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RESUMEN 
Plasticidad de la respuesta de macrófagos a 

factores de activación 
 

La inmunología surgió como disciplina científica hace más de cien años 

partiendo de las inigualables contribuciones de Elie Metchnikoff y Paul Ehrlich; 

los cuales describieron el proceso fagocítico de macrófagos y “micrófagos”, así 

como la teoría de cadena lateral para la formación de anticuerpos y los 

mecanismos a través de los cuales estos anticuerpos neutralizan toxinas e 

inducen la lisis bacteriana (respectivamente). Actualmente, tanto la respuesta 

innata como adaptativa son consideradas sistemas complementarios que 

interactúan para producir una inmunidad robusta. Sin embargo, evidencias 

acumuladas durante años han arrojado luz acerca de la complejidad real más 

allá de la interacción entre ambas ramas del sistema inmune. De hecho, la 

separación entre los roles clásicamente atribuidos a cada sistema, así como a 

las diferentes células implicadas, ha sido continuamente cuestionada. Un 

ejemplo es la aparición del concepto de “inmunidad innata entrenada”, originado 

a partir de observaciones en individuos vacunados con el Bacilo de Calmette-

Guérin en los que se detectó protección frente a patógenos no relacionados. Este 

fenómeno ha sido estudiado in vitro en células mononucleares fagocíticas 

expuestas principalmente a patrones moleculares asociados a patógenos 

siguiendo un régimen de, primer estímulo, un periodo de descanso, y un segundo 

estímulo diferente al anterior. Basándose en la diferente producción inflamatoria, 

la memoria de la inmunidad innata ha sido dividida en “entrenamiento” y 

“tolerancia”, dictando la dicotomía la diferente respuesta secundaria producida 

(incrementada o reducida). Además, estudios adicionales han mostrado que la 

modulación a largo plazo en la respuesta de monocitos y macrófagos tras un 

primer contacto con un elemento patógeno está sujeta a una compleja 

reprogramación en estas células, incluyendo programas epigenéticos y 

metabólicos. Sin embargo, la memoria innata solo ha sido estudiada empleando 

como estímulos componentes bacterianos o bacterias inactivadas por calor, ya 

que el principal objetivo hasta la fecha ha sido potenciar la inmunidad en un 
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contexto vacunal. Por el contrario, nada se ha descrito acerca de las 

implicaciones funcionales de este fenotipo de memoria en una infección crónica, 

donde monocitos y macrófagos están continuamente expuestos a agentes 

patógenos. Por otro lado, el papel desempeñado por la memoria de la inmunidad 

innata en el mantenimiento de la homeostasis intestinal donde monocitos y 

macrófagos son continuamente estimulados con una miríada de diferentes 

microorganismos, sigue sin conocerse. 

 

A través del trabajo recogido en esta tesis, hemos buscado completar las 

importantes lagunas en nuestro conocimiento acerca de la “memoria de la 

inmunidad innata” usando dos modelos de bacteria. Para ahondar en la memoria 

del macrófago inducida por patógenos persistentes hemos utilizado Borrelia 

burgdorferi, el agente causante de la enfermedad de Lyme. Por contrapartida, 

hemos elegido Lactiplantibacillus plantarum como bacteria tipo de un microbio 

beneficioso que habita en el intestino humano. Durante este trabajo, una 

combinación de diferentes ómicas (ej. Transcriptómica, proteómica, 

secuenciación ATAC nuclear), junto con ensayos funcionales (fagocitosis, 

ensayos de estimulación) han sido utilizados para alcanzar los objetivos. 

Brevemente, primero caracterizamos la producción de citoquinas de macrófagos 

derivados de la médula ósea de ratón, monocitos humanos y macrófagos 

derivados de monocitos humanos, comparando células estimuladas de forma 

aguda contra aquellas que fueron previamente expuestas antes del segundo 

estímulo. También estudiamos la capacidad de unión e internalización de estas 

células diferencialmente estimuladas, obteniendo, por tanto, el índice fagocítico. 

Además, exploramos los mecanismos regulatorios putativamente involucrados 

en las diferentes respuestas entre los grupos experimentales, mediante la 

caracterización de las firmas transcripcionales junto con los perfiles metabólicos 

y epigenéticos. Mediante la utilización de un modelo de ratón de la carditis de 

Lyme, también evaluamos la memoria del macrófago in vivo durante la infección 

cardiaca con B. burgdorferi, además de tratamientos que modulen este estatus 

de memoria, reduciendo así la sintomatología derivada de la respuesta de los 

macrófagos. 
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En los siguientes capítulos voy a ilustrar nuestras contribuciones en el campo 

durante los últimos años. Algunos de estos resultados han sido publicados en 

artículos de investigación alcanzando un alto impacto. Estas incluyen: 

 

La caracterización estructural y molecular de corazones de ratón infectados con 

B. burgdorferi. La utilización de la técnica MALDI Imaging junto con el perfil 

proteómico y transcriptómico de estos corazones infectados reveló una gran 

depresión de las fuentes de energía cardiacas durante la infección. 

 

Hemos descrito los perfiles inflamatorios diferenciales entre las células 

estimuladas de forma aguda y las que fueron previamente activadas, así como 

las firmas transcripcionales producidas por estas dos bacterias en las células 

fagocíticas. A destacar, identificamos un elemento regulador clave, IRF4, como 

principal responsable de la producción inflamatoria en los macrófagos memoria 

frente a B. burgdorferi.  

 

También desvelamos los programas metabólicos específicos asociados a esas 

respuestas diferenciales, además de procesos metabólicos clave que gobiernan 

el estatus funcional de las células fagocíticas. En el caso de las células 

estimuladas con B. burgdorferi, se identificó un gran aumento de la producción 

glucolítica en los macrófagos memoria. De hecho, la inhibición de la glucólisis 

tanto in vitro como in vivo, derivó en una reversión del fenotipo de memoria 

inducido por IRF4 al mismo tiempo que controló directamente la liberación de 

TNF, la cual se vio reducida ligada a la disminución del flujo glucolítico. Por otro 

lado, los macrófagos estimulados con L. plantarum se caracterizan por una caída 

en las tasas respiratoria y glucolítica, lo que sugiere una reducción en la 

integridad del ciclo de los ácidos tricarboxílicos (ciclo de Krebs). La reducción de 

la capacidad oxidativa, reflejada a su vez en una menor producción de especies 

reactivas del oxígeno (EROs), promovió una mayor supervivencia de L. 

plantarum en el interior de macrófagos memoria respecto a las células 

estimuladas de forma aguda. De hecho, la inducción de EROs in vitro, derivó en 

una menor supervivencia de L. plantarum en el interior de macrófagos memoria. 
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ABSTRACT 
Plasticity of macrophage responses to 

activating factors 
 

Immunology became a discipline more than 100 years ago arising from the 

unmatched contributions of Elie Metchnikoff and Paul Ehrlich, who described 

phagocytosis processes by macrophages and “microphages”, as well as the side-

chain theory of antibody formation and the mechanisms through which antibodies 

neutralize toxins and induce bacterial lysis (respectively). Currently, innate, and 

adaptive responses are known to be complementary systems interacting to 

provide a robust immunity. However, accumulating evidence throughout the 

years has shed light into the real complexity beyond the interplay of both 

immunity branches. Indeed, the differences between the roles canonically 

attributed to each system and the cellular compartments involved have been 

continuously challenged. One example is the emergence of the “innate immune 

memory” concept from findings in Bacille Calmette-Guérin-vaccinated individuals 

in which a level of protection against disparate pathogens was identified. This 

phenomenon has been studied in vitro in mononuclear phagocytes exposed 

primarily to a single pathogen-associated molecular patterns (PAMPs) in a 

regimen of a first stimulus, a period of resting, and a different secondary stimulus. 

Based on the differential inflammatory output, innate immune memory has been 

divided into innate immune training and tolerance, the difference being the nature 

of the secondary response (heightened versus reduced). In addition, further 

studies have shown that long-term modulation of monocyte/macrophage 

responses upon an initial encounter with pathogenic components is subjected to 

a complex reprogramming on these cells, involving epigenetic and metabolic 

programs. Nevertheless, innate memory has been only addressed employing as 

stimuli microbial components or heat-killed bacteria since the main goal to date 

has been to find new approaches to potentiate immunity in a vaccination context. 

In contrast, nothing has been described regarding the functional implications of 

this memory phenotype in a chronic infection, where monocytes/macrophages 

are continuously exposed to microbial pathogens. Furthermore, the role of innate 
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immune memory in gut homeostasis maintenance, in which monocytes and 

macrophages are constantly confronted to a myriad of different microorganisms, 

is still unknown. 

