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Lay Abstract 
 

The immune system has been classically divided into two major compartments known as the innate 

and adaptive immune system. For decades, the predominant consensus amongst the field was that 

only the adaptive immune system can form memory against any pathogens encountered. It has 

been well established that plants and invertebrates only possess an innate immune system and still 

show boosted responses and enhanced protection against previously encountered as well as new 

pathogens. Recently, such capacity for innate immune memory has also been demonstrated in 

humans and pre-clinical animal models. Innate immune memory provides non-specific, broad-

spectrum protection whereas adaptive memory is specific to a singular pathogen. Inducing broad-

spectrum protection can be crucial for the future of human medicine. Activation of both adaptative 

and innate immune arms could prove to be extremely beneficial in vaccination strategies. Through 

the use of a pre-clinical model, we have found that administering -glucan, a component of fungal 

cell wall, directly into the lung significantly alters the phenotype and functionality of lung immune 

cells, and also provides enhanced protection against a heterologous infection.  
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Abstract 
 

In the last decade, the potential of -glucan, a fungal cell wall component, to induce epigenetic 

and functional modification of innate immune cells, signified as trained innate immunity (TII) has 

been demonstrated in several pre-clinical and clinical studies. Parenteral administration of -

glucan has resulted in centrally induced TII in the bone marrow/circulating monocytes. Such 

trained innate immune cells play a critical role in protection against secondary infections. 

However, there are now indications that inducing local long-lasting immunity at mucosal barrier 

tissues such as the lung is warranted for protective immunity against respiratory pathogens. 

Currently, it remains unclear whether respiratory mucosal administration of -glucan will induce 

long-lasting resident-memory macrophages and TII and if so, what are the underlying mechanisms 

of development and maintenance of memory macrophages at respiratory mucosa. To address this, 

first we have established a murine model where 50 g of -glucan was administered intranasally 

and kinetics of immune responses in the lung were studied. Profound changes in airway 

macrophage (AM) pools were observed starting from 3 days post-exposure, which was associated 

with monocyte recruitment, and this was followed by a series of phenotypic shifts in AMs. The 

altered AM phenotype profile persisted for up to 8 weeks post-exposure. Importantly, -glucan-

trained AMs demonstrated heightened MHC II expression, enhanced responses to secondary 

stimulation and improved capacity to perform bacterial phagocytosis. Furthermore, mice with -

glucan-trained AMs displayed higher rates of survival and improved bacterial control, in the lung 

and periphery, following a lethal S. pneumoniae infection. Our findings together indicate that a 

single intranasal delivery of -glucan is able to train AMs. Further work into epigenetics, 

metabolism, and the contribution of AMs in protection is needed. 
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1.1 – Research overview 

The central dogma of immunological memory postulates that the adaptive immune system can 

retain information about an antigen, following primary exposure, and upon secondary exposure 

will be able to launch a rapid and robust response via memory T and B effector cells. Although 

the concept of innate immune memory in plants and invertebrates has been previously well 

established, in recent years there has been a paradigm shift occurring in regard to innate immune 

memory in vertebrates. Innate immune memory is defined as a reset state of the innate immune 

system following initial antigen or microbial exposure, this can lead to altered responsiveness to 

the same or unrelated antigen or microbe. Furthermore, this altered responsiveness can encompass 

either a state of hyperresponsiveness upon secondary exposure, termed Trained Innate Immunity 

(TII), or a state of hypo-responsiveness which has been termed as tolerization. Characteristics of 

TII include a pro-defense signature, increased cytokine responses, metabolic/epigenetic re-wiring, 

and enhanced protection against heterologous infections. 

  

Live attenuated vaccines such as Bacillus Calmette–Guérin (BCG), Measle Mumps Rubella 

(MMR) and Oral Polio Vaccine (OPV) have been shown to generate non-specific protection in 

humans. There are many gaps in knowledge regarding the induction of TII when pursued by 

different routes (systemic vs local mucosal) and with different types of inflammatory/infectious 

agents (live pathogen vs agonist). Currently, most of the work done in the field with various 

inflammatory/infectious agents such as BCG, live C. albicans, -Glucan, LPS etc. has been 

conducted in the context of systemic exposure and shown to induce innate immune memory and 

TII in circulating monocytes. Limited knowledge exists regarding the effects of local respiratory 

mucosal (RM) exposure to infectious agents on tissue-resident macrophages 
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 Given that the respiratory tract is prone to exposure to an array of infectious agents, it is important 

to learn more about the benefits and caveats of innate immune memory and TII in the lung. 

Alveolar macrophages (AMs) are the major tissue-resident innate immune cells in the airways and 

the first line of defense against invading pathogens. AMs are of embryonic origin and under 

homeostatic conditions can proliferate in situ without replenishment from blood monocytes. Our 

lab has shown that respiratory mucosal delivery of an adenovirus (Ad)-vectored vaccine can induce 

a memory-like phenotype in AMs. Memory AMs exhibit an increased capacity to secrete 

neutrophil recruiting chemokines, resulting in better protection against S. pneumoniae infection 

compared to AMs from naïve counterparts. Since -Glucan (a polysaccharide abundant in the 

fungal cell wall) has been widely used in systemic models of TII, this project has focused on 

evaluating whether local mucosal delivery of -Glucan induces memory AMs, and if so, whether 

it invokes TII in the lung. This project serves to fill important knowledge gaps in this young field 

that could result in changes in vaccination strategies and increase knowledge about TII in 

respiratory mucosal tissue.  

 

1.2 – Innate immune memory: a new paradigm shift 

Traditionally, the two divisions of the immune system, innate and adaptive, are known to have 

distinct characteristics. Established under that dichotomy is the notion that the innate immune 

system launches a rapid but non-specific response whereas the adaptive immune system generates 

a slower but specific response, with the outcome of long-lasting immunological memory1. 

Growing evidence has shown that the innate immune system can assume certain characteristics of 

the adaptive immune system. Pattern Recognition Receptors (PRRs) of the innate immune system 

maintain some specificity in their recognition of microorganisms2 and growing evidence suggests 
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that the innate immune system may alter its responses after a primary insult3. Furthermore, plants 

and invertebrates, which lack an adaptive immune system, and even mammals have shown 

protection against infection by secondary related/unrelated pathogens4,5. This emerging 

understanding of the innate immune system has been termed innate immune memory which 

encompasses either the hyper-responsiveness state known as trained innate immunity, or the hypo-

responsive state known as innate immune tolerance. Thus, it is our view that innate immune 

memory and TII are not to be interchangeably used6. In contrast to adaptive memory, memory 

formation in the innate immune system involves an entirely different set of cells, such as myeloid 

cells, NK cells and innate lymphoid cells. Pattern recognition receptors also play an important role 

in the induction of innate immune memory, allowing for enhanced microbe detection and 

contribute to enhanced cytokine production7. An augmented response upon secondary stimulation 

is an essential component of TII and the mechanisms by which this improved non-specific 

responsiveness is maintained, are signals affecting transcription factors and epigenetic 

reprogramming7. This altered state of responsiveness has been documented to be maintained for 

weeks to months rather than years, which is a hallmark of the adaptive immune system7. As more 

work is being conducted in this rather new and evolving field, there remains much to be discovered 

about the array of mechanisms by which innate immune memory and TII may be generated and 

maintained. Further knowledge of the mechanisms underlying this phenomenon could be used to 

develop new therapeutic and vaccination strategies. 
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1.3 – Induction of innate immune memory and TII following systemic exposure to 

live organisms  

Live attenuated vaccines such as BCG and MMR have been shown to portray non-specific 

protective effects against acute lower respiratory tract infection caused by RSV in humans8,9. BCG 

is a live-attenuated form of Mycobacterium bovis and to date is the only clinically approved 

vaccine against TB. This vaccine is administered through the parenteral route shortly after birth in 

most countries and while effective against childhood disseminated tuberculosis, it remains 

ineffective against pulmonary tuberculosis in adults10. Developed over 90 years ago, non-specific 

protective effects of this vaccine in reducing childhood mortality were observed as early as the 

1930s11. BCG vaccinated individuals in Guinea-Bissau were associated with lower incidence of 

hospitalization from acute lower respiratory tract infections due to RSV9. Furthermore, BCG 

vaccination altered bone marrow hematopoietic stem cell progenitors (HSCPs), particularly the 

myeloid progenitors, which gave rise to trained monocytes in the peripheral blood of human 

participants12. Monocytes from periphery also displayed key characteristics of TII; enhanced 

cytokine recall response and certain histone modifications. Notably, the trained phenotype in 

peripheral monocytes persisted 90 days following vaccination, pointing to the potential for long 

lasting training12. Interestingly, BCG is also a commonly used therapy for patients with bladder 

cancer and the mechanism underlying its efficacy has been postulated to be due to trained innate 

immunity13. 

 

Since the emergence of the COVID-19 pandemic, BCG and its potential protective effects against 

the virus has been a topic of great interest. There have been more than 20 trials conducted/being 

conducted to assess the protective efficacy of BCG against COVID-1914. The results are varying 
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and seem to be mixed without a clear consensus. A double-blind randomized trial conducted in 

Greece, found that BCG revaccination in the elderly (≥ 65) decreased the incidence of SARS-

CoV-2 infection. Furthermore, in individuals who were infected, BCG revaccination also reduced 

the rate of active SARS-CoV-2 respiratory infection15. Overall, the authors attributed enhanced 

protection to increased cytokine levels seen in monocytes isolated from BCG revaccinated 

participants. Overall, BCG is a versatile vaccine/training agent that has many possible applications 

in health and medicine.  

 

Work in animal models has also shown that systemic administration of this vaccine is capable of 

educating hematopoietic stem cells (HSCs) and activating myelopoiesis. This generated trained 

circulating monocytes, which upon infection with Mycobacterium tuberculosis (Mtb), 

differentiated into monocyte-derived macrophages (MdMs) in the lung and providing robust 

protection16. Trained monocytes were shown to exhibit transcriptional and epigenetic alterations 

when compared to monocytes of naïve mice16. BCG vaccination in mice also resulted in enhanced 

protection against secondary infection with influenza A virus (IAV)17. Furthermore, BCG has been 

shown to train NK cells isolated from human volunteer, resulting in an increased production of 

pro-inflammatory cytokines when stimulated with Mtb and unrelated pathogens. In the same study, 

BCG vaccination increased rates of survival in SCID mice after infection with a lethal dose of 

Candida (C.) albicans; increased survival was related to trained NK cells18. Besides monocytes 

and NK cells, a recent study has shown that BCG vaccination can induce long-term functional re-

programming of human neutrophils19. Discovery of non-specific protective effects from vaccines 

and further knowledge of BCG’s ability to train innate immune cells can have major implications 
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in understanding current and developing future vaccination strategies with innate immune memory 

and TII taken into consideration.  

 

Besides BCG, systemic exposure to live pathogens has also been shown to induce TII. In a murine 

model, a group set out to assess the effects of systemic exposure to a low dose of live C. albicans20. 

A week later, the mice were challenged with a lethal dose of C. albicans. Priming with a low dose 

of the live organism resulted in increased survival and protection against lethal challenge20. Ex-

vivo work documented enhanced pro-inflammatory cytokine production by trained circulating 

monocytes upon secondary stimulation. Trained circulating monocytes were also attributed to the 

prolonged survival of mice, lacking T and B cells, following lethal challenge with C. albicans20. 

