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Tuberculosis remains a leading cause of infecTous mortality worldwide, in part due to the ability 

of Mycobacterium tuberculosis (Mtb) to persist within host Tssues despite robust immune 

acTvaTon. While pulmonary infecTon has historically dominated studies of tuberculosis 

pathogenesis, emerging evidence suggests that lymphoid Tssues play a criTcal role in shaping 

disease outcome. This dissertaTon invesTgates the lung-draining mediasTnal lymph node 

(medLN) as a central and underappreciated site of Mtb persistence, addressing the paradox that 

the medLN serves as both the primary site of adapTve immune priming and a long-term 

bacterial reservoir. 

Using complementary approaches including mouse infecTon models, mulTparameter confocal 

microscopy, flow cytometry, single-cell transcriptomics, and mathemaTcal modeling, this work 

defines the cellular and spaTal mechanisms that enable Mtb survival within the medLN. We 

idenTfy convenTonal dendriTc cells and monocytes as early carriers of Mtb from the lung to the 

medLN and show that, by three weeks post-infecTon, Mtb becomes concentrated within 

monocyTc aggregates that support bacterial persistence. ConvenTonal dendriTc cells—

parTcularly cDC1 and inflammatory cDC2 subsets—are required for robust TH1-skewed CD4 T 

cell priming due to sequenTal waves of IL-12 producTon in the medLN during the first 3 weeks 



 

of infecTon. However, the monocyTc niche in the medLN provides a site of bacterial 

persistence, where overwhelming numbers of Mtb-specific TH1 effector T cells fail to reduce 

Mtb burden within the medLN, despite effecTve control in the lung. 

These findings reveal a state of funcTonal immunological blindness within the medLN, in which 

immune acTvaTon is uncoupled from immune efficacy. Together, this work redefines lymphoid 

Tssue involvement in tuberculosis pathogenesis, establishes the medLN as a privileged niche for 

Mtb persistence, and highlights the need for therapeuTc and vaccine strategies that target 

Tssue-specific immune constraints rather than immune acTvaTon alone.  
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SecTon 1: IntroducTon 

1.1 Tuberculosis disease global burden 

Tuberculosis, the respiratory disease caused by Mycobacterium tuberculosis (Mtb), conTnues to 

be the leading cause of death from a single infecTous agent worldwide. According to the 2024 

World Health OrganizaTon (WHO) Global Tuberculosis Report, there were an esTmated 10.8 

million cases of TB and 1.2 million deaths afributable to TB disease, resulTng in more deaths 

than COVID-19 during that year1. TB incidence is highest in regions of South-East Asia, Africa, 

and the Western Pacific. Many of these regions are also endemic for other diseases, including 

HIV, and are disproporTonately affected by malnutriTon and limited access to sanitary water 

sources, factors that further increase suscepTbility to TB1. Understanding TB disease, bacterial 

persistence, and immune responses to Mtb is criTcal for the eradicaTon of this disease and for 

reducing the global TB burden. 

1.2 Mycobacteria and Mycobacterium tuberculosis 

Mycobacteria are a class of slow-growing, rod-shaped bacilli characterized by a lipid-rich cell 

envelope and are commonly found in soil and water. While many species exist as harmless 

environmental saprophytes, several members of the Mycobacterium genus have evolved to 

become major human pathogens2. Certain mycobacteria, such as Mycobacterium 

tuberculosis (Mtb) and Mycobacterium bovis, cause tuberculous lung disease in humans, while 

other species, including Mycobacterium leprae and Mycobacterium ulcerans, are also 

devastating pathogens. Mtb infection and TB disease are classically lung-centric; however, 

mycobacteria can infect a wide range of other tissue sites, including skin and wound sites, 

lymphatic tissues, the spine, and bone3.  

Although Mycobacterium tuberculosis is the primary focus of this work, non-tuberculous 

mycobacteria (NTM) are environmentally derived opportunistic pathogens that can cause 

disease in both humans and wildlife. NTM include species such as Mycobacterium 

abscessus, Mycobacterium avium, and others, and are associated with significant clinical 

complications, particularly in the context of co-morbidities such as autoimmunity and cystic 

fibrosis4,5. While many NTM infections are benign, a substantial proportion require prolonged 

antibiotic treatment or surgical resection. 
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Beyond human infection, livestock and wildlife also serve as important reservoirs for 

mycobacterial disease, often with severe consequences including mortality and zoonotic 

transmission. Notably, many mycobacterial infections in wildlife are lymph-centric, with lymph 

nodes acting as major reservoirs for these pathogens6,7. Mycobacteria such as M. bovis can 

spread zoonotically from wildlife and livestock to other animals and humans through ingestion 

of infected tissues8,9. 

Despite having close pathogenic relatives, Mtb has evolved a specialized secretion pathway, 

ESX, also known as Type VII secretion. Pathogenomic analyses have identified this secretion 

system as a critical evolutionary advantage that enhances Mtb pathogenicity and enables it to 

better withstand host immune defenses, such as inflammasome activation 2,10,11. While this 

feature distinguishes Mtb from many of its relatives, mycobacteria as a group continue to pose 

a substantial threat to global health in humans and other animals. 

1.3 Tuberculosis infec@on and Diagnos@cs 
Tuberculosis is transmitted via the aerosolized route when droplets containing Mycobacterium 

tuberculosis (Mtb) are expelled by an infected individual and subsequently inhaled by an 

uninfected individual (Fig. 1.1A, graphical schematic). Inhalation of as few as a single Mtb 

bacillus that reaches the deep airways is sufficient to eventually establish infection and lead to 

TB disease12-14. Based on current understanding, TB is defined as a spectrum of clinical 

presentations rather than a disease with a linear trajectory, as individuals may transition 

between infectious and non-infectious states and between symptomatic and asymptomatic 

disease. The International Consensus for Early TB (ICE-TB) developed a framework to distinguish 

TB disease from infection based on the presence of macroscopic pathology 15. These guidelines 

defined two subclinical and two clinical tuberculosis states based on reported symptoms or 

signs of TB disease, which can be further subdivided by infection status according to the 

presence of Mtb. 

Diagnosis of TB disease relies on multiple approaches. Currently, there is no gold-standard test 

for diagnosing TB infection, as available methods are largely based on measurements of host 

immune responses. Commercially available diagnostic tests include skin tests and interferon-

gamma release assays (IGRAs), which measure immune stimulation in response to Mtb antigens 
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such as purified protein derivative (PPD) and the ESAT-6 and CFP-10 proteins16. As noted, these 

commercially available diagnostic assays are limited to host immune readouts, whereas 

experimental laboratory-based approaches can directly detect Mtb DNA by quantitative PCR or 

Mtb proteins by mass spectrometry following smear culture16,17. Although these laboratory 

tests can confirm the presence of Mtb with adequate sensitivity, their reliance on specialized 

laboratory infrastructure poses significant public health challenges in TB-endemic regions 

worldwide. 

In addition, Mtb replication is slow, and the bacterium has evolved immune-evasion strategies, 

including its ESX secretion system, that enable it to avoid host detection. Together, immune 

evasion and the requirement for specialized laboratory facilities contribute to delays in TB 

diagnosis, further exacerbating public health challenges18,19. 

1.4 Understanding TB immunity in the lung 

After inhalation of an Mtb bacillus into the deep terminal airways, lung-resident alveolar 

macrophages (AMs) are typically the first cell type to phagocytose this pathogen (Fig. 1.1A, 

deep airways) 20. Previous work from our laboratory has demonstrated that AMs are not well 

suited for containment of Mtb, as the bacterium is capable of intracellular replication within 

these cells 20. In addition, Mtb avoids immune activation within AMs through inhibition of 

antigen presentation machinery and disruption of the phagolysosome, allowing Mtb to persist 

within AMs for several days 20-23. 

Approximately one week following infection, monocytes and neutrophils are recruited to the 

site of infection in the lung (Fig 1.1A). Inflammatory monocytes and neutrophils phagocytose 

and are infected by Mtb, while neutrophils additionally perform effector functions in an 

attempt to control bacterial replication. By 9–11 days post-infection, Mtb can disseminate via 

the lymphatic system to the lung-draining lymph nodes (LN), where phagocytes such as 

inflammatory monocytes and dendritic cells serve as important carriers of Mtb to these sites 

(Fig. 1.1A-B) 22,24. 

By days 11–14 post-infection, adaptive immune responses are activated within the lung-

draining LN and subsequently home to the site of infection in the lung (Fig. 1.1B). In TB, Th1-

skewed CD4 T cells are particularly important for protection25, although unconventional T cells, 
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natural killer (NK) cells, and B cells are also recruited to the site of infection (Fig. 1.1A, mature 

granuloma) 26. At this stage, the lung develops a highly inflammatory milieu driven by recruited 

myeloid populations; however, Mtb replication continues, and bacterial burden increases. 

By weeks 3–4 post-infection, bacterial burden in the lung further increases as continued 

recruitment of innate immune cells promotes the formation of granulomas, a hallmark of 

pulmonary TB infection (Fig. 1.1A). TB granulomas consist of a myeloid- and neutrophil-rich 

core surrounded by a lymphocytic cuff, where B and T cells accumulate but are unable to 

penetrate the pathogenic core. Although this organized structure disrupts normal lung 

architecture and function, granuloma formation represents an attempt by the host immune 

system to contain infection 26-28. 

During this period, lymphocytes recruited to the lung and granuloma periphery can also 

organize into additional structures termed tertiary lymphoid structures. Recent publications 

have alternatively referred to these structures as bronchus–associated lymphoid tissue or 

granuloma-associated lymphoid tissue. These structures contain B cell–rich follicles and recruit 

CD4 T cells and myeloid populations that interact with and activate B cells 29. 

In the lung-draining LN, bacterial burden also increases by weeks 3–4 post-infection, and T cell 

responses are known to wane within this secondary lymphoid organ30. Additional studies have 

demonstrated that, at later time points, LN involvement in sustaining adaptive immune 

responses is minimal. In Mtb-infected mice treated with busulfan to ablate thymic involvement, 

activated T cell responses were observed at levels comparable to untreated controls31. These 

findings suggest that the lung, through granuloma formation and the development of tertiary 

lymphoid structures, is sufficient to sustain adaptive immune responses during chronic 

infection. Throughout this period, Mtb continues to disseminate, with bacteria detectable in 

distal sites such as the spleen, bone marrow, and brain by weeks 3–4 post-infection32.  
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Figure 1.1: Mtb infection, progression, and dissemination 

(A) Graphical representation of Mtb infection via inhalation of bacilli to deep airways and initial 

phagocytosis by Alveolar Macrophages, followed by recruitment of inflammatory monocytes 

and neutrophils to the lung. Mature granuloma formation shown to the right. (B) 

Representation of dissemination of Mtb from lungs to lung-draining mediastinal lymph node 

(medLN), with zoom in for spread of antigen/Mtb to conventional dendritic cells and activation 

of naïve T cells to effector T cells, which return to the primary lung infection site. Mtb further 

disseminates hematogenously to the spleen and alternate tissue sites such as the brain, joints, 

distal lung sites, and bone marrow. 
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1.5 Extra-pulmonary TB Disease and Mycobacterial Reservoirs 

As noted above, Mtb (as well as other tuberculous mycobacteria and non-tuberculous 

mycobacteria) can disseminate beyond the lung and infect a wide range of tissues, including 

lymph nodes, the spleen, joints, the spine, bone marrow, the brain, and even tissues such as 

the eye, ear, or skin (Fig. 1.1B) 33,34. These dissemination events can occur as part of the natural 

course of infection, and can lead to significant morbidity and mortality, especially when 

bacteria disseminate to critical tissue sites such as the brain and central nervous system 35. 

Importantly, dissemination occurs at higher rates in immunocompromised individuals, although 

it is also observed in immunocompetent populations1,36,37. In a related context, Bacille 

Calmette–Guérin (BCG), the only widely used clinical vaccine against Mtb, is a live bacterium 

attenuated by sequential passaging of M. bovis for nearly a decade in the early 1900s38. BCG 

has also been implemented as a standard-of-care therapy for bladder cancer, where it induces 

localized, tissue-specific inflammation. However, cancer patients frequently receive therapies 

that carry immunosuppressive side effects, increasing the risk of widespread systemic 

inflammation and disseminated BCG infection, a condition known as BCGosis39-41. This condition 

can lead to outcomes similar to mycobacterial dissemination during infection, including 

granulomatous inflammation at extrapulmonary sites such as lymph nodes, which mycobacteria 

often infect. Although these events are currently rare, they are associated with severe 

morbidity and can be fatal in susceptible populations with immunocompromised co-

morbidities. Similarly, the increasing prevalence of autoimmune diseases and the expanding 

use of immunotherapies that can induce temporary or sustained immunodeficiency42. Thus, 

careful consideration of disseminated TB disease and systemic mycobacterial infection will be 

critical for improving patient outcomes against TB, but also in contexts where the immune 

system is compromised by immunotherapy. 

1.6 Tuberculosis outcomes and LN Involvement 

Outcomes following TB diagnosis can include successful treatment with antibiotics or self-cure, 

resulting in a shift from clinical to subclinical disease based on the resolution of symptoms and 

signs or reduced infectiousness. Alternatively, mortality from TB disease is most often 

associated with post-primary disease, representing reactivation following an initial period of 
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containment or subclinical TB. While primary TB disease allows an individual to persist through 

the formation of granulomatous lesions in the lungs and facilitates dissemination of Mtb, post-

primary disease associated with death is frequently characterized by obstructive lobular 

pneumonia, caseous necrosis, and chronic fibrocaseous disease43. 

Importantly, these divergent disease outcomes are associated with distinct patterns of 

involvement of the lung-draining lymph nodes. Early pathological studies conducted by Anton 

Ghon, and later corroborated by others, described tuberculous lesions in extrapulmonary sites, 

including lymph nodes. While the primary lesion, referred to as the Ghon focus or Ghon 

complex, represents the initial site of infection in the lung, Mtb can disseminate and establish 

lesions in additional tissues. In a 1904 post-mortem pathological study, Ghon identified 

numerous lesions in the lungs and alternative tissue sites of children who had died from TB or 

other causes44,45. Through this work, Ghon classified TB disease into seven subdivisions 

reflecting the extent of dissemination and reported that 7.6% of children had no detectable 

lung lesions yet exhibited prominent lesions in other tissues, most frequently within the lung-

draining mediastinal lymph node (medLN). subsequent investigators reported similar findings 

across additional patient cohorts46-49. Collectively, this body of work described a relationship 

between unilateral or bilateral lesions in the lung and involvement of the corresponding 

mediastinal lymph nodes, such that lesion presence within a given lung lobe correlated with 

activation or persistence of Mtb within the associated medLN 44. More recent studies have 

further characterized the association between medLN involvement and subclinical or latent TB 

infection (LTBI)50. These reports describe case studies of patients with PET/CT-positive lung-

associated lymph nodes in the absence of detectable pulmonary TB disease, findings that 

closely parallel Ghon’s historical observations. 

Taken together, the historical and contemporary literature linking TB outcomes, including 

treatment, containment, and mortality, with mediastinal lymph node involvement raises 

fundamental questions regarding the role of the medLN in Mtb persistence, questions first 

highlighted by Ghon and colleagues over a century ago. 
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1.7 Secondary lymphoid organs and their role in immune response genera@on 
While the blood vasculature delivers oxygen and nutrients and maintains tissue homeostasis 

through waste removal, the lymphatic system is responsible for the circulation and 

maintenance of interstitial fluids throughout the vertebrate body. Together, these circulatory 

systems coordinate lymphocyte trafficking from primary lymphoid organs - where immune cells 

originate in the bone marrow and thymus - to secondary lymphoid organs (SLOs) such as the 

spleen and lymph nodes, where immune responses to external stimuli, including pathogens, are 

initiated. Adaptive and innate lymphocytes recirculate through both the blood and lymphatic 

systems, often transporting information from peripheral non-lymphoid tissues in the form of 

antigens, immune cells, and inflammatory or molecular signals51. 

Lymph nodes are highly organized SLOs that enable immune surveillance of peripheral tissues, 

including the lung. These tissues are densely vascularized and composed of heterogeneous 

stromal populations, including high endothelial venules (HEVs), vascular endothelium, and 

lymphatic vessels, which collectively facilitate rapid lymphocyte entry, exit, and sampling of 

circulating networks. Stromal cells and immune cells such as dendritic cells (DCs) secrete 

chemokines that maintain lymph node architecture during homeostasis. Chemokine axes 

including CCL19/CCL21/CCR7 are critical for positioning T cells and DCs within the lymph node 

cortex, while CXCL12/CXCR4 and CXCL13/CXCR5 regulate B cell follicle formation and germinal 

center organization 52,53. 

During infection, lymph nodes function as focal sites for adaptive immune education through 

antigen presentation by migratory phagocytes, including conventional dendritic cells (cDCs) and 

monocytes (Fig. 1.1B). These cells acquire antigen and inflammatory signals in peripheral 

tissues and relay this information to adaptive and innate immune populations through direct 

and proximal interactions within the lymph node microenvironment. Antigen capture and early 

inflammatory responses occur within lymphatic sinuses populated by macrophages and 

resident cDCs, particularly near the subcapsular sinus, where immune cells initiate responses to 

limit pathogen dissemination54,55. 

Upon maturation, cDCs migrate to the central T cell zone to initiate adaptive immune 

responses, followed by coordinated B cell follicle activation between B cells, T follicular helper 
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(Tfh) cells, and antigen-presenting cells56. These processes rely on chemokine gradients that are 

preserved during inflammation. CCR7 signaling is essential for myeloid cell migration to draining 

lymph nodes, while CXCL9/CXCL10/CXCR3 supports recruitment of activated effector T cells to 

pathogen-rich regions. In parallel, CXCR4 and CXCR5 signaling coordinates germinal center 

formation, while the CCL2/CCR2 axis regulates myeloid trafficking to sites of infection and, 

during dissemination, to draining lymph nodes51.  

In addition to immune activation, lymph nodes function as barriers to pathogen spread57,58 

while simultaneously serving as gateways for dissemination to distal sites59. During infection, 

lymph nodes undergo rapid structural reorganization that can impair homeostatic functions 

such as lymphocyte trafficking and tissue surveillance60,61. Given that mycobacterial infections 

frequently target lymph nodes and other SLOs as sites of persistent infection, understanding 

how these highly organized tissues are altered from early pathogen trafficking through chronic 

infection is critical, particularly in response to highly infectious pathogens such as Mtb. 

1.8 Myeloid cell biology during Mtb infec@on 

While Mtb infects multiple myeloid cell subtypes across tissues during infection, intracellular 

recognition of Mtb occurs through pathogen-associated molecular patterns (PAMPs). Of 

particular importance, toll-like receptors (TLRs) are transmembrane pattern-recognition 

receptors containing extracellular leucine-rich repeat domains that detect these PAMPs. Mtb is 

recognized by several TLRs through bacterial components62,63 including cell wall constituents 

and proteins associated with the PE and ESX secretion systems64,65. These components are 

sensed by TLR1, TLR2, TLR4, TLR6, TLR8, and TLR966,67, leading to downstream intracellular 

activation. Among these, TLR2, TLR4, and TLR9 are most associated with recognition of Mtb-

derived ligands. Engagement of TLRs induces inflammatory responses68 through MyD88-

dependent signaling pathways, resulting in activation of MAPK signaling, IL-1, TNF, and other 

downstream processes66. In antigen-presenting myeloid cells, this signaling promotes cellular 

maturation and enhances migration, antigen processing, and antigen presentation to adaptive 

immune cells. 

In addition to being the first cell to phagocytose Mtb in the lung, previous studies have 

identified alveolar macrophages as permissive to high bacterial burdens and capable of 
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providing a favorable intracellular environment for Mtb replication and pathogenesis20,21. 

Following early phagocytosis by alveolar macrophages, monocytic and granulocytic populations 

are recruited to the lung, amplifying local inflammation. Granulocytic responses include the 

accumulation of neutrophils and, to a lesser extent, eosinophils. Neutrophils are particularly 

important, as they drive feed-forward recruitment loops, contribute to tissue damage, and 

form the core of granulomas during later stages of infection69. These granuloma cores often 

become necrotic and can develop into cavitary lesions that reduce viable lung tissue, 

contributing to mortality in post-primary TB and loss of bacterial control in animal models. 

Monocytic populations recruited to the lung display phenotypic heterogeneity throughout 

infection. Early responding cells that phagocytose Mtb are typically inflammatory monocytes 

(iMOs) derived from the bone marrow and recruited via inflammation-induced 

myelopoiesis22,24. Due to their plasticity, these monocyte-derived populations can differentiate 

in response to local environmental cues and have been described in the literature as monocyte-

derived macrophages, monocytic phagocytes, interstitial macrophages, or, in this work, 

monocyte-derived cells (MCs). These cells are found both within granulomas and in less 

inflamed lung regions with reduced neutrophil infiltration. 

In addition to monocytes and macrophages, plasmacytoid dendritic cells (pDCs) have been 

reported as important producers of type I interferons in the lung, likely promoting recruitment 

of innate immune cells, particularly neutrophils. Although relatively rare, pDCs can act as 

potent sources of cytokines that initiate downstream recruitment cascades 70. 

Similar monocytic phenotypes have been described in secondary lymphoid organs such as the 

mediastinal lymph node (medLN) and spleen, where these cells exhibit variable expression of 

innate markers including Ly6C, CD11b, CCR2, CD64, and CD11c22,71,72. Many of these markers 

are associated with interferon-related pathways and functional specialization of monocytes, 

including inflammatory signaling, antigen presentation, and differentiation toward macrophage 

lineages. 

Shortly after inflammatory monocytes are recruited to the lung and phagocytose Mtb, these 

cells transport bacteria to the medLN (Fig. 1.1B). Some studies have also reported Mtb 

transport by dendritic cells, although at substantially lower frequencies during early 



 

 

21 

infection24,72. Within the medLN, conventional dendritic cells (cDCs) play a central role in 

activating adaptive immune responses, either by presenting antigen acquired from other Mtb-

harboring innate cells or by directly presenting antigen while containing bacteria (Fig. 1.1B) 71,72. 

Migratory cDCs arriving from the lung further expand the antigen-presenting pool within this 

secondary lymphoid organ. While prior studies have examined relationships between cDCs and 

monocytes in the medLN and their respective roles in T cell priming, many relied on ex vivo 

systems or focused primarily on lung-derived antigen-presenting cells. Advances in lineage-

specific markers and lineage-reporter mouse models now provide opportunities to more 

precisely define the innate immune compartment within the medLN during Mtb infection. 

1.9 CD4 T cell heterogeneity in Mtb immunity  

Adaptive immunity plays a central role in the control and protection against Mycobacterium 

tuberculosis (Mtb) infection. In particular, T cells are essential for reducing bacterial burden, as 

demonstrated by the severe susceptibility observed in HIV-infected patients with T cell 

deficiency and in T cell–depleted animal models73-77. 

Direct recognition of infected phagocytes and subsequent signaling from T cells to myeloid 

cells, including monocytes and macrophages, is critical for cellular clearance of Mtb78. As 

described in a recent review, T cell–phagocyte interactions occur through a sequence of 

coordinated signals that first recruit phagocytes, then promote their survival, and ultimately 

deliver activation cues that drive antimicrobial effector functions79. Among these signals, 

interferon-gamma (IFNγ) derived from T cells is a key mediator of phagocyte activation and 

mycobacterial control. The importance of IFNγ is supported by studies in IFNγ-deficient mice 

and in human cohorts with defects in IFNγ or IFNγ receptor signaling 80-83, although its efficacy 

has been shown to vary across murine models 84. 

IFNγ signaling induces nitric oxide synthase 2 (iNOS), leading to the production of reactive 

nitrogen and oxygen species with antimicrobial activity85-87. However, iNOS expression alone 

does not necessarily correlate with bacterial clearance. Recent studies have demonstrated 

additional immunomodulatory roles for nitric oxide, including nitrosylation of key components 

of T cell signaling 88-92 and induction of hypoxia-driven bacterial dormancy through activation of 

the Mtb DosR regulon93-96. These findings suggest that while IFNγ is a critical component of 
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protective immunity, additional signals are required for effective Mtb control. Indeed, other T 

cell–derived mediators, including TNF97, IL-298, GM-CSF99,100, and CD40L101, also contribute to 

phagocyte activation, highlighting the importance of heterogeneous T cell effector responses 

during infection. 

While protective Th1 cells localize to sites of Mtb infection, substantial heterogeneity exists 

within the CD4 T cell compartment during Mtb infection, including Th17102 and Th22103 subsets, 

T follicular helper (Tfh) cells that support B cell responses29, and regulatory T cells (Tregs)104. 

While this list is not exhaustive and additional phenotypes such as Th2 cells may arise under 

specific conditions or co-infections, these subsets represent the most established CD4 T cell 

fates implicated in Mtb immunity. 

IL-17–producing Th17 cells are detected during Mtb infection and can confer 

protection102,105,106. Although IL-17 is dispensable for natural protection against most Mtb 

strains107, it can enhance protection in vaccination settings102,108,109. IL-17 and IL-22 produced by 

Th17 cells promote immune cell recruitment and activation110, including recruitment of Th1 

CD4 T cells102, though dysregulated IL-17 responses can drive pathogenic neutrophilia and 

tissue damage111. 

Th22 responses are an additional T helper subtype that is activated against Mtb infection and 

has been detected in animal and patient cohort studies103,112,113. IL-22 can directly inhibit Mtb 

growth114 and promote recruitment of monocytes and macrophages115. In parallel, Tfh cells 

coordinate B cell activation and germinal center responses, and Tfh and Tfh-like cells have been 

identified in both secondary lymphoid organs and tertiary lymphoid structures during Mtb 

infection29. Conversely, regulatory T cells limit excessive inflammation and tissue damage but 

can also suppress protective Th1 responses104,116. 