 

During this Thesis, we have sought to fulfill these important gaps in our 

understanding of the innate immune memory using two different bacteria. To 

delve into the macrophage memory phenotype elicited against persistent 

pathogens we have used Borrelia burgdorferi, the causative agent of Lyme 

disease. As a counterpart, we have chosen Lactiplantibacillus plantarum as a 

type bacterium of beneficial microbes that inhabit the human gut. During this 

work, a combination of multi-omics approaches (e.g., transcriptomics, 

proteomics, ATAC-sequencing) and functional assays (e.g., phagocytosis, 

stimulation assays) have been used to address these aims. Briefly, we first 

characterized the cytokine output of murine bone marrow-derived macrophages, 

human monocytes and human monocyte-derived macrophages comparing 

acutely stimulated cells with those previously challenged before the second 

stimulus. We also assessed the binding and internalization capacities of these 

differentially stimulated cells, thereby obtaining the phagocytic index. 

Furthermore, we explored the regulatory mechanisms putatively involved in the 

different responses among experimental groups, by characterizing the 

transcriptomic signatures along with the metabolic and epigenetic profiles. Of 

note, taking advantage of the Lyme carditis mouse model, we further evaluated 

macrophage memory in vivo over the course of B. burgdorferi infection in the 

heart, as well as treatments modulating this memory status in order to ameliorate 

the symptomatology derived from infection. 

 

In the subsequent chapters I will illustrate our contributions throughout the last 

years in the field. Some of these results have been published in research articles 

with high impact. These include: 

 

-Structural and molecular characterization of murine infected hearts with B. 

burgdorferi. MALDI Imaging along with proteomics and RNA-sequencing 

revealed a profound depression in the energy sources in the heart during 

infection. 



 

xix 
 

-We have described differential inflammatory profiles of acutely stimulated and 

previously activated cells, as well as the transcriptional signatures imprinted by 

the two microorganisms in these phagocytes. Remarkably, we identified a master 

regulator, IRF4, which primarily governs the inflammatory output in B. 

burgdorferi-memory macrophages. 

 

-We also unveiled the specific metabolic programs linked to those different 

responses and the key metabolic processes that govern the functional status of 

phagocytes. In the case of B. burgdorferi-stimulated cells, an increase in the 

glycolytic output was identified in memory macrophages. Indeed, glycolysis 

inhibition both in vitro and in vivo showed a reversion of IRF4-induced memory 

phenotype while directly regulating the release of TNF, which was reduced 

coupled with the diminished glycolytic flux. On the other hand, L. plantarum 

stimulated macrophages are characterized by a drop in glycolytic and respiratory 

rates suggesting a reduction in the integrity of the tricarboxylic acid cycle (TCA) 

The reduced oxidative capacity was reflected in decreased reactive oxygen 

species (ROS) production, thereby promoting an increased L. plantarum survival 

within memory macrophages compared to acutely stimulated cells. In fact, the 

induction of ROS in vitro resulted in a reduced L. plantarum survival inside on 

memory macrophages. 
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1. LYME DISEASE, A MODEL OF 
MACROPHAGE FUNCTION 

 

Lyme disease is the most reported tick-borne transmitted infection in the world, 

being present throughout the tempered areas of the whole Northern Hemisphere. 

Since its identification in the nineteen seventies, several hundred thousand 

people in North America, Europe and Asia are infected yearly with the causative 

agent of the disease, spirochetes that belong to the genus Borrelia. The 

increasing incidence of Lyme disease over the years, and the rapid spread of its 

vector, ticks from the genus Ixodes, have escalated Lyme borreliosis to a public 

health threat status in several parts of the world 1–3. The multisystemic infection 

derived from B. burgdorferi dissemination from its original skin deposition can 

induce, among other clinical manifestations, an acute involvement of the heart, 

known as Lyme carditis. Once in the cardiac tissue, spirochetes are capable of 

persisting for months to years triggering an inflammatory response largely 

mediated by infiltrating macrophages 4,5. Despite a favorable prognosis after an 

adequate antibiotic treatment during early stages of infection, inefficient 

diagnostic methods allow the evolution of the disease to a much more difficult to 

treat secondary and persistent infection phases. Furthermore, and in spite of a 

strong, protective antibody-mediated immune response, B. burgdorferi has the 

capacity to populate environments with poor antibody penetration, such as the 

heart and the central nervous system. The ability to persist in specific tissues and 

organs results in the long-term cohabitation of bacteria and immune cells, 

including macrophages in the heart. The resulting prolonged exposure might 

imprint a modified inflammatory response by macrophages with the subsequent 

modulation of the clinical outcome. Lyme carditis constitutes therefore, an optimal 

framework to study the large adaptative capacity of macrophages, and to possibly 

identify novel therapeutical targets. 
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2. LYME DISEASE GENERAL 
CHARACTERISTICS  

 

2.1. DISEASE IDENTIFICATION: PIECES OF THE SAME 
PUZZLE 
 

Attributed to a viral origin in the beginning, an epidemiologic study was conducted 

involving patients who presented an unusual manifestation of juvenile rheumatoid 

arthritis in three Connecticut communities (Lyme, Old Lyme, and East Haddam) 

between 1972-1975 6. In this study, the authors clustered 51 reported cases 

emphasizing their seasonal occurrence and linked other previously described 

symptoms from European reports with this rare form of arthropathy. Erythema 

migrans, which was described in 1909 by the Swedish scientist, Arvid Afzelius, 

was considered a relevant manifestation in some of these patients 7. In 

agreement with Afzelius, who suspected a role of Ixodes reduvius bite in the 

formation of erythematous dermatitis, they rationalized a tick vector transmission 

based on the position of the skin lesions found in many of the cases. However, 

the etiological agent of this disease remained elusive for a long-time despite the 

efforts of European and American researchers to identify it.  

 

On the quest to find the causative agent, a large number of medical and scientific 

contributions could be highlighted. In 1948, evidence of a bacterial origin 

appeared when Lenhoff reported spirochete-like elements in skin biopsies from 

erythema migrans samples. Later on, Hellestorm and Hollstrom successfully 

treated an erythema migrans applying penicillin in a patient with neurologic 

symptoms 7,8. The publication in Science entitled “Lyme disease – A tick-borne 

spirochetosis?” by Willy Burgdorfer and colleagues in 1982, was however, the 

first description of the etiological agent. In this study, they noted the presence of 

spirochetes in the midgut of Ixodes dammini (currently I. scapularis) that bound 

to immunoglobulins of convalescent Lyme patients 9. In 1983, the spirochetal 

etiology was proven by the isolation of these bacteria from the blood of Lyme 

patients 10,11. Finally, two different publications the same year pinpointed the role 

of small rodents as principal reservoirs of the spirochete, and humans being 

accidental hosts 12–14. Since these discoveries, a sizeable number of studies have 
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characterized the ecology of the disease that involves new spirochetal and tick 

species, as well as new symptoms which affect the central nervous and 

cardiovascular systems. Currently, the absence of a vaccine or an effective 

treatment for some Lyme manifestations, remain a goal for the scientific and 

medical communities. 

 

2.2. CAUSATIVE AGENT DIVERSITY 
 

A continuous epidemiological effort, including more accurate and deeper 

techniques, has allowed the identification of different Borrelia genospecies 

associated with Lyme disease. The majority of reported cases in Europe have 

been related with 2 genospecies belonging to the spirochete group Borrelia 

burgdorferi sensu lato, namely B. afzelii and B. garinii 15. Furthermore, two other 

species, B. bavariensis and B. spielmanii, have been occasionally detected in 

patients although in a smaller percentage 16–19. The distribution of spirochetal 

species in Asia varies depending on the area. In Russia, B. afzelii seems to be 

the most prevalent species besides B. garinii and B. bavariensis, whereas in 

China B. garinii is the most identified bacterium 20,21. In North América the main 

genospecies reported is B. burgdorferi sensu stricto, that is also detected in some 

parts of Europe 22. In addition, the recently identified B. mayonii is the only 

species besides B. burgdorferi known to cause Lyme disease in the United States 

23,24.  

 

2.3. AMPLIFICATION AND PROPAGATION OF LYME DISEASE 
 

The diversity of Borrelia genospecies can be ascribed to spatial speciation and 

their different adaptability to their vectors and hosts, which are distinct depending 

on the geographic area. The tick species I. scapularis is the main vector in 

Northeastern and Upper Midwestern United States, whereas I. pacificus is more 

prevalent in Western United States 25,26. I. ricinus, which is the main vector in 

Europe, can be found in some regions of Asia along with the recently described 

I. pavlovskyi and the most abundant vector in this continent, I. persulcatus 27–29. 

These ticks have a four-stage life cycle: egg, larva, nymph, and adult. They need 

to take a blood meal once per active phase in order to molt to the next life stage 
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or to produce eggs. Due to the reduced mobility of these invertebrates, unfed 

ticks remain in the tip of grass and vegetation extending their limbs outwards 

waiting for a mammalian host to pass by, when they use their mouthparts to 

attach to them. After a feeding and engorgement period that varies depending on 

cycle-stage, they drop from their host and remain in the lower levels of the 

vegetation where the humidity allows them to rehydrate and molt or lay eggs. The 

molting process or egg laying take several months resulting in life cycle lengths 

ranging from two to six years. This time is determined by multiple factors such as 

habitat quality, host availability and abiotic conditions.  