Enhanced innate immune protection was found to be accompanied with noteworthy chromatin 

marker reprogramming in isolated monocytes20. Furthermore, another group utilized systemic 

administration of live Mtb to examine the effects on HSCs. Mtb, through the type 1 IFN axis, 

reprogrammed HSCs to suppress myelopoiesis and impair the generation of trained cells able to 

provide protection against a secondary infection21. Taken together, it is clear that not all live 

infections/infectious agents are equal in their capacity to invoke TII. In conclusion, systemic 

exposure to live organisms may invoke innate immune memory and TII associated with an array 

of different cell types.  

 

1.4 – Induction of innate immune memory and TII following systemic exposure to 

inflammatory agonists  

Systemic exposure to purified microbial components or inflammatory agonists has also been 

shown to induce similar training effects as systemic exposure to live organisms. -Glucan is a 
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widely used microbial component in the field of TII. It is a polysaccharide component of fungal 

cell walls and has been used in traditional Chinese medicine for centuries22. -Glucan is an 

important PAMP following infection with various fungi. The immunomodulatory capabilities of 

this molecule render it a powerful inflammatory agent. Various membrane-bound immunological 

receptors, such as dectin-1, scavenger receptors and complement receptor 3, can recognize and 

bind to -Glucan, triggering downstream immunological pathways22. 

 

One group purified -Glucan from C. albicans and incubated it with purified monocytes, isolated 

from healthy human volunteers. -Glucan-pre-exposed monocytes displayed increased capacities 

to secrete pro-inflammatory cytokines when stimulated with inflammatory agents such as LPS, 

live C. albicans and M.tb20. Interestingly, monocytes pre-exposed to purified -Glucans or low 

dose of C. albicans responded similarly to secondary stimulation. Training of these monocytes by 

exposure to -Glucan was found to be dependent on the dectin-1 receptor as well as the 

noncanonical Raf-1 pathway20. The same study also showed that the training of monocytes was 

accompanied with epigenetic changes and notably trimethylation of the histone H3K420. A recent 

study showed that a single intraperitoneal administration of 1mg of -Glucan to C57/BL6 mice 

resulted in an expansion of myeloid progenitor cells23. This was accompanied with an increased 

secretion of IL-1 and GM-CSF, as well as changes to the glycolytic metabolism in the same cells. 

The same group also found that -Glucan-exposed mice displayed enhanced responses upon 

secondary challenge with LPS23. Furthermore, in this study, -Glucan-exposed mice were more 

resistant to chemotherapy induced myelosuppression, suggesting that modifications to myeloid 

progenitors is an essential component for systemically-induced TII23. Another study similarly used 

-Glucan to stimulate PBMCs isolated from human volunteer blood and focused on examining 
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metabolic changes. The researchers noted a robust upregulation of genes involved in glycolysis. 

This shift in metabolism from oxidative phosphorylation to aerobic glycolysis in monocytes was 

attributed to the dectin-1-Akt-mTOR-HIF-1 pathway24. Furthermore, systemic exposure to -

Glucan can provide enhanced protection in mice challenged with Leishmania braziliensis or 

Mtb25,26. -Glucan is also known to train other innate cells such as NK cells, neutrophils and 

microglia27,28,29. Overall, it is clear that systemic/ex vivo/in vitro exposure to -Glucan can result 

in the training of various innate immune cells. However, a significant knowledge gap remains 

regarding the effects of exposure to this microbial component in local tissue sites.  

 

Other than -Glucan, LPS is also a purified microbial component that is capable of inducing TII 

as well as tolerization. A recent study found that a single systemic exposure to LPS can lead to 

generation of trained microglia in the brain30. However, repeated exposure to LPS led to 

tolerization of microglia, suggesting that dose and/or numerous exposure events may alter the 

outcome of training30. In a separate study, administration of LPS led to the generation of tolerized 

monocytes showed that subsequent ex vivo exposure to -Glucan led to partial reversal of the LPS-

induced tolerization31. Furthermore, ex vivo exposure to -Glucan recovered the capacity of 

tolerized monocytes to secrete pro-inflammatory cytokines and was accompanied with a reversal 

of tolerizing epigenetic changes induced by LPS31. Based on current knowledge, between LPS and 

-Glucan, it seems that -Glucan is the better candidate for inducing TII. It appears that systemic 

exposure not only induces TII in circulating cells but can also induce TII in tissue-resident cells as 

documented in microglia following systemic exposure to either LPS or -Glucan29,30. These 

observations open a new avenue of research to investigate whether local mucosal exposure to such 
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defined microbial component can induce innate immune memory of tissue-resident macrophages 

at mucosal sites. 

 

1.5 – Cellular and molecular mechanisms of TII  

Much work has been done in the field of TII to ascertain the mechanisms behind the phenomena 

of heterologous enhanced protection. The diversity of training agents used have shown that there 

are many different underlying mechanisms responsible for the generation and maintenance of TII. 

Work done by our lab, in a local respiratory exposure model, found that respiratory mucosal 

delivery of a replication-deficient Ad-vectored vaccine led to the formation of autonomous 

memory AMs32. Training occurred independent of monocytic contribution and required direct cell 

to cell contact with CD8+ T cells and T cell-secreted IFNγ32. In many of the systemic exposure 

models, the mechanism behind the formation of trained innate immunity relies heavily on 

progenitor cells from the bone marrow compartment16,33. HSPCs, following administration of the 

systemic agent, often undergo expansion and phenotypic shift generating a myeloid bias and 

production of trained myeloid cells16,33. Changes to HSPCs rely on molecular mechanisms of 

important cytokines such as the IL-1 family, IL-32, IL-37 and IFNγ. Such mechanisms have been 

established through systemic models using both live infectious agents, such as BCG and C. 

albicans, as well as microbial components such as β-Glucan16,33,34,35,36. TLRs and PRRs also have 

a very important role to play, inflammatory agents induce TII by interacting with these molecules. 

For example, dectin-1 interacts with β-Glucan and NOD2 plays a vital role in the BCG training 

model34,37. TLRs help to recognize the agent and trigger downstream inflammatory, metabolic and 

epigenetic pathways, and as a result, the expression of these immunomodulatory molecules is 

upregulated in cells being trained34,37. In conclusion, complex cell to cell interactions, certain key 
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cytokines and molecules such as TLRs and PRRs, involved in signaling pathways, all play a crucial 

role in the generation of TII.  

 

1.6 – Metabolic and epigenetic mechanisms of TII  

A set of key mechanisms for inducing TII include metabolic and epigenetic modifications to 

trained innate immune cells. Interactions between β-Glucan and its receptor dectin-1 significantly 

altered the metabolic and epigenetic profile of exposed cells, similar changes have also been 

marked in systemic BCG, LPS and local Ad-exposure models24,32,38–41. Interactions between 

inflammatory agents and their receptors trigger an array of responses including a shift in 

metabolism towards glycolysis, mediated through the mTOR-HIF1α pathway24. Trained cells 

exhibit high rates of glucose consumption, enhanced lactate production and an increase in the 

NAD+/NADH ratio24,32. These cells exhibit a strong shift from oxidative phosphorylation as the 

dominant metabolic pathway to dependency on glycolysis40,41. Inhibition of mTOR, Akt or HIF1α  

resulted in a loss of the training phenomena signifying the importance of this metabolic shift to 

induce TII24. In conclusion, the metabolic shift of favoring glycolysis over oxidative 

phosphorylation is a crucial indicator of trained innate cells.  

 

The second key mechanism required are epigenetic modifications that occur in trained cells. 

During the primary stimulus of an inflammatory agent, specific modifications occur on histones 

of genes associated with TII, namely trimethylation of H3K4me3 and acetylation of 

H3K27Ac6,12,40. Epigenetic modifications persist in trained cells long after the inflammatory agent 

has been cleared and allow for enhanced pro-defense responses42–44. A shift in metabolism and 

epigenetic modifications are both of crucial importance in the induction of TII. 
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1.7 – AMs in respiratory host defense  

Respiratory mucosal tissue is constantly exposed to various infectious agents, dust, pollutants and 

allergens45. This site is very vulnerable to infection however, the lung is well equipped with 

immune cells that are well-equipped to fight invading pathogens. One of the main effector cells in 

the airways are alveolar macrophages (AMs). These cells are unique because they are yolk-sac or 

fetal-liver derived, persist in the lung for a prolonged period of time and are capable of proliferating 

in situ under homeostatic conditions46,47. Longevity of these cells has always been a matter of 

interest and studies have shown that the AM phenotype depends strongly on the lung 

microenvironment. An adoptive transfer study, under homeostatic conditions, has shown that upon 

transfer into the alveolar niche, peritoneal macrophages were able to change their transcriptomic 

profile to be like that of AMs48. Of note, acute lung injury models have shown that monocytes 

enter the niche and differentiate into MdMs which have differential gene expression when 

compared to bona fide AMs. In long-term lung injury models, it was found that the MdMs persisted 

in the lung up to 10 months after resolution of the initial infection, and by this time their 

transcriptional and immunophenotypic profile was identical to that of tissue-resident 

macrophages48. AMs play a vital role in the lung and airways by phagocytosing any particulate 

matter, secreting important enzymes and cytokines, and they are the first site of contact for any 

inhaled pathogens. They are key in initiation and maintenance of immune responses in the lung 

and have an array of mechanisms for doing so49. AMs are capable of secreting oxygen metabolites 

and antimicrobial peptides such as lysozyme are crucial in killing phagocytosed pathogens50. 

Surface receptors, such as TLRs, and scavenge receptors, such as MARCO, allow AMs to 

recognize antigens and stimulate inflammatory pathways, allowing for upregulation of 

proinflammatory genes46. After phagocytosis, AMs can perform intracellular killing via the low 
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pH secondary lysosomes. Through the mitochondria, AMs are also able to generate potent ROS 

species51. AMs are key in launching the host defense against invading pathogens such as 

Streptococcus (S.) pneumoniae whose engulfment by AMs has been described as the rate-limiting 

step in infection51. In conclusion, due to their prolonged life, vital mechanisms in host defense and 

ability to phenotype-switch in response to the lung microenvironment, AMs are a highly relevant 

target for the investigation of innate immune memory and TII. 

 

1.8 – Role of AMs in host defense against respiratory Streptococcus pneumoniae 

infection 

Despite being a common member of the respiratory microbiota, S. pneumoniae can become a 

serious pathogen if a virulent strain is present or when co-present with other microbes52. The most 

prevalent cause of death by infection in developed countries is severe community-acquired 

pneumonia and S. pneumoniae is the most common cause of lower respiratory tract infection53. A 

prerequisite for development of disease is colonization of the nasopharynx by S. pneumoniae by 

adhering to mucosal cells of the upper respiratory tract54. The pneumococcal capsular antigen is 

vital in colonization, invasion, and dissemination of bacteria from the respiratory tract. Mucous 

secretions by the capsular antigen prevent bacterial clearance and aid with transport of 

pneumococci to the epithelial surface53. Some of the vital initial receptors involved in recognizing 

and responding to S. pneumoniae include but are not limited to: C-reactive protein, a PRR, which 

binds to phosphorylcholine in the cell wall of pneumococci and then activates the classical 

complement pathway55; MARCO is a class A scavenger receptor expressed on AMs and in vitro 

has been shown to bind and uptake S. pneumoniae56; TLR9 is vital in detecting bacterial DNA and 

TLR9-/- mice were shown to be highly susceptible to lethal infection from S. pneumoniae. TLR9 
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is key for AMs phagocytosis and killing of pneumococci57. Furthermore, AMs can secrete 

chemokines, cytokines and anti-microbial peptides which contribute to innate immunity against 

pneumococci58.  

