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Around one third of the world’s population is latently infected with 

Mycobacterium tuberculosis (M.tb). M.tb and HIV have a deadly synergy that occurs 

during co-infection. Individuals with HIV infection are at significantly increased risk for 

acquiring or reactivating latent TB infections. Further, there is increased TB pathology 

and bacterial growth associated with co-infection with HIV. TB is the leading cause of 

death in people who are living with HIV. Here we describe the development of the first 

animal model of TB/HIV co-infection using the human pathogens themselves. We have 

demonstrated increased pathology and bacterial growth previously seen during co-

infection in humans. We have also demonstrated increased neutrophil infiltration during 

HIV infection, which has been shown to be associated with worsened disease during M.tb 

infection. Conversely to what has been hypothesized in association with immune failure, 

during early co-infection, we have shown a significant increase in pro-inflammatory 

cytokines in the lung. We have further explored some of the potential mechanisms behind 

the increased bacterial growth seen during co-infection. We have seen that arginase levels 

in the lung are highly and significantly correlated with pulmonary bacterial growth. 

However, the basis of this association is yet to be determined. We have also begun the 
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adaption of our humanized mouse model for the study of neuroAIDS and the impact of 

M.tb on HIV in the brain. This work provides an important framework for future 

translational studies into co-infection pathology and mechanisms.  
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CHAPTER 1: INTRODUCTION 

Tuberculosis 

A BRIEF HISTORY OF TB 

The earliest written record of pulmonary tuberculosis dates back to the 7th century 

BCE. Assyrian clay tablets used as medical documents describe the infection in great 

detail: “The sick one coughs frequently, his sputum is thick and sometimes contains 

blood, his respirations give a sound like a flute, his skin is cold but his feet are hot, he 

sweats greatly and his heart is much disturbed. When his disease is extremely grave, his 

intestines are frequently opened (1-3).” However, pathological and molecular evidence of 

tuberculosis infection date back many thousands of years (1, 2, 4-12).  

While there is some evidence that Mycobacterium tuberculosis Complex dates 

back to the Paleolithic era (6, 7) it is unlikely that it was widespread due to the sparse 

population density and the nomadic hunter/gatherer community base. There would not be 

sufficient transmission, and people who became ill would likely die rapidly due to not 

being able to keep up to the demands of their highly active lifestyle (1, 2). Increasing 

population concentration and the stationary rural and urban communities, as well as 

increased domestication of cows (a source of Mycobacterium bovis, which can also cause 

tuberculosis disease), that developed during the Neolithic era would likely have been a 

more supportive environment (1, 2). Indeed, wide evidence exists for tuberculosis 

infection in this era. Pathological evidence of Potts disease (an extrapulmonary 

manifestation of tuberculosis) has been seen in skeletons with evidence of acid-fast 

bacilli and characteristic lesions (9, 11-13). Molecular methods including PCR and high 

performance liquid chromatography have confirmed the presence of Mycobacterium 

tuberculosis complex in the skeleton of decedents dating back to 9000 years ago (5).  
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The oldest evidence of confirmed pulmonary tuberculosis comes from an 

Egyptian mummy estimated to be entombed around 1000 BCE (1). Unlike most Egyptian 

mummies, whose lungs, liver, stomach and intestines were removed and placed in 

canopic jars, this mummy had lungs intact in the thoracic cavity, and a diagnosis of 

pulmonary tuberculosis was made on the pleural adhesions, blood in the trachea, and 

acid-fast bacilli (14). Although a genetic determination was not done, making it 

impossible to definitively identify the etiologic agent as either M. bovis or M. 

tuberculosis, M. tuberculosis is more likely due to the pulmonary presentation, which is 

uncommon during M. bovis infection (15-17).  

Increased urbanization, city size, and commerce allowed rapid spread of 

pulmonary tuberculosis. By approximately the 5th century BCE it was widely known and 

described. The Indian text, the Atharvaveda, refers to patients having “the three great 

symptoms: fever, cough, and bloody sputum (1, 18).” During the same time, Hippocrates 

also discusses pulmonary tuberculosis in depth, saying, “Consumption was the most 

considerable of the diseases which then prevailed, and the only one which proved fatal to 

many persons (19, 20).” 

Tuberculosis further spread to the new world, although the timing and method of 

transmission is unknown. Evidence of pre-Columbian tuberculosis infection exists in the 

bones and tissues, including lung, of mummies found in the Americas as determined by 

pathology and the presence of acid-fast bacilli (1, 4, 21, 22). Arguments could be made 

for a different mycobacterial species with similar pathology, but more recent evidence 

shows molecular confirmation of M. tuberculosis isolated from the lesions of a pre-

Columbian mummy with the sequence identical to that of a modern strain (23). Meaning, 

strains of M. tuberculosis were transmitted post-migration to the Americas (30,000-8000 

BCE) but prior to the 15th century CE when Columbus arrived. This is perplexing given 

the implication of pre-Columbian contact in order to facilitate transmission. A recent 

finding argues that transmission to the Americas may have occurred via sea mammals 
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that traveled across the ocean around 6000 years ago (8), providing a logical explanation 

of how this pre-contact transmission may have occurred.  

Tuberculosis exploded through the 15th-17th centuries, with mortality peaking at 

the end of the 18th century (1, 24-29). Around this time around 25% of deaths were due to 

tuberculosis and at the peak this meant 700-1120 deaths per 100,000 persons (24-26, 28-

30). Population density in Europe had increased considerably and living conditions were 

crowded and unsanitary. Further, the lack of understanding about tuberculosis 

transmission or treatment prevented actions from being taken to curb the spread of the 

disease. During this time there was a scientific and intellectual, in addition to the artistic, 

renaissance leading to more interest in tuberculosis that had been lost during the Middle 

Ages (1, 24, 29).  

While throughout history there was wide awareness of the existence of 

tuberculosis, there was much debate over the etiology. Hippocrates was of the notion that 

it was hereditary (as were many others during this time) (1, 31). However, Aristotle (and 

later Galen) disagreed, and argued that transmission was infectious, but given the lack of 

support, this was a relatively unpopular opinion. At the end of the renaissance, there was 

an increase in the belief that tuberculosis was infectious (1, 32). Notably during the 14th 

century Girolamo Fracastoro suspected the infectious nature of tuberculosis, observing 

that clothing from someone who was infected could transmit the disease(1, 24, 26, 33). 

While he did not explicitly say that he believed these particles or elements were living, he 

did believe they could replicate (34). In the 16th century, Benjamin Marten was the first to 

postulate that tuberculosis was infectious via a living organism (1, 24, 29, 35). These 

ideas led to the adoption of public health measures throughout Southern Europe to reduce 

spread of the disease starting in the 15th century, however, Northern Europe continued 

under the assumption that the disease was hereditary (1, 29, 36).  

In 1865, while Northern Europe continued to have its doubts about tuberculosis 

transmissibility, Jean-Antoine Villeman conclusively demonstrated the infectious nature 
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of tuberculosis by successfully infecting a rabbit with samples taken from an infected 

human (37, 38). He hypothesized infectious transmission of tuberculosis based on the 

similarities he noted to glanders (1, 25, 39). But it wasn’t until 1882 that Robert Koch 

discovered and isolated the bacteria responsible, M. tuberculosis, eventually earning him 

a Nobel in 1905. However, at the time, the scientific and medical community was 

reluctant to accept the idea that tuberculosis was infectious and thus the bacteria as its 

cause (1, 28, 40, 41). Gradually the idea gained more acceptance and practices and 

legislation were instituted to reflect this change (25).  

While the sanatorium may have (to an arguable degree) isolated sick patients from 

the healthy population, this was not their original intent (1, 15, 25, 28, 42). Sanatoriums 

first developed as a method of treatment prior to the discovery of the M. tuberculosis 

bacteria. They focused on fresh air and various strict regimens. The first sanatorium 

opened in Germany in the mid 19th century by Hermann Bremer (1, 15, 28, 43). The idea 

spread through Europe and the United States and especially proliferated after Koch’s 

discovery of M. tuberculosis (1, 15). Some studies showed promising reductions in 

mortality during stays in these institutions, although results varied greatly as did the 

regimens at each of these institutions (1, 29, 44). One study showed tuberculosis patients 

seemed to have increased survival compared if they had mild disease (45), compared to 

those due to severe disease due to stays in sanatoriums, however, this may not have 

differed much from the general mortality rates due to tuberculosis in the untreated 

population (29, 46). A bigger contribution to the decline in mortality during this time may 

have been the sequestering of sick patients, although this was not due to sanatoriums 

alone (15).  

While there was a slight decline in mortality due to tuberculosis during the era of 

the sanatorium, the mortality rate had begun to drop prior to establishment of these 

institutions (15, 47, 48). This was likely partially due to increased sanitation and living 

conditions, but not solely so. Studies have shown that increases in nutrition and improved 
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standard of living correlated well with reduced mortality in some countries, such as 

Britain. However, this was not true in others, such as Ireland where there was actually an 

inverse correlation. As it turns out, countries that had effective systems of segregation of 

the poor (who were at greatest risk for being infected) prior to the establishment of 

sanatoriums, such as the poor law infirmaries in Great Britain, had reduced mortality. 

Countries like Ireland did not have similar systems, and while they had restrictions on the 

movement of those who were ill, which helped reduce the spread of diseases such as 

typhus, they did not have the same system of institutional segregation that reduced 

tuberculosis mortality in other countries (15, 48, 49). 

Aside from isolation of infected individuals and increased sanitation and nutrition, 

another contribution that reduced mortality was a focus on the reduction of                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

bovine tuberculosis (15). While it had previously been noted that there was a connection 

between human and bovine tuberculosis, a flurry of epidemiological reports were 

generated in response to Koch’s dismissal of bovine tuberculosis as a threat to human 

health (15, 50). Studies reported that human tuberculosis could be caused by M. bovis. 

Approximately a quarter of all cases of tuberculosis but only about 1% of cases of 

pulmonary tuberculosis were caused by M. bovis (15, 51). However, this rate was much 

higher among young children (15, 52). In 1917 the United States instituted regulations for 

testing and removal of infected cattle. These new regulations, along with increased 

pasteurization, contributed to the decrease in tuberculosis caused by M. bovis infection 

(15, 52) 

The BCG vaccination was developed at the beginning of the 20th century by 

Albert Calmette and Camille Guérin and first tested in 1921. The resulting bacille 

Calmette-Guérin (BCG) was generated by serial passage on ox bile, which served to 

strongly attenuate a strain of M. bovis. Early studies were very promising, showing a 

significant reduction in infant mortality (32.6% to 3.9%) with use of the vaccine (53). 

With this exciting success BCG usage spread. This resulted in the development of many 
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different strains of the BCG vaccine with very little oversight as to how the continued 

passaging and development of heterogeneous strains impacted vaccine efficacy (1).  In 

1950 the World Health Organization instituted recommendations to standardize BCG 

vaccination and in 1982 this was taken over by Statens Seruminstituit in Copenhagen (1). 

Current studies show vaccine efficacy between 0% and 80% (1, 54, 55). The 

discrepancies could have many sources: previous mycobacterial exposure, genetic 

differences, nutrition, and given the wide diversity and passaging of the BCG vaccine 

from the original, vaccine strain differences (1, 56). While not used currently in the 

United States, the BCG vaccine is still used widely in countries in which TB is endemic. 

However, protection is strongest during childhood, with protection waning through 

adolescence and adulthood. A new vaccine is desperately needed and alternatives and 

boosters are currently being explored.  

With the advent of antibiotics that could be used to treat tuberculosis in the mid 

20th century, there was a significant decline in mortality. In the United States data on 

tuberculosis infection has been recorded since 1953 and charted this decline until 1986, 

when the cases disconcertingly started to increase (57-59). There are several reasons for 

this including methods of case detection, drug resistance, immigration, co-morbidities 

such as silicosis or diabetes, and deterioration of funding for tuberculosis control. But the 

biggest contributor has been the AIDS epidemic (1, 57-61). This is largely due to the fact 

that HIV infection significantly increases the risk of having active disease and increased 

bacterial growth (thus increasing transmission) as well as increasing the susceptibility to 

contracting tuberculosis (62-66). This led to the CDC setting a goal for elimination of TB 

by 2010 with plans of increased funding, identification of new cases, and treatment.  

Currently, around one third of the world’s population is latently infected with 

M.tb (67). In 2014 there were estimated to be 9.6 million active cases of TB, with around 

9,900 of those being in the United States (67). While mortality due to tuberculosis has 

decreased by 47% since 1990, tuberculosis has now surpassed HIV as the leading cause 
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of death by infectious disease, with 1.5 million deaths in 2014 (67). Since this number 

was not a substantial change from previous years, more alarming is the significant rise of 

multi-drug resistant (MDR) strains of TB. In 2014, almost half of a million people were 

estimated to be infected with MDR-TB, with around 10% of these cases being 

extensively drug resistant (67).  While there has been a substantial reduction of TB 

incidence and mortality throughout the ages, TB is still a significant threat to global 

public health, with new and increasingly difficult complications. 

 

 

Figure 1.1 A brief history of TB 

IN THE CLINIC 

TB DIAGNOSIS 

The symptoms of tuberculosis have been well described throughout history (1-3, 

18-20, 25). It would be reasonable to surmise that diagnosis based on symptomology 
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throughout antiquity would have been fairly standard. A physical exam would have 

included auscultation of the lungs. The ancient Greeks, Egyptians, and Indians all 

described use of the ears in diagnosis. The Atharvaveda states that “By hearing he will 

distinguish the state of the lungs by the peculiar noise of breathing” (25, 68) These 

observations about the sounds of the lungs continues throughout history, although 

without any optimal devices, until the invention of the stethoscope at the beginning of 

19th century by René Laennec (25). Today, symptomology, physical exam, and patient 

history are still used to help narrow down diagnosis before more tests are conducted. The 

most common symptom of primary pulmonary tuberculosis is fever, and less commonly 

cough or fatigue which are classically associated with TB, but more common in post-

primary pulmonary disease. The symptoms of post-primary TB (reactivation or 

reinfection) include chronic cough, weight loss, night sweats, and coughing up blood. 

People with pulmonary TB present as pale, having an underweight/wasted appearance, 

and with a rapid heart rate. Crackles can be heard in the lungs, and a hollow sound like 

blowing over the top of a bottle can be heard in advanced stages of disease. However, the 

physical exam is more important for developing a differential that includes tuberculosis.  

More specific testing is required to confirm a diagnosis (69).  

Sputum has been used for thousands of years diagnostically, although the efficacy 

of its use until the discovery of the M.tb bacilli is debatable. Hippocrates thought the 

color, texture, and smell of sputum as it was burned was critical for diagnosis and that 

prognosis could also be assessed from these observations as well as its buoyancy in sea 

water (25). Sputum testing is still used diagnostically, however much more effectively 

and with a scientifically substantiated basis since Koch’s discovery of M.tb. Sputum 

testing involves sample collection and then either staining for acid fast bacilli ,culturing 

for mycobacteria, or both. Previously, staining was only done with Ziehl-Neelson 

staining, but can now also be done fluorescently. Presence of the bacteria usually 

confirms infection, however, it is not M.tb specific, as it can stain other mycobacteria 
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species. Culturing can be slightly more specific, but is also potentially complicated by 

faster growing contaminating species. A definitive identification can be reached through 

molecular methods such as PCR or high-performance liquid chromatography if bacteria 

are present.  Unfortunately, patients, especially children, may be unable to produce a 

sputum sample. Other samples such as inducing sputum or bronchoalveolar lavage can be 

substituted if patient produced sputum cannot be obtained. However, the usability of 

these samples diagnostically is limited to the presence of the bacteria. The bacteria can 

only be detected if they are present in the biological sample; lack of evidence of infection 

does not rule out a diagnosis of tuberculosis (69). 

Skin testing using tuberculin, or PPD (protein purified derivative) is used 

worldwide as a simple screening for M.tb exposure. It is not usually used to confirm a 

suspected case of active TB. It is more generally used as a screen in the healthy 

population for latent TB infection (69). It was first described by Clemens von Pirquet in 

1907. Originally, several minor scratches were first made on an area of the forearm. 

Tuberculin and glycerin were placed in the outermost scratches. Reaction was then 

observed at 24 and 48 hours. The scratches with tuberculin were compared to a control 

scratch without tuberculin. A reaction is indicated by a slight hardening and 

pink/red/purpleish color of the area to which the tuberculin was applied (70-72). In the 

procedure today the tuberculin has been significantly purified and the procedure is now 

intradermal, as proposed by Charles Mantoux. A small amount of the liquid is injected 

under the skin of the forearm, forming a bubble. This is then allowed to incubate for 2-3 

days. If a person’s immune system recognizes the antigen, there will be a classic wheal 

and flare response. A reaction however, does not necessarily indicate active TB disease. 

Reactions to PPD can be caused by BCG vaccination, exposure to environmental 

mycobactieral, as well as latent TB disease. In areas with high BCG vaccination rates, it’s 

use for screening is reduced due to the cross reactivity. Therefore, it is importantly used 
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mostly as a screening tool for latent disease to determine if more tests, such as imaging, 

are warranted (69).  

