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Abstract

The Many Hosts of Mycobacteria (MHM) meeting series brings together basic scientists, 

clinicians and veterinarians to promote robust discussion and dissemination of recent advances 

in our knowledge of numerous mycobacterial diseases, including human and bovine tuberculosis 

(TB), nontuberculous mycobacteria (NTM) infection, Hansen’s disease (leprosy), Buruli ulcer and 

Johne’s disease. The 9th MHM conference (MHM9) was held in July 2022 at The Ohio State 

University (OSU) and centered around the theme of “Confounders of Mycobacterial Disease.” 

Confounders can and often do drive the transmission of mycobacterial diseases, as well as 

impact surveillance and treatment outcomes. Various confounders were presented and discussed 

at MHM9 including those that originate from the host (comorbidities and coinfections) as well as 

those arising from the environment (e.g., zoonotic exposures), economic inequality (e.g. healthcare 

disparities), stigma (a confounder of leprosy and TB for millennia), and historical neglect (a 

confounder in Native American Nations). This conference report summarizes select talks given at 

MHM9 highlighting recent research advances, as well as talks regarding the historic and ongoing 

impact of TB and other infectious diseases on Native American Nations, including those in 

Southwestern Alaska where the regional TB incidence rate is among the highest in the Western 

hemisphere.

I. INTRODUCTION

Mycobacteria comprise obligate and opportunistic pathogens that infect a wide range of 

hosts, including humans, wildlife and livestock. Infections can either be asymptomatic 
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or lead to clinical diseases which vary widely in presentation depending on the species. 

The diseases caused by mycobacteria occur in nearly every country, disproportionately 

affecting communities that are already challenged by health inequalities. Mycobacterial 

disease monitoring and treatment efforts were severely hampered by the Coronavirus 

Disease 2019 (COVID-19, or COVID) pandemic. The challenges associated with preventing 

and controlling mycobacterial diseases may at times feel insurmountable to scientists and 

clinicians; however, the rapidity with which COVID-associated research data were shared 

and effective vaccines were developed is proof that institutions, scientists and clinicians

—when motivated and given sufficient resources—can collectively overcome seemingly 

insurmountable challenges.

Since no single institution can address all mycobacterial diseases and their accompanying 

challenges, the Many Hosts of Mycobacteria (MHM) conference series has since 2007 

brought together mycobacteria experts from around the globe for presentations and 

discussions on the latest developments in basic, translational and clinical mycobacteria 

research. The 9th Many Hosts of Mycobacteria conference (MHM9) was held at The Ohio 

State University (OSU) in Columbus, OH, July 11–13, 2022. MHM9 was attended by ~70 

individuals, via both in person and remote attendance options. The individuals presenting 

and attending represented multiple communities, tribes and nations. The three-day MHM9 

conference was divided into several sessions, the themes and proceedings of which are 

summarized below and outlined in TABLE 1.

II. INFECTIOUS DISEASES IN INDIGENOUS HEALTH

Mycobacterial diseases and their associated coinfections/comorbidities disproportionately 

impact Native American communities 1–3. MHM9 Day 1 comprised of a workshop focused 

on the specific impact of tuberculosis (TB) and other infectious diseases in American 

Indian/Alaskan Native (AI/AN) communities from the initial phases of colonization to the 

present, their intersection with dispossession and disenfranchisement, and the links between 

infectious disease and other prominent health conditions of special interest to Indigenous 

communities (e.g., cardiovascular disease, diabetes). The workshop was led entirely by 

Indigenous persons with local and national expertise in infectious disease and its intersection 

with Native American social and historical contexts, with presentations by individuals across 

all scientific career stages, from the following tribes and nations: Shawnee, Eastern Band 

of Cherokee Indians, Luiseño and Wailaki, Nakoda, Seneca, Zuni Pueblo and Mescalero 

Apache, Bad River, Diné, and Taos Pueblo. Invited speakers and panelists included Dr. 

Matthew Anderson (OSU), Madison Eagle, LSW (OSU), Dr. Elizabeth Nelson (Pasteur 

Institute), Dr. Temet McMichael (previously Centers for Disease Control and Prevention), 

medical student Emily Plumage (OSU), Dr. Naomi Lee (Northern Arizona University), PhD 

candidate Saydie Sago (University of Colorado–Boulder), Dr. Elise Lamont (University of 

Minnesota), Dr. Krystal Tsosie (Arizona State University), undergraduate student Aislinn 

Concha (University of Colorado–Boulder), and PhD candidate Caelan Wright (University of 

Colorado–Boulder). Summaries of select talks are provided below.
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II-a. The History of TB Among Native Nations.

Throughout the history of Native Nations, the spread of infectious disease has been driven 

by intertwined social, cultural and biological forces. TB is a prime example of this bio-

cultural phenomenon where introduction, dissemination, and endemicity have been linked 

to socio-political and cultural events 4–7. To elucidate those factors that have influenced 

the evolution and transmission of the Mycobacterium tuberculosis complex (MTBC) across 

Native nations, Dr. Nelson, with her coauthors, performs synergistic analyses of modern 

and ancient genomic data in combination with archeological information, historical records 

and documents. In the Eastern Hemisphere, records from the physician Hippocrates (BCE 

460-375) contain some of the earliest mentions of TB. In the Western Hemisphere, the 

earliest convincing cases of skeletal TB identified trace back to 290-700 CE in South 

America, and 900 CE in North America 8–10. By the Late Intermediate Period of the Andes 

(circa 1000-1400 CE), the abundance of skeletal signs consistent with TB in South America, 

with several identified cases in North American contexts, suggests MTBC was circulating in 

populations across the American continents 8.

Skeletal evidence from South America has been complemented with the paleogenomic 

identification of pre-colonial strains of M. pinnipedii, a member of the animal clade 

of MTBC, causing human TB in ancient populations of coastal and inland Peru and 

mountainous regions of Colombia 11, 12. The identification of this pathogen across this 

diverse ecological landscape, along with the broad host tropism of the animal clade 13 

suggests a variety of hosts and likely many mycobacterial species were facilitating the 

dissemination of this disease in ancient Andean contexts. Although current archaeological 

and paleogenomic evidence suggests pre-European strains were widely present in the 

Americas, modern data suggests that the arrival of Europeans triggered the replacement of 

animal MTBC strains as the dominant agents of human infection with the European lineage, 

L4 14. As one of the most virulent and clinically concerning M. tuberculosis lineages, it 

believed the introduction of L4 contributed significant morbidity and mortality in history, 

across both the European and American continents.

In North America, TB took an especially large toll on displaced First Nations and Native 

groups who were pushed from their land with western migrations of Europeans. This is 

particularly striking in Native children who were taken from their families and sent to 

boarding schools through assimilationist government programs 15, 16. Historic reports show 

TB was a leading cause of death in several Indigenous communities during the 19th to 

20th centuries 17–20. Dr. Nelson and colleagues highlighted differences in treatment and 

access to care between the Settler and Native experience that they say directly lead to the 

health inequality we see today, and reflected on perseverance and resilience of the notable 

figure Dr. Susan La Flesche Picotte 21. To conclude her presentation, Dr. Nelson noted 

that the often-used term “pandemics of the past”, is inaccurate and falls short to recognize 

the long-lasting impacts of diseases, such as TB, that were spread and propagated under 

colonial systems and the disruption of traditional ways. The history of structural violence 

acted out by colonial structures and practices that exploited and harmed Native Nations must 

be acknowledged, disrupted, and replaced with Indigenous-centered and historically aware 

medical and research practices that respect Native culture and sovereignty.
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II-b. COVID-19 in Tribal Communities.

There are currently 574 federally recognized tribes within the United States (US) and 

each maintains a government-to-government relationship with the US government. Each 

American Indian and Alaska Native (AI/AN) Tribal Nation may collectively refer to 

themselves as tribes, Tribal Nations, bands, pueblos, communities, villages, or other names. 

It is important to understand these terms can differ based on individual or tribal preferences, 

but in either case, it is important to address tribes and their peoples based on their 

preferences. Tribal healthcare provided to AI/ANs is delivered by a part of the federal 

government called the Indian Health Services (IHS) which provides for the overall health 

and wellbeing of AI/ANs based on obligations codified in treaties made by the federal 

government. Using federal funds, tribes can also form organizations or health centers, 

often called 638 Facilities, which are authorized under the Indian Self-Determination 

and Education Assistance Act of 1975. In some circumstances, multiple tribes may band 

together and form consortiums to better meet the needs of their respective peoples. It is 

important to acknowledge that these relationships and decisions are derived from each 

tribe’s sovereignty, and it is the responsibility of the US government to provide for the 

medical and healthcare needs of AI/ANs based on treaty law. It is also important to note that 

although the health and wellbeing of AI/ANs is the primary role of the IHS, there are many 

other advocates and key federal agencies that share in this responsibility. This includes but 

is not limited to the Bureau of Indian Affairs (BIA), the Centers for Disease Control and 

Prevention (CDC), Tribal Epidemiology Centers (TECs), and State and local Public Health 

Departments.

Dr. McMichael spoke of his experiences at the beginning of the COVID-19 pandemic while 

stationed at Public Health – Seattle & King County and his involvement with CDC’s Tribal 

Support Section (TSS) which was pioneered by key advocates and leadership at CDC to 

meet the needs of AI/ANs as a result of the COVID-19 pandemic. McMichael also recalls 

being deployed to a Tribal Nation in April 2020, shortly after his involvement in the initial 

response in Seattle and King County. He elaborated on the complex history shared by 

many Tribal Nations, the US government and its healthcare agencies, and emphasized that 

although modern medicine has explicit roles in tribal communities—traditional healing and 

spiritual medicine are also interwoven into AI/AN cultures.

In challenging times like the COVID-19 pandemic, it is important to utilize modern 

medicine while acknowledging the importance of traditional practices. McMichael then 

focused on public health at the local level, describing the composition of the County of 

San Diego Tribal Nations, which has 17 federally recognized tribes within its modern 

borders. He noted that these modern borders do not necessarily align with traditional 

territories, which can make public health response activities and jurisdictional considerations 

challenging. He notes that many San Diego County tribes formed consortiums with their 

local IHS partners and appointed Public Health Authorities (PHAs) within each tribe to 

address needs during the pandemic. These PHAs were appointed by the tribes to receive 

their public health information from County of San Diego’s Health Department, and in 

accordance with tribal sovereignty take the action deemed appropriate by each Tribal 
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Nation. This system is important because it empowers Tribes to own their data and to use 

their data to make decisions in accordance with Tribal sovereignty.

Key takeaways from Dr. McMichael’s presentation were that Tribal communities have 

been and still are underserved, are impacted by gaps in public health data, and are 

disproportionately affected by COVID-19. When considering public health measures, it 

is necessary to understand the structure of Tribes, their sovereignty, and to be receptive 

to Tribal needs. He also notes that despite these hurdles, there were and are many key 

advocates and leadership who mobilized to meet the needs of AI/ANs during the pandemic 

and commends those efforts. He feels honored to have played the role(s) he did in that 

process and strongly believes that addressing these inequities will be driven by empowering 

key personnel both internally and externally at federal, state, and local levels.

II-c. Vaccine Development to Target STIs in Native American Communities.

TB is not the only disease which disproportionately affects Native American communities. 

Human papillomavirus (HPV) is the most common sexually transmitted infection (STI) 

in the US. There are >30 circulating HPV genotypes, some of which are low-risk and 

cause warts, while other high-risk HPV (hrHPV) genotypes cause cervical cancer, as well 

as cancers of the penis, anus, head and neck. Dr. Lee spoke of her work sequencing 

prevalent HPV genotypes and assessing the vaginal microbiome of Native American women. 

An important result of this work 22, which was the largest study of HPV prevalence in 

Native American women conducted to date, was that the combined prevalence of 14 hrHPV 

genotypes in her partner Tribal community was higher than the US national average of all 

similarly aged women (34.8% vs 20.7%). The data further indicated that as age increases, 

hrHPV prevalence decreases while cervical cancers increase, and that women who were 

older at the time of infection have a more difficult time clearing the infection. Dr. Lee 

is now working with additional Native Nations in Arizona to establish hrHPV genotype 

prevalence across age and other demographic criteria. Importantly, it was noted that although 

HPV is vaccine-preventable, Native populations have been susceptible to misconceptions 

about the HPV vaccine, including the false belief that the HPV vaccine is a treatment (HPV 

vaccination prevents infection, and is not a therapy or treatment for existing HPV infection) 
23. Furthermore, the existing HPV vaccine targets viral antigens (i.e., the HPV L1 protein) 

expressed by HPV genotypes that are common in the US population as a whole, but less 

common in the Tribal communities she works with; therefore, to more effectively prevent 

HPV infections in American Indians, it would be advantageous for next generation HPV 

vaccines to target the L1 and L2 protein sequences prevalent in Native Nations 24. Dr. Lee 

concluded by sharing a Lakota prayer that inspires her and others in the Native American 

vaccine research and development space: “Do this so that the people may live.”