 

Environmental parameters such as temperature and length of day drive 

quiescence and diapause mechanisms in ticks altering their seasonal activity, 

which in turn, dictates the seasonal incidence of Lyme disease in humans 30. I. 

ricinus, I. persulcatus and I. pacificus seem to have the same behavior, with a 

bimodal questing activity and early spring and autumn peaks for nymphs and 

adults in highly seasonal climates. Additionally, in European regions where less 

climatic variations occur between seasons, a single peak of activity in either 

spring or early summer has been described for all life stages of I. ricinus 31. In 

American Northern regions, I. scapularis nymphs become active in spring through 

autumn and larval peak activity occurs slightly later, whereas adult questing 

occurs in Autumn and spring, with a winter quiescence period. In Southern states, 

the seasonality of nymphs and larvae are similar to the Northern regions but 

starting earlier, while adults remain active during Winter due to the favorable 

conditions 32. 

 

The hosts are crucial elements for spirochetal and the tick life cycle maintenance. 

Indeed, the abundance of some small rodents such as voles, has been 

associated with I. ricinus host-seeking peaks 31. Over the years, many reservoirs 

have been described according to different geographic niches and their diversity 

in ticks and Borrelia genospecies. The classification in competent and/or 

incompetent hosts is based on their ability to be a source of infection to ticks. 

Competent hosts acquire the spirochetes through tick infestation, allowing them 

to multiply inside and to pass them to new tick vectors. The main competent 

reservoirs identified are small rodents and some mid-sized mammals such as 
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squirrels, hares and red foxes although birds have also been related with the 

spreading of some Borrelia species over long- distances 33,34. The role of 

incompetent hosts in the transmission of B. burgdorferi has raised controversy 

because two different theories have been proposed. Some postulate a “dilution 

effect” derived from the increasing biodiversity of less efficient reservoirs, which 

reduces the abundance of infected vectors and hence, spirochetal transmission 

among wildlife 35. Another line of evidence links increased Lyme incidence with a 

high deer population despite being an incompetent source for the replication of 

the spirochete. Deer are important tick reproduction hosts due to their size that 

allows them to be infested by a large number of adult ticks, thereby promoting 

egg laying and the perpetuation of the next generation of vectors 36. An increase 

in tick populations derived from high deer densities provides an augmented 

number of vectors susceptible to acquire the spirochete from other competent 

hosts, thus ensuing the propagation of the disease.    

 

2.4. SPIROCHETAL TRANSMISSION TO VERTEBRATES 
 

Spirochetal transmission occurs when infected ticks feed on vertebrates through 

deposition of bacteria into the skin, from where they can spread to other distal 

tissues and organs through the blood. Lyme disease is mainly transmitted to 

humans by nymphs while larvae or adults are scarcely involved since transovarial 

infection does not occur and adults are too large to go unnoticed during their 

contact with individuals. The feeding time required to transmit the spirochete has 

been the subject of different studies and may differ according to the genospecies. 

Assays performed in mouse models hint periods of around 40-72 h to establish 

an efficient infection with B. burgdorferi whereas shorten times may be needed 

for B. afzelii 37. This variability has been related with differences in the spirochete-

vector kinetics including mobilization from the gut and colonization of the tick 

salivary glands.  

 

When I. ricinus larvae acquire B. afzelii, spirochete numbers increase inside ticks 

during metamorphosis reaching its maximum 2 weeks after molting to nymphs. 

Once infected nymphs start to feed on a mammalian host the spirochetal load 

dramatically diminishes suggesting an immediate transmission, but these early 
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spirochetes are not able to induce a systemic infection. Tracking experiments 

performed by Pospisilova et al, revealed an adaptative period of Borrelia in the 

gut that lasts around 48h in order to become infective, mainly driven by changes 

in the expression of outer surface proteins 38. In the case of B. burgdorferi, a few 

hundred spirochetes quickly multiply when ticks acquire blood from the host. In 

contrast to B. afzelii, the spirochete number continuously increases during 

feeding, reaching its maximum the 3rd day while they spread to the salivary glands 

prior to their transmission to the mammalian skin 39,40. As with other Borrelia 

genospecies, the environmental switch derived from the presence of blood 

triggers expression changes in the surface of B. burgdorferi, making them 

suitable to survive and colonize the mammalian host. 

 

The transmission route followed by spirochetes from the midgut to finally leave 

the vector seems to be also dependent of the species of Borrelia and the tick. 

Despite an altered proteomic profile of infected-I. ricinus salivary glands and its 

role in the protection of Borrelia against the lectin complement pathway, several 

attempts to identify the presence of B. afzelli in salivary glands have failed, which 

suggests an alternative transmission route from the tick midgut to the host skin 

41,42. Unlike B. afzelii, B. burgdorferi takes advantage of the upregulation of OspC 

(BBB19) surface protein within 48-60 h of feeding to invade tick salivary glands 

and infect mammalian hosts 43. Indeed, in vivo experiments employing OspC-

immunized mice showed a reduced borrelial migration from the I. scapularis 

midgut to the salivary glands after three days of feeding 44. 

 

2.5. THE COURSE OF INFECTION, FROM EARLY TO 
PERSISTENT SPIROCHETAL INVASION 
 

Several mechanisms are used by B. burgdorferi to proliferate inside the 

mammalian host including the evasion of immune responses. Most of them are 

encoded in the bacterial genome, whose architecture is very unusual among 

bacteria. All Borrelia genospecies identified present a segmented genome, 

harboring a linear chromosome with about 900 kilobase pairs as well as a 

plethora of low-copy-number linear (lp) and circular (cp) plasmids that vary in 

number among species and collectively comprise around 600 kilobase pairs 45–
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47. The linear chromosome is highly conserved among genospecies and contains 

primarily housekeeping genes, whereas the genes carried in plasmids are 

variable across the genus 48–52. The latter encode the differentially expressed 

surface proteins that have been related with both establishing an infection in 

vertebrate hosts and interacting with ticks 53–56. Indeed, these plasmids can be 

lost during in vitro culture passages without affecting the fitness of the spirochete, 

whereas the absence of certain plasmids have been related with less infectivity 

in mouse models 57–61. Another particularity of the B. burgdorferi genome is its 

genetic transcription, which is substantially modified in response to differential 

nutritional, thermal and immunological cues. The alternative transcriptional 

signature derived from disparate habitats has been pinpointed, but is not limited, 

to the Rrp2-RpoN-RpoS axis. Influenced by environmental signals, an alternative 

RNA polymerase -factor (RpoS) initiates the expression of genes tightly 

associated with survival within the vertebrate host while it represses those 

involved in the tick phase 62–65. Furthermore, RpoS regulation is governed by a 

complex multifactorial mechanism in which many elements have been suggested 

to be involved 66. One of them is the oxidative stress regulator BosR (BBO67), a 

DNA-binding protein that plays a key role in the repression of tick phase genes 

while inducing RpoS and mammalian phase gene expression 67,68. As a 

consequence, a vast rearrangement of the conformation of the bacterial surface 

occurs by the replacement of tick phase lipoproteins OspA (BBA15) and OspB 

(BBA16) for the mammalian phase lipoprotein OspC (BBB19), which is essential 

in the initial stages of mammalian infection 69–71. Furthermore, the vls locus 

encoded on linear plasmid 28-1 in B. burgdorferi, encodes an elaborate antigenic 

variation system crucial for the establishment of infection in mammals. In fact, 

spirochetes lacking vlsE are unable to reinfect animals previously exposed to B. 

burgdorferi 72. This system encompasses a expression site named vlsE along 

with a contiguous array of vls silent cassettes containing sequence variation of 

the vlsE central region 73. Through DNA recombination, a sizeable number of vlsE 

alleles are generated and exposed on the bacteria surface, masking Borrelia to 

host defenses. Furthermore, B. burgdorferi is able to exploit to its benefit some 

secreted factors present in tick saliva such as Salp15, which provides protection 

from antibody-mediated killing through its interaction with OspC (BBB19) 74. 

(Graphical Abstract 1) 
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Graphical abstract 1 representing transcriptional and morphological changes elicited in 

Borrelia during tick engorgement in response to mammalian-derived environmental cues. 

Graph created with Biorender.com 

 

Even after the numerous adaptations elicited in the spirochetes during the tick 

engorgement period, only a low number of viable bacteria finally complete the 

stressful transition from the tick vector to the vertebrate host. Once they are 

deposited into skin, they multiply in the area prior to reaching blood vessels and 

expanding to other distal tissues through hematogenous dissemination 75–77. At 

this stage, immune cells ‘sense’ the bacteria predominantly by Toll-like receptors 

(TLRs) that recognize triacylated lipoproteins (heterodimers of TLR1 and TLR2), 
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flagellin (TLR5), RNA (TLR7 and TLR8), and CpG islands of DNA (TLR9), among 

other pathogen-associated molecular patterns (PAMPs) 78–82. The large motile 

capacity of spirochetes (up to 4µm sec-1) added to PAMP shedding, trigger a 

myriad of warning signs such as chemokines and cytokines that finally resolve in 

the recruitment of T cells, neutrophils, dendritic cells, monocytes and 

macrophages 83–86. The released inflammatory biomolecules such as tumor 

necrosis factor (TNF), interleukin 6 (IL-6), and gamma-interferon (IFN) by 

infiltrated cells, give rise to the skin lesion erythema migrans, which constitutes 

the hallmark of “early Lyme borreliosis”, the first of three stages described for 

Lyme disease 87. 

