



  

153 

 

Temporal Changes within lung immune cell populations in the BALB/c TB model 

In the first step, the whole lung tissue containing different granulomas, 

inflammatory regions and unaffected parenchymal tissue were analyzed to determine 

temporal changes of their immune cellular composition. The sections were stained with 

mfIHC for 2 different panels of immune markers along with DAPI as a nuclear marker. 

Staining panel 1 consists of CD4, CD8, Foxp3, B220, DEC-205 and F4/80 while panel 2 

encompasses CD4, CD8, IFNγ, IL-10, CD11c and Ly6G. The granulomas and 

inflammatory regions were segmented from the rest of the unaffected parenchymal 

tissue and thereby collectively termed as the lesions. The total number of several 

immune phenotypes from mfIHC staining panel 1 and panel 2 were counted in lesions 

and parenchymal tissue from samples obtained at day 35, 63 and 77 post infection and 

their individual counts are given in Figures 3.6 and 3.7 respectively. The results 

demonstrated that most of the immune cell populations were present in Mtb affected or 

lesions area while there were a smaller number of cells in the unaffected parenchymal 

tissue except IFNγ+ and IL-10+ cells that were more predominant in unaffected 

parenchymal. Overall, in both panels, there was an increased trend in the total count of 

each phenotype except for Ly6G+ (neutrophils) which showed a slightly decreasing 

trend. However, CD4+ positive cells (T helper), F4/80+ (macrophages) along with IFNγ+ 

and IL-10+ cells remained the most abundant cells throughout the all-time points.   

  



  

154 

 

  

Figure 3.6. Temporal changes in the immune cell phenotypes (panel 1) in the whole lung tissue in BALB/c mice infected with Mtb. The immune 

cells were counted in lesion (red) and unaffected parenchymal (green) tissue at 35-, 63- and 77-days post infection. 
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Figure 3.7. Temporal changes in the immune cell phenotypes (panel 2) in the whole lung tissue in BALB/c mice infected with Mtb. The immune 

cells were counted in lesion (red) and unaffected parenchymal (green) tissue at 35-, 63- and 77-days post infection.
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Temporal changes within granulomas immune cell populations in the BALB/c TB 

model 

In the next step, changes in the immune cell infiltrates within the granuloma 

structure were characterized at increasing times post infection. For this purpose, we first 

selected the representative granulomas from the whole lung tissue at 35-, 63- and 77-

days post infection and determined the total cell count. It is pertinent to mention that the 

selected granulomas may not accurately reflect their true size in just a 5 µm thick 

section and it can also vary with sectioning dimensions.  

The sections were also stained with mfIHC for 2 different panels of immune 

markers along with DAPI as a nuclear marker. Staining panel 1 consists of CD4, CD8, 

Foxp3, B220, DEC-205 and F4/80 while panel 2 encompasses CD4, CD8, IFNγ, IL-10, 

CD11c and Ly6G.  

Panel 1 

Figure 3.8 reflects a full composite image from a selected granuloma and 

displays six different immune cell markers along with DAPI staining in panel 1. In the 

same figure, each subset is shown in the single-color composite image. The co-

expression of CD4+ and Foxp3+ cells was also measured and counted. Using the 

inForm tissue Finder software, the granuloma tissue was separated from the unaffected 

parenchymal tissue, then segmented at the cellular level and finally phenotyped as per 

the respective markers used. Since the cellular segmentation was based on the DAPI 

staining in a 5 µm thick section, the detection and segmentation of large cells such as  
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Figure 3.8. A composite image of a representative cellular TB granuloma stained with multiplex immunohistochemistry panel 1 displays different 

immune cell markers along with DAPI. The subsets show single-color composite image of individual markers with DAPI showing distribution of 

each immune cell population within a granuloma.
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F4/80+ macrophages and DEC-205+ DCs is not always accurate and often only 

partially observed. 

Figure 3.9 shows the changes in the immune cells of panel 1 except for DEC-205 

antibodies. Generally, an increasing trend in the count of cells was observed as 

infection progressed in time suggesting a continuous recruitment of immune cells into 

the granulomas. In response to Mtb infection and as time post infection progressed, the 

granulomas showed significant increases in the number of CD4+ cells, B220+ cells 

along with the F4/80+ cells. However, there was no significant increase in the cell count 

from day 35 to day 77 post infection for CD8+, Foxp3+ and CD4+/Foxp3+ cells. 