II-d. Impact of the host environment on Mtb fitness and drug efficacy.

The mechanisms of antibiotics and chemotherapeutics have been defined by the isolated 

interactions of drugs with their cognate targets. The untethering of the pharmacology of 

antibiotics from the host immune response has limited our understanding of how antibiotics 

function in vivo, especially regarding diseases that manifest a spectrum of outcomes. TB 

encompasses several disease trajectories including bacterial clearance, latency, reactivation, 
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and death. Likely factors impacting TB outcome as well as anti-TB drug efficacy are 

the lung microenvironment, host response, and immune status. Pyrazinamide (PZA), a 

cornerstone of the first-line therapy for TB, shows potent in vivo activity but is limited 

under traditional in vitro conditions. While the bacterial target of PZA remains unknown, 

emerging evidence demonstrates a previously unrecognized role of the host stress response 

in PZA activity. Dr. Lamont showed that interferons capable of modulating the macrophage 

environment are critical for PZA function in vivo using mouse models of TB. Mice deficient 

for interferon responses showed unrestricted growth of M. tuberculosis in secondary 

lymphoid organs despite PZA treatment. Recent studies have reported that the lung 

microbiome influences and trains local immune responses. There is a paucity of data 

examining the contribution of the lung microbiome in TB susceptibility, progression, and 

anti-TB drug activity. Using a mouse model that produces various TB lesions coupled 

with naturalization of the microbiome (i.e. the introduction of commensal microbes to 

an otherwise sterile mucosal site), Dr. Lamont demonstrated a significant change in 

M. tuberculosis burden in the lung when compared to specific pathogen free (SPF) 

counterparts. Immune response profiling of the lungs from naturalized microbiome mice 

showed alterations in protective factors indicative of M. tuberculosis control compared to 

SPF mice. Future studies will explore the role of the microbiome in anti-TB drug therapy. 

Together these data suggest a critical role of the host immune response in anti-TB drug 

mechanisms of action and Mtb growth. Unifying antibiotic pharmacology with the host 

immune response will aid in our understanding of drug treatment failure in certain subsets of 

patients as well as directing future anti-TB drug design.

III. TUBERCULOSIS IN ALASKA

There is a tendency within the US to perceive TB as a disease which only afflicts foreign 

lands 25, 26. For Americans in Alaska, however, the perception of TB as a foreign disease 

does not match their past or present reality, as TB incidence in Northern and Southwestern 

regions of Alaska rival those of so-called “TB endemic” countries (FIG 1, 2). To provide 

a history of TB in Alaska and share their perspectives on the reasons why TB incidence 

remains higher than any other state in the US, Dr. Bruce Chandler (Alaska Division of 

Public Health), Dr. Michelle Rothoff (Alaska Division of Public Health) and Dr. Timothy 

Lemaire (Norton Sound Health Corporation) presented remotely from their respective duty 

stations in Anchorage and Nome, AK. Key takeaways from their presentations are as 

follows:

III-a. Explorers and colonists introduced TB to Alaskan Natives.

Although Alaskan Natives have been present for millennia 27, it was not until more recently 

(historically speaking) that human-adapted TB came to Alaska, with the arrival of Russian 

explorers in the 1700s. Russian explorers were among the first settlers to arrive in Alaska in 

search of wealth and resources, bringing with them TB and other infectious diseases such 

as measles, mumps, influenza, polio, smallpox, and syphilis. In time, so too would colonists 

from Europe and the newly formed United States of America (USA) bring TB from areas 

where the disease was widespread, in their pursuit of fur, gold and whales.
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III-b. TB and sanitoria practices had devastating effects on Alaskan Natives and their 
culture.

It is difficult for non-Indigenous people to grasp the devastation TB caused in Alaska before 

effective TB chemotherapy became available in the 1950s, both in terms of loss of life and 

loss of culture. During the 1800s and early 1900s, TB rapidly spread among Alaskan Native 

(AN) people, a susceptible population living under conditions ideal for TB transmission 

and dissemination, especially for those with close contact to the incoming colonists. Many 

of these factors continue to sustain TB in Alaska, especially among ANs in northern and 

southwestern Alaska (FIG 1), where TB incidence rates exceed most other countries in the 

Western Hemisphere (FIG 2). Among AN children, surveys conducted from 1948–1951 

found that TB was most serious along the lower Yukon and Kuskokwim Rivers in western 

Alaska, where 75% of Alaskan Native children aged <8 years (and 92% of those aged 7–8 

years) had positive tuberculin skin tests 28. For comparison, the tuberculin positivity among 

White children in Alaska at that time was 0.6-6% 28 In other regions, 32% of AN children 

in Southeast Alaska and the Aleutian Islands and 56% of children in the Interior region 

were found to be infected with TB 28. For ANs, the loss caused by TB was compounded 

by practices at the sanitaria which were established in the 1940s to care for AN adults and 

children with TB. Many never returned from these sanitaria and their families never received 

any news of what had happened to them. Many remain in a mass internment site in Sitka, 

Alaska (FIG 3).

III-c. TB chemotherapy studies on Alaskan Natives informed the current US TB control 
strategy.

As the Alaska statehood movement was gaining momentum during the 1950s, so too did 

this decade bring about big changes to TB in Alaska, as the severity of Alaska’s TB 

epidemic was recognized by federal and territorial agencies, effective chemotherapy became 

available, and a coordinated federal and territorial campaign to control TB was started 29, 30. 

Five elements of that campaign are as follows: (1) the creation of the 400-bed Alaskan 

Native Hospital in Anchorage, the 200-bed Mt. Edgecumbe Hospital in Sitka and regional 

hospitals and clinics throughout the state; (2) the creation of the Alaskan Native health 

care system and Alaska’s public health system; (3) groundbreaking studies on controlling 

and preventing TB were conducted in Alaska, including the original demonstration of 

isoniazid’s effectiveness and on use of isoniazid prophylaxis to prevent active TB in the 

Yukon-Kuskokwim (YK) delta 31, 32; (4) The Ambulatory Chemotherapy Program started in 

January 1955 in the Bethel service area in western Alaska and soon expanded to villages in 

northern and central Alaska. The program demonstrated that many people with active TB 

could be treated and cured without being hospitalized. As a result of these studies on ANs 

with TB, ambulatory outpatient chemotherapy became accepted for treatment of people with 

active disease in the US, and is still part of the US TB control strategy.

III-d. The geographic distribution of TB in Alaska is uneven, the Southwest regional rate 
being among the highest in the Western Hemisphere.

Despite the progress which started in the 1950s, the rates of active TB remain significantly 

higher in the northern region (which includes the north slope and Nome) and especially in 
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the Southwest region (which includes Bethel, Dillingham, Bristol Bay, and the Aleutians) 

(FIG 1). These two regions of the state have historically held Alaska’s (AK’s) highest rates 

of TB and ongoing outbreaks in villages in these regions continue to pose an ongoing 

challenge to TB control in AK. AK’s Northern and SW regions have rates that are among 

the highest in the Western Hemisphere. There are multiple reasons for this: the historical 

TB outbreaks described above were never fully extinguished, ongoing challenges with living 

conditions, barriers to care and geographical isolation. Prior to 2020, there had been a trend 

toward a slow decline in TB rates at both the state and national level; however, this halted 

or reversed temporarily as a result of the COVID pandemic. While the US as a whole had 

a 20% decrease in the TB incidence rate from 2019-2020 (likely a result of underdiagnosis/

underreporting related to COVID), the AK TB incidence rate remained the same during that 

period, ~2×-3× times higher than the national rate 33. Current trends in case numbers at the 

time of MHM9 indicated the 2022 rate would likely be higher than 2021; this bore out in the 

eventual published AK data 33.

III-e. North to the future: hurdles in the path to reducing NA/AN TB rates.

Perennial challenges to public health efforts to reduce TB in AK stem in large part from 

the fact that 82% of AK’s communities (including those most impacted by TB) are off 

the road system. As such, the process by which active TB is detected can be tediously 

slow in rural and often roadless Alaska. Several hundred air or boat miles can separate a 

patient from a chest x-ray and/or sputum collection. Additionally, the only TB reference 

lab in the state is many hundreds of air miles away albeit centrally located in Anchorage. 

Under such conditions, serial acid fast bacillus (AFB) sputum samples may take up to a 

week to process. This can result in either delayed onset of treatment or unnecessary empiric 

treatment calculated to both treat the patient and protect the community. This dilemma often 

results in precautionary hospital isolation of a patient who might otherwise be able to travel 

home by air. It has also been noted that medical doctors and other providers coming to 

Alaska to practice or for their residency training are often unprepared for identifying TB. 

Finally, and perhaps the most challenging hurdle of all for non-Indigenous scientists wishing 

to research the factors contributing to TB transmission amongst NA/ANs, variable levels of 

distrust of non-Indigenous healthcare workers and systems exist among the NA/AN Nations 

most affected by TB because of historical mistreatment through health systems and more 

broadly via forced relocations from ancestral territories and efforts to extinguish cultural 

practices.

IV. MYCOBACTERIA IN THE SOIL, WATER, AND WILD

The Mycobacterium genus includes non-pathogenic and opportunistic species which are 

found in both natural and engineered environments 34, 35, as well as obligate pathogens 

which cause chronic infectious diseases in wild animals, livestock and humans. To address 

the breadth of environments and hosts which can harbor mycobacteria, Dr. Jennifer Honda 

(University of Texas-Tyler), Dr. Paul Converse (Johns Hopkins), Dr. Ray Ball (Eckerd 

College), Dr. Michele Miller (Stellenbosch University), Dr. Michelle Larsen (Albert Einstein 

College of Medicine), and Dr. Kathleen Alexander (Virginia Tech) respectively spoke on the 

subjects of environmental nontuberculous mycobacteria (NTM) hot spots in the Hawaiian 
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Islands, M. ulcerans and Buruli ulcer, M. avium ss. paratuberculosis and Johne’s Disease, 

M. bovis infections among wild carnivores of Kruger National Park (South Africa), novel 

animal-adapted mycobacteria, and M. mungi in mongoose. Summaries of select talks are 

provided below.

IV-a. Environmental nontuberculous mycobacteria hotspots of the Hawaiian Islands.

Among all U.S. states, Hawai’i has a history of leprosy and TB, but also shows the highest 

number of NTM lung disease cases. From her sampling of freshwater biofilms of residential 

housing in a pilot study, Dr. Honda found that M. chimaera and M. abscessus predominated, 

which mirrored NTM species responsible for lung disease in Hawai’i. Undergraduates 

and high school students participated in the collection of samples, totaling approximately 

3,000 unique environmental samples, of which 27% were NTM positive. Larger cities were 

hotspots for NTM, with showerheads and sinks being the most common NTM positive 

locations in residential areas. Hematite in soil promoted the growth of environment-derived 

M. abscessus. Observations also indicate that human infections of M. abscessus were 

linked to NTM in kitchen sink faucets, while infections of M. chimaera were linked to 

NTM in showerheads. Animal reservoirs in Hawai’i include the feral pig populations of 

O’ahu. Honda et al., discovered a unique Hawai’i-specific environmental factor that may 

be associated with NTM is the Kīlauea volcano. Viable M. avium, M. abscessus, and M. 
chimaera were recovered from Kīlauea ash.

IV-b. Mycobacterium ulcerans lineages and Buruli ulcer: Q203 (Telacebec).

Until 2004, Buruli ulcer (BU) could only be treated by wide excision and skin grafting. 