Collectively, these diverse CD4 T cell populations provide overlapping but non-redundant 

effector functions that shape the trajectory of Mtb infection. Yet a defining feature of Mtb 

immunity is its temporal and spatial complexity: adaptive responses are delayed relative to 

other respiratory pathogens due to the slow transport of bacteria from the lung to the lung-

draining mediastinal lymph node (medLN)117. Although naïve T cell priming occurs in the medLN 

during early infection, T cell responses wane in this compartment over time30. While both 
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infected and uninfected myeloid cells can present antigen to naïve T cells in the 

medLN24,71,72,118, the lung sustain T cell activity during chronic infection, where granulomas and 

tertiary lymphoid structures support continued adaptive immunity31. These dynamic shifts in 

the location and quality of T cell responses underscore a fundamental question: which cellular 

mediators sustain protective immunity at the site of infection, and which fail to do so? Classical 

CD8 T cells are increasingly recognized as critical contributors to this sustained lung response, 

encompassing both classically restricted populations capable of cytotoxic killing and IFNγ 

production, and non-classical subsets that bridge innate and adaptive immunity. Yet the 

relative contributions of these populations, and the conditions under which they confer 

meaningful protection, remain incompletely resolved. 

1.10 Classical and non-classical CD8 T cell subsets in Mtb immunity  
CD8 T cells represent an additional arm of interferon-gamma (IFNγ)–producing T cells 

implicated in immune responses to Mtb infection. Early mouse studies suggested a limited role 

for CD8 T cells in protection against Mtb77,119. However, classically restricted CD8 T cells can 

recognize MHC class Ia–presented Mtb peptides and produce IL-2, TNF, and IFNγ, thereby 

delivering activating signals to immune cells and infected phagocytes120. CD8 effector T cells, 

along with natural killer (NK) and NKT cells, also secrete cytotoxic molecules such as granzymes, 

perforins, and granulysin that can directly kill Mtb-infected cells121,122. 

While mouse models have provided limited support for CD8 T cell–specific effector 

mechanisms, and human cohort studies remain constrained in their ability to assess CD8 T cell 

function in TB, non-human primate studies have identified an important role for both CD8β -

classical, and CD8α-non-classical T cells74,75. These cells contribute to protection during early 

Mtb infection by limiting initial bacterial establishment, dissemination, and downstream 

disease progression74. 

Non-classical CD8 T cell populations, including invariant natural killer T (iNKT) cells, γδ T cells, 

and mucosal-associated invariant T (MAIT) cells, recognize non-peptide antigens presented by 

non-classical MHC molecules123,124. These populations have been detected in Mtb-infected 

individuals and implicated in resistance to Mtb infection within patient cohorts in endemic 

regions125,126. Such cells recognize mycobacterial lipid antigens and other non-peptidic 
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components, providing an additional mode of pathogen detection that bridges innate and 

adaptive immunity. In mouse models, MAIT cell expansion has been shown to delay early T cell 

priming in lung-draining lymph nodes, yet these cells can confer protection during later stages 

of chronic infection through IL-17 production127. 

Together, both classical and non-classical CD8 T cell populations contribute to protective 

immunity during Mtb infection through complementary cytokine-mediated and cytotoxic 

effector functions. 

1.11 B cell responses in Mtb Infec@on 

B cells represent an important arm of the adaptive immune response, producing antibodies 

that mediate opsonization, neutralization, and complement activation, and also functioning as 

antigen-presenting cells (APCs) for T cells. These roles have been implicated in Mtb infection, 

where B cells can present antigen to generate Mtb-specific CD4 T cell responses128,129 and 

produce antibodies that enhance detection and cytotoxicity of Mtb-infected cells130-132. 

Despite these potential protective functions, relatively few mycobacteria-reactive antibody 

variants are detected within the lung, whereas such antibodies are more abundant in the 

serum129. Notably, protective antibody variants have been identified through Fc-engineering 

and screening approaches, where specific Fc–Fab combinations enhance early neutrophil 

activation and antimicrobial activity133. These findings suggest that antibody-mediated 

protection against Mtb may depend on specific qualitative features rather than overall antibody 

abundance. 

Historically, however, the contribution of B cells to protection against Mtb has remained 

inconclusive. Multiple B cell depletion studies across mouse models, non-human primates, and 

human cohorts have reported limited or no impact on disease outcome131,134-137, despite 

marked increases in B cell numbers during infection. Collectively, these observations indicate 

that while B cells and antibodies can contribute to immune responses against Mtb and 

represent a potential avenue for therapeutic intervention, naturally induced B cell responses 

during Mtb infection are not sufficient or essential mediators of protection. 
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1.12 Immuniza@on efforts against Mtb 
As natural immunity does not confer sterilizing protection against Mtb, vaccination strategies 

are critical for eradicating TB disease. The oldest vaccine against Mycobacterium 

tuberculosis (Mtb), Bacille Calmette–Guérin (BCG), was generated in the early twentieth 

century through serial attenuation of Mycobacterium bovis over approximately a decade38. This 

live-attenuated vaccine remains the global standard for TB prevention and, in combination with 

public health interventions and improved sanitation, has contributed to TB eradication in many 

regions. However, despite widespread use of BCG, large portions of the global population 

remain susceptible to Mtb infection. BCG is most effective during infancy and demonstrates 

reduced efficacy against primary infection in adults138. 

Proposed mechanisms underlying BCG-mediated protection concern the overlap between the 

BCG and Mtb antigen repertoires, enabling the generation of cross-reactive T cell memory 

responses at distal sites of BCG administration, as well as inducing innate immune memory 

(trained immunity)139. As discussed previously, BCG, like other mycobacteria, localizes to and 

persists within lymphatic tissues such as lymph nodes, where adaptive immune responses are 

initiated. Following recognition by pattern recognition receptors, including TLRs, BCG induces 

innate inflammation and is subsequently presented to T cells. BCG-induced CD4 T cell responses 

have been shown to accelerate early immune events, including translocation of alveolar 

macrophages from the lung parenchyma to the interstitium and subsequent transfer of Mtb 

from alveolar macrophages to monocytes and neutrophils 140. BCG also induces polyfunctional 

CD4 T cell responses in both animal models and human studies, with memory T cells detectable 

as early as three weeks post-vaccination but waning by approximately fourteen months141. 

In addition to CD4 T cell responses, BCG-induced CD8 T cell immunity contributes to protection, 

as demonstrated by reduced Mtb control in CD8 T cell depletion studies74,75. Beyond adaptive 

immunity, BCG localizes to the bone marrow and induces trained innate immunity, a 

phenomenon similarly observed with fungal-derived β-glucans, whereby epigenetic 

reprogramming of innate progenitors enhances responses to subsequent pathogenic stimuli142. 

Several alternative vaccination strategies are currently under investigation. In addition to BCG 

revaccination, MTBVAC, a live-attenuated vaccine candidate, is undergoing phase II clinical 
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trials and has demonstrated safety comparable to BCG with enhanced Th1 CD4 T cell 

responses143,144. Other approaches aim to augment or build upon BCG-mediated immunity 

through recombinant BCG formulations, subunit vaccines, or viral vectors designed to boost 

pre-existing immune responses145. With multiple candidates advancing through clinical trials, 

these interventions hold promise for improving protection against a pathogen that remains a 

formidable global health challenge. Despite advances in both innate and adaptive immunity 

research, the fundamental mechanisms underlying BCG-mediated protection, and how to 

optimize or extend this protection, remain incompletely understood. Elucidating these 

mechanisms will be critical for improving current vaccination strategies against Mtb. 

1.13 Summary 

Mtb, like other mycobacteria, requires specific cellular niches to support survival, replication, 

and dissemination, and has co-evolved with mammals as a means of pathogen survival. Prior 

work has suggested that this niche likely involves a dynamic innate immune cell population that 

is permissive to bacterial persistence, mounts limited inflammatory responses, and remains 

relatively undetected by adaptive immunity. While substantial effort has focused on defining 

how Mtb is sensed by the immune system and how host responses are coordinated, a complete 

understanding of protective and sterilizing immunity remains lacking, as underscored by the 

inability to substantially improve upon a century-old live-attenuated vaccine. 

Defining the cellular and anatomical niches that support Mtb persistence is therefore critical. 

Identification of these niches may reveal new targets for intervention aimed at improving 

immune detection and bacterial sterilization, thereby reducing disease progression, 

dissemination within the host, and transmission at the population level.  
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SecTon 2: DissertaTon ObjecTves and Significance 

The medLN as a site of Mtb persistence 

This dissertaTon invesTgates a central and unresolved quesTon in tuberculosis immunology: 

how Mtb persists within the lung-draining medLN, the primary site of adapTve immune 

response iniTaTon. While lymph nodes are classically viewed as organs that coordinate 

protecTve immunity, clinical and experimental evidence suggests that they can also serve as 

reservoirs of persistent infecTon. The studies presented here aim to define the cellular, spaTal, 

and temporal mechanisms that allow Mtb to survive within this immunologically acTve Tssue. 

In Sec@on 4, we address this quesTon using complementary in vivo approaches including mouse 

models of aerosol infecTon, mulTparameter confocal microscopy, flow cytometry, mathemaTcal 

modeling, and single-cell transcriptomics. We idenTfy cDCs and monocytes as early carriers of 

Mtb from the lung to the medLN, where they iniTate anTgen presentaTon and T cell priming. As 

infecTon progresses, however, we observe the formaTon of monocyte-derived cellular 

aggregates harboring mulTple bacilli that persist long-term within the medLN. Through 

transcripTonal profiling and spaTal analysis, we define this structure as a specialized monocyTc 

niche enriched for inflammatory, metabolic, and Tssue-repair programs that nonetheless fails to 

eliminate bacteria. MathemaTcal modeling further reveals that, beyond iniTal disseminaTon, 

the medLN supports substanTal local Mtb replicaTon. Finally, we show that while IL-12–

producing cDC subsets are essenTal for early Mtb-specific CD4 T cell acTvaTon, these monocyTc 

aggregates become funcTonally invisible to T cells at later stages. We also demonstrate that 

BCG vaccinaTon limits bacterial burden and monocyTc niche formaTon without prevenTng 

iniTal trafficking to the medLN, indicaTng that this Tssue is a site of immune control against 

Mtb. 

In Sec@on 5, we interrogate whether shining key components of the adapTve immune response 

can overcome Mtb persistence within the medLN. To directly test whether enhanced TH1 

immunity can disrupt the monocyTc niche, we supplement infected hosts with ex vivo–

polarized, Mtb-specific TH1 CD4 T cells during criTcal windows of niche establishment. While 

this approach significantly reduces bacterial burden in the lung, Mtb persistence within the 

medLN remains largely unaffected, despite parTal disrupTon of monocyTc aggregates. These 
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findings reveal a striking Tssue-specific limitaTon of otherwise protecTve adapTve immune 

mechanisms. 

CollecTvely, this dissertaTon idenTfies a monocyte-derived niche that provides a permissive 

environment for Mtb persistence, most prominently within the lung-draining medLN but also 

detectable at the primary site of infecTon in the lung. Although this niche is afenuated by BCG 

vaccinaTon, its persistence highlights the need for addiTonal strategies to target infected 

myeloid populaTons and the Tssues that harbor them. Future direcTons, explored in Sec@on 6, 

include idenTfying targetable monocyte-intrinsic pathways, promoTng immune responses in 

alternaTve anatomical sites, and extending these findings to other mycobacterial infecTons and 

chronic inflammatory diseases such as cancer, where similar myeloid-dominated niches emerge. 

By redefining the medLN as both a site of immune iniTaTon and a reservoir of bacterial 

persistence this work demonstrates that immune acTvaTon and immune efficacy can become 

uncoupled within lymphoid Tssues. Thus, we reveal a fundamental limitaTon of current vaccine 

and immunotherapeuTc strategies that focus primarily on amplifying TH1 responses. 

Understanding how Mtb exploits monocyTc niches in lymph nodes provides a conceptual 

framework for developing intervenTons that target not only immune responses, but also the 

cellular and anatomical contexts in which pathogens persist. 
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SecTon 3: Materials and Methods 

This sec6on was adapted from the STAR* Methods sec6ons of my first-author manuscript 

“Monocy6c Niches Enable Mycobacterium tuberculosis Persistence in Lymph Nodes”, with 

addi6onal methods related to sec6ons 5 and 6. 

Mice 

C57BL/6, C3H/FeJ, B6.129S(C)-Baj3tm1Kmm/J (BATF3-/-) and B6.SJL mice were purchased from 

Jackson Laboratories (Bar Harbor, ME). BATF3-/- mice have been previously described146. B6.Cg-

Xcr1tm2(HBEGF/Venus)Ksho (XCR1-Venus)147,148 mice were provided by the RIKEN BRC through the 

NaTonal BioResource Project of the MEXT, Japan, and were redistributed by Dr. Mark Headley 

(Fred Hutchinson Cancer Center) with permission from RIKEN BRC. B6.129S6(C)-Zbtb46tm1.1Kmm/J 

(Zbtb46-GFP) mice148,149 were also kindly provided by Dr. Mark Headley. ESAT-6 TCR Transgenic 

(C7) mice were provided by Dr. Eric Pamer (Memorial Sloan Kefering Cancer Center, New York, 

NY) and have been described previously117. Ag85B TCR Transgenic (P25) mice have been 

previously described150. B6(Cg)-Ifnar1tm1.2Ees/J (IFNaR-/-) mice were provided by Dr. Michael Gale 

(University of Washington). Mice with ESAT-6 TCR-Transgenic T cells on a CD45.1 background 

were generated in house by crossing ESAT-6 TCR Tg mice with B6.SJL mice, with genotypic 

confirmaTon through blood phenotyping by flow cytometry.  CD11c-Cre mice (Jackson 

Laboratories) were crossed to IRF4fl/fl mice (Jackson Laboratories) to generate CD11c-

Cre;IRF4fl/fl mice.  

All mice were housed in specific pathogen free condiTons in individually venTlated cages with a 

maximum density of 5 mice per cage, and negaTve pressure venTlaTon and air filtering 

provided by either Seafle Children’s Research InsTtute (SCRI) or the University of Washington, 

South Lake Union campus. Animals were monitored by full-Tme staff, and given access to food 

and water ad libitum, with a 12 hour light/dark cycle, maintained at 22-25 degrees Celsius. All 

mice were of normal health and immune status, and were naïve of treatment, procedure, or 

invasive tesTng prior to experiment start. Experiments were performed in compliance of the 

Animal Care and Use Commifee at SCRI or the University of Washington, as appropriate, and all 

experiments were conducted with sex and age-matched mice (male and female mice between 

the ages of 8-16 weeks old). The influence of sex was not assessed. 
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For experiments involving Zbtb46-DTR bone marrow (SecTon 5), diphtheria toxin receptor (DTR) 

is expressed under the DC-lineage-specific Zbtb46 promoter, allowing depleTon of DCs with DT 

treatment. DT was intraperitoneally administered in phosphate-buffered saline (PBS) at 20 ng/g 

bodyweight. 

Mycobacterium tuberculosis (Mtb) 

For use in murine infecTons, Mtb H37Rv infecTons were performed with and without a 

transformed mCherry reporter plasmid driven by the pMSP12 promoter, as previously 

described20,151; Mtb SA161 was provided by Ian Orme (Colorado State University)152. Virulence 

of these strains are maintained by periodic passage in mice.  
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Table 3.1: Materials: 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

BUV563 anti-mouse CD11c BD (clone HL3) 
749040; RRID: 
AB_2873434 

BUV805 anti-mouse CD86 
BD (Clone 2331 
(FUN-1)) 

741946; 
RRID:AB_2871258 

BV421 anti-mouse CD45.2 
Biolegend (clone 
104) 

109832; 
RRID:AB_2565511 

BV480 anti-mouse SiglecF BD (Clone E50-2440) 
746668; 
RRID:AB_2743940 

BV510 anti-mouse SIRPa BD (Clone P84) 
740159; 
RRID:AB_2739912 

BV605 anti-mouse Ly6G 
Biolegend (clone 
A20) 

127639; 
RRID:AB_2565880 

BV650 anti-mouse XCR1 
Biolegend (clone 
ZET) 

148220; 
RRID:AB_2566410 

BV711 anti-mouse PDL1 BD (Clone 10F.9G2) 
563369; 
RRID:AB_2738163 

BV785 anti-mouse B220 
Biolegend (clone 
RA3-6B2) 

103246; 
RRID:AB_1121879
5 

PE anti-mouse CD88 
Biolegend (Clone 
20/70) 

135806; 
RRID:AB_2243735 

PerCP-ef710 anti-mouse CD64 
Invitrogen (clone 
(X54-5/7.1)) 

46-0641-82; 
RRID:AB_2735016 

PE-Cy7 anti-mouse CD26 
Biolegend (Clone 
H194-112) 

137810; 
RRID:AB_2564312 

APC anti-mouse CD45 
Biolegend (clone 30-
F11) 

103112; 
RRID:AB_312977 

AF700 anti-mouse Ly6C 
Biolegend (Clone 
HK1.4) 

128024; 
RRID:AB_1064011
9 

APCeF780 anti-mouse MHCII 
Ebio (clone 
M5/114.15.2) 

47532182; 
RRID:AB_1548783 

APC anti-mouse CD88 
Biolegend (Clone 
20/70) 

135807; 
RRID:AB_1089941
5 

AF488 anti-mouse CCR2 R&D (clone 475301) 
FAB5538G; 
RRID:AB_3651044 

PerCP-Cy5.5 anti-mouse CD88 
Biolegend (Clone 
20/70) 

135813; 
RRID:AB_2750209 
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BV421 anti-mouse BCL6 BD (Clone K112-91) 
563363; 
RRID:AB_2738159 

BUV395 anti-mouse KLRG1 BD (clone 2F1) 
740279; 
RRID:AB_2740018 

BUV661 anti-mouse CD8 BD (clone 53-6.7) 
750023; 
RRID:AB_2874241 

BUV737 anti-mouse CD3 BD (clone 17A2) 
612803; 
RRID:AB_2870130 

BUV805 anti-mouse CD4 BD (clone GK1.5) 
612900; 
RRID:AB_2827960 

BV510 anti-mouse CD45.1 
Biolegend (clone 
A20) 

110741; 
RRID:AB_2563378 

BV510 anti-mouse CD90.1 
Biolegend (clone 
OX-7) 

202535; 
RRID:AB_2562643 

BV605 anti-mouse Ki67 
Biolegend (Clone 
16A8) 

652413; 
RRID:AB_2562664 

BV711 anti-mouse CD44 
Biolegend (clone 
IM7) 

103057; 
RRID:AB_2564214 

BV785 anti-mouse Tbet 
Biolegend (clone 
4B10) 

644835;RRID:AB_2
721566 

Primary anti-mouse IRF4 
Biolegend (clone 
IRF4.3E4) 

646402; 
RRID:AB_2563110 

AF555 anti-mouse TCF1 CST (Clone C63D9) 
17404S; 
RRID:AB_2798895 

PE-Cy7 anti-mouse PD1 
Biolegend (clone 
RMP1-30) 

109110; 
RRID:AB_572017 

AF700 anti-mouse pS6 
CST (Clone 
D57.2.2E) 

27036S; 
RRID:AB_2798937 

APC ef780 anti-mouse CD25 
Invitrogen (clone 
PC61.5) 

47-0251-82; ; 
RRID:AB_1272179 

BV711 anti-mouse MHCII 
BD (clone 
M5/114.15.2) 

563414; 
RRID:AB_2738191 

PerCP-Cy5.5 anti-mouse B220 
Biolegend (clone 
RA3-6B2) 

103236; 
RRID:AB_893354 

PerCP-Cy5.5 anti-mouse NK1.1 
Biolegend (clone 
PK136) 

108728; 
RRID:AB_2132613 

PerCP-Cy5.5 anti-mouse CD11b 
Biolegend (clone 
M1/70) 

101228; 
RRID:AB_893232 

PerCP-Cy5.5 anti-mouse CD11c 
Biolegend (clone 
HL3) 

117328; 
RRID:AB_2129641 

AF488 anti-mouse TCF1 
Cell Signaling (clone 
C63D9) 

6444s; 
RRID:AB_2797627 
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APC anti-mouse CD45.2 
Biolegend (clone 
104) 

109814; 
RRID:AB_389211 

Biotin anti-mouse SIRPa 
Invitrogen (clone 
P84) 

13-1721-82; 
RRID:AB_2573352 

BV421 anti-mouse CD45.1 
Biolegend (clone 
A20) 

110732; 
RRID:AB_2562563 

BV480 anti-mouse CD11c BD (clone N418) 
746392; 
RRID:AB_2743706 

eF506 anti-mouse Ki67 
Invitrogen (clone 
SolA15) 

69-5698-82; 
RRID:AB_2574235 

PE anti-mouse CD64 
Biolegend (clone 
X54-5/7.1) 

139304; 
RRID:AB_1061274
0 

BV421 anti-mouse CD64 
Biolegend (clone 
X54-5/7.1) 

139309; 
RRID:AB_2562694 

R718 anti-mouse Ki67 BD (clone SolA15) 
567292; 
RRID:AB_2916041 

APC anti-mouse IL-12p40/IL-23 
Biolegend (clone 
C15.6) 

505206; 
RRID:AB_315370 

R718 anti-mouse B220 BD (clone RA3-6B2) 
567381; 
RRID:AB_2916576 

R718 anti-mouse CD3 
Biolegend  (clone 
17A2) 

567296; 
RRID:AB_2916539 

APCeF750 anti-mouse CD3 
Biolegend (clone 
17A2) 

100247; 
RRID:AB_2572117 

BV421 anti-mouse CD3 
Biolegend (clone 
17A2) 

100228; 
RRID:AB_2562553 

AF488 anti-mouse CD11c 
Biolegend (clone 
N418) 

117311; 
RRID:AB_389306 

APCeF750 anti-mouse B220 
Biolegend (clone 
RA3-6B2) 

103259; 
RRID:AB_2572108 

Primary anti-mouse pS6 CST (clone 2F9) 
4856S; 
RRID:AB_2181037 

Secondary rabbit anti-mouse AF750 Invitrogen 
A-21039; 
RRID:AB_2535711 

APC anti-mouse MerTK 
Biolegend (clone 
2B10C42) 

151507; 
RRID:AB_2650738 

AF488 anti-mouse VCAM1 
Biolegend (clone 
429 (MVCAM.A)) 

105710; 
RRID:AB_493427 

BV421 anti-mouse CD68 BD (clone FA-11) 
566389; 
RRID:AB_2739021 

AF555 anti-mouse CD68 
Abcam (clone 
EPR20545) AB280860 
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Primary anti-mouse MHCII 
Biolegend (clone 
M5/114.15.2) 

107602; 
RRID:AB_313317 

FITC anti-mouse Mtb Abcam 
ab20962; 
RRID:AB_445945 

AF488 anti-mouse p120 
Santa Cruz (Clone 
6H11) 

sc23873; 
RRID:AB_2086394 

primary anti-iNOS 
Thermo Fisher 
(clone C-11) 

14-5920-82; 
RRID:AB_2572890 

RB704 anti-mouse Ki67 BD (clone SolA15) 
570280; 
RRID:AB_3685635 

Rb744 anti-mouse CD3 BD (clone 17A2) 
570561; 
RRID:AB_3685845 

Rb780 anti-mouse B220 BD (clone RA3-6B2) 
569207; 
RRID:AB_3684868 

MPO 
Abcam ( 
CloneEPR20257) 

ab208670; 
RRID:AB_2864724 

Bacterial and virus strains  

Mycobacterium tuberculosis H37Rv 
Obtained from Joel 
Ernst (NYU) ATCC 27294 

M. tuberculosis H37Rv mCherry Generated in house N/A 

M. tuberculosis SA161 
Provided by Ian 
Orme 

Clinical Isolate 
from patient 

Barcoded M. tuberculosis H37Rv 

Obtained from 
David Sherman 
(UW) N/A 

BCG-Pasteur ATCC ATCC 35734 
Chemicals, peptides, and recombinant proteins 
Mix-n-Stain CF Dye Antibody Labeling Kits Biotium Cat# 92433-92339 
DY-395XL-NHS-Ester Dyomics 295XL-01A 
Ovalbumin-488 Invitrogen O34781 
Cell Trace Violet Invitrogen C34557 
Middlebrook 7H9 broth BD Difco Cat# 271310 
Middlebrook 7H10 agar BD Difco Cat# 262710 
OADC supplement BD Difco Cat# 212240 
Tween-80 Sigma-Aldrich Cat# 9005-65-6 
DNase I Sigma-Aldrich Cat# 10104159001 
Dispase II Sigma-Aldrich Cat# 04942078001 
Collagenase P Sigma-Aldrich Cat# 11213857001 
Isoflurane Henry Schein N/A 
Zombie UV Fixable Viability Dye BioLegend Cat# 423107 
BD Cytofix BD Biosciences Cat# 554655 

OCT Compound 
Tissue-Tek, Fischer 
Scientific Cat# 23-730-571 
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Sucrose Sigma-Aldrich Cat# 57-50-1 
Critical commercial assays 

MagniSort Mouse Naïve CD4+ T Cell Isolation Kit 
Thermo Fisher 
Scientific Cat# 8804-6824-74 

CellTrace Violet 
Thermo Fisher 
Scientific Cat# C34557 

eBioscience Intracellular Fixation & 
Permeabilization Kit 

Thermo Fisher 
Scientific Cat# 88-8824-00 

NEBNext Ultra DNA Library Prep Kit for Illumina 
New England 
Biolabs Cat#E7103 

NEBNext Multiplex Oligos for Illumina 
New England 
Biolabs Cat#E6440S 

AMPure XP beads Beckman Coulter Cat# A63880 
SMART-Seq v4 Ultra Low Input RNA Kit Takara Bio Cat# 88-8824-00 
Nextera XT DNA Library Prep Kit Illumina Cat# FC-131-1096 
LymphoLyte Cedarlane Cat# CL5035 
Deposited data 
Mycobacterium tuberculosis Co-opts Monocytic 
Niches to Evade Immunity in Lymph Nodes 

Gene Expression 
Omnibus (GEO) 

GSE309019 

Experimental models: Organisms/strains 
Mouse: C57BL/6J Jackson Laboratory JAX:000664 
Mouse: C3H/FeJ Jackson Laboratory JAX:000658 
Mouse: B6.129S(C)-Batf3tm1Kmm/J (BATF3−/−) Jackson Laboratory JAX:013755 
Mouse: B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) Jackson Laboratory JAX:002014 
Mouse: B6.Cg-Xcr1tm2(HBEGF/Venus)Ksho (XCR1-
Venus) RIKEN BRC RBRC09485 
Mouse: B6.129S6(C)-Zbtb46tm1.1Kmm/J (Zbtb46-
GFP) 

Provided by Dr. 
Mark Headley JAX:027618 

Mouse: ESAT-6 TCR Transgenic (C7) 
Provided by Dr. Eric 
Pamer JAX:035728 

Mouse: Ag85B TCR Transgenic (P25) Previously described JAX:011005 

Mouse: B6(Cg)-Ifnar1tm1.2Ees/J (IFNaR−/−) 
Provided by Dr. 
Michael Gale JAX:028288 

Mouse: ESAT-6 TCR Transgenic (C7) x Bt.SJL (C7 
CD45.1) This study NA 
Software and algorithms 
Cell Ranger v7.1.0 10x Genomics RRID:SCR_017344 
Seurat Satija Lab RRID:SCR_016341 
SingleR Bioconductor RRID:SCR_023730 
clustifyr Bioconductor RRID:SCR_023718 
rrvgo Bioconductor RRID:SCR_023725 
slingshot Bioconductor RRID:SCR_017012 
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STAR aligner v2.4.2a Dobin et al. RRID:SCR_004463 
HTSeq Anders et al. RRID:SCR_005514 
Picard Tools Broad Institute RRID:SCR_006525 
Imaris Bitplane RRID:SCR_007370 
FlowJo BD Biosciences RRID:SCR_008520 
Other 

Glas-Col Aerosol Infection Chamber Glas-Col 
Glas-Col Aerosol 
Infection Chamber 

gentleMACS Dissociator Miltenyi Biotec 
gentleMACS 
Dissociator 

Cytek Aurora Cytek Biosciences Cytek Aurora 

Leica SP8 Confocal Microscope Leica Microsystems 
Leica SP8 Confocal 
Microscope 

10x Chromium Controller 10x Genomics 
10x Chromium 
Controller 

Illumina NextSeq 500 Illumina 
Illumina NextSeq 
500 

Illumina NovaSeq X Illumina 
Illumina NovaSeq 
X 

Illumina NextSeq 2000 Illumina 
Illumina NextSeq 
2000 

Glas-Col Aerosol Infection Chamber Glas-Col 
Glas-Col Aerosol 
Infection Chamber 
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Method Details: 

Conven@onal dose Mtb aerosol infec@ons 

All infecTons were done with stocks of either Mtb H37Rv mCherry or Mtb SA161, as previously 

described153. To perform convenTonal dose aerosolized infecTons, mice were placed in a Glas-

Col aerosol infecTon chamber, and ~100 CFU were deposited directly into their lungs. The 

nebulizaTon cycle was set to 45 minutes followed by 45 minutes of cloud decay. To confirm 

infecTous dose, 2 mice from each infecTon were immediately sacrificed. Lungs were harvested 

and homogenates were plated on 7H10 plates for CFU counTng aner ~3 weeks of growth. 