Furthermore, based on the spread of the standard deviation for each of the cell 

populations shown in Figure 3.9, all granulomas were very similar and homogenous 

(low standard deviation) in terms of numbers of CD4+, Foxp3+ and F4/80+ positive cells 

whereas the content of CD8+, and B220+ was more variable between granulomas 

(large standard deviations). These data suggest that as time post infection progressed 

there was increased recruitment and numbers of T cells (CD4+ cells), B lymphocytes 

(B220+ cells) and macrophages (F4/80+cells) within the granulomas while the number 

of cytotoxic T cells (CD8+cells) and regulatory cells (Foxp3+ and CD4+/Foxp3+ cells) 

remained steady. Furthermore, while the immune microenvironments responsible for 

recruitment of CD4+, Foxp3+ and F4/80+ are similar among granulomas, there are 

differences between granulomas microenvironments responsible for recruiting CD8+ 

and B220+ cells.  
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Figure 3.9. Temporal changes in the immune cell phenotypes (panel 1) in selective lung granulomas in BALB/c mice infected with Mtb. The 

immune cells were counted at 35-, 63- and 77-days post infection and the results were evaluated using one-way ANOVA and Tukey’s multiple 
comparison test. p < 0.05
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Panel 2 

Like in panel 1, Figure 3.10 also shows a full composite image of different 

immune cell markers given in panel 2. The single-color composite image from each 

marker of panel 2 is also shown. The co-expression of CD4+ and IFNγ+ cells was also 

measured and counted. The same strategy of panel 1 for tissue and cell segmentation 

was followed in panel 2 using the inForm tissue Finder software and the cells were 

phenotyped as per the respective markers used. 

Figure 3.11 shows temporal changes over the course of the infection in immune 

cells when stained with panel 2. Like in panel 1, CD4 and CD8 markers are also used in 

panel 2 to check if mfIHC staining is consistent and reproduces the same results 

irrespective of the fluorophores used for these antibodies. Interestingly, the results for 

CD4 and CD8 in panel 2 were similar to the results presented in panel 1 and the count 

of CD4 cells has increased significantly with time post infection but no difference was 

observed in CD8 count. The change in the count of CD4+ and CD8+ cells between both 

panels was attributed to differences in tissue sectioning (not being the consecutive 

sections) and the use of two different fluorophores even though the same set of 

algorithms was applied to all images (Figure 3.12). IFNγ+ and IL-10+ secreting cells and 

CD11c+ cells showed a significant drop in their cell counts after 35 days and then 

recovered at 77 days post infection. Of notice is also the wide standard deviation in the 

IFNγ+ and IFNγ+/CD4+, suggesting large heterogeneity in abundance of these cells 

among different granulomas. Ly6G+ cells expressed a slight decrease in their count, but 

it remained statistically non-significant during time post infection. 
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Figure 3.10. A composite image of a representative cellular TB granuloma stained with multiplex 

immunohistochemistry panel 1 displays different immune cell markers along with DAPI. The subsets 

show single-color composite image of individual markers with DAPI showing distribution of each 

immune cell population within a granuloma. 
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Figure 3.11. Temporal Changes in the immune cell phenotypes (panel 2) in selective lung granulomas in BALB/c mice infected with Mtb. The 

immune cells were counted at 35-, 63- and 77-days post infection and the results were evaluated using one-way ANOVA and Tukey’s multiple 
comparison test. p < 0.05
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Figure 3.12. CD4+ and CD8+ cell count for mfIHC staining panel 1 and 2 at 35-, 63- and 77-days post 

infection in lesion and parenchymal tissue. 
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Temporal and Spatial distribution of immune cell populations in the BALB/c TB 

model  

 Further, the spatial distribution of different immune phenotypes from image 

analysis data was analyzed at 35-, 63- and 77-days post infection in the affected 

(lesion) and unaffected (parenchyma) tissue. As shown above, during the course of 

infection, most of the immune cells were located within the lesions as compared to the 

unaffected parenchymal tissue. However, while most immune cells (CD4+, CD8+, 

Foxp3+, IFNγ+, IL-10+, Ly6G+…) were interspaced as single cells across the 

granuloma, it was noticed that the B220+ cells (B cells) formed clusters of cells that 

become clearly visible and well distinguished at later stage of infection (day 77 PI) 

though there were a few B cells in the beginning (day 35 PI) (Figure 3.13). 