Using the mouse footpad model followed by field trials, it was determined that rifampin 

and streptomycin (clarithromycin from 2017) administered daily for 8 weeks were more 

effective alternatives. A series of reports 36–39 have shown that Q203, now termed 

Telacebec, a bc1 oxidase inhibitor, could reduce the time to cure in immunocompetent 

and most immunocompromised mice to one week or even a single dose. M. ulcerans has 

a mutation in cydA resulting in the elimination of the bd oxidase inhibitor used by other 

mycobacteria as a backup electron transporter. Although the cydA mutation is present 

in the strains of M. ulcerans causing disease in Australia and West Africa (and, thus, 

>95% of reported cases), the mutation is absent in the Japanese subspecies, M. ulcerans 
shinshuense. Dr. Converse and his collaborators screened 9 strains of M. ulcerans for in 

vitro susceptibility to Telacebec. All were susceptible at a concentration of 0.078-0.156 

ng/ml, except for a Japanese strain which was resistant to ≥50 ng/ml and a Mexican strain 

at 1.25-2.5 ng/ml. Further examination of the literature revealed that the Mexican and 

Japanese strains are part of the “ancestral” lineage 40 of M. ulcerans and that they are 

more closely related to M. marinum. The susceptible West African and Australian strains 

are in the “classical” lineage 40. Sequence analysis confirmed that the Mexican strain, like 

the published M. ulcerans shinshuense strain 41, has no stop codon at position 231 of the 

cydA gene, as found in classical lineage strains 42. It does have a distal codon deletion 

resulting in a frameshift at position 476, of yet unknown significance. There are some 

environmental differences between the lineages. Ancestral strains are associated with water 

whereas classical strains in Australia are associated with marsupials and likely mosquitos. 

Classical strains in Africa have not been found to be associated with mammals but have been 
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associated with aquatic plants and snails as well as fish. The efficacy of BCG vaccination 

protection in mice appears to be mouse and M. ulcerans strain dependent 43. In humans in 

West Africa BCG appears to protect against osteomyelitis but not the more typical cutaneous 

disease 44. According to the BCG Atlas 45, both Mexico and Japan have historically 

administered BCG at birth and boosted at ~age 6 and, in Japan, ~age 13. Both countries 

use their strain of BCG while Mexico subsequently introduced the Danish strain. In West 

Africa, BCG vaccination is given only at birth. In Australia, neonatal vaccination was 

discontinued in 1985. From these data, one cannot infer whether boosted BCG vaccination 

may be protective or protective only against ancestral strains. A clinical trial of Telacebec 

in TB patients showed that it was safe 46. The drug is currently granted orphan drug status 

for BU, and a trial is clearly warranted to confirm its efficacy in BU patients and in leprosy 

where the drug has also been shown to be highly active in a mouse model 47.

IV-c. M. avium ss paratuberculosis and Johne’s Disease.

M. avium subspecies paratuberculosis (MAP) is the causative agent of paratuberculosis, 

a contagious, chronic, and eventually fatal enteric disease of domestic and non-domestic 

ruminants. MAP is highly resistant to heat, disinfectants, and environmental agents, 

remaining infective for a long time in the environment which make biosecurity a challenge 

when attempting to control this disease in domestic, zoo ruminants, and especially wild 

animals. The highest burden of MAP is in domestic ruminants, followed by zoo ruminant 

species, and then free ranging wild ruminants. The overall pathophysiology of MAP when it 

occurs in all three ruminant groups is essentially identical, so environmental factors would 

appear to have dominant roles in explaining the differences in the prevalence among the 

three groups.

MAP in zoological specimens has been reviewed 48 as well as in wildlife and farmed 

deer 49. Herd prevalence over a 10-year period in a group of comingled zoo ruminants 

nyala (Tragelaphus angasii), impala (Aepyceros melampus) and Thomson’s gazelle (Gazella 
thomsonii) demonstrate a clear difference between the low prevalence of MAP in the 

Thomson’s gazelle (~5%) compared to both the impala and nyala (~42%). When the 

Thomson’s gazelle herd were later fed a high intake of concentrate rations in a similar 

fashion to the nyala and impala, the prevalence of MAP then starts to approach these latter 

species (~25%). Hypocalcemia was apparent in the nyala and impala during the ten year 

study period but not a common feature of the Thomson gazelle until they were managed 

differently.

Feeding niches (grazers vs browsers) and nutrition, especially high concentrate low fiber 

feeding, leads to a higher prevalence of MAP as seen in these zoo ruminants. Hypocalcemia 

or increased calcium demand parallels this trend in MAP prevalence amongst these three 

comingled species at various times during the study period. Various aspects of diagnostic 

methodologies to stage the infection, including early life stage infection 50, and biosecurity 

are discussed in zoo animals, but the relationships between nutrition and MAP prevalence 

at zoos are rarely discussed, if ever. The observation is that the more intensively managed 

any ruminant becomes, especially in terms of feeding, the higher the apparent prevalence of 

MAP. This perspective may allow for exploring other control measures focused on feeding 
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practices and more specifically on calcium metabolism. An increase in calcium demand is 

believed to be directly responsible for the changes in MAP prevalence seen in zoo ruminants 

and is a direct result of feeding practices. This hypocalcemia is known to alter immune 

response in cattle 51 and there is no reason to expect otherwise in other ruminants. In 

this regards, MAP infection in all ruminants can be more appropriately thought of as an 

anthropogenic condition.

IV-d. M. bovis infections in wild carnivores.

Although carnivore species have generally been thought to be more resistant to infections 

with pathogenic mycobacterial species, more recent research in both wild and domestic 

carnivores have demonstrated that both felids and canids can be infected with M. bovis and 

develop disease 52–54 (FIG 4). Due to their natural history, carnivores are often infected 

through ingestion of infected prey, although they also can be exposed through aerosol 

and cutaneous routes of infection 55, 56. Infected wild felids, including lions, leopards, 

and cheetahs, often have evidence of generalized disease, with cavitary pulmonary lesions, 

lymph node granulomas, which lack mineralization and appear proliferative, as well as 

osteolytic lesions in bones and granulomas in abdominal organs 56, 57. M. bovis infection in 

critically endangered African wild dogs (Lycaon pictus) appears to be a rapidly progressive 

disease, which has resulted in mortality of even young animals 54.

Since M. bovis has been isolated from ante-mortem respiratory samples of infected lions and 

African wild dogs, the assumption that these are dead-end hosts has been challenged 58, 59. 

Limited studies have shown that in vitro and in vivo cell-mediated immune responses can be 

used to diagnose infection in wild carnivores. Further comparative immunological studies of 

spotted hyenas’ (Crocuta crocuta) response to M. bovis infection may provide insight into 

natural resistance of some species to development of disease 60.

V. MYCOBACTERIAL DISEASE COMORBIDITIES AND CONFOUNDERS

Mycobacterial disease often occurs against the backdrop of one or more comorbidities. 

These comorbidities may be genetic, dietary or environmental in origin, and can drive 

mycobacterial disease transmission or progression, as well as impact mycobacterial disease 

surveillance, treatment and outcomes. Presenting their research on this subject were Dr. 

Luanne Hall-Stoodley (OSU), Dr. Jyothi Nagajyothi (Hackensack Meridian Health), Dr. 

Kevin Fennelly (NIH/NHLBI), Dr. Brendan Podell (Colorado State University), and Dr. 

Murugesan Rajaram (OSU), who spoke on the subjects of NTM and cystic fibrosis (CF), 

adipocyte dysfunction and TB, NTM and chronic obstructive pulmonary disease (COPD), 

TB and metabolic disorders, and M. avium and cardiac dysfunction. Summaries of select 

talks are provided below.

V-a. Mycobacterium abscessus and cystic fibrosis.

NTM have become the 3rd leading cause of lung infection in people with cystic fibrosis 

(pwCF) 61, 62. Macrophages from pwCF show several deficiencies in macrophage function 

in response to bacteria 63 and previous work showed that M. abscessus (MAB) smooth and 

rough morphotypes each can survive in human macrophages 64. Dr. Hall-Stoodley found 
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that MAB also survives in primary human monocyte-derived macrophages (MDM) and that 

while CF macrophages can harbor both morphotypes, CF macrophages fail to significantly 

restrict intracellular growth of the MAB rough morphotype compared to smooth. Failure 

to restrict the more virulent rough MAB was recapitulated with infection with rough MAB 

and knock-down of cystic fibrosis transmembrane conductance regulator (cftr) 65. Treatment 

of infected non-CF macrophages with a CFTR inhibitor resulted in a significantly reduced 

respiratory burst and infection with rough MAB resulted in a more pronounced reduction. 

Finally, infected CF macrophages showed reduced phosphorylation of NOX2 p47phox. These 

findings suggest that CFTR dysfunction may contribute to the susceptibility of pwCF to 

persistent infections with virulent rough MAB.

V-b. Adipocyte dysfunction induces insulin resistance in Mtb infection.

The risk of developing active TB disease from latent TB infection (LTBI) is three times 

higher in individuals with type 2 diabetes mellitus (T2DM). The association between TB 

and T2DM is becoming more obvious as T2DM is rapidly growing in settings where TB is 

endemic. T2DM is a chronic metabolic disorder characterized by elevated blood glucose, 

insulin resistance, and relative insulin deficiency. Insulin resistance and stress-induced 

hyperglycemia have been shown to be increased by TB and to return to normal upon 

treatment. It has been shown that Mtb persists in adipose tissue within adipocytes and 

regulates pulmonary pathology, inflammation, and load in a murine model of TB 66. Since 

adipose tissue pathology is involved in T2DM pathogenesis we examined whether metabolic 

alterations in adipose tissue via a high-fat diet alters pulmonary pathology and insulin 

signaling in Mtb-infected mice. We also investigated whether these changes alter between 

juvenile and adult mice since the levels of adipose tissue are greater in adult mice. Here, 

we report the impact of Mtb infection on the development of insulin resistance in mice 

fed on a regular diet (RD) versus a high-fat diet (HFD) and, conversely, the effect of 

hyperglycemia on pulmonary pathogenesis in juvenile and adult mouse models. Overall, 

our study demonstrated that Mtb persists in adipose tissue and that Mtb infection induces 

irregular adipocyte lipolysis and loss of fat cells via different pathways in RD- and HFD-fed 

mice. We also showed that Mtb-infected adult mice that were fed an RD developed insulin 

resistance similar to infected adult mice that were overweight due to an HFD diet. Our 

findings may underpin the clinical observation that non-obese/non-high-BMI individuals 

with LTBI are more likely to develop hyperglycemia and diabetes compared to those without 

Mtb infection 67.

V-c. TB and metabolic comorbidities.

Prior to the clinical deployment of insulin therapy, diabetes was recognized as a major 

contributor to TB-associated mortality 68. Now the re-emergence of diabetes as a risk factor 

due to convergence in TB-endemic regions has brought to the forefront metabolic risk 

factors with high global prevalence, contributing up to 40% of the collective population 

attributable risk 69. Among these, the collective risk attributed to states of malnutrition 

should be reconsidered in the context of specific micronutrients, as exemplified by the 

strong individual risk association for TB disease progression when vitamin A deficiency 

predates Mtb exposure 70, 71. Chronic uncontrolled diabetes in both mice and guinea 

pigs leads to more severe TB disease outcomes that result from a hallmark of delayed 
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adaptive immune onset, precluding timely control of bacterial growth in tissue 72–74. The 

destructive pathology in diabetes-TB comorbidity is distinct from the influence of vitamin A 

deficiency on TB progression 72. In the latter, a lack of the canonical guinea pig pathology 

features, including granuloma necrosis, are notably absent in the context of vitamin A 

deficiency. This may be attributable to compensatory increases in CD8-driven cytotoxic 

immunity and reduced neutrophil involvement 70. Of note, both diabetic hyperglycemia 

and vitamin A status exist in a bidirectional relationship with TB, where TB causes diabetes-

like hyperglycemia and also reduces serum vitamin A even with sufficient dietary intake 
70, 75. The bidirectional nature of these TB comorbidities has potential to create diagnostic 

challenges but also may illuminate novel approaches for host-directed therapy 76.

V-d. M. avium infection and cardiac dysfunction.

The M. avium complex (MAC) consists of M. avium and M. intracellulare and enters the 

host primarily through the gastrointestinal track and pulmonary route. MAC is a common 

cause of mycobacterial infection in immune compromised individuals including, the elderly 

and those with COPD, HIV/AIDS or CF. Mycobacterium can infect every organ in the body 

including the heart causing carditis. Myocardial TB is difficult to diagnose and treat and can 

cause heart failure and ventricular tachycardia which can ultimately lead to sudden cardiac 

arrest. Very little is known regarding cardiac dysfunction during mycobacterial infection in 

the elderly. In this study we examined cardiac electrical activity, cardiac inflammation, and 

fibrosis in young and old mice after M. avium infection. However, electrocardiogram of 

old mice shows abnormalities that include sinus node pause and first-degree heart block. 