 

2.5.1. Early Lyme borreliosis (Stage I) 
 
Erythema migrans is the most common manifestation of B. burgdorferi infection 

in Europe and in United States with around 70% of prevalence among infected 

individuals, albeit with noted differences in non-symptomatic patients between 

both continents, being higher in Europe 87–94. Erythema migrans usually appears 

7 to 14 days after tick detachment, and it is characterized by a red macular skin 

lesion often accompanied by malaise, fatigue, headache, myalgias and fever 95. 

In addition, secondary erythema migrans-like lesions (outside the initial 

deposition area) have been identified in 20% of erythema migrans patients 

besides a very unusual manifestation documented in Europe of B. afzelli-

associated lymphocytoma96.  

 

2.5.2. Early disseminated infection (Stage II) 
 
Within two days to a few weeks since B. burgdorferi deposition, the bacterium 

begins to spread to distant tissues such as the peripheral and/or central nervous 

system, the heart and the joints 2,97. The interaction between host plasminogen 

protease and B. burgdorferi enolase, Erp proteins, OspC (BBB19) and BBA70 

prompts the digestion of the host extracellular matrix components while gaining 

access to the bloodstream 98–102. Once in the circulatory system, published 

evidence pointed the borrelial-expressed adhesins as responsible for mediating 

the attachment and colonization of diverse tissues through the interaction with 



Chapter 1. Main introduction 

 
 

12 
 

host ligands like specific integrin classes 103–109. Among the primary target 

tissues, the peripheral and central nervous system seems to be the most 

frequent, gathering more incidence in Europe than in the United States. The 

diversity in the occurrence is dictated by the different Borrelia genospecies 

involved, which in turn, derive in different neurological implications 110. As a result, 

lymphocytic meningitis and facial palsy are the most common clinical features in 

the United States, whereas Bannwarth syndrome, also known as 

meningoradiculoneuritis, is the most prevailing symptom in Europe 111–113.  

 

Reported in a smaller percentage of patients, the heart is also targeted by 

Borrelia during early spirochetal dissemination. Due to the uncertain enumeration 

of Lyme disease cases, which is believed to be largely underestimated, it is 

difficult to know the real incidence of Lyme carditis. It is estimated that Lyme 

carditis represents 0,3% to 4% of 250.000 new yearly predicted cases in Europe 

and 4% to 10% of 300.000 suspected cases in the United States 114–118. Around 

80% to 90% of Lyme carditis patients manifest fluctuating degrees of 

atrioventricular nodal block characterized by a disrupted electrical impulse from 

the atria towards the ventricles 119. Lower degree cardiac block may pass as 

undetected, which could also account for the low number of Lyme disease 

patients reported as having cardiac complications. Besides conduction 

abnormalities, other cardiac symptoms such as myocarditis, myocardial 

infarction, coronary aneurisms, pericarditis, pancarditis, dilated cardiomyopathy 

and endocarditis have been noted at lower frequencies 120. 

 

2.5.3. Late infection (Stage III) 
 
Currently, the gold standard by the Centers of Disease Control and Prevention of 

the United States to diagnose Lyme disease is the two-tiered testing method, 

involving a positive enzyme-linked immunosorbent assay (ELISA) followed by 

Western blot confirmation, associated with compatible clinical symptomatology. 

Nevertheless, the sensitivity of this technique is highly dependent on the stage of 

the disease 121. This wide range of variability linked to a sizeable number of 

asymptomatic individuals who do not recall being bitten by a tick or the presence 

of early symptoms, leads to the development of delayed disease manifestations 
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in previously untreated patients. The most typical long-term clinical feature 

includes a series of rheumatologic consequences known as Lyme arthritis. 

Usually presented 3 to 6 months post infection, the inflammation courses as 

intermittent episodes of swelling and large cellular effusions affecting 

asymmetrically monoarticular or oligoarticular large joints. A rare form of synovitis 

known as antibiotic-refractory Lyme arthritis has been also documented, that can 

persist for years even after appropriate antibiotic therapy 122. 

 

3. MACROPHAGES ACT AS THE MAIN 
EFFECTOR CELLS DURING LYME CARDITIS 

 

Different studies have pinpointed the predominant role of macrophages in the 

control and clearance of B. burgdorferi within the cardiac tissue, which in turn, 

evolves into an inflammatory process associated with Lyme carditis 

symptomatology 123–125. In spite of being well characterized as effective B. 

burgdorferi-killers 126, macrophages also constitute a key regulatory element 

during cardiac infection by mediating cell recruitment and B. burgdorferi antigen 

presentation. Initially, macrophages sensing spirochetal invasion produce TNF 

and IL-1β and recruit a subset of innate-like T cells known as invariant Natural 

Killer T cells (iNKT). These cells possess the ability to recognize B. burgdorferi-

derived diacylglycerol through binding with the antigen presentation molecule 

CD1d 127. Consequently, the stimulation of the αβ-composed TCR receptor 

prompts iNKT cell activation and the release of chemoattractants and cytokines 

such as IFN. In response, IFN-primed macrophages increase their phagocytic 

activity, CD1d surface expression, and MCP-1 (CCL2) cytokine production 

mediated by p38 MAP kinase-activation 128,129. Furthermore, IFN and B. 

burgdorferi synergistically activate macrophages driving a greater production of 

chemoattractant molecules, which favors the infiltration of T lymphocytes, iNKT 

cells and circulating monocytes into the heart 130. As a result, mobilization of more 

iNKT cells and macrophages linked to an increased antigen presentation through 

CD1d+ macrophages, leads to a positive feedback loop that enhances the 

recognition and clearance of spirochetes. (Graphical Abstract 2) 
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Graphical abstract 2 depicting the initial immune response upon B. burgdorferi invasion of the 

murine heart. Created with Biorender.com 

 

The mouse model for Lyme carditis evolves from an initial inflammatory process 

in the heart that peaks around 3 weeks post infection and spontaneously resolves 

124,131. Taking advantage of this model, researchers 132 sought to track subsets of 

differentially activated macrophages in the heart that could explain the dynamics 

and evolution of Lyme carditis inflammation over time. Three main macrophage 

effector states were tracked by flow cytometry during the onset, peak, and 

resolution of the disease: 1) a classical pro-inflammatory profile (M1), 

characterized the production of large quantities of nitric oxide (NOS) and pro-

inflammatory cytokines such as TNF, IL-1 and IL-6; 2) a canonical anti-

inflammatory activation profile (M2), related with high arginase activity and IL-10 

release 133,134; 3) and a combined effector state with similarities with both M1 and 

M2 phenotypes termed as “resolution-phase macrophages” (rM) 135,136. During 

experimental infection, M1 cells peaked at day 14 and significantly decreased 
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from day 21, while M2 macrophages peaked at day 21 and remained absent until 

they returned around day 56 post-infection. rM phagocytes were also present 

between 14 and 21 days after infection and slightly re-merged at day 56. 

Considering these results, the authors attributed the initial inflammation period to 

a predominant M1 phenotype, being limited by the presence of M2 cells, that 

further participated in the ensuing restoration process along with rM phagocytes 

around day 56 post-infection. 

 

Despite providing a theory that might fit with the cardiac inflammatory output, 

these subsets represent an oversimplification of macrophage heterogeneity 

based on early and canonical hierarchization of M1/M2 effector phenotypes. 

Currently, more accurate techniques such as single cell RNA sequencing 

(scRNAseq), have made it possible to identify hundreds of different phenotypes 

in phagocytes that could represent as much heterogeneity as the diversity of the 

stimuli to which they are exposed. In addition, a complex reprogramming induced 

in phagocytes during their first encounter with a foreign agent has been described 

that can dictate substantial changes in their response upon a subsequent 

challenge 137. For these reasons, a growing interest in increasing our knowledge 

of macrophage biology has been established the last few years, since it could 

provide new therapeutic and regulatory targets tailored to specific health 

disorders. 