Imaging has been used since the beginning of the 20th century to visualize TB 

infection. Previously, fluoroscopy was used to aid in this imaging, however it has now 

been deemed unsafe and the practice has been discarded (69, 73, 74). X-Rays are still 

used to visualize lesions in the lungs as well as extrapulmonary lesions. Today CT, MRI, 

and PET are also used, but a standard chest radiograph is still the most common due to its 

ease and relative low cost (69). 

Ex vivo antigen reactivity is a relatively new method of diagnosis. This is based 

on T-cell reactions to M.tb specific antigens. Interferon gamma release assays (IGRA) are 

fairly standard. QuantiFERON-TB gold is used at the University of Texas Medical 

Branch. In this assay, blood is collected and incubated with M.tb antigens. After 

incubation, plasma is collected and the amount of IFNγ produced in response to antigen, 

as normalized to control, is measured by ELISA. Patients who have been infected with 

M.tb will generate an immune response in the presence of the antigen resulting in 

increased IFNγ production. While it has the advantages of increased specificity over 

tuberculin skin testing, and reduces the need for a follow up visit, it only detects around 

three quarters of active cases of TB, and, like the tuberculin skin test, is unable to 

distinguish between active and latent disease, however unlike the tuberculin skin test it 

does distinguish between M.tb exposure and BCG vaccine responses. Newer diagnostics 

that have higher detection would be of great use clinically (69).  

TB TREATMENT 

Treatments for tuberculosis have varied throughout its history, but there is a 

continued element of desperation for anything that might remotely work. In ancient times 

some cures included rest and avoidance of any excessive activities and the consumption 

of large quantities of milk (especially human), sometimes mixed with honey. Other 
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methods included bloodletting and drinking wine to induce cough. Some tried to prevent 

and ease the cough associated with TB disease. Sea travel, sunshine, and travel to Egypt 

and other climates was recommended. Other unique methods of treatment include the 

consumption of a wolf’s liver cooked in wine, eating boiled mice, and the inhalation 

through a reed of the smoke created from burning cow dung. Praying to the Greek god 

Apollo was also considered to be an effective treatment (19, 25, 26).  

In the Middle Ages and Renaissance, cure by the King’s touch became popular. 

This was especially popular with scrofula (TB of the lymph nodes), also called the King’s 

evil (19, 24, 75-78). This belief was amplified by the scientific repression of the era and 

the increase in the power of religion. Regents were the chosen by God, and therefore it 

was their god-given power to heal. King Louis the XIV of France would say, “Le roi te 

touché, et Dieu te guérit” meaning, “The king touches you, and God heals you” (75, 78). 

This also worked into the increased pressure of the day to believe that disease was 

punishment from god, and many prayed to various saints for healing (25, 26, 79).  The 

King’s touch was popular in primarily France and England, and this belief persisted until 

the 18th century (76, 77).  

In the 19th century, there came an increased acceptance of infectious disease and 

the methods of treatment were more scientific. However, there was still a lot of 

superstition and pseudoscience associated with TB treatment. Sea air and sun therapy 

were still popular treatments. Other recommended remedies included mixing ale, honey, 

and lungwort (a plant whose leaves look like diseased lungs). Another advocated more 

smoke inhalation, this time from rosin or tar. A third denigrated vegetarianism (26). 

Many different treatments were scientifically experimented with including digitalis, 

iodine, iron salts, chlorine gas, creosote, ammonium hydroxide, potassium cyanide, as 

well as gold and copper salts, but none were found to stand up under rigorous testing (26, 

80). Opium was used to reduce cough and Röntgen therapy (x-rays) and ultraviolet 

radiation from the sun were also used as treatment with some slight success (25).   
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The sanatoriums, as previously mentioned, were originally started as a means of 

treatment. In the first sanatorium, founded by Hermann Brehmer, this meant high altitude 

air, vigorous exercise, an excess of food, alcohol, and mountain climbs to ice cold baths. 

Out of 958 patients treated in 10 years, only 4.8% died (1, 81). A patient of this 

sanatorium, Peter Dettweiler, disagreed with some of the treatment regimens when he 

opened his own sanatorium. Several modifications were made including a dismissal of 

the importance of high altitude, and instead of vigorous exercise, instituted rest followed 

by graduated increases in activity. Brehmer implemented some of these changes in his 

own sanatorium-recommending patients to avoid becoming fatigued (1, 81). Medical 

interventions in sanatoriums increased including the use of Koch’s tuberculin and 

induction of pneumothorax.  

In 1944, the discovery of the first antibiotic used to treat TB was achieved with 

great initial success using streptomycin (26, 29, 58, 73, 82-84). However, it was difficult 

to get as it was initially in small supply. Rapid drug resistance began to develop, but 

luckily new TB drugs, including isoniazid and rifampin, were soon developed and use of 

the drugs in combination therapy reduced the development of drug resistant strains (26, 

85). 

Today, the standard of care for first line treatment is daily (or 3x/week) treatment 

with isoniazid, rifampicin, pyrazinamide, and ethambutol for two months, followed by 

isoniazid and rifampicin daily (or 3x/week) for 4 months. However, drug resistant TB is 

on the rise, and this treatment is the standard for patients who have not been previously 

treated for TB or patients who do not have other risk factors for developing drug resistant 

TB (such known exposure to drug resistant TB or living in a community where drug 

resistant strains are more common). For those with risk of drug resistance, susceptibility 

testing should be done to assure an appropriate drug regimen is selected. This would 

generally include pyrazinamide and four other drugs (including second line drugs) to 

which the pathogen is susceptible for 6-8 months and then additional treatment with only 
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three of the drugs for an additional 18-24 months (86). Unfortunately, the necessary long 

treatment times often can lead to reduced compliance in turn resulting in treatment failure 

and drug resistance. Although directly observed therapy has helped minimize non-

compliance, new and more effective drugs and alternate methods of treatment, such as 

immunomodulatory drugs or vaccines to prevent reactivation, are desperately needed.  

 

TB HOST-MICROBE INTERACTIONS 

MYCOBACTERIUM GENUS 

Mycobacterium tuberculosis (M.tb) belongs to the Mycobacterium genus. 

Tuberculosis disease is caused by a wide variety of the family members of this genus 

(known as Mycobacterium tuberculosis complex), although M.tb itself is the primary 

cause. As discussed in the history of tuberculosis, M. bovis can also cause tuberculosis, 

but generally does so in children and is usually not a pulmonary infection. Other 

members of the mycobacterium genus can also cause disease. Mycobacterium avium 

avium and other Mycobacterium avium complex members can cause a pulmonary 

infection in those who are immunocompromised and also often elderly women, leading 

the infection to be termed “Lady Windermere Syndrome”. Mycobacterium kansasii 

infection can be either pulmonary or extra-pulmonary and also does not usually infect 

those with an intact immune system. Mycobacterium leprae does not cause a 

tuberculosis-like disease, but instead causes Hansen’s disease, more commonly known as 

leprosy.  

INITIAL INFECTION 

Mycobacterium tuberculosis (M.tb) is an intracellular bacteria that is transmitted 

via aerosol infection. Most infections are pulmonary, which enhances transmission, but 

there can also be extracellular manifestations. The early events of M.tb infection are 
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poorly defined in humans due to the inability to know the exact time that infection has 

occurred, but limited clinical studies and animal studies indicate that these events are 

critical for the eventual outcome and disease progression (87). In early clinical studies, 

pre-antibiotic era, some of the symptoms of early infection include fever, enlarged lymph 

nodes in the hilum of the lung, elevated erythrocyte sedimentation rate (ESR), erythema 

nodosum (a kind of inflammatory skin lesion linked to mycobacterial infection), and 

tuberculin skin test (TST) conversion, that indicates T cell memory (87-89). Fever was 

observed to vary in duration and intensity, but this did not correlate in any way with 

disease outcome (87, 89). Pulmonary infiltrates were also seen, and in adults, early 

pulmonary infiltrates seemed to correlate to progression to active disease (87, 89, 90). 

Very early infection may be associated with the presence of bacteria in an infected 

individuals’ sputum, even among those who are asymptomatic and the eventual infection 

is contained (87, 91). These studies indicate that there is an early immune response 

generated in response to M.tb. While the symptoms are very non-specific, these early 

responses occur in the majority of infected individuals regardless of disease outcome and 

are fairly strong. Given that most infections do not immediately progress to active 

disease, this indicates that in general the immune response is successful at containing the 

infection (87).  

These early signs have been replicated in Cynomolgus macaques using well-

defined models, infection timelines, and more advanced techniques. In these studies, 

early bacterial growth in broncoalveolar lavage fluid (BAL) or gastric aspirates 

(alternatives to sputum), elevated ESR, and pulmonary infiltrates were all associated with 

increased risk of progression to active disease (87, 92, 93). Enlarged lymph nodes and 

indications of inflammation in the lymph nodes (as measured by fluorodeoxyglucose) 

were also seen (87, 93-95). These observations indicate that similar early inflammatory 

and immune disease processes occur in both humans and non-human primates (NHPs) 

and that at least in the NHP model, these early indicators do correlate with progression to 
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active disease indicating that this early response plays a role in the ability on the host to 

contain the pathogen (87).  

Characterizing the role of different cell types in the early immune response to 

M.tb is also important for elucidating some of these mechanisms. Even though the 

macrophage is the main cell infected by M.tb and the main driver of bacterial killing, 

other cells play critical roles in the host response (87, 96). One of the early events during 

infection is the phagocytosis of M.tb. The first cells to phagocytose M.tb (and the most 

common cell type infected by M.tb) are believed to be alveolar macrophages (87, 96, 97). 

Other phagocytic cells are then recruited to the site of infection, including more alveolar 

macrophages, dendritic cells (DCs), neutrophils, monocytes, and interstitial macrophages 

(87, 96, 98, 99). In vivo studies using mice infected with M.tb or BCG, or using zebrafish 

infected with M. marinum show that the cell populations that are predominantly infected 

shift as time goes on. It appears during the first few days, macrophages are more 

predominant than neutrophils in M. marinum infection (100). Murine studies show that 

alveolar macrophages, DCs, and neutrophils are all infected during early infection (101-

103). After two weeks of infection in the murine model, the infected cells are 

predominantly subsets of macrophages and neutrophils (103). By three weeks post 

infection, neutrophils and DCs were the most infected cell types and with increasing 

time, interstitial macrophages became more commonly infected than alveolar 

macrophages. Monocytes were found to be a minor population subset, but constant over 

time (96, 101). It has been hypothesized that differences in the responses and roles of 

these cell types contribute to the disease course and outcome of tuberculosis (87, 96).  

Alveolar macrophages have been well studied with M.tb given their role in early 

infection. As mentioned above, alveolar macrophages tend to have a more central role 

earlier in infection, when they are the more dominant cell type infected. In response to 

M.tb, alveolar macrophages can produce proinflammatory and regulatory cytokines 

(104). It has been hypothesized, given the early role of alveolar macrophages during M.tb 
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infection and the fact that around 50% of the contacts of a individual with active disease 

remain uninfected (105), that a robust innate immune response in alveolar macrophages 

results in killing of M.tb and the ability to remain uninfected but there is no strong 

evidence to support this hypothesis (96). Conversely, it appears alveolar macrophages 

can actually help intracellular M.tb survive. It has been shown that phagosomes 

containing M.tb are unable to mature and become lysosomes (106), nor do the 

phagosomes fuse well with lysosomes (107). Further, it appears that in a large number of 

individuals M.tb replicates well in alveolar macrophages (108). Alveolar macrophages 

may initially prevent other cells from becoming infected with M.tb with delayed 

apoptosis (108-110), but this also delays DC infection, and thus the adaptive immune 

response to M.tb via cross presentation to T-cells (88, 96, 109, 111). While alveolar 

macrophages express MHC II and should be able to present to T-cells, their isolation in 

the air spaces of the lung reduces the frequency of T-cell interaction, and current research 

indicates that in the first week of infection this macrophage/T-cell interaction is limited 

(112). This suggests that vaccines designed to protect against early M.tb infection (as 

opposed to preventing reactivation from latency) may have difficulty preventing infection 

as the T-cells generated in response to the vaccine may not be able to initially interact 

with the early infected alveolar macrophages (96). 

Recruited interstitial macrophages have a distinct phenotype from alveolar 

macrophages. Further, unlike alveolar macrophages which are self-renewing and 

originated locally, recruited interstitial macrophages are present in the lungs of uninfected 

individuals in very low numbers and are recruited to the site of infection and 

differentiated from monocytes (96, 101, 113-115). Given their low numbers initially in 

the lung, they are unlikely to have a large role during the earliest time points of infection, 

however, by three weeks post infection, this cell population contains more bacteria than 

the alveolar macrophages (96, 101, 114, 116).  
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The role of monocytes in M.tb infection is not well defined (96). Unlike alveolar 

macrophages, which are local cells maintained by self-renewal, monocytes are generated 

by development from progenitor cells in the bone marrow and can further differentiate, 

for example, into recruited interstitial macrophages (96, 117, 118). During M.tb infection, 

monocytes produce MCP-1, which can be detected in the alveolar fluid of infected 

individuals (119). Mutations that can lead to an overproduction of MCP-1 have been seen 

to increase susceptibility to pulmonary tuberculosis in humans (120). This is possibly due 

to reduced sensitivity of CCR2, the receptor for MCP-1 (121). In several studies using 

CCR2 knockout (KO) mice, decreased and delayed recruitment of macrophages and DCs 

have been observed and earlier death and increased bacterial loads during infection 

occurred. CCR2 has been shown to be important for macrophage and DC recruitment to 

the lung during infection (96, 122-125). This indicates an important role for CCR2-

dependant cellular recruitment during infection with M.tb. However, this may not be due 

to direct recruitment of monocytes themselves to the site of infection, but enhance egress 

of cells out of the bone marrow and into the blood (96, 126, 127). CCR2 and MCP-1 have 

additionally important roles in the activation of T-cells in lymph nodes during M.tb 

infection, however, this is accomplished by differentiating into DCs to transport the 

bacteria to the draining lymph nodes (96, 122, 128, 129). While clearly monocytes have 

an important role during M.tb infection, their role at the monocyte stage, as compared to 

the post differentiation stage (e.g. DCs), has not been determined (96).  

DCs are antigen presenting cells located in lymphoid and other tissues.  After 

infection with a pathogen, DCs phagocytose the organism and traffic to the lymph nodes 

to present to T cells. During M.tb infection DCs contain M.tb both in the lung and lymph 

nodes (96, 101, 130). Around a month after infection DCs may be the most infected cell 

type (96, 101). Despite the normally highly efficient antigen presentation and important 

role of DCs during infection, it appears infection with M.tb may hamper DC 

communication with the adaptive immune system (96, 109, 129, 131-135). However, 
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despite their decreased efficiency, DCs still contribute to the development of immune 

protection during M.tb infection as studies in mice have shown loss of the DC population 

leads to delayed immune response and increased mortality (134).  

While a low numbers of neutrophils have been associated with increased risk of 

acquiring M.tb (136), but later in infection large numbers of neutrophils can be associated 

with more aggressive disease and with worsened disease outcome (87, 96, 115, 137-141). 

It appears as though neutrophils may play very diverse roles during M.tb infection (96). 

In the early stages of infection, neutrophils may help initiate the adaptive immune 

response where DCs and macrophages seem deficient. Loss of neutrophils leads to a 

delay in DC trafficking to the lymph nodes during M.tb infection (142). Phagocytosis of 

M.tb infected neutrophils by DCs may lead to greater cellular signaling as compared to 

direct phagocytosis of the bacteria (96, 142). In zebrafish, neutrophils have been shown 

to have a direct role in killing M. marinum through reactive oxygen species (ROS) (96, 

143). Conversely, high numbers of neutrophils are found in the lungs and sputum of mice 

and humans during M.tb infection indicating failed immunity and neutrophils may 

directly contribute to this state (96, 138, 139). Neutrophils are seen in high numbers in 

very necrotic lesions during M.tb infection and may directly contribute to increased 

pathology and mortality (96, 115, 137, 140, 141).  

Cell signaling is also important during early infection. After M.tb infection 

occurs, an early immune response is generated. This includes TNF-α, IL1, and IFN-γ. 

Chemokines, including CXCL8, are also secreted to attract other cells and induce their 

response (144-149). As more cells are recruited to the site of infection, more host cells 

are available to and become infected. Neutrophils also release IL10, which can reduce the 

inflammatory response and potentially hamper the adaptive immune response (109, 144, 

150). It has also recently been shown that mycobacterial RNA can stimulate IL10 

production in macrophages, further reducing an immune response (151).  
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Understanding these events is important for an enhanced understanding of how 

TB pathology develops and what factors can be protective or exacerbating. However, it is 

also critical for developing a vaccine that could augment the immune system’s response 

before an individual becomes latently infected. A small percentage of infected individuals 

will clear infection without becoming latently infected or developing active disease. 