The X and Y coordinates of each cell phenotype were generated and then plotted 

in the R software v.3.6.3 (Figure 3.13). Based on the matrix of X and Y coordinates of 

each cell, the median distance from CD4+ and CD8+ cells to different cell phenotypes 

were calculated as the nearest neighbor distance (µm) both in lesion and parenchymal 

tissue with time post infection (Figure 3.14). The results showed that the median 

distance in lesion from CD4+ (T helper cell) and CD8+ (cytotoxic T lymphocytes) to 

Ly6G+ (neutrophils) increased abruptly from 35 days to 63 days post infection (33.28 to 

169.76 µm and 35.28 to 181.87 µm respectively) and parenchyma (51.79 to 402.17 µm 

and 55.96 to 342.26 µm respectively). The median distance from CD4+ and CD8+ (T 

lymphocytes) to B220+ (B lymphocytes) while drastically increased from 35 days to 63 

days post infection in parenchymal tissue (132.91 to 287.87 µm and 103.60 to 268.10 

µm respectively), however, there was a slight decrease in this distance for the lesion 
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(81.71 to 75.02 µm and 87.02 to 86.83 µm respectively). These findings were also 

supported by our data (Figure 3.15) counting the mean number of immune cells within 

100 µm radius of a single CD4+ and CD8+ T lymphocytes in both tissue types with time 

post infection. The data from affected (lesion) tissue at 35 days to 63 days post infection 

presented a marked decrease in the mean count of Ly6G+ neutrophils within 100 µm 

radius from a single CD4+ (14.38 to 1.81) and CD8+ (9.03 to 1.35) cells. Contrary, the 

mean count of B220+ (B lymphocytes) within 100 µm radius of a single CD4+ and CD8+ 

T lymphocytes manifested a sharp increase (2.92 to 30.44 and 1.96 to 22.45 

respectively). 
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Figure 3.13. 

Temporal 

changes in the 

mapping of 

immune 

phenotypes in 

the lung tissue 

of Mtb 

infected 

BALB/c mice 

over time post 

infection (PI). 

(left column) 

lesion (red) 

and 

parenchyma 

(green) tissues 

are segmented 

from the non-

tissue (blue) 

regions. (right 

column) 

Immune 

phenotypes 

are highlighted 

with different 

colors.   
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Figure 3.14. Nearest neighbor distance from CD4+ and CD8+ cells to other phenotypes with time post infection (PI). The distance in µm was 

measured as the median distance in lesion and parenchymal tissue. 
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Figure 3.15. Count of cells from CD4+ and CD8+ cells to other phenotypes with time post infection (PI). The mean count of different phenotypes 

within 100 µm radius of a single CD4+ and CD8+ cells was calculated in lesion and parenchymal tissue. 
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Temporal Changes in the lung bacterial burden in the C3HeB/FeJ TB model 

As in BALB/c mice, the lung bacterial burden in term of CFU was also 

enumerated in C3HeB/FeJ mice at 63- and 91-days post infection (7.08 ± 0.24 and 7.13 

± 0.24 log10) respectively. Contrary to the BALB/c mice, no significant difference was 

observed for CFU in C3HeB/FeJ mice between both time points as shown in Figure 

3.16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Bacterial burden (measured as log10 CFU per lung is in Y-axis) in Mtb infected C3HeB/FeJ 

mice at 63- and 91-days post infection. The lungs were homogenized, serially diluted at 10-fold and 

plated on 7H11 agar. The CFU was enumerated after 4-6 weeks of incubation and evaluated using one-

way ANOVA and Tukey’s multiple comparison test. p < 0.05  

63 91

0

1

2

3

4

5

6

7

8

9

10

L
o

g
1
0
 L

u
n

g
 C

F
U

ns

Days Postinfection



  