Ultra-low dose Mtb Aerosol Infec@ons 

Bar-coded H37Rv Mtb was used for all infecTons14. Mtb stocks were grown in Middlebrook 7H9 

with OADC supplement and 0.05% Tween-80 at 37C̊ with constant agitaTon to an OD = 1. 

Cultures were filtered through a 5µm filter to remove clumps and aliquots were frozen at -80C̊. 

Frozen filtered stocks were thawed and Ttered side by side with stocks used for convenTonal 

dose infecTon to determine how to dilute the ULD stocks with the goal of leaving 37% of mice 

uninfected. Mice were placed in a Glas-Col aerosol infecTon chamber and 5mL of diluted Mtb 

was injected into the nebulizer of the infecTon chamber. The nebulizaTon cycle was set to 45 

minutes followed by 45 minutes of cloud decay. For analysis, uninfected mice were excluded 

from plots shown. 

Barcoded Sequencing 

Mice were infected with a pool of 50 bar-coded strains. Sequencing of bacterial bar-codes has 

been previously described69. Briefly, genomic DNA was pre-amplified with pooled barcoded 

primers before libraries were prepared with NEBNext Ultra DNA Library Prep Kit for Illumina 

(New England Biolabs) using the AMPure XP reagent (AgenCourt Bioscience) for size selecTon 

and cleanup. The NEBNext MulTplex Oligos for Illumina (New England Biosciences) were used to 

barcode DNA libraries and enabled mulTplexing of 96 libraries per sequencings run. Samples 

were sequenced using the NextSeq 500 Mid Output v2 kit (Illumina) at the University of 

Washington Northwest Genomics Center. Read alignment was carried out using a custom 

processing pipeline that has been previously described. 

CFU Determina@on 
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Mouse Tssues (right lung, len lung, LN) were individually homogenized in an M tube (Miltenyi) 

containing BS+0.05% Tween-80. Homogenates were diluted and plated onto 7H10 plates. Plates 

were incubated at 37 degrees Celsius for a minimum of 21 days before CFU enumeraTon. 

Naïve cell isola@on and adop@ve transfers 

Spleens and lymph nodes (LNs) were harvested from C7 mice and enriched for naïve CD4 T cells 

using the MagniSortTM Mouse Naïve CD4+ T cell isolaTon Kit (Thermo Fisher, #8804-6824-74). 

For flow cytometry experiments, isolated naïve CD4 T cells were labeled with Cell Trace Violet 

(Thermo Fisher, #C34557) following manufacturer kit protocol. Cells were confirmed for naïve 

phenotype and congenic markers, counted, washed and resuspended in sterile PBS, then 

intravenously injected into recipient mice at indicated Tmepoints. In all adopTve transfer 

experiments, host mice received ~106 naïve C7 cells. 

Th1 polariza@on and adop@ve transfers 

CD4 T cells from the indicated TCR transgenic mice (Tg.WT (CD90.1+), Tg.KO (CD90.1+, CD45.1+) 

and OTII (CD45.1+)) were negaTvely enriched from spleens using EasySep magneTc microbeads 

(STEMCELL). T cells were Th1 polarized by culturing 1.6 × 106 transgenic T cells with 8.3 × 

106irradiated splenocytes from C57/Bl6 mice (post-CD3-negaTve selecTon by EasySep) per 2ml 

well at 37°C with 5% CO2. 5 μg/ml of ESAT-6 or OVA pepTde, 10 ng/ml IL-12, and 10 μg/ml of 

anT–IL-4 anTbody (R&D Systems) were added to RP10 media at day 0. On day 3, cells were split 

2:1, and 10 ng/ml IL-12 added (R&D Systems). On day 5, Th1 cells were intravenously injected 

into C57BL/6 CD45.2+ recipient mice at the indicated Tmepoints. 

OVA-488 Intratracheal Labeling 

OVA-488 was used from Thermo Fisher (O34781) and reconsTtuted to 2 mg/mL according to 

manufacturer recommendaTon in sterile PBS. Reagent was diluted fresh 1:2 in PBS on the day 

of administraTon, to yield a dose of ~33ug/50 uL. Mice were anestheTzed via isoflurane unTl 

sufficient to induce deep breathing, aner which they were hung up on a rubber band by their 

teeth to displace their tongue by forceps and administer the reagent. Mice were held in this 

posiTon unTl the reagent soluTon was inhaled and monitored unTl awakened. 

BCG Immuniza@ons 
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BCG-Pasteur was used for all studies. BCG was cultured in Middlebrook 7H9 with OADC 

supplement plus 0.05% Tween-80 at 37C̊ with constant agitaTon for five days. BCG was back 

diluted in 7H9 for two days and grown to an OD of 0.2-0.5. Bacteria were diluted in PBS and 

mice were injected subcutaneously with 106 CFU in 200µL. BCG was diluted and plated on 7H10 

plates and plates were counted for CFU aner 21 days to confirm dose of immunizaTon. Aner 

immunizaTon, mice were rested for 8 weeks prior to Mtb infecTon. 

Single cell suspensions from mouse @ssue 

Lungs and LNs were harvested from sacrificed mice at indicated Tmepoints and placed into cold 

RPMI buffer containing 10% fetal bovine serum (FBS) with DNase I (100 µg/ml; Sigma-Aldrich), 

Dispase II (800 µg/ml; Sigma-Aldrich), and Collagenase P (200 µg/ml; Sigma-Aldrich). Lungs 

were homogenized using a gentleMACS dissociator (MilTenyi Biotec), while LNs were 

individually dissociated by sharp forcep disrupTon in a 24 well plate. Homogenized samples 

were incubated for 30 min at 37C with periodic manual disrupTon, then filtered through a 100 

uM cell strainer and RBC lysed using RBC lysing buffer (Thermo), then resuspended in FACS 

buffer (PBS +2.5% FBS +0.1% NaN3).  Blood cells were harvested by cardiac puncture, and 

isolated using LymphoLyte, following manufacturer protocol. 

An@body Staining 

Single cell suspensions were first washed in PBS and then incubated with 50 μl Zombie UV 

viability dye (BioLegend) for 10 min at room temperature in the dark. Viability dye was 

immediately quenched by the addiTon of 100 μl of a surface anTbody cocktail diluted in 50% 

FACS buffer/50% 24G2 Fc block buffer using saturaTng levels of anTbodies. Surface staining was 

performed for 20 min at 4°C. Then, the cells were washed once with FACS buffer and fixed 

overnight with the eBioscience Intracellular FixaTon and PermeabilizaTon kit (Thermo Fisher). 

The following day, cells were permeabilized with the provided permeabilizaTon buffer, 

incubated for 60 min at 4°C with 100 μl of an intracellular anTbody cocktail diluted 1:100 in 

permeabilizaTon buffer, and washed with FACS buffer. Cells were analyzed on the Cytek Aurora. 

Confocal Microscopy 

For confocal imaging, PFA-fixed and secToned LN Tssues were imaged as previously described 

using a Leica SP8 microscope56. Briefly, isolated LN Tssues were fixed using BD Cytofix (BD 
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Biosciences) diluted 1:3 in PBS for 20–24 h at 4°C then dehydrated with 30% sucrose soluTon for 

24–48 h at 4°C. LNs were then embedded in an OCT compound (Tissue-Tek) and stored at 

−20°C. LNs were secToned on a Thermo Fisher ScienTfic Micron HM550 cryostat into 20-µm 

secTons and stained as previously described56. A Leica SP8 Tling confocal microscope equipped 

with a 40× 1.3 NA oil objecTve was used for image acquisiTon. All raw imaging data was 

processed and analyzed using Imaris (Bitplane). 

Histocytometry 

Histocytometry analysis was performed as previously described56,154. Briefly, mulTparameter 

confocal images were corrected for fluorophore spillover using the built-in Leica Channel Dye 

SeparaTon module. Single stained controls were acquired using UltraComp eBeads (Invitrogen) 

that were incubated with fluorescently conjugated anTbodies and then mounted on slides with 

Fluormount-G slide mounTng media (Thermo Fisher ScienTfic). All images were visualized and 

analyzed using Imaris (Bitplane). For analysis of myeloid aggregates, a combinatorial myeloid 

channel was created using CD11c and Sirpα signals using the Imaris XT channel arithmeTc 

module, and this sum myeloid channel was used for myeloid isosurface object creaTon without 

cell spliâng but including region growing. Aggregates were then filtered by volume, where 

surfaces below 10000 um3 were excluded. Mtb surfaces were created by using mCherry signal, 

where these isosurface objects were used for visual clarity in representaTve overview images. 

C7 isosurface objects were created on congenic CD45.1 signal for analysis of Ki67, pS6, and Tbet 

expression by mean fluorescence intensity. Clustering analysis was performed by creaTng 

isosurfaces on CD45.1 or CD45.2 congenic signal without cell spliâng. Surfaces were then 

filtered by volume, and surfaces exceeding 2500 voxels (defining dense clusters represenTng ∼3 

or more cells) were included for density analysis. IL-12 surfaces were determined by masking IL-

12p40 signal in T cell cluster surfaces, then analyzed for Zbtb46-GFP, SIRPa, or XCR1-Venus 

expression. Density analyses were performed by calculaTng number of isosurfaces per LN 

volume, where LN volume was calculated by manually creaTng a surface over the enTre LN area 

across Z stacks. 

Single cell RNA-sequencing 
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Single cell suspensions were generated from medLN, blood, and lung samples as described 

above prior to Mtb infecTon and at days 0, 15 and 28 post-Mtb infecTon from pools of 8-10 

mice for each suspension/condiTon. Cells were resuspended in 200 μl MACS buffer (PBS 

containing 2.5% FBS plus 1 mM EDTA), filtered through a 70 μm filter, and run on a FACS AriaII 

(BD) sorter. To collect parenchymal cells for single-cell RNA sequencing, alveolar macrophages 

(AM, SiglecF+ Autofluorescence+) were sorted separately into one collecTon tube to account for 

autofluorescence in the IV label channel, and all other IV-negaTve cells were sorted into a 

separate collecTon tube. Aner sorTng, AMs were included in respecTve lung samples (Mtb-

infected or uninfected). Mtb-infected and uninfected bystander (mCherry+ and mCherry-) 

samples were harvested separately. Aner one round of washing with ice-cold DPBS, cells were 

resuspended to 1000 cells/μl in DPBS, and ~8000 cells were inpufed into the 10X Genomics 

pipeline following the manufacturer’s recommendaTons. Aner the generaTon of cDNA 

following the manufacturer’s protocol, samples were centrifuged through two sequenTal 

rounds of 0.2 μm SpinX (Costar) columns to sterilize the sample for removal from the BSL3 

facility and subsequent library generaTon. Libraries were sequenced by Psomagen (Rockville, 

MD) on an Illumina NovaSeq X plajorm, with 300M reads per sample. 

Alignment and processing of single cell RNAseq data 

10X chromium 3ʹ-derived scRNAseq sequence reads were aligned to the 10X Genomics pre-built 

mouse reference genome mm10-2020-A, assigned to individual cells by barcode, and unique 

molecular idenTfiers (UMI) summarized using the 10X Cell Ranger 7.1.0 sonware package. 

The Seurat R package was used for iniTal QC filtering and integraTon. First, a filtering step was 

applied across all samples, requiring all passing cells to have UMIs mapped to at least 500 

disTnct genes and fewer than 5% of UMIs mapped to mitochondrial genes. Genes detected in 

fewer than three cells per mouse were excluded from further analysis.  

The Seurat integraTon pipeline155 was then applied to correct for batch effects, normalizing for 

cell numbers via sctransform for findmarkers within Seurat156, and aligning cells across 

condiTons, including all combinaTons of Tssues, Tmepoints, and infecTon statuses. UMAP 

clustering was determined using Seurats FindNeighbor and FindCluster funcTons using a 

resoluTon of 0.5. Cell type annotaTons were refined using SingleR package and ImmGen Fine 
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reference annotaTons157,158 by mapping cluster-specific gene expression profiles to curated 

immune cell gene signatures, enabling high-resoluTon classificaTon of immune cell subsets in 

the single-cell RNA-seq dataset. These annotaTons were then refined using curated gene set 

lists and top markers and aligned with our flow cytometry cell type annotaTons (iMO, MC, cDC). 

CorrelaTon annotaTon gene expression analysis and plots were generated using clusTfyr 

package159. Pearson (centered delta of gene expression) correlaTon was performed on genes 

excluding common low-informaTve genes (mt-, ribosomal, hemoglobin, etc.) to best idenTfy 

correlaTons and differences between cell types. 

To quanTfy changes in cell type proporTon over Tme, total numbers of cells per sample were 

calculated and normalized to cells per thousand per sample. NegaTve-binomial linear models, 

appropriate for zero-inflated count data, were fit and used to calculate P values using the R 

glm.nb funcTon. 

DEG analysis was performed using sctransform values to normalize for different read depth 

between samples, using cutoffs of log2FC > 0.5 and adjusted p value (FDR) < 0.05. These DEGs 

were then run for mSigDB Hallmark and Gene Ontology: Biological Processes (GO:BP) gene set 

enrichment analysis (GSEA). GO:BP GSEA was then reduced to parent terms using rrvgo package 

to minimize redundancy of terms160. For GO:BP reduced bubble plots, up to 5 leading edge 

genes were shown based on over-representaTon across GO terms within each parent term. 

PseudoTme slingshot analysis was performed on monocyte subsets as shown (S.2F) to 

determine trajectory, with pMO and iMO1 cell clusters set as origins based on prior annotaTons 

and Tmepoint meta data161. PseudoTme scores were then mapped onto the original UMAP 

space to represent trajectories. 

The mouse Mtb Innate Atlas DEG and GSEA data sets are publicly available for exploraTon and 

use at hfps://eshamskh-mouse-mtb-innate-atlas.share.connect.posit.cloud . Primary data can 

be found at GSE309019. 

MC Gene Signature Scoring 

First, the top 50 genes from FindMarkers (Seurat) across ImmGenGroup cell types were 

determined and isolated for MC cells (Table 3.2). To quanTfy cross-species enrichment of the 

murine MC gene signature in human datasets, we first converted mouse genes to their human 

https://eshamskh-mouse-mtb-innate-atlas.share.connect.posit.cloud/
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orthologues using a one-to-one orthology mapping (Ensembl BioMart), restricTng to high-

confidence protein-coding genes. Genes without clear orthologues or mapping to mulTple 

human genes were excluded to avoid inflaTon of signature size. The resulTng humanized MC 

gene set was then intersected with the expressed gene matrix of the human RNA-seq/scRNA-

seq dataset. Signature scores were calculated on a per-cell (or per-sample) basis using a rank-

based module scoring approach implemented in Seurat (AddModuleScore), which computes the 

average expression of the signature genes subtracted by the aggregated expression of matched 

control gene bins to account for gene expression distribuTon biases. Scores were subsequently 

z-scored across cells for visualizaTon and downstream comparaTve analyses between clinical 

groups. 

Bulk RNA sequencing 

MedLNs, lungs, and blood of interest were harvested and processed into single cell suspensions, 

stained with cell surface markers, and sorted (gaTng schemes in Fig. S6F) from individual mice 

on days 0, 15, and 25 post-Mtb infecTon. 200 cells for each condiTon was sorted on an Aria II 

(BD Biosciences) directly into reacTon buffer from the SMART-Seq v4 Ultra Low Input RNA Kit 

for Sequencing (Takara). Reverse transcripTon was performed followed by PCR amplificaTon to 

generate full-length amplified cDNA, as previously described162. Sequencing libraries were 

constructed using the NexteraXT DNA sample preparaTon kit with unique dual indexes 

(Illumina) to generate Illumina-compaTble barcoded libraries. Aner the generaTon of libraries 

following the manufacturer’s protocol, samples were centrifuged through two sequenTal 

rounds of 0.2 μm SpinX (Costar) columns to sterilize the sample for removal from the BSL3 

facility. Libraries were pooled and quanTfied using a Qubit Fluorometer (Life Technologies). 

Sequencing of pooled libraries was carried out on a NextSeq 2000 sequencer (Illumina) with 

paired-end 59-base reads using NextSeq P2 sequencing kits (Illumina) with a target depth of 5 

million reads per sample. Base calls were processed to FASTQs on BaseSpace (Illumina) and a 

base call quality-trimming step was applied to remove low-confidence base calls from the ends 

of reads. The FASTQs were aligned to the GRCm38 mouse reference genome using STAR 

v.2.4.2a, and gene counts were generated using htseq-count. QC and metrics analysis was 

performed using the Picard family of tools (v1.134). Gene counts were filtered and normalized 
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from raw counts by trimmed-mean of M values (TMM) normalizaTon and filtered for genes 

expressed with at least one count per million total reads in at least 10% of the total number of 

libraries. Further downstream analysis was performed using publicly available RNAseq toolkits. 

Gene signatures were derived from previous work70, and generated alongside heatmap data 

tables by inpuâng DEG data into the BIOMEX toolkit163. 

 

Primary data can be found on GEO. 

 

Quan@fica@on and Sta@s@cal Analysis 

StaTsTcal tests were selected based on appropriate assumpTons with respect to data 

distribuTon and variance characterisTcs. StaTsTcal details of experiments can be found in the 

figure legends. No staTsTcal methods were used to predetermine sample size. The staTsTcal 

significance of differences in mean values was determined by the appropriate test, as denoted 

in the figure legends ∗∗∗∗, p ≤ 0.0001; ∗∗∗, p ≤ 0.001; ∗∗,p ≤ 0.01; and ∗, p ≤ 0.05 or otherwise 

noted. 

 

Mathema@cal Modeling Details: 

Calcula@ng total number of circula@ng monocytes 

Total concentraTon of white blood cells in mice is assumed at 5 × 103 cell/ul of blood based on 

prior study164. Monocytes represent about 1% of WBCs164. The total blood volume in mice is 

dependent on weight and has been calculated to be 7.8 mL per 100 g of body weight164. A 

mouse of 20g weight then has 1.5 mL of blood, and thus, ~0.8 × 106 monocytes in circulaTon. 

Based on our measurements (we did not weigh the mice), this is a slight overesTmate as we find 

0.3 × 105 monocytes in B6 mice (Fig. S7H). The half-life Tme of murine circulaTng monocytes is 

esTmated at about 17 hours or removal rate of dB = ln(2)/(17/24) ≈ 1/day164.  

Modeling sIVs of monocytes in circulation and their migration to medLN 

To quantify kinetics of monocyte migration from the blood to medLN we developed a 

mathematical model that tracks labeling of cells with different Abs administered at different 

times. In our basic model (Fig. S3E), we assume that monocytes in circulation are produced at a 
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rate $ from the bone marrow, and that cells in circulation migrate to various tissues and/or die 

at a rate %& with '&( being the rate of cell migration from blood to medLN. In our 

experiments, we only label circulating cells with one Ab, administered at )1 time prior to 

sampling time +; therefore, in this model we track the dynamics of cells unlabeled and labeled 

with sIVs Ab in the blood (&, and &-, respectively) and in the LN ((, and (-, respectively):  

 

where initially all cells are unlabeled and in the simplest model, at the steady state, &,(0) 	=
	$/('&(	 + %&), (,(50) 	= 	'$/(%(('(&	 + 	%&)), and &-(0) 	= 	(-(0) 	= 	0 where time 

starts from Mtb infection and sampling is done at time T. This is different from a typical set-up 

of the original sIVs study where time is counted backwards from the time of sampling54. In the 

model, -(5) is the function describing pulse labeling by sIVs Abs:  

 

where +	 + )1 is the time of 1st Ab injection, ∆τ1 is the duration of labeling (typically, 20-30 

min given the half-life time of the Ab), and rl is the rate of labeling of the cells by the Ab. In our 

experiments )1	 = −24	h = −1	d.  

In previous studies involving sIVs, Ab-labeled cells were typically sampled once; however, in our 

experiments, we injected labeling Ab at several times, typically 1 day prior to tissue sampling, 

e.g., at +	 = 	0, 14, etc days since Mtb infection. Therefore, the basic model (eqns. (1)–(4)) 

needs to be solved for every sampling time T. By assuming that labeling of circulating cells with 
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the sIVs Ab occurs rapidly and by knowing the number of circulating cells at time of Ab injection 

(+	 + 	)1) given in eqn. (1) (with -(5) 	= 	0) the dynamics of Ab-labeled cells in circulation and 

LN is then:  

 

where 5	 ∈ 	 (0, −)1) and &-(0) 	= 	&,(+	 + 	)1)	(from eqn. (1)) and (-(0) 	= 	0. The number 

of sIVs+ myeloid cells in the LN is (-(−)1) and can be calculated iteratively for different values 

of the sampling time +.  

In our analyses, we found that a model that assumes a constant rate of monocyte migration 

from the blood to the medLN does not adequately describe the sIVs data; to allow for the rate 

of monocyte migration to change with time, we adopt a previous approach that assumed that 

the migration rate is constant in a given time interval but may vary between time intervals:  

 

The choice of the time intervals where the rate of migration is changing is semi-arbitrary as long 

as changes occur in between experimental measurements; we chose them to allow for change 

in the rapid increase in the migration rate from uninfected state to 10-14 days post Mtb 

infection, and then small decline in the migration rate after 22-25 days post-infection.  

Modeling Mtb dissemination from the lung to medLN  

To describe the dynamics of Mtb-infected cells in the lung and mediastinal medLN (medLN) we 

adopted mathematical models recently developed to describe dissemination of Mtb bacilli from 

the lung to medLN and spleen after a conventional dose infection(Cross et. al., In Prep). In the 
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simplified version of the model, we track the number of Mtb-infected (myeloid) cells in the lung 

and medLN assuming that infected cells in the medLN migrate from the lung, and that growth 

in the number of Mtb-infected cells is described by logistic model:  

 

where ;< and ;( are the number of Mtb-infected myeloid cells in the lung and medLN at time 5 
after infection, respectively, =>	and ?>	denote the rate of Mtb replication and carrying capacity 

of Mtb in the >5ℎ tissue, A(B) is a shifted Heaviside function defined as A(B) 	= 	0 if B	 < 	1 and 

A(B) 	= 	1, otherwise, medLN is the rates of Mtb-infected cell migration from the lung to 

medLN. In the model, infection starts with infected cells in the lung (;<(0) 	= 	;0) but not the 

medLN (;(	(0) 	= 	0).  

We found that the logistic model (eqns. (9)–(10)) did not accurately describe the data, in part, 

because the logistic model predicts reaching a steady state over time while the actual number 

of Mtb-infected cells peaked at 21 days and declined afterwards (S. 7J), most likely due to an 

immune response. We therefore formulated an alternative model that takes this into account 

(Fig. S3F).  

Adaptive immune responses can control Mtb numbers several weeks post-infection165. Because 

in our studies,  we lacked fine-grained measurements of Mtb- specific T cell response dynamics 

in the lung and medLN (only timed transfers were used), here we propose a simple model 

previously shown to describe immune dynamics following vaccination or influenza virus 

infection in humans166. We thus assume that immune response D expands exponentially after 

exposure and suppresses Mtb replication as E(D) 	= 	1/(1	 +	(ℎD)F):  
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where D	 = 	GH5 and for simplicity we set H	 = 	0.6/day167. We define time +D	 = 	−ln(ℎ)/H 

as the time when immune response is at half maximal capacity to inhibit growth of the bacteria.  