 

AMs are the first line of host defense against S. pneumoniae, they phagocytose and are capable of 

killing low numbers of pneumococci59,60. When AMs defense is overwhelmed, they may secrete 

chemokines to recruit neutrophils to the site of infection. Galectin-3 is a soluble adhesion molecule 

that has been shown to be a major contributor to the neutrophil recruitment signal in pneumococcal 

pneumonia and to strengthen neutrophil phagocytosis of pneumococci53,61. Phagocytosis by 

myeloid cells and opsonization via the classical complement pathway are crucial in clearance of 

pneumococci from circulation62,63. Host defense against S. pneumoniae is crucially dependent on 

the innate mechanisms of complement, AMs, neutrophils, and adaptive immune cells such as T 

Cells. AMs are involved in the first contact with S. pneumoniae and make up a crucial aspect of 

the innate immune defense against this bacterium. Therefore, S. pneumoniae will serve as an ideal 

infectious challenge to evaluate TII associated with memory AMs.  

 

1.9 – Current understanding of innate immune memory of AMs and TII in the lung  

Current knowledge of innate immune memory and TII in mucosal tissues is limited. The question 

of if long-lived mucosal tissue-resident macrophages are capable of innate immune memory still 

remains to be answered6,32. Respiratory mucosal tissue is often subject to exposure to a variety of 

pathogens including but not limited to S. pneumoniae, influenza and adenoviruses. Tissue-resident 

AMs are the first line of defense against any invading pathogen in the respiratory mucosa and as 

previously mentioned, they have a slow turnover rate, are of embryonic origin and in a steady state 
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will self-proliferate45,64,65. Under conditions of inflammation, AMs can be replenished with 

contributions from blood monocytes66,67 or may be maintained independently of blood 

monocytes68.  

 

Our lab has studied the effects of acute respiratory viral infection on innate immune memory in 

mucosal tissue40.  Respiratory mucosal infection with a wild type Ad or recombinant Ad-vectored 

vaccine delivered via the intranasal route resulted in AMs expressing high levels of MHC II and 

invoked noteworthy differences in their transcriptional profiles when compared to naïve AMs. 

MHC IIhi AMs showed upregulation in most crucial host defense genes, including those involved 

in antigen presentation, chemotaxis, and defense responses. Ad-exposed AMs also exhibited 

augmented glycolytic metabolism32. AMs with this phenotype persisted up to 16 weeks post-

exposure, indicating the presence of an enduring memory phenotype in these AMs. Memory AMs 

were self-sustained without contribution from circulating monocytes. Other significant findings 

from this study were that the direct cell to cell contact of AMs with CD8 T cells and CD8 T cell-

derived IFN- were critical for the formation of memory AMs. Our study also examined TII 

associated with viral-induced memory AMs against heterologous bacterial infection in the lung. 

Ad-induced memory AMs significantly enhanced protection against S. pneumoniae in an in vivo 

infection model32.  

 

One group developed a model of local, latent respiratory infection with a gammaherpesvirus 

(murid herpesvirus 4 – MuV4), followed by exposure to house dust mite (HDM) to induce allergic-

asthma69. In this local-exposure model, sparse in the field of TII, they found that intranasal 

inoculation of MuV4 led to an acute depletion of all tissue-resident AMs69. The empty niche was 
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then repopulated by cells of monocytic origin, and these MdMs quickly adopted the phenotype of 

tissue-resident AMs. 1-month post-infection all AMs in the niche were of monocytic origin and 

displayed the capacity to dampen dendritic cell (DC) induced TH2 responses to HDM. These 

trained AMs, protective against development of allergic asthma, displayed long lasting and 

enhanced expression of MHC II and Sca-1 receptors69. Reinforcing the idea that different markers 

and functional outcomes are associated with trained innate immunity which seems to be very 

context (route and agent) dependent. Since much of existing knowledge regarding TII pertains to 

the peripheral system following systemic exposure to infection/inflammatory agents, studies of 

such nature are vital in contributing to the current paradigm of innate immune memory and TII 

following respiratory mucosal exposure to infectious/inflammatory agents. 

 

1.10 – Properties of 𝜷-Glucan 

β-Glucan are naturally occurring glucose polymers abundant in the fungal cell well and also 

present in plants and bacteria70. For centuries, β-Glucan fibers have been used in traditional 

Chinese medicine with known healing properties70. In modern medicine, much investigation has 

been done in respect to these β-Glucan molecules. These molecules share a common structure 

regardless of the source, which is the backbone of β(1,3)-linked β-D-glucopranosyl units. Fungal 

β-Glucans are specifically characterized by β(1,6)-linked branches coming off the β(1,3) 

backbone70,71. It has been observed by many that the structure of a specific β-Glucan can 

significantly alter its immunomodulation/inflammatory properties however, the mechanism 

behind this remains unknown at the time of writing70,71. The documented half-life of β-Glucan in 

a study where rats received an intravenous injection was 3.8 hours72. At this point, the half-life of 

β-Glucan in the context of TII remains undocumented. A study evaluating the effects of systemic 



M.Sc. Thesis – Ramandeep Singh – McMaster University – Medical Science 

  18 

β-Glucan exposure on clinical signs of illness in a variety of pre-clinical animal models, found that 

consistent daily intraperitoneal (i.p) injections of 250mg/kg of β-Glucan did not result in body 

weight loss, body temperature dysregulation or deterioration of other main determinants of 

health73. The β-Glucan utilized in this project was obtained from InvivoGen and isolated from 

Trametes versicolor. This β-Glucan has a mass of 100kDa is made up of multiple chains of β-

Glucans linked to a polypeptide region.  

 

Immunomodulatory and inflammatory properties of β-Glucan have been well documented in the 

field. In fact, β-Glucan has been investigated in many clinical trials to understand more about the 

therapeutic potential in medicine. One clinical trial assessing the impacts of 30 days of oral β-

Glucan administration on the innate immune system in children with chronic respiratory problems 

showed that short term oral exposure significantly improved mucosal immunity74. A double-blind 

randomized trial found that consumption of β-Glucan significantly reduced the incidence of 

respiratory infections and the presence of common cold symptoms75. β-Glucan has also been 

extensively investigated in preclinical and clinical cancer models and found to be a strong 

therapeutic when coupled with monoclonal antibodies, as an adjuvant in a cancer vaccine, and as 

an immunostimulatory molecule76–79. Usage of -Glucan is revolutionizing the landscape of 

modern health and it is of great importance to explore its potential in all different types of human 

disease models.  

 

1.11 – Rationale, hypothesis, and specific aims 

Rationale: There remain many knowledge gaps in the field of innate immune memory, especially 

regarding TII in local mucosal tissues6. Currently, most of the work in the field of innate immune 
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memory and TII has been conducted in the context of systemic exposure to various live agents and 

microbial components. It has been well-established that parenteral administration of training 

agents such as BCG, -Glucan, LPS and others can result in the training of various innate cell 

types and provide enhanced protection against an array of heterologous secondary 

infections16,17,20,26,30,31,79,80,81. Persistent changes to progenitor cell profiles in the bone marrow give 

rise to trained innate cells such as monocytes, neutrophils and NK cells4,12,18,19,22,33,35. Trained cells 

have been shown to display certain characteristics including enhanced cytokine recall response, 

enhanced protection against heterologous infections as well as epigenetic and metabolic 

modifications20,82. Overall, the field has a strong understanding of how systemic exposure to 

various agents can give rise to trained innate immune cells and its underlying mechanisms. On the 

other hand, knowledge regarding how local mucosal exposure to different agents may result in the 

training of innate cells is much more limited6.  

 

There are some concerns over maladaptive TII leading to persistent, systemic inflammation and 

contributing to inflammatory co-morbidities83. It has been shown that periodontitis-induced 

systemic inflammation can lead to arthritis, and other groups have also raised concerns regarding 

TII increasing the risk for atherosclerosis83–85. In this regard, we proposed that locally induced, 

tissue specific TII may have merits over systemically induced TII6,32. Directly targeting the site of 

infection could counter global imprinting and an immunological bias which may put the host at a 

disadvantage. To this end, previous work in our lab has shown that acute respiratory mucosal viral 

infection can induce memory in AMs and TII in the lung. Since besides viruses, the lung may be 

exposed to other types of infectious agents such as fungi and bacteria, we are interested in assessing 

the potential effects of respiratory mucosal exposure to a purified microbial component and how 
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this may compare to a live microbial agent. While -Glucan has been widely utilized to induce TII 

in peripheral cells following systemic delivery, little is known about its effects on the induction of 

innate immune memory in mucosal tissue-resident macrophages following local exposure.  

 

Since this project explored a new model for TII following respiratory mucosal exposure to -

Glucan, it was important to examine commonalities and differences in altered AMs following 

respiratory mucosal exposure to a live infectious agent vs. a well-defined microbial component. 

One of the main characteristics of TII is protection against heterologous infections. As previously 

mentioned, AMs are the first line of defense against S. pneumoniae infection, their ability to bind 

and recognize the pathogen as well as invoke a robust immunological response is crucial to the 

outcome of infection56,57. Following RM-exposure to an Ad-vectored vaccine, memory AMs have 

been shown to provide enhanced protection against infection with S. pneumoniae32. Since the 

current project also made use of S. pneumoniae as a bacterial infectious model, it allowed for a 

comprehensive comparison between Ad and -Glucan-altered AMs regarding their phenotype, 

functionality as well as protective efficacy against respiratory S. pneumoniae infection.  

 

Thus, the Objective of this project was to investigate whether respiratory mucosal exposure to a 

purified microbial component induces memory-like AMs and if so, how these innate memory cells 

compare to those induced by acute respiratory viral infection in phenotype and capacity to induce 

TII. Based on our previous work and the current understanding in the field, we hypothesize that 

respiratory mucosal exposure to -Glucan will induce memory AMs. However, such altered AMs 

will differ from those induced by acute Ad infection in phenotype, origin, and longevity. 
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Associated with -Glucan-induced memory AMs will be enhanced TII against acute, heterologous 

S. pneumoniae infection.  

 

We intend to address our hypothesis via pursuing the following aims:  

Aim 1) Investigate the effects of respiratory -Glucan exposure on alveolar macrophages.  

Aim 2) Compare -Glucan and acute Ad infection-induced changes in AMs and protective 

efficacy against S. pneumoniae infection.  

 

1.12 – Project significance 

This project serves to further the understanding of innate immune memory and TII in an important 

barrier tissue site, the respiratory mucosa. This project will also further the understanding of how 

respiratory mucosal exposure to purified microbial components and live organisms lead to 

alterations in the lung microenvironment and thus potential immunophenotypic, functional and 

metabolic changes in the tissue-resident innate immune cells. This field is quite young and such 

new knowledge has important implications in understanding the mechanisms of mucosal host 

defense and developing new immunotherapeutic, immuno-adjuvants, and vaccine strategies.  
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2.0 – Materials and Methods 
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Mice 

Wild-type female Balb/c mice were obtained from Charles River Laboratories (Saint Constant, 

QC, Canada). All mice utilized were 6 to 8 weeks old upon arrival and housed in either a specific 

pathogen-free level B or biosafety level 2 facility at McMaster University, Hamilton, ON, Canada. 

All performed experiments were in accordance with institutional guidelines from the Animal 

Ethics and Research Board.  

 

Inoculation with fungal cell wall polysaccharide 𝜷-Glucan  

β-Glucan peptide was obtained from InvivoGen (San Diego, CA, USA). β-Glucan polysaccharide, 

isolated from Trametes versicolor and conjugated to a peptide, was used for all experiments. 50𝜇g 

or 25𝜇g of β-Glucan was dissolved in 25𝜇𝐿 of phosphate buffered saline (PBS) per mouse. Mice 

were inoculated intranasally with 25𝜇𝐿 of the mixed solution.  