170 

 

Temporal Changes in the lung lesion burden in the C3HeB/FeJ TB model 

Similar to BALB/c mice, the lung lesion score from H&E images of the 

C3HeB/FeJ mice lungs tissue at 35-, 63- and 77-days post infection was measured and 

is shown in Figure 3.17. The lesion score increased as the infection progressed with 

time from 85% to 92%.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17. Temporal changes in the lung lesion score of Mtb infected C3HeB/FeJ mice.  An increase in 

the lung lesion score was observed from day 63 to 91 post infection. 
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Discussion 

In this study, we optimized three different automated mfIHC panels using TSA 

system and a set of immune markers to identify various types of immune cells 

associated with the lesions and unaffected parenchymal tissue in the lungs of Mtb 

infected BALB/c and C3HeB/FeJ mice. We performed the whole slide image analysis of 

the lung tissues using the inForm tissue Finder software which allowed us to assess the 

reproducibility of the data by quantifying and comparing various cell phenotypes at 

different times post infection in both TB models. We also analyzed the immune 

microenvironment (IME) of different types of granulomas, the hallmark of TB, and the 

temporal and spatial cellular distribution of those different phenotypes. 

Human TB pathology manifests a diverse spectrum of granulomatous lesions 

and unfortunately no single animal model recapitulates the broader range of these 

lesions (32,33). We chose the BALB/c and C3HeB/FeJ murine TB models because of 

their unique pathological and disease outcomes. Briefly, both TB models are 

representative of a long-term Mtb chronic infection that develops lung granulomatous 

lesions. BALB/c mice produce uniform cellular lung granulomas containing 

macrophages and lymphocytes that restrain Mtb within intracellular compartments (34). 

However, C3HeB/FeJ mice display a diverse spectrum of lesions ranging from cellular 

granulomas seen in BALB/c model to neutrophil enriched granulomas and to highly 

organized encapsulated caseous necrotic lesions surrounded by a rim of macrophages 

and lymphocytes (24,35,36). In the latter case, the caseum contains abundant 

extracellular bacilli (24,36,37) in a similar fashion to necrotic granulomas found in some 

human TB patients. Therefore, to understand the development of lung granulomas and 
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their corresponding immune responses with the time PI, both murine chronic TB models 

were employed (38–40). The data from histopathological findings (Figure 3.4), lesion 

score (Figure 3.5) and bacterial burden (Figure 3.3) reflect the granuloma spectrum of 

BALB/c mouse model as explained above. However, the analysis of images from 

C3HeB/FeJ mouse model is still in progress while writing this dissertation.  

Our image analysis data from the whole lung tissue slide from BALB/c TB model 

demonstrate that most of the immune cell populations identified were located within the 

lesions or affected tissue compared to unaffected otherwise healthy parenchymal tissue 

(Figure 3.6 and 3.7) as determined by the previous murine and human TB studies 

(8,10,26). Further, we observed an orderly recruitment of different immune cells within 

these lesions as the time of infection progressed that is in line with the previous reports 

(41). Generally, an increasing trend was observed in the count of nearly all phenotypes 

with time post infection, however, this trend was significantly distinct for CD4+ (T helper 

cells), F4/80+ (macrophages), B220+ (B cells) and IFNγ+ cells and these results are in 

line with the previous report measuring this count using flow cytometry (26). On the 

other hand, the count of Ly6G+ neutrophils both in the lesions and parenchymal tissue 

decreased with time post infection while the IL-10 secreting cells showed nearly the 

similar response throughout infection.  