To describe migration of Mtb+ myeloid cells from the lung to medLN that had been stained with 

OVA-488 we used model-predicted number of Mtb+ cells in the lung (eqn. (11)) at time +	 + )L 

where )L	 = 	−24	h is the time of OVA-488 administration prior to sampling at time + :  

 

where 5	 ∈ 	 (0, −)0) and )L	 = 	−24	h is the time of labeling of lung-localized myeloid cells 

with OVA-488 and ;<L
	(0) 	= 	;<(+	 + 	)L) (from eqn. (11)) and ;(L

	(0) 	= 	0. The number of 

Mtb+ myeloid cells that had migrated from the lung to medLN in −)L time is ;(L
	(−)L) and 

can be calculated iteratively for different values of the sampling time +.  

In fitting models to data on migration of Mtb+ myeloid cells, we found that models with a 

constant rate of migration of cells from the lung to the medLN generally did not fit the data 

very accurately. This was in part because the ratio of lung-to-medLN migrating myeloid cells to 

total number of myeloid cells in the lung was non-linearly dependent on the time since 

infection. Therefore, we assumed that the rate of migration of Mtb+ cells from the lung to 

medLN change with time since infection. Similarly to our previous work168, we allow for the 

migration rate to be constant in a given time interval (5>, 5> + 1) but change between different 

time intervals that are determined by times when experimental measurements were taken:  
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Fidng models to data 

To fit models to data, we log-transformed the data and model predicTons and minimized the 

sum of squared residuals (SSR). Data or model predicTons on the number of cells that were 

below a limit of 1 we set to be equal to this limit. We compared alternaTve models using either 

F-test (for nested models) or AIC (for non-nested models). In most cases we afempted to fit the 

least number of parameters, e.g., by fixing some parameters to values found in the literature 

(e.g., the rate of monocyte migraTon/death from the blood to other Tssues). Note that because 

we assumed that the rates of cell migraTon are constant in a given Tme period but change 

between Tme periods, the model predicted changes in the number of myeloid cells migraTng 

from the blood (Fig. 4.S.7H) or the lung (Fig. 4.S.7J) or to medLN to appear oscillatory. Modeling 

the migraTon rate to be dependent on Tme would require addiTonal parameters and was not 

pursued.  

Declara@on of genera@ve AI and AI-assisted technologies in the wri@ng process 

During the preparaTon of this work the authors used ChatGPT from OpenAI to proofread 

porTons of the text for grammaTcal accuracy. Aner using this tool/service, the authors reviewed 

and edited the content as needed and take full responsibility for the content of the published 

arTcle.  
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Table 3.2: MC Gene Signature scores (mtb pos/neg) 

Signature Rank Mouse_Gene Human_Gene 

MC_Mtb_pos_top50 1 Tmem178 TMEM178A 

MC_Mtb_pos_top50 2 8430430B14Rik NA 

MC_Mtb_pos_top50 3 Cst7 CST7 

MC_Mtb_pos_top50 4 Orm1 NA 

MC_Mtb_pos_top50 5 Mmp2 MMP2 

MC_Mtb_pos_top50 6 Saa3 NA 

MC_Mtb_pos_top50 7 Tnfsf15 TNFSF15 

MC_Mtb_pos_top50 8 Ak4 AK4 

MC_Mtb_pos_top50 9 Plpp3 NA 

MC_Mtb_pos_top50 10 Nos2 NOS2 

MC_Mtb_pos_top50 11 Gpnmb GPNMB 

MC_Mtb_pos_top50 12 Sdc1 SDC1 

MC_Mtb_pos_top50 13 Slc1a2 SLC1A2 

MC_Mtb_pos_top50 14 Gdpd1 GDPD1 

MC_Mtb_pos_top50 15 Inhba INHBA 

MC_Mtb_pos_top50 16 Il12a IL12A 

MC_Mtb_pos_top50 17 Myo10 MYO10 

MC_Mtb_pos_top50 18 C1s1 NA 

MC_Mtb_pos_top50 19 Procr PROCR 

MC_Mtb_pos_top50 20 H2-M2 NA 

MC_Mtb_pos_top50 21 Htra1 HTRA1 

MC_Mtb_pos_top50 22 Asb11 ASB11 

MC_Mtb_pos_top50 23 Vcam1 VCAM1 

MC_Mtb_pos_top50 24 Cd38 CD38 

MC_Mtb_pos_top50 25 Gm40932 NA 

MC_Mtb_pos_top50 26 Tst TST 

MC_Mtb_pos_top50 27 Clmp CLMP 

MC_Mtb_pos_top50 28 Bvht NA 
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MC_Mtb_pos_top50 29 Adgb ADGB 

MC_Mtb_pos_top50 30 Mcoln2 MCOLN2 

MC_Mtb_pos_top50 31 Slc7a2 SLC7A2 

MC_Mtb_pos_top50 32 Plxna1 PLXNA1 

MC_Mtb_pos_top50 33 Clec4e CLEC4E 

MC_Mtb_pos_top50 34 Btbd16 BTBD16 

MC_Mtb_pos_top50 35 C1ra C1R 

MC_Mtb_pos_top50 36 Acsl1 ACSL1 

MC_Mtb_pos_top50 37 Dpys DPYS 

MC_Mtb_pos_top50 38 Src SRC 

MC_Mtb_pos_top50 39 Cë CFB 

MC_Mtb_pos_top50 40 Ms4a7 MS4A7 

MC_Mtb_pos_top50 41 Fzd1 FZD1 

MC_Mtb_pos_top50 42 AA467197 C15orf48 

MC_Mtb_pos_top50 43 Acp5 NA 

MC_Mtb_pos_top50 44 Olfr111 OR5V1 

MC_Mtb_pos_top50 45 Best1 BEST1 

MC_Mtb_pos_top50 46 Fblim1 FBLIM1 

MC_Mtb_pos_top50 47 Ptges PTGES 

MC_Mtb_pos_top50 48 Il1a IL1A 

MC_Mtb_pos_top50 49 Tnfaip8l3 TNFAIP8L3 

MC_Mtb_pos_top50 50 Ksr2 KSR2 

MC_Mtb_neg_top50 1 C1qa C1QA 

MC_Mtb_neg_top50 2 C1qc C1QC 

MC_Mtb_neg_top50 3 C1qb C1QB 

MC_Mtb_neg_top50 4 Itga9 ITGA9 

MC_Mtb_neg_top50 5 Plxdc2 PLXDC2 

MC_Mtb_neg_top50 6 Lyz1 LYZ 

MC_Mtb_neg_top50 7 Maë MAFB 

MC_Mtb_neg_top50 8 Cd81 CD81 
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MC_Mtb_neg_top50 9 Pltp PLTP 

MC_Mtb_neg_top50 10 Ccr5 CCR5 

MC_Mtb_neg_top50 11 Vcam1 VCAM1 

MC_Mtb_neg_top50 12 Timp2 TIMP2 

MC_Mtb_neg_top50 13 Mmp14 MMP14 

MC_Mtb_neg_top50 14 Saa3 NA 

MC_Mtb_neg_top50 15 Myo1e MYO1E 

MC_Mtb_neg_top50 16 Frmd4b FRMD4B 

MC_Mtb_neg_top50 17 Cmklr1 CMKLR1 

MC_Mtb_neg_top50 18 Cd38 CD38 

MC_Mtb_neg_top50 19 Arhgap10 ARHGAP10 

MC_Mtb_neg_top50 20 Snx24 SNX24 

MC_Mtb_neg_top50 21 Creb5 CREB5 

MC_Mtb_neg_top50 22 Sdc4 SDC4 

MC_Mtb_neg_top50 23 Abca1 ABCA1 

MC_Mtb_neg_top50 24 Tma16 TMA16 

MC_Mtb_neg_top50 25 Gatm GATM 

MC_Mtb_neg_top50 26 Slc7a8 SLC7A8 

MC_Mtb_neg_top50 27 Mij MITF 

MC_Mtb_neg_top50 28 Sash1 SASH1 

MC_Mtb_neg_top50 29 Cd14 CD14 

MC_Mtb_neg_top50 30 Cë CFB 

MC_Mtb_neg_top50 31 Sh3pxd2b SH3PXD2B 

MC_Mtb_neg_top50 32 Klrb1b KLRB1 

MC_Mtb_neg_top50 33 Lmna LMNA 

MC_Mtb_neg_top50 34 Il18bp IL18BP 

MC_Mtb_neg_top50 35 Rgs1 RGS1 

MC_Mtb_neg_top50 36 Ly6a NA 

MC_Mtb_neg_top50 37 Ppargc1b PPARGC1B 

MC_Mtb_neg_top50 38 Sod2 SOD2 
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MC_Mtb_neg_top50 39 Aoah AOAH 

MC_Mtb_neg_top50 40 Axl AXL 

MC_Mtb_neg_top50 41 Tbxas1 TBXAS1 

MC_Mtb_neg_top50 42 Procr PROCR 

MC_Mtb_neg_top50 43 Rab7b NA 

MC_Mtb_neg_top50 44 Adap2 ADAP2 

MC_Mtb_neg_top50 45 Acsl1 ACSL1 

MC_Mtb_neg_top50 46 H2-Eb1 HLA-DRB5 

MC_Mtb_neg_top50 47 Rab20 RAB20 

MC_Mtb_neg_top50 48 Parvb PARVB 

MC_Mtb_neg_top50 49 Fth1 FTH1 

MC_Mtb_neg_top50 50 Mertk MERTK 
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SecTon 4: MonocyTc Niches Enable Mycobacterium Tuberculosis in Lymph Nodes 
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de la Cruz, Daniel Kim, Kim Foster, Dat Mai, and Natsumi Naranjo. 
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Summary: 

Lung-draining mediasTnal lymph nodes (medLNs) are criTcal for Mycobacterium tuberculosis 

(Mtb) pathogenesis, serving as iniTaTng sites of protecTve T cell responses and, paradoxically, 

as sites of long-term pathogen persistence. We examined myeloid and CD4 T cell response 

dynamics in medLNs aner aerosol Mtb infecTon. Early disseminaTon occurred via monocytes 

and IL-12-producing convenTonal dendriTc cells (cDCs), which harbored single bacilli and 

iniTated Th1 priming within the T cell zone. Thereaner, cDC migraTon and Th1 priming declined, 

and medLNs became dominated by large monocyte-derived aggregates containing mulTple 

bacilli, which persisted into late infecTon. Despite inducing proinflammatory and bactericidal 

signaling pathways, these aggregates weren’t recognized by Mtb-specific T cells and failed to 

clear Mtb, forming an immunologically ‘blind’ niche. BCG vaccinaTon reduced Mtb burden and 

niche establishment, without altering myeloid trafficking or T cell priming. Thus, Mtb persists in 

medLNs within specialized monocyTc niches exhibiTng classical immune pathways that are 

insufficient for sterilizing control.  
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4.1 Introduc@on 

Tuberculosis remains a leading cause of global mortality, recently reclaiming its posiTon as the 

world's deadliest infecTous disease caused by a single pathogen, Mycobacterium tuberculosis 

(Mtb)1. While pulmonary infecTon has dominated research focus, Mtb pathogenesis extends far 

beyond the lung, including secondary lymphoid organs and other Tssues26. Studies in mice have 

shown that Mtb first disseminates to the lung-draining mediasTnal lymph node (medLN) 

beginning around eight days post-infecTon30,32,118. This seeding of the medLN triggers local 

iniTaTon of T cell responses, which are essenTal for immune control24,30,32,72,118,169. 

Paradoxically, lung-draining lymph nodes onen become a preferred site for Mtb persistence45. 

Historical human post-mortem studies from the pre-anTbioTc era frequently recovered Mtb 

from lung-draining lymph nodes even when prior lung lesions appeared sterilized46. In human 

TB and non-human primate models, Mtb can even form granulomatous lesions within LNs that 

mimic those in the lung170,171. How these opposing processes — robust immune acTvaTon and 

persistent infecTon – can be supported within the same lymphoid organ represents a criTcal yet 

understudied aspect of TB pathogenesis. 

Previous studies have suggested that initial transport of bacteria from lungs to lymph nodes is 

mediated by inflammatory monocytes (iMOs)24, whereas conventional dendritic cells (cDCs) 

elicit T cell priming after acquiring Mtb antigens from these transporting iMOs22,24,71,72. 

However, the classical phenotypic markers used for binary classificaTon or depleTon of specific 

innate populaTons have proven insufficient to faithfully capture myeloid cell diversity or to 

isolate effects to select subsets22,172-175. Emerging evidence suggests that inflammatory 

condiTons further blur convenTonal phenotypic boundaries, with cDC2 populaTons acquiring 

monocyte-like characterisTcs upon type I interferon sTmulaTon, termed inflammatory cDC2s 

(inf-cDC2s)174-176. These inf-cDC2s express markers typically associated with inflammatory 

monocytes (CD64, CCR2, Ly6C) while also acquiring potent IL-12 producTon capacity typically 

associated with cDC1s175, challenging simplified models of myeloid cell funcTon during 

infecTon. 
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This cellular complexity is parTcularly relevant given the heterogeneous nature of CD4 T cell 

responses during Mtb infecTon. Recent work has idenTfied funcTonally disTnct T cell 

populaTons ranging from highly differenTated effector cells to less-differenTated stem-like cells, 

each with unique trafficking paferns and protecTve capaciTes177-181. While cDCs are recognized 

as the principal anTgen-presenTng cells for T cell priming24,71,72,182, the specific cDC subsets that 

instruct different T cell fates remain unresolved. Moreover, work in vaccinaTon and cutaneous 

infecTon models demonstrated that the spaTal organizaTon of innate cells within lymphoid 

organs generates disTnct microenvironments specialized in promoTng effector versus memory 

precursor T cell development51,154,162,182, suggesTng that Tssue architecture criTcally shapes 

adapTve immune outcomes. Whether similar microenvironments arise during Mtb infecTon in 

the medLN and how they influence de novo T cell priming and effector fate decisions remains 

unknown.  

The temporal dimension adds another layer of complexity to this process. IniTaTon of T cell 

priming has been shown to occur within the first few weeks of infecTon169. These acTvated T 

cells are sufficient to sustain conTnued responses throughout the course of infecTon31, 

indicaTng potent generaTon of progenitor cells. Yet, certain vaccinaTon studies have also 

suggested that iniTaTon of effector versus memory progenitor states can be temporally 

encoded, with early acTvated cells preferenTally generaTng effector cells while those acTvated 

later driving memory responses183. Whether the development of highly differenTated effector 

versus less-differenTated progenitor T cells occurs at disTnct Tmepoints of Mtb infecTon, where 

the balance of available anTgen and inflammatory cytokines is altered, has not been studied. 

Furthermore, how prior immune status, such as BCG vaccinaTon, modulates this balance 

remains unknown. While BCG limits disseminated Mtb infecTon184,185, its effects on LN-localized 

myeloid cell states and on naïve T cell priming within infected LNs have not been defined. 

The limited understanding of how this critical immunological site functions across stages of 

infection underscores a fundamental paradox: How can lung-draining LNs both initiate 

protective immunity and provide a niche for long-term pathogen persistence? One explanaTon 

is that T cell priming and microbial persistence are spaTotemporally disTnct events, supported 

by different cell types, Tssue niches, and stages of infecTon. To address this, we combined 
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mouse models of aerosol Mtb infecTon with advanced imaging, mulTparameter flow cytometry, 

single-cell transcriptomics, and mathemaTcal modeling to dissect the spaTal and temporal 

dynamics of infecTon and T cell priming in the medLN. We show that Mtb infecTon progressed 

through disTnct temporal phases. The early phase (2-3 weeks) was characterized by iniTal 

disseminaTon of Mtb into medLNs via both iMOs and migratory cDCs, with cDCs driving potent 

Th1 priming amid widespread inflammatory cytokine signaling. By 3–4 weeks, however, the 

medLN underwent a striking structural transformaTon, with generaTon of large aggregates of 

monocyte-derived cells harboring mulTple bacilli and occupying large porTons of the 

parenchyma, including the T cell zone. These cells exhibited strong inducTon of inflammatory 

and microbicidal pathways yet failed to clear Mtb and persisted into late infecTon. Notably, T 

cells specific for major immunodominant anTgens were unable to efficiently recognize infected 

monocyTc aggregates. Lastly, BCG immunizaTon perturbed monocyTc niche formaTon and Mtb 

replicaTon in medLNs without affecTng iniTal lung-to-medLN trafficking or de novo T cell 

priming. Together, these findings demonstrate that despite a brief but robust window of T cell 

priming and inflammaTon, Mtb establishes a persistent, immunologically privileged myeloid 

niche within the very organs tasked with eliciTng protecTve adapTve immune responses, 

reflecTng an advanced strategy for immune evasion. 

4.2 Results 

4.2.1 Kine@cs and Spa@al Architecture of Mtb Infec@on in the medLN.  

To define the myeloid landscape harboring Mtb in the medLN, we infected C57BL/6 mice with 

mCherry-expressing Mtb (H37Rv; 50-100 CFU) and performed a longitudinal analysis of infected 

cells by flow cytometry. Myeloid populaTons were defined as neutrophils (Ly6G+), inflammatory 

monocytes (iMOs; CD88+SIRPα+CD64+CD26LOLy6CHI),  more differenTated monocyte-derived 

cells (MCs; CD88+SIRPα+CD64+CD26LOLy6CINT-LO), and cDCs (CD88-CD26+CD11c+MHCII+), including 

resident (CD11cHIMHCIIINT) and migratory (CD11cINTMHCIIHI) subsets, further subdivided into 

cDC1 (XCR1+) and cDC2 (SIRPα+CCR2INT-LO) (Fig. S.1A).   

Mtb disseminaTon from the lungs to the medLN has been reported as early as day 8 post-

infecTon when assessed by culture30,118. By flow cytometry, however, Mtb-infected (mCherry+) 

cells in the medLN could be reliably detected by day 15 post-infecTon (Fig. 1A, S.1A).  Between 
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days 15 and 22, the number of infected medLN cells increased approximately ten-fold before 

plateauing at subsequent Tmepoints (days 28 and beyond), consistent with prior medLN CFU 

studies30. At day 15, Mtb was detected in cDCs (both cDC1 and cDC2) and iMOs (Fig. 1B). By 

contrast, at later Tmepoints (day 22 and 28), the infected cell compartment shined markedly, 

with reduced cDC representaTon and a corresponding increase in iMOs and MCs (Fig. 1B). This 

redistribuTon was not explained by changes in the overall composiTon of innate cells in the 

medLN, as total numbers of cDCs, iMOs, and MCs were maintained or increased across these 

Tmepoints (Fig. S.1B). In contrast to the medLN, lung infecTon was characterized by preferenTal 

early infecTon of alveolar macrophages and neutrophils20, underscoring Tssue-specific features 

of myeloid infecTon dynamics.  Notably, we observed a similar temporal transiTon in the 

representaTon of iMOs and MCs within Mtb-infected lungs, though this shin was less 

pronounced than in the medLNs, and cDCs remained a consistently minor infected populaTon 

(Fig. S.1C). In line with prior reports24,173-175,186, these myeloid populaTons also exhibited disTnct 

levels of CCR2 expression (Fig. S.1A), with highest levels on iMOs and more heterogeneous 

expression among MCs and cDC2s.  

We next studied the spaTotemporal dynamics of medLN infecTon using mulTparameter 

confocal microscopy. At day 15 post-infecTon, individual Mtb bacilli were detected within 

dispersed myeloid cells (CD11c+/-SIRPα+/-), which were primarily localized within the T cell zone 

(Fig. 1C). By contrast, just one week later (day 22 and aner), we observed a dramaTc expansion 

in bacterial burden (Fig. 1D), with bacilli now predominantly contained within large mulTcellular 

myeloid cell aggregates (CD11c+SIRPα+) distributed throughout the T cell zone (Fig. 1C–F). These 

infected aggregates persisted for at least 110 days post-infecTon, suggesTng the establishment 

of a long-lived niche for Mtb within the medLN (Fig. S.1D). Similar myeloid cell aggregates 

containing intracellular Mtb anTgens (PPD staining) also formed in the T cell zone when using a 

more physiologically relevant ultra-low-dose (ULD; 1-3 CFU per mouse) infecTon model14 (Fig. 

S1E), indicaTng that this phenotype is independent of infecTous dose. 

We further examined medLNs at day 34 post-infecTon in C3HeB/FeJ mice infected with a W-

Beijing Mtb strain SA161. In this model, all mice infected with 50-100 CFU develop at least one 

large necroTc lung granuloma69,187, characterized by dense MPO+CD11bHI neutrophil aggregates 
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and loss of p120+ alveolar epithelium within the lesion (Fig. S.1F). We again observed similar 

myeloid cell aggregates containing Mtb anTgens throughout the medLN T cell zone (Fig. S.1F), 

suggesTng this biology is conserved across mouse and Mtb genotypes with different pulmonary 

pathologies. 

Because CD11c and SIRPα can be expressed by both cDCs and monocyte-derived populaTons, 

we next used Zbtb46-GFP reporter mice to definiTvely trace cDC-lineage cells149. At day 15 post-

infecTon, approximately 45% of Mtb bacilli in the medLN were localized within GFP⁺ cDCs, 

whereas only ~20% of Mtb⁺ were contained within GFP⁻ SIRPα⁺ cells, indicaTng cells of 

monocyTc/macrophage origin (Fig. 1G–H). By day 22 and 28, however, the majority of Mtb 

bacilli were instead found within GFP⁻ SIRPα⁺ cells, while fewer than 10% of Mtb were within 

GFP⁺ cDCs. This temporal redistribuTon was also observed by flow cytometry (Fig. 1I–J). 

Together, these data define at least two stages of Mtb infecTon within medLN myeloid cells. The 

first phase (~ day 15) is characterized by dispersed infiltraTon of the T cell zone by cDCs and 

MOs harboring single or few bacilli. This is followed by a second phase marked by the formaTon 

of monocyte-derived aggregates throughout the medLN parenchyma and especially the T cell 

zone and a concurrent increase in bacterial burden within these cells. The long-term persistence 

of these aggregates suggests they represent a stable niche for Mtb.  
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 Figure 4.1: Mtb infection is initially harbored in cDCs and monocytes, and later in 

multicellular monocytic aggregates in the medLN 

(A-F) C57Bl/6 mice were infected with Mtb H37Rv.mCherry at 50-100 CFU. (A-B) Flow cytometry 

analysis of medLNs from days 15 to 28+ (28-33) p.i. (A) Graphs shown reflect absolute numbers 

of innate cells per tissue, with gating strategy found in Fig. S1A. (B) Proportion of Mtb+ innate 

cells in the medLN shown as a fraction of B220-CD3-IV-Mtb+ events.  Cell numbers are shown as 

mean with 95% confidence intervals. Data represent 6 independent experiments, identified by 

symbol shape where applicable (N=26-30 mice). (C-F) Confocal microscopy of myeloid cells in 

naïve and Mtb-infected medLNs at D15-D28+ (C), with quantification of Mtb density (D), 

myeloid aggregate density and volume (E), and Mtb bacilli per Mtb+ myeloid aggregate (F). Data 

represent 3 independent experiments, identified by symbol shape (N=7-11 mice). The T/B 

border (dotted line) was defined based on B220 staining (example in bottom left). Arrows 

indicate infected cells or aggregates. Scale bars: 300 µM (zoom-out); 20 µM (zoom-in). (G-J) 

Zbtb46-GFP mice (N=5) were infected with aerosolized Mtb H37Rv mCherry at ~100 CFU. (G-H) 

Imaging of D15 and D28+ p.i. medLNs. Mtb surfaces were assigned to cDCs (Zbtb46-GFP+) or 

MOs (Zbtb46-GFP- SIRPα+). Not determined (N.D.) indicates dim Zbtb46-GFP or SIRPa signals. 

Scale bars: 10 µM. (I-J) Flow cytometry analysis and quantification of D15 and D25 p.i. Zbtb46-

GFP medLNs, identifying Mtb-infected cDCs (Zbtb46-GFP+CD88-CD26+) and Monocytes (CD88+ 

Zbtb46-GFP-). Statistical results for significance were measured by Kruskal-Wallis Test with 

Dunn’s Multiple Comparisons (A, D) or ordinary one-way ANOVA using multiple comparisons 

with Tukey’s Correction (B, E, F). 
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 Figure 4.S.1: Mtb infections across mouse models reflect dynamic changes in innate cell 

populations 

Data related to Fig. 1. (A-D). (A) Gating strategy for Mtb- (black contour plot) and Mtb+ (red dot 

plot) innate cells. D22 medLN sample shown, unless otherwise noted, with prior gating on 

Lymphocytes/Single Cells/Live/IV-/B220-/CD3-. CCR2 histograms show expression in indicated 

populations for D15 medLN. (B) Absolute total innate cell numbers per medLN; shown as mean 

with 95% confidence intervals. (C) Flow cytometry enumeration of Mtb+ innate cells in lung 

samples from D15 to D28+ p.i. Proportion of Mtb+ innate cells in the medLN shown as a fraction 

of B220-CD3-IV-Mtb+ events and reflect innate gating as in Fig. S1A, with additional gating for 

alveolar macrophages (AM) characterized as SiglecF+ CD11c+.  (D) Confocal microscopy of 

medLN at D110 p.i., visualizing myeloid cells (CD11c, SIRPa) and T/B cell zones (B220, CD4). 

Scale bars: 20 uM. (E) Representative ultra-low-dose (ULD) infected medLN at D35 p.i. showing 

myeloid aggregates (SIRPα), T/B cell zones (B220, CD3), and Mtb (PPD). (F) C3H/FeJ mouse 

infected at D34 p.i. with SA161 Mtb strain (50-100 CFU), showing linked lung and medLN 

tissues. Lung tissue shows neutrophils (MPO), myeloid cells (CD11b), Mtb antigen (PPD), and 

epithelium (p120). MedLN shows myeloid cells (SIRPa), T zone (CD4), and Mtb antigen (PPD). 