 

4. THE CONSTANT EVOLUTION OF 
MACROPHAGE DIVERSITY  

 

To fully understand the complexity currently attributed to macrophages, it is 

necessary to know the evolution in our knowledge in phagocytic cells. Considered 

the father of cellular immunity, Elie Metchnikoff was the first to ascribe defensive 

functions to particle internalization processes in 1892. In addition, he 

contextualized the engulfment of noxious stimuli as an active host function 

triggered by phagocytic cells that he named “macrophages” (“large eaters”) and 

“microphages” (“small eaters” currently known as polymorphonuclear leukocytes) 

giving rise to the “phagocyte system” 138. Since the establishment of the 
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“phagocyte system”, different denominations have been proposed trying to 

classify phagocytic mononuclear cells and to define the system they are 

considered to form. It was not until the early 1970s when a group of scientists 

proposed the “mononuclear phagocyte system” 139, which included monocytes 

and macrophages with the premise that macrophage origin was exclusively 

monocyte-derived. In the same decade, the dendritic cell was discovered, giving 

an identity to the “third cell type” that was suspected of being required to mount 

an adequate adaptive immune response 140–142. This finding also originated a 

debate about whether dendritic cells were a component of the mononuclear 

phagocyte system or not. In fact, subsequent attempts to formulate an inclusive 

system encompassing these three cell types remained problematic because of 

their different origin and phenotypic plasticity, which has finally derived into 

diverse nomenclature proposals based on ontogeny, pro- or anti- inflammatory 

status, expressed markers, and experimental guidelines used 143,144.  

 

The immunological dogma born with the mononuclear phagocyte system 

contemplated the recruitment of blood monocytes as the unique source to 

replenish and maintain tissue resident macrophages 139. However, parabiosis, 

lineage tracing, and monocyte tracking studies have demonstrated that, during 

steady state conditions, most macrophages in adults are maintained through self-

renewal independently of monocyte input 145–147. Indeed, depending on the 

colonized tissue, different subpopulations of macrophages from diverse origins 

coexist and exert a broad range of functions based on environmental conditions 

148. During mouse fetal development, yolk sac-derived macrophages are the first 

to appear and spread into peripheral tissues as soon as the circulatory system is 

established 149. Of note, these progenitors can constitute the unique embryonic 

source of the adult cell populations as is the case for microglia in the brain 150,151. 

Around day 10-10.5 of mouse fetal development, the main hematopoietic function 

is transferred to the fetal liver, where Colony Stimulating Factor 1 Receptor 

(CSF1R)-independent, fetal liver-derived monocytes are generated and 

expanded to distal tissues, replacing almost totally the yolk sac-derived 

populations previously established. Indeed, in some tissues these precursors 

represent the majority of the embryonic lineage cells detected during adulthood 

as is the case of Langerhans cells in the epidermis, alveolar macrophages in the 
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lungs, and heart-resident macrophages in mice 152–154. Finally, after yolk sac- and 

fetal liver-derived progenitor seeding, definitive and/or adult hematopoiesis 

produced in the bone marrow becomes the main source of monocyte generation 

(Graphical abstract 3). This definitive hematopoiesis arises from hematopoietic 

stem cells (HSCs), such as monocyte-dendritic cell progenitors (MDP), common 

monocyte progenitor (cMoPs), and the latest characterized pre-monocyte 

population, which developmentally lies between cMoPs and fully differentiated 

monocytes expressing lymphocyte antigen 6 complex (LY6Chi) 155–157. 

Furthermore, there are also specialized macrophage populations whose origin is 

exclusively attributed to the bona fide monocyte input as is the case of the gut 

environment, where murine LY6Chi circulating monocytes are continuously 

deployed and can exert effector and antigen presenting functions in an 

inflammation context 158,159. After extravasation and colonization of the target 

tissues, LY6Chi monocytes can acts as sentinel cells during steady state 

conditions without the need to differentiate, whereas in an injury context, they 

give rise to monocyte-derived macrophages 160. Another murine monocyte 

subtype characterized in the blood are LY6Clow, for which endothelial integrity 

surveillance function has been proposed during steady state conditions 161,162, 

although they can also serve as LY6Chi precursors in an inflammation context. In 

addition, a putative LY6C-intermediate (LY6Cint) monocytic population has been 

recently identified that is predetermined to become monocyte-derived dendritic 

cells (moDCs) 163. In human blood, monocyte subsets have been classified 

according to the expression of cluster of differentiation 14 and 16 (CD14 and 

CD16) on the cell surface. Currently, three subtypes have been distinguished, 

CD14++CD16- (classical), CD14+CD16++ (non-classical), and CD14++CD16+ 

(intermediate), although the latest evidence suggests the existence of a fourth 

subtype, which is characterized by distinctively expressing a cytotoxic gene 

signature 164,165. 
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Graphical abstract 3 showing the macrophage development in mice from the embryonic stage 

to the adulthood. Created with Biorender.com 

 

In addition to the intrinsic origin-diversity in macrophage and monocyte 

populations, these cells can display diverse effector and functional states based 

on the environmental cues they receive (homeostasis vs injury), finally generating 

a constellation of phenotypical identities, which makes exceedingly difficult to 

cluster them. A well characterized example can be found in the heart, where 

different subsets of inhabiting macrophages have been identified both in humans 

and mice 154,166. Tissue-resident and circulating monocyte-derived macrophages 

simultaneously populate the heart regularly, with a population dynamics dictated 
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by environmental conditions. For instance, during steady state conditions in the 

mouse heart, CCR2- resident macrophages (yolk sac- and fetal liver monocyte-

derived) are mainly maintained through local proliferation, whereas, after injury 

induction, LY6Chi monocyte recruitment contributes to macrophage replenishing 

at the same time that CCR2- macrophages expand through self-renewal 154. 

Furthermore, the different macrophage origins are also reflected in their diverse 

functionality. In the human heart, CCR2- tissue-resident macrophages have been 

associated with a protective role by actively remodeling the tissue 167–169, while 

CCR2+ monocyte-derived cells possess a highly inflammatory potential by 

selectively expressing inflammatory mediators including chemokines, IL1-β, and 

components of the inflammasome 170,171. The same scenario occurs in the mouse 

heart 172. Indeed, an additional key function during steady state conditions has 

been attributed to murine resident macrophages. These heart-resident 

macrophages electrically couple with cardiomyocytes through Cx43 connexin-

mediated gap junctions and modulate myocyte conductivity by macrophage 

cyclical depolarization of the membrane potential 173.  

 

5. INNATE IMMUNITY, A CHALLENGED 
DOGMA 

 

Three main defensive mechanisms protect humans and mammals against 

threats. The first is composed by physiological barriers that prevent the 

internalization of external harmful elements into the bloodstream and the body. 

The second is innate immunity, an evolutionarily conserved component of host 

defenses that is present in all multicellular organisms. The third, which only can 

be found in jawed fish and “higher” vertebrates is the so-called adaptive or 

acquired immunity, which is based on the clonal expansion of somatically 

recombined antigen receptors in lymphocytes. After pathogen trespassing of 

physiological barriers (e.g., skin, mucosa), both immunity branches converge in 

a tightly regulated process providing an extraordinarily efficient defense against 

these foreign entities. Innate immune cells comprise a broad range of innate 

lymphoid cells (ILCs) and myeloid cell types, the majority originated in the 

hematopoietic system, such as mast cells, neutrophils, eosinophils, dendritic 
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cells, natural killer cells, monocytes, and macrophages. These innate immune 

cells express germ line-encoded recognition receptors, globally known as pattern 

recognition receptors (PRRs), which promptly mediate the first sensing of 

pathogen-associated molecular patterns (PAMPs) 174. PAMPs are sequences 

belonging to evolutionary conserved elements that are necessary for survival and 

expansion of a large spectrum of microorganisms. Furthermore, the survey 

capacity of these cell compartments is extended to a wide variety of microbial-, 

non-microbial-, and cell damage-derived (DAMPs 175) danger signals, which is 

mediated by several classes of PRRs present either on the outer surface or 

intracellularly. These include Toll-like-receptors (TLRs), scavenger receptors, 

intracellular nucleic acid-sensing receptors, RIG-I-like receptors (RLRs), NOD-

like receptors (NLRs), and C-type lectin receptors 176–180. PRR activation gives 

rise to several downstream programs involving both cell-dependent mechanisms 

(e.g., phagocytosis 181–184 and cytotoxicity 185) and the release of secreted factors 

as antimicrobial peptides (AMPs), alarmins, cytokines, and chemoattractants 

186,187.  

 

In an infection context, innate immune cells such as neutrophils and 

macrophages mediate the killing of external agents through the phagocytic 

process. Besides, foreign peptide sequences are exposed on their surface 

through major histocompatibility complex (MHC) class I and II molecules 188,189. 

In parallel, these cells release cytokines and chemokines conforming a gradient 

that attracts neighboring immune cells towards the site of infection. In addition, 

cells exhibiting non-self peptides on their surface act as a bridge between innate 

and adaptive responses by activating lymphocytes, which finally orchestrate 

antibody- and cell-mediated responses and the generation of memory against 

future re-infections. After the control of the invasion, innate cells are also involved 

in homeostasis restoration through anti-inflammatory signals that stop the 

primary response at the same time that the clearance of damaged cells is 

promoted. 