Furthermore, we identified that the number of MHCIIlow cardiac resident macrophages 

(CRMs) are decreased in old mice upon infection, in contrast we found an increased number 

of inflammatory MHCIIhigh CRMs which correlated with an increased cardiac inflammation 

and fibrosis. Thus, we hypothesize that mycobacterial infection leads to increased cardiac 

inflammation, fibrosis and necrosis which lead to significant electrical disturbances in old 

mice. Our data revealed that enhancing the expression of efferocytic receptor MerTK in 

CRMs reverses the endotoxin mediated cardiac inflammation and electrical dysfunction in 

old mice, which suggests that the molecules that increases the expression of MerTK could 

be a potential therapeutic agent for cardiovascular disease in elderly people.

V-e. Nontuberculous mycobacteria and COPD.

Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality 

in the United States, affecting more than 15 million adults. COPD is one of the most 

common conditions associated with pulmonary NTM disease, most likely due to impaired 

mucociliary clearance of inhaled or aspirated bacilli. In a study of NTM patients in the US 

Veterans Administration, 68% had COPD, with the highest rates in the Gulf Coast states 
77. Because NTM are environmental organisms, diagnosis from sputum requires finding 

the same species in at least two different specimens. Cavitary disease is common, and M. 
abscessus has been found to exist in biofilm within a lung cavity that was surgically resected 

from a COPD patient 78. Treatment is difficult, often requiring multiple drugs for many 

months to years.
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VI. MODELS FOR ASSESSING MYCOBACTERIAL DISEASE AND 

COINFECTIONS

Animal models of mycobacterial disease have contributed greatly to our current 

understanding of mycobacterial disease pathogenesis and immunity, as well as how 

coinfections with other common pathogens influence mycobacterial disease. To address this 

subject and provide updates on their research in this space, panel members Dr. Fred Quinn 

(University of Georgia), Dr. Karen Dobos (Colorado State University), Dr. Janice Endsley 

(University of Texas Medical Branch at Galveston), Dr. Selvakumar Subbian (Rutgers 

University), Dr. Vidya Vijayan (UNC Chapel Hill), and Dr. Deanna Hagge (The Leprosy 

Mission International) presented, respectively, on using ferrets to model the Mtb carriage 

state 79, the current state of biomarker utility in the guinea pig infection model 80, the 

identification of novel macrophage signaling pathways in humanized mice with HIV/Mtb 

coinfection 81, 82, the rabbit model of latency and reactivation to evaluate the effect of 

host-directed therapy 83, 84, epigenetic modifications in BCG vaccinated infants 85, and the 

complicity of soil-transmitted helminths in leprosy treatment complications 86.

VI-a. Modeling the Mtb carriage state.

Major respiratory bacterial pathogens such as Streptococcus pneumoniae and Haemophilus 
influenzae utilize an upper respiratory tract (URT) carriage state in which the bacteria attach 

to the local epithelia, survive and slowly replicate, and transmit person-to-person, but do 

not damage the host cells, cause disease in this location or induce more than a very mild 

local inflammation; these commensal bacteria ultimately clear or they can disseminate to 

sterile areas of the body and cause disease. Importantly, vaccines have been shown to 

clear URT colonizing bacteria and thus prevent subsequent disseminated disease states or 

transmission to naïve contacts. Data from TB studies not originally designed to assess 

carriage have inadvertently demonstrated that Mtb bacilli may also possesses a URT carriage 

state in humans, and the Quinn lab demonstrated carriage in natural transmission studies 

in ferrets; understanding this state is critical to ultimately controlling disease development, 

transmission and vaccine efficacy.

VI-b. Current state of biomarker utility in the guinea pig infection model.

The guinea pig model of TB has been used for decades as a small animal model for testing 

vaccines. Indeed, it is an attractive model, as BCG vaccination demonstrates significant 

protection from development of severe TB, and because the lung pathology of infected 

guinea pigs resembles human disease with primary and secondary granulomas along with 

similar histopathology. However, this model lags in the use of other biomarkers and the 

benefits of their use; notably 1) measuring secreted and cellular cytokines and other markers 

of disease progression or protection, limiting its use to define correlates of protection beyond 

reduction in CFU and histopathological analyses of organs harvested from euthanized 

animals, and 2) performing longitudinal studies. In this presentation, current biomarker 

analysis by the Dobos lab using the guinea pig model of TB and some prospects were 

presented for discussion.
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VI-c. Humanized mice and HIV/Mtb coinfection.

Mycobacterial infections have a multifactorial synergy with Human Immunodeficiency virus 

(HIV) that is incompletely understood. We developed humanized mouse models of HIV and 

Mtb co-infection to facilitate discovery of disease mechanisms and develop interventions 
87–89. Differential transcriptomics analysis of lung from humanized mice infected with Mtb 

or Mtb and HIV identified disturbances in immune signaling of macrophages, including 

the C-type lectin receptor (CLR) pathways. Subsequent investigations identified a novel 

role for the CLR Macrophage Galactose Lectin (MGL) in innate immunity to Mtb 82that 

is dysregulated in the setting of HIV co-infection. Using a paucibacillary model, the 

Endsley lab further identified a potential role for T helper 17 (Th17) and T helper type 

22 (Th22) pathways as a mechanism for HIV-mediated TB relapse. On-going research is 

focused on determining whether interleukin (IL-17) pathways play a role in maintaining 

immunological control of Mtb after treatment, as well as the role of MGL in foamy 

macrophage development and anti-mycobacterial activity. Additional research activities 

include investigation of drugs that can be used to treat both TB and HIV in a coinfection 

setting 90.

VI-d. Rabbit model of latency and reactivation to evaluate the effect of host-directed 
therapy.

A fourth of the world population is estimated to be latently infected with Mtb without the 

symptoms of active TB, which occurs in about 5-10% of infected individuals. A recent 

clinical trial has indicated that adjunctive treatment of Everolimus (EVR) with standard 

antibiotics-based therapy to patients with TB improved their clinical outcomes. However, 

the effect of such host-directed therapy on the reactivation of LTBI remains unknown. Here, 

results from the Subbian lab were presented regarding the effect of adjunct EVR treatment, 

in combination with two first-line drugs, isoniazid (INH) and rifampicin (RIF), on latency 

and reactivation of TB. The Subbian lab used a well-established rabbit model of pulmonary 

Mtb infection for these studies (FIG 5). Results of this study include the pharmacokinetics 

and pharmacodynamics determination of EVR, INH and RIF in the plasma, as well as the 

longitudinal analyses of bacterial load and histopathology of the lungs. The findings and 

their implications on LTBI/reactivation were discussed.

VI-e. Epigenetic modifications in BCG vaccinated infants.

BCG, a live attenuated vaccine, was introduced a century ago to prevent TB and is still 

administered to >80% of newborns worldwide. BCG is highly effective in preventing 

severe complications associated with TB disease in infants, and overall childhood mortality 

dropped significantly since the introduction of the BCG vaccine, especially in resource-poor 

countries. Studies in adults provided insights into the underlying mechanisms of BCG 

effectiveness and studies revealed that BCG induces epigenetic changes in monocyte 

populations which results in an improved functional capacity that persists for several 

months. Importantly, BCG-induced enhanced innate effector function is not restricted to 

TB antigens but extends to unrelated pathogens, a phenomenon now referred to as “trained 

immunity.” The improved innate immune function also promoted a shift towards T helper 

(Th) 1 and Th17 T cell responses to TB, but also to BCG vaccine-unrelated antigens, a 
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phenomenon known as heterologous immunity. Although highly likely, to our knowledge, 

BCG-induced epigenetic changes found in adult monocytes have not been confirmed in 

infants that represent the main target population for BCG. BCG-vaccinated infants also have 

potent Th1 interferon gamma (IFNγ) responses. Therefore, the Vijayan lab tested monocytes 

and CD4 T cells of 20 infants prior to and 6-15 weeks post-BCG vaccination for epigenetic 

changes by performing transposase-accessible chromatin using sequencing (ATAC seq) and 

for transcriptome changes by RNA sequencing. These data were presented as were their 

plans for ongoing analyses.

VI-f. Complicit Indicators: Leprosy and Soil-Transmitted Helminths.

Chronic soil-transmitted helminths (STH) infections can induce long-term immune 

modulation and suppress host cellular immunity; however, deworming can disturb or 

eliminate STH-induced immune suppression. Results from the Hagge lab were presented 

demonstrating that more than 94% of annual new leprosy cases are diagnosed in populations 

co-endemic for STH; and significant associations have been established with increased 

M. leprae burdens (multibacillary or lepromatous leprosy) and inversely with presence 

of immunological complications (leprosy reactions) at leprosy diagnosis. Also presented 

was a second large study by the Hagge lab in Nepal incorporating aspects of deworming, 

Water and Sanitation and Hygiene (WASH) training, multiplex qPCR detection of endemic 

STH species, and longitudinal follow-up for up to 2 years. From 2003-2020, there was a 

first Mass Drug Administration (MDA) campaign in Nepal which gradually worked across 

districts with repeated annual rounds of treatment with albendazole. Therefore, retrospective 

mining of medical charts over decades from a referral leprosy hospital are also being 

investigated for trends.

VII. LEVERAGING THE LESSONS OF MYCOBACTERIA TO IMPROVE 

HEALTH

The overall theme of this session was how we might apply our existing knowledge of 

mycobacteria and the host response to derive novel medical and engineering interventions. 

Panel members included Dr. Mark Endsley (University of Texas Medical Branch) and Dr. 

Andrew Simonson (University of Pittsburgh), who respectively spoke of their work relating 

to inhalable aerogels for rapid clearance of pulmonary TB 91, the role of lymphocyte subsets 

in preventing TB following intravenous vaccination with BCG 92, and TB chemotherapy 

in an HIV setting 87, 90. Additional panel members included Dr. Don Hayes Jr (Cincinnati 

Children’s Hospital Medical Center), Dr. Natalie Hull (The Ohio State University) and Dr. 

Christopher Lowry (University of Colorado), who presented on the subjects of mycobacteria 

and lung transplantation (Hayes), novel technologies for disinfection of NTM laden water 

(Hull), and the modulation of the psychological stress response by M. vaccae 93, 94 (Lowry). 

Summaries of select talks are provided below.

VII-a. Mycobacteria and Lung Transplantation.

Patients with structural lung disease are at risk for acquiring mycobacteria in their lower 

airways, so acquisition of these pathogens can be challenging for those seeking lung 

transplant (LTx) due to the limited number of therapies available and the increasing 

Klever et al. Page 16

Tuberculosis (Edinb). Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



resistance to those therapies. The recent consensus document for the selection of LTx 

candidates published by the International Society for Heart and Lung Transplantation 

reported that active TB infection is an absolute contraindication for LTx, whereas M. 
abscessus infection falls under the category of high or substantially increased risk 95. 

Therefore, patients with pulmonary NTM undergo LTx at transplant centers comfortable 

in managing the pathogen afterwards. At present, there are no standardized guidelines 

for diagnosis and management of pulmonary NTM during the pre-LTx evaluation and 

management period. Those patients who are identified as potential LTx candidates 

with pulmonary NTM should be adequately treated with multidrug regimens. An older 

publication recommended consideration of listing patients for LTx if three sputum samples 

are negative for AFB stain with negative mycobacterial cultures for more than one year 
96. However, it is not uncommon for potential LTx candidates to never clear pulmonary 

a NTM species, so some transplant centers will consider LTx in these patients if three 

consecutive monthly sputum samples remain negative for AFB. Due to variable post-LTx 

outcomes in patients with pulmonary NTM, especially M. abscessus, transplant centers 

have been more cautious in considering patients for LTx with these particular pathogens. 

A single-center study found these inferior post-LTx outcomes were associated with M. 
abscessus subspecies abscessus, especially ST-1 and ST-26 strains, while other M. abscessus 
strains had acceptable outcomes 97.