Next, we determined the composition of the immune cells within the granulomas 

of the BALB/c TB model to see if the immunological heterogeneity is present. The 

results showed that these granulomas are predominated by T (CD4+ helper cells, CD8+ 

cytotoxic cells and Foxp3+ regulatory cells) and B (B220+) lymphocytes, macrophages 

(F4/80+) and abundant with neutrophils (Ly6G+) (Figure 3.9 and 3.11). Furthermore, 
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with time post infection, CD4+ and Foxp3+ (T cells), F4/80+ (macrophages) and Ly6G+ 

(neutrophils) demonstrated a uniform distribution within different granulomas compared 

to CD8+ (T cells), B220+ (B cells) and IFNγ secreting cells which showed a 

heterogenous distribution. This heterogenous distribution indicates the different IME of 

these histologically similar granulomas with time post infection as the previous human 

and animal studies described this immunological heterogeneity even in the same lung 

(8,10,22,42–44). In addition, the increasing trend in CD4+Foxp3 (T regulatory cells) 

reflect a local suppressive environment of inflammatory cells within granulomas which 

has been previously shown (31,45).  

The histological pattern of immune cell distribution showed marked diversity with 

time post infection. In the beginning (day 35 post infection), there were fewer CD4 and 

CD8 (T cells) in the affected (lesion) area compared to healthy parenchyma (Figure 

3.12) as described previously (26) suggesting the accumulation of these cells in 

perivascular and peribronchiolar regions to demonstrate the initiation of a 

granulomatous response. With the development of granulomas (day 63 and 77 post 

infection), an influx of these cells, especially CD4 cells along with F4/80 macrophages 

was observed, suggesting the migration of these cells from parenchyma to the affected 

(lesions) area. Contrary, the distribution pattern of CD8 cells suggest their slow 

migration with fewer cells involved in granuloma composition. B220 cells, however, 

showed the opposite trend and their number increased with time and they aggregate in 

the form of clusters within granulomas as shown previously (46). Therefore, a typical 

advanced cellular granuloma in BALB/c mice contained F4/80 macrophages in the 
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periphery while CD4 and CD8 cells uniformly distributed and B220 cells make clusters 

of B cells in granulomas (Figure 3.13). 

The spatial analysis of the images has been performed to calculate the nearest 

neighbors of and count within CD4 and CD8 cells. The increased median distance for 

Ly6G+ neutrophils and decreased distance for B220 cells within granuloma suggest 

their functional relation and their protective role especially for B220 cells in immunity. 

These findings are further supported by count within data where more B220 cells were 

present within a 100µm granuloma radius of CD4 and CD8 cells.  

In summary, this study showed temporal changes for several immune cells along 

with the changes in their spatial distribution in Mtb infected BALB/c lung tissue. As the 

infection progressed in time, immune phenotypes became involved in the affected 

(lesion) areas. Moreover, the histologically similar granulomas manifested complexity in 

their immune cell composition mainly due to the presence of adaptive immune 

responses. The advanced cellular granulomas in the BALB/c TB model mainly 

predominated by CD4 and CD8 T cells, Ly6G stained neutrophils, B220 B cells and all 

these were surrounded by F4/80 macrophages. Combining the spatial and temporal 

data in addition to the mere cell counts helps uncover the interactions and relationships 

of different immune cells to have deeper insights into the immunity process which is the 

next target of this project. 
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CHAPTER 4 

Conclusion 
 
 
 

Discussion 

Tuberculosis (TB) is a disease that affects people of all ages. Historically, it has 

been responsible for more morbidity and mortality than any other human pathogen and 

still today it stands as a leading disease by a single infectious agent. The incidence of 

TB in developed nations has been falling steadily since the last decade due to modern 

sanitation practices and chemotherapeutic treatments. However, this decline is 

inadequate to combat the current global burden of TB. The coinfection due to exquisite 

synergism of human immunodeficiency virus (HIV) with the increased susceptibility to 

Mtb and revitalization of latent TB (1) and malnutrition (2) are the challenges in 

increased burden of this disease especially in undeveloped nations. In addition, 

multidrug resistance is one of the enormous global crises today and is one of the 

limiting factors in controlling this disease (3). After the early Golden Era of TB drug 

discovery from mid-1940s through mid-1960s the standard TB chemotherapy regimen 

transformed TB from a potentially deadly disease to a curable disease within a course 

of up to 9 months. However, soon after this achievement the emergence of drug-

resistant strains of Mtb were documented (4–6). Although the stability of mycobacterial 

genome making spontaneous mutations that induce drug resistance is a rare event. 