 

Classically, innate immunity has been considered an early line of defense 

displaying fast and nonspecific responses without the capacity to mount long-

lasting immunological memory. However, accumulating evidence has challenged 
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these firmly established principles. The existence of long-term consequences of 

the stimulation of macrophages with certain simple (e.g., beta glucans) or 

complex (e.g., Bacille Calmette–Guérin (BCG), the mycobacterial vaccine strain) 

stimuli has been termed “innate immune memory” 190,191. This concept originally 

evolved from observations in BCG-vaccinated individuals in which a level of 

protection against disparate pathogens was identified 192. Innate immune memory 

has been defined in terms of the induction of soluble factors (e.g., pro-

inflammatory cytokines) 137. Responses identified as memory have been divided 

into innate immune training and tolerance, the difference being the nature of the 

secondary response (heightened versus reduced, respectively). Innate immune 

memory has been replicated in vitro by the use of a primary stimulus, a period of 

resting, and a usually different, secondary stimulus (Graphical Abstract 4). 

Furthermore, it has been shown that the memory phenotype in vitro relies at least 

in part, on variations in metabolism (Warburg effect) mediated by the 

AKT/mTOR/HIF axis and epigenetic changes that shape the responses against 

a subsequent challenge 192–194. However, only microbial components (e.g., 

lipopolysaccharides, LPS; chitins; β-glucans) or heat-killed bacteria have been 

used in these assays to mimic threat inputs. It is well known that mononuclear 

phagocyte responses against live bacteria differ vastly compared with those 

elicited by microbial factors, both in quality and quantity 82,195,196. Thus, the 

knowledge to date in terms of innate memory generation, only partially covers the 

large repertoire of signaling and functional events produced by whole 

microorganisms in which a sizeable number of antigens are recognized by 

immune cells. Furthermore, the implications of innate immune memory in vivo 

against pathogens that can establish persistent infections in mammals, is still 

unexplored (Graphical Abstract 5). This is the case of Lyme carditis, where 

macrophages continuously exposed to B. burgdorferi represent the main defense 

to cardiac infection. 
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Graphical abstract 4 describing the approach usually employed to replicate innate immune 

memory in vitro. Created with Biorender.com 

 

 

6. INNATE IMMUNE MEMORY AND GUT 
HOMEOSTASIS 

 

The emergence of microbiota research has expanded our knowledge on the role 

of commensal microorganisms in controlling a wide variety of physiological 

functions both in the steady state and in disease. In the gut, where the microbial 

load is greater than in any other body site, microbiota components constitute a 

continuous source of stimuli to which the immune system has evolved tolerance, 

leading to the modulation of immune responses 197. Co-evolution with the myriad 

of microorganisms present in the gut has led to an equilibrium between the 

regulation of homeostatic responses to harmless antigens, and the ability to 
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effectively eliminate pathogens. Although the role of adaptive immune cells in the 

gut has been extensively described 198, the regulation of mononuclear phagocytic 

function (e.g., macrophages and dendritic cells) by microbiota members remains 

poorly understood 199. Importantly, gut mononuclear phagocytes show aberrant 

anti-inflammatory responses in antibiotic-treated mice. These cells fail to regulate 

T cell populations in this organ 200, while some bacterial species such as 

Helicobacter hepaticus or Clostridium butyricum directly contribute to IL-10 

homeostasis 201,202. Remarkably, small populations of gut bacteria have been 

found to be associated with dendritic cells in the mesenteric lymph nodes, 

inducing the production of specific secretory IgA and promoting anti-inflammatory 

responses, including the release of the immunoregulatory cytokine IL-10 203. 

Additionally, microbial metabolites, such as short-chain fatty acids, are known to 

regulate both dendritic cell and macrophage function in the gut, promoting anti-

inflammatory/hyporesponsive states in innate immune cells and contributing to 

the development of intestinal homeostasis. The characterization of “innate 

immune memory” in the context of a pathological induction might be translated to 

the gut scenario, in which innate memory could play a key role in maintaining 

homeostasis. However, nothing is known regarding memory generation in 

mononuclear phagocytes against microorganisms widely considered beneficial 

(Graphical Abstract 5).   
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Graphical abstract 5 representing unexplored knowledge gaps on innate immune memory. 

The functional implications of macrophage memory phenotypes elicited by persistent 

pathogens as well as its role during an infection are still unaddressed (Upper panel). The same 

occurs in the context of macrophage memory generation by bacteria that coexist with immune 

cells within the same niche (Bottom panel). The features to be characterized in each model are 

the phagocytic capacity along with the inflammatory output, the transcriptional and epigenetic 

changes and, finally, the metabolic programs induced in these memory cells. Graph created 

with Biorender.com 
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7. LACTIPLANTIBACILLUS PLANTARUM AS A 
MODEL OF COMMENSAL BACTERIA 

 

Also known as lactic acid bacteria, Lactiplantibacillus plantarum is a Gram-

positive species that constitutes a key tool for the food industry as starter culture 

in the production of fermented foods. In fact, the beneficial effect derived from its 

ingestion for the health of the host is well described, with some strains being 

widely used as probiotics 204. L. plantarum is characterized by its metabolic 

diversity 205 allowing it to inhabit diverse ecological niches including dairy 

products 206,207, vegetables 208, and wine 209 among others. Furthermore, this 

species possesses the ability to thrive within very stressful environments such as 

the human gastrointestinal, vaginal, and urogenital tracts 210,211, where it must co-

exist with the myriad of microorganisms that compose the human microbiota as 

well as with the host’s cells 212. Thus, a sizeable number of studies involving 

animal and human models have been conducted to understand the colonization 

capacity of several lactobacilli members and other probiotic species 213,214. An 

increasing body of evidence suggests that the success of gut colonization by 

bacteria is determined by: 1) the ability to withstand a wide variety of stress 

factors derived from the environment; 2) the capacity to persistently adhere to the 

epithelium; and 3) the capability to establish efficient interactions with the cells of 

the host (e,g,. epithelial and immune cells) and neighboring microorganisms 

215,216. L. plantarum meets these requirements through metabolic and genetic 

adaptations that make it suitable for subverting human defenses and the 

phenomenon of “colonization resistance” 217 by the bacterial community in the 

gut.  

 

7.1. ADAPTATIONS OF L. PLANTARUM TO ENDURE 
GASTROINTESTINAL TRANSIT AND TO COLONIZE THE GUT 
 
After oral intake, the transit through the mouth, stomach, small intestine, and 

colon is subjected to a large repertoire of environmental stresses such as the 

exposure to low pH, low oxygen levels, and bile acid effluents. L. plantarum copes 

with these physiological insults by deconjugating bile acids through a hydrolytic 

metabolic reaction mediated by bile salt hydrolases (BSH) both in aerobic and 
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anaerobic conditions 218. The genome of L. plantarum, which is one of the largest 

among lactobacilli with 3.3 Megabase pairs, encodes a wide variety of factors 

that could explain its adaptability to several environmental niches 219. Indeed, 

genomic studies of L. plantarum WCSF1 have predicted it to contain four BSH 

related genes 220, whereas in vitro and in vivo colonization assays have identified 

the upregulation of genes putatively involved in the colonization process and the 

tolerance to gastric stress 214,221. Among these genes, several encode for 

bacterial extracellular proteins related to bacteria auto-aggregation and the 

adhesion to the epithelial cell barrier by interacting with collagen, chitin, 

fibronectin, and mucus 222,223. The self-adherent ability of some bacteria is termed 

auto-aggregation and allows them to maintain a significant number of cells, whilst 

co-aggregation refers to the binding between different species and the 

competition event produced to establish an environmental niche 224. It has been 

shown that lactobacilli members efficiently self-adhere and co-aggregate with 

other bacterial species 225,226. Remarkably, the interaction between L. plantarum 

and neighboring cells derives in a beneficial effect for the host by reducing the 

capacity of pathogenic species to adhere to the intestinal epithelium 227,228.  

 

7.2. BENEFICIAL EFFECTS DERIVED FROM THE 
COLONIZATION OF THE GUT BY L. PLANTARUM 
 

The key to the beneficial properties displayed by L. plantarum relies on its ability 

to interact with the surrounding environment, including epithelial and immune 

cells of the host besides gut resident bacteria. Furthermore, its capability to 

manage bile acids has been linked with the regulation of host lipid metabolism, 

thereby resulting in a significant impact in the host physiology and cholesterol 

metabolism 229,230. Indeed, several studies reported a cholesterol-lowering effect 

induced by the oral administration of some L. plantarum strains in murine models 

and humans 231–234.  

 

During the colonization event, L. plantarum anchors to the epithelium aided by its 

auto-aggregation capacity, while it effectively competes with other bacterial 

species for the niche through co-aggregation. Many of the displaced species are 

related with increased permeability of the mucosal barrier in the gut, which results 
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in the translocation and proliferation of these harmful species. This leads to 

different inflammatory gastrointestinal disorders such as infectious diarrhea, 

irritable bowel syndrome, ulcerative colitis, and inflammatory bowel disease 

(IBD). Therefore, the use of L. plantarum as a probiotic intended to alleviate the 

symptomatology of these diseases has been the aim of various studies 235. In 

rats, Escherichia coli-induced intestinal permeability was inhibited by the oral 

administration of L. plantarum 236, whereas a clinical retrospective study revealed 

a significant reduction in hospitalizations of Clostridium difficile-associated 

diarrhea individuals that were treated with L. plantarum 237. Besides, numerous 

clinical trials have pinpointed the role of L. plantarum intake in reducing the 

symptomatology derived from irritable bowel syndrome 238,239. However, the 

beneficial effect of L. plantarum in IBD remains unclear, although it was reported 

that its administration attenuated a previously established colitis in a mouse 

model deficient for IL-10 240. The latter confirms that some health-promoting 

properties of L. plantarum arise from the crosstalk between bacteria and host 

cells, rather than its ability to modulate the resident bacterial populations. Indeed, 

L. plantarum increases the integrity of the mucosal barrier through the activation 

of TLR-2, which is expressed in epithelial cells. This activation triggers the 

translocation of the protein zonula occludens-1 to the tight junctions promoting 

greater robustness 241. Of note, this signaling event was also characterized in 

humans after WCFS1 strain administration 242. 