A systematic review and meta-analysis included a total of 10 studies and found that 

pulmonary NTM disease (as defined by international guidelines) and not isolation (as 

defined by growth of NTM in culture) was associated with worse outcomes 98. This meta-

analysis found risk factors associated with the development of NTM disease, including 

cystic fibrosis and pre-transplant NTM isolation 98. Therefore, strategies to optimize 

prevention and treatment of NTM disease in LTx recipients are needed. Phage therapy 

targeting pulmonary NTM was recently attempted under compassionate use which was 

found to be challenging due to the limited repertoire of therapeutically useful phages, but 

this group found favorable clinical outcomes in patients with their findings supporting their 

use as an adjunctive therapy for some mycobacterial infections 99. Our personal anecdotal 

experience using an intravenous mycobacteriophage in trying to clear the sputum positive 

AFB stain in a potential LTx candidate with CF colonized with M. abscessus subspecies 

abscessus was only partially successful (FIG 6). Although the sputum was cleared, the 

patient eventually developed antibodies that neutralized the Mycobacteriophage. Therefore, 

phage therapy in a chronic setting may be limited by the immune response and require 

modifications to the phage itself. Future therapies may in the horizon with a recent study 

identifying deficiencies in a number of lung resident immune cells 100, so this work hints at 

the possibility of targeting a lack of those immune cells, such as a cell therapy, as a means to 

treat pulmonary NTM.

VII-b. Battling opportunistic NTM infections with novel ultraviolet light emitting diodes.

Pulmonary infection with NTM is a growing problem, the incidence of which varies 

geographically 101–105. The route by which NTM enter the lung, however, is not always 

clear and varies on a case-by-case basis, the possibilities including silent aspiration (since 

NTM infections have been associated with gastroesophageal reflux disease) 106, carryover 
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from contaminated bronchoscopes 107, and inhalation exposure to environmental aerosols 
108. Potential NTM-containing aerosols include those originating from showers, hot tubs or 

therapy pools, or aspiration of drinking water 109. Mycobacteria are prevalent in municipal 

waters (including Ohio 110, the state which hosted MHM9), enriched by water treatment and 

distribution, prolific in building plumbing, and enriched in showerhead biofilms and shower 

hoses 35, 111. Since NTM are resistant to antibiotic therapy and proliferate in plumbing 

systems under the responsibility of building owners, a point of use (POU) engineering 

solution to disinfect residential water supplies would be the quickest (and likely most 

economical) solution to mitigate the risk of NTM inhalation in these environments 112.

Ultraviolet (UV) light emitting diodes (LEDs) pose a novel and sustainable potential 

solution for water disinfection at a POU due to their small size and low power requirements. 

UV disinfection requires no chemical additions, causes no taste/odor issues, has no harmful 

effect from overdosing, does not apply selective pressure for chemical resistance, and has 

little to no effect on disinfection byproduct formation 113. Dr. Hull presented the results 

of a year-long demonstration test comparing the world’s first commercial UV LED water 

disinfection reactor with an existing chlorination system at a small water treatment plant 
114. The study achieved success during lab tests under controlled conditions and in the field 

under challenging conditions without any maintenance, the reactor demonstrated viral and 

bacterial disinfection efficacy and resilience equivalent to the chlorination system, providing 

proof of concept for application of UVC LEDs for municipal water treatment. The success 

of this study raises the likelihood that this technology could be applied at the POU, and 

is being adapted by the Hull laboratory to electricity-free environments (e.g. a shower 

stall or water tap) by converting the hydropower inherent to residential water systems into 

the energy which powers the UV LED, to protect individuals susceptible to aerosol-borne 

opportunistic pathogens such as NTM.

To incorporate UV LEDs in a POU solution to mitigate the risk of NTM inhalation, the 

efficacy of UV LEDs for disinfecting NTM and limiting NTM infectivity must first be 

determined. NTM are susceptible to the radiant energy produced by UV light 115; however, 

previous tests of UV-based solutions to sterilizing NTM-containing water were performed 

with nonpathogenic NTM isolates and hazardous mercury UV lamps which are not practical 

in a residential setting, both from an environmental perspective (mercury from breaking 

fragile quartz lamp bulbs is toxic) and energy efficiency perspective. Since the UV spectrum 

of mercury lamps is limited by the physical properties of this element (254nm for low 

pressure lamps), it is also possible that other UV wavelengths emitted by LEDs may be 

more effective at sterilizing NTM-containing water. For example, bacteria are more sensitive 

to 260 nm due to greater absorbance of nucleic acids versus 254 nm 116, 117. For UV 

treatments, disinfection differs from preventing infection because UV damages nucleic acids 

(inhibiting replication) and proteins (potentially altering host response) 118, but does not 

immediately render cells dead. Because previous studies relied on CFU as their readout 

(i.e. a measure of NTM capacity to grow on nutrient rich agar), it is unclear the extent 

that different UV wavelengths or intensities are sufficient to limit NTM infectivity (i.e. a 

measure of NTM capacity to cause lung disease in an animal or tissue culture model). Hull 

aims to determine the efficacy of UV LEDs for disinfecting pathogenic NTM isolates in 
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water and limiting their infectivity, enabling further research and design of a sustainable 

engineering solution to combat increasing incidences of NTM disease.

VII-c. Mycobacteria as “Old Friends”: Mycobacterium vaccae NCTC 11659, a soil-derived 
bacterium with anti-inflammatory and stress resilience properties.

The “Old Friends” hypothesis proposes that persons living in modern, industrialized 

societies are at increased risk of developing inflammatory conditions 119, as well as stress-

related psychiatric disorders in which chronic, low-grade inflammation is considered a risk 

factor 120. Increased risk of inflammatory conditions in modern, industrialized societies is 

thought to be due to reduced exposure to diverse microbial environments, and subsequent 

failure of immunoregulation. Immunoregulation, as defined by a balanced expansion of 

effector T-cell populations and regulatory T cells (Treg), is driven by microbial signals, 

principally by microorganisms with which mammals, including humans, coevolved (FIG 

7). As defined by the “Old Friends” hypothesis, microorganisms with immunoregulatory 

properties include: 1) the commensal microbiota, which have been altered by the Western 

lifestyle, including antibiotics and a diet that is commonly low in microbiota-accessible 

carbohydrates 121, 122; 2) pathogens associated with the “old infections” that were present 

throughout life in evolving human hunter-gatherer populations 123, 124; and 3) organisms 

from the natural environment with which ancestral humans were in daily contact with (and, 

consequently, had to be tolerated by the immune system) 125. Immunoregulation is thought 

to be compromised in modern high-income settings due to reduced contact with these three 

categories of organisms 125–127. Evidence suggests that some strains of non-pathogenic 

mycobacteria may be considered “Old Friends”, with anti-inflammatory, immunoregulatory, 

and stress resilience properties. These include the soil-derived mycobacterium, M. vaccae 
NCTC 11659, and the type strain, M. vaccae ATCC 15483 128, 129. Several lines of evidence 

suggest that many strains of mycobacteria, if not “Old Friends”, may be tolerated by the 

immune system. For example, recent studies have shown that mycobacteria are the most 

abundant bacterial taxa in municipal water supply systems in both the U.S. and Europe 35, 

while a study of healthy humans identified fifty abundant mycobacteria in the oral cavity 

(buccal mucosa and dental plaque) and upper respiratory tract (nostrils and oropharynx) 130. 

It remains to be determined if other strains of mycobacteria also have anti-inflammatory, 

immunoregulatory, and stress resilience properties.

VII-d. Sterilizing immunity following intravenous vaccination with BCG.

In the face of limited success by vaccine candidates to achieve target metrics in lengthy 

clinical trials, various approaches have been investigated to augment the efficacy of the BCG 

vaccine. Recent work has demonstrated the unprecedented level of sterilizing immunity 

conferred by intravenous, rather than intradermal, administration of BCG in a non-human 

primate challenge model 92. Robust T cell responses observed in the lung and airway 

indicate that long lasting cellular immunity is critical in preventing severe, progressive 

disease. Notably, significant increases in mycobacterial-responsive cells were seen in both 

CD8 and CD4 populations. It is therefore critical to investigate the role of T cell subsets 

in conferring this impressive immunity in order to guide future vaccine research and 

understand how host control of TB is achieved.
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VIII. LEPROSY AND ITS ASSOCIATED DISPARITIES

At MHM9, the presentations and discussions on leprosy were led by Dr. John Spencer 

(Colorado State University), Dr. Carlos Franco-Paredes (Hospital Infantil de México 

Federico Gómez, México), Dr. Kathryn Dupnik (Weill Cornell Medicine), Dr. Ramanuj 

Lahiri (National Hansen’s Disease Programs), and Dr. Maria Pena (National Hansen’s 

Disease Programs). Presentations were on the subjects of “Contrasting conditions in Norway 

in the 19th-20th century and currently in Brazil”, “Clinical experience in treating patients 

with leprosy in the U.S., Mexico, Colombia, and Cuba”, “Blood transcriptome in leprosy 

reversal reaction”, “Leprosy in The United States of America”, and “The Armadillo Model 

For leprosy neuropathy.” Particularly inspiring to the educators and learners in the audience 

was the account of M. leprae discovery in Norway being tied to mentorship, the spirit of 

which continues today as the next generation of leprosy physicians and researchers (FIG 8). 

This history is recounted below, along with a summary of the current situation in Brazil and 

US.

VIII-a. Leprosy in Norway in the 19th - 20th century.

In the mid-19th century, as the prevalence of leprosy began to decline in Western Europe 

and the UK, the disease spread northward into Scandinavian countries, particularly Norway, 

Finland and Iceland. In Norway, respected dermatologists Carl Boeck (1808-1875) and 

Daniel Danielssen (1815-1894) published a book, “Om Spedalske” (About Leprosy) with 

illustrations detailing the main features of skin lesions and deformities found in lepromatous 

patients. Included were descriptions of damage to nerves causing lagophthalmos (inability to 

close the eyelids completely due to injury to the seventh facial nerve), atrophy of muscles 

of the fingers with contractures and progressive bone loss and destruction of the bones and 

cartilage of the anterior nasal spine and alveolar process of the maxilla leading to structural 

loss of the nose and frontal incisors. Danielssen later mentored a young physician, Gerhard 

Henrik Armauer Hansen (1841-1912) who was able to see rod shaped bodies (bacteria) 

with a microscope from skin scrapings of lesional material from leprosy patients. Hansen 

first submitted a preliminary report on his findings in 1873 and soon after published papers 

indicating the possible discovery of the etiological agent of leprosy 131, 132. Despite not 

being able to cultivate the bacteria on any artificial media, he was attributed with the 

discovery of Mycobacterium leprae, the first bacterial human pathogen associated with this 

ancient disease.

Prior to the 1820s, leprosy was not considered a serious health issue in Norway but censuses 

of leprosy patients in 1836, 1845 and 1852 reported increasing numbers of those afflicted 

leading to the initiation of control measures with 1,782 new cases that final year. The 

National Leprosy Registry of Norway was established in 1856 133. Initial responses of 

health officials in Norway in the mid-1800s were to isolate all individuals suspected of 

having leprosy regardless of the form of disease and to congregate them in many isolated 

farmsteads which likely resulted in exacerbating high rates of transmission. Eventually, 

three new hospitals were built from 1854-1861 with a total number of 930 beds. With 

the establishment by Hansen that the disease was spread by an infectious agent, health 

authorities began to believe that transmission could be reduced by isolating and congregating 
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contagious individuals in these hospitals. The admission of individuals with leprosy was 

voluntary until 1875, after which time patients either had to be committed to a hospital or 

quarantined at home. Peak new case detection rates (NCDR) were 2-3 per 10,000 population 

for all age groups above 15 years old from 1856 to 1875, rates currently considered highly 

endemic 134. New cases in children under 15 years old also reached a peak during this 

time at around 8% indicating continued unchecked spread of multiple foci in the general 

population. After 1886, age related demographics shifted with fewer cases detected in 

children (<0.07 per 10,000 population between 1901 to 1920) and increasing in individuals 

over 60 years of age representing the highest percentage of the total of new cases detected 

at 30% 135. Factors contributing to the decrease of leprosy in Norway were a steady increase 

in per capita income, improved nutritional status and lower population density in dwellings 

all leading to better socio-economic conditions up to the beginning of the 20th century. 

After 1920, only 27 new cases of autochthonous leprosy were recorded in Norwegians 
134 indicating elimination in the modern era, a remarkable achievement considering it was 

decades before successful drug therapy for leprosy was discovered.

VIII-b. Leprosy in Brazil in the 21st century.