Increased study and understanding of their immune responses could fuel the design of 

just such a vaccine. However, there are also other points of M.tb infection and host 

interaction that provide opportunities in which active disease could potentially be 

avoided, such as understanding granuloma development and the pathways that lead to 

loss of protective containment. 

GRANULOMA FORMATION 

A small percentage (5-10%) of people will develop active disease upon initial 

infection. This results in primary pulmonary tuberculosis, with a different disease course 

and symptoms than the more common post-primary tuberculosis (69). Most people 

(around 90%) do not have active disease upon initial infection, but will establish a latent 

infection that could reactivate at a later time. In these individuals, a structure called a 

granuloma develops in which the bacteria are often killed (sterilizing the granuloma) but 

sometimes persist in a dormant state (152, 153). The granuloma is classically considered 

the site of protection and bacterial containment during TB infection (152). It has also 

been considered to be a site of bacterial persistence (152, 153). The granuloma is a firm 

mass of tissue composed of an aggregation of various cell types including: macrophages, 

epithelioid macrophages, T-cells, B-cells, neutrophils, NK cells, DCs, foam cells, and 

giant cells (152).  

Around 5-10% of those with latent TB will undergo reactivation during their 

lifetime, most commonly within 5 years. The clinical conditions that are associated with 

reactivation include HIV infection, diabetes, use of some immune inhibiting drugs (eg 
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TNF blockers), among other factors (154-157). However, the molecular events that lead 

to loss of protection as compared to successful bacterial killing and sterilization or 

contained protection are not well characterized.  

The initial development of the granuloma occurs through an exudative phase and 

then a caseous phase (87, 158). Some lesions are solid and harden over time, while in 

others the caseum softens and this can precede active disease (87, 158). This softening is 

often associated with neutrophil infiltration (87, 158). It is still unknown whether the 

factors that lead to the continued containment or the softening and active disease occur at 

the time of granuloma formation, meaning that from the beginning the containment was 

always going to become faulty, or if other factors occur later disturbing intact and well 

contained granulomas, implying any could be at risk (87, 158). Radiological evidence 

may support the latter, due to the fact that old established lesions can often soften (87, 

158). Using zebrafish and M. marinum, it has been observed that early macrophage death 

is correlated with increased bacterial growth and escape from containment (87, 111, 152). 

Changes in macrophage death pathways by members of the eicosanoid pathway can 

impact infection (87, 159, 160). Later in infection, matrix metalloproteinases generated 

by M.tb can result in increased tissue degradation (87, 161, 162). 

Increased understanding of what factors cause a granuloma to no longer provide 

protective containment could help for designing new therapies that would enhance 

granuloma stability and bacterial containment and reduce progression to active disease.  

IN THE MACROPHAGE 

The macrophage is the first cell to encounter M.tb, as well as an area of protected 

persistence of the bacteria. But it is also importantly the main immune cell responsible 

for bacterial killing during M.tb infection. During initial infection, after inhalation of the 

bacteria, alveolar macrophages detect and phagocytose M.tb (163). Macrophages 

phagocytose M.tb in a variety of ways. This includes complement mediated phagocytosis 
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(both classical and alternative pathways), non-complement mediated phagocytosis (TLR 

recognition, CD14, etc), and pinocytosis (164-169). Once the bacteria are inside the cell, 

generally this would trigger antimicrobial activity through a range of mechanisms: 

acidification of the phagosome, phagosome-lysosome fusion, ROS, NO, and antigen 

processing. However, M.tb has the ability thwart these methods (163, 170, 171).  

The phagosome is usually characterized by the composition of the membrane they 

are interacting with, indicating whether they are early or late endosomes (163, 172). 

These markers and effectors of phagosomal antimicrobial activity can be altered by M.tb 

(163). For example, late endosomes usually contain ATPase proton pumps, which 

contribute to the acidification of the phagosome, however, in phagosomes containing 

virulent M.tb, this is usually absent leading to reduced acidity in these phagosomes (163, 

173). M.tb appears to allow interaction with early endosomal compartments, but inhibits 

interactions with late endosomes. This inhibits the ability of the macrophage to effect 

bacterial killing (163).  

Mycobacterial further allow increased persistence by postponing and reducing the 

initiation of the adaptive immune response through antigen processing and recognition 

(163, 174). Normally, after pathogens are phagocytosed and phagosome lysosome fusion 

occurs, peptides are generated and presented to CD4+ T-cells on MHC II. In addition to 

preventing phagosome lysosome fusion and the resulting antimicrobial activity, M.tb also 

represses MHC II expression, thus inhibiting the ability of the T-cell to interact with the 

macrophage and initiate an adaptive immune response (163, 170, 175, 176). This has 

been hypothesized to occur through disruption of the IFNγ pathway or through direct 

inhibition of MHC gene transcription (163, 177, 178).  

Macrophage cell signaling and death also play a role in M.tb infection. 

Macrophage apoptosis and autophagy reduce bacterial viability, while necrosis can result 

in increased inflammation and bacterial survival. M.tb also has mechanisms of evading 

these killing strategies by reducing apoptosis and enhancing necrosis (108, 163, 179, 
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180). During M.tb infection, macrophages can produce TNF through mycobacterial 

stimulation of TLR2 to induce apoptosis. Virulent strains of M.tb reduce macrophage 

apoptosis by promoting the release of membrane bound TNFR2, thus reducing the 

triggered TNF response (108, 179-181). Similarly, but by a different mechanism, drugs 

that are TNF blockers (e.g. infliximab and adalimumab) can lead to increased 

susceptibility to M.tb (155, 156). M.tb also has several gene products that can inhibit 

apoptosis (see Response to Host Pressure). TNF also induces the production of reactive 

oxygen species (ROS). The generation of ROS is a double edged sword in that it has 

antimicrobial activity, however, too much can induce necrosis. M.tb has been shown to 

inhibit ROS stimulation of apoptosis (179, 182). However during M.tb infection, ROS 

induces necrosis, resulting in increased bacterial dissemination (179, 183-185). Increased 

understanding of the mechanisms that occur inside the macrophage are important for 

being able to restore normal immune function and enhance bacterial killing.  

M.TB GENETICS 

RESPONSE TO HOST PRESSURE 

The genome of the H37Rv strain of M.tb was sequenced in 1998 (186). The M.tb 

genome is around 4.4Mb comprising about 4,000 genes (186). Many of these genes exist 

to thwart host defense. As mentioned earlier, to increase persistence, M.tb can halt host 

cell autophagy. One of the ways it does this is through the M.tb gene nuoG (110, 179, 

182). This has been demonstrated by the inhibition of apoptosis when the production of 

the M.tb nuoG is induced in a non-tubercular strain of mycobacteria known to normally 

induce apoptosis in macrophages (110). When produced by M.tb, nuoG inhibits the 

extrinsic TNF-α dependent apoptotic pathway by inhibiting intracellular ROS (182).  

SecA is another mycobacterial gene that inhibits host cell apoptosis by through 

production of superoxide dismutase (179, 187). 
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LATENCY 

M.tb is a highly flexible pathogen and very adaptive to its environment (188-190). 

Responses to host pressure can result in decreased bacterial growth and latency. M.tb 

senses host pressure through sensor kinases. DosS and DosT sense unfavorable host 

conditions including hypoxia and NO stress (188, 191-193). DosS phosphorylates DosR, 

which goes on to bind to DNA and cause a wide variety of transcriptional changes, 

upregulating some genes (such as those for lipid metabolism) and downregulating others 

(such as those for bacterial growth) (188-190, 192, 194, 195). When the bacteria senses a 

more favorable environment, rpf is needed to increase genes associated with increased 

growth and reactivation from latency (188, 196). M.tb strains that have been repeatedly 

cultured until considered dormant exhibit growth with rpf and knockout of rpf reduced 

growth and ability to recover from dormancy (188, 197, 198). Increased understanding of 

what these early upregulated gene products are could lead to the design of post exposure 

vaccines that are responsive to the earliest proteins generated during reactivation to 

prevent active disease.  
 

Human Immunodeficiency Virus 

A BRIEF HISTORY OF HIV 

Unlike M.tb, the emergence of HIV is very well documented due to its recent 

appearance. The most prevalent strain of HIV today likely originated in Kinshasa, in the 

Democratic Republic of Congo in the 1920s (199, 200). However, research shows that 

simian immunodeficiency virus (SIV) was transmitted to humans from non-human 

primates (NHPs) many times throughout history, however with very limited transmission, 

until adaption and continual human-to-human transmission that resulted in HIV (199, 

201, 202). Increasing encroachment of humans on forest land increases contact with 
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NHPs. Many of these NHPs harbor SIV, which has evolved and adapted with over time 

producing in the natural hosts a non-progressive chronic infection. After an initial acute 

infection, the NHP lives with for life with minimal complications, such as occurs in 

humans with herpesviruses (199, 203). As more and more contact between humans and 

NHPs occurred, increased risk of transmission and zoonotic transfer took place. While 

transmission was likely occurring for many years on an infrequent basis, the increase in 

connectivity worldwide and increased viral adaptation resulted in increased HIV 

transmission and the eventual recognition in the United States.  

In 1981 the CDC released reports of the opportunistic disease Pneumocystis 

carinii pneumonia (PCP, now known as Pneumocystis jirovecii) in previously healthy 

men with no known risk factors (204). A common factor in all of these cases was they 

were men who engage in sexual intercourse with other men. Further cases were seen of 

PCP and Kaposi’s sarcoma (KS) in homosexual individuals as well as those with a 

history of injection drug usage (205). Despite the drug-related cases, initially these cases 

became known as gay-related immune deficiency (GRID).  More cases developed, this 

time in the Haitian population in Florida and in hemophiliacs (206, 207). Late in 1982 the 

CDC started using the term acquired immune deficiency syndrome (AIDS) defining it as 

“a disease, at least moderately predictive of a defect in cell-mediated immunity, occurring 

in a person with no known cause for diminished resistance to that disease. Such diseases 

include KS, PCP, and serious OOI [Other Opportunistic Infection]” (208). Cases were 

soon reported in the heterosexual partners of those with AIDS (209, 210). In 1983 the 

Pasteur Institute in France identified and isolated the Lymphadenopathy-Associated 

Virus (LAV) as the potential cause of AIDS. Later that year, the CDC identified the 

methods of HIV transmission (211). In 1984, Dr. Robert Gallo announced the cause of 

HIV to be HTLV-III (212), which was the same virus as LAV(213). In 1985 the first test 

for HIV was approved by the FDA and the blood supply began to be regularly screened 

to reduce transmission through donated blood products. In 1986 LAV/HTLV-III was 



 

25 
 

renamed HIV (214). In 1990 the FDA approved the first drug to treat HIV. This was also 

the year that legislature went into effect to protect Americans with HIV and make 

discrimination against those with the virus illegal, however, it was not until two decades 

later when the ban on people infected with HIV entering the United States was lifted. In 

1999 HIV became the fourth most common cause of death worldwide, and the most 

common in Africa (215). In 2005 HIV mortality reached its peak (216).  

In 2015 almost 37 million people were living with HIV worldwide with 70% of 

these cases in Africa (217). Globally, 1.1 million people die due to AIDS-related causes 

of death (217).  Two million new cases are diagnosed each year, however, more people 

are receiving treatment and fewer new infections are occurring (217). 2015 was also the 

first year since the 1990s that HIV was surpassed as the leading cause of death by 

infectious disease, and was replaced with M.tb (67). While HIV is still a major health 

problem and undoubtedly has an extensive detrimental impact, increasing treatment 

options, drug availability, and education have had a massive influence on reducing HIV 

mortality worldwide. Even more promising is that the virus’s high mutation rate appears 

to be promoting attenuation (218, 219). When pathogens are newly introduced to the 

human population they are often highly lethal, but as they adapt to become less lethal to 

the host, allowing increased opportunity for transmission similar to that seen in the 

natural hosts of SIV (220, 221). Hopefully in a combined public health effort and through 

viral adaptation, many decades from now HIV may be less of global threat.  

 

HIV DENIALISM 

Unfortunately, there is a portion of the population that denies HIV exists. Or they 

believe it does exist but is harmless. Similar to the anti-vaccine movement that has gained 

prevalence over the last decades, HIV “truthers” are distrustful of scientists and scientific 

research and believe that despite a scientific consensus, that there is some sinister 
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conspiracy theory behind the AIDS epidemic. This atmosphere caused increased fear, 

suspicion, and distrust and resulted in the deaths of many people who refused precautions 

to avoid contracting the virus and declined to take their medications to prevent the 

progression to AIDS (222).  

The distrust started in the 1980s when the cause of AIDS was still unknown. 

There was much speculation as to what could be causing healthy young men to be sick 

and there was immediate suspicion when the cause was discovered to be something that 

would profit the pharmaceutical industry (222). This was further fueled by Peter 

Duesberg, a molecular biologist at UC Berkley who claimed (and continues to claim) that 

HIV is harmless, despite his lack of experience in the field and the consensus of the rest 

of the scientific community (223-227). Further, propaganda in Eastern Europe that AIDS 

was developed as a bioweapon created even more distrust (228, 229). The former 

president of South Africa, Thabo Mbeki, was a staunch HIV denialist. In the 90’s and 

2000’s he supported unsubstantiated treatments from Virodene to “natural” cures 

including specific diets and “Africa’s solution,” a concoction of plants and seeds as well 

as continuing to deny the overwhelming evidence supporting HIV as the cause of AIDS 

(222, 230-234). This perhaps has contributed to such an alarmingly high rate of HIV in 

South Africa (235). However, after the resignation of Mbeki, HIV denialism in South 

Africa declined (234). 

During this same time period the United States was also struggling with HIV 

denialism. From prominent individuals to even branches of AIDS Coalition to Unleash 

Power (ACT UP), an AIDS advocacy group, repudiated that HIV was the cause of AIDS 

(222, 236). While HIV rates had been declining through the late 1990’s, in the early 

2000’s there was a slight increase in the rates of HIV infection. This was possibly due to 

a decrease in the fear of HIV and a reduction in use of preventative measures such as 

condoms. Activists who openly campaigned for HIV awareness, increased testing, and 

condom usage received a lot of backlash and even death threats. The peak of HIV 
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denialism was in 2001 due to both the increase in internet availability, and thus an easier 

method of obtaining and disseminating information about HIV denialism (similar to anti-

vaccine movement “research”) (222). The increase in internet availability also increased 

visibility of members in the HIV denialism community (world leaders, celebrities, 

scientists) increasing legitimacy (also similar to the anti-vaccine movement). However, 

following the death of many (and several high profile) HIV-infected denialists, there was 

unsurprisingly a decline in the movement. However, despite its decline, the HIV 

denialism movement still exists and even in 2014 articles questioning HIV as the cause of 

AIDS have been published in moderately reputable, but not high impact, journals such as 

Frontiers in Public Health (237).  

 

Figure 1.2: A brief history of HIV 

IN THE CLINIC 
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HIV DIAGNOSIS 

Early detection is important for both improved prognosis by early treatment and 

for identification of infected individuals to reduce spread of the disease. Around half of 

new HIV infections are transmitted because the individual is unaware of their infection 

status (238). In 2006, 25% of people living with HIV were unaware of their status (239). 

In 2012 this was estimated to have dropped to around 14% (240). Studies have shown 

that there is a significant reduction (68%) of risky behaviors when the individuals were 

aware of their positive HIV status (241). Further, new infections appear to be more 

transmissible than sub-acute stage infections, partially due to the elevated viral load that 

occurs early in new infections (242).  

The first diagnostic test for HIV was developed in 1985 (243). This was based on 

an ELISA to detect antibodies to the virus. An updated ELISA is still in clinical use, 

however, the test now measures both antibodies generated against HIV as well as 

measuring p24, a capsid protein of HIV. During the first few weeks of infection, prior to 

seroconversion, false negatives may occur, but the addition of p24 detection to the 

ELISA reduces this possibility (243). Testing for HIV RNA will also produce a positive 

result earlier after infection. Still, repeat testing for those who have had risk of exposure 

is recommended to ensure a true negative test. Current guidelines suggest that patient 

samples should be retested when found to be positive as well as tested by an alternative 

test to confirm, such as western blot, before informing the patient. Rapid (point of care) 

testing and at home testing work by generating a colorimetric change using colloidal gold 

when interactions between HIV antigens and antibodies occur, increasing the population 

that can be tested and reducing the time to obtain results. The WHO suggests testing 

should be confidential and informed consent should be obtained prior to testing, however 

the CDC recommends that HIV testing be opt-out, where consent is inferred. Counseling 

should be made available to those who test positive.  
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The CDC recommends routine testing for all adults aged 13-64. However, around 

57% of adults in the United States have never been tested because they do not see 

themselves as at risk (244). On the contrary, 25% of new HIV infections in the United 

States are acquired through heterosexual intercourse (245). In women, 87% of new HIV 

infections are the result of heterosexual intercourse (246), implying that a significant 

number of infections occur in people who are not in stereotypical “high risk” groups. 