Statistical results for significance were measured by or ordinary one-way ANOVA (B) using 

multiple comparisons with Tukey’s Correction or by Kruskal-Wallis Test with Dunn’s Multiple 

Comparisons (C). 
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4.2.2 A Cross-Organ, Cross-Timepoint Atlas of Innate Cell Dynamics During Mtb Infec@on 

To befer define how innate cells change across Tssues during Mtb infecTon, we next generated 

a single-cell transcripTonal atlas spanning lung, medLN, and blood at early (day 15) and later 

(day 28) stages of infecTon, two Tmepoints associated with disTnct cellular and structural 

features in the medLN, alongside naïve baselines (day 0). We profiled both Mtb-infected 

(mCherry⁺) and uninfected bystander (mCherry⁻) parenchymally localized (IV-) innate immune 

cells from the lung and medLN. In the blood, we assessed only uninfected cells due to rarity of 

Mtb-infected populaTons. This yielded 93,145 high-quality cells for downstream analysis. Cell 

idenTTes were assigned using ImmGen-based references with manual label refinement 

informed by curated lineage markers consistent with prior flow cytometry analysis (Fig. 2A, Fig. 

S2A; Table S.1). 

In uninfected (mCherry⁻) cells, each Tssue exhibited disTnct and temporally dynamic 

phenotypes. In the lung, naïve samples contained relaTvely few monocytes idenTfied by 

expression of Nr4a1, Csf1r, Ly6c2, Ccr2, Fcgr1, whereas by day 28 there was pronounced 

enrichment of inflammatory monocyte 2 (iMO2) cells (Ly6c2IntCcr2IntLy6iHi) and the emergence 

of monocyte-derived cells (MCs). MCs expressed Mij and Sirpa along with MHC and C1q-

associated genes, a signature linked to Tssue-regeneraTve intersTTal macrophages during Mtb 

infecTon188-190  and reported as a biomarker for TB disease in paTents191 (Fig. 2A, Fig. S2A–C).  

In the medLN, naïve samples were dominated by cDC populaTons, including resident (Ccr7-

Fscn1-) and migratory (Ccr7+Fscn1+) cDC1s (Irf8+Xcr1+Clec9a+) and cDC2s (Irf4+ Xcr1-), and 

Irf4⁻Irf8⁻Cd11b⁻ DCs (here termed transiTonal DCs)192 (Fig. 2A, S.2C). By day 15, however, the 

medLN composiTon shined toward monocyTc dominance, with expansion of iMO1, iMO2, and 

MC populaTons, suggesTng early recruitment of blood-derived myeloid cells into the lymph 

node. Consistent with this, in the blood, uninfected cells were dominated by circulaTng 

monocyte subsets, including iMO1 (Ly6c2HiCcr2Hi), iMO2, iMO3 (Ly6c2LOCcr2LO), and patrolling 

monocytes (pMOs, Pou2f2+Ly6c2-), alongside neutrophils and a smaller representaTon of 

cDC2s. Notably, iMO3 cells increased at day 15, followed by expansion of iMO2 cells at day 28, 

suggesTng sustained monocytosis throughout infecTon (Fig. 2A, S.2B). 
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Analysis of Mtb-infected (mCherry⁺) cells revealed pronounced Tssue- and Tme-dependent 

transiTons. In the lung, infected cells at day 15 were dominated by alveolar macrophages (AMs) 

and neutrophils, along with with monocyte-derived populaTons, but with minimal 

representaTon of cDCs. By day 28, infected lungs showed expansion of iMO2s and, to a lesser 

extent, MCs (Fig. 2A–B). By contrast, infected medLNs at day 15 contained a heterogeneous 

mixture of iMOs, MCs, and cDCs, consistent with flow cytometry and imaging analyses. By day 

28, the infected medLN compartment became overwhelmingly dominated by iMO2s and MCs, 

with a marked reducTon in infected cDCs, indicaTng a transiTon from early cDC involvement to 

monocyte-derived dominance. 

To confirm that the monocyte-derived populaTons observed by scRNA-seq corresponded with 

the monocyTc aggregates observed by imaging and flow cytometry, we examined lineage-

associated transcripTonal features. Compared to iMO1 and iMO2 cells, MCs showed reduced 

expression of Ly6c2 and Ccr2 (Fig. S.2C), consistent with loss of circulaTng monocyte 

characterisTcs and with surface marker flow-based profiles (Fig. S.1A). In contrast, infected MCs, 

and to a lesser extent iMO2s, exhibited increased expression of Cd68, Vcam1, and Mertk, genes 

associated with phagocyTc capacity and Tssue residency193,194 (Fig. S.2D). These transcripTonal 

features were mirrored at the protein level, as MerTK, VCAM1, and CD68 were enriched within 

the mulTcellular aggregates observed in the medLN by confocal microscopy (Fig. S.2E). 

To assess potenTal developmental relaTonships within the monocyte lineage, we performed 

Slingshot trajectory analysis161 on all monocyTc cells across Tssues (Fig. S.2F). This revealed a 

conTnuum of circulaTng to Tssue-associated states. PseudoTme starTng points were defined as 

naïve pMOs and iMO1s195. Notably, iMO3 cells, enriched in blood at day 15, also demonstrated 

low pseudoTme scores, consistent with an early myelopoieTc response to infecTon. In contrast, 

iMO2s occupied intermediate posiTons, and MCs displayed the highest pseudoTme scores, 

suggesTng the lafer represent the most differenTated monocyte derived cell populaTon.  

Together, these data define a temporally coordinated remodeling of Mtb-infected myeloid 

niches across lung and medLN characterized by early recruitment of inflammatory monocytes 

and monocyte-derived cells that dominate infected compartments at later stages. Notably, this 
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transiTon occurs more rapidly in the medLN than in the lung. While cDCs transiently contribute 

to early medLN infecTon, they are progressively excluded as monocyte-derived aggregates 

establish dominance. 
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 Figure 4.2: Defining transcriptional transitions in the Mtb-infected myeloid compartment 

Lungs, medLNs, and blood from mice (N=16 for D15 and 28; N=3 for D0) were sorted for Mtb 

mCherry+ and bystander mCherry- myeloid cells for 10X single cell RNAseq at D0, D15, and D28 

p.i. (50-100 CFU) (A) UMAP clustering color coded by myeloid phenotype for each tissue type, 

timepoint, and infection status. (B) Proportion plots of indicated Mtb-infected cell types in the 

medLN and lung. (C) mSigDB Hallmark GSEA for selected pathways by cell type, infection, and 

timepoint, as compared to D0 for each cell type/tissue. Colored bars indicate curated groupings 

for selected pathways related to interferon signaling and inflammation (red), cell cycle (orange), 

metabolism (green), and tissue regeneration (cyan). (D) GO:BP GSEA pathway enrichment of 

Mtb-infected iMO2s and MCs at D28, comparing lung versus medLN. Top shared leading edge 

genes are shown under each parent term. (E) Nos2 expression among indicated Mtb+ and Mtb- 

medLN populations and confocal microscopy of iNOS expression at D22 p.i. Scale bar: 20 µM.    
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 Figure 4.S.2: Proportions and pathway changes across tissue and time during Mtb infection 

Data related to Fig. 2 (A) Pearson correlation plot for ImmGen data browser (X-axis) and curated 

(Y-axis) annotations (left). UMAP of all cells color coded based on curated cell type annotations 

(right). (B) Proportion plots of Mtb- ‘bystander’ cells for indicated timepoints and tissues, with 

replicate samples shown. (C) Curated genes (Top) and Top 5 DEGs (bottom) for each innate cell 

type used for characterization. (D-E) Markers selectively upregulated by Mtb-infected MCs 

compared to other populations. (E) Scale bar: 200 µM (zoom-out), 20 µM (zoom-in). (F) UMAP 

(top) and pseudotime (bottom) analysis of monocyte subclusters (pMO, iMO1, iMO2, iMO3, 

MC) used for trajectory analysis. Pseudotime scores plotted on the overall UMAP space 

(bottom). (G-I) Top DEGs for Mtb-infected iMO2s and MCs versus D0 counterparts, and 

additional curated genes related to mSigDB Hallmark pathway GSEA, showing medLN Mtb-

infected iMO2 and MC populations D15 and D28 vs D0 (G) or D15 vs D28 for lung (H) and 

medLN (I). log2FC>0.5, FDR<0.05. (J-K) Lung myeloid annotations transferred from Pisu et al. 

2021 projected onto the overall UMAP (J) and proportion plots for Mtb-infected medLN at D15 

and D28 (K).  
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4.2.3 Differen@al Gene Expression and Pathway Enrichment Reveal Func@onal Remodeling of 
Monocy@c Popula@ons 

To define the funcTonal programs associated with infecTon across Tssues, we examined 

differenTally expressed genes (DEGs) relaTve to naïve (day 0) baselines separately for Mtb-

infected (mCherry⁺) and uninfected bystander (mCherry⁻) cells, followed by pathway-level Gene 

Set Enrichment Analysis (GSEA). This approach revealed marked Tssue- and Tme-dependent 

remodeling of inflammatory and metabolic pathways in both infected and uninfected subsets 

(Fig. 2C; Data S.1–2). Among uninfected bystander cells in the lung, myeloid populaTons 

showed limited transcripTonal changes on day 15, followed by pronounced enrichment of 

interferon-associated and inflammatory pathways by day 28. A similar pafern was observed in 

the blood, with minimal transcripTonal changes at day 15 but prominent inducTon of IFN-I and 

IFN-II responses, TNFα signaling, IL6/JAK/STAT3 signaling, complement, and inflammatory 

response pathways by day 28, consistent with the emergence of systemic inflammaTon at this 

later Tmepoint. In contrast, in the medLN, uninfected bystander cells exhibited robust 

enrichment of inflammatory cytokine signaling pathways, including IFN-I, IFN-II, and TNFα, 

already at day 15. Notably, by day 28, several of these pathways, including TNFα signaling and 

p53-associated programs, were afenuated relaTve to naïve controls, indicaTng inducTon of a 

transient inflammatory state within the medLN.  

When examining Mtb-infected populaTons relaTve to naïve cells, we observed markedly 

elevated inducTon of inflammatory pathways that were apparent in both lungs and medLNs at 

day 15 and day 28 (Fig. 2C), indicaTng robust pathogen sensing and associated inflammatory 

cytokines in both organs. Hypoxia was also induced in infected MCs and iMO2s.  Some Tssue-

specific differences did emerge, with the infected medLN cells showing enrichment of 

xenobioTc metabolism and p53-associated pathways, and inducTon of Tssue remodeling and 

repair pathways on day 28. We also observed temporal shins in metabolic pathway inducTon. 

OxidaTve phosphorylaTon and mTORC1 signaling were preferenTally enriched in infected MCs 

at day 15, whereas glycolysis, hypoxia, fafy acid metabolism, and heme metabolism pathways 

were more prominent at day 28 of infecTon.  
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These pathway-level findings were supported by DEG analysis of the two most abundant Mtb-

infected populaTons, iMO2s and MCs (Fig. S.2G). Compared to naïve cells, infected cells in both 

the lung and medLN upregulated genes associated with interferon responsiveness (Nos2, Gbp2, 

Gbp7, Cxcl9, Cxcl10), anTgen presentaTon (H2-K1, H2-Ab1, H2-M2, H2-Q4), hypoxia and 

metabolic adaptaTon (Hif1a, Slc7a11, Fabp5, Acod1), and immune regulaTon (Il18bp, Cd274, 

Inhba). Comparison of DEGs between Tmepoints demonstrated that in the lung, infected iMO2s 

and MCs exhibited relaTvely limited transcripTonal differences between day 15 and day 28, 

with the later Tmepoint characterized by modest increases in interferon-associated genes, 

parTcularly within MCs (Fig. S2H). In the medLN, infected cells displayed a temporal shin in 

transcripTonal programs (Fig. S2I). Genes enriched at day 15 included interferon-sTmulated 

genes (Isg15, Irf1, Irf7, Oasl2, Zbp1), inflammatory mediators (Il6, Il1rn, Il15ra), and acTvaTon 

and survival markers (Cd40, Bcl2a1b). By day 28, medLN-infected cells showed DEGs associated 

with wound healing (Vegfa, Mertk, Sash1), phagocytosis and efferocytosis (Cd68, Lyz2, Ctsd, 

Ctss, Lamp1), and metabolic adaptaTon (Apoe, Slc7a11, Nos2). 

We also examined Tssue-specific differences between lung and medLN infected iMO2s and MCs 

at a matched Tmepoint, day 28 (Fig. 2D). Gene Ontology (Biological Process) enrichment 

analysis (GO:BP) demonstrated that in the lung, MCs were preferenTally enriched for cell 

signaling and cell cycle–associated pathways, while iMO2s showed greater enrichment for 

wound response and Tssue development pathways. In contrast, in the medLN, infected iMO2s 

and MCs were enriched for metabolic pathways, including NAD metabolism, monocarboxylic 

acid processing, and neutral lipid metabolism, consistent with metabolic reprogramming during 

Mtb infecTon196. Together, these data highlight Tssue-specific differences in myeloid cells during 

infecTon. 

We observed robust inducTon of IFN-γ–associated genes within infected medLN populaTons. In 

parTcular, Nos2 (encoding iNOS), an IFN-γ induced effector which mediates bactericidal acTvity 

and Mtb control but can also regulate inflammaTon80,89,197, was upregulated in infected MCs 

and iMO2s at day 15 and 28 (Fig. 2E, S.2G). Immunofluorescence microscopy confirmed 

abundant iNOS within Mtb-containing myeloid aggregates in the medLN (Fig. 2E). Thus, despite 
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the well-established role of IFN-γ signaling in Mtb control82,84,198, it’s inducTon in the medLN is 

insufficient for bacterial clearance. 

Consistent with our findings, prior single-cell analyses of lung myeloid cells during Mtb infecTon 

idenTfied an infected intersTTal macrophage populaTon (IM_3) characterized by high Nos2 

expression and signatures of iron metabolism190. We found transcripTonal concordance 

between the MC populaTon defined here and the previously described IM_3s, and these cells 

consTtuted the dominant infected cell populaTon by day 28  (Fig. S.2J-K). Notably, the prior 

study demonstrated that IM_3 cells harbored Mtb expressing a DosR stress-response 

reporter95,96, suggesTng that the MCs idenTfied here may similarly support bacterial 

persistence. 

CollecTvely, these data demonstrate that Mtb infecTon induces a temporally structured myeloid 

response within the medLN. Early infecTon (day 15) is characterized by largescale inducTon of 

inflammatory cytokine and interferon-associated programs across both infected and bystander 

populaTons. By day 28, this inflammatory state is afenuated and replaced by a transcripTonal 

program enriched for metabolic adaptaTon, hypoxia, and Tssue remodeling within Mtb-infected 

myeloid aggregates, consistent with establishment of a persistent, pathogen-permissive niche. 

These shins appear temporally different from those in the lung, which demonstrate progressive 

increases in inflammaTon across examined Tmepoints. 

4.2.4 Tracking Infected Cell Origin and Mtb Replica@on in the medLN 

We next aimed to define the anatomical source of Mtb-infected myeloid cells in the medLN, 

parTcularly during the exponenTal phase of bacterial growth and the emergence of myeloid 

aggregates. To track myeloid cell migraTon from the lung and blood to the medLN during 

infecTon, we combined intratracheal199 and serial-intravascular (sIVs)54,200,201 labeling strategies 

to disTnguish lung-derived and blood-derived cells within the medLN parenchyma (Fig. 3A). 

Ovalbumin–Alexa-Fluor-488 (OVA-488) was administered intratracheally 24 hours prior to Tssue 

harvest to label lung myeloid cells that subsequently migrated to the medLN, while two 

temporally separated intravenous CD45.2 anTbody injecTons (24 hours and 5 minutes before 

euthanasia) disTnguished cells entering the medLN via the blood vasculature. This approach 
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enabled idenTficaTon of medLN parenchymal cells (BV421⁻) that had recently migrated either 

from the lung (OVA-488⁺) or from circulaTon (APC⁺) (Fig. 3B, Fig. S3A–C)54,200,202. 

InfecTon resulted in a 5-10 fold increase in the number of OVA-488⁺ myeloid cells migraTng 

from the lung to medLN over a 24h period, though only a minor fracTon of these cells (1-2%) 

harbored Mtb (mCherry⁺) (Fig. 3C). The number of lung-to-medLN migraTng myeloid cells 

modestly increased but remained stable over the course of infecTon, peaking by day 30 with 

nearly 104 myeloid cells migraTng in 24h (Fig. 3C). In contrast, the number of blood-derived 

myeloid cells (APC⁺) entering medLN during the 24h labeling period increased nearly 1000-fold 

relaTve to naïve controls, becoming evident by day 15 post-infecTon, peaking at day 22, and 

declining by day 30 (Fig. 3D). A modestly larger fracTon of blood-derived cells was Mtb-infected 

(~0.5–10%) compared with lung-derived cells. Because most blood-derived cells are unlikely to 

be infected before entering the medLN, these data suggest that large numbers of myeloid cells 

are recruited from the blood, followed by a small subset becoming infected locally. Consistent 

with this, the absolute numbers of blood-derived Mtb-infected cells remained relaTvely low 

throughout infecTon, accounTng on average for ~3% of all Mtb-infected cells in the medLN. 

Analysis of cellular phenotypes for lung-derived populaTons revealed temporal shins in 

composiTon. Early day 15 medLN seeding involved both iMOs and cDCs carrying Mtb from the 

lungs, similar to the total Mtb-infected cells in the medLN (Fig. 3E-G). However, at later 

Tmepoints (aner day 22), most lung-derived Mtb-infected cells were comprised of MCs (Fig. 3E), 

while uninfected lung-derived cells sTll included large numbers of cDC2 (Fig. S.3D). sIVs-labeled 

blood-derived Mtb-infected cells showed similar paferns, with early involvement of both cDCs 

and iMOs, and with enhanced MC enrichment at later Tmepoints (Fig. 3F, 3G). The presence of 

sIVs-labeled cDCs in infected and uninfected fracTons may reflect parTal labeling of perivascular 

cDCs60 or inflammaTon-induced DCpoiesis55, the lafer being consistent with our scRNA-seq 

data revealing circulaTng and transiTonal cDCs during infecTon (Fig. 2A). 

These findings indicate that bacterial transport to the medLN occurs relaTvely infrequently and 

does not directly correlate with the rapid rise in bacterial burdens in the medLN. To formally 

assess the contribuTon of lung-derived Mtb-infected myeloid cells to medLN infecTon, we 
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developed a mathemaTcal model incorporaTng cell migraTon and bacterial replicaTon (Fig. 3H, 

Methods eqns (11)-(15)). The iniTal model permifed Mtb replicaTon in the lung and migraTon 

of Mtb-infected cells from the lung to medLN and was fit to experimentally measured cell 

numbers. Because detecTon of infected cells was limited at early Tmepoints, we used models 

with less constrained fits to capture the observed dynamics.  

The best-fiâng model accurately recapitulated the accumulaTon, peak, and early decline in the 

number of Mtb+ myeloid cells in the lung (Fig. S.3E), and required lung-to-medLN migraTon 

rates to vary over Tme in a step-like manner (Fig. S.3F). However, when applied to a medLN 

model where Mtb+ cells accumulated in the medLN solely through migraTon from the lung 

without local replicaTon (i.e., replicaTon rate rN=0/day), this failed to accurately reproduce the 

rapid rise in the number of Mtb+ cells from days 15 to 22 post-infecTon (Fig. 3I). We therefore 

extended the model to allow for Mtb replicaTon within the medLN.  We found that 

incorporaTng relaTvely high Mtb replicaTon rates (r=0.5-0.7/day or doubling Tmes of 29-33 

hours) enabled the model to closely match the observed medLN infecTon dynamics (Fig. 3I). 

Notably, this esTmated rate of Mtb replicaTon in the medLN was similar to that in the lung (Fig. 

3I, S3E). 

These modeling results align with our medLN microscopy observaTons which revealed early 

(day 15) detecTon of single Mtb bacilli within individual cells, followed at later Tmepoints by the 

accumulaTon of myeloid aggregates containing numerous bacilli. Together, these findings 

support a model in which iniTal Mtb disseminaTon to medLNs occurs via relaTvely low-

frequency trafficking from the lung by cDCs and iMOs, followed by monocyte recruitment from 

the blood and substanTal local bacterial replicaTon within monocyte-derived aggregates. 
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 Figure 4.3: Tracking myeloid cell dynamics to the medLN from the lung and blood during Mtb 

infection 

(A) Schematic of lung (OVA-488) and blood (CD45.2 APC) IV labeling 24 hours prior to harvest. 

(B) Concatenated flow plots of lung- or blood-derived Mtb- (black) and Mtb+ (red) myeloid cells 

in the medLN.  Plots represent experimental replicates, with data from 5 mice concatenated per 

timepoint. Concatenated populations include iMO, MC, cDC1, and cDC2 populations. (C-D) 

Quantification of lung- or blood-derived Mtb- or Mtb+ innate cell numbers at timepoints 

indicated- days 15-28+ (28-33) p.i. (E-G) Pie charts showing the average proportion of each cell 

type for total, lung-, or blood-derived Mtb-infected cells in medLN. Flow cytometry plots (B) and 

proportions (E-G) generated using concatenated data from each experiment.  (H) Schematics of 

mathematical models of myeloid cell dynamics in Mtb-infected mice. (H.i) Modeling of blood 

monocyte migration to medLN, assuming monocytes are generated in the bone marrow (M) at 

a rate of p and migrate from circulation to the medLN at rate mBN (see eqns. (1)-(8)), with 

consideration for cell death/migration in blood (dB) and medLN (dN ). (H.ii) Modeling of Mtb+ 

myeloid cells replication at rate rL and rN in the lung and medLN, respectively, including 

migration, immune response (E) at rate ρ, and death rate of Mtb+ cells in lung (δNL) and medLN 

(δN). (see eqns. (11)-(15)). (I) Model fits to predict the number of Mtb+ myeloid cells in the 

medLN at different assumed rates of Mtb replication in the medLN rN. Model with rN = 0/day 

assumes no Mtb replication in the medLN. Lines are the model predictions (see Table S.3 for 

model parameters). Data shown represents 3 (D-G) or 6 (B-C, I) independent experiments.  
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 Figure 4.S.3: Myeloid cell labeling of the lung and blood during Mtb infection 

Data related to Fig. 3. (A) Flow plots of lung- or blood-derived Mtb
-
 (black) and Mtb

+
 (red) 

myeloid cells in the lung 24 h after labeling. Data concatenated from 5 mice. Concatenated 

populations included iMOs, MCs, cDC1s, and cDC2s. (B) Quantification of intratracheal labeling 

efficiency (OVA-488+) on parenchymal (IV-label-) cells. (C) Gating strategy for identifying lung-

derived and blood-derived cells. MedLN T cells (CD3+) are shown. (D) Pie charts show the 

average proportion of each cell type in total, lung- or blood-derived uninfected Mtb- cells 

(calculated using concatenated data from each experiment). (E-F) Predictions of the best fit 

model of the lung-derived Mtb+ myeloid cells in the lung (E) and for total Mtb+ cells in the 

medLN (F). Symbols show data from 6 experiments and line denotes the best model prediction 

(see Table 3 for model parameters).    
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4.2.5 Narrow Window of Mtb-Specific T Cell Priming in the medLN  

Effector CD4⁺ T cells are criTcal for Mtb control165, with ESAT-6–specific CD4⁺ T cell priming in 

the medLN iniTaTng ~10 days aner aerosol infecTon and peaking around three weeks, 

coincident with bacterial disseminaTon to this organ30,32,118. Despite stable medLN bacterial 

burdens thereaner (Fig. 1A), T cell priming subsequently declines31, raising the quesTon of how 

evolving anTgen presentaTon landscapes, shaped by shins in cDCs and the formaTon of 

monocyTc aggregates, impact T cell priming and effector differenTaTon.  

To invesTgate this, we adopTvely transferred naïve CD4⁺ TCR-transgenic cells specific for ESAT-

63–15 (C7 line)117 into congenic recipients at different Tmepoints post-infecTon. Tissues were 

harvested 2 or 3 days later and analyzed by confocal microscopy or flow cytometry, respecTvely 

(Fig. 4A). Unlike convenTonal adopTve transfer experiments that track cumulaTve T cell 

responses from the Tme of infecTon, this Tmed transfer strategy captures the capacity of the 

medLN microenvironment at defined Tmepoints to support de novo T cell priming and 

differenTaTon. At day 15 post-infecTon, C7 cells in the medLN showed robust proliferaTon, with 

extensive CTV dye diluTon and clonal expansion (Fig. 4B-C). This was accompanied by increased 

IRF4 and pS6 expression, indicaTng increased TCR signaling203,204 (Fig. 4D-E). Day 15 acTvated C7 

cells also underwent efficient Th1 effector differenTaTon, denoted by increased Tbet and CD25 

expression in the divided cells (Fig. 4F-G, S.4A). However, just 1-2 weeks later (days 22 and 28), 

we observed a marked decline in T cell proliferaTon, as well as IRF4 and pS6 expression, 

indicaTng reduced T cell priming (Fig. 4B-E). We also noted impaired Th1 effector 

differenTaTon, reflected by decreased frequencies of Tbet+CD25+ and Tbet⁺TCF1⁻ highly 

differenTated effector cells (Fig. 4F-G, S.4A). Diminished PD1 expression was also noted (Fig. 

S.4B). AcTvated T cells across examined Tmepoints did not extensively upregulate KLRG1 or 

BCL6 expression, indicaTng lack of differenTaTon into terminal effector177,180 or T follicular 

helper (TFH)205 lineages aner three days of priming (Fig. S.4C-E). We observed similar temporal 

paferns of acTvaTon and differenTaTon in Ag85B-specific CD4 T cells following adopTve 

transfer of P25 TCR-transgenic cells150 (Fig. S.4F), as well as in endogenous CD4 and CD8 T cell 

responses (Fig. S.4G), indicaTng that these changes were not restricted to a single anTgen 

specificity. Furthermore, similar or even lower levels of C7 T cell acTvaTon and differenTaTon 
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were observed in the spleen, suggesTng a broader failure of lymphoid organs to support 

effecTve priming at later stages of infecTon (Fig. S.4H).  