 

Inoculation with replication-deficient adenoviral-vector 

Inoculation was performed with a replication-deficient recombinant human serotype 5 adenovirus 

expressing a Mycobacterium tuberculosis protein Ag85A (AdHu5Ag85A). Previous publications 

have described the production and utilization of these viruses32. The viral vector was prepared in 

25𝜇𝐿 of PBS with a dose of 5x107 PFU per mouse. All inoculations of this virus were undertaken 

intranasally with 25𝜇𝐿 of the virus preparation. 

 

Inoculation with PKH26 dye 

For every 10 mice to be inoculated, 10𝜇L of PKH26 dye from Sigma Aldrich (St. Louis, MO, 

USA) [1000 𝜇M] was added into 90𝜇L of 100% EtOH resulting in a concentration of [100 𝜇M]. 
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From there, 100𝜇L of the diluted dye was added into 400𝜇L of Diluent B from Sigma Aldrich (St. 

Louis, MO, USA) resulting in a concentration of [20 𝜇M]. 50𝜇L of this mixture was then 

intratracheally inoculated into Balb/c mice.   

 

Bronchoalveolar lavage cell isolation  

Mice were euthanized by exsanguination and cells for bronchoalveolar lavage (BAL) were isolated 

as previously described32. Isolated BAL cells were resuspended in either PBS for flow cytometry 

staining or in complete RPMI 1460 media (RPMI 1460 supplemented with 10% or 2% FBS and 

1% L-Glutamine, with or without 1% penicillin/streptomycin) for ex vivo culture. Isolated cells 

were counted under a microscope using either Turks Blood Dilution Fluid (RICCA Chemical, 

Arlington, TX, USA) or Trypan Blue 0.4% (Gibco, ThermoFisher Scientific, Waltham, MA, 

USA).  

 

Cell surface immunostaining  

Cell staining and flow cytometry were both performed as has been previously described32. Cells 

isolated from BAL were plated in U-bottom 96 well plates. Cells then underwent Aqua dead cell 

staining (ThermoFisher Scientific, Waltham, MA, USA) at room temperature for 30 minutes. 

Subsequently, cells were washed and then blocked for 15 minutes on ice, with anti-CD16/CD32 

(clone 2.4G2) in 0.5% bovine serum albumin-PBS (FACs buffer), the cells were then stained for 

30 minutes on ice with fluorochrome-labeled mAbs. The fluorochrome-labeled mAbs utilized for 

staining were anti-CD45-APC-Cy7 (clone 350-F11), anti-CD11c-APC (clone HL3), anti-CD11b-

PE-Cy7 (clone M1/70), anti-MHC II-Alexa Fluor 700 (clone M5/144.15.2) (Thermo-Fisher 

Scientific, Waltham, MA, USA), anti-CD3-V450 (clone 17A2), anti-CD45R (B220)-V450 (clone 
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RA3-6B2), anti-Ly6c-Biotin (clone HK1.4), Streptavidin-Qdot800 (Thermo-Fisher Scientific, 

Waltham, MA, USA), anti-CD24-BV650 (clone M1/69) (BioLegend, San Diego, CA, USA), anti-

CD64-PE (clone X54-5/7.1) ( BioLegend, San Diego, CA, USA), anti-Ly6G-BV605 (clone 1A8), 

anti-Siglec-F-PECF594 (clone E50-2440). All fluorochrome-labelled mAbs were obtained from 

BD Biosciences (NJ, USA) unless otherwise specified. Following BD Biosciences instructions, 

stained cell samples were processed for flow cytometry. Stained samples were run on a BD LSR 

II or BD Fortessa flow cytometers. Data was then analyzed using the FlowJo software (version 

10.1; Tree Star, Ashland, OR, USA).  

 

Intracellular immunostaining 

Isolated BAL cells were plated in a 48-well flat-bottom plate (1.5x105 cells/well) in AM media 

(RPMI 1740 supplemented with 2% FBS, 1% L-glutamine, 1% penicillin/streptomycin, and 1x 

HEPES) in a total volume of 350 𝜇L. Cells were rested for 2 hours at 37oC and then checked under 

a microscope to confirm an evenly distributed monolayer. Cells were then washed twice with PBS, 

unstimulated samples received 350 𝜇L of AM media. Stimulated wells received AM media with 

stimulants added, M. tuberculosis WCL [50ng/𝜇L] or LPS (Sigma-Aldrich, St. Louis, MO, USA) 

[50ng/𝜇L]. Whole blood samples underwent simpler processing and were plated as is with 200𝜇L 

of sample added to each well. The cells then received received RPMI with stimulants added, M. 

tuberculosis WCL [50ng/𝜇L] or LPS [50ng/𝜇L]. The plates were incubated in a 37oC, CO2 

incubator. After 3 hours, 50𝜇L of Golgiplug (BD Biosciences, NJ, USA) protein transporter 

inhibitor (1:100 in AM media or RPMI) was added to each well and plates were incubated 

overnight in a 37oC, CO2 incubator. The following day, AMs were lifted from the bottom of the 

48-well flat-bottom plate by rinsing once with PBS and then FACS buffer, cells were then rested 
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on ice for 20 minutes. Cells were released from the bottom by gently tapping or using the bottom 

of a pipette tip to gently scrape at the end, transfer the samples into a 96 well U-bottom plate and 

centrifuged at 1400 for 5 minutes. Both AMs and whole blood cells then underwent Aqua dead 

cell staining (ThermoFisher Scientific, Waltham, MA, USA) at room temperature for 30 minutes. 

Cells then underwent Cytofix/Cytoperm™ staining (BD Biosciences, NJ, USA). Subsequently, 

cells were washed and then blocked for 15 minutes on ice, with anti-CD16/CD32 (clone 2.4G2) in 

perm wash buffer (BD Biosciences, NJ, USA). Cells were then stained for 30 minutes on ice with 

fluorochrome-labeled mAbs. The fluorochrome-labeled mAbs utilized for staining were anti-

CD45-APC-Cy7 (clone 350-F11), anti-CD11c-APC (clone HL3), anti-CD11b-PE-Cy7 (clone 

M1/70), anti-MHC II-Alexa Fluor 700 (clone M5/144.15.2) (Thermo-Fisher Scientific, Waltham, 

MA, USA), anti-CD3-V450 (clone 17A2), anti-CD45R (B220)-V450 (clone RA3-6B2), anti-

Ly6c-Biotin (clone HK1.4), Streptavidin-Qdot800 (Thermo-Fisher Scientific, Waltham, MA, 

USA), anti-CD24-BV650 (clone M1/69) (BioLegend, San Diego, CA, USA), anti-IL-6-PE (clone 

MP5-20F3), anti-Ly6G-BV605 (clone 1A8), anti-Siglec-F-PECF594 (clone E50-2440) and anti-

TNF-𝛼-Percp-cy5.5 (clone MP6-XT22). All antibodies were obtained from BD Biosciences unless 

otherwise stated. Per BD Biosciences instructions, stained cell samples were processed for flow 

cytometry. Stained samples were run on a BD LSR II or BD Fortessa flow cytometers. Data was 

then analyzed using the FlowJo software (version 10.1; Tree Star, Ashland, OR, USA). 

 

Respiratory infection with S. pneumoniae  

As previously described, a clinical isolate of Streptococcus pneumoniae (Serotype 3;ATCC 6303; 

ATCC, Manassas, VA, USA) was used for the respiratory infection model32,86. Frozen bacterial 

stock was plated on tryptic soy agar plates (BD Biosciences, San Jose, CA, USA) which were 
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supplemented with 5% defibrinated sheep blood (Hemostat, Dixon, CA, USA) and 10𝜇g/ml 

neomycin (Sigma-Aldrich, St. Louis, MO, USA). The blood agar plates were then incubated in a 

5% CO2 incubator at 37℃ for no more than 8 hours. Colonies from the plates were then cultured 

at 37℃ in 5% CO2 in Todd Hewitt Broth (BD Biosciences, San Jose, CA, USA) to mid-logarithmic 

phase. Bacteria was harvested and subsequently resuspended in PBS, the infectious dose was 

confirmed by performing and plating 10-fold serial dilutions on blood agar plates. Mice were then 

infected, via intratracheal administration, with either 5x104 or 5x105 colony forming units (CFU) 

of S. pneumoniae in 40𝜇l of PBS. 

 

Assessment of survival, clinical conditions, and weight loss following S. pneumoniae infection  

Following bacterial infection, mice underwent daily monitoring for clinical conditions and body 

weight loss as previously described32. Moribund mice were terminated and the end point in these 

experiments was defined as 20% body weight loss from the initial weight or significant clinical 

illness. Otherwise, mice were sacrificed at experimentally defined time points. Mice were 

monitored for 5 days post-infection (dpi), all surviving mice at 5dpi were euthanized.  

 

Evaluation of bacterial control following S. pneumoniae infection  

To evaluate bacterial control, bacterial CFU assays were performed. Lung and spleen tissues were 

homogenized in homogenization buffer (PBS supplemented with 10% glycerol and 0.1% 

Tween80). Tissue homogenates underwent serial dilutions and then were plated on blood agar 

plates and incubated overnight at 37℃ in 5% CO2. Colonies were counted and calculated as 

CFU/organ.  

 



M.Sc. Thesis – Ramandeep Singh – McMaster University – Medical Science 

  28 

Ex vivo phagocytosis and killing assay  

This assay was conducted using the same methods as previously described by Yao et al., 201832. 

AMs isolated from BAL were resuspended in AM media (RPMI 1740 supplemented with 2% FBS, 

1% L-glutamine, 1% penicillin/streptomycin, and 1x HEPES). Cells were then plated in a 48 well 

flat-bottom plate (250μL/well) at a concentration of [1x105 cells/well]. Cells were incubated at 

37°C in a 5% CO2 cell-culture incubator for two hours. Concurrently, S. pneumoniae was grown 

to optimal OD as described above. Serum from each group was separately added into the bacterial 

stock and vials were placed into the 5% CO2 cell-culture incubator for 30 minutes to allow for 

bacterial opsonization. Bacterial stock was then added to each sample well and the plate was 

incubated again for 1 hour. Following this, cells were incubated on ice for 30 minutes to halt 

phagocytosis and cells were subsequently washed with PBS to remove excess bacteria. The killing 

assay plate was re-incubated for an additional 2 hours to allow for the completion of the killing 

assay and the phagocytosis plate was prepared for serial dilution plating. At the end of each assay, 

the plate was washed with PBS and subsequently 200μL of distilled H20 was added into the sample 

wells. Cells were then burst by being spun in a centrifuge at 1800 rpm for 3 minutes. Supernatant 

was removed and after performing serial dilutions was plated on blood agar plates and colonies 

were counted 12 hours later.  
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3.0 – Results 
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3.1 – Respiratory mucosal delivery of adenoviral-vectored vaccine gives rise to 

memory AMs 

To establish and verify technical competence, we first set out to replicate results seen in 

our previous study where a single respiratory mucosal exposure to a replication-deficient 

adenovirus-vectored vaccine (AdAg85A or Ad) led to the generation of autonomous memory 

AMs32. BALB/c mice, 6–8-week-old were inoculated via the intranasal (i.n) route with Ad. A set 

of mice were also inoculated with 25ul of sterile PBS (naïve). BAL fluid was collected for 

mononuclear cell isolation at 14 days post-vaccination (Figure 1A). Cells were immunostained 

and subjected to flow cytometry analysis, using an extensive gating strategy AMs were identified 

as Ly6G-, CD11b-, CD11cHI, CD64HI, Ly6C -, Siglec-FHI(Supplementary Figure 1).  Expression 

intensity of MHC II by AMs was determined as a measure of median fluorescence intensity (MFI). 