Even among those who are at high risk for acquiring HIV, such as men who are 

homosexual or bisexual, in those under 35, 44% report never having been tested for HIV. 

This low testing rate is certainly thought to be a contributing factor for the increase in 

new infections for young men in this risk group (247). Clearly regardless of belief of 

“risk”, individuals in the United States are at risk for HIV infection and increased testing 

could lead to reduced transmission.  

HIV TREATMENT 

Ziduvudine (AZT) was first drug approved by the FDA in 1987 to treat HIV. AZT 

works by inhibiting the HIV’s reverse transcriptase (see VIRUS LIFECYCLE). AZT 

significantly reduced AIDS mortality as well as opportunistic infections (248). 

Unfortunately AZT has a high, but acceptable, toxicity profile and many side effects 

including anemia and neutropenia, especially among those that start therapy with 

progressed disease (248). Muscle weakness, headache, nausea, lipodystrophy, and others 

were also common side effects. Further, due to the error prone replication of HIV, drug 

resistant strains developed rapidly eventually leading to use of combined drug therapy 

regimens.  

There are currently 6 different drug classes comprised of more than 30 drugs (See 

Table 1). Drugs are used in combination to avoid the development of drug resistance. 

Once a day dosing and combination pills reduce complications in adherence. Previous 

recommendations promoted waiting until later stages of disease to start treatment and 
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stopping treatment when the CD4 count reaches a certain threshold. But current 

recommendations support treatment starting immediately after diagnosis regardless of 

stage of disease (249). One of the recommended courses of care for a patient who has not 

previously been treated with anti-retroviral therapy is tenofovir and emtricitabine 

combined with any of the drugs in the integrase inhibitor class (249). Another is 

dolutegravir, abacavir, and lamivudine if the patient is HLA B*5701 negative, as 

otherwise they are at increased risk for an adverse reaction (249). Different variations are 

recommended for those with various co-morbid conditions (249). Many drugs exist 

allowing customization for drug resistance and differing impact of potential side effects 

and drug interactions in addition to the recommendations. Unfortunately, the cost of 

many of the medications is high, especially in the United States.   

Anti-retroviral drug treatment can also be used as post-exposure prophylaxis in 

the event of an occupational exposure or sexual exposure. A combination of tenofovir 

and emtricitabine and either raltegravir or dolutegravir is recommended. It is generally 

given to health care personnel who have had high-risk contact with contaminated fluids, 

such as through a needle stick type injury with infected blood. Treatment should be 

started as soon as possible after exposure, ideally within two hours. Post-exposure 

prophylaxis is recommended for four weeks and follow up testing is also recommended 

(250).  

 

Drug Class Trade Name Drug(s)  

Protease Inhibitors (PIs) 

Prezcobix darunavir/cobicistat 

Prezista darunavir 

Aptivus tipranavir 

Crixivan indinavir sulfate 

Invirase saquinavir mesylate 
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Kaletra lopinavir/ritonavir 

Lexiva fosamprenavir calcium 

Norvir ritonavir 

Reyataz atazanavir sulfate 

Viracept nelfinavir mesylate 

Evotaz atazanavir sulfate/cobicistat 

Integrase Inhibitors 

Isentress raltegravir 

Tivicay dolutegravir 

Vitekta elvitegravir 

Entry Inhibitors 
Fuzeon enfuvirtide 

Selzentry maraviroc 

Pharmacokeinetic 

Enhancer 
Tybost cobicistat 

Non-Nucleoside Reverse 

Transcriptase Inhibitors 

(NNRTIs) 

Edurant rilpivrine 

Intelence etravirine 

Rescriptor delavirdine mesuyate 

Sustiva efavirenz 

Viramune nevirapine 

Nucleoside/Nucelotide 

Reverse Transcriptase 

Inhibitors (N(t)RTIs) 

Combivir lamivudine/zidovudine 

Emtriva emtricitabine 

Epivir lamivudine 

Epzicom abacavir sulfate/lamivudine 

Retrovir ziduvudine 

Trizivir abacavir sulfate / lamivudine/ziduvudine 
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Truvada Emtricitabine/tenofovir disoproxil fumarate 

Videx EC didanosine 

Viread Tenofovir disoproxil fumarate 

Zerit stavudine 

Ziagen abacavir sulfate 

Multiclass Single Tablet 

Regimens 

Atripla Efavirenz/ emtricitabine / tenofovir disoproxil fumarate 

Complera Emtricitabine / rilpivirine / tenofovir disoproxil fumarate 

Stribild 
Elvitegravir / cobicistat / emtricitabine / tenofovir 

disoproxil fumarate 

Triumeq Abacavir / dolutegravir / lamivudine 

Table 1.1: Drugs used in the treatment of HIV infection 

Six classes of drugs inhibit HIV infection and replication at various stages of HIV 
infection. Usage in combination is more effective and prevents the development of drug 
resistant strains 

HIV PREVENTION 

Abstinence, condom usage, not sharing needles, ART usage in the infected 

partner, reduction in number of sexual partners, and regular testing have all been 

recommended to prevent acquiring HIV. In 2012 the FDA approved Truvada, which is a 

combination of tenofovir and emtricitabine, for use as pre-exposure prophylaxis (PrEP). 

However, there have been some concerns that use in serodiscordant couples could result 

in increased risk of transmission or increased risk of drug resistance due to imperfect 

usage or reduced protective measures (condom usage). Other methods currently being 

studied include topical delivery of drugs such as through NuvaRing (a plastic ring 

inserted into the vagina that delivers hormonal contraceptives) or sexual lubricants (251-

254). Male circumcision, which is a common practice in the United States but less so 

abroad, has been shown to significantly reduce transmission of HIV (255-258). There is 
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currently no vaccine available, although many research programs have attempted to 

develop one.  

VIRUS LIFE CYCLE 

HIV enters the cell by binding CD4 with gp120 and either CCR5 or CXCR4. The 

virus envelop then fuses with cell’s membrane, allowing entry into the cell. Once inside 

the cell, the RNA of the virus is converted to DNA with the virus’s reverse transcriptase. 

After integrating the newly generated DNA into the host cell, using the virus’s integrase, 

the virus takes advantage of the cell’s own transcription and translation, hijacking the cell 

into producing virus. As virus and the necessary HIV proteins are produced by the host 

cell, the eventually organize and move to the periphery of the cell where full mature virus 

buds off the cell (259).  

It is interesting to note that despite a very diverse set of viral strains that develop 

due to the high mutation rate of the virus, very few are adapted to transmission. Generally 

only one (or in some cases few) virus starts the infection, which can be traced back 

through the development of other viral lineages. These viruses are called founder viruses. 

Identifying and targeting what viruses are more fit to become transmitted through 

mucosal tissue and start infection could be helpful in developing preventative measures 

specific to those strains (260, 261).  
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Illustration 1.1: HIV life cycle 

HIV binds to and enters the cell. Viral DNA is generated with reverse transcriptase and 
integrated into the host genome. The virus then uses the host cell to replicate and generate 
viral RNA which is used to generate viral proteins. Viral RNA and proteins are 
assembled and bud off the cell producing mature virus.  

OPPORTUNISTIC INFECTIONS 

AIDS was first identified not by the causative agent, but by the cluster of 

symptoms and clinical signs that developed. The reason that it was so striking was 

because PCP and KS are generally not seen in a healthy individual. In the later stages of 

AIDS, the immune system becomes so compromised that pathogens that normally would 

not have caused a problem become deadly (262). One of the defining features of AIDS is 

a suppressed CD4+ T-cell count. Opportunistic infections have a significantly increased 

likelihood of occurring with cell counts of less than 200 cells/mm3 and prophylaxis is 
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recommended in addition to antiretroviral therapy (262). Cell counts of less than 100 

cells/mm3 indicates very advanced immunosuppression (262). As many people living 

with HIV are unaware of their status, many present for the first time with an opportunistic 

infection (262). In addition to PCP and KS, there are now many opportunistic infections 

known to be associated with later stages of HIV. These include: Toxoplasma gondii, 

candida, cryptosporidiosis, and Mycobacterium tuberculosis, among others (262). 

INTERACTIONS BETWEEN HIV AND M.TB 

M.tb is different from other opportunistic infections in that the elevated risk 

during HIV infection does not start when CD4+ T cells drop below 200 cells/mm3 as with 

other opportunistic infections. The individual with HIV does not need to be in a state of 

immune failure for M.tb to have a drastic impact. HIV increases both risk of acquiring 

M.tb as well as risk of reactivation from latency. Individuals with HIV have a 10% 

chance of reactivating their latent M.tb infections, compared to those without HIV who 

have a 10% chance of reactivating over their lifetime. Further, during an active TB 

infection, HIV drastically worsens the disease course (263, 264). Clearly HIV has a 

dramatic impact on M.tb that is separate from the general immune compromise that 

happens during AIDS.  

Co-infection with HIV and M.tb 

EPIDEMIOLOGY 

TB is the leading cause of death among people who are living with HIV. In 2014, 

this translated to the deaths of 390,000 people out of 1.2 million HIV infected people 

who died that year (33%) (67).  This is a significant decrease from the peak of HIV 

related TB deaths in 2004 (570,000). Of newly diagnosed cases of TB, 12% of these 

cases (1.2 million people) were among people who are living with HIV globally, however 
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in some areas more than 50% of new TB cases are among people who are HIV positive 

(67). Individuals with HIV are at significantly increased risk for acquiring TB as well as 

increased risks of reactivation and more aggressive TB pathology (264). People who are 

HIV negative have around 10% chance of TB reactivation over the course of their 

lifetime. In those who are HIV positive, there is a 10% chance of reactivation of latent 

TB per year. Those with HIV are also at increased risk of developing extrapulmonary 

manifestations of TB.  

IN THE CLINIC 

DIAGNOSIS 

Individuals living with HIV are harder to diagnose with latent TB, despite being 

at increased risk for the disease. This is due to the depletion and promotion of 

dysfunction in CD4+ T cells on which many TB diagnostics are based. The TST is based 

on the delayed hypersensitivity reaction, which is impaired when the CD4+ T cell 

population is compromised. Similarly, the IFNγ response generated in the IGRA is 

produced by the CD4+ T cell population (265-267). This means that those who are at 

elevated risk for acquiring TB are also the population in which TB will be hardest to 

detect diagnostically. Culturing or staining of acid-fast bacilli from sputum samples will 

still work in an individual with a compromised CD4+ T cell response. Negative TB test 

results in an individual with HIV should not definitively rule out TB infection.  

TREATMENT 

Treatment for both TB and HIV can be complicated. Rifampin, a critical first line 

drug against TB, and other drugs of its class are strong inducers of cytochrome P450. 

This results in reduced efficacy and increased toxicity when using these classes of drugs 

with some HIV medications. Previously the standard of care was to stop treatment for 

HIV and treat the TB, and resume HIV treatment after the completion of the TB 



 

37 
 

chemotherapy. Current recommendations for treating HIV in those with TB and on a 

regimen containing rifampin advocate the use of tenofovir, emtricitabine, and efavirenz 

(Atripla). However, if efavirenz is not an option, dolutegravir can be admistered twice 

daily instead of once daily or raltegravir can be given at twice the recommended dosage 

(249, 268).  

CURRENT GAPS IN KNOWLEDGE 

While the clinical consequences of HIV and M.tb co-infection have been 

documented (see Interactions Between HIV and M.tb), the mechanisms behind these 

interactions are poorly defined. In particular, the early interactions and impact of HIV on 

M.tb infection have not been well characterized. This is important because it relates to the 

specific mechanisms and interactions of HIV and M.tb and their joint impact on the 

immune system, rather than the general immune compromised state of AIDS. It is 

difficult to study these early interactions, as the exact time of infection is often unknown. 

Further, it is difficult to run controlled experiments or alter experimental conditions to 

prove the hypotheses on how these interactions might occur in human subjects, especially 

on a molecular and cellular level. In this manner, an animal model would be beneficial to 

studying these underlying interactions. An NHP model is currently used in co-infection 

studies, however, aside from the fact that HIV has evolved from SIV and is a different 

virus, the NHP model of co-infection has primarily been used to study reactivation from 

latency, as opposed to early acute infection.  

Understanding the basic science behind how HIV disrupts the immune system and 

enhances bacterial growth and increasing susceptibility to reactivation or new M.tb 

infection is critical for translational applications. In order to develop new treatments to 

prevent the deadly synergy between HIV and M.tb, we must first determine how it works. 

Then, with this increased understanding, new immunomodulatory therapies could be 

developed that specifically target the deficiencies HIV produces. Further, HIV can be 
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used as a tool to increase understanding of M.tb infection itself. Increased understanding 

of how M.tb reactivates from latency can result in new vaccines to prevent reactivation 

from therapy. Understanding these basic science concepts is critical to developing new 

ways of halting the HIV/M.tb public health crisis.  
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SPECIFIC AIMS AND HYPOTHESIS 

Our objective for this proposal is to develop a model of HIV/M.tb co-infection 

and to begin to identify mechanisms by which HIV increases M.tb proliferation and 

reactivation from latency. We hypothesize that HIV increases the pathology and bacterial 

growth associated with M.tb infection by inhibiting host oxidative stress that regulates 

M.tb response regulons. We put forward the following specific aims for this proposal: 

Specific Aim 1: Determine how HIV-1 co-infection alters M.tb pathogenesis in our 
humanized mouse model.  

We hypothesize that HIV will increase pathology associated with M.tb infection as well 

as increase growth and dissemination of the bacteria. This will reflect what is seen in 

human disease during co-infection. We will use our newly developed humanized mouse 

model to establish similar pathology to human disease. SA 1a: Assess changes in 

pathology associated with co-infection with HIV and M.tb in the humanized mouse 

model. SA 1b: Assess changes in growth of M.tb bacteria during co-infection in the 

humanized mouse model. 

Specific Aim 2: Identify the HIV-mediated alterations in innate immune stress to 
promote bacterial proliferation 

  We hypothesize that HIV will increase pathology associated with M.tb infection 

as well as increase growth and dissemination of the bacteria, due to changes in immune 

stress. This will reflect what is seen in human disease during co-infection. We will use 

our newly developed humanized mouse model to establish similar pathology to human 

disease. We will assess changes in arginine metabolism during HIV infection that could 

cause these changes in growth and pathology. We hypothesize that these changes will be 

detectible during co-infection as HIV promotes reactivation from latency as associated 

with pathogenesis.  
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We expect the outcome of this research to be a validated model of HIV and M.tb 

co-infection as well as increased understanding of the mechanisms by which HIV 

increases M.tb pathogenesis. The development of a model of HIV/M.tb co-infection will 

allow for increased understanding of co-infection mechanisms as well as provide a 

platform for testing new therapeutics. A better understanding of these mechanisms will 

lead to increased understanding of the innate immune system and the host immune 

system’s interaction with M.tb as well as to new avenues of investigation for the 

development of new drugs and vaccines to prevent accelerated growth of M.tb. 
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CHAPTER 2: PULMONARY TUBERCULOSIS IN HUMANIZED MICE INFECTED 

WITH HIV-11 

INTRODUCTION 

In the wake of the human immunodeficiency virus (HIV) pandemic, tuberculosis 

(TB) persists as a global health crisis that causes an estimated 1.5 million deaths per year 

(270). TB is now the most significant health threat for those living with HIV/acquired 

immunodeficiency syndrome (AIDS) due to multifactorial effects of HIV infection to 

promote susceptibility to Mycobacterium tuberculosis (M.tb) infection or reactivation, 

exacerbate disease, increase drug resistance development, and compromise diagnosis (62-

66). Treatment of co-infected persons is further complicated by drug interaction and 

malabsorption issues when combining anti-retroviral agents and TB chemotherapy 

[reviewed (271)]. Addressing these clinical challenges to reduce TB disease requires a 

much greater understanding of co-infection pathophysiology to inform development of 

novel interventions. 

The human host tropism of HIV has limited the in vivo study of HIV and M.tb co-

infection in an experimentally controlled system. In human subjects, the loss of CD4+ T 

cells and functional suppression of T cells and antigen presenting cell populations during 

chronic HIV is well known to impair the cell-mediated immune response to M.tb 

[reviewed in (272, 273)]. The effect of infection and CD4+ T cell depletion by simian 

immunodeficiency virus (SIV) to compromise host containment of latent TB has been 

established through elegant studies in cynomolgus and rhesus macaque non-human 

primates (NHP) co-infection models (274, 275). A synergistic relationship between M.tb 

and HIV, however, occurs even before the loss of CD4+ T cells characteristic of AIDS 

                                                
1 Reprinted with permission 269. R. J. Nusbaum et al., Pulmonary Tuberculosis in Humanized Mice 
Infected with HIV-1. Sci Rep 6, 21522 (2016). 
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(66, 276). Limited studies of human lung and bronchial alveolar lavage fluid from co-

infected subjects suggest that a poorly organized, and potentially inflammatory, 

pulmonary response can also occur (277-279). To date, however, the immune 

disturbances and pathogenesis of TB/HIV in the lung prior to peripheral T cell depletion 

and generalized immune suppression are poorly understood due to the paucity of 

available tissue samples. 