Brazil remains the only country in the world that still has not met the World Health 

Organization’s goal of less than one new case per 10,000 population, with rates in 2019 

around 1.3 new cases per 10,000. Prior to the pandemic, Brazil averaged 27,000 new 

cases per year from 2015-2019. Of these between 7.4% and 5.5% were in children under 

15 years old 136, an important epidemiological indicator as this correlates with recent 

disease transmission and multiple active foci of spread within the community 137. There 

remain disparities in NCDR in different states in Brazil. There is a close relationship 

between increased NCDR in areas with low human development index (HDI) scores, which 

encompasses three metrics; life expectancy at birth, level of education and per capita 
income. It follows that leprosy NCDR are highest in states with low HDI scores including 

Brazilian states in the central-west (Goias, Mato Grosso) and north (Pará, Maranhão, 

Tocantins). Rates vary in these states from very high to hyperendemic, between 2 and 

>4 new cases per 10,000 population (similar to rates found in Norway in the latter part 

of the 19th century). By contrast, rates are ten-fold lower or less in states with a high 

HDI, such as the Federal District and southern states. Meta-analysis of secondary data links 

poor socioeconomic conditions with being at risk for leprosy with food deprivation, low 

education levels and low income being most relevant 138, 139. Other documented risk factors 

include living in an area highly endemic for leprosy exposure, overcrowding within the 

household, lack of access to health care, lack of clean drinking water causing bacterial, 

amoebal or helminth co-infections; the latter that can cause a shift to a Th2-ineffective 

immune response for leprosy140. More recent data suggest a decline in the numbers of new 

cases in children, with a concurrent rise in cases in elderly individuals over the age of 65, 

particularly in southern Brazilian states, like Rio Grande do Sul where leprosy rates have 

fallen to below 0.1 new case per 10,000 population 141, 142. Thus, the southern states are 

trending towards leprosy elimination similar to the decline in Norway observed at the turn of 

the 20th century.
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VIII-c. Leprosy in the United States of America.

In the US, 1801 new leprosy cases were diagnosed at National Hansen’s Disease Program 

(NHDP) between 2011 – 2020. The US generally followed the global trend in male to 

female patient ratio (2:1) and that of multibacillary (~60%) to paucibacillary (~40%) cases. 

Thirty-one cases were positive for M. lepromatosis during 2013 – 2020 of which 10 cases 

had co-infection with M. leprae. The majority of patients (>50%) were above the age of 45 

years at the time of diagnosis. Patients are routinely screened for different biopsychosocial 

determinants, and most patients showed elevated scores in at least one of these determinants 

immediately following diagnosis. Moreover, in most patients’ depression and anxiety scores 

were elevated following an episode of reaction, onset or deterioration of neuropathy, and 

drug-induced side effects, especially hyperpigmentation caused by clofazimine. Many US 

patients also have comorbidities, mainly diabetes, which becomes a challenge during leprosy 

reactions as prolonged corticosteroid is still the mainstay of reaction treatment. This clearly 

shows a need for a better treatment regimen along with therapeutic intervention(s) to prevent 

or manage reactions and nerve damage. Over the years, we have developed various clinical 

and sub-clinical mouse models, together with various biochemical and molecular methods 

to determine viability of the uncultivable M. leprae 143, 144. Leveraging these tools, we have 

now developed a drug evaluation pipeline to evaluate the efficacy of any bactericidal drug 

or drug combination regimen against both M. leprae and M. lepromatosis. We have used 

this pipeline to evaluate more than 30 anti-mycobacterial candidates that are in different 

stages of clinical development 47, 145. Telacebec (Q203), Macozinone (PBTZ-169), and 

Sutezolid are some of the most promising ones and are currently being tested in combination 

with other drugs to determine whether an effective shorter intermittent treatment regimen is 

possible.

VIII-d. Clinical experience in treating patients with leprosy in the U.S., Mexico, Colombia, 
and Cuba.

Neglected tropical diseases (NTDs) are remediable injustices of our times. Poverty and 

social exclusion represent the starting point, and the ultimate outcome of this group of 

diseases includes leprosy. In the context of NTDs, poverty should be seen as the relative 

deprivation of freedoms and capabilities dictating a lack of opportunities and choices in life 

to accomplish what we value as human beings 146. Leprosy is a disease that predominantly 

affects socially excluded populations and that promotes poverty by relatively depriving 

individuals of basic capabilities and freedoms. The social pathways of becoming ill with 

leprosy include socially determined failures, including widespread illiteracy, malnutrition, 

poor living conditions, unemployment, and the overall failure of ownership relations in the 

form of entitlements. In turn, in a vicious cycle of destitution and dispossession, leprosy and 

other NTDs produce disability, disfigurement, stigma, and premature mortality 147.

The persistent transmission of leprosy in many resource-poor settings in the US, Mexico, 

Colombia, and Cuba—despite the widespread deployment of multidrug therapy—represents 

an indicator of a world where many human groups live with limited access to education, 

sanitation, health, and social services. All of these factors represent the result of historical 

legacies that result in social injury. Leprosy does not occur in an ecological and societal 

vacuum, and thus, a vertical neoliberal approach to control or eliminate the disease is 
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insufficient. Leprosy is closely related to conditions of poverty and maldistribution of 

wealth, power structures, and different valuation of human lives 148. Achieving a leprosy 

free world requires performing social autopsies, which are assessments to highlight the 

importance of social and non-biological forces contributing to the continuous occurrence 

of leprosy and its sequelae “beyond the numbers”, to implement comprehensive horizontal 

interventions that invest in human and social capital and the overall well-being of the 

affected individuals and communities. Optimally, social improvements to reduce inequities 

are prerequisites to reduce the prevailing unfair social arrangements conducive to the 

persistent occurrence of leprosy and other neglected infectious diseases. Leprosy is an 

ancient disease that offers a window of opportunity to learn the ecological expression of 

social inequalities and the historical power of stigma but also of the endurance of the human 

spirit 146, 148 (FIG 8).

VIII-e. The Armadillo model for leprosy neuropathy.

The nine-banded armadillo (Dasypus novemcinctus) is the only animal in North and South 

America, besides humans, that is naturally infected with M. leprae. Armadillos, like humans, 

exhibit the full clinical spectrum of leprosy and more importantly, they show extensive 

involvement of the peripheral nerves, and are recognized as a reliable model of leprosy 

neuritis. We developed, standardized, and validated a variety of invasive and non-invasive 

tests to compare peripheral nerve functions between uninfected and M. leprae-infected 

armadillos 149. We used these non-invasive tools to evaluate the efficacy of two potential 

neuro-protective drugs, ethoxyquin (EQ) and 4-aminopyridine (4-AP) in their ability 

to ameliorate peripheral nerve injury in M. leprae-infected armadillos. 4-AP treatment 

improved motor nerve conduction velocity (MNCV), compound muscle action potential 

(cMAP), and epidermal nerve fiber density (ENFD) compared to untreated animals, while 

EQ did not have any significant effect. These non-invasive tools have made it possible for 

us to do routine longitudinal follow-up of infected armadillos for nerve function impairment 

(NFI) which revealed that onset of NFI is early (~4-6 months post-inoculation) in these 

animals 149, 150. These tools have also enabled us to identify infected armadillos that 

are likely exhibiting pure neuronal form of leprosy. These animals are classified as pure 

neuronal when they show NFI in the absence of anti-PGL-1 positivity for the entire course 

of the disease (usually 18-24 months) and full dissemination of M. leprae infection as 

indicated by extremely low bacterial counts in the internal organs (liver and spleen) but 

higher counts in peripheral nerves. These results support the armadillo as a model for M. 
leprae-induced peripheral nerve injury that can provide insights toward the understanding of 

NFI progression and contribute to the preclinical investigation of the safety and efficacy of 

neuro-preventive and neuro-therapeutic interventions for leprosy.

VIII-f. Blood transcriptome in leprosy reversal reaction.

One in three people with leprosy develop a pathologic immune reaction, reversal reaction 

or erythema nodosum leprosum, which causes significant additional morbidity 151. Delay 

in recognition and treatment of immune reactions increases the risk of irreversible damage 

related to neuritis. Treatment of the reactions is with high-dose corticosteroids or potentially 

toxic immune regulators such as thalidomide. Dr. Dupnik described studies done with 

the Federal University of Rio Grande do Norte in Brazil to characterize differential gene 
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expression in peripheral blood mononuclear cells (PBMC) during reversal reactions 152, 

including preliminary, unpublished data from a study of the transcriptome of paired PBMC 

from four people prior to and at the onset of reversal reaction. These data were additional 

support for systemic immunologic changes during reversal reactions.

IX. BOVINE TUBERCULOSIS AND ITS ENVIRONMENTAL CONFOUNDERS

In addition to confounders that originate within the host (e.g. disease comorbidities) or 

from other microbes (e.g. coinfections), other mycobacterial disease confounders originate 

in the environment; these include air pollution, climate change, and human encroachment 

on wildlife reservoirs of mycobacterial pathogens. The discussion of environmental 

confounders is particularly relevant to bovine TB, zoonotic TB (zTB), and the One Health 

approach that recognizes the interconnection between people, animals, plants, and their 

shared environment in achieving optimal heath. Addressing these topics were Dr. Liliana 

Salvador (University of Arizona), Dr. Sandrine Lesellier (ANSES, France), Dr. Paola 

Boggiatto (USDA), Dr. Claudia Perea (USDA), and Dr. James Sunstrum (Beaumont Health). 

Summaries of select talks are provided below.

IX-a. M. bovis genomic signatures across organizational scales.

M. bovis, the causative agent of bovine tuberculosis (bTB), infects a broad mammalian 

host range (including humans), creating opportunities for cross-species transmission at the 

wildlife-livestock interface, which impacts the success of bTB control measures worldwide. 

M. bovis is considered a generalist pathogen, however, only a few mammal species become 

reservoirs of infection after spillover events, and the ability to identify host-species that 

have the potential to maintain and transmit pathogens and/or regions that have high risk of 

becoming endemic, would improve current surveillance and control strategies. To determine 

potential adaptation mechanisms to different hosts and/or regions, Legall and Salvador 
153 identified M. bovis genomic signatures that are associated with these organization 

scales by performing a comparative genomic analysis on publicly available datasets of 

M. bovis collected from three bTB endemic regions (United Kingdom 154, New Zealand 
155, and United States 156). These datasets collectively included a total of 11 host species 

with a balanced combination of wild and domestic hosts 153. M. bovis genomic regions 

that contained evolutionary signatures such as selective sweep regions and high Single 

Nucleotide Polymorphisms (SNPs) density regions were identified and used in random 

forest models to determine if they were predictive of M. bovis endemic regions and host-

species. The genes (and their associated functions) related to these genomic regions were 

identified and further analyzed to study their involvement in M. bovis transmission and 

persistence in different environments. The 132 selective sweep and 14 high SNP density 

regions that were found predicted with high accuracy (≥0.945) the country of origin and 

the UK host-species (badgers vs cattle). The top two predictors for host species in the UK 

were one particular selective sweep region and one particular high SNP density region that 

contain genes that are implicated in mycobacterial adaptation (vapb18 and vapc18) as well 

as lipoproteins that affect lipid modifications (lppA, lppB, plrR). High rate of mutations 

in these genes could be associated with adaptation to the immunological pressures within 
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certain hosts and a close monitoring of these regions could provide a signal that M. bovis is 

persisting within a population.

IX-b. Bovine TB in badgers.

Bovine TB caused by M. bovis remains one of the most important animal diseases 

worldwide and an underestimated burden of tuberculosis in humans. In Europe, the TB 

prevalence of TB can exceed 10% of herds in the UK and it can be challenging to maintain 

prevalence below 0.1% in Officially TB free countries) with significant financial, social and 

environmental impacts. TB eradication in cattle is therefore urgent with control of infection 

from all main sources, including wildlife reservoirs for TB. Developing oral veterinary 

vaccines for badgers (Meles meles) against TB 157, 158 is therefore an international endeavor 

to sustainably reduce the long-term risks of transmission to cattle. The BCG vaccine, as well 

as M. bovis, stimulates strong Th1 responses in badgers against M. bovis antigens (bovine 

tuberculin - Purified Protein Derivative-B PPD-B), but also to M. avium tuberculin (PPD-A), 

an important environmental mycobacteria that also contaminate badgers 159, 160.

Pre-infection with M. avium tends to be associated with more severe TB disease in 

experimentally infected badgers 161, and may also impact the response of wild badgers 

to the BCG vaccine. Ferrets are laboratory animal models for screening vaccines before 

testing in badgers and generally do not respond to PPD-A, suggesting they are not exposed 

to M. avium. In parallel, badgers responding to PPD-B but also A generally do not grant a 

response against ESAT-6 162, while TB infected ferrets (always PPD-A negative) do. This 

different mycobacterial pre-exposure levels and background immune responses between 

ferrets and badgers should be taken in account when testing the protective efficacy provided 

by oral vaccine candidates in mustelids, as factors that may influence severity scores and for 

immune responses.