In line with our previous observations, pulmonary exposure to Ad resulted in recruitment of 

interstitial macrophages (IMs) into the airways as indicated by the Siglec-F-,Ly6C- population 

(Figure 1B)32. Pulmonary exposure to Ad also led to increased expression of MHC II on AMs 

(Figure 1C).  

 

3.2 – Inflammatory cellular responses in the airways following intranasal delivery of 

a low dose or high dose of β-Glucan 

We assessed the optimal dose of β-Glucan delivery for the induction of TII in tissue-

resident AMs following intranasal exposure. The main criteria for an optimal dose were that it 

must be safe and induce significant alterations to the airways including cellular influx and/or 

phenotypic changes to airway macrophage populations. Given that our model is of respiratory 

mucosal exposure and -Glucan is a highly proinflammatory agent, rather small doses were 
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chosen. In a systemic exposure study, 1mg of -Glucan was delivered via intraperitoneal 

injection33. We chose to intranasally (i.n) deliver either a low dose (LD) 25𝜇g or a high dose 50𝜇g 

(HD) of -Glucan covalently linked to a polypeptide chain. Balb/c mice, 6-8 weeks old were 

inoculated (i.n) with either 25𝜇g or 50𝜇g of -Glucan in 25𝜇L of PBS. A set of mice were also 

inoculated with 25𝜇L of sterile PBS (naïve). Mice were monitored to assess clinical signs of illness 

including appearance, physical signs (respiration, wounds, diarrhea, and bloody feces), body 

condition and behaviour. BAL was collected for mononuclear cell isolation at 7 days post-

exposure (Figure 2A). Cells were immunostained and subjected to flow cytometry analysis 

according to an extensive gating strategy (Supplementary Figure 1). Both doses (25𝜇g and 50𝜇g) 

of -Glucan were found to be safe for intranasal exposure as mice in both groups did not exhibit 

any overt clinical signs of illness (data not shown). We noted that both LD and HD of -Glucan, 

but more prominently, mice receiving HD of -Glucan had increased total cell numbers in airways 

compared to naïve counterparts (Figure 2B). Such increase in total cells was not accompanied by 

neutrophils recruitment to the airways (Figure 2C). Similarly, total numbers of AMs in the airways 

did not differ between naïve and -Glucan exposed animals (Figure 2D). Interestingly, we noted 

an influx of IMs into the airways of -Glucan exposed mice (Figure 2F). This influx was much 

more pronounced in the HD -Glucan group. Both LD and HD exposure led to influx of CD3+ T 

cells into the airways however, such influx was much more substantial in the HD group than in the 

LD group (Figure 2E). Overall, the HD of -Glucan was safe and induced more cellular influx 

and alterations to the airway macrophages compared to the LD of -Glucan. Hence, all following 

experiments utilized the HD of -Glucan.  
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3.3 – Significant and persistent alterations in the airway cellular profile and 

macrophage phenotype at various timepoints post-intranasal delivery of -Glucan 

We next set out to further evaluate the effects of intranasal -Glucan delivery on the airway 

cellular profile and airway macrophage phenotype. It was of particular interest to map out these 

changes by assessing the cellular profile at multiple time points. In our Ad vaccine model, Ad-

induced memory AMs persisted up to 16 weeks post-exposure32. Hence, we were also particularly 

interested in the longevity of any changes that -Glucan induced in airways. Mice were inoculated 

(i.n) with 50𝜇g of -Glucan and another set of mice were inoculated with 25µl of sterile PBS 

(naïve). BAL fluid was collected 3-, 7-, 14-, 21-, 28- and 56- days post-exposure and flow 

cytometry was performed (Figure 3A). At 3 days post-exposure to -Glucan there were a 

significant influx of monocyte-derived macrophages (Ly6chi and Siglec-F-) and interstitial 

macrophages (Ly6C- and Siglec-F-), a significant increase in the total cell numbers, and a large 

influx of neutrophils in the airways (Figure 3C and 3F). By 7 days post-exposure, while a 

significantly elevated cell count remains, there was a complete loss of the neutrophil population 

and a significant influx of CD3+ T cells into the airways (Figure 3C and E). The significant 

population of CD3+ cells seen in the airways 7 days post-exposure, diminished by day 14, which 

coincided with contraction in total cell numbers (Figure 3B & 3E). Total cell numbers in airways 

returned to baseline by day 28 post-exposure (Figure 3B). Furthermore, absolute cell numbers of 

AMs were quite similar in naïve and -Glucan-exposed mice (Figure 3D). In line with previously 

described observations, at day 7 post-exposure there was a significant influx of IMs (CD11bhi and 

Siglec-F-) into the airways. At this timepoint, the airway was populated with AMs and IMs and by 

day 14 post-exposure, in addition to IMs and AMs, a new population which displayed lower 

Siglec-F expression (SFlo) was found in the airways of -Glucan exposed animals (Figure 3F & 
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3G). This new population also displayed CD11b+ expression that was much higher than in bona 

fide AMs (Figure 3G). Hereafter, this CD11b+Siglec-Flo  cell population is referred to as 

Transitioning AMs (Trans AMs). By day 21 post-exposure, the presence of the bona fide IMs 

further diminished, concurrently the Trans AM population now lacked CD11b+ surface expression 

(similar to bona fide AMs) but still maintained lower levels of Siglec-F when compared to AMs 

(Figure 3F & 3H). The SFlo AM population persisted at d28 co-existing with bona fide AMs 

(Figure 3F). Furthermore, a slightly reduced, but still prominent population of SFlo AMs was still 

visible up to d56 post-exposure. It is important to note that in naïve airways there were limited 

AMs that seem to express lower levels of Siglec-F, the population was much reduced in 

comparison to -Glucan-exposed (Supplementary Figure 2). Furthermore, they do not display any 

similar changes seen following -Glucan exposure including upregulation in CD11b expression 

(Supplementary Figure 2). Going forward, we did not distinguish AMs with lower Siglec-F 

expression, from naïve bona fide AMs. Taken together, we can conclude that intranasal exposure 

to -Glucan results in the influx of IMs into the airways and significant immunophenotypic 

changes to the airway macrophages, generating a SFlo AM population by day 21 which were 

maintained up to day 56 post-exposure.   

 

3.4 – Time-dependent upregulation of MHC II expression in airway macrophages 

following intranasal delivery of -Glucan 

We next set out to evaluate whether -Glucan exposure affects MHC II expression levels 

in AMs, as we have previously documented MHC II expression to be a reliable signature of 

memory AMs32. Intranasal exposure to -Glucan led to a time-dependent increase in MHC II 

expression by bona fide AMs, peaking at day 14 before eventually decreasing to a level comparable 
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to naïve by day 28 (Figure 4A). Trans AMs exhibit a similar upregulation of MHC II expression 

at day 14 and SFlo AMs exhibit the same at day 21 and 28 (Figure 4B). In conclusion, along with 

immunophenotypic changes in expression of surface markers such as Siglec-F and CD11b 

(previous experiment), -Glucan also causes alterations in the expression of MHC II. However, 

whether these phenotypic changes accompany functional re-programming is yet unclear and has 

been addressed in later experiments. 

 

3.5 – Significant recruitment and differentiation of circulating monocytes to bona 

fide AMs following intranasal delivery of -Glucan  

Having characterized the effects of intranasal -Glucan exposure on the cellular 

composition of airways and on the AM phenotype, we next investigated the relative contribution 

of circulating monocytes to the genesis of persisting AM populations following -Glucan 

exposure. A recent study utilized the stable fluorescence PKH26 dye to label tissue-resident AMs 

in the lung87. They showed that PKH26 dye can be used to distinguish between bona fide AMs 

(defined as Siglec-FhiLy6C-CD11b-) and incoming monocytes that may differentiate into AMs 

following inflammatory insult. Mice were inoculated (i.t) with PKH26 dye, 48 hours post-

exposure mice were given either their usual dose of 50𝜇g of -Glucan or 25uL of PBS (naïve), 

and then sacrificed at 3-, 14- and 28-days post- -Glucan exposure (Figure 5A). A set of PKH26 

treated animals were left unexposed to any other agents (PKH+AM) as a positive control and a set 

of animals were left untreated with PKH (PKH-AM) as a negative control. At designated 

timepoints airway cells obtained by BAL were immunostained and subjected to flow cytometry. 

Dilution/loss of PKH within airway macrophages was calibrated as a measure of MFI of PKH 

signal. 
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As expected, prior to -Glucan exposure the majority of bona fide AMs were labelled with 

PKH (Figure 5B). 3 days post-exposure, majority of bona fide AMs maintained high levels of 

PKH expression comparable to the positive control. On the contrary, by day 14 there was a 

considerable dilution of PKH on bona fide AMs, indicating that monocytes recruited to the 

inflamed lung differentiated and contributed to the bona fide AM pool (Figure 5B). By day 28, a 

fraction of original bona fide AMs still persisted, as indicated by the PKH signal (Figure 5B).  

Given that there was a unique transitioning population of AMs (Trans AM-Siglec-FloLy6C-

CD11b+) following intranasal exposure to -Glucan, we next investigated the genesis of this 

population. Intriguingly, Trans AMs that emerged by 14 days post-exposure were also positive for 

PKH, indicating that Trans AMs were derived from the bona fide AM pool that existed prior to -

Glucan exposure, by gaining CD11b surface marker expression (Figure 5B). Importantly, the 

intensity of PKH signal in this population was considerably elevated compared to the positive 

control (PKH+AM), this raises the possibility that Trans AMs were actively phagocytosing free 

floating PKH dye molecules released by necrotizing bona fide AMs.  

Together, the above data provide evidence for a significant recruitment and differentiation 

of circulating monocytes to bona fide resident AMs beginning 3 days after -Glucan exposure. 

 

3.6 – Cytokine production by Ad vaccine- or -Glucan-trained airway macrophages 

in response to ex vivo re-stimulation with inflammatory agents 

Since one of the hallmarks of TII is enhanced cytokine recall responses by trained innate 

immune cells, we next set out to assess if -Glucan exposure-altered AMs would display similar 

characteristics.6,20,31,32. Mice were inoculated (i.n) with -Glucan, Ad or 25ul of PBS (naïve) 

(Figure 6A). As a control, we also decided to include a group of mice that received the Ad-
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vectored vaccine. 28 days following initial treatment, mice were sacrificed, BAL was obtained, 

and mononuclear cells isolated and plated in each well and further stimulated with either Mtb 

whole cell lysate (WCL) [50ng/𝜇L] or LPS [50ng/𝜇L] for 18h (Figure 6A). Following stimulation, 

cells underwent intracellular flow cytometric staining and analysis.   

Following an 18h stimulation with WCL, both Ad and -Glucan-exposed animals exhibited 

significantly higher frequencies of IL-6+ AMs when compared to naïve counterparts (Figure 6B). 

Interestingly, following WCL stimulation all treatment groups had similar frequencies of TNF-𝛼+ 

AMs (Figure 6C). Similarly, following 18h of stimulation with LPS, both Ad and -Glucan-

exposed mice had significantly higher frequencies of IL-6+ AMs when compared to naïve (Figure 

6D). The frequencies of TNF-𝛼+ AMs were similar among naïve and -Glucan in response to LPS 

stimulations however, frequencies of TNF-𝛼+ Ad-induced memory AMs were lower (Figure 6E). 