New animal models to complement clinical research with human subjects and 

basic studies of SIV and M.tb in NHP are needed. The bone marrow, liver, thymus (BLT) 

humanized mouse (HuMouse) has facilitated pioneering studies of HIV pathogenesis and 

treatment (280-283). We previously developed a model of TB in the BLT HuMouse 

(284) that reproduces important hallmark features of human TB disease pathology, as 

described in recent independent reviews (285, 286). In the current studies we applied our 

HuMouse model of experimental TB to investigate pulmonary M.tb/HIV-1 co-infection. 

We chose to model one of several important clinical scenarios, that of new pulmonary 

M.tb infection in subjects with an existing HIV infection. Recent reports indicate that in 

HIV+ subjects, M.tb infections are frequently a new event rather than reactivation of 

latent infections (287-289). We observed that HIV-infected cells were localized to sites 

of M.tb-driven inflammation and mycobacterial replication in both human and HuMouse 

co-infected lung. We also observed increased mycobacterial burden and loss of 

granuloma structure due to HIV co-infection, consistent with disease in human subjects. 

Further, we show neutrophil infiltration and tissue necrosis due to HIV in the co-infected 

lung and increased production of pro-inflammatory cytokines and chemokines that recruit 

neutrophils. These results suggest that in the early stages of acute pulmonary co-

infection, HIV infection compromises antibacterial functions in the lung and activates 

non-protective inflammatory responses and neutrophil influx that can promote tissue 

damage. 
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MATERIALS AND METHODS 

Ethics Statement	  

All animal procedures were performed in accordance with the regulations of the 

NIH Office of Laboratory Animal Welfare and were approved by the University of Texas 

Medical Branch (UTMB) Institutional Animal Care and Use Committee (IACUC). 

Human fetal tissue used in generation of humanized mice was obtained via a non-profit 

partner (Advanced Bioscience Resources, Alameda, CA) as approved under exemption 4 

in the HHS regulations (45 CFR Part 46) as previously described20. 

Animal Experiments 

Humanized BLT mice were generated as we have previously described (284). 

HIV (JR-CSF strain) was obtained from the Baylor College of Medicine Center for AIDS 

Research Virology Core and stored at −80 °C until use. The JR-CSF strain is a human 

clinical HIV-1 isolate that is classically defined as M-tropic and infects both 

monocyte/macrophage and CD4+ T cells. HIV was diluted in PBS and mice were infected 

with a 2,500 TCID50 via tail vein infection as described (281). Infection with the H37Rv 

(tdTomato) strain of M.tb (290) was performed using 250 CFU diluted in 40 ul of 

Dulbecco’s Phosphate-Buffered Saline (PBS, Cellgro, Manassas, VA, USA) via an 

intranasal route (20 ul/nare) as described (284). Animal experiments were repeated in an 

independent group generated from an additional human tissue donor. Humanized mice 

are challenging to generate and animal numbers were a limitation. Two independent 

studies with non-infected animals (n = 2/study), M.tb-infected (n = 3/study) and 

M.tb/HIV-infected (n = 4/study) were performed. Three HIV-infected control animals 

were included only in one study. All animal experiments and work with M.tb were 

performed in a CDC-approved animal biological safety level-3 (ABSL-3) and BSL3 
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facilities in the Galveston National Laboratory in accordance with biosafety procedures 

approved by the UTMB Environmental Health and Safety Division. 

Bacterial and Viral Load 

Following aseptic removal at 5 wk post M.tb infection, organs (lung and liver) 

were placed into 1 ml of PBS in 15 ml small tissue grinders (Kendall, Mansfield, MA, 

USA) for tissue homogenization. Serial dilutions of homogenized organ samples were 

prepared in PBS to perform limiting dilution CFU enumeration as described (291). All 

studies were performed in a CDC-approved biological safety level-3 (BSL-3) facility. For 

viral quantification, plasma and supernatants from disrupted spleen were stored frozen at 

−80 °C. Plasma and splenic supernatants were then used to detect HIV p24 capsid protein 

using a clinical ELISA test (Zeptometrix, Buffalo, NY). Levels of p24 were quantified by 

generating a standard curve using the standards provided in the kit. Values were 

generated by linear regression to the standard curve as recommended by the 

manufacturer. 

Human Reference Tissue 

Human lung tissue was obtained in collaboration with the UTMB Autopsy 

services from archival formalin-fixed paraffin embedded tissue obtained between 1996 

and 2001. The reference samples included in Figs 1, 4, and 7 are from decedents with 

confirmed TB or TB/HIV disease based on chart history and post-mortem analysis. 

Tissue were fixed in 10% formalin and embedded in paraffin until use to generate 

sections for analysis by histopathology and immunohistochemistry. 

Flow Cytometry 

Levels of CD4+ T-cells were assessed pre- and post-infection by multi-variate 

flow cytometric assessment of peripheral blood. Blood was collected from the tail vein of 
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HuMice into 300μl of 3mM ethylenediaminetetraacetic acid (EDTA, Capitol Scientific, 

Austin, TX, USA). Red Blood Cell Lysis Buffer (Sigma, St. Louis, MO, USA) was used 

according to the manufacturer to isolate the peripheral blood mononuclear cells 

(PBMCs). To reduce non-specific binding, PBMCs were incubated with CD16/CD32 Fc 

Block (BD Biosciences, San Jose, CA, USA). The following antibodies specific to human 

lymphocyte surface markers were used to stain the cells: AmCyan-CD45, APC-Cy7-

CD3, and Pacific Blue-CD4. A total of 50,000 gated events were collected in a live cell 

gate using a BD LSR II (Fortessa) flow cytometer (BD Biosciences) in the UTMB Flow 

Cytometry and Cell Sorting Core Facility. Analysis of data was performed by FCS 

Express (De Novo, Los Angeles, CA, USA) software. Isotype matched antibodies were 

used to control for background fluorescence. Cells were selected based on expression of 

the human CD45 marker and further analyzed for human CD3 and CD4 phenotype. 

Immunohistochemistry 

Lung tissue sections from formalin-fixed, paraffin embedded HuMouse or human 

lung were deparaffinized and washed in 0.05% PBST. Following deparaffinization, 

antigen retrieval was performed by 25 min incubation in citrate buffer, pH 6 (Dako) at 

95–100 °C in a rice steamer. Samples were then washed with 0.05% PBST and incubated 

with monoclonal antibodies to MPO (at a dilution of 1:50; Abcam; ref ab45977-100) for 

two hours at room temperature or HIVp24 (at a dilution of 1:50; Dako; clone Kal-1) 

overnight at 4 °C. Sections were stained with Permanent Red using the Dako EnVision 

System with Mayer’s Hematoxylin as the counter stain. Images were taken using an 

Olympus BX53 microscope equipped with an Olympus DP71 camera. 

Pathology 

At specified time points, following aseptic removal of organs, the remaining half 

of tissues were placed in 10% Neutral Buffered Formalin (Statlab, McKinney, TX, USA) 
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for 48 hours to inactivate infectious agent, changed after 24 hours, and finally stored in 

70% ethanol. Tissues were embedded in paraffin then stained with hematoxylin and eosin 

(H&E) and additional sections were stained using the Ziehl-Neelson method to visualize 

acid-fact bacteria (AFB) to detect M.tb bacilli. A 5 color chromagen (Movats) stain was 

performed to visualize vascular pathology including elastin, collagen, fibrin, mucin, and 

muscle fibers. Processing and staining for H&E, AFB, and Movats was performed by the 

University of Texas Medical Branch, Research Histopathology Core Facility. Lung tissue 

was evaluated by a trained pathologist with expertise in tuberculosis disease progression, 

with confirmation done in a slide blinded manner. Granuloma number was quantified 

from the entire section of mouse lung. The average size of each granuloma and the total 

amount of granulomatous tissue in the whole lung was quantified using digital software 

(NIH Image J; developed at the U.S. National Institutes of Health and available on the 

Internet at http://rsb.info.nih.gov/nih-image/). The percent of granulomatous tissue was 

calculated as a percent of total lung area as described (292). 

Cytokine/Chemokine Quantification 

Supernatants from disrupted lung were harvested during necropsy 5 wk post-M.tb 

infection and stored frozen at −80 °C. Samples were subsequently γ-irradiated on dry ice 

using a JL Shepherd Model 109–68 Cobalt-60 Research Irradiator (JL Shepherd & 

Associates, San Fernando, CA 91340) until 5 MRAD of exposure was reached. A non-

diluted test sample was plated on 7H11 agar and incubated at 37 °C for >5 weeks to 

ensure sterility prior to removing samples from biocontainment. Lung supernatants were 

used in performance of a multiplex ELISA (Bio-rad Bio-plex ProTM human cytokine 27-

plex kit) according to the manufacturer’s instructions to assess changes in expression of 

human cytokines: IL-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 

(p70), IL-13, IL-15, IL-17, IP-10, FGF basic, Eotaxin, G-CSF, GM-CSF, IFN-γ, MCP-1 

(MCAF), MIP-1α, MIP-1β, PDGF-BB, RANTES, TNF-α, VEGF. Values for cytokines 
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where cross reactivity between human detection reagents and mouse cytokines could 

confound data (e.g. VEGF, IL-13) were excluded from the analysis. Levels of each 

cytokine were quantified by generating a standard curve using the standards provided in 

the kit. Values were generated by linear regression to the standard curve as recommended 

by the manufacturer and as described (293). Values that were below the extrapolated 

range (<OOR) were set to 0. 

Statistics 

Data are shown as mean ± SEM. One-way ANOVA followed by a Dunnetts 

multiple comparison test was used for multiple group comparisons (GraphPad Software 

v5.0). Statistically significant values are designated as follows: *p < 0.05; **p < 0.01; 

***p < 0.001. The strength of association between viral load and bacterial burden or lung 

pathology was computed using the Spearman correlation coefficient (GraphPad Software 

v5.0). 

RESULTS 

HIV replication in the M.tb-infected BLT humanized mouse 

To emulate human HIV infection in BLT HuMice, animals were given 2,500 

TCID50 of the JR-CSF strain of HIV-1 i.v. as described (280). At 3 wk p.i. with HIV, 

some groups of animals were infected i.n. with 250 CFU of the H37Rv strain of M.tb as 

described (284). Replication of HIV, based on detection of the p24 capsid protein by an 

ELISA assay employed in clinical settings to determine HIV status, was observed in the 

plasma and spleen at 8 wk post-HIV infection (Figure 2.1A). Expression of p24, though 

variable, was detectable in HIV- and HIV/M.tb-infected mice from two independent 

studies. Co-infection with M.tb did not significantly alter viral load at this stage of 

infection (5 wk post-M.tb, and 8 wk post-HIV, infection). As previously observed in 

HuMice infected with the JR-CSF strain of HIV-1, CD4+ T-cell numbers decline slowly 
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(294). The moderate decrease in CD4+ T-cells observed in HIV-infected animal groups 

did not reach significance compared to non-infected and M.tb-infected animals (Figure 

2.1B).

 

Figure 2.1: HIV infection in HuMice co-infected with M.tb 

BLT HuMice were infected i.v. with 2,500 TCID50 of HIV-1 (JR-CSF) or mock infected 
(PBS). Subsets of HuMice from HIV or non-infected mice were infected i.n. with 250 
CFU M.tb (H37Rv), 3 wk post-HIV infection. Data are means ± SEM from samples of 
non-infected control (n = 4) and three infection groups, HIV (n = 3), M.tb (n = 6) and 
M.tb/HIV (n = 8), of HuMice. (A) HIV p24 capsid protein was detected in HuMouse 
spleen and plasma by ELISA at 8 and 5 wk p.i. with HIV, and M.tb, respectively. Viral 
load did not differ among HIV and M.tb/HIV infection groups and results are thus 
pooled. (B) Flow cytometric detection of human CD45 + CD3 + CD4 + T cells in 
peripheral blood, shown as a percent of baseline (pre-HIV infection) value at 5 wk p.i. 
with M.tb. 

HIV p24 + cells localize to M.tb lesions in the lung 
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The role of HIV-infected cells in local immune suppression at the site of M.tb 

containment in protective granulomas is an important unknown in co-infection biology. 

We used hematoxylin and eosin (H&E) and immunohistochemistry (IHC) to assess tissue 

pathology associated with the presence and distribution of HIV + cells in M.tb-co-

infected human and HuMouse lung tissue (Figure 2.2). In the absence of HIV, the lesions 

observed in the lung of M.tb-infected animals were characteristic of TB where solid 

lesions arise from inflammation in the interstitium in response to M.tb-infected 

macrophages as shown with representative lung in Figure2.2A. In contrast, a much 

greater inflammatory cell influx with involvement of alveolar spaces was observed in the 

lung of M.tb/HIV co-infected animals (Figure 2.2A). Histological examination of the 

lung tissue from HuMice infected with only HIV revealed no remarkable pathology 

compared to non-infected animals (Figure 2.2A). 

We found that HIV + cells trafficked to the lung in HuMice infected with HIV or 

co-infected with HIV and M.tb. In the absence of M.tb infection, HIV p24 + cells were 

occasionally found and were randomly distributed in the lung parenchyma (Figure 2.2B) 

as described (295). In a subset of co-infected HuMice, HIV + cells were observed at sites 

of M.tb infection-driven inflammatory foci (Figure S1A) at 3 wk p.i. with M.tb. 

Following 5 wk of co-infection, we observed that HIV + cells were localized almost 

exclusively to the sites of TB lesions including within developing pulmonary granulomas 

(Figure 2.2B). The distribution of HIV + cells in co-infected HuMouse lung was similar 

to what we observed in co-infected human lung reference tissues. As shown with 

representative tissues from M.tb/ HIV co-infected human lung from autopsy cases 

(Figure 2.2B), we found that HIV + cells are localized primarily to the lesion periphery 

in both newly forming solid lesions as well as in more progressed and necrotic TB 

granuloma. 
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Figure 2.2: HIV-infected cells localize to M.tb lesions in the lung 

Animals were infected i.v. with 2500 TCID50 HIV-1 (JR-CSF) or mock infected and 3 
wk later infected i.n. with 250 CFU of M.tb H37Rv. (A) Tissue pathology visualized by 
H&E staining shows normal lung architecture in a non-infected and HIV-infected 
animals and foci of inflammation in M.tb- and M.tb/HIV-infected lung. (B) Detection of 
HIV p24 by IHC (fast red) in lung of co-infected human reference samples at early and 
later stages of lesion progression, and in HIV- and HIV/M.tb- infected HuMice 8 and 5 
wk p.i. with HIV and M.tb, respectively. 

Pulmonary growth of M.tb is increased by HIV co-infection prior to peripheral 
CD4+ T cell depletion 

To determine the impact of HIV co-infection on the growth and dissemination of 

M.tb in HuMice, we measured colony-forming units (CFU) of mycobacteria in disrupted 

lung and liver tissue following necropsy. Analysis of randomly selected animals at 3 wk 

p.i. with M.tb revealed moderate mycobacterial growth in the lung that was similar 

among animals with mock or HIV co-infection (Figure S1B). At 5 wk p.i., however, 
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M.tb load was significantly increased (>1 log) in the lung of animals co-infected with 

HIV (Figure  2.3A) in two independent groups of animals reconstituted with tissues from 

different human donors. Increased bacterial load due to HIV infection was also observed 

in the liver, though the change did not reach significance (p = 0.06) in one experimental 

group. These results were verified by visualization of AFB numbers using light 

microscopy (Figure 2.3B). As shown in Figure 2.3B relative to a similarly sized TB 

lesion, few AFB are observable in the lesions of an M.tb-infected HuMouse lung while 

greater AFB staining is observable in the co-infected lung. To determine if there was a 

positive relationship between relative lung viral load and bacterial burden among the co-

infected animals, a Spearman’s Correlation analysis was performed. As shown in Figure 

2.3C, there was a positive, though weak, relationship between HIV p24 levels and 

mycobacterial proliferation in lung tissue. A moderately positive relationship, however, 

was observed among HIV p24 and the % of granulomatous tissue in the co-infected 

animals (Figures 2.3C and 2.4B). These positive correlations were not statistically 

significant with this sample size. 
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Figure 2.3: Pulmonary growth of M.tb is increased by HIV co-infection prior to 
peripheral CD4+ T cell depletion 
(A) CFU enumeration of M.tb in lung and liver tissue of HuMice at 5 wk p.i. with M.tb 
from two independent studies. Statistically significant differences compared to non-
infected are designated by *p < 0.05. (B) Increased bacterial growth confirmed by Ziehl-
Neelson detection of AFB by light microscopy in representative lung of M.tb-infected 
(left) and M.tb/HIV co-infected mice (right). (C) Correlation between HIV p24 and 
mycobacterial proliferation or pathology in the lung of co-infected HuMice (n = 8) was 
determined using a Spearman’s rank correlation co-efficient (Rs). 