These mutations and the persistent nature of Mtb leading to the necessity of long and 

complex nature of TB treatment comprising of several oral medications and injectables 

result in a high healthcare cost and, ultimately, poor outcomes of the failed treatment 
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regimens collectively rendered patient noncompliance – a major cause of multidrug 

resistant (MDR) and extensively drug resistant (XDR) TB in undeveloped countries.  

TB involves a complex interaction between host immune defense and bacterial 

virulence factors however Mycobacterium tuberculosis (Mtb, the causative agent of TB) 

has evolved special mechanisms to hijack the host defense systems through which it 

undergoes active replication. This host-bacterial interface activates the recruitment of 

immune cells and in advanced disease state these cells are surrounded by a fibrotic 

tissue layer and ultimately transformed into a lesion structure called granuloma, a 

hallmark pathological structure of TB. Human TB manifests a diverse and dynamic 

spectrum of TB lesions characterized by lesion heterogeneity, ranging from 

inflammatory up to destructive necrotic lesions with cavity which is mostly acellular and 

may contain caseum. Even though TB is one of the oldest diseases in the world with 

decades of research, the role of granuloma is not clear, and its role could either be host-

protective or otherwise based on its distinctly diverse immune microenvironments. 

Owing to the scarcity of human samples, animal modeling is the best and essential 

method for research purposes to recapitulate and understand the complexities in human 

TB lesions. 

Currently the cure rate of MDR- and XDR-TB has dropped significantly to below 

50% while the treatment duration has tremendously increased up to 2 years or greater 

which lead to restricted treatment options for such patients. After the research of last 

more than five decades since the discovery of last anti-TB drug, a novel all-three-oral 6-

month regimen was approved by the United States Food and Drug Administration in 

2019 consisting of bedaquiline (B), pretomanid (Pa) and linezolid (L) referred to as the 
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BPaL or Nix-TB regimen based on the results obtained from the Nix-TB trial. This trial 

was conducted in South Africa on patients with XDR-TB as well as treatment-intolerant 

or non-responsive MDR-TB, including HIV positive patients with a CD4 count of 50 or 

higher. The outcome of this trial was incredible (about 90%) though many patients 

observed high rate of toxicities associated adverse effects (AEs). Among the BPaL 

regimen, long-term administration of linezolid acted as a blatant agent for inducing bone 

marrow myelosuppression (48%), peripheral neuropathy, optic neuritis (81%) and 

anemia (37%) in patients. The incidence of anemia is reported as high as up to 62.5% 

in MDR- and XDR-TB patients and the onset of this effect can occur 2 weeks to 2 

months post linezolid administration. The ZeNix trial based on several studies (7–10) 

adjusted the BPaL regimen to a linezolid dose of 600mg that was half of what had been 

used in the Nix-TB trail. This trial showed remarkable favorable outcomes in 84-91% 

patients in shorter duration of treatment with fewer AEs than those observed in the Nix-

TB trial. Apart from AEs, several studies have also raised awareness of high doses of 

linezolid leading to development of linezolid resistant Mtb strain. In this scenario, 

researchers are exploring shorter regimens with no or least AEs with the aim to 

encourage patient adherence and prevent recrudescence or the evolution of further 

drug resistance. 

In this thesis we attempted to overcome linezolid-associated AEs and proposed 

to replace linezolid in the BPaL regimen with spectinamide 1599 (S), another protein 

synthesis inhibitor, as a BPaS regimen. Spectinamide 1599 is one of the series of 

semisynthetic analogues of spectinomycin antibiotic which has a very high safety 

margin with respect to ototoxicity and nephrotoxicity. Linezolid-induced toxicity has been 
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observed due to its binding with the host mitochondrial ribosomes while spectinamides 

do not show such binding. Also, the spectinamides evade drug efflux by Rv1258c 

transporters present on the surface of Mtb. These both properties equipped 

spectinamides with potent anti-tubercular activity and reduced potential AEs and due to 

their ability to be active under hypoxic conditions and with no cross-resistance with 

other anti-TB drugs, they have shown tremendous outcomes against MDR- and XDR-

Mtb strains when administered as aerosolized liquid formulation. Therefore, we 

hypothesize that inhalational administration of spectinamide 1599 if combined with BPa 

(BPaS regimen) has higher or similar efficacy than the BPaL regimen with no AEs 

observed during administration of the BPaL regimen. To prove this hypothesis, we had 

three aims, and their details are given below. 