 

7.3. IMMUNOMODULATORY PROPERTIES OF L. PLANTARUM  
 

Several contributions have addressed in vitro the immunomodulatory properties 

of L. plantarum and other probiotic species encompassing both epithelial cells 

and phagocytes. When L. plantarum is co-incubated with mucosal epithelial cells 

it results in the reduction of the inflammatory response upon a pro-inflammatory 

insult. This effect is mediated by reduced production of reactive oxygen species 

as well as IL-23 and IL-17 cytokines 243, which play a crucial role in chronic 

inflammatory processes in the gut 244. Furthermore, the modulation of the 

cytokine profile was observed in different immune cells of the host. Ferreira dos 

Santos et al 245 reported that co-culture of L. plantarum with human monocytes 

and the murine J774 macrophage cell line resulted in reduced levels of TNF and 
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IL-1β as well as in an increased production of IL-10 upon an inflammatory 

challenge. This effector state was also identified in mononuclear cells isolated 

from colonic mucosa 246, and could be mediated by the activation of the NOD 

signaling pathway by L. plantarum 247. All these reports have characterized the 

changes produced in the functional response of phagocytes acutely exposed to 

L. plantarum. However, the long-term consequences of these interactions are 

largely unknown. Understanding these long-term effects could provide new 

insights in how immune cells cope with the continuous exposure to beneficial 

microorganisms. Thus, we chose this bacterium as a model to explore the innate 

immune memory in phagocytes. 
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CHAPTER 2. AIM OF THE STUDY 
 

The emergence of “innate immune memory” has established a new framework to 

delve into the functional plasticity of mononuclear phagocytic cells, especially in 

monocytes and macrophages that are involved in a wide range of biological 

processes. However, current evidence only partially covers the broad repertoire 

of functional and effector states that can be displayed by these cells during both 

homeostatic and infection states. The characterization of innate immune memory 

has largely focused on the inflammatory output induced by pathogen associated 

molecular patterns (PAMPs) or vaccine formulations. However, they do not fully 

represent the signaling events and functional programs triggered by complete, 

live microorganisms. As a consequence, these assays are only partially adequate 

to recreate a scenario in which innate cells are continuously exposed to 

microorganisms, as is the case of persistent infections. Moreover, the role of 

innate immune memory in the maintenance of homeostasis in environments such 

as the gut, where immune cells coexist with a myriad of microorganisms, remains 

unexplored. 

 

Our main goal was to characterize the memory phenotype induced in 

macrophages and monocytes stimulated with live bacteria both in vivo and in vitro 

assessing a wide range of functional activities of these cells. We first addressed 

innate immune memory development against Borrelia burgdorferi, one of the few 

microorganisms able to establish persistent infections in mammals. For 

comparison, we analyzed long-term innate immune responses to a model 

bacterium that cohabitates in equilibrium with immune cells within the human gut. 

We hypothesized that innate immune memory elicited by live microorganisms is 

governed by a complex network of signaling events that differentially affect their 

functional programs. As a corollary, we surmised that innate immune memory 

against live bacteria is diverse, microorganism specific and more complex than 

that derived from the stimulation with single PAMPs or vaccine formulations. 
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The specific objectives of this thesis were the following: 

 

1. To analyze the memory phenotype on monocytes/macrophages in 

response to live bacteria, including the ability of these cells to 

internalize/phagocytose microorganisms. 

 

2. To characterize the regulatory network involved in memory development 

through the analysis of transcriptional, metabolic, and epigenetic 

programs. 

 

3. To identify regulatory traits amenable to be manipulated to modulate the 

memory phenotype. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



Chapter 3. Materials and methods 

 
 

55 
 

 
 

 

CHAPTER 3. MATERIALS 
AND METHODS



 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Chapter 3. Materials and methods 

 
 

57 
 

CHAPTER 3. Materials and methods 
 
1. EXPERIMENTAL ANIMALS AND ETHICS STATEMENT 

 

C57Bl/6J (B6) and B6.129P2-Dnajc15 tmIUnv/J (MCJ-deficient) mice 1 were bred in 

the Animal Facility at CIC bioGUNE, where they were socially housed under a 

12-hour light/dark cycle. All murine infections with B. burgdorferi were performed 

in seven- to eight-week-old animals. Bone marrow-derived macrophages were 

obtained from six- to twelve-week-old mice. Both males and females were used 

throughout. All work performed with animals was approved by an Órgano 

Habilitado (Comité de Bioética y Bienestar Animal, CBBA/IACUC, at CIC 

bioGUNE) and the competent authority (Diputación de Bizkaia) following 

European and Spanish regulations (Directive 2010/63/EU, RD 53/2013 

respectively), under the following protocols: P-CBG-CBBA-0915 and P-CBG-

CBBA-0917. CIC bioGUNE´s Animal Facility is accredited by AAALAC Intl. 

 

2. IN VITRO CELL CULTURE 

 

2.1. Murine bone marrow-derived macrophages (BMM) 

Bone marrow cells were obtained from the femoral and tibial shafts and subjected 

to erythrocyte lysis with Ammonium-Chloride-Potassium (ACK) buffer (NH4Cl 150 

mM; KHCO3 10 mM; Na2EDTA 0.1 mM). The cells were incubated in non-treated 

100 mm x 15 mm plates (Thermo Fisher Scientific) for 6 days at 37 ºC in 

Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with 10 % 

fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1% 

penicillin/streptomycin (Thermo Fisher Scientific) plus 30 ng/ml of murine 

macrophage colony-stimulating factor (M-CSF; Miltentyi Biotech). The medium 

was changed every 3 days. Non-adherent cells were discarded, and the 

differentiated macrophages were scraped in phosphate buffered saline (PBS; 

Thermo Fisher Scientific) + 1% FBS, counted and seeded at the appropriate 

concentrations. 
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2.2. Human peripheral blood monocyte purification and macrophage 

differentiation 

Human monocytes (hMon) were purified from buffy coats of healthy donors by 

positive selection using a CD14 purification kit (Miltenyi Biotech). Peripheral 

blood monocytic cells were first isolated by ficoll density centrifugation (GE 

Healthcare) at 400 xg for 30 min without braking. The monocyte layer was 

recovered, washed, and processed according to the manufacturer’s protocol. 

Monocytes were cultured in Roswell Park Memorial Institute medium (RPMI; 

Gibco) supplemented with 10% FBS and 1% penicillin/streptomycin and rested 

overnight before stimulation. 

 

Human monocyte-derived macrophages (hMac) were generated as described 2. 

Briefly, purified monocytes were incubated for 6 days in the presence of 50 ng/ml 

of human M-CSF (Miltenyi Biotec), with medium changes every 2 days. The 

differentiated macrophages were washed, counted, and seeded at the 

appropriate concentrations. 

 

Buffy coats from healthy donors were obtained from the Basque Biobank, after 

approval by the Basque Country’s Ethics committee following the Helsinki 

convention. Donors had a median age of 53 (26-72) and were 68% male, 32% 

female (n = 37). 

 

2.3. Cell lines 

Human embryonic kidney (HEK293FT) and RAW264.7 cells were cultured in 

DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. A low 

passage number (0-20) of both cell lines were maintained in 100 mm x 20 mm 

plates for adherent cells (SARSTDET). 

 

3. BACTERIAL CULTURE 

 

B. burgdorferi s.s. strain 297, clone Bb914 3 and strain B31, clone 5A15 4 were 

used as a model of microorganism able to establish persistent infections in 

mammals. The spirochetes were grown in Barbour-Stoenner-Kelly medium 
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(BSK-H; Sigma Aldrich) in 5 ml tubes at 34 ºC and counted in a dark field 

microscope (Zeiss). 

 

Commensal L. plantarum strain WCFS1, isolated from human saliva 5 and two 

strains isolated from human breastmilk, MP31 and MP33 6 were used throughout. 

In addition, L. casei BL23 and Escherichia coli DH5α were assessed for their 

intracellular survival. All strains were kept frozen at -80 °C and thawed as needed. 

L. plantarum and L. casei strains were grown statically in De Man-Rogosa-

Sharpe (MRS) medium at 37 °C, while E. coli was cultivated in Luria-Bertani (LB) 

at 37 °C and 200 rpm until they reached the logarithmic phase of growth (Optical 

density; O.D ≈ 0.6). All strains used in this study were shown to be sensible to 

penicillin-streptomycin. 