HIV co-infection exacerbates pulmonary TB pathology 

A limited number of observational studies of human lung has suggested that HIV 

disrupts TB granuloma architecture (277, 278), but controlled experiments still are 

needed given the paucity of animal models. To determine how HIV alters TB pathology 

in the HuMouse, we compared lung tissue of M.tb and M.tb-HIV co-infected mice. 

Analysis of lung tissue from a subset of M.tb- or M.tb/ HIV-infected HuMice harvested at 
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3 wk p.i. with M.tb revealed mostly non-remarkable pathology with only occasional foci 

of inflammation observed at sites of M.tb proliferation (Figure S1). Surprisingly, a 

greater cellular influx was observed at these infrequent sites of M.tb-driven inflammation 

in HuMice with HIV co-infection (Figure S1A). At this stage of disease in the HuMouse 

model the mycobacterial burden did not differ among HIV + and HIV- animals (Figure 

S1B).  

By 5 wk p.i., analysis of the gross lung demonstrated that co-infected mice had 

more numerous TB lesions compared to those infected with only M.tb (Figure 2.4A). 

The lesion size varied among lesions within the lung, but overall the lesions in co-

infected mice were larger (Figure 2.4A). As a result, the percent of the lung occupied by 

granulomatous tissue was significantly greater in co-infected animals (Figure 2.4B). 

These larger lesions exhibited decreased organization of the granuloma structure due to 

the presence of diffuse cellular aggregations at the lesion site versus the smaller and more 

compact lesions observed in animals infected with M.tb alone (Figure 2.4C). 

Importantly, the lesions from co-infected animals had a less discriminate distribution of 

AFB relative to lung pathology (Figure 2.4C). In the lung of animals infected with M.tb, 

AFB were fewer and were localized primarily within solid lesions (Figure 2.3B), 

suggesting successful containment by the host immune system. In contrast, AFB + cells 

were observed in co-infected lung within the granulomas, but also within macrophages in 

the alveolar spaces adjacent to poorly defined lesion peripheral zones (Figures 2.3B and 

2.4C). Increased tissue necrosis accompanied by areas of nuclear karyorrhectic debris, 

was also present in co-infected animals (Figure 2.4D). Consistent with the reported role 

of necrotic tissue to promote mycobacterial growth (296, 297), large numbers of AFB 

were visualized within these necrotic tissue zones (Figure 2.4D). 
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Figure 2.4: HIV co-infection exacerbates M.tb pathology in HuMouse lung 

Determination of pulmonary pathology using H&E visualization and light microscopy. 
(A) Representative lung from HuMouse 5 wk p.i. with M.tb or M.tb/HIV demonstrating 
increased number and/or size of TB lesions due to HIV. (B) Area of the lung, shown as a 
%, occupied by the average individual granuloma, or total granulomatous tissue, in tissue 
of HuMice infected with M.tb (n = 6) or M.tb/HIV (n = 8) as determined using Image J 
software. (C) Diffuse lesion development and poor containment of M.tb-infected 
macrophages due to HIV co-infection. (D) Increased pulmonary pathology and bacterial 
burden in necrotic tissue in co-infected animals. Insets show detection of AFB using 
Ziehl-Neelson staining in matched tissue sections. Statistically significant differences 
among treatment groups are designated as follows: *p < 0.05. 

Co-infection with HIV promotes neutrophil accumulation in pulmonary TB 
granulomas 

To determine the basis for exacerbated lung pathology due to co-infection, we 

investigated neutrophil influx in lung tissue of HuMice and of human reference tissues. 

Inflammatory lesions most similar in size and stage of organization were chosen through 

H&E visualization of pathology for assessment alongside tissue from HuMice (Figure 
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2.5A). Neutrophils were stained using titration of an antibody specific to 

myeloperoxidase (MPO) (Figure 2.5B). In the HuMouse, at 5 wk pi we observed solid 

and well organized lesions (Figures 2.4C and 2.5A) that were similar to smaller lesions 

found in human lung from a decedent with M.tb infection (Figure 2.5A). Moderate 

numbers of neutrophils were distributed throughout the lung lesions from HuMice and 

human subjects infected with M.tb only, consistent with prior descriptions in human lung 

(298) and other animal models of TB (143, 299, 300). In contrast, in co-infected lung 

from both human subjects and HuMice, we observed sites of inflammatory pathology 

characterized by a poorly organized inflammatory influx (Figure 2.5A). Detection of 

MPO revealed a marked increase in the numbers of neutrophils localized to these poorly 

organized inflammatory areas in co-infected tissue (Figure 2.5B). The specificity of 

staining in these necrotic tissues was confirmed using a non-specific primary antibody as 

a control (Figure 2.5B, insert). 
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Figure 2.5: Co-infection with HIV promotes neutrophil accumulation in pulmonary 
TB granulomas 

 (A) Visualization of lung pathology due to M.tb infection and M,tb/HIV co-infection in 
reference human (top), and representative humanized mouse (bottom) lung, 
demonstrating diffuse lesions and tissue damage. (B), Determination of neutrophil 
accumulation due to M.tb or M.tb/HIV infection through detection of myeloperoxidase 
(MPO) in infected human (top) and HuMouse lung (bottom) tissue. Top inset shows non- 
specific control staining for fast red in the necrotic lesion. Bottom inset shows 
representative tissue from HuMouse with HIV mono-infection, demonstrating lack a 
paucity of neutrophils and non-remarkable pathology in the absence of M.tb co-infection. 

HIV co-infection activates excessive pro-inflammatory cytokine responses to the 
M.tb in the lung 

The pathologic findings of increased leukocyte trafficking and greater lesion 

pathology are suggestive of increased inflammation due to HIV in the setting of M.tb 

infection. To determine if a unique inflammatory response to pulmonary M.tb infection 

occurs in HuMice with HIV infection, we performed bioplex ELISA analysis of the lung 

supernatant from non-infected control animals, and animals infected with HIV, M.tb, and 

M.tb plus HIV. As shown in Figure 2.6, the expression of most cytokines and 

chemokines in animals infected with only HIV were similar to the baseline presence 

observed in non-infected control animals (Figure 2.6). The exceptions were a significant 

increase in MCP-1 and a trend towards increased IL-6 due to HIV infection. Consistent 

with the non-significant reduction of CD4+ T-cell populations that we observed at this 

stage of HIV infection (Figure 2.1), there were no significant decreases in IFN-γ 

activation due to HIV co-infection with M.tb. As expected, several cytokines and 

chemokines were significantly increased in the lung microenvironment due to M.tb 

infection, including pro-inflammatory cytokines (IL-1-β, IL-6, and TNF-α) and 

chemokines (MCP-1, IP-10, Eotaxin 1, and GM-CSF) and IL-12, IFN-γ, and IL-4. 

An exacerbation of pro-inflammatory cytokine and chemokine production, however, was 

observed in the pulmonary microenvironment due to co-infection. Significantly increased 

production of IL-1β, IL-6, and IP-10 was observed in co-infected lung as compared to 
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M.tb-infected lung. Significant increases in IL-8 and MIP-1α were observed in co-

infected lung while these molecules were not increased following M.tb or HIV mono-

infection. Activation of IL-10 occurred following M.tb infection and was further 

increased due to co-infection, although this effect of co-infection failed to reach 

significance (p = 0.07) due to variability among animals.

 

Figure 2.6: HIV co-infection activates excessive pro-inflammatory cytokine and 
chemokine responses to M.tb in the lung 
Lung supernatants from HuMice harvested 5 wk p.i. with M.tb or M.tb/HIV were used to 
determine activation of human cytokines and chemokines by multiplex ELISA. (A) 
Expression of human cytokines, and (B) chemokines, in non-, HIV-, M.tb-, and 
M.tb/HIV-infected HuMice. Data are means ± SEM from samples of non-infected control 
(n = 4) and three infection groups of Humice including HIV (n = 3), M.tb (n = 6) and 
M.tb/ HIV (n = 8). Statistically significant differences compared to non-infected controls 
are designated as follows: 
*p < 0.05; **p < 0.01; ***p < 0.001. Significant differences among infected groups are 
shown as I ̵p < 0.05; I ̵ I ̵p < 0.01; I ̵ I ̵ I ̵p < 0.001. 
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Pulmonary pneumonia and vascular occlusions develop as complications of 
HIV/M.tb co-infection 

Interestingly, TB pneumonia and vascular occlusions were noted in several 

animals with co-infection, while similar pathologies were not seen in in mono-infections. 

As shown in Figure 2.7, alveolar spaces in co-infected HuMouse lung contained 

inflammatory cells and exudate consistent with TB pneumonia identified in infected 

human tissues. The development of TB pneumonia in immunocompromised persons 

including those with HIV/AIDS has been described (286). Observation of this feature is 

an important endpoint that supports the validity of the HuMouse model to study TB/HIV. 

Additionally, infiltration of small vessels by mononuclear cells with endothelialitis and 

luminal narrowing in co-infected HuMouse lung was also observed. To confirm this 

finding, a pentachrome stain (Movat) was employed which identifies nuclei, elastin, 

cartilage, reticular fibers, mucin, fibrin, and muscle. Visualization of the black elastin 

fibers definitively identified vascular occlusions as shown within a representative tissue 

in Figure 2.7A. Similar vascular occlusions were identified in lung from our co-infected 

human lung reference tissues as illustrated in Figure 2.7B. Development of vascular 

occlusions is a pathology that has previously been noted in advanced stages of human TB 

(301-305), but has not been associated with HIV to our knowledge. Development of 

bronchiole obstructions in the lung of co-infected mice (Figure 2.7C) was observed. 

Bronchiole obstructions can occur in advanced TB in human subjects (306, 307) and we 

have previously described development of this pathology in HuMice at later stages (>7 

wk) of M.tb infection (284). At earlier stages of infection (5 wk) in the HuMouse, we 

observed in two independent studies that bronchiole obstructions developed only in the 

lungs of co-infected animals. 



 

60 
 

 

Figure 2.7: Pulmonary pneumonia and vascular occlusions develop as complications 
of HIV/M.tb co- infection 
Visualization of lung pathology due to M.tb infection and M.tb/HIV co-infection in 
representative HuMice (top) and reference human (bottom) lung. (A) Movat staining 
reveals vascular occlusion as indicated by blockage interior to elastin bands of vessel 
(black). Visualization of H&E staining demonstrates (B) TB pneumonia and (C) 
bronchial occlusions in co-infected HuMouse (top) and human (bottom) lung. 

DISCUSSION 

Evidence-based studies that can inform development of novel countermeasures to 

reduce and treat TB/HIV are critically needed. Our description of dual disease here is the 

first, to our knowledge, to demonstrate the application of HuMice in understanding the 

pathogenesis of TB/HIV, or of any viral and bacterial co-infection. In the absence of 

M.tb, infection with HIV in HuMice led to systemic viral propagation and random 

distribution of HIV + cells to the lung interstitium. In contrast, a definitive localization of 
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HIV + cells to the periphery of TB granulomas was observed in HuMouse and human 

lung as previously described in a rhesus macaque model of SIV/TB (275). These are 

important observations as a small number of HIV-infected cells can exert local immune 

modulatory activity through the effects of cytokines (e.g IL-10) and potentially toxic HIV 

proteins (e.g. gp120, tat, nef) (308, 309). These observations provide evidence to support 

the theory that the inflammatory response to M.tb infection may recruit HIV + cells to the 

granuloma, which in turn disrupts local protective innate and acquired immune function 

required at this critical site for containment of M.tb in the host lung. 

HIV infection in HuMice markedly altered the host immune containment of 

pulmonary M.tb infection similar to the accelerated progression of TB disease in people 

with HIV (289). Infection with HIV may be disrupting innate immune processes involved 

in bacterial killing or antigen presention by macrophages as demonstrated using ex vivo 

analysis of human cells (310-312) or by impairing T cell helper and/or cytotoxic activity 

that restricts M.tb growth in macrophages (64, 313-315). In our model of co-infection, we 

observed in vivo effects prior to significant loss of CD4+ T cells in peripheral blood; the 

latter is a clinical indicator of generalized immune suppression in human subjects with 

HIV (314, 316). At this early stage of infection, we did not observe increased HIV 

replication when assessing peripheral and splenic viral loads as has been observed in the 

BAL fluid of some human subjects with active TB (317). Consistent with the limited 

observations of co-infected human lung (277, 278) we found that disorganized M.tb 

lesions develop in the setting of HIV infection in the HuMouse. Our results, however, 

demonstrate that diffuse and poorly organized M.tb lesions can develop from the onset of 

acute co-infection. This is important, as the effect of HIV to compromise TB host defense 

is postulated to be due to HIV-mediated deterioration of the already developed protective 

granuloma structure, leading to bacterial escape and dissemination (272). That scenario is 

most likely to apply to patients with latent TB, or a resolving TB infections, who later 

become infected with HIV. In those with an active HIV infection who subsequently are 



 

62 
 

infected with M.tb, the initial results in the HuMouse model imply that de novo formation 

of the granuloma is compromised and perhaps occurs prior to lowering of CD4+ T cell 

counts in peripheral blood. 

A surprising finding is that inappropriate or dysregulated immune responses, as 

opposed to immune suppression, can occur at an early stage of co-infection. It is 

important to note that the current studies were not extended to include late stages of 

disease characterized by CD4 + T cell loss and AIDS. In support of an earlier 

morphological description of cellular influx in a co-infected lung (278), our analysis 

revealed neutrophils as the definitive inflammatory cell type accumulating in the lung of 

co-infected human subjects, and HuMice, at sites of M.tb proliferation. In the absence of 

HIV infection, neutrophils have a well-defined protective role during the early immune 

response to M.tb (300, 318) but are associated with pulmonary pathology when the 

infection fails to resolve (319, 320). The tissue destruction mediated by neutrophil 

degranulation and the accumulating debris from dying neutrophils provides an 

environment that is believed to be favorable for M.tb proliferation (285). Our findings 

introduce a mechanistic concept that could explain why increased blood neutrophil 

counts in HIV co-infected patients is associated with greater TB disease severity (321). 

Our studies have also suggested candidate inflammatory mediators (e.g. IL-1β, CXCL5, 

IL-8) that could promote excessive neutrophil recruitment in co-infected lung. 

Interestingly, these effects are observed in the absence of HIV-associated defects in 

several cytokines (IFN-γ, IL-12, and TFN-α) that play important roles in TB immunity 

(322, 323). 

The development of vascular occlusions, bronchial obstructions, and bacterial 

pneumonia that we observed in co-infected animals and human reference tissue is 

consistent with the effects of exacerbated inflammation. Bacterial pneumonia is known to 

occur in people who are immune compromised who become infected with M.tb (286), 

while vascular occlusions and bronchial obstructions are features observed in advanced 
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TB disease (302, 304, 305). We have previously reported development of bronchial 

obstructions and pneumonia in HuMice at later stages of M.tb infection (>7 wk p.i.) or 

following infection with a larger i.n. M.tb dose (284). Our results in the HuMouse, then, 

suggest that HIV co-infection may accelerate the TB disease process by promoting 

specific aspects of the inflammatory process. 

In summary, these studies describe a novel model that has been successfully 

applied to increase our under- standing of TB/HIV co-infection pathobiology. These 

initial findings may provide a basis for the conflicting evidence for both immune 

activation and immune suppression in co-infected human subjects. Speculatively, co-

infection may drive non-protective inflammation during early stages of HIV disease 

while immune com- promise, including loss of IFN-γ, predominates once CD4+ T cell 

depletion ensues. In future studies it will be important to determine if these features of 

inflammatory pathology are promoted by the increased bacterial load in the HIV-

compromised host, or if HIV-driven inflammation may play a more direct role in 

supporting the M.tb growth that subsequently accelerates TB disease progression. This is 

quite intriguing given recent studies that demonstrate inflammatory processes may 

augment M.tb proliferation (324, 325) independent of the effect of tissue destruction to 

provide a favorable environment for M.tb growth. Long term, the HuMouse may serve as 

an important pre-clinical model to identify mechanisms of co-infection pathobiology and 

test therapeutic interventions prior to use in NHPs or human subjects. 
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CHAPTER 3: MECHANISMS OF INCREASED BACTERIAL GROWTH DURING 

HIV/M.TB CO-INFECTION 

INTRODUCTION 

While the changes in pathology and clinical course of HIV infection on M.tb 

infection have been well documented and discussed in earlier chapters, the mechanistic 

basis has not been deeply investigated. Although the increases in inflammation and pro-

inflammatory cytokine production precede the increased bacterial growth seen in co-

infection, this increased bacterial growth observed during co-infection undoubtedly plays 

a role in the exacerbated pathology seen during co-infection.  