In aim 1 (Chapter 2), two preclinical murine TB models such as C3HeB/FeJ and 

BALB/c were chronically infected with a low dose of Mtb Erdman strain and treated with 

monotherapy of linezolid or spectinamide 1599 and combination of BPa, BPaL or BPaS 

regimens for 4 weeks. The analysis of bacterial burdens between treatment and untreated 

groups was done to determine the comparative efficacy of drug treatments. The BALB/c 

TB model represents a long term Mtb chronic infection that develops multiple and 

homogenous lung granulomatous lesions formed by cellular aggregations that restrain 

the bacilli within the intracellular compartments. The C3HeB/FeJ TB model, on the other 

hand, also develops into a chronic infection but their lungs exhibit a heterogenous 

spectrum of granulomatous lesions including cellular lesions (as in the BALB/c TB model) 

in addition to caseous necrotic lesions surrounded by a fibrotic rim. The caseum of these 

necrotic lesions creates a hypoxic environment and contains abundant extracellular bacilli 
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in a similar fashion to necrotic lesions found in some human TB patients. These lesions 

having fibrotic, necrotic, and hypoxic environment create barriers to drug penetration and 

challenge multidrug therapeutic outcomes. As no single animal model reflects the wide 

spectrum of human TB pathology, therefore, to better understand the broader implications 

of drug efficacy and drug associated AEs in scenarios without (BALB/c) and with 

(C3HeB/FeJ) necrotic lesions both murine TB models were used. The Aim 1 results, 

combined from 3 independent studies done in C3HeB/FeJ model while 2 studies in 

BALB/c, are in accordance with the lesions spectrum of both TB models where more 

robust reduction in lung and spleen bacterial burden was observed in the absence 

(BALB/c) versus the presence (C3HeB/FeJ) of necrotic lesions. Monotherapy of linezolid 

or spectinamide 1599 showed limited or no efficacy, the BPa, BPaL or BPaS combination 

regimens significantly reduced lung bacterial burden up to 4 log10 CFU and these results 

are in line with the previous findings (11,12). Though the BPa regimen showed similar 

efficacy as to other combination regimes (BPaL and BPaS), however, to avoid 

development of drug resistance in Mtb a three-drug regimen is preferred. Therefore, we 

conclude that the potent antimicrobial effect of the BPaL and BPaS regimens promote 

similar bactericidal effects by improving the pathological outcomes in chronic TB murine 

models lacking or featuring advanced pulmonary pathology.  

Aim 2 (Chapter 2) focuses on the investigation of major AEs reported in the Nix-

TB trial using the BALB/c and C3HeB/FeJ TB models (used in Aim 1). For this purpose, 

five approaches were employed which include 1) the live body weight 2) lung lesion 

burden 3) complete blood count (CBC) profile 4) bone marrow histopathology 5) 

evaluation of immune cells and the cytokines and chemokines at local and systemic 
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levels. The extent of weight loss is an important preclinical and clinical parameter in TB 

patients because it determines severity of the disease progression. Compared to 

monotherapy of linezolid or spectinamide 1599, linezolid-containing (BPaL) regimen 

significantly decreased the live body weight in both murine TB models and results are 

supported by the previous studies (13,14) finding an inverse relationship between body 

weight and linezolid exposure in human patients. Moreover, quantitative histopathological 

assessment revealed an improvement in lung lesion burden of BPaL and BPaS treated 

mice compared to untreated animals. Though both regimes overall decreased lung lesion 

burden compared to untreated control at 4-weeks, existence of lung lesions emphasizes 

continuation of the treatment for longer duration. To the best of our knowledge, no 

comprehensive study on CBC profile of both murine TB models has been done before. 