Both Ad-induced memory AMs and -Glucan-altered AMs displayed similar cytokine recall 

responses secondary stimulations. Given the enhanced functionality and key phenotypic changes 

associated with TII observed in AMs exposed to -Glucan, going forward we have labelled these 

AMs as trained, all the while continuing to accumulate evidence to strengthen this claim. In 

conclusion, -Glucan-trained AMs exhibit long-lasting functional enhancements in the form of 

boosted cytokine recall responses.  

 

3.7 – Changes in circulating monocytes following intranasal delivery of -Glucan  

It was also of interest for us to evaluate the effect of a single respiratory-mucosal exposure to 

-Glucan or Ad vaccine on circulating monocytes. To assess this, blood was collected from the 

abdominal artery of accordingly inoculate mice and was cultured with either WCL [50ng/𝜇L] or 
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LPS [10ng/𝜇L] for 18h (Figure 7A). Cells then underwent intracellular flow cytometric staining 

and analysis (Figure 7A).  

 Ly6Chi monocytes from -Glucan-exposed mice expressed higher levels of MHC II at resting 

state (Figure 7B). Interestingly, following secondary stimulation with either WCL or LPS, Ly6Chi 

monocytes from both naïve and Ad-exposed mice increased MHC II expression whereas 

expression levels in -Glucan-exposed stimulated Ly6Chi monocytes was similar to unstimulated 

Ly6Chi monocytes (Figure 7B). In the absence of stimuli, higher levels of -Glucan-exposed 

Ly6Chi monocytes were IL-6+ when compared to naïve and Ad Ly6Chi monocytes (Figure 7C). 

WCL or LPS stimulation led to an increase in frequencies of both naïve and Ad IL-6+ and TNF-

𝛼+ Ly6Chi monocytes positive when compared to unstimulated cells (Figure 7C and D). -

Glucan-exposed Ly6Chi monocytes did not exhibit similarly increased frequencies of IL-6+ and 

TNF-𝛼+ following stimulations with either inflammatory agent (Figure 7D). -Glucan-exposed 

Ly6Chi monocytes displayed some phenotypic shifts marked by increased expression of MHC II 

and at baseline seemed to have a pro-inflammatory signature (Figure 7). However, -Glucan-

exposed Ly6Chi monocytes exhibited a muted response to secondary stimulation. Interestingly, a 

single intranasal delivery of -Glucan caused long lasting changes in AMs as well as Ly6Chi 

monocytes. Nevertheless, the mechanism by which -Glucan caused these changes and 

functional/potential training outcomes in Ly6Chi monocytes remains to be investigated.  

 

3.8 – Assessment of bacterial phagocytosis and killing by -Glucan-trained airway 

macrophages  

We set out to further characterize the functional profile of -Glucan-trained AMs. Ad-

induced memory AMs exhibited enhanced phagocytic and killing capacity, hence a phagocytosis 
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and killing assay was performed to evaluate the same in -Glucan-trained AMs. Mice were 

intranasally inoculated (i.n) with either -Glucan or PBS (naïve). 28 days following initial 

treatment, mice were sacrificed, BAL obtained, and mononuclear cells isolated.  Live cells were 

plated, rested, and then ex vivo infected with live S. pneumoniae. Cells underwent phagocytic and 

killing assays, concluding with the assessment of bacterial CFU (Figure 8A).  

AMs exposed to -Glucan displayed enhanced phagocytic activity (Figure 8B). -Glucan-

exposed AMs phagocytosed significantly more bacteria than naïve AMs, a difference of almost 2-

3 log10 (Figure 8B). Results from the killing assay suggested that both naïve and -Glucan-

exposed AMs were able to clear 100% of the bacteria (Figure 8C). In conclusion, -Glucan-

trained AMs exhibit enhanced phagocytosis, which is another significant functional enhancement.  

 

3.9 – Differential airway cellular responses to intranasal delivery of -Glucan and Ad-

vectored vaccine  

Thus far, a significant knowledge gap exists regarding similarities/differences between 

training by intranasal delivery of a live infectious agent and a purified microbial component. 

Having seen similar functional enhancements in cytokine recall responses in both -Glucan-

trained AMs and Ad-induced memory AMs, we next set out to compare effects of intranasal 

exposure to -Glucan and Ad on the airway cellular responses and AM phenotype (Figure 6). 

Mice were inoculated (i.n) with -Glucan, Ad or PBS (naïve). BAL cells were isolated at 14- and 

28- days post-exposure subsequently, cells were immunostained and subjected to flow cytometry 

as done in earlier experiments (Figure 9A). 

Cell numbers in the airways at 14 days post-exposure were significantly elevated in Ad-

exposed mice compared to naïve (Figure 9B). -Glucan-exposed mice showed some elevation in 
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total cell numbers at day 14 when compared to naïve hosts, but markedly less than Ad-exposed 

mice (Figure 9B). By day 28, both Ad and -Glucan-exposed mice experienced a contraction in 

total cell numbers (Figure 9B). Absolute cell numbers of AMs in BAL at day 14 and 28 were 

similar across the three groups (Figure 9C). Mice exposed to Ad showed a significant influx of 

IMs and MdMs at day 14 (Figure 9D). -Glucan exposure also resulted in an influx of IMs when 

compared to naïve at day 14, but not as robust as seen following Ad exposure (Figure 9D). 

Interestingly, the Trans AM population (defined as SFlo and CD11b+) seems to be present in both 

Ad and -Glucan-exposed mice at day 14 post-exposure with the population being much more 

prominent in the -Glucan-exposed mice (Figure 9D). Furthermore, at 14 days post-exposure, Ad-

exposed mice had a MdM population in the airways which was lacking in other groups (Figure 

9D). By 28 days post-exposure, both Ad and -Glucan-exposed mice underwent further cellular 

profile alterations in the airways. Ad-induced influx of MdM and IM populations diminished by 

28 days leaving Ad-exposed mice with mostly a bona fide AM population along with some 

TransAMs (Figure 9D). In contrast, by 28 days, -Glucan-exposed SFlo AMs co-existed with bona 

fide AMs. This SFlo AM population was unique to -Glucan-exposed mice and was not present at 

this timepoint following Ad exposure (Figure 9D). Furthermore, intranasal exposure to Ad 

resulted in a significant increase in the MFI of MHC II at both 14- and 28-days post-exposure 

when compared to naïve and -Glucan (Figure 9E and F). In conclusion, inflammatory responses 

in the airways following Ad vaccine and -Glucan exposure differ considerably.  
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3.10 – TII elicited by intranasal delivery of -Glucan or Ad-vectored vaccine provides 

enhanced protection against clinical outcomes from heterologous S. pneumoniae 

infection   

Enhanced protection against a secondary heterologous infection is a hallmark of TII6,32. In 

this model we utilized a live infection with S. pneumoniae, as previously undertaken in the Ad 

model32. Mice were intranasally inoculated with -Glucan, Ad or PBS (naïve). 28 days later, mice 

were challenged with a lethal dose of S. pneumoniae (5x104 CFU). Clinical outcomes including 

body weight changes, signs of illness (appearance, respiration, wounds, diarrhea and bloody feces, 

body condition and behaviour), and survival rates were monitored for 120 hours post-infection 

(Figure 10A).  

Following challenge with a lethal dose of S. pneumoniae, 50% of naïve mice died by 72 

hours post-infection, whereas only 10% of the -Glucan-exposed mice and none of the Ad-

exposed mice had succumbed to infection (Figure 10C). By the completion of the experiment, 

only 30% of naïve mice were surviving, whereas around 70% of -Glucan and Ad-exposed mice 

survived (Figure 10C). Furthermore, by 120 hours post-infection naïve mice lost significantly 

more weight than -Glucan and Ad-exposed mice (Figure 10B). Finally, when mice were scored 

for signs of illness, Ad-exposed mice had significantly lower clinical scores when compared to 

naïve (Figure 10C). -Glucan-exposed mice had slightly higher scores than Ad-exposed mice and 

slightly lower than naïve mice, but this was not statistically significant (Figure 10C). Overall, 

protective capacity against lethal S. pneumoniae infection was comparable between -Glucan and 

Ad-exposed mice. 
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3.11 – TII elicited by intranasal delivery of -Glucan or Ad-vectored vaccine provides 

enhanced control of S. pneumoniae infection in the lung 

We further assessed the capacity for -Glucan and Ad exposure to induce enhanced control 

of bacterial CFU. Mice were inoculated (i.n) with -Glucan, Ad vaccine or PBS (naïve). Mice 

were subsequently challenged with a lethal dose of S. pneumoniae (5x104 CFU) and sacrificed 72 

hours post-infection. After sacrifice, blood, spleen, and lung were collected and bacterial CFU was 

assessed (Figure 11A). Due to issues with virulence of S. pneumoniae, a lethal dose from a newly 

obtained vial of S. pneumoniae of the same source and serotype was determined. The new lethal 

dose was established as 5x105 CFU of S. pneumoniae and similarly, mice were sacrificed 72 hours 

post-infection, spleen and lung were collected for bacterial CFU, weight loss and clinical signs of 

illness were also monitored in this experiment (Figure 12A).  

When compared to naïve, both Ad and -Glucan-exposed mice exhibited significantly 

lower bacterial burden in the lung (Figure 11B). Results from spleen and blood CFU had quite 

some variation between different groups and the systemic assessment did not allow for any 

concrete conclusions (Figure 11C & 11D). Such experimental set up was repeated in the model 

with the newly established lethal dose for S. pneumoniae infection (5x105 CFU/mouse) (Figure 

12A). Although not statistically significant, there was an appreciable level of decrease in bacterial 

CFU in the lung of -Glucan-exposed mice when compared to their naïve counterparts (Figure 

12B). Interestingly, spleen from -Glucan-exposed mice had significantly less bacterial CFU in 

comparison to naïve counterparts (Figure 12C). No differences in weight loss or clinical scores 

between the naïve and -Glucan-exposed mice were observed (Figure 12D). It is evident that both 

Ad and -Glucan-exposed mice can better control S. pneumoniae infection in the lung to a similar 

degree. -Glucan-exposed mice also displayed enhanced control of S. pneumoniae infection in the 
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periphery. -Glucan exposure allows for enhanced protection against a secondary heterologous 

bacterial infection, and this is another strong piece of evidence indicative of TII in this model. 

However, the specific contribution of AMs and mechanisms for this protection remains to be 

investigated.  

 

3.12 – Differential airway immune responses to S. pneumoniae infection following  

intranasal delivery of -Glucan and Ad-vectored vaccine  

We next set out to examine airway immune responses following lethal challenge with S. 

pneumoniae. Mice were inoculated with their respective agents and 28 days later challenged with 

a lethal dose of S. pneumoniae (5x104 CFU). Mice were sacrificed at 18- or 36-hours post-

infection, BAL was collected, immunostained and subjected to flow cytometric analysis (Figure 

13A).18h post-infection, there was a significant increase in the total cells in airways of Ad-exposed 

mice, while cell numbers in naïve and -Glucan-exposed mice remained stable (Figure 13B). By 

36h post-infection, total cell numbers in Ad-exposed mice contracted to a similar level as pre-

infection (Figure 13B). Total cell numbers in the naïve group increased at 36h compared to 18h 

post-infection, and in -Glucan-treated mice, cell counts were slightly decreased (Figure 13B).  