VisualizaTon of medLN T cell responses by microscopy confirmed these temporal changes in T 

cell acTvaTon. At day 15, when innate cells harbored single bacilli, we observed robust C7 cell 

clustering with strong pS6 and Ki67 staining, indicaTng potent T cell acTvaTon (Fig. 4H-J). In 

contrast, later Tmepoints dominated by infected monocyTc aggregates showed reduced T cell 

numbers, diminished clustering, and lower Ki67 expression. While transferred C7 cells were 

directly juxtaposed to myeloid aggregates containing mulTple Mtb bacilli, these T cells lacked 

pS6 staining, indicaTng ineffecTve recogniTon of anTgen despite physical proximity to heavily-

infected myeloid cells (Fig. 4H). Similar reducTons in T cell priming at late (day 26) Tmepoints 

were also observed in the ULD infecTon model (Fig. 4K-L, Fig S.4I). Impaired T cell acTvaTon 

persisted unTl at least day 50 (Fig. S.4J), indicaTng a prolonged shutdown of the Tssue’s 

capacity to support T cell priming. Although B cell infiltraTon occurred around some myeloid 

aggregates, as previously described206, most infected aggregates remained in direct contact with 

both endogenous and C7 T cells, suggesTng that physical access was not the dominant limiTng 

factor (Fig. S.4J). These findings demonstrate a narrow temporal window for efficacious T cell 

priming in the medLN, which occurs just prior to the emergence of Mtb-associated myeloid 

niches and when the bacterial burden in the LN is relaTvely low.  
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 Figure 4.4: Mtb-specific T cell responses are diminished in the medLN as myeloid aggregates 

and Mtb burden increase 

(A) Schematic for timed adoptive transfer experiments. (B-G) Flow cytometry analysis of C7 

responses in medLNs at days 15-28+ (28-33) p.i. C7 cells (Live,DUMP-CD3+CD4+CD8-

CD90.1/CD45.1+), were subgated for divided cells (1+ division) and examined for pS6 gMFI, IRF4 

gMFI, Tbet+ CD25+, Tbet gMFI, as well as analyzed for ratios of Tbet vs TCF1 expressing cells. (H-

L) Confocal microscopy of medLNs demonstrating C7 cell activation (Ki67, pS6) with respect to 

infected myeloid cells, with quantifications of C7 cluster density (I), and Ki67 and pS6 positivity 

(J). Related analyses for ULD infections (K-L). Scale bar: 200 µM (zoom-out); 10 µM (zoom-in). 

Data representative of 4-6 (B-C,F-G, N= 21-26 mice; D-E, N=8-14 mice), 3 (H-J, N=9-14 mice) or 1 

(K-L, N=31 mice) independent experiments, identified by symbol shape. Statistical results for 

significance were measured by ordinary one-way ANOVA using multiple comparisons with 

Tukey’s Correction.   
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 Figure 4.S.4: T cells have reduced activation over time during Mtb infection 

Data related to Fig. 4. C57Bl/6 mice were infected with Mtb H37Rv.mCherry at 50-100 CFU, 

received timed adoptive transfers of C7 cells (Fig. 4A, where applicable) and harvested at days 

15 to 28+ (28-33) p.i. (A) Representative flow plots of total (uninfected) or divided (D15, D28) C7 

cells in the medLN as compared to CD3- cells demonstrating differential expression of Tbet vs 

TCF1. (B) Representative histograms and analysis of PD1 gMFI for total (uninfected) or divided 

(D15, D28) C7 cells. (C) Flow cytometry analysis of BCL6 and PD1 expression among divided C7 

cells. (D-E) Flow cytometry analysis of KLRG1+ (D) or PD1+ BCL6+ TCF1+ (E) phenotype T cells 

among divided C7 cells. (F) C57Bl/6 mice were transferred with 106 naïve CD45.1+ Ag85B-

specific P25 and 106 naïve CD90.1+ C7 cells 3 days prior to harvest timepoints. Representative 

cell trace violet cell division plots and quantification of cell numbers and frequency of Tbet+ 

CD25+ cells are shown. (G) Flow cytometry analysis of endogenous CD4 and CD8 T cells 

(upstream gate: Live, DUMP-, CD3+, CD4+ or CD8+,CD44+, Ki67+). (H) Flow cytometry analysis of 

total number and percent CD25+ Tbet+ (of dividided) C7 cells in the spleen. (I-J) Confocal 

microscopy of ULD day 17 and 26 (I) or standard dose day 50 (J) p.i. medLN with timed adoptive 

transfers of naïve C7 cells. Scale bar: 200 µM (zoom-out); 20 µM (zoom-in). Data are 

representative of 2-6 experimental replicates (besides (I) 1 experiment, N=31 mice), indicated 

by symbol where applicable. Statistical results for significance were measured by ordinary one-

way ANOVA using multiple comparisons with Tukey’s Correction.  
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4.2.6 Mtb-Specific CD4⁺ T Cell Priming in the medLN is Driven by the Sequen@al Ac@vity of 
cDC1s and Type I Interferon–Induced Inflammatory cDC2s 

To idenTfy myeloid cell types supporTng C7 T cell responses, we disTnguished cDCs from 

monocyte-derived populaTons using Zbtb46-GFP reporter mice. At both day 15 and 22 p.i., 

Tmepoints associated with T cell priming, most C7 cells were clustered around Mtb⁺Zbtb46-

GFP⁺ cells (Fig. 5A-B, S.5A), suggesTng that iniTal acTvaTon is driven by infected cDCs. Given the 

criTcal role of IL-12 in Th1 polarizaTon81,207,208, we also examined the distribuTon of IL-12p40, a 

key subunit of IL-12p70. This showed that acTvated C7 T cells frequently clustered around IL-

12p40⁺ cells, nearly all of which were Zbtb46-GFP+ cDCs (Fig. 5A-B). By day 30, the extent of T 

cell clustering and presence of IL-12p40⁺ cDCs associated with the clusters had diminished (Fig. 

4I, 5A-B), mirroring the loss of T-bet⁺ effector T cells and reduced proliferaTon seen by flow 

cytometry. 

cDC1s have classically been characterized as potent IL-12 producers during inflammaTon, 

prompTng us to examine their contribuTon to T cell priming. Using XCR1-Venus cDC1 reporter 

mice148, we visualized cDC1 distribuTon relaTve to acTvated T cells in medLNs following 

infecTon. Consistent with our flow cytometry, migraTon tracing, and scRNA-seq findings, we 

observed individual cDC1s (Venus⁺) harboring single bacilli (Fig. 5C), supporTng their role in 

direct bacterial transport from infected lungs (Fig. 3E). Many of these infected cDC1s expressed 

IL-12p40 and co-localized with clusters of acTvated C7 cells. However, we also noted mulTple 

Venus⁻SIRPα⁺ cells expressing IL-12p40 in associaTon with T cell clusters, suggesTng that 

addiTonal myeloid populaTons contribute to IL-12 producTon and T cell priming (Fig. 5C-D). 

To directly assess the role of cDC1s in T cell priming, we next performed Tmed adopTve 

transfers of C7 cells into BATF3-/- mice146, which lack normal cDC1 development (Fig. S.5B). Flow 

cytometry confirmed marked reducTons in cDC1s in both lungs and medLNs, while bacterial 

burden remained equivalent to wild-type controls (Fig. S.5C-D). Analysis of T cell responses 

revealed that C7 proliferaTon and expansion were comparable in BATF3-/- and wild-type mice at 

both day 15 and 22 post-infecTon (Fig. S.5E-F). AnTgen sensing (pS6 expression) and spaTal 

clustering of T cells also appeared intact (Fig. 5E-F), indicaTng that cDC1s are not required for T 

cell acTvaTon. However, at day 15, the frequency of IL-12p40⁺ cells in proximity to T cell clusters 
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was reduced in Baj3⁻/⁻ mice (Fig. 5G), corresponding with parTally diminished Th1 effector 

differenTaTon marked by significantly lower frequencies of T-bet⁺ TCF1⁻ cells and a trending 

decrease in T-bet MFI (Fig. 5H-I)209.  These impairments were not evident at day 22, suggesTng a 

role for cDC1s in Th1 cell differenTaTon during early infecTon and compensatory mechanisms 

at later Tme points. 

We observed strong inducTon of IFN pathways in medLN cDC2s at day 15 post-infecTon (Fig. 

6A), suggesTng condiTons conducive to inf-cDC2 development174-176,210,211. Indeed, flow 

cytometric analysis of cDC2s (CD88⁻CD26⁺CD11c⁺MHCII⁺SIRPα⁺ XCR1⁻) idenTfied a disTnct 

populaTon co-expressing Ly6C and CD64, phenotypic characterisTcs of inf-cDC2s (Fig. S.1A), 

which peaked in abundance in the medLN by 22 days post-infecTon (Fig. S.6A). A significant 

proporTon of Mtb-infected cDC2s (mCherry⁺) exhibited this inflammatory phenotype (Fig. S.6B), 

indicaTng that Mtb infecTon promotes inf-cDC2 development. To test whether IFN-I signaling is 

required for inf-cDC2 generaTon and subsequent T cell priming, we infected wild-type or 

Ifnar1⁻/⁻ mice and performed Tmed adopTve transfers of naïve C7 cells. In this model, IFN-I 

deficiency is restricted to host cells, while transferred T cells retain intact IFN-I signaling. In 

contrast to infected wild-type mice, Ifnar1⁻/⁻ animals exhibited a marked reducTon in total and 

Mtb-infected inf-cDC2 generaTon at both day 15 and 22 post-infecTon (Fig. 6B-D), despite 

having comparable lung bacterial burdens (Fig. S.6C), numbers of Mtb-infected cells in the 

medLN (Fig. S.6D), and formaTon of myeloid aggregates in the T cell zone (Fig. S.6E). A modest 

reducTon in iMO cellularity was observed at day 22 (Fig. S.6F), suggesTng a possible role for 

IFN-I in monocyte recruitment. Assessment of C7 responses revealed that T cell acTvaTon and 

Th1 differenTaTon were largely intact at day 15, consistent with an early role for cDC1 in T cell 

priming at this Tmepoint. However, by day 22, Ifnar1⁻/⁻ mice exhibited a notable decline in T cell 

clustering around IL-12⁺ myeloid cells (Fig. 6E-F), and this was accompanied by impaired T cell 

expansion and reduced Th1 effector differenTaTon (Fig. 6G-H, S.6G). 

CollecTvely, these findings support a temporal model, where a narrow window of effecTve Mtb-

specific CD4⁺ T cell priming in the medLN is mediated by sequenTal waves of cDC acTvity (Fig. 

S6H). Early aner infecTon, cDC1s are the dominant IL-12-producing subsets driving robust T cell 

effector differenTaTon. As infecTon progresses, IFN-I–driven inf-cDC2s sustain CD4 T cell 
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responses, contribuTng to limited effector acTvaTon that eventually dissipates. Both processes 

appear largely independent of expanding Mtb-infected monocyTc aggregates which fail to elicit 

potent T cell responses.  
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 Figure 4.5: cDC1 deficiency reduces T cell effector differentiation in the medLN 

(A) Representative images of C7 cell clusters surrounding IL-12p40+ cells in infected Zbtb46-GFP 

mice. (B) C7 cluster associated IL-12p40 signal enumerated and phenotyped for cell type by 

Zbtb46-GFP or SIRPα expression. Scale bar: 10 µM.  Data shown is representative of 3 

independent experiments. (C) Representative images from XCR-Venus mice showing C7 cell 

clusters around XCR-Venus+ cDC1s (arrows). Scale bar: 100 µM (zoom-out), 10 µM (zoom-in). (D) 

Quantification of C7 cluster-associated IL-12+ cells, where surfaces were analyzed for XCR1-

Venus and SIRPa expression. (E) Representative images of C7 cell clusters associated with IL-12+ 

cells in WT or BATF3-/- mice. Scale bar: 10 µM. (F) C7 cluster density quantification. (G) Fraction 

of C7 clusters associated with IL-12-positive cells. (H-I) Flow cytometry analysis of Tbet and TCF1 

expression in C7 cells in the medLN. Data are representative of 3 independent experiments. 

Statistical results for significance were measured by student’s unpaired T test.  
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Figure 4.S.5: Role of cDC1 deficiency in Mtb infection 

Data related to Fig. 5. (A) Data related to Fig. 5A-B. Quantification of percent cluster-associated 

IL-12 signal containing Mtb (mCherry+). (B) Representative flow plots and quantification of cDC1 

(CD88-, CD26+, CD11c+, MHCII+ 
, XCR1+) frequency in total cDCs (CD88-, CD26+, CD11c+, MHCII+) 

in medLNs and lungs of WT and BATF3-/- mice. (C) CFUs from right lungs of WT or BATF3-/- mice 

at indicated timepoints. (D) Flow cytometry analysis of total Mtb+ cell numbers in medLNs. (E-G) 

Representative flow plots and analysis of C7 cell responses (gating similar to Fig. 4B). (E-G) Total 

C7 cell numbers and proliferation. (G) Representative histograms of Tbet expression in C7 cells 

in WT and BATF3-/- mice. Data are representative of 3 independent experiments. Statistical 

results for significance were measured by student’s unpaired T test.  
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 Figure 4.6: Inf-cDC2s contribute to T effector cell responses during Mtb infection 

(A) Top GO:BP GSEA of D15 vs D28 for bystander (Mtb-) medLN resDC2s. (B-H) WT or IFNaR-/- 

mice were infected with Mtb H37Rv.mCherry at 50-100 CFU and harvested at days 15 to 28+ 

(28-33) p.i.  (B-D) Representative flow plots and quantification of total and Mtb+ inf-cDC2s 

(CD88-CD26+CD11c+MHCII+SIRPa+CD64+Ly6C+) for infected WT or IFNaR-/- mice. (E-H) Analysis of 

timed adoptively transferred (Fig. 4A) C7 responses. (E) Representative images of C7 clusters 

associated with IL-12+ cells at D22. Scale bar: 10 µM. (F) Quantification of C7 cluster density 

(top) and percent C7 clusters associated with IL-12-expressing cells (bottom). (G-H) Flow 

cytometry analysis of C7 responses. Data are representative of 2 independent experiments, 

indicated by symbol. Statistical results for significance were measured by student’s unpaired T 

test.  
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 Figure 4.S.6: Myeloid and T cell phenotypes in IFNaR-/- during Mtb infection 

Data related to Fig. 6. WT or IFNaR-/- mice were infected with Mtb H37Rv.mCherry at 50-100 

CFU and harvested at days 15 to 28+ (28-33) p.i.  (A) Quantification of total and (B) Mtb+ inf-

cDC2s in WT mice. Data represent 7 experimental replicates, denoted by symbols (N=26-30 

mice). (C) CFUs from right lungs of WT or IFNaR-/- mice. (D) Flow cytometry quantification of 

Mtb+ total cell numbers in medLNs. (E) Representative images of D22 medLN. Scale bar: 200 µM 

(zoom-out), 20 µM (zoom-in). (F) Flow cytometry quantification of total iMOs and MCs in 

medLNs. (G) Representative flow cytometry plots of Tbet and TCF1 expression by C7 cells at D22 

p.i. Data are representative of 2 independent experiments, indicated by symbol where 

applicable. Statistical results for significance were performed by student’s unpaired T test. (H) 

Graphical model of myeloid and T cell responses in the medLN during early and late Mtb 

infection.  
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4.2.7 BCG Immuniza@on Limits Establishment of the Monocy@c Niche but not T cell Priming in 
the medLN 

BCG immunizaTon reduces Mtb disseminaTon from the lung to distal sites184,185, but whether it 

impacts iniTal lung-to-medLN transport or subsequent disseminaTon remains unclear. In 

addiTon, BCG modulates IFN-I/-II responses in myeloid cells139,212, cytokines that are abundantly 

sensed in the medLN (Fig. 2, 6), yet its influence on myeloid cell dynamics and de novo T cell 

priming to Mtb-specific anTgens in this site has not been defined. To address these quesTons, 

we subcutaneously immunized mice with BCG eight weeks prior to aerosol Mtb infecTon and 

assessed immune responses in the medLN at various post-infecTon Tmepoints.  

We found that BCG immunizaTon markedly reduced myeloid aggregate formaTon in the medLN 

at both early (day 18)  and late (day 28) Tmepoints (Fig. 7A-B, panel I). This was accompanied by 

the detecTon of fewer bacilli per LN secTon (Fig. 7B, panel II). Notably, the bacillary load per 

infected myeloid aggregate was lower at day 18 but not day 28 (Fig. 7B, panel III), indicaTng that 

once infected, aggregates eventually accumulate similar burdens. We observed similar 

decreases in myeloid aggregate formaTon with BCG immunizaTon in the ULD infecTon model 

(Fig. 7C-D). Further evaluaTon by flow cytometry confirmed an approximately 10-fold reducTon 

in the number of Mtb⁺ cells in the medLN in BCG immunized mice (Fig. 7E). These reducTons 

were most notable for Mtb⁺ iMOs and MCs at days 22 and 28 post-infecTon, but not at the early 

day 15 Tmepoint (Fig. 7F), suggesTng intact iniTal seeding of the Tssue but reduced later 

expansion of the monocyTc niche and Mtb burden. Parallel reducTons in Mtb⁺ iMO and MC 

populaTons were also observed in the lung (Fig. S.7A). Phenotypic analysis further revealed that 

BCG immunizaTon altered medLN iMO and MC maturaTon, marked by elevated MHC-II early 

and reduced CD11c at later Tmepoints (Fig. S.7B-C). In contrast to cells of monocyte origin, 

Mtb⁺ cDCs were present in similar numbers in the medLN regardless of immunizaTon status 

(Fig. 7F, S.7D), indicaTng that BCG did not impact cDC trafficking from the lung or their overall 

cellularity. 

We next evaluated de novo Mtb-specific T cell priming in the medLN following adopTve transfer 

of naïve C7 cells (ESAT6 is expressed by Mtb but not BCG213).  Across Tmepoints, T cell 

proliferaTon and expansion were comparable between non-immunized and BCG-immunized 

groups (Fig. S.7E), indicaTng that early cDC-mediated T cell priming was preserved despite 
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markedly different Mtb burdens. Of note, T cell acTvaTon declined by day 28 in both groups, 

consistent with reduced Mtb-infected cDC2 numbers at this Tmepoint (Fig. 7F). InteresTngly, we 

observed reduced effector differenTaTon of C7 cells in BCG-immunized mice at day 22 post-

infecTon (Fig. S.7F), suggesTng a change in the quality rather than magnitude of anTgen 

presentaTon. Consistent with this, total numbers of inf-cDC2s in medLNs were decreased 

following BCG immunizaTon (Fig. 7G), implicaTng altered IFN signaling. To assess this, we 

isolated monocytes from the medLN, lung, and blood of BCG-immunized and control Mtb-

infected mice at early (day 15) and later (day 25) Tmepoints and performed bulk RNA 

sequencing. Analysis of IFN-I and IFN-II–inducible gene signatures in the medLN70 revealed that 

BCG immunizaTon broadly suppressed both pathways at day 15 post infecTon, with further 

dampening seen by day 28 in both groups (Fig. 7H, S.7G). In contrast, lung and blood monocyte 

populaTons were enriched for IFN signature genes at day 15 with BCG immunizaTon (Fig. S.7G), 

consistent with the findings that BCG accelerates immunity140 and concomitant infecTon alters 

IFN responses in the lungs214. Together, these data align with prior reports that BCG modulates 

IFN-driven responses in myeloid cells139,212, and extend them by demonstraTng downstream 

consequences on innate cells and T cell priming within medLNs (Fig. 6). 

CollecTvely, these findings suggested that BCG limits monocyTc niche formaTon in the medLN 

while reducing Mtb burden. Using intratracheal and intravascular labeling techniques, we found 

that although BCG immunizaTon increased the number of circulaTng monocytes in the blood 

(Fig. S.7H), it resulted in ~2-fold fewer blood-derived monocytes in medLN at 15 or 22+ days 

post-infecTon (Fig. S.7H), suggesTng reduced recruitment to the Tssue. To quanTfy these effects 

over Tme, we developed a mathemaTcal model of monocyte trafficking fifed to these data 

(eqns. (6)-(8)). The model captured the increase in monocyte migraTon into the medLN in both 

groups (Fig. S.7H), also demonstraTng a ~2–3-fold reducTon in the per capita monocyte entry 

rate in BCG-immunized mice (Fig. S.7I and Table S.2). Notably,  total numbers of blood-derived 

Mtb-infected cells in the medLN were unchanged (Fig. S.7J), indicaTng that alteraTons in 

circulatory monocytes with BCG do not markedly contribute to reduced bacterial burdens in 

medLNs. AddiTonally, the model esTmated comparable migraTon rates of Mtb-infected innate 

cells from lung to medLN in unimmunized and BCG-immunized mice (with some variability in 
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unimmunized rates, Fig. S.7K), suggesTng that BCG does not alter iniTal Mtb disseminaTon to 

the lymph node. Inferred rates of Mtb replicaTon in the lung and medLN were also comparable 

between groups (Fig. S.7L and Table S.3). Instead, reduced numbers of Mtb-infected cells in 

BCG-immunized mice were best explained by earlier immune control of Mtb growth, reflected 

by a shorter Tme to half-maximal control (parameter TE; Fig. S.7M), rather than by altered cell 

trafficking. This is consistent with earlier Mtb control previously observed in lungs of BCG-

immunized mice140. 

Finally, to directly test how BCG impacts Mtb disseminaTon to the medLN and other organs, we 

employed the ULD model using aerosol exposure of mice to a pool of 50 barcoded strains of 

H37Rv with the goal of an effecTve dose of ~1 CFU/mouse14,184. This allowed tracking 

disseminaTon of individual bar-coded Mtb strains across Tssues. As expected, BCG 

immunizaTon significantly reduced Mtb burden in both lungs and medLNs at day 28 (Fig. 7I). As 

previously shown184, BCG significantly restricted the disseminaTon of barcoded Mtb strains 

from the iniTally infected lung to the contralateral lung. In contrast, the barcodes found in the 

medLN largely matched those in the primary lung, regardless of immunizaTon status (Fig. 7J, 

S.7N). These findings suggest that BCG-mediated immunity does not prevent iniTal Mtb access 

to the medLN, but instead curtails local replicaTon and myeloid niche formaTon, while 

effecTvely limiTng establishment of infecTon at distal sites.  
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 Figure 4.7: BCG immunization improves Mtb control in the medLN 

(A-B) Confocal microscopy of D18 and D28 medLNs from unimmunized or BCG immunized mice. 

(A) Representative images demonstrating myeloid aggregates and Mtb. N = 4-5/group. Scale 

bars: 200 uM (zoom-out), 10 uM (zoom-in). (B) Quantifications of myeloid aggregate density (I), 

total Mtb density per imaged LN section volume (II), and total number of Mtb bacilli per Mtb-

infected myeloid aggregate (III). (C-D) Confocal microscopy of D37-38 ULD medLNs with myeloid 

aggregate quantifications, significance measured by Mann-Whitney Test. (E-F) Flow cytometry 

quantification of total number of Mtb+ innate cells in medLN (N=10-15 mice/group). Gating 

shown in Fig. S1A. (G) Flow cytometry quantification of total and Mtb-infected inf-cDC2s. (H) 

Bulk RNAseq IFN-b and IFN-g signature score analysis of bystander medLN MOs (CD3-B220-Ly6G-

CD26-CD88+SIRPα+Mtb-). (I-J) ULD Mtb infection with BCG immunization (I) Quantification of 

D28 lung and medLN CFUs. (J) Mtb barcode sequencing results from lung and medLN.  Statistical 

significance measured by Fischer’s Exact Test. Data represent 2-3 independent experiments. 

Statistical results for significance were measured by student’s unpaired T test, unless otherwise 

noted.  
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 Figure 4.S.7: Myeloid cell alterations and responses to BCG immunization 

Data related to Fig.7. (A-D) Flow cytometry analysis of innate cells from medLN and lungs. 

Gating shown in Fig. S1A. (A) Quantification of Mtb+ lung iMO and MCs by cell number. (B) 

Representative plots and (C) quantification of CD11c and MHCII expression in iMOs and MCs. 

(D) Quantification of Mtb-infected innate cells in medLNs as a proportion of Mtb+ B220- CD3- IV- 

cells. (E-F) Representative plots of C7 cell responses in D22 unimmunized or BCG immunized 

mice, with associated quantifications of total cell numbers and frequencies of divided C7 cells 

coexpressing Tbet and CD25 (F). (G) Gene expression heatmap for IFN-b and IFN-g signature 

genes identified in Kotov et. al., Cell, 2023. Gene expression normalized across all samples; n=3 

or 4 biological replicates per condition. (H-I) Data on blood monocyte counts and blood-derived 

(sIVs+) medLN myeloid cells were used to generate a best fit mathematical model (eqns. (1)–(2) 

and eqns. (3)–(4)) in unvaccinated (H-left) or BCG-vaccinated (H-right) mice (SSR = 5.78). 

Observed data denoted with symbols and lines show model predictions. In the model we let the 

rate of monocyte migration to change at day 10 and 25 post Mtb-infection (eqn. (8) and I) and 

the monocyte production rate p to depend on time since infection as p = pmin + (pmax − pmin)(1 − 

e−αt) (see Table 3 for the parameter values). (J-L) Trafficking analysis of lung-derived and total 

Mtb-infected myeloid cells. Mathematical models (eqns. (11)– (12) and eqns. (13)–(14)) were fit 

to experimental data on the number of Mtb-infected myeloid cells in the lung, medLNs, and 

infected lung-to-medLN migrating cells (Mtb+OVA-488+) in unvaccinated (J-left) or BCG-

vaccinated (J-right) mice (overall SSR = 64.54). Predictions of the (K) change in the rate of 

migration of Mtb+ cells from the lung to medLNs with time, and (L) scaled magnitude of the 

immune response which controls Mtb replication (Es (t) = (hE(t))n/(1 + (hE(t)) n ) and with a 

detection limit of 0.01 for Es(t)). The predicted time of immune response TE = − ln(h)/ρ. (M) 

Related to Fig. 7G-H; Individual barcoded strains (denoted by color) shown per mouse for right 

lung (R), left lung (L), and medLN (LN), and quantified as a percentage of the total barcoded 

strains per tissue. Data by flow cytometry represent 2-3 independent experiments, indicated by 

symbol shape where applicable (N=10-15 mice/group). Statistical results for significance were 

measured by student’s unpaired T test unless otherwise noted in legend.  
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4.3 Discussion 

Lymph nodes are criTcal sites for the iniTaTon of adapTve immune responses, yet paradoxically, 

Mtb and related mycobacteria effecTvely infect and persist within lymphaTc Tssues across 

mulTple species45,46. In primary TB, which usually occurs in children, this can manifest as 

significant lymphadenopathy and pathology215. While earlier mouse studies have defined the 

onset of T cell responses in the medLN30,118, it has remained unclear how the same organ can 

support both robust early T cell priming and long-term bacterial persistence. Here, we leveraged 

tools uniquely available in murine models to construct a spaTotemporal map of innate and 

adapTve responses to Mtb within the medLN. We show that infecTon in this organ proceeds 

through disTnct stages. An iniTal phase is characterized by the inducTon of Mtb-specific CD4⁺ T 

effector responses driven by sequenTal waves of cDC acTvity. However, this phase is brief and 

coincides with the emergence of a monocyTc niche that appears funcTonally immuno-evasive 

and that supports local bacterial replicaTon and persistence. Notably, this niche forms within 

the T cell zone of medLNs despite strong inducTon of inflammatory cytokine signaling and 

microbicidal pathways in the infected cells. Together, our findings indicate that Mtb is highly 

adapted for persistence within the LN microenvironment and underscore the limits of Th1-

mediated immunity in achieving sterilizing protecTon.  