The mechanisms behind this increase in bacterial growth are likely to be 

multifactorial, but one of the ways this may occur is through the modulation of nitric 

oxide (NO). NO is the main mechanism by which macrophages kill M.tb (326-331). In 

this process, L-arginine is broken down and converted to NO by iNOS. However, L-

arginine is also used by arginase to create urea and polyamines. Polyamines are used in 

HIV replication to enhance fidelity, which is important due to its highly error prone 

replication (332). Previous clinical studies have shown that arginase is elevated in the 

plasma of humans who have HIV (333-335). It has previously been shown that the 

arginase exhibits competitive inhibition on iNOS (336-341). Further, it appears that 

exhaled NO, increased during pulmonary TB infection, is decreased during co-infection 

with HIV (331, 342). So it is possible that a depletion of available L-arginine during HIV 

infection due to elevated arginase is resulting in a decrease in NO, and thus causing a 

decrease in bacterial killing.  
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Increased understanding of how HIV allows increased bacterial growth and 

escape from containment could lead to improved methods of reducing this risk of 

increased bacterial growth and progression to active TB disease. New 

immunomodulatory or supplemental therapies, such as increasing dietary L-arginine 

intake, could be explored for helping enhance bacterial killing. Further, in understanding 

what risk factors during HIV infection promote increased bacterial growth, it is possible 

that biomarkers for this risk could be developed and those living with HIV who are at 

most risk could be targeted for supplemental treatment to reduce bacterial growth or 

increased clinical screening to monitor their latent infections and make sure they receive 

early treatment in the case that their TB infection reactivates. 

 

Illustration 3.1: Arginine Metabolism 

MATERIALS AND METHODS  

Ethics Statement	  

All animal procedures were performed in accordance with the regulations of the 

NIH Office of Laboratory Animal Welfare and were approved by the University of Texas 

Medical Branch (UTMB) Institutional Animal Care and Use Committee (IACUC). 

Human fetal tissue used in generation of humanized mice was obtained via a non-profit 

partner (Advanced Bioscience Resources, Alameda, CA) as approved under exemption 4 

in the HHS regulations (45 CFR Part 46) as previously described20. 

Arginase	  I 

Arginine 

iNOS	  +	  O2 

Ornithine	  +	  urea NO	  +	  citrulline 

Polyamines Proline 
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Animal Experiments 

Humanized BLT mice were generated as we have previously described20. HIV 

(JR-CSF strain) was obtained from the Baylor College of Medicine Center for AIDS 

Research Virology Core and stored at −80 °C until use. The JR-CSF strain is a human 

clinical HIV-1 isolate that is classically defined as M-tropic and infects both 

monocyte/macrophage and CD4+ T cells. HIV was diluted in PBS and mice were infected 

with a 2,500 TCID50 via tail vein infection as described17. Infection with the H37Rv 

(tdTomato) strain of M.tb59 was performed using 250 CFU diluted in 40 ul of Dulbecco’s 

Phosphate-Buffered Saline (PBS, Cellgro, Manassas, VA, USA) via an intranasal route 

(20 ul/nare) as described20. Animal experiments were repeated in an independent group 

generated from an additional human tissue donor. Humanized mice are challenging to 

generate and animal numbers were a limitation. Two independent studies with non-

infected animals (n = 2/ study), M.tb-infected (n = 3/study) and M.tb/HIV-infected (n = 

4/study) were performed. Three HIV-infected control animals were included only in one 

study. All animal experiments and work with M.tb were performed in a CDC-approved 

animal biological safety level-3 (ABSL-3) and BSL3 facilities in the Galveston National 

Laboratory in accordance with biosafety procedures approved by the UTMB 

Environmental Health and Safety Division. 

Bacterial and Viral Load 

Following aseptic removal at 5 wk post M.tb infection, organs (lung and liver) 

were placed into 1 ml of PBS in 15 ml small tissue grinders (Kendall, Mansfield, MA, 

USA) for tissue homogenization. Serial dilutions of homogenized organ samples were 

prepared in PBS to perform limiting dilution CFU enumeration as described60. All studies 

were performed in a CDC-approved biological safety level-3 (BSL-3) facility. For viral 

quantification, plasma and supernatants from disrupted spleen were stored frozen at −80 

°C. Plasma and splenic supernatants were then used to detect HIV p24 capsid protein 
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using a clinical ELISA test (Zeptometrix, Buffalo, NY). Levels of p24 were quantified by 

generating a standard curve using the standards provided in the kit. Values were 

generated by linear regression to the standard curve as recommended by the 

manufacturer. 

Cell culture 

Human monocyte derived macrophages were generated from human donor buffy 

coats obtained from the UTMB blood bank. Cells were isolated by spinning the diluted 

buffy coat over lymphocyte separation medium before culturing the cells overnight in a 

flask. Cells that stuck to the flask were replated in 24 well plates at 5e5 cells/well. Cells 

were cultured with M-CSF the day they were plated and 2 days after. Cells were then 

infected with the JR-CSF strain of HIV for one week. Cells were then infected with BCG 

and harvested at various time points including 1, 3 and 7 days post-BCG infection. U937 

cultures were chronically infected with HIV in a maintained chronically infected culture. 

Cells were infected with BCG and harvested 1 day after BCG infection.  

Arginase assay 

Arginase activity in cell lysates was determined by using an arginase bioassay 

optimized in the lab but previously described elsewhere (343, 344). Our protocol 

involved removing the supernatant and incubating the cell lysates with 0.1% Triton X 

100 and P8340 for 30 minutes. 25uM Tris-HCl and 10uM MnCl2 were added to the 

samples and heated for 10 minutes at 56°C to activate the enzyme. .5M L-arginine was 

added and the solution was incubated for 3 hours to generate a measurable quantity of 

urea. A set of urea standards was generated and an acid mix consisting of a 1:3:7 ratio of 

H2SO4/H3PO4/molecular grade water was added to the standards and the samples to stop 

the reaction. Then α-isonitrosopropiophenone (ISPF) was added. Incubation at 95-100°C 

for 30-45 minutes allowed a colormetric reaction to occur. After cooling for 10 minutes, 
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samples and standards were read in a plate reader at 550nm. Data from the standards 

were plotted and linear regression was used to find the standard curve and experimental 

supernatant values were determined from this equation. 

NO Assay 

Culture supernatants were removed and tested for nitrite using the Measure-iT™ 

High-Sensitivity Nitrite Assay Kit (M36051) from Invitrogen. Kit was used according to 

protocol. Nitrite was measured in samples and in a set of standards. Data from the 

standards were plotted and linear regression was used to find the standard curve and 

experimental supernatant values were determined from this equation.  

RESULTS 

Arginase is increased peripherally in HIV infected humanized mice 

To evaluate the arginase during HIV infection, BLT HuMice, animals were given 

2,500 TCID50 of the JR-CSF strain of HIV-1 i.v. as described16. Arginase was measured 

in the plasma using a bioassay to measure urea production at 8 weeks post-HIV infection. 

Animals were pooled by HIV infection status after the determination that M.tb did not 

impact levels of arginase in the plasma. Arginase was variable but generally increased 

over those without HIV infection. (Figure 3.1) Although the increase was not significant, 

this could be due to the low sample size. Future studies with greater sample size may 

increase significance.  
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Figure 3.1: Levels of Arginase in the Plasma of Humanized Mice 
Humanized mice were infected with HIV or mock infected. After 8 weeks of infection, 
blood was harvested and plasma was isolated. Arginase was measured by bioassay. 

Arginase is increased specifically in the lung during M.tb/HIV co-infection 

In order to evaluate the impact of pulmonary M.tb infection on the localization of 

arginase produced during HIV infection, three weeks post- HIV infection, some mice 

were infected i.n. with 250 CFU of the H37Rv strain of M.tb as described (284). Arginase 

was measured in the lung tissue supernatants using a bioassay to measure urea 

production. Arginase in HIV infection alone was similar to the control animal’s level of 

arginase. However, during co-infection, the level of arginase in the lung increased 

significantly from both control and HIV infection alone (p=.0018) (Figure 3.2). While 

the levels of arginase were increased in the lung during M.tb infection alone, co-infection 

with HIV increased it further, though the effect did not reach significance. Interestingly, 

the amount of HIV (as determined by p24 and described in Chapter 2 did not correlate 

with arginase as determined by Spearman’s rho rank test (r=.02).   
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Figure 3.2: Levels of Arginase in the Lung of Humanized Mice 

Humanized mice were infected with HIV or mock infected. After 3 weeks of infection, a 
subset of animals were infected with M.tb and infection was allowed to progress for 5 
weeks. Blood was harvested and plasma was isolated. Arginase was measured by 
bioassay. 

Arginase levels in the lung are correlated with pulmonary bacterial growth  

To determine the impact of pulmonary arginase on the growth of M.tb in HuMice, 

we measured CFU of mycobacteria in disrupted lung tissue following necropsy. We then 

correlated this with the levels of pulmonary arginase we obtained using Spearman’s rho 

rank test (Figure 3.3). We found pulmonary arginase to be significantly and highly 

correlated with bacterial growth in the lungs of humanized mice, regardless of infection 

status (r = .89, p = .0062).   
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Figure 3.3: Correlation of Pulmonary Arginase and Bacterial Load 

Levels of arginase in the lung (as determined by bioassay) were correlated with the 
bacterial loads in the lung. Values were determined to be highly correlated by 
Spearman’s rho (r=.89)  

Arginase is moderately increased in primary human macrophages 

In order to assess the changes in arginase production with HIV infection in human 

cells we used human healthy donor MDMs. We infected half of the cells with HIV for 

one week before infecting with BCG. Samples were taken for the arginase bioassay from 

separate wells harvesting each at d1 (Figure 3.4D), d3 (Figure 3.4A and Figure 3.4B), 

and d7 (Figure 3.4C) post BCG infection. While there was significant donor variability, 

when changes in levels of arginase could be detected, they were usually seen by d7 

(Figure 3.4C). In some donors we were able to see increases in extracellular arginase 

(Figure 3.4B) before changes in intracellular arginase (Figure 3.4A) were detected. We 

also looked at bacteria growth using serial dilution and plating in the same way we do for 
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the animal studies using the lysates generated for the arginase assay (Figure 3.4D). 

Generally, increased bacterial growth could be seen on d1, prior to the increase in 

arginase that we observed at d7.  

 

Figure 3.4: In vitro arginase levels in MDMs 

MDMs were infected with HIV and a week later infected with BCG. Cells were 
harvested and measured for arginase on day 3 (A, B) and day 7 (C) post BCG infection. 
Bacterial growth (D) was assessed on day 1 post BCG infection 

Impact of HIV infection in vitro on NO production by MDM 

In order to assess changes in NO we collected supernatants matched from the 

samples used for determining levels of arginase. Using the U937 cell line, we saw 

decreased NO in HIV infected culture conditions (Figure 3.5A). An elevated level of NO 

was seen in uninfected samples indicating this cell line is activated without infection. 

Using primary human MDMs, we observed that NO production was variable and at very 

low levels (Figure 3.5B). While generally we did not see much of a change in NO 
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production, when changes were detectable generally NO was moderately decreased 

during HIV infection. These changes did not reach significance.  

 

Figure 3.5 Levels of NO in vitro 

Cells were infected with HIV chronically (A) in U937 cells or for a week in MDMs (B) 
before being infected with BCG. NO was measured at 7 days post BCG infection. 

DISCUSSION 

Arginase may very well play a role in increased bacterial growth during co-

infection. There is a very strong correlation between arginase and mycobacterial growth 

in humanized mice. However, the changes in primary human cells are more moderate, 

and with repeated sampling with the same donor at different time points we can see that 

the changes in arginase in vitro occur after the changes bacterial growth can be measured. 

This could be for a variety of reasons. The time points sampled in vitro versus in vivo 

were different. A live complex system may more accurately account for cellular 

interactions outside of the macrophage that could impact levels of arginase. The nature of 

the chimeric model of the humanized mice can generate results that are not reflective of 

what happen in humans.  

It is also possible that arginase is not the cause of the increased bacterial growth 

but related to the direct impact on bacterial growth, either through a different pathway or 
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through upstream of arginase. Macrophages may need other factors to activate or enhance 

the generation of arginase seen in vivo during HIV infection. It is also possible that cells 

other than macrophages may constitute a substantial amount of the increased arginase 

seen in vivo. One such example might be myeloid derived suppressor cells (MDSCs). 

MDSCs generate arginase and in a type of lung cancer patient have been shown to be 

correlated with levels of peripheral arginase (345). These cell types are elevated during 

HIV infection (346, 347) and actually produce arginase. These cells suppress T-cell and 

NK function (348), indicating another potential mechanism for increased bacterial growth 

during HIV infection that would be correlated with arginase.  

The role of NO in humans during M.tb has been debated for some time. 

Regardless of whether NO plays a critical during M.tb infection, it is uncontested that 

small amounts of NO generated may be transient and in small quantities making it 

difficult to measure (349). While the arginase data is more strongly correlated to the 

increases in bacterial growth we have seen during co-infection (although correlation does 

not prove causation) and we have seen indications that this may be true in human cells, 

we have not seen the same results for NO. This could indicate that reduced NO during 

co-infection is not the reason for increased bacterial growth, or it could indicate that more 

sensitive tests are required. MDM are known to produce low amounts of NO and produce 

it transiently, making it difficult to detect. We are in the process of optimizing qPCR for 

iNOS and ARG, however, so far the RNA extracted from these experiments and 

converted to cDNA has very low levels, again making determination of impact of co-

infection on NO suboptimal. And a lack of change in iNOS wouldn’t necessarily indicate 

anything if arginase is acting through competitive inhibition.  

It is also possible that although the correlation between pulmonary arginase and 

bacterial burden in the lung is significant, that there are other mechanisms that play a 

critical role. Given the host variability in the production of arginase seen in vitro but the 

lack of variability in bacterial killing, there are likely other causes of HIV enhanced 
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bacterial growth than those related to arginase. One such mechanism could be through the 

HIV protein Vpr. Vpr is apoptotic in many cell types, however, in macrophages Vpr is 

anti-apoptotic (350, 351).  A reduction in apoptosis in macrophages infected with M.tb 

could significantly promote bacterial survival and result in increased bacterial growth. 

Our preliminary work supports the previous findings of increased arginase in 

those with HIV infection (333-335), and provides an explanation for the decreased 

exhaled NO seen in patients with HIV (342). Further, we have shown that there may be 

an arginase independent mechanism involved given the continual increased bacterial 

growth during HIV infection in vitro despite donor dependant variability in elevated 

levels of arginase post-HIV infection. In the future we could explore some of pathways 

with arginase discussed above, such as MDSCs. We could also look other non-arginase 

mechanisms, such as autophagy, or Vpr induced reductions in apoptosis. 
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CHAPTER 4: MODELING NEUROAIDS DURING M.TB CO-INFECTION 

INTRODUCTION 

HIV-associated neurocognitive disorder is a common problem during HIV 

infection. Prior to the HAART era, more than 50% of HIV patients presented with severe 

neurological complications as a result of their HIV infection (352). This included 

dementia, motor dysfunction, impaired memory, behavioral changes, and other types of 

cognitive dysfunction (352). Around 25% of untreated HIV infected patients had 

encephalopathy. Post-HAART era, the profile of neurological complications has changed. 

The majority of those with neurocognitive impairment exhibit asymptomatic but 

measurable cognitive deficits (353). This includes deficiencies that do not impact 

everyday living but may involve alterations to memory, language, motor skills, or other 

areas and are measurably at least one standard deviation below the mean (353).  

It is currently thought that HIV enters the brain very rapidly after initial infection. 

There are several hypotheses as to how HIV enters the brain. The most popular 

hypothesis is called the “Trojan horse” where infected monocytes traffic through the 

blood brain barrier (354). It has also been hypothesized that infected CD4 T-cells could 

carry the virus into the brain, but infected moncoytes are favored because the strains of 

virus found in the brain are predominantly CCR5- tropic strains. Direct viral entry has 

also been hypothesized, where free virus directly enters the brain on its own. Free virus 

could also enter the brain through transcytosis (354). Once the virus has entered the brain, 

it can infect many of the cell types located there including microglia and astrocytes, and 

possibly neurons (354). Neurocognitive dysfunction may occur through inflammation, 

neuronal death (due to cell signaling or toxicity through viral proteins, or other 

mechanisms (354). 
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In fact, the underlying mechanism behind HIV-related cognitive deficits may be 

completely different during HAART. Current research indicates that some of the newer 

classes of drugs themselves may actually contribute to some of the neurocognitive 

dysfunction currently seen. While much of the current research is focused on models that 

are encephalitic, it has been argued that this is no longer a valid model to study, as the 

majority of patients in the HAART era do not exhibit encephalitis. However, a large 

number of patients are non-compliant with taking their anti-retroviral medications and in 

some parts of the world HAART can be difficult to obtain.  

Current research indicates that increased levels of cytokines and chemokines, 

such as IP-10, can reduce blood brain barrier (BBB) integrity during HIV infection. 

Reduced blood brain barrier integrity could lead to increased viral loads in the brain, 

increased inflammation, and neurocognitive deficit (355). Our work with our humanized 

mouse model of co-infection shows increased IP-10 production in co-infected mice (see 

Chapter 2). While previous work has shown that HIV increases risk of TB meningitis, 

no work to date has investigated the impact of M.tb infection on neuroAIDS. Further, 

recent research has shown that blocking CCR5 can prevent HIV from entering the brain 

(356, 357). It has long been established that HIV can increase both CCR5 and CXCR4 

expression, this could potentially result in increased viral trafficking to the brain and thus 

increased deficits and cognitive impact (358, 359).  