Neutrophils play an important role in the immune response against S. pneumoniae and 

enhanced neutrophilia is key to the boosted protection provided by Ad memory AMs32. In line 

with previously published data, Ad-exposed mice exhibited a significant increase in neutrophilia 

at 18h post-infection which contracted by 36h post-infection (Figure 13C, D, E & F). At 18h post-

infection, such enhanced early-phase neutrophilia was absent in naïve and -Glucan-exposed mice 

(Figure 13C, E & F). By 36h post-infection, increased neutrophilia contracted in Ad-exposed 

mice, simultaneously a significant increase in neutrophilia was observed in the naïve group 
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(Figure 13D, E & F). Neutrophil presence in -Glucan-exposed mice was slightly increased by 

36h post-infection but considerably lower than naïve (Figure 13D, E and F). In the case of AMs, 

both absolute numbers and frequency of live observed a significant decrease in all 3 groups and 

these numbers did not rebound by 36h (Figure 13 G and H). Flow cytometric analyses of the two 

different time points 18h (Figure 13C) and 36h (Figure 13D) corroborated the information 

described above. While neutrophil populations underwent changes, it is of note that 

phenotypes/population frequencies of macrophages did not undergo significant alterations 

between 18h and 36 h post-infection (Figure 13C & D). In conclusion, while enhanced early-

phase neutrophilia is a key mechanism for protection in the Ad TII model, in the -Glucan model, 

similar early-phase neutrophilia is not detected. Thus, although the exact mechanism behind -

Glucan-exposure induced enhanced protection against acute S. pneumoniae infection remains to 

be investigated. We hypothesize that protection in this model may be dependent on enhanced 

phagocytosis and increased pro-inflammatory cytokine secretion as noted in earlier experiments 

(Figures 6 & 8).  
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For decades, the field of immunology has abided by the dichotomy of the innate and 

adaptative immune system having their own specific characteristics. One of the main documented 

differences is that only the adaptive immune system was believed to possess the capacity to form 

memory against encountered antigens/pathogens6. From an evolutionary perspective, it is known 

that only ~3% of organisms on Earth possess adaptive immunity whereas the other 97% rely solely 

on the innate immune system82. It has been well-established that plants and invertebrates, although 

lacking an adaptive immune system, can display adaptive immunity-like characteristics88,89. 

Following exposure to an infectious agent, through epigenetic modifications, these organisms 

displayed enhanced protection upon exposure to the same or a different infectious agent6. Non-

specific protection is a hallmark of TII and has not only been observed in invertebrates and plants, 

but also in humans and other mammals. Vaccines such as BCG have displayed non-specific cross 

protective effects11,12,16,18,19,90. BCG has been studied extensively and been shown to be a potent 

agent for the induction of TII in both clinical and pre-clinical studies. Other than BCG, the OPV 

and MMR vaccine have also been associated with non-specific trained immunity in human 

populations8. Although young, the field of TII has uncovered crucial knowledge about human 

health and disease and is full of unexplored avenues that could have major implications in 

therapeutics and vaccine strategies. 

Besides vaccines, inflammatory agents of all kinds, ranging from live wild-type organisms 

to purified inflammatory molecules, have been documented in their varying capacities to induce 

TII. The most popular training agents in the field include BCG, LPS and -Glucan which have 

been extensively studied in their capacity to induce TII in various models following systemic 

exposure6. Our lab established the phenomena of local training of tissue resident AMs following 

respiratory mucosal exposure to a replication-deficient adenovirus32. Given the ample knowledge 
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of induction of TII following systemic -Glucan exposure, we set out to assess the potential for 

training of airway tissue-resident AMs following respiratory mucosal exposure to -Glucan and 

how it would compare to live viral infection.  

We found that a dose of 50𝜇g/mouse of -Glucan was safe for intranasal exposure and 

induced a robust immune response in the airways (Figure 2). 3 days post-exposure we saw a large 

influx of MdMs and IMs into the airways and by 7 days post-exposure, -Glucan further altered 

the cellular profile of the airways. There was a substantial influx of T Cells into the airways and 

significant alterations to the airway macrophage populations (Figure 3). Exposure to -Glucan led 

to further immunophenotypic alterations to the populations of macrophages in the airways with 

the appearance of Trans AMs at day 14, and SFlo AMs at day 21 which were maintained until 8 

weeks post-exposure (Figure 3).  

Furthermore, intranasal exposure to -Glucan was shown to significantly upregulate MHC 

II expression on bona fide AMs, Trans AMs and SFlo AMs (Figure 4). As we previously reported, 

upregulation of MHC II was one of the key characteristics of Ad-induced memory AMs32. 

Interestingly, we are not the only group to have seen an increase in MHC II on AMs during 

training, multiple groups have reported this as a outcome of training in AMs69,91. Of note, in both 

of the aforementioned studies, trained AMs also exhibited a decrease in Siglec-F expression 

following training, strengthening the claim that the phenotypic shifts we have seen in the -Glucan 

model are associated with training. It is clear that intranasal exposure to -Glucan changes the 

cellular profile of the airways and significantly alters the phenotype of airway macrophage subsets 

in a way similar to other training agents used in the field. 

Many of the models of training in the field have shown that monocytes play a very 

important role in trained innate immunity1,23,26,42,69,92. On the other hand, we have found no 
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contribution of monocytes to the Ad-induced memory AMs32. Hence it was pertinent for us to 

further investigate the relative contribution of monocytes in the responses and alterations seen 

following intranasal exposure to -Glucan. 3 days post-exposure, there was indeed a significant 

recruitment of circulating monocytes into the airways following intranasal delivery of -Glucan 

and these circulating monocytes further differentiated into bona fide tissue-resident AMs at later 

timepoints (Figure 5B). The contribution of circulating monocytes is certainly key in the immune 

responses and phenotypic shifts seen following -Glucan exposure. 

It has been well-established that training of innate immune cells accompanies changes in 

cell functionality. One of the hallmarks of training is an enhanced cytokine recall response upon 

stimulation with a heterologous agent6,16,20,33. When we assessed functional changes induced in -

Glucan-exposed AMs we found that following secondary stimulation, with either WCL or LPS, 

AMs had higher frequencies of IL-6+ cells (Figure 6). This is evidence that indeed -Glucan-

trained AMs display a key characteristic of TII, in the form of enhanced functionality upon 

secondary stimulation. Furthermore, we observed that a single respiratory-mucosal inoculation of 

 -Glucan was sufficient to induce alterations to circulating blood monocytes. Although, how and 

whether these peripheral monocytes may be altered or trained was beyond our current scope of 

investigation (Figure 7). Ad-induced memory AMs exhibited enhanced phagocytic and killing 

capacity against extracellular heterologous bacteria32. We undertook the same phagocytosis and 

killing assays to assess enhanced functionality of  -Glucan-trained AMs. -Glucan-trained AMs 

indeed exhibited enhanced phagocytosis of bacteria, another key piece of evidence of enhanced 

functionality associated with TII (Figure 8). It is evident that intranasal exposure to  -Glucan 

causes long lasting phenotypic changes in AMs and these trained AMs exhibit enhanced 

functionality indicative of TII. 
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A pressing question that we had was how and if training may differ between exposure to a 

live organism vs a purified microbial component. To investigate this, we employed our Ad-induced 

memory AM model for a comparison with trained AMs following -Glucan exposure32. Intranasal 

exposure to a live viral agent and a purified microbial molecule induced differential innate 

responses in macrophage subsets of the airways. (Figure 9A). At day 14, there were some 

similarities between the two responses, namely the influx of IMs and presence of TransAMs. One 

of the striking differences between Ad and -Glucan-exposed mice is the presence of MdMs in the 

Ad-exposed mice at d14 (Figure 9D). At day 28, the major difference between the two models 

was the prominent persistence of SFlo AMs in the -Glucan model and absence of such a 

population following Ad exposure (Figure 9). Another striking difference between the two models 

is that -Glucan-trained AMs receive significant contribution from circulating monocytes whereas 

Ad-induced memory AMs do not require monocytic contribution (Figure 5)32. Indeed, training by 

these two agents have some similarities in immune responses in the airways, but also key 

differences in cellular responses and phenotypes of airway macrophages. 

 A key outcome of trained innate immunity is the capacity for trained cells to contribute to 

enhanced protection against a secondary heterologous agent6. For this investigation we chose to 

replicate the S. pneumoniae challenge model used in experiments our Ad training model32. Both 

Ad and -Glucan-exposed mice displayed enhanced rates of survival, minimal body weight loss 

and reduced bacterial burden in the lung following lethal challenge (Figure 10). The first set of 

challenge experiments indicated similar protective efficacy between Ad and -Glucan against S. 

pneumoniae infection through enhanced bacterial control in the lung. However, it is important to 

note that there is a limitation in this data set due to quite some variation within each group (Figure 

11B). The second set of challenge experiments corroborated the previously seen phenomenon that 
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-Glucan exposure enhanced bacterial control in the lung and enhanced control in the periphery 

was also noted (Figure 12). Assessment of the immune response to acute S. pneumoniae infection 

showed that the early-phase enhanced neutrophilia seen in Ad-exposed mice was not present in -

Glucan-exposed mice (Figure 13). Late-phase neutrophilia, which can be linked to maladaptive 

immune responses and immunopathology, was observed only in the naïve group93 (Figure 13). 

Although exposure to Ad and -Glucan led to markedly distinct responses and airway cellular 

profiles, both provided similarly enhanced protection against infection with S. pneumoniae. In the 

Ad model, improved protection was associated with enhanced early-phase neutrophilia. On the 

other hand, in the -Glucan model there were no significant alterations to the airway cellular 

profile following S. pneumoniae infection, leaving any cellular mechanisms of protection unknown 

at this time. 

Thus far, we have established that intranasal exposure to -Glucan modulated innate 

immune responses in the airways and caused long lasting and significant phenotypic alterations to 

the airway macrophage populations. Associated with these phenotypic alterations and unique 

macrophage populations was enhanced cytokine secretory capacity following secondary 

stimulation. Furthermore, -Glucan-trained AMs exhibited enhanced phagocytic capacity against 

live S. pneumoniae. -Glucan exposure also provided enhanced protective efficacy against lethal 

S. pneumoniae infection. Enhanced protective efficacy was seen by improved survival, diminished 

weight loss and augmented control of bacterial CFU in lung and periphery. At this point, specific 

mechanisms behind the protection seen in this model as well as the specific contribution of -

Glucan-trained AMs remain unknown. However, we can hypothesize that protection in the -

Glucan model may be dependent on enhanced phagocytosis and enhanced pro-inflammatory 

cytokine secretion as seen in previous experiments under aim 1. Trained AMs generated following 
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-Glucan-exposure displayed key characteristics of TII, as summarized in the diagram below. 

Overall, this project has helped uncover pertinent knowledge regarding innate immune memory 

and the capacity for locally induced innate immune training at a key mucosal site. 

Diagram 1 

 

Diagram 1: Conceptual summary of the effects of -Glucan following intranasal delivery 

 

Future Directions 

From all that we have uncovered, two avenues of this project remain to be evaluated and 

are possible future directions. A full characterization of the metabolic and transcriptomic profile 

of -Glucan-trained AMs is needed to assess this key characteristic of TII in this model. 

Upregulation of glycolysis has previously been characterized in memory-AMs following Ad-

exposure24,32,42,86. Therefore, it would be of great interest to perform a seahorse glycolytic assay, 
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to assess glycolytic capabilities of AMs by measuring the extracellular acidification rate (ECAR) 

as a function of lactic acid secretion. This assay will allow for the characterization of any TII-

indicative metabolic changes occurring in AMs following intranasal -Glucan exposure. 

Furthermore, detailed single-cell transcriptomic analyses would help in gaining an overall 

understanding of which genes may be upregulated in  -Glucan-trained AMs. These experiments 

would allow for a well-rounded metabolic and transcriptomic profile of -Glucan-trained AMs.  