Through blood and lung tracing experiments, paired with mathemaTcal modeling of bacterial 

growth kineTcs, we demonstrate that both cDCs and monocytes iniTally transport Mtb from the 

lung to the medLN, contrasTng to a prior study which afributed Mtb transport exclusively to 

monocytes24. We believe this discrepancy reflects reliance on depleTon of CCR2 expressing cells 

in the earlier study, as during inflammaTon24 and as we now show during Mtb infecTon, CCR2 is 

expressed by mulTple immune cell types, including cDCs. Over Tme, however, migraTon of Mtb-

infected cDCs declines, whereas monocyte trafficking persists, mirroring shins in innate cell 

composiTon in the lung. In addiTon to lung-to-medLN trafficking, we observe a burst of iMO 

entry from the blood, which likely represents the dominant source of cells driving the 

monocyTc niche formaTon in the infected medLNs. Following this iniTal transport and the 

establishment of the monocyTc niche, Mtb burden in the medLN appears to be driven largely by 

local bacterial replicaTon rather than conTnued trafficking from the lung.  
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We further uncover a previously unappreciated division of labor among cDC subsets in CD4 T 

cell priming. cDC1s, canonically associated with IL-12 producTon and T cell differenTaTon146,182, 

are indeed criTcal early mediators of Th1 responses. However, as infecTon progresses, elevated 

IFN-I signaling induces differenTaTon of inf-cDC2s, which become the dominant IL-12-producing 

populaTon sustaining T cell responses, albeit less robustly than cDC1s. This observaTon reveals 

a nuanced role for IFN-I in Mtb infecTon biology across different organs. While IFN-I promotes 

pathogenic outcomes in lung70,216-220, it appears parTally beneficial in LNs by supporTng 

conTnued effector T cell differenTaTon. Over Tme, however, we find a decline in the migraTon 

of Mtb-infected cDCs from lungs, accompanied by reduced bystander IFN-I sensing in the 

medLNs, which together likely contribute to the waning of T cell priming.  

Although T cell acTvaTon in the medLN was markedly diminished at later Tmepoints, it was not 

completely abolished. CD4 T cells acTvated at later phases exhibited reduced effector funcTon 

but retained elevated expression of the transcripTon factor TCF1. This phenotype is consistent 

with the generaTon of stem-like memory cells that sustain long-term immune surveillance and 

provide parTal control over persistent infecTon165,169,177,180,181,198,221. These findings suggest that 

the heterogeneity of T cell responses in the lung during Mtb infecTon, including the balance of 

effector and memory populaTons, is in part temporally imprinted in the medLN, dictated by the 

specific myeloid subsets and inflammatory cues present at the Tme of priming. Of note, 

although the Tmed adopTve transfer approach employed here does not recapitulate the 

physiological kineTcs of T cell priming, our observaTons do mirror endogenous polyclonal 

responses and are congruent with prior studies30,31.  

Our cross-organ single-cell RNA-sequencing atlas enabled us to assess Tssue-specific myeloid 

cell alteraTons during early Mtb infecTon. In the medLN, infected cells shined from early 

involvement of cDCs and iMOs to a predominance of MCs by day 28, whereas in the lung, 

infecTon transiToned from alveolar macrophages and neutrophils to iMO2-dominated 

populaTons with fewer MCs. IrrespecTve of these differences, infected cells in both Tssues 

demonstrated inducTon of mulTple inflammatory transcripTonal programs, including TNF and 

IFN-I/-II signaling, indicaTng robust immune sensing. Despite this, Mtb conTnued to persist, 
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underscoring the pathogen’s resilience and its ability to survive in the face of classical 

inflammatory and anTmicrobial responses. 

In addiTon to shared inflammatory programs, Mtb-infected cells in the lung vs. medLN exhibited 

complex and dynamic metabolic profiles. At day 15 post-infecTon, infected monocyTc cells in 

the medLN were preferenTally enriched for oxidaTve phosphorylaTon, whereas by day 28, 

glycolyTc programs predominated in infected cells in both Tssues. This transiTon from oxidaTve 

phosphorylaTon to glycolysis, termed the “Warburg” effect, enables rapid energy producTon 

and can support immune acTvaTon and inflammatory responses against pathogens222. Infected 

cells also upregulated hypoxia-associated pathways and acquired Tssue-regeneraTve 

transcripTonal features resembling non-canonical, pro-inflammatory wound-healing 

macrophages that promote cellular survival during bacterial infecTon223.  Together, these 

features suggest that Mtb persistence in the medLN and lung reflects a combinaTon of 

resilience to inflammatory and hypoxic stress, metabolic adaptaTon, and engagement of Tssue-

repair programs within infected myeloid cells.  

A key factor likely contribuTng to Mtb persistence is the inability of Mtb-specific T cells to 

efficiently recognize infected monocyte-derived aggregates. Despite close physical proximity of 

transferred Mtb-specific and endogenous T cells to infected aggregates, we observed lifle 

evidence of T cell acTvaTon, as assessed by pS6 and IRF4 expression. Similar defects in T cell 

sensing of infected macrophages have been reported in liver and lung granulomas204,224, 

suggesTng that T cell inability to detect infected myeloid niches is a conserved feature across 

organs. Although Mtb can suppress anTgen presentaTon through mulTple mechanisms225-229, 

this alone is unlikely to explain the near-complete lack of T cell acTvaTon as infected cells within 

aggregates expressed high levels of surface MHC-II. Furthermore, other infected cell types, such 

as Mtb-infected cDCs at earlier Tmepoints readily engaged with and acTvated CD4 T cells, 

indicaTng that infecTon does not universally abolish anTgen presentaTon. Instead, infected 

aggregates may establish a locally immunosuppressive environment analogous to 

tumors20,26,230. Consistent with this, infected MCs in the medLN upregulated hypoxia-associated 

programs and inhibitory molecules such as PD-L1 and iNOS, whose expression has been shown 

to suppress TCR signaling89-92,197. 
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A non-mutually exclusive explanaTon is that infected cDCs and MCs display different Mtb 

pepTde anTgens on their MHC molecules. Immunodominant T cell responses primed by cDCs 

are typically directed against secreted proteins and anTgens expressed by acTvely replicaTng 

bacteria231,232. By contrast, inducTon of iNOS and hypoxia modules in infected MCs likely 

promotes bacterial stress-response related anTgens via acTvaTon of the DosR regulon93-96. 

SupporTng this idea, a lung monocyte-derived populaTon sharing transcripTonal features with 

medLN MCs was previously shown to harbor DosR-expressing Mtb190.  Infected monocyTc 

aggregates may therefore preferenTally present disTnct anTgens that cannot be recognized by T 

cells primed by cDC-presented immunodominant anTgens233,234, resulTng in ineffecTve immune 

surveillance. While recent studies have begun to define Mtb anTgens presented by infected 

cells in vitro235,236, further work is needed to determine which anTgens are acTvely presented 

on MHC under stressed in vivo condiTons, such as by the infected MCs. 

Notably, we observed upregulaTon of both classical and non-classical MHC-I molecules on 

infected MCs, including H2-T23 (Qa-1), the murine homolog of HLA-E. Qa-1/HLA-E–restricted 

Mtb pepTdes are largely conserved across species, and loss of Qa-1 in mice increases 

suscepTbility to Mtb infecTon237-239. Moreover, bispecific anTbodies targeTng Mtb–pepTde 

HLA-E complexes can acTvate T cells and reduce bacterial burdens in Mtb-infected cells in 

vitro240. These findings suggest that vaccines targeTng stress-induced and non-classical MHC-

restricted Mtb epitopes may provide new strategies to overcome immunological blindness and 

enhance protecTve T cell responses against persistent Mtb reservoirs. 

The only currently approved TB vaccinaTon strategy, BCG, has limited efficacy against 

pulmonary disease but restricts Mtb disseminated disease in humans185 and mice184. Our 

studies show that BCG immunizaTon limits the establishment of the monocyTc niche in the 

medLN and markedly reduces local Mtb burden without altered bacterial trafficking from the 

lung. Notably, these changes do not substanTally affect de novo T cell priming, even in the 

seâng of reduced bacterial load. These findings highlight the stark disTncTon between the 

mechanisms that iniTate T cell responses (anTgen-presentaTon by migratory cDCs was 

unchanged by BCG) and those that promote Mtb replicaTon and persistence (infected 

monocytes that do not acTvate T cells). Consistent with prior work184, we further demonstrate 
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that BCG immunizaTon prevents the establishment of infecTon in the contralateral lung 

following ULD infecTon. Future studies are needed to determine whether this protecTon 

reflects reduced hematogenous disseminaTon or more rapid clearance of Mtb following seeding 

of distal Tssue sites. 

Limita@ons of the study 

An important limitaTon of our study is that it was performed using a relaTvely restricted set of 

host and pathogen strains, which do not encompass the full spectrum of TB pathogenesis. In 

certain cases of human and NHP infecTon, lung-draining LNs can develop large necroTc 

granulomas that appear disTnct from those in our studies. Future studies, including human 

post-mortem analyses and invesTgaTons of diverse animal models, will be needed to dissect the 

pathways that lead to these divergent outcomes and to more fully characterize the range of LN 

pathology in TB.  

Altogether, however, our work reveals dynamic remodeling of medLNs during Mtb infecTon, 

which rapidly transiTons from a site of potent adapTve immune inducTon to an 

immunologically inert reservoir of infecTon. By integraTng a comprehensive myeloid single-cell 

atlas with spaTal imaging and funcTonal analyses of T cell priming, we provide a framework for 

dissecTng host–pathogen interacTons across Tssues and Tme. These findings have direct 

implicaTons for TB vaccine design, parTcularly strategies aimed at selecTvely targeTng 

lymphoid Tssues and monocyTc niches that sustain bacterial persistence. UlTmately, our 

findings underscore that effecTve TB control strategies must account for the dynamic, Tssue-

specific nature of host-pathogen interacTons rather than focusing exclusively on pulmonary 

infecTon or early stages associated with rapid bacterial replicaTon.  
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SecTon 5. Shining the host immune system: the protecTve capacity of cDCs and TH1 skewed 

Mtb-specific T cells in the medLN during Mtb infecTon 

The work described in this sec6on was used to improve our understanding of specific immune 

cell phenotypes to the major findings of our published manuscript but has not been peer 

reviewed and published. I would like to acknowledge Jessica Huang, Jiajie Le, and Molly Kanagy 

for their help and scien6fic support in genera6ng the data shown in this sec6on. 

5.1 Revisi@ng the role of cDCs in the medLN during Mtb infec@on 

5.1.1 Introduc@on 

cDCs are central mediators of adapTve immune responses, responsible for anTgen transport 

and presentaTon to T cells within draining lymphoid Tssues. As discussed previously, TH1-

skewed CD4⁺ effector T cells are criTcal for protecTve immunity against Mtb. In SecTon 4, we 

idenTfied cDC1 and inf-cDC2 subsets as potent producers of IL-12 and key drivers of TH1-

skewed Mtb-specific CD4⁺ T cell responses in the medLN during weeks 2–3 post-infecTon.  

These findings build upon prior work establishing cDCs as essenTal for early Mtb-specific T cell 

priming in the medLN24 and as capable of acquiring and presenTng exogenous Mtb anTgens. 

However, interpretaTon of cDC funcTon in Mtb infecTon has been complicated by limitaTons of 

experimental models, including reliance on ex vivo culture systems72, insufficient specificity of 

surface markers used to disTnguish cDCs from monocyte-derived populaTons71,72, and the use 

of transgenic depleTon systems with unintended off-target effects, parTcularly depleTon of 

monocytes in ostensibly cDC-specific models¹. These limitaTons moTvated the development of 

more refined in vivo approaches to isolate cDC contribuTons. 

To address these concerns, we uTlized the gaTng strategy described in Figure 4.S1A and 

generated Zbtb46-DTR bone marrow chimeras. In this system, host mice were sublethally 

irradiated and reconsTtuted with Zbtb46-DTR bone marrow, enabling selecTve depleTon of 

Zbtb46-expressing cDCs from the hematopoieTc compartment following diphtheria toxin (DT) 

administraTon. This approach allows for more specific interrogaTon of cDC funcTon with 

minimal disrupTon to monocyte populaTons. In parallel, we employed a cDC2 depleTon model 

(CD11ccre IRF4fl/fl) to assess the contribuTon of matured migratory cDC2s during Mtb infecTon. 
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5.1.2 Results: cDCs are cri@cal for T cell responses in the medLN during Mtb infec@on 

To validate and extend prior findings by Samstein et al.24, who used whole-body Zbtb46-DTR 

depleTon, we employed Zbtb46-DTR bone marrow chimeras to interrogate cDC funcTon during 

Mtb infecTon in a more controlled system. Mice were infected with 50–100 CFU of Mtb 

H37Rv.mCherry and received Tmed adopTve transfers of 10⁶ naïve C7 cells three days prior to 

harvest for flow cytometric analysis. 

Analysis at day 18 post-infecTon revealed parTal, but not complete, depleTon of cDCs following 

DT administraTon (20 ng/kg body weight) at days 15 and 17 (Fig. 5.1A). In addiTon to significant 

reducTons in cDCs (Fig. 5.1A), we observed a significant reducTon in C7 T cell numbers within 

the medLN (Fig. 5.1B), consistent with previous reports24. Notably, this effect was restricted to 

response magnitude, as effector phenotypes defined by T-bet, CD25, and TCF1 expression were 

preserved (Fig. 5.1B). Similar trends were observed among endogenous CD4⁺ and CD8⁺ T cells, 

where anTgen-experienced (pS6⁺ IRF4⁺) populaTons were reduced in number without 

alteraTons in effector differenTaTon (Fig. 5.1C–D). These data indicate that cDCs are required 

for opTmal T cell expansion and acTvaTon in the medLN but not for TH1 effector polarizaTon, 

suggesTng compensatory cytokine and cosTmulatory signals from other myeloid populaTons. 
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Figure 5.1: Zbtb46-DTR chimeras have reduced T cell response magnitude. Zbtb46-DTR 

chimeras were generated and DT was administered at 20 ng/kg body weight at days 15 and 17 

post-Mtb infecTon (H37Rv.mCherry 50-100 CFU). Mice were harvested for flow cytometry 

analysis at day 18 post-infecTon. (A) Flow cytometry analysis of cDCs (as gated in Fig. 4.S.1A), 

idenTfying cDC1 and cDC2s in medLNs of DT treated and untreated chimeras. (B) Tmed 

adopTve transfer C7 responses (similar to Fig. 4.4A)  by cell number, and effector (Tbet+ CD25+ 

or TCF1-) phenotypes. (C-D) endogenous CD4 and CD8 T cell responses, gaTng on TCR-

sTmulated (IRF4+ pS6+) and further on T effector phenotypes (Tbet+ CD25+). Data shown is 

representaTve of 2 independent experiments. 
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5.1.3 Results: Migratory cDC2s are not required for C7 responses in the medLN 

In SecTon 4, we idenTfied cDCs as underappreciated carriers of Mtb from the lung to the 

medLN during early infecTon and demonstrated key roles for cDC1 and inf-cDC2 subsets in 

anTgen presentaTon and IL-12 producTon. Transcriptomic analyses further suggested migratory 

phenotypes among Mtb-infected cDCs at day 15. To directly assess the contribuTon of 

migratory cDC2s, we uTlized CD11ccre IRF4fl/fl mice, in which DC2 maturaTon and LN migraTon 

are impaired 241,242. Consistent with prior studies242, these mice exhibited a selecTve reducTon 

in the migratory cDC2s compartment (by percent of total migratory cDCs) within medLNs at 

days 15 and 21 post-infecTon (Fig. 5.2A), without affecTng Mtb burdens in the lung or medLN 

(Fig. 5.2B–C) by total Mtb+ cell numbers. 

Looking at Mtb-specific T cell acTvaTon in the medLN by flow cytometry, we saw equal 

cellularity, terminal divisions by cell trace violet diluTon, and effector response generaTon at 

both day 15 and day 21 (Fig. 5.2D-F). We also looked at these phenotypes spaTally at day 15, 

where we saw equal C7 density (Fig. 5.2H-I), as well as anTgen sensing and proliferaTon by pS6 

(Fig. 5.2J) and Ki67 (Fig. 5.2K), respecTvely. These findings suggest that migratory cDC2s are not 

requisite for effecTve Mtb-specific CD4⁺ T cell priming in the medLN and support the existence 

of compensatory anTgen-presenTng populaTons within this Tssue.  
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Figure 5.2: CD11ccre IRF4fl/fl mice do not have altered Mtb trafficking or T cell responses. 

CD11ccre IRF4fl/fl mice were infected with Mtb (H37Rv.mCherry 50-100 CFU). (A-F) Mice were 

harvested for flow cytometry analysis at days 15 or 21 post-infecTon. (A) Flow cytometry 

analysis of cDCs (as gated in Fig. 4.S.1A), with further gaTng on migratory (MHCIIHI CD11c+) 

idenTfying mig-cDC2s in medLNs. (B-C) Mtb cell numbers in the lung and medLN by flow 

cytometry. (D-F) C7 responses by cell number, and effector (Tbet+ CD25+) phenotypes. Day 15 

examples shown. (H-K) Confocal microscopy analysis of day 15 medLNs, with idenTficaTon of 

myeloid (SIRPa, CD11c) cells, Mtb, and C7 T cells (CD45.1, Ki67), and associated quanTficaTons 

(I-K). Data shown is representaTve of 2 independent experiments. 
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5.2 Immunological blindness during Mtb infec@on 

5.2.1 Introduc@on 

A key finding emerging from our work in SecTon 4 is the failure of Mtb-specific CD4⁺ T cells to 

effecTvely recognize and engage Mtb-infected myeloid cells within the medLN. The immune-

evasive strategies employed by Mtb are well documented and include intracellular suppression 

of anTgen presentaTon pathways, expression of immunodominant decoy anTgens, and 

metabolic reprogramming toward dormancy. Consistent with these mechanisms, many 

contemporary vaccine strategies generate robust TH1 responses against immunodominant 

anTgens such as Ag85 and ESAT-6 yet fail to confer sterilizing protecTon79, suggesTng that 

immune acTvaTon alone is insufficient for bacterial clearance. 

Given the persistence of Mtb within monocyTc niches, we hypothesized that overwhelming 

TH1-skewed anTgen-specific T cell responses might afenuate these niches. To test this, we 

generated ex vivo TH1-polarized Mtb-specific (C7) CD4⁺ T cells and adopTvely transferred 10⁷ 

cells five days prior to Tssue harvest, assessing immune responses in the medLN and lung at 

early (day 18) and late (day 30) Tme points. AnTgen-irrelevant, similarly polarized OT-II CD4⁺ T 

cells served as controls to account for bystander effects. 

5.2.2 Results: TH1 skewed effector T cells are unable to amenuate Mtb burden in the medLN 

To determine whether enhancing adapTve immunity could overcome medLN bacterial 

persistence, we adopTvely transferred large numbers (107) of ex vivo TH1-polarized C7 or 

anTgen-irrelevant OTII CD4⁺ T cells into infected hosts 5 days prior to harvest Tmepoints as 

previously described204 (Fig. 5.3A). While these cells trafficked efficiently to the medLN and 

expressed high levels of T-bet, they failed to significantly reduce Mtb burden within the medLN 

at either day 18 or day 30 post-infecTon (Fig. 5.3B-C). 

Confocal microscopy revealed that C7 transfer reduced expansion of monocyTc aggregates over 

Tme compared to OT-II controls (Fig. 5.3D–E), yet normalized Mtb density within the medLN 

remained unchanged (Fig. 5.3D–E). In contrast, lung CFU measurements demonstrated 

significant bacterial reducTon following C7 transfer, consistent with prior studies⁴ (Fig. 5.3F). 
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These results highlight a striking Tssue-specific divergence in immune efficacy, idenTfying the 

medLN as uniquely resistant to otherwise protecTve TH1-mediated immunity. 

 

 
Figure 5.3: TH1 skewed effector T cells do not substan@ally amenuate Mtb burden in the 

medLN. Mtb-infected mice were adopTvely transferred with 10 million C7 or OTII transgenic 

CD4 T cells that were TH1 polarized ex vivo at days 18 or 30. (A) Experimental scheme. (B-E) 

Confocal microscopy analysis of transferred T cell responses (B-C) and myeloid aggregates (D-E). 

(F) CFU analysis of right lungs or medLNs of mice.  
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5.3 Discussion 

The overarching goal of this work is to resolve a central paradox of Mtb infecTon: the medLN 

funcTons as the primary site of adapTve immune priming while simultaneously serving as a 

reservoir for persistent bacteria. In this secTon, we examined how two criTcal components of 

protecTve immunity- cDCs and TH1-skewed effector CD4 T cells- shape immune responses 

within the medLN during Mtb infecTon. CollecTvely, these studies reveal intrinsic limitaTons of 

adapTve immunity that permit bacterial persistence despite robust immune acTvaTon. 

Our findings demonstrate that cDCs are essenTal for determining the magnitude, but not 

the quality, of T cell responses in the medLN. Using a Zbtb46-DTR bone marrow chimera system, 

cDC depleTon resulted in a marked reducTon in both adopTvely transferred and endogenous 

anTgen-experienced T cells, while canonical TH1 effector phenotypes were preserved. These 

results are consistent with prior work idenTfying cDCs as key amplifiers of Mtb-specific T cell 

responses24, while extending these conclusions using a more specific and experimentally robust 

depleTon strategy. 

The preservaTon of TH1 effector differenTaTon in the absence of cDCs suggests the presence 

of compensatory anTgen-presenTng pathways within the medLN. Monocytes, inflammatory 

cDC2-like populaTons, or LN-resident myeloid cells may provide sufficient cytokine and 

cosTmulatory signals to sustain effector differenTaTon once anTgen is encountered154,243. This 

redundancy indicates that the medLN is not intrinsically deficient in its capacity to generate 

TH1-skewed immunity. Rather, limitaTons in immune efficacy likely arise downstream of T cell 

acTvaTon, at the level of anTgen accessibility, spaTal organizaTon, or engagement with infected 

myeloid niches. 

Consistent with this interpretaTon, depleTon of migratory cDC2s in CD11ccre IRF4fl/fl mice did 

not impair Mtb-specific CD4 T cell acTvaTon, proliferaTon, or effector differenTaTon in the 

medLN, nor did it alter Mtb-infected cell numbers in the medLN or lung. Despite transcripTonal 

evidence of migratory phenotypes among infected cDCs (Fig. 4.2A-B), these findings indicate 

that migratory cDC2s are not the only populaTon that can transport Mtb or prime T cells in the 
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medLN. Together, these results argue that other myeloid cells can compensate for some 

anTgen-presentaTon and T cell acTvaTon roles of cDCs in the medLN. 

A central conceptual advance of this secTon is the demonstraTon of funcTonal immunological 

blindness within the medLN. Despite the presence of acTvated, anTgen-specific TH1 CD4 T cells, 

these responses fail to meaningfully engage Mtb-infected myeloid cells or reduce bacterial 

burden. This conclusion is supported by adopTve transfer experiments in which overwhelming 

numbers of ex vivo-polarized, Mtb-specific TH1 CD4 T cells trafficked efficiently to the medLN 

and reduced myeloid aggregate formaTon, yet failed to decrease medLN CFUs. In contrast, the 

same intervenTon significantly reduced Mtb loads in the lung at day 18, highlighTng a striking 

Tssue-specific divergence in immune efficacy. 

Together, these findings support a model in which the medLN funcTons as a privileged niche for 

Mtb persistence. Unlike the lung, where granulomatous inflammaTon and neutrophilia can 

constrain bacterial growth, the medLN permits immune acTvaTon without immune efficacy. Our 

findings in SecTon 4 further contextualize this model: Mtb residing within monocyTc niches 

appear to upregulate DosR-associated stress response pathways, consistent with adaptaTon to 

a persistent intracellular state. The greater burden of infecTon within monocyTc compartments 

in the medLN, relaTve to the lung, likely facilitates this persistence. Although TH1 cell responses 

can parTally restrict this niche, the accumulaTon of myeloid aggregates appears to create a 

permissive environment in which Mtb can conTnue to survive, as reflected by the bacterial 

burdens described in SecTon 5.2. This disTncTon is consistent with historical pathology and 

modern imaging studies demonstraTng metabolically acTve lymph nodes in the absence of 

overt pulmonary disease45. Thus, the medLN represents not merely a site of delayed clearance, 

but a specialized anatomical and immunological environment that supports long-term bacterial 

survival. 

These insights carry important implicaTons for vaccine and immunotherapeuTc design. 

Strategies that focus solely on enhancing TH1 responses or IFNγ producTon may fail to 

overcome the fundamental barriers imposed by LN-resident myeloid niches. EffecTve 

intervenTons may instead require approaches that restore anTgen presentaTon, disrupt 
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permissive myeloid states, or alter spaTal and metabolic constraints within lymphoid Tssues. 