Results of the present study indicated that out of 20 peripheral blood parameters, 

monotherapy of linezolid at 4-weeks significantly increased red blood cell distribution 

width-standard deviation (RDWs) and decreased mean corpuscular hemoglobin 

concentration (MCHC). In addition, combination of BPaL at 4-weeks showed a significant 

drop in hemoglobin (HGB) and mean platelet count (MPV) and presented similar results 

for RDWs and MCHC as in monotherapy of linezolid. All these changes in BPaL but not 

in BPa and BPaS treatment groups suggest development of mild anemia though RBC 

counts remained within reference intervals for all mice during 4-week time course. 

Myeloid to erythroid cell ratio (M:E) in the examination of bone marrow histology provides 

information about the relative proportions of myeloid lineage (granulocytes, monocytes, 

and their precursors) to erythroid lineage. The BPa and BPaL regimens significantly 

altered M:E in C3HeB/FeJ TB model by suppressing myeloid and inducing erythroid 
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lineages. Importantly, the BPaS treatment did not show any difference in the content of 

M:E when compared to UnRx control. Based on these results, we conclude that 

spectinamide 1599 combined with BPa recovers the altered M:E ratio seen in other 

treatment groups. Furthermore, the comparative analysis of 26 cytokines and chemokines 

of bone marrow supernatants from BPaL and BPaS treatment groups revealed 

significantly higher concentrations of most proinflammatory cytokines and chemokines 

including IL-1β, IL-12p70 and TNF-α in BPaL treated animals than BPaS. These results 

by BPaL regimen especially for IL-1β could be the attributable cause of the AEs. 

Additionally, the analysis of bone marrow revealed a significant reduction in population of 

immune cell subsets during treatments where increase in T lymphocytes (CD45+CD3+) 

and CD19+ B lymphocytes (CD45+CD3-CD19+B220-) suggesting changes associated 

with the adaptive immunity. Spatial mapping of immune cells in the lungs also revealed 

an increase in lymphocytes; T (CD4, CD8 and Foxp3) and B (B220) cells in both treatment 

groups. Collectively, a low lung and spleen bacterial burden correlates with reduced 

number of neutrophil associated marker (Ly6G) cells while a gradual increase and 

changes in location of CD8, CD4, Foxp3 and B220 positive cells in the lungs. These 

results suggest that the BPaL and BPaS regimens promote the immune system's 

equilibrium by reducing inflammation and enhancing the adaptive immune responses. 

The immune phenotype comparative analysis between both regimens did not reveal 

significant difference in changes of immune cell populations except for a higher count of 

F4/80 marker in BPaS treated animals than in BPaL. Based on the results from five 

parameters analyzed, we conclude that the BPaS regimen is safer than the BPaL in 

chronic murine TB models.  
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Aim 3 (Chapter 3) highlights the development of 7-color panels for multiplex 

fluorescence immunohistochemistry (mfIHC) and quantification of immune responses 

post infection over the time using inForm Tissue Finder software. The untreated lung 

samples from both murine TB models (used in Aim 1) were processed for histology and 

their 5 µm sections were stained with 3 different 7-color panels using Opal Tyramide 

Signal Amplification technique. The mfIHC slides were scanned for whole slide imaging 

using automated multispectral PhenoImager HT and image analysis was done using 

Phenochart and inForm Tissue Finder software. While the analysis of lung samples from 

C3HeB/FeJ mice is in progress, the results obtained from Mtb infected BALB/c mice lungs 

showed dynamic temporal changes for different immune phenotypes and in their spatial 

distribution. Although granulomas may appear similar under a microscope their immune 

cell composition is quite complex, and the adaptive immune response is playing a 

significant role in shaping this complexity. For example, T (CD4, CD8 and Foxp3 T) cells, 

Ly6G stained neutrophils, B220 B cells and F4/80 macrophages were present in a mature 

BALB/c granuloma and with time post infection their recruitment within granulomas 

increased uniformly compared to parenchymal tissue where IFNγ and IL-10 secreting 

cells were abundant. B220 B cells showed increased but heterogeneous distribution 

among the advancing granulomas in the form of clusters. The spatial analysis showed an 

increased median distance for Ly6G neutrophils when measured from CD4 and CD8 

cells, whereas this distance to B220 B cells was decreased. The spatial and temporal 

data in addition to the mere cell counts helps uncover the interactions and relationships 

of different immune cells to have deeper insights into the immunity process and we are 

learning more about these interactions.    
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