The second unexplored avenue of this project is to perform an assessment of the specific 

contribution and mechanisms by which -Glucan-trained AMs induced TII against S. pneumoniae 

infection. Although exposure to Ad and -Glucan led to different immune responses, exposure to 

both was protective against S. pneumoniae infection. A sophisticated experimental approach taken 

by Yao et al. has shown that Ad-induced memory AMs, when adoptively transferred into the 

airways of naïve recipient mice, were still able to enhance protection against S. pneumoniae46. In 

the future, an adoptive transfer experiment could be undertaken to ascertain the specific 

contribution of -Glucan-trained AMs in enhanced protection against S. pneumoniae infection. 

Another approach to tackle this question could involve the employment of fluorescent S. 

pneumoniae bacteria. This approach would allow for a clear picture of bacterial localization in the 

airways, helping shed light on how and which cells are interacting with S. pneumoniae. 

Furthermore, usage of monoclonal antibodies to block specific cytokines/receptors could also 

prove useful in uncovering the mechanism underlying enhanced protection. These two aspects of 

this project still require further investigation and are important future directions for this project.  
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Figure 1: Respiratory mucosal delivery of an Ad-vectored vaccine generated memory AMs with 

upregulated MHC II expression. A) Schema. B) Dot plots showing the different cell populations in BAL 

for each treatment group (Alveolar Macrophage - Q3, Interstitial Macrophage - Q4 and Monocyte Derived 

Macrophages - Q1). C) Offset histograms showing MHC II expression in AMs of BAL between naïve and Ad 

group and a bar graph with the fold change relative to naïve AMs in BAL (MFI of MHC II). Data in B & C are 

representative of one individual experiment (n=1 mouse/group). 
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Figure 2: Inflammatory cellular responses in the airways at 7 days following intranasal delivery of a 

low dose (LD) or high dose (HD) of -Glucan. A) Schema. B) Total cell counts for BAL. C) Absolute 

cell numbers of Neutrophils in the BAL. D) Absolute cell numbers of AMs in the BAL. E) Absolute 

numbers of CD3+ T Cells in the BAL. F) Dot plots of the terminal gate of the gating strategy with Siglec-F 

and Ly6C showing the different cell populations in the BAL for each treatment group (Alveolar Macrophage - 

Q3, Interstitial Macrophage - Q4 and Monocyte Derived Macrophages - Q1) and absolute cell numbers of IMs. 

All bar graphs are presented as mean ± SEM. Data in B-F are representative of one individual experiment (n=2 
mice/group).  
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Figure 3: Significant and persistent alterations in the airway cellular profile and macrophage 

phenotype at various timepoints post-intranasal delivery of -Glucan. A) Schema. B) Total cell 

counts (BAL). C-E) Absolute cell numbers of neutrophils, AMs and CD3+ cells (BAL). F) Dot plots of 

terminal gate of  with Siglec-F and Ly6C showing the different cell populations (Alveolar Macrophage - Q3, 

Interstitial Macrophage - Q4 and Monocyte Derived Macrophages - Q1) at d3, 7, 14, 21, 28 and 56. G and H) 
terminal dot plots at d14 and d28 with different macrophage populations labelled accordingly and offset 

histograms comparing expression of CD11b. Data in B-H are representative of one individual experiment (n=4 
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mice/group). All bar graphs are presented as mean ± SEM. Statistical analyses for B,C and E were ordinary 

one-way ANOVAs with multiple comparisons. * p < 0.05, ** p <  0.01, *** p < 0.001, **** p < 0.0001. 
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B. 

 
 

Figure 4: Time-dependent upregulation of MHC II expression in airway macrophages following 

intranasal delivery of -Glucan. A) Bar graph showing MFI of MHC II on AMs following i.n delivery 

of -Glucan. B) Bar graph showing MFI of MHC II on different airway macrophage subsets following i.n 

delivery of -Glucan. All bar graphs are presented as mean ± SEM. Data in A and B are representative of 

one independent experiment (n=4 mice/group). Statistical analyses for A were performed using 2-way 

ANOVAs with multiple comparisons. * p < 0.05, ** p <  0.01, *** p < 0.001, **** p < 0.0001.  
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Figure 5: Significant recruitment and differentiation of circulating monocytes to bona fide AMs 

following intranasal delivery of -Glucan. A) Schema. B) Measure of MFI of PKH signal on bona fide 

AMs (Siglec-F+Ly6c-CD11b-) and on Trans AMs (Siglec-FloLy6c-CD11b+). All bar graphs are presented 

as mean ± SEM. Data in B is representative of one independent experiment (n=4 mice/group). Statistical 

analyses for A were performed using a one-way ANOVA. * p < 0.05, ** p <  0.01, *** p < 0.001, **** p < 

0.0001.  
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Figure 6: Cytokine production by Ad vaccine- or -Glucan-trained airway macrophages in 

response to ex vivo re-stimulation with inflammatory agents (WCL or LPS). A) Schema. B) Bar 

graph showing frequency of parent (%) of AMs that are IL-6+ in various groups with or without 

stimulation with WCL. B) Bar graph showing frequency of parent (%) of AMs that are TNF-𝛼+ in 

various groups with or without WCL stimulation. C) Bar graph showing frequency of parent (%) of AMs 

that are IL-6+ in various groups with or without LPS stimulation. D) Bar graph frequency of parent (%) 

of AMs that are TNF-𝛼+ in various groups with or without LPS stimulation. All bar graphs are presented 

as mean ± SEM. Data in B and C is representative of two individual experiments (n=7 mice/group for 

WCL stimulation, n=3 mice/group for LPS stimulation). Statistical analyses for Data in B-E were 

performed using 2-way ANOVAs with multiple comparisons. * p < 0.05, ** p <  0.01, *** p < 0.001, **** 

p < 0.0001.  
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Figure 7: Changes in circulating monocytes following intranasal delivery of -Glucan. A) Schema. 

B) Bar graphs showing MFI of MHC II on Ly6Chi monocytes in various groups with WCL/LPS/no 

stimulation C) Bar graphs showing frequency of parent (%) of Ly6Chi monocytes that are IL-6+ in 

various groups with WCL/LPS/no stimulation. D) Bar graphs showing frequency of parent (%) of Ly6Chi 

monocytes that are TNF-𝛼+ in various groups with WCL/LPS/no stimulation. All bar graphs are presented 

as mean ± SEM. Data in B-D is representative of one individual experiment (n=4 mice/group). Statistical 

analyses for Data in B-D were performed using 2-way ANOVAs with multiple comparisons. * p < 0.05, 

** p <  0.01, *** p < 0.001, **** p < 0.0001.  
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Figure 8: Assessment of bacterial phagocytosis and killing by -Glucan-trained airway 

macrophages. A) Schema. B) Bar graph depicting log10 bacterial CFU phagocytosed as part of the 

phagocytosis assay. C) Bar graph depicting % of bacterial killing. Bar graphs are presented as mean ± 

SEM. Data is representative of one individual experiment (n=3 mice/group). Statistical analysis for data in 

B was performed using a two-tailed t-test. * p < 0.05, ** p <  0.01, *** p < 0.001, **** p < 0.0001.  
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Figure 9: Differential airway cellular responses to intranasal delivery of -Glucan and Ad-vectored 

vaccine. A) Schema. B and C) Bar graphs showing total number of cells in the BAL and absolute 

numbers of AMs in the same. D) Dot plots of the terminal gate of the gating strategy with Siglec-F and Ly6C 

showing the different cell populations in the BAL for each treatment group (Alveolar Macrophage - Q3, 

Interstitial Macrophage - Q4 and Monocyte Derived Macrophages - Q1) at d14 and 28. E and F) Bar graphs 

showing MFI of MHC II on AMs in different treatment groups at d14 and 28. All bar graphs are presented 

as mean ± SEM. Data in B-F are representative of one individual experiment (n=3 mice/group). Statistical 
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analyses for Data in E and F were performed using 2-way ANOVAs with multiple comparisons. * p < 

0.05, ** p <  0.01, *** p < 0.001, **** p < 0.0001.  
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Figure 10: TII elicited by intranasal delivery of -Glucan or Ad-vectored vaccine provides 

enhanced protection against clinical outcomes from heterologous S. pneumoniae infection. A) 

Schema. B) Percentage of body weight loss following bacterial infection. C) % Survival graph of mice, 

following a lethal dose of S. pneumoniae. D) Clinical score of illness following bacterial infection. All bar 

graphs are presented as mean ± SEM. Data in B-D are representative of one individual experiment (n=7 

mice/group except Ad where n=6 mice). Statistical analysis for B was performed using Survival curve 

comparisons. Statistical analysis for D was performed using an ordinary one-way ANOVA with multiple 

comparisons. * p < 0.05, ** p <  0.01, *** p < 0.001, **** p < 0.0001.  
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Figure 11: TII elicited by intranasal delivery of -Glucan or Ad-vectored vaccine provides 

enhanced control of S. pneumoniae infection in the lung. A) Schema. B) Bacterial CFU in the lung at 

72h post-infection. C and D) Bacterial CFU in the spleen and blood, respectively, at 72h post-infection. Bar 

graphs are presented as mean ± SEM. Data in B-D are representative of two independent experiments (n= 4 

(1st experiment) mice/group and n=5 (2nd experiment) mice/group). Statistical analysis for B was performed 

using an ordinary one-way ANOVA with multiple comparisons. * p < 0.05, ** p <  0.01, *** p < 0.001, **** 

p < 0.0001.  
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Figure 12: Repeat assessment of intranasal -Glucan exposure-mediated protection against 

heterologous bacterial infection. A) Schema. (B) Bacterial CFU in the lung at 48h post-infection. (C) 

Bacterial CFU in the spleen at 48h post-infection. (D) Percentage of body weight loss following bacterial 

infection. (D) Clinical scores of illness following bacterial infection. All bar graphs are presented as mean 

± SEM. Data in B-E are representative of one independent experiment (n=5 mice/group). Statistical analyses 

of data in B and C were performed using unpaired t-tests. * p < 0.05, ** p <  0.01, *** p < 0.001, **** p < 

0.0001.  
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Figure 13: Differential airway immune responses to S. pneumoniae infection following intranasal 

delivery of -Glucan and Ad-vectored vaccine. A) Schema. B) Line graph showing total number of 

cells in the BAL. C and D) Dot plots of the neutrophil and terminal gate (supplementary figure 1) at 18 

(C) and 36 h (D) post-infection. E-H) Line graphs showing absolute number and frequency of live of 

neutrophils and AMs in different treatment groups at 18 and 36h post-infection. All line graphs are 

presented as mean ± SEM. Data in B-H are representative of one independent experiment (n=4 mice/group). 
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Statistical analyses in B, E-H were performed using 2-way ANOVAs with multiple comparisons. * p < 0.05, 

** p <  0.01, *** p < 0.001, **** p < 0.0001.  

 

 

 

 

 
 

Supplementary Figure 1: Gating strategy for identification of pulmonary macrophage populations  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



M.Sc. Thesis – Ramandeep Singh – McMaster University – Medical Science 

  73 

 

 

 

 

 

 

A. 

 
B. 

 

Supplementary Figure 2: Naïve airways have a small population of SFlo AMs that is differential to 

populations seen following intranasal delivery of -Glucan. A) Dot plots of the terminal gate of the 

gating strategy with Siglec-F and Ly6C showing the different cell populations in the BAL for each treatment 

group (Alveolar Macrophage - Q3, Interstitial Macrophage - Q4 and Monocyte Derived Macrophages - Q1) at 

d0,14 and 28. B) Offset histogram showing CD11b expression in SFlo AMs (naïve) and Trans AMs (day 14 

post--Glucan exposure) of BAL. Data for A and B was taken from the experiment performed in Figure 3, 

representative of one individual experiment (n=4 mice/group).  
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