Notably, recent work idenTfying protecTve roles for non-classical and rare anTgenic T cell 

responses106,235,237,244-246, suggests alternaTve avenues for targeTng immunologically silent 

niches not recognized by immunodominant anTgen–specific T cells. 

In conclusion, while cDCs iniTate and amplify adapTve immune responses in the medLN, neither 

robust anTgen presentaTon nor overwhelming TH1 immunity is sufficient to clear Mtb from this 

Tssue. Instead, the medLN emerges as a disTnct immunological niche characterized by immune 

acTvaTon uncoupled from immune efficacy, redefining how lymphoid Tssues contribute to TB 

pathogenesis and highlighTng the medLN as a criTcal target for future therapeuTc and vaccine 

strategies. 
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6. Future DirecTons 

6.1 Introduc@on 

The studies presented in this dissertaTon establish that Mtb exploits a monocyTc niche within 

the mediasTnal lymph node to persist during early infecTon, while simultaneously constraining 

the window of effecTve adapTve immune priming. These findings raise several interconnected 

quesTons that moTvate the future direcTons outlined in this chapter. First, what monocyte-

intrinsic pathways sustain this permissive niche, and can they be targeted to disrupt bacterial 

persistence in lymphoid Tssues without the delays inherent to live afenuated vaccinaTon? 

Second, given that the medLN's capacity to support effector T cell differenTaTon is temporally 

limited, can alternaTve Tssue sites (including the lung and spleen) be leveraged to extend or 

redirect protecTve adapTve responses? Third, does monocyTc niche formaTon represent a 

conserved feature of mycobacterial immunity more broadly, or a vulnerability specific to Mtb? 

Finally, do the transcripTonal programs that define these monocyte-derived cells converge with 

immunoregulatory myeloid states observed in other chronic inflammatory diseases, including 

cancer? Addressing these quesTons will require integraTng the single-cell innate immune atlas 

generated here with targeted geneTc, pharmacologic, and comparaTve infecTon models, and 

may ulTmately reveal shared principles of myeloid dysfuncTon that extend well beyond 

tuberculosis. 

6.2 Iden@fying monocyte-intrinsic mechanisms to intervene against Mtb persistence 

In SecTon 4, we idenTfied an Mtb-permissive monocyTc niche that enables bacterial 

persistence within the medLN. Although this phenotype could be afenuated by BCG 

vaccinaTon, BCG is a live afenuated vaccine that establish protecTve immunity over the course 

of 6 to 8 weeks. This delay highlights the need to idenTfy monocyte-intrinsic pathways that 

could be targeted more directly to disrupt Mtb persistence within lymphoid Tssues. 

We performed a series of pilot experiments targeTng cellular origins, signaling pathways, 

receptors, and molecules that were transcripTonally upregulated in Mtb-infected or bystander 

monocytes in the medLN (Fig. 4.S2G, Fig. 6.1A–C). In addiTon to genes highlighted in Fig. 4.S2G 

that were upregulated at days 15 and 28 relaTve to naïve day 0 iMO2s and MCs, we observed 

transcripTonal similariTes between day 22 medLN monocytes and uninfected circulaTng blood 
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monocytes, including increased expression of Ceacam1, Sell, and Csf1r. These observaTons 

informed the design of mulTple pilot intervenTon studies (Fig. 6.1A–C). 

The pathways and cell populaTons targeted included patrolling monocytes (via Nr4a1_SE2-/- 

bone-marrow chimeras), cDCs (via BATF3-/- mice, Zbtb46-DTR chimeras, and CD11ccre IRF4fl/fl 

mice), metabolic pathways (via IRG1-/- bone-marrow chimeras, LysM cre Alox5f fl/flmice, or 

pharmacologic inhibiTon of PPARγ using GW9662), chemokine receptors (via L-selecTn–

blocking anTbodies), IFN-I signaling (using Ifnar1-/- mice), immune checkpoint pathways (via PD-

L1–blocking anTbodies), and adhesion molecules (via CEACAM1-/- bone marrow chimeras). 

Across these models, we assessed medLN myeloid aggregate formaTon at Tmepoints 

corresponding to niche establishment (day 18 and later). Apart from Baj3-/- mice, none of these 

perturbaTons resulted in significant alteraTons to aggregate formaTon. Baj3-/- mice exhibited 

modest changes in aggregate structure (Fig. 6.1D–E); however, these effects are difficult to 

interpret given the broader consequences of global Baj3 deficiency, including potenTal effects 

on monocyTc populaTons. 

Importantly, many candidate pathways implicated in monocyte recruitment, differenTaTon, and 

Tssue retenTon remain untested in the context of Mtb infecTon. Promising targets emerging 

from our transcripTonal analyses include the CCR5/CCL5 axis, which has been implicated in 

monocyte recruitment during inflammaTon247, and P-selecTn (Selplg), which promotes 

monocyte migraTon to lymph nodes 248. These migratory signaling axes could be interrogated 

using geneTc models, inducible systems, or bone marrow chimera approaches to enable spaTal 

or temporal control of target ablaTon. 

While these examples are not exhausTve, the datasets generated in this dissertaTon 

(parTcularly the large-scale single-cell innate atlas of murine Mtb infecTon) provide a 

foundaTonal resource to inform future studies aimed at idenTfying and disrupTng Mtb-

permissive monocyTc niches. 
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Figure 6.1: Monocytes in the medLN have differen@al expression of markers that can be 

ablated in mouse models during Mtb infec@on. (A-C) Mice infected with Mtb (H37Rv.mCherry 

50-100 CFU) had Mtb+/- monocytes sorted for bulk RNAseq from medLNs at day 15 and 22, and 

blood at day 0. (A) experimental scheme. (B) PCA analysis of independent samples. (C) 

DifferenTal analysis via volcano plot of total day 15 vs day 22 monocytes idenTfying genes of 

interest related to T cell recruitment/acTvaTon (green), or genes related to monocyte 

phenotypes (orange). (D-E) BATF3-/- were infected (similar to Figure 4.5 and 4.S.5) and harvested 

at days 15 and 28 for confocal microscopy analysis. Myeloid aggregates (SIRPa), C7 T cells, and 

Mtb are shown. Myeloid and Mtb density are quanTfied (E). 
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6.3 Inducing Mtb-specific adap@ve responses in other @ssue sites 

I would like to acknowledge Cody Jenkins for his work in genera6ng the data referred to in Fig. 

6.2 during his rota6on project. 

In SecTon 4, we demonstrate that the medLN provides the most robust window for effector CD4 

T cell priming during Mtb infecTon (Fig. 4.4). In contrast, other secondary lymphoid organs, such 

as the spleen, are comparaTvely ineffecTve at generaTng strong effector T cell responses during 

the same criTcal window between days 15 and 28 post-infecTon (Fig. 4.S4H, Fig. 6.2A–C). While 

this may iniTally appear to reflect a limitaTon of the adapTve immune system, it also suggests 

that other priming sites could be therapeuTcally leveraged to bypass the constraints imposed by 

the medLN during later stages of infecTon. 

Indeed, sites of Mtb disseminaTon such as the spleen may represent underexplored targets for 

vaccinaTon or immune modulaTon. Recent work has idenTfied restricTon of Mtb infecTon in 

both the lung and spleen mediated by marginal zone B cells with memory-like and acTvated 

phenotypes, which contribute to the producTon of TNF, IL-2, and GM-CSF249. These findings 

raise the possibility that non-T cell–centric mechanisms operaTng in other SLOs could 

complement or enhance convenTonal T cell–based immunity. 

As the primary site of infecTon, the lung also serves as a site of adapTve immune acTvaTon. 

Persistent lung T cell responses have been observed during late Mtb infecTon in bisulfan-

treated mice, indicaTng that de novo T cell responses can be sustained independently of thymic 

output31. In addiTon, recent studies have idenTfied granuloma-associated lymphoid structures 

within the lung that funcTon as local priming niches during Mtb infecTon29. 

Consistent with these findings, we observed that Mtb-specific C7 T cell priming within the lung 

changes dynamically over the first four weeks of infecTon in our Tmed adopTve transfer model 

(Fig. 6.2D-G). During the first three weeks, lung-localized C7 cells predominantly exhibited 

effector phenotypes and were either terminally divided or remained undivided (Fig. 6.2D). 

Although the total number of recovered C7 cells was comparable across Tmepoints, paferns of 

cell trace diluTon and effector differenTaTon diverged at days 22 and 28 (Fig. 6.2D–G). These 
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results suggest that similar to the medLN, the lung undergoes temporal remodeling in its 

capacity to support T cell priming. 

While these observaTons require further validaTon, parTcularly through experiments with 

longer adopTve transfer windows allowing for Mtb-specific T cell homing to the lung aner 

priming or by S1P blockade via FTY720, they raise the possibility that the lung may become a 

more permissive site for adapTve priming at later stages of infecTon, when the medLN no 

longer supports robust effector differenTaTon. This concept aligns with emerging vaccine 

strategies aimed at targeTng the lung directly to induce mucosal immunity and durable 

protecTon against Mtb250,251. 

Together, these findings suggest that effecTve TB immunotherapies may require spaTal re-

engineering of adapTve immune responses, either by extending the window of medLN priming 

or by redirecTng priming to alternaTve Tssue sites such as the lung or spleen. 
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Figure 6.2: Mtb-specific T cell priming in the spleen and lung during Mtb infec@on. (A-G) 

confocal microscopy of spleens (A-C) or flow cytometry analysis of lungs (D-G) from Mtb-

infected (H37Rv.mCherry 50-100 CFU) mice. (A-C) C7 T cells and structural markers shown at 

Tmepoints indicated, with quanTficaTons for C7 cells shown (B-C). (D-G) Flow cytometry 

analysis of Tmed (D-3) adopTvely transferred C7 from lungs, idenTfying cell numbers (E), 

division phenotypes (F) and T effector (Tbet+ CD25+) phenotypes (G). 
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6.4 The role of monocy@c niches in other mycobacterial infec@ons 

As discussed in SecTon 1, mycobacterial infecTons beyond Mtb frequently involve lymphaTc 

Tssues and can persist within lymph nodes. Because the only licensed TB vaccine, BCG, is itself a 

live afenuated mycobacterium, we leveraged this model to explore whether monocyTc niche 

formaTon represents a conserved feature of mycobacterial immunity. 

To address this, we examined the spaTal innate immune landscape of BCG-draining inguinal 

lymph nodes following subcutaneous BCG immunizaTon administered eight weeks prior to 

aerosol Mtb infecTon. Mice were harvested at day 14 post-Mtb infecTon (Fig. 6.3). At this 

Tmepoint, BCG-draining lymph nodes exhibited pronounced enlargement and increased 

cellularity, indicaTve of sustained immune acTvaTon (Fig. 6.3). Strikingly, we observed 

substanTal SIRPα⁺ myeloid aggregates within these lymph nodes, accompanied by robust iNOS 

expression, resembling the monocyTc aggregates described in the medLN during Mtb infecTon. 

In addiTon, focal Ag85B staining was detected within these structures (Fig. 6.3 zoom in), 

consistent with the presence of mycobacterial anTgens shared between BCG and Mtb. The co-

localizaTon of iNOS within SIRPα⁺ aggregates suggests acTve IFN- or TLR-mediated sensing 

within these innate cells, potenTally reflecTng persistent or slowly cleared BCG. These 

observaTons raise the possibility that formaTon of monocyTc aggregates represents a 

conserved response to lymph node-localized mycobacterial infecTon rather than a phenomenon 

unique to Mtb. Future studies could directly compare the kineTcs, transcripTonal programs, and 

immune visibility of monocyTc niches induced by disTnct mycobacterial species, including M. 

bovis, M. avium, and M. abscessus, using parallel infecTon models. 

Such comparaTve approaches may provide broader insight into immune strategies employed by 

mycobacteria across hosts and disease contexts, including infecTons that have had devastaTng 

impacts on wildlife, livestock, and avian populaTons252,253. Importantly, idenTfying immune 

mechanisms that successfully limit persistence in non-tuberculous mycobacterial infecTons 

could reveal protecTve pathways that are absent, suppressed, or subverted during Mtb 

infecTon, informing the development of novel host-directed or vaccine-based intervenTons. 
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Figure 6.3: The BCG-draining LN during Mtb infec@on. Confocal microscopy of a BCG draining 

inguinal lymph node at 14 days post- Mtb infecTon (H37Rv.mCherry 50-100 CFU), idenTfying 

mycobacteria (Ag85B), myeloid cells (SIRPa), and iNOS. 
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6.5 Exploring overlapping monocy@c phenotypes in other chronic disease states 

Mtb infecTon induces a chronic inflammatory disease characterized by granuloma formaTon at 

the primary site of infecTon, which can limit bacterial disseminaTon but also disrupt normal 

lung architecture and funcTon. This pathological state shares striking similariTes with solid 

tumors, which likewise consist of dysregulated immune, stromal, and epithelial compartments, 

arise in mucosal Tssues such as the lung, and require sustained T cell-mediated immune control. 

In both seângs, myeloid cell recruitment is extensive and persistent, and monocytes exhibit 

pronounced plasTcity in response to local inflammatory and metabolic cues. 

Consistent with these parallels, our single-cell RNA-sequencing atlas of innate immune cells 

during Mtb infecTon idenTfied a populaTon of monocyte-derived cells (MCs) that comprise the 

myeloid aggregates in the medLN. From this dataset, we derived an MC gene signature 

represenTng the top 50 genes enriched in this populaTon relaTve to other innate cell types 

(Table 3.2). To assess whether analogous cell states exist in human disease, we converted this 

signature to human orthologs and interrogated its expression in paTent-derived transcripTonal 

datasets. 

To this end, we leveraged the Mo-Mac-VERSE dataset, which integrates approximately 179,000 

monocytes and macrophages across 13 Tssues and 41 datasets spanning healthy, infecTous, 

and malignant disease states254. Within this resource, we observed enrichment of the MC 

signature in macrophage populaTons annotated as C1Q⁺, HES1⁺, IL4L1⁺, and TREM2⁺ (Fig. 6.4A–

B). Notably, several of these phenotypes have independently been implicated in Mtb infecTon 

and disease progression. C1Q expression has been reported as a biomarker of acTve TB in 

paTent cohorts191, while TREM2⁺ macrophages have been associated with foamy macrophage 

states and spaTally localized pathology in human pulmonary TB255. Beyond infecTous disease, 

IL4L1-expressing macrophages are characterized in cancer, where they contribute to regulatory 

T cell recruitment, suppression of effector T cell funcTon, and broader tumor microenvironment 

dysfuncTon254. The convergence of these transcripTonal programs suggests that the monocyTc 

niches idenTfied in the medLN during Mtb infecTon may share conserved differenTaTon 

pathways and immunoregulatory funcTons with tumor-associated macrophages. 
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While these analyses remain correlaTve, they raise the intriguing possibility that immune-

evasive monocyTc niches represent a shared feature of chronic inflammatory diseases. Future 

studies integraTng cross-disease comparaTve analyses among large-scale transcripTonal and 

spaTal datasets could clarify whether therapeuTc strategies developed to target suppressive 

myeloid populaTons in cancer might also be repurposed to disrupt Mtb-permissive niches. Such 

approaches may offer novel avenues for host-directed therapies that complement convenTonal 

anTmicrobial strategies and improve immune-mediated clearance of persistent Mtb infecTon. 

 
Figure 6.4: MC signatures in pa@ent-derived monocytes and macrophages. (A) UMAP analysis 

of Mulder et. al 2021 dataset, indicaTng cell types, status, Tssue, and MC-signature (Table 6.4.1) 

enrichment. (B) MC signature enrichment among annotated cell types from Mulder et. al 2021 

dataset.  
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7. Conclusion 

7.1 Summary 

Tuberculosis remains a leading cause of infecTous mortality worldwide, in part due to the 

extraordinary capacity of Mtb to persist within host Tssues despite robust immune acTvaTon. 

While pulmonary infecTon has historically dominated models of TB pathogenesis, the work 

presented in this dissertaTon idenTfies the lung-draining mediasTnal lymph node (medLN) as a 

central and underappreciated site of Mtb persistence. Through integrated spaTal, 

transcripTonal, funcTonal, and quanTtaTve approaches, these studies resolve a long-standing 

paradox: how the same lymphoid organ can iniTate protecTve adapTve immunity while 

simultaneously supporTng long-term bacterial survival. 

In SecTon 4, we demonstrate that Mtb persistence in the medLN is enabled by the formaTon of 

specialized monocyte-derived cellular niches that arise following an early, transient phase of 

immune acTvaTon. IniTal disseminaTon of Mtb to the medLN occurs around days 8–15 post-

infecTon via both inflammatory monocytes and convenTonal dendriTc cells (cDCs)30,32,72,118, 

coinciding with robust inducTon of inflammatory cytokine signaling and efficient priming of 

Mtb-specific CD4 T cell responses. During this early window, individual bacilli are dispersed 

within myeloid cells localized to the T cell zone, and anTgen presentaTon by cDCs supports 

effecTve TH1 differenTaTon. 

This producTve phase is short-lived. By weeks 3–4 post-infecTon, the medLN undergoes 

dramaTc structural remodeling marked by the emergence of large aggregates of monocyte-

derived cells harboring mulTple bacilli. These aggregates persist into late infecTon, occupy 

substanTal porTons of the medLN parenchyma and are conserved across mouse strains, Mtb 

genotypes, and infecTous doses. Despite strong inducTon of classical anTmicrobial and 

inflammatory programs, including IFN-I, IFN-II, TNF signaling, and high iNOS 

expression80,82,84,89,197,198, these monocyTc niches fail to clear Mtb, establishing a stable, 

pathogen-permissive reservoir. 

Single-cell transcriptomic analyses revealed that infected monocyte-derived cells in the medLN 

undergo temporal reprogramming from early inflammatory states to later programs enriched 
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for hypoxia, lipid metabolism, Tssue repair, and cellular survival 190,193,194. These features closely 

resemble previously described intersTTal macrophage populaTons in the lung that harbor 

stress-adapted, DosR-expressing Mtb95,96,190, suggesTng a conserved strategy of persistence 

across Tssues. MathemaTcal modeling and organ-tracing experiments further demonstrate that 

rising medLN bacterial burdens cannot be explained by conTnued trafficking from the lung 

alone, but instead require substanTal local bacterial replicaTon within the medLN itself, at rates 

comparable to those in the lung. 

SecTon 4 further establishes that effecTve Mtb-specific CD4 T cell priming in the medLN is 

temporally restricted and supported by sequenTal waves of cDC subset acTvity. Early aner 

infecTon, cDC1s serve as dominant IL-12–producing anTgen-presenTng cells driving robust TH1 

differenTaTon81,177,207,208. As infecTon progresses, elevated type I interferon signaling induces 

the emergence of inflammatory cDC2s (inf-cDC2s), which acquire monocyte-like features while 

retaining IL-12 producTon capacity174,243. These inf-cDC2s transiently sustain CD4 T cell 

responses as cDC1 acTvity wanes. Over Tme, however, migraTon of Mtb-infected cDCs from the 

lung declines, IFN-I sensing within the medLN diminishes, and both cDC1- and inf-cDC2-

mediated priming collapses, coincident with establishment of the monocyTc niche. 

A central conceptual advance of this work is the idenTficaTon of funcTonal immunological 

blindness within the medLN. Although Mtb-specific CD4 T cells are generated and persist within 

the Tssue, they fail to efficiently recognize or respond to infected monocyte-derived aggregates 

at later stages of infecTon. This defect persists despite direct physical proximity between T cells 

and infected cells and is marked by diminished pS6 and IRF4 signaling, indicaTng impaired 

anTgen recogniTon. While Mtb is known to suppress anTgen presentaTon through mulTple 

mechanisms225-229, the persistence of high MHC-II expression on infected cells suggests 

addiTonal barriers to immune engagement. These likely include local immunosuppression 

mediated by PD-L1 and nitric oxide89-92,197, as well as altered anTgen repertoires associated with 

bacterial dormancy93-96,233,234. The enrichment of non-classical MHC-I molecules such as Qa-1 

(H2-T23) on infected cells further suggests that dominant CD4 T cell responses may be 

mismatched to the anTgens presented within persistent niches237-240. 
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BCG immunizaTon provides important insight into how this niche can be perturbed. As shown in 

SecTon 4, BCG markedly reduces Mtb burden and limits formaTon of monocyTc aggregates in 

the medLN184,185 without prevenTng iniTal disseminaTon from the lung or altering early cDC-

mediated T cell priming. Instead, BCG reduces recruitment of blood-derived monocytes to the 

medLN, dampens IFN-I/II signaling within medLN myeloid cells, and accelerates immune control 

of bacterial growth, thereby constraining expansion of the monocyTc niche. Barcode-based 

disseminaTon studies further demonstrate that while BCG restricts spread to distal organs such 

as the contralateral lung184, it does not alter which Mtb clones access the medLN, reinforcing 

the conclusion that BCG acts locally to limit replicaTon and niche establishment rather than 

blocking disseminaTon. 

Building on these findings, SecTon 5 demonstrates that even overwhelming the immune system 

with large numbers of ex vivo–polarized, TH1-skewed, Mtb-specific CD4 T cells is insufficient to 

clear Mtb from the medLN, despite effecTvely reducing bacterial burden in the lung. DepleTon 

of cDCs reduced the magnitude of T cell responses but preserved effector differenTaTon, while 

migratory cDC2 depleTon did not alter T cell responses, revealing compensatory anTgen-

presenTon within the medLN. Together, these data show that the medLN is not intrinsically 

incapable of sustaining TH1 immunity. Rather, immune efficacy becomes uncoupled from 

immune acTvaTon once Mtb establishes residence within monocyte-derived niches. 

MoTvated by the prior secTons, future direcTons explored in secTon 6 aimed at translaTng 

these mechanisTc insights into acTonable intervenTons. The idenTficaTon of a transcripTonally 

dynamic, Mtb permissive monocyTc niche raises the immediate quesTon of which monocyte 

intrinsic pathways sustain it and whether they can be targeted more rapidly than BCG mediated 

protecTon allows. Pilot studies interrogaTng monocyte recruitment, metabolic reprogramming, 

checkpoint signaling, and adhesion molecules have begun to narrow this space, with emerging 

candidates including the CCR5/CCL5 and P selecTn axes. The temporal collapse of medLN 

priming capacity further raises the possibility that alternaTve lymphoid and mucosal sites, 

including the spleen and lung, could be therapeuTcally engaged to extend or redirect protecTve 

adapTve responses. Whether monocyTc niche formaTon is unique to Mtb or represents a 

conserved mycobacterial immune evasion strategy is examined through BCG draining lymph 
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node models, which reveal strikingly similar aggregate structures. Finally, cross disease 

transcripTonal analyses suggest that the monocyte derived cells comprising these niches share 

differenTaTon programs with immunoregulatory macrophage states in human cancer, raising 

the possibility that shared therapeuTc vulnerabiliTes exist across disease contexts. 

Altogether, this dissertaTon redefines the medLN as a dynamic immunological site that rapidly 

transiTons from a hub of adapTve immune inducTon to a privileged reservoir of persistent 

infecTon. Early aner infecTon, coordinated cDC subset acTvity enables effecTve TH1 priming. 

However, this window closes as Mtb establishes metabolically adapted, immunologically evasive 

monocyTc niches that resist T cell–mediated clearance despite robust inflammatory signaling. 

These findings help explain longstanding observaTons of lymph node involvement in subclinical 

TB45,46 and provide a mechanisTc framework for understanding why vaccines and 

immunotherapies that robustly induce TH1 responses onen fail to achieve sterilizing immunity. 

EffecTve TB control strategies will likely require intervenTons that specifically target lymphoid 

Tssue niches, alter monocyte recruitment or differenTaTon, restore anTgen visibility, or expand 

immune recogniTon beyond immunodominant epitopes. By highlighTng the Tssue-specific and 

temporally dynamic nature of host–pathogen interacTons, this work underscores the necessity 

of moving beyond lung-centric models of TB pathogenesis and posiTons the medLN as a criTcal 

target for next-generaTon therapeuTc and vaccine strategies. 

7.2 Concluding Remarks 

Tuberculosis persists as a global health threat not only because Mtb escapes immune 

recogniTon, but because it is able to endure within host microenvironments that are 

immunologically acTve yet funcTonally ineffecTve. The work presented in this dissertaTon 

reframes the lung-draining mediasTnal lymph node as a central site where this paradox is most 

clearly revealed. Rather than serving exclusively as a conduit for protecTve immunity, the 

medLN is shown to undergo a rapid transformaTon that permits bacterial persistence alongside 

ongoing immune acTvaTon. 

Across experimental systems, these studies demonstrate that effecTve adapTve immune 

responses can be generated without achieving bacterial clearance. Early during infecTon, the 
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medLN supports inflammatory responses, robust anTgen presentaTon, and T cell priming; 

however, this capacity is temporally limited and ulTmately gives way to monocyte-dominated 

niches that enable Mtb persistence and are poorly engaged by anTgen-specific T cells. These 

findings highlight that immune failure in tuberculosis does not arise from an absence of 

immunity, but from a fundamental disconnect between immune responses and the dominant 

cellular reservoirs of infecTon. By idenTfying monocyte-derived niches within lymphoid Tssue 

as stable sites of persistence, this work challenges prevailing assumpTons that enhancing 

canonical TH1 responses alone is sufficient for protecTon. Instead, it emphasizes that Tssue 

context, cellular differenTaTon state, and spaTal organizaTon criTcally shape immune efficacy. 

In this light, lymph nodes emerge not only as sites of immune iniTaTon, but also as 

environments that can be acTvely co-opted to sustain chronic infecTon. 

Together, the findings presented here underscore the need to broaden how protecTve 

immunity against tuberculosis is defined and evaluated. Durable control will likely require 

strategies that target the cellular and anatomical contexts that support persistence, rather than 

focusing solely on amplifying immune acTvaTon. By redefining the role of the medLN in 

tuberculosis pathogenesis, this dissertaTon provides a framework for understanding how 

immune responses can be both potent and insufficient, thus offering insight into how this 

balance might ulTmately be shined toward sterilizing protecTon. 
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