METHODS 

Animal Studies 

NSG mice were humanized as previously described. Mice were infected with 

M.tb and infection was allowed to progress for two months. Subsequently, mice were 

treated with daily oral gavage of 750 μg rifampin and 750 μg isoniazid for another two 

months to simulate latent TB infection. A subset of the mice were then infected with 

HIV. After 4 weeks animals were sacrificed and organs were harvested.  
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Pathology 

At necropsy, brain was removed and one hemisphere was placed in formalin. 

After two changes of formalin, brains were embedded in paraffin and sectioned. Stains 

for H&E and AFB were performed by the histopathology core at UTMB. Further staining 

was done using IHC for p24 and CD68. 

Polymerase Chain Reaction 

A second hemisphere of brain was snap frozen and stored at -80. RNA extraction 

was performed with the RNeasy lipid tissue kit from Qiagen. Sample concentrations were 

determined and RNA was given to the Gelman lab for PCR analysis.  

RESULTS 

Macrophage markers in the brain 

One hemisphere of the brain was reserved in formalin and processed for histology 

from each mouse. One slice from each mouse was stained for CD68 as a macrophage 

marker. We were able to identify CD68 positive cells in the brains of our humanized 

mice (Figure 4.1) that have similar morphological appearance to previously published 

images of CD68 staining in the brain. No quantification or superficial differentiation 

between the groups of mice were performed.  



 

79 
 

 

Figure 4.1: CD68 staining in humanized mouse brain 

Brain sections were preserved in formalin, embedded in formalin and sectioned. Sections 
were stained with CD68. 

HIV in the brain of humanized mice 

In initial studies, animals were infected with HIV only. After 4 weeks animals 

were sacrificed. One hemisphere of brain was reserved in formalin and processed for 

histology. The other hemisphere and spleen were snap frozen and stored at -80C before 

RNA extraction. HIV viral load quantification was performed after RNA extraction by 

the Gelman lab (Figure 4.2A) Slices of formalin embedded brain tissue were stained for 

p24, the capsid protein of HIV. We were able to identify HIV infection visually in several 

mice (Figure 4.2B). We were able to identify p24 staining and HIV infection in several 

parts of the brain including the lateral ventricles (Figure 4.2B) prefrontal cortex (Figure 

4.2C), cerebellum (Figure 4.2D), and hippocampus (Figure 4.2E) 
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Figure 4.2: HIV infection in the brain of humanized mice 

HIV infection was measured by PCR(A)  and by staining for p24 by 
immunohistochemistry (B-E). HIV was quantified from whole hemisphere and was 
visualized in various areas of the brain 

Increased viral load in the brain during co-infection with M.tb 

A second group of animals were infected with M.tb and treated to generate a 

latent infection. Animals were then infected with HIV. After sacrifice, one hemisphere of 

brain was reserved in formalin for histology and the other was snap frozen in addition to 

spleen and stored at -80C before RNA extraction. PCR on the RNA-extracted brain tissue 

allowed quantification of the virus in the brain for each of the animals (Figure 4.3B). 

Four animals had measureable HIV in the brain. Of these, two were HIV infection alone 

and two were HIV co-infected with M.tb. We found that in this group of the samples that 

had measurable HIV, viral load in the brain was increased in the animals with co-

infection. Interestingly, viral load was decreased systemically in the co-infected group as 

determined by viral load in the spleen (Figure 4.3A). We also confirmed infection 

visually with p24 staining in brain tissue similar to what we saw previously (not shown). 

Not all animals with positive staining in the brain were positive on PCR.  



 

81 
 

 

Figure 4.3 Impact of M.tb on HIV infection in the brain of humanized mice 

Animals were infected with M.tb for a month, treated with antibiotics for 2 months, and 
then infected with HIV. The viral load of humanized mouse spleen (A) and brain (B) 

Increased mycobacterial trafficking to the brain during HIV co-infection 

One hemisphere of the brain was reserved in formalin and processed for histology 

from each mouse. One slice from each mouse was stained with the Ziehl-Neelson stain to 

identify acid-fast bacilli. In the 20 mice that were infected with M.tb for this study, only 

two had M.tb in the brain, and both of those two were infected with HIV.  Of these two, 

one mouse had a granuloma like structure formed around a vessel in the brain (Figure 

4.4A-C), similar to the perivascular lesions we frequently observe in the co-infected lung 

tissue. The other mouse had several isolated bacilli in the brain (Figure 4.4D). No mice 

without HIV co-infection were ever seen to have AFB localized in the brain. 
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Figure 4.4: M.tb in the brain of humanized mice 

Humanized mice brain stained for H&E (A and B) and AFB (C and D). Granuloma like 
structure and localized menengitis can be seen.  

DISCUSSION  

Our work in neuroAIDS is very preliminary. It is also limited by the low rate at 

penetration into the brain likely occurs. Although in humans there is evidence this 

happens very early after HIV infection, we do not know for sure that this holds true in our 

humanized mouse model. Even further, we do not process the entire brain for either 

pathology or PCR making it easy for events that are occurring in one hemisphere to 
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perhaps not be detected in the other hemisphere. Further, we have no behavioral data yet 

to correlate our pathological and molecular data.  

Increases in inflammatory cytokines have been seen peripherally in both humans 

and humanized mice during co-infection. Some of these cytokines have been linked to 

increased BBB permeability (355). In future work with the tissue from these described 

studies, we may be able to measure these cytokines in the brain of humanized mice 

during co-infection. This work is currently being completed in collaboration with the 

Gelman lab. Further, we can see if this increase is with a decrease in BBB integrity using 

the matched tissue sections from these brains. Given that these increases are seen 

peripherally during co-infection, it is very likely that the presence of M.tb would 

contribute to increased inflammation and neuronal death (by staining with FluoroJade C) 

and that this would result reduced neurocognitive function even in the absence of 

behavioral testing. 

The increases in inflammation and reduced BBB integrity also likely to increase 

viral load.  The increases in viral load were determined in the only four animals that had 

measurable HIV in the brain. This makes definitive analysis difficult given the small 

sample size and the disparity in viral load of the two animals in the HIV group making it 

difficult to tell if there is a lot of variability in viral load or if one of the samples is an 

outlier.  

Further, we have seen increased mycobacterial growth in the brain. Brain tissue 

was not disrupted and serially diluted and plated to quantify bacteria, as with other tissue 

assessed for bacterial burden, given the very low frequency with which mycobacterial 

infection in the brain occurs. However, we were able to visualize AFB in the tissue we 

saved in formalin for pathological studies. In the mouse that developed a granuloma like 

structure in the brain, the mouse exhibited local meningitis, however, it was not a true 

case of meningitis as the meninges were not inflamed at points of the brain away from the 
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area infection. In the other mouse, where isolated bacilli were found, however, no 

inflammation was observed.  

Going forward, we would like to continue assessing the role of inflammation in 

the brain and it’s impact on HIV-associated neurocognitive disorder during co-infection. 

In addition to the extended inflammatory cytokine analysis with the Gelman lab, the 

decreases in BBB integrity as assessed by immunohistochemistry, and the measurement 

of neuronal death, the areas in which HIV is infecting the brain should be assessed given 

the localization of staining in the ventricles, indicating proximity and potential infection 

of neuronal progenitor cells, which to date has not been demonstrated in vivo. We would 

also like to adapt our model for the inclusion of anti-retroviral drugs to increase the 

model’s relevance to the current patient population.  

In future studies, behavioral data will also be taken into account. Our ability to 

run a behavioral battery of tests is limited by the restrictions of a BSL-3 enviornment due 

to the inclusion of M.tb. One easy study that could be done would involve weighing the 

food of each cage of mice in the morning and evening (the 12 hour light cycle in the GNL 

means this should be done at 6AM and 6PM) for several days. In mice with a normal 

circadian rhythm most of the food will be consumed at night (between 6PM and 6AM), in 

mice with a disrupted circadian rhythm (which is an indication of some neurocognitive 

dysfunction) they will eat indiscriminately. An open field test could be used to assess 

anxiety/risk taking behaviors (360). Orientation and habituation responses can be tested 

by placing a mouse in a large cylindrical container (such as large beaker) and after 

allowing it to adjust, placing a novel object (small spoon, probe, straw, etc) into the 

cylinder and moving it around the periphery and charting the mouse’s responses toward 

the object. Habituation can be tested by increasing trial number after habituation and 

randomly alternating the original object with a novel object (360). The object 

discrimination test could be used to test recognition memory. Depending on the 

conditions of the test, both short and long term memory can be tested. In this test, after 
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habituation to the testing chamber, two small identical objects (such as legos) are placed 

separately at one end. Mice are allowed to explore the objects and interactions are 

recorded. The mice are then removed until retention testing. The time between the first 

exposure and the retention testing varies depending on whether short or long term 

memory is being tested. In the retention test, mice are again placed in the testing chamber 

but when the objects are added, one will be the familiar object and the other will be a 

similarly sized novel object. Mice typically prefer the familiar object, and preference for 

the familiar object indicates intact memory (360). It is possible in the future tests 

addressing prospective memory might be developed for use in high containment as 

studies developing models for rat prospective memory have recently been published (361, 

362). This would be especially interesting and applicable to study as those with HIV have 

frequently been found to have deficits in prospective memory (363, 364). This could be 

particularly applicable for the large numbers of patients who are non-adherent with their 

medication.  

We have shown that our model has HIV infection in the brain, as is fairly 

common in HIV infection (352-354). Knowing that our model does develop HIV 

infection in brain tissue allows us to start investigating the impact of M.tb infection and 

inflammatory cytokines and chemokines in the brain on neuroAIDS and building on the 

work of others investigating the role of cellular signaling in the disruption of the BBB 

and its impact on HIV in the brain. Given the increased pro-inflammatory cytokine and 

chemokine generation we demonstrated in our work investigating early HIV and M.tb co-

infection, as well as previous literature supporting increased CCR5 expression during 

M.tb infection (358, 359), it is likely that M.tb may cause increased neurocognitive 

deficits during HIV-associated neurocognitive disorder. In particular, our demonstration 

of increased IP-10, known to increased BBB permeability during HIV infection (355), 

during co-infection supports the hypothesis of M.tb’s impact on HIV in the brain, which 

we now have the materials and platform to study. Understanding and addressing the 
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mechanism behind these cognitive deficits could potentially restore medical compliance, 

reducing morbidity and mortality due to undertreated HIV infection, as well as 

substantially increase quality of life for those who are infected. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 

This work has demonstrated the development of the first animal model of 

M.tb/HIV co-infection. We have used the BLT humanized mouse to model the events 

seen in co-infection, giving us a platform to study the early events and interactions 

between these two pathogens and the immune system. This unique model allows the use 

of both pathogens due to the fact that the mouse has been given a surrogate human 

immune system allowing it to be infected by two distinct and human evolved pathogens. 

While M.tb can infect other animals, it is human pathogen. HIV is in fact unable to infect 

any host other than human. While other models can use NHPs to model co-infection, they 

are limited to using the pathogens SIV or SHIV. Further, our model genuinely replicates 

the pathological events seen in human co-infection. The changes seen in granulomas as 

well as increased bacterial growth, inflammatory cytokines and neutrophil infiltration 

parallel what is seen in the clinic. Using this model we can not only delve further into the 

mechanistic specifics of how HIV disrupts the immune containment of M.tb, use HIV as 

a tool to understand the components of the immune response to M.tb, and increase our 

understanding of the impact of M.tb on neuroAIDS, but we can further use this model 

down the road as a preclinical test of new drugs, vaccines, and biomarkers of these 

diseases.  

Further, we have begun to elucidate some of the mechanisms behind how HIV 

aggravates TB disease. We have found that increased arginase is highly correlated with 

increased bacteria growth in vivo. Even though our proposed mechanism (reduced NO 

due to arginase competitive inhibition) may not be the cause of the increased bacteria 

growth, although this has not been conclusively ruled out by the in vitro data, these data 

are helpful for indicating other mechanisms surrounding arginase and arginase pathways 
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should be targeted for more investigation. While this mechanism may specifically be 

linked to bacterial growth, HIV and M.tb have many complex and multifactorial impacts 

on both each other and the immune system and our new model will be helpful for further 

characterizing exactly what those interactions are.  

We have also begun adapting our model to study neuroAIDS. Understanding the 

mechanisms behind neuroAIDS is a clinically relevant area that has the potential to 

impact many people living with HIV. We have demonstrated that in our model HIV 

enters the brain. Given the areas that are infected (eg pre frontal cortex), this could 

explain some of the behaviors seen in those who have HIV (increased risk taking 

behaviors, etc). We have also seen M.tb infection may increase HIV replication in the 

brain, however more studies are needed. Finally, we were able to see that in two animals 

with HIV infection, M.tb was visible in the brain. One of these animals also showed 

elevated levels of HIV in the brain. The impact of HIV and M.tb co-infection clearly 

extends to the brain and is a plenteous area for continuing investigation.  

Although this model adds great benefit to the field, there are some challenges 

associated with using it. The chimeric nature of the model means that human and mouse 

cells are both interacting in a system with predominantly human signaling from the 

immune cells. There are questions as to how well mouse cells can respond to human 

cytokines. Further, some processes, such as changes in arginine metabolism, may be 

exaggerated in this model due to differences between humans and mice, in the case of 

arginine metabolism, the relative importance of NO in mice versus humans. However, 

these challenges do not detract from the utility and importance of the model, and are 

mentioned only to encourage critical thinking in the interpretation of data generated with 

the model.  

Given the rich history of the study of tuberculosis as a disease, it is the perfect 

example to highlight the role of the physician scientist. Many of the pioneering leaders in 

the advancement of understanding TB disease were physician scientists, including Koch, 
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Galen, Villemin, and many others previously mentioned. For example, Fracastoro made 

observations from his clinical work resulting in the hypothesis that TB was infectious. 

Villemin was a medical doctor who performed animal experiments and first conclusively 

demonstrated that TB was indeed infectious. While Koch was a physician, he also 

discovered M.tb itself. These men highlight the critical interplay between clinical 

observation, hypothesis generation, and scientific experimentation. Clinical interactions 

fuel scientific studies, and the resulting scientific discoveries feed back into changes in 

clinical care. For example, discovering the cause of TB (M.tb) allowed the development 

of scientific treatments that would be beneficial in the clinic (antibiotics).  

In the current era there is debate over the exact role of the physician scientist. The 

program designed to fill this role, the MD/PhD dual degree, is failing. The majority of the 

graduates of these programs go on to work solely in clinical practice. In earlier times, it 

was easier to have the time and experience to work both in the clinic and the lab. But the 

past century has seen such an increase in the generation of knowledge in both of these 

fields that there is too much to do, too many responsibilities, and too much of a breadth 

of knowledge, that it is an increasing challenge to do both and do them well. More depth 

of knowledge and more complicated study is needed to succeed in these varied fields. 

The increasing disparity in medical and scientific education results in decreased 

interactions and increased misunderstandings and misconceptions between physicians 

and scientists.  

A lack of appropriate communication between physicians and scientists can only 

hurt patients. Without the observations in the clinic, bench scientists may investigate 

areas with little clinical relevance or little downstream benefit to the patient. That is not 

to say that basic science for increased understanding itself is not critically important, but 

that scientists who set out to make an impact on human health may not have the clearest 

path for knowing what would clinically make the biggest impact without the critical 

understanding of physicians who see these patients on a daily basis and understand what 
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are the most pressing problems that would provide the greatest patient aid.  Without the 

scientist’s deeper understanding of mechanism, experimental design, and critical analysis, 

as well as the time to devote to these activities, the clinician would not be able to have 

access to new therapies, diagnostics, and other advances to help their patients in new 

ways. The interactions between the two are critically important.  

Given the changes to and the separations of the role of physician and that of 

scientist, there is a new vacancy for working at the interface of these areas. This is the 

strength of translational research.  It fills the void left by the loss of the physician 

scientist and strives to bridge the gaps between the two professions. This relates to the 

described co-infection research in several ways. The development of a novel small 

animal model for HIV and M.tb co-infection has the potential to address a very real and 

pressing clinical problem. Further, observations in the clinic and discussions with 

physicians treating patients with HIV led to expansion of our model for neuroAIDS and 

how the data generated from those studies may help patients in the future. Observations 

by clinicians published previously led to the hypothesis of arginase playing a role in co-

infection; in turn our investigations may lead to new therapies in the clinic. This interplay 

is critical for the developing the areas of research that provide the most benefit to patients 

and to treatment.  

Despite a few brilliant people who have been capable of walking the line between 

science and medicine, fewer and fewer individuals are able to surmount the increasing 

challenges of both working in the clinic and working at the bench. The age of the 

physician scientist may be coming to a close, but the dawning of the era of 

multidisciplinary team collaboration for translational research has the potential to 

optimize patient outcomes, increase quality of life, and advance knowledge in the field 

through individual expertise and high-level communication.  
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