IX-c. Oral vaccination against bovine tuberculosis for free-ranging white-tailed deer.

Bovine TB, caused by infection with M. bovis has been estimated to affect >50 million cattle 

with an economic impact of $3 billion annually. The implementation of national eradication 

program has been successful in decreasing disease prevalence, yet eradication remains 

elusive. One obstacle to eradication is the presence of wildlife reservoirs of M. bovis. In 

the United States, white-tailed deer were identified as the reservoir for disease in Michigan. 

Since then, spill back onto cattle herds has been an ongoing issue in this state, where 

the focus of infected white-tailed deer remains. Surveillance and control measures were 

implemented to control bTB spread in free-ranging white-tailed deer populations. While 

successful in decreasing disease prevalence, eradication has not been achieved. Vaccination 

of white-tailed deer has been proposed as an additional method to help control disease 

spread. In several penned deer studies, oral administration of liquid BCG was shown to be 

protective against virulent M. bovis challenge. Protection was defined as a reduced number 

of lesions, fewer advanced grade granulomas, and decreased dissemination to thoracic and 

extra-thoracic lymph nodes, when compared to non-vaccinated animals. Altogether, these 

features could translate into a decreased potential for disease spread, and therefore, aid in 

disease control. However, vaccination of free-ranging wildlife presents its own unique set 

Klever et al. Page 25

Tuberculosis (Edinb). Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of challenges including adequate administration platforms, ensuring vaccine availability, and 

measuring vaccine efficacy.

IX-d. World Mycobacterium bovis project.

M. bovis causes tuberculosis in livestock and wildlife worldwide. Furthermore, it also causes 

disease in humans, making it an important zoonotic pathogen where animal tuberculosis 

is endemic. Presently, whole genome sequencing can provide a great benefit to disease 

investigations and research. The National Veterinary Services Laboratories of the USDA 

has an ongoing “World M. bovis Project” aimed at characterizing M. bovis strains from 

across the world to improve source attribution both locally and internationally. Ultimately, 

the goal is to develop a curated database of M. bovis genomes that includes associated 

metadata that can be used to provide a more comprehensive phylogenetic analysis of M. 
bovis lineages and that is representative of its overall diversity. Collaborations have already 

been established with more than 35 countries, including representatives of the animal health 

authorities (national reference laboratories) and researchers from each country. Currently, a 

total of 39 main phylogenetic groups have been identified, which represent the main clonal 

complexes described for M. bovis: European 1, European 2, European 3 (“BCG-like”), 

African 1 and African 2. Lineages that do not fall within these complexes have also been 

identified. Overall, the observed distribution of the genetic diversity reflects the patterns 

of natural livestock migration and historical and recent commercial trade routes for cattle. 

Interestingly, human migration may also be playing a role in the worldwide distribution of 

M. bovis.

IX-e. Zoonotic M. bovis disease in patients with exposure to wild deer – Michigan 
2002-2022.

Bovine TB was thought to have been eliminated from cattle in Michigan in the 1980’s. 

This was accomplished by decades of veterinary work to test cattle with skin tests, slaughter 

cattle with reactive skin tests, and quarantine of affected herds. This program significantly 

reduced the amount of human disease from M. bovis, as less contaminated milk and 

dairy products were consumed. However, there was an unrecognized transmission of the 

infection from cattle into free-ranging deer in a small area of NE Michigan, which was 

recognized in 1994. This is now identified as a chronic enzoonotic focus of infection, 

involving deer and spreading back into cattle herds. Since the discovery of the spillback into 

cattle, over 88 herds have been affected causing significant economic problems for cattle 

producers. Surveillance of hunted deer for diseased lymph nodes has identified over 900 

infected deer. Since 2002 seven humans have been diagnosed with illness due to M. bovis, 

and data suggest they became infected following exposure to diseased deer. Five human 

cases involved the pulmonary system, and two cases sustained a finger injury handling a 

carcass triggering finger infections (FIG 9). Zoonotic TB needs further research into the 

epidemiology of human exposure, risk assessment, and mitigation of animal reservoirs of 

disease. A One Health approach to deal with this enzoonotic focus involves veterinarians 

examining both cattle and wildlife, and close collaboration with public health physicians. 

Working on this problem may serve as a management model to provide key insights into 

zTB transmission in other regions of the world, as zTB is increasingly being recognized as a 

global health issue.
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X. RECENT INNOVATIONS IN MYCOBACTERIAL RESEARCH

The final panel discussion of MHM9 was dedicated to advances in a variety of fields, 

highlighting the breadth of approaches being taken to identify host and microbial factors 

contributing to mycobacterial disease pathogenesis and transmission. As led by Dr. Karen 

Lacourciere (NIAID), panelists included Dr. Igor Kramnik (Boston University), Dr. Gillian 

Beamer (Texas Biomedical Research Institute), Dr. Keith Derbyshire (The Wadsworth 

Institute), Dr. Srinand Sreevatsan (Michigan State University), Dr. David Tobin (Duke 

University), and Dr. Charlie Pyle (Duke University), who respectively presented on their 

work regarding a mouse model of post-primary pulmonary TB 163, advances in artificial 

intelligence-assisted histological analysis 164, 165, exploiting the genetic orthologs of M. 
smegmatis to understand mycobacterial pathogenesis 166, 167, whole-genome analysis of 

Mtb isolates from Asian elephants of Nepal 168, and mycobacteria evolution within the 

granuloma. Summaries of these presentations are provided below.

X-a. A mouse model of post-primary pulmonary TB.

Post-primary pulmonary TB (pppTB) is a major clinical form of tuberculosis in adult 

patients. It has been shown that in the majority of cases the pppTB develops as a result of 

reactivation and dissemination of Mtb from primary lesions to the upper lung lobes. There, 

the secondary lesions may progress to form necrotic cavitary lesions. It remains unknown 

which factors are involved in the formation and propagation of secondary lung lesions and 

why systemic immunity fails to control the pulmonary TB progression. The Kramnik lab 

reported the development of a mouse model of pppTB in immunocompetent mice. This 

model uses a mouse strain that carries the sst1 TB susceptibility locus on the B6 genetic 

background and has been shown to develop organized necrotic granulomas specifically in 

the lungs after aerosol infections with virulent Mtb. In the pppTB model, virulent Mtb is 

not delivered directly to the lungs via aerosols, but the primary lesion is created remotely by 

injecting Mtb in a mouse hock. The dissemination of Mtb to and persistence in the regional 

lymph nodes, spleens and other parenchymal organs was observed in all animals for up to 

6 months of infection. However, only in the lungs the macroscopic TB lesions were formed 

and progressed toward the necrotization. The pulmonary lesion progression was monitored 

using acid fast staining, multiplexed fluorescent immunostaining and spatial transcriptomics. 

Their preliminary results demonstrated that the pulmonary lesions progressed in the sst1-

susceptible B6. Sst1S mice, but not in their B6 wild type counterparts, within 3 - 6 months 

post infection from the interstitial paucibacillary granulomatous lesions to multibacillary 

pneumonic lesions with areas of necrotic inflammation (FIG 10). The loss of Mtb control 

was associated with an aberrant macrophage activation within pulmonary TB lesions that 

was characterized by the hyperactivity of type I interferon pathway and the appearance 

and expansion of an Arg1+ macrophage population. Providing further insights into specific 

mechanisms of pulmonary TB progression, this model may also be useful for pre-clinical 

testing of post-exposure interventions.

X-b. Artificial intelligence assisted histological analysis.

The complexity, dynamic nature and importance of TB granuloma has been recently 

reviewed 169. A perennial challenge for TB researchers across the career spectrum is how to 
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best derive meaningful, quantitative data from post-mortem TB granuloma visualizations. 

TB granulomas are typically visualized by staining sections of granulomatous tissues 

with dye combinations such hematoxylin and eosin (H&E, to visualize general structure), 

carbol fuchsin with methylene blue counterstain (to visualize AFB), or more specialized 

immunohistochemistry reagents to identify specific cell subsets. To generate meaningful, 

quantitative data from these images, researchers must currently rely on pathologists to 

examine tissues and create de novo scoring systems or count cells/lesions across hundreds or 

thousands of sections. Pathologists are not always available to provide this service, which is 

necessarily slow and tedious, especially in resource-limited settings or institutions which do 

not have clinical pathology service lines. To improve access to pathology expertise, as well 

as improve the efficiency and reproducibility across experiments (and investigators) while 

also reducing bias, the Beamer lab and a commercial partner are developing an automated, 

artificial intelligence (AI) based tool for extracting complex visual information from TB 

granulomas. Beamer presented on her progress building and validating AI modules for lung 

sections dual-stained for H&E plus AFB, the most common stains in TB research, to detect 

and quantify features (e.g., necrosis, immune and inflammatory cells, bacteria, etc.) within 

TB granulomas to gain insight into spatial relationships, and functional outcomes. MHM9 

participants were invited to contribute specimens for their future endeavors focused on (i) 

AI modules for other stains, i.e., fluorescent products and immunohistochemical substrates; 

and (ii) use the AI maps to guide laser capture microdissection of regions of interest. Their 

hope is that by coupling these two technologies will support hypothesis driven research and 

support discovery to elucidate hidden structure-function relationships, as visually similar 

cellular regions in granulomas may have different gene expression profiles, and different 

protein expression 170, 171. It is anticipated that development, validation, testing, and access 

to this tool will accelerate our understanding of TB granulomas, and ultimately leading to 

better treatments and novel vaccines for TB.

X-c. Exploiting the genetic orthologs of M. smegmatis to understand mycobacterial 
pathogenesis.

Derbyshire discussed the establishment of a Mycobacterial Systems Resource (MSR) using 

the model organism M. smegmatis 166, 167. This resource focuses specifically on 1,153 

highly conserved core genes that are common to most mycobacterial species including 

Mtb, M. leprae, M. abscessus, and M. marinum and, therefore, the encoded proteins likely 

perform conserved mycobacterial core functions. Thus, functional insights gained from the 

MSR will apply to all mycobacterial species including the less experimentally tractable 

pathogens. The biological resource includes (i) an expression-plasmid library of 1,116 

genes fused to a fluorescent protein for determining protein localization, (ii) a library of 

569 precise-deletions of non-essential genes, and (iii) a set of 843 CRISPR-interference 

plasmids specifically targeted to silence expression of essential core genes and genes for 

which a precise deletion was not obtained. The informatic resource includes information 

about individual genes and a detailed assessment of protein localization and is described at 

referenced websites 172, 173. Examples were presented on how the library and data sets can 

be utilized to identify genes that impact biofilm formation, proteins that co-localize within 

a cell and, therefore, are likely part of the same protein machinery (guilt by association), 

and how CRISPRi silencing can be exploited to identify conditionally essential genes. By 
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selecting the most conserved genes that mediate core functions, the resource provides an 

experimental foundation to verify existing putative functional annotations or initially assign 

function to genes that currently lack direct empirical support. Most importantly for this 

research community, the MSR is the only centralized mutant or cloned gene resource for all 

Mycobacterium Sps, despite the recognized impact of NTMs on global health.

X-d. Mycobacteria evolution within the granuloma.

Granulomas are evolutionarily conserved, multilayer immune complexes, that can isolate 

pathogenic mycobacteria within their hosts. Using multiple model systems, including 

zebrafish, we showed that during mycobacterial infection, granuloma macrophages undergo 

epithelioid transformation events that contribute to granuloma formation and stability. stat6-

deficient macrophages fail to undergo epithelioid transformation, leading to an absence 

of structured granulomas 174. Other discrete granuloma macrophage subsets and cell-

specific pathways appear to be uniquely responsible for containment of the granuloma’s 

bacteria-rich necrotic core. In addition to epithelioid macrophage transformation, pathogenic 

mycobacteria can regulate the motility of infected macrophages to influence dissemination. 

We identified EsxM as an ancestral bacterial secreted effector that contributes to increased 

rates of dissemination in “ancestral-lineage” strains of Mtb 175. The studies we presented 

highlight the co-evolution of pathways in both host and pathogen that reprogram 

macrophages to enhance regional consolidation of mycobacterial lesions.

XI. REMEMBERING THOSE WHO HAVE PASSED

As in previous MHM meetings 176, time was taken to remember those who passed on 

after having made important contributions to our understanding of mycobacterial disease 

and/or care of people affected by mycobacterial disease. Remembered individuals include 

Dr. Susan La Flesche Picotte. A member of the Omaha people, Dr. Picotte was the first 

Indigenous person to be conferred with a medical degree in the Americas. For many years 

she was the only medical doctor for ~1200 Omaha people over an area of 1300 square miles. 

She cared for many individuals with TB and petitioned the US federal government for aid 

to establish a hospital on the Omaha reservation; receiving none, she led the efforts that 

established a privately run hospital for both Indigenous and non-Indigenous people alike 21. 

Her hospital is currently being restored as a community center and wellness clinic in her 

honor 177.
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FIGURE 1. Tuberculosis among Americans living in Alaska.
The geographical distribution of TB incidence in the state of Alaska for the year 2022, 

as reported by the Alaska Department of Health for the Northern, Interior, Southwest, 

Matanuska-Susitna, Gulf Coast and Southeast regions, as well as the capital city Anchorage.

Klever et al. Page 44

Tuberculosis (Edinb). Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. The TB incidence rate of Northern and Southwest Alaska relative to all countries in 
the Western Hemisphere.
Bubble chart depiction of TB incidence in each country of the Western Hemisphere, 

per 2021 data reported by the World Health Organization. The diameter of each bubble 

is directly proportional to TB incidence in the indicated country, each country being 

represented by its flag. Bubbles are generally organized according to the latitude and 

longitude coordinates of the corresponding country’s capital city. For comparison purposes, 

the incidence rates of Northern and Southwest Alaska--the bubble for which are represented 
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by Alaska flag components--are treated separately from all other US states. Note that any 

country with an incidence of 5/100K or below is depicted by a black dot.
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FIGURE 3. A mausoleum for unknown and unclaimed victims of TB in Sitka, Alaska.
Photo of a World War II ammunition bunker, at Mt. Edgecumbe in Sitka, which was 

repurposed to be a mausoleum for deceased TB patients in the 1940s and 1950s. No funds 

were available to transport remains back to their loved ones for half a century. Fifty years 

later, if relatives could be located, some were transported home for burial. The others 

remained buried here in Sitka. Image courtesy of Bruce Chandler.
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FIGURE 4. M. bovis infections in wild carnivores.
To survey the prevalence of M. bovis infection and identify their associated cell-mediated 

immunological biomarkers in wild carnivores or Kruger National Park, South Africa, 

teams of veterinarians and researchers anesthetize and collect blood from and/or perform 

endoscopies on (A) spotted hyenas, (B) African wild dogs, and (C-D) lions. Samples are 

then brought back to laboratory for microbiological and immunological assessments. Images 

courtesy of Michele Miller.
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FIGURE 5. The outcome of pulmonary infection with Mtb in rabbits.
Depending on the nature of infecting Mtb strain and the infectious inoculum used, rabbits 

(Oryctolagus cuniculus) can develop the progressive cavitary disease (Active TB; left 

panel), marked with an elevated bacillary load at 4 weeks that persists until 16 weeks 

post-infection. These rabbits develop heterogeneous lung granulomas, including necrotic, 

caseating, and cavitary lesions. The latent Mtb infection (LTBI; mid-panel) model in rabbits 

is characterized by a transient bacillary growth until 4 weeks that gradually reduces to a 

complete absence of live bacteria over time (12-24 weeks). These rabbits rarely have any 

subpleural lesions. Immunosuppression (Kenalog) treatment of rabbits with LTBI leads to 

the reactivation of active disease (right panel) with elevated bacillary growth in the lungs. 

The lightweight line is to indicate that immune suppression of rabbits with LTBI results in 

reactivation of disease. Images courtesy of Selvakumar Subbian.
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FIGURE 6. A case of mycobacteriophage-resistant M. abscessus infection.
(A) Plain chest radiograph and (B) computed tomography of the chest showing advanced 

bronchiectasis in an adolescent with cystic fibrosis and CFTR genetic mutations not 

amenable to CFTR modulator. The patient presents for lung transplant evaluation, but 

that was delayed due to sputum being both AFB stain positive and culture positive 

for M. abscessus. Standard and investigational therapies were unsuccessful in clearing 

the positive AFB sputum stain to allow consideration for transplant at that time, so 

intravenous Mycobacteriophage therapy was instituted that eventually cleared the positive 
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AFB sputum stain. However, after one-year of phage therapy, the patient developed 

neutralizing antibodies against the phage leading to the return of the AFB sputum stain 

positivity. Images courtesy of Don Hayes Jr.
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FIGURE 7. Hypothetical model illustrating mechanisms through which “Old Friends”, such as 
M. vaccae NCTC 11659, impact systemic inflammation and immunoregulation.
Exposure of immature dendritic cells (DC) to M. vaccae NCTC 11659 induces 

differentiation of regulatory DCs (DCreg) that bias T-cell differentiation away from T helper 

type 1 (Th1), Th2, and Th17 cells towards induction of regulatory T cells (Treg) that secrete 

anti-inflammatory cytokines including interleukin 10 (IL-10) and transforming growth factor 

beta (TGFβ). Abbreviations: DCreg, regulatory dendritic cells; IFNγ, interferon gamma; 

IL-2, interleukin 2; IL-4, interleukin 4; IL-10, interleukin 10; IL-13, interleukin 13; IL-17a, 

interleukin 17a; IL-17f, interleukin 17f; NCTC, National Collection of Type Cultures, Th1, 

T helper type 1; Th2, T helper type 2; Th17, T helper type 17; TNFα, tumor necrosis 

factor alpha; Treg, regulatory T cells. Figure made with Biorender. Image courtesy of Caelan 

Wright.
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FIGURE 8. Training the next generation of healthcare workers in Brazil and Panama to 
recognize signs and symptoms of leprosy.
Scenes from an expedition in Brazil to a fishing village where local healthcare workers were 

trained to recognize the signs of leprosy. (A) Fishing villages are often accessible only by 

boat and comprise (B) poor homes in close proximity to frequently flooded river habitats. 

For this particular trip, (C) a team of leprosy experts and specialists are led by community 

health agents to the homes of suspected cases. (D) Suspected cases are either examined at 

their home or (E) in a clinical setting. (F-G) A point-of-care tool being used to improve 
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leprosy diagnosis (Semmes-Weinstein monofilament), seen here being applied to suspected 

patches of M. leprae infected skin on the (F) cheek and (G) foot. As originally reported in 

2021, a Semmes-Weinstein monofilament kit comprises six different monofilaments from 

the thinnest one, light green (0.07 gm force, like the feeling of a mosquito landing on your 

skin) to the thickest, pink (>300 gm, the thickness of a pencil lead). The graded force 

of the six colored monofilaments are used to progressively determine loss of sensation in 

skin lesions or on the hands or feet by touching the monofilament tip to the skin surface 

and asking the person if they feel it. If they don’t feel the thickest pink one, then there 

is total loss of sensation in the skin lesion. Photos courtesy of John Spencer and Carlos 

Franco-Paredes.
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FIGURE 9. Tuberculosis among white-tailed deer in Michigan.
(A) Deer Management Unit (DMU) 452 is a large area in Michigan, USA, where bovine 

TB is endemic in white-tailed deer (Odocoileus virginianus). Shown is the location DMU 

452 in relation to the counties surrounding it, which are subjected to both active and 

passive surveillance by the Michigan Department of Natural Resources (DNR), as part of 

their disease mitigation efforts to prevent spillover to cattle. For active surveillance, hunters 

voluntarily submit the heads of deer for examination; for passive surveillance, hunters may 

submit deer carcasses with TB chest lesions from anywhere in the state. In yellow and 
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orange are counties surrounding DMU 452, where surveillance efforts are most focused, 

as well as distal testing sites (circled) to surveille bovine TB movement south (the Great 

Lakes prevent bovine TB movement north). The table inset lists for each county surrounding 

DMU 452 the total number of deer tested and total positive for M. bovis in 2022, as 

originally reported by the Michigan DNR. (B) An M. bovis-infected hand, the result of a 

zoonotic transmission event which occurred while preparing an M. bovis-infected deer head 

for taxidermy. Images courtesy of James Sunstrum.
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FIGURE 10. Progression of post-primary pulmonary TB lesions is associated with macrophage 
polarization.
Post-primary pulmonary TB lesions in B6.Sst1S mice 14 weeks after footpad infection 

with 106 of virulent Mtb Erdman. Shown are (A) a controlling paucibacillary lesion, and 

(B) a non-controlling multibacillary lesion, with stains corresponding to T lymphocytes 

(CD3+, red), B lymphocytes (CD19+, green), and macrophages (Iba1+, blue) expressing 

nitric oxide synthase (iNOS+, magenta) or arginase (Arg1+, yellow). Scale bare = 

50 microns. Acid fast staining on serial sections was used to classify TB lesions: 

controlling lesions were paucibacillary and Mtb was intracellular with 1-2 bacilli per 

infected macrophage. The non-controlling lesions were multibacillary with clusters of 
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intracellular Mtb and areas of micronecrosis containing extracellular bacteria. Multiplexed 

fluorescent immunohistochemistry and quantification using HALO software were performed 

as described in Rosenbloom et al 178. Images courtesy of Igor Kramnik and Nicholas 

Crossland.
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TABLE 1.

MHM9 sessions and select associated Presentations

I. Round table introductions

II. Infectious diseases in Indigenous health

II-a. The history of tuberculosis among Native Nations

II-b. COVID-19 in tribal communities

II-c. Vaccine development to target STIs in Native American communities

II-d. Impact of host environment on Mtb fitness and drug efficacy

III. Tuberculosis in Alaska

III-a. The introduction of TB by explorers and colonists

III-b. Effects of TB sanitoria on Alaskan Natives

III-c. TB chemotherapy studies on Alaskan Natives

III-d. Uneven geographic distribution of TB in Alaska

III-e. Hurdles in the path to reducing TB rates in Alaskan Native communities

IV. Mycobacteria in the soil, water, and wild

IV-a. Environmental NTM hotspots of the Hawaiian islands

IV-b. Buruli ulcer and M. ulcerans susceptibility to Telacebec (Q203)

IV-c. Johne’s disease and M. paratuberculosis

IV-d. M. bovis infections in wild carnivores

V. Mycobacterial disease comorbidities and confounders

V-a. M. abscessus and cystic fibrosis

V-b. Adipocyte dysfunction, insulin resistance in TB

V-c. Metabolic comorbidities and TB

V-d. M. avium infection and cardiac dysfunction

V-e. NTM and COPD

VI. Models for assessing mycobacterial disease and coinfections

VI-a. Modeling the M. tuberculosis carriage state

VI-b. Biomarker utility in the guinea pig infection model of TB

VI-c. Humanized mice and HIV/Mtb coinfection

VI-d. Rabbit model of TB latency and reactivation for HDT studies

VI-e. Epigenetic modifications in BCG-vaccinated infants

VI-f. Leprosy and soil-transmitted helminths

VII. Leveraging the lessons of mycobacteria to improve health

VII-a. Mycobacteria and lung transplantation

VII-b. Battling water laden NTM with UV emitting diodes

VII-c. Old friends: stress resilience properties of M. vaccae NCTC 11659

VII-d. Sterilizing immunity following i.v. vaccination with BCG

VIII. Leprosy and its associated disparities

VIII-a. Leprosy in Norway in the 19th & 20th centuries

VIII-b. Leprosy in modern Brazil
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VIII-c. Leprosy in modern US

VIII-d. Clinical experiences treating leprosy in US, Mexico, Colombia & Cuba

VIII-e. Armadillo model for leprosy neuropathy

VIII-f. Blood transcriptome in leprosy reversal reaction

IX. Bovine tuberculosis and its environmental confounders

IX-a. M. bovis genomic signatures across organizational scales

IX-b. Bovine TB in badgers

IX-c. Oral vaccination against bovine TB for free-ranging white-tailed deer

IX-d. World M. bovis project

IX-e. Zoonotic M. bovis disease following exposure to wild deer in Michigan

X. Recent innovations in mycobacterial research

X-a. Mouse model of post-primary pulmonary TB

X-b. Artificial intelligence assisted histological analysis

X-c. Exploiting M. smegmatis to understand mycobacterial pathogenesis

X-d. Mycobacteria evolution within the granuloma

XI. Remembering those who have passed
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