 

In order to calculate the multiplicity of infection (m.o.i.) before intracellular survival 

assays, an estimation of bacterial numbers in culture was performed. A 

correlation equation was calculated specifically for each strain, using for that 

purpose the association between culture optical density at 600 nm and colony 

forming units determined by dilution plating. Heat-killed bacteria were obtained 

by incubating bacterial suspensions in a water bath at 70 °C for 15 min. 

 

4. MURINE MODEL OF BORRELIA BURGDORFERI INFECTION 

 

B6 and MCJ-deficient mice were subcutaneously infected in the midline of the 

back with 105 B. burgdorferi B31 clone 5A15, using a solution of 2x, washed mid-

log phase bacteria in PBS at a concentration of 106 spirochetes / ml 7. At day 0, 

one-week post infection, three weeks post infection and eight weeks post 

infection (3 to 6 animals per group) were sacrificed. At sacrifice, the hearts of B6 

mice were cut in half through bisections across the atria and ventricles to isolate 

DNA and RNA using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen) 

following the manufacturer’s recommendations. Bacterial burdens were 

measured from heart DNA by quantitative polymerase chain reaction (qPCR) 

targeting recA relative to the murine gene, Rpl19. 
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After sacrifice, blood was quickly obtained by intracardiac puncture to isolate 

RNA as follows: 200 µl of blood were vigorously mixed with 800 µl of TRIzol 

(Thermo Fisher Scientific), incubated at room temperature (RT) for 5 min and 

mixed with 200 µl chloroform (Sigma-Aldrich). The mixture was centrifuged at 

12,000 xg for 15 min at 4 ºC and the upper layer transferred to a new tube and 

precipitated with 500 µl isopropanol (Panreac-AppliChem). The RNA was 

resuspended in 750 µl ethanol 75%, loaded into Nucleospin RNA columns 

(Nucleospin RNA kit, Macherey-Nagel) and eluted following the manufacturer’s 

recommendations. The expression levels of Irf4 were determined relative to 

Rpl19 by real-time RT-PCR from reverse-transcribed RNA. 

 

4.1. Real-time PCR 

RNA was reverse transcribed using Moloney Murine Leukemia Virus (M-MLV) 

reverse transcriptase (Thermo Fisher Scientific). Real-time PCR was then 

performed using the PerfeCTa SYBR Green SuperMix low ROX (Quantabio) on 

a QuantStudio 6 Real-Time PCR System (Thermo Fisher Scientific). Fold 

induction of mouse genes was calculated relative to Rpl19 using the 2-Ct 

method. For human genes, the fold induction was established relative to the 

RPLP0 gene. The primers used are listed in Table 1. 

 

4.2. Tissue MALDI Imaging (MALDI-IMS) of infected hearts 

The hearts of three week-infected B6 mice and uninfected controls (4 each) were 

washed of excess blood, embedded in optimal cutting temperature compound 

(OCT; Thermo Fisher Scientific) and stored at -80 ºC. The tissue was processed 

in 14 µm sections into indium tin oxide coated slides in a microtome (Leica) using 

an OCT-free setting with frozen water. OCT was removed with absolute ethanol, 

and the samples were included in frozen water, following a water inclusion 

procedure 8. The samples were delipidized through serial passages of increasing 

concentrations of ethanol (70-100%) and dried in a vacuum chamber for 20 min. 

The hearts were then sprayed with a matrix composed of sinapinic acid (15 

mg/ml) in 75% acetonitrile and 0.2% trifluoroacetic acid, using a Langartech robot 

9, with a total of 10 layers. 
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The samples were subjected to Matrix-Assisted Laser Desorption/Ionization 

coupled to Time-of-flight (MALDI-TOF) in linear mode on a Bruker Daltonics 

Autoflex III MALDI-TOF/TOF (Bremmen, DE) equipped with a SmartBeam 

Nd:YAG/355 nm laser, with 200 Hz pulses. Acquisition was performed using 

lineal geometry in the ranges of mass between 2,000 and 30,000 Th in positive 

mode. All instrumental parameters (delayed extraction, laser fluence and 

detector gain) were optimized until the optimal signal/noise ratio was achieved 

along the spectrum. Five hundred cumulated shots (random shooting) per spot 

were collected with 100 µm spacing on each selected section. Acquisition was 

done with FlexControl 3.0 (Bruker Daltonics). External calibration was performed 

in a unique point per section with ProtMix 1 and ProtMix 2 (Bruker Daltonics). 

 

Data analysis was performed with the software package FlexImaging 3.0 and 

ClintProtTools 2.1 (Bruker Daltonics). Routinely, the numeric value of each 

detected mass was identified using the algorithm Centroide, giving as results the 

average mass of each peak. Minimal treatment of each sample was performed 

using Savistky-Golay smoothing at 2 m/z and five cycles, as well as basal line 

correction using the algorithm TopHat and data reduction of 20 m/z. 

 

4.3. Proteomic analysis of B. burgdorferi-infected hearts 

The hearts of three week-infected B6 and MCJ-deficient mice and their 

uninfected controls (4 each) were soaked in PEB buffer (PBS 1X, 2 mM 

ethylenediaminetetraacetic acid-EDTA, 0.5 % bovine serum albumin-BSA) and 

transferred to 60 mm plates. The organs were washed to eliminate excess of 

blood and cleaned of conjunctive tissue and other impurities. The top third of each 

heart was cut and placed in 200 μl of CLB buffer (7 M urea, 2 M thiourea and 4% 

sulfobetaine derivative of cholic acid). The tissue was then dissociated using a 

pestle and motor mixer (VWR) and digested following the filter-aided fast 

adaptive and secure protocol described by Wisniewski et al 10 with minor 

modifications. Trypsin was added to a trypsin:protein ratio of 1:10, and the 

mixture was incubated overnight at 37 ºC, dried in a RVC2 25 Speedvac 

concentrator (Christ), and resuspended in 0.1% formic acid. 
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The equivalent of approximately 500 ng of each sample was submitted to Liquid 

chromatography-mass spectrometry (LC-MS) label-free analysis. Peptide 

separation was performed on a nanoACQUITY Ultra Performance Liquid 

Chromatography System (Waters) on-line connected to an LTQ Orbitrap XL 

mass spectrometer (Thermo Electron). An aliquot of each sample was loaded 

onto a Symmetry 300 C18 UPLC Trap column (180 µm x 20 mm, 5 µm (Waters)). 

The precolumn was connected to a BEH130 C18 column (75 μm x 200 mm, 1.7 

μm (Waters), and equilibrated in 3% acetonitrile and 0.1% formic acid. Peptides 

were eluted directly into an LTQ Orbitrap XL mass spectrometer (Thermo 

Finnigan) through a nanoelectrospray capillary source (Proxeon Biosystems), at 

300 nl/min and using a 120 min linear gradient of 3–50% acetonitrile.  The mass 

spectrometer automatically switched between MS and MS/MS acquisition in DDA 

mode. Full MS scan survey spectra (m/z 400–2000) were acquired in the orbitrap 

with mass resolution of 30000 at m/z 400. After each survey scan, the six most 

intense ions above 1000 counts were sequentially subjected to collision-induced 

dissociation (CID) in the linear ion trap. Precursors with charge states of 2 and 3 

were specifically selected for CID. Peptides were excluded from further analysis 

during 60 s using the dynamic exclusion feature. 

 

Progenesis LC-MS (Waters) was used for the label-free differential protein 

expression analysis. One of the runs was used as the reference to which the 

precursor masses in all other samples were aligned to. Only features comprising 

charges of 2+ and 3+ were selected. The raw abundances of each feature were 

automatically normalized and logarithmized against the reference run. Samples 

were grouped in accordance with the comparison being performed, and an 

analysis of variance (ANOVA) was performed. A peak list containing the 

information of all the features was generated and exported to the Mascot search 

engine (Matrix Science Ltd.). This file was searched against a Uniprot/Swissprot 

database consisting of Mus musculus and B. burgdorferi entries, and the list of 

identified peptides was imported back to Progenesis LC-MS. Protein quantitation 

was performed based on the three most intense non-conflicting peptides 

(peptides occurring in only one protein), except for proteins with only two non-

conflicting peptides. The significance of expression changes was tested at protein 
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level, and proteins with ANOVA p-value ≤ 0.05 were selected for further analyses. 

Ontological analysis was performed using STRING 11. 

 

4.4.. 31P-NMR spectroscopy of B. burgdorferi-infected hearts 

Twenty to 300 mg of dry heart extract were resuspended in 300 μl solution 

according to the extract fraction. For the hydrophilic E1 fraction, we used Tris-

d11-DCl buffer in deuterium oxide (100 mM), pD 7, with added sodium azide (1 

mM), tetramethyl phosphonium chloride (1 mM) as 31P reference compound, and 

gadobutrol (0.5 mM) as paramagnetic relaxation enhancer. For the lipophilic E2 

fractions, we used dimethyl sulfoxide (DMSO)-d6 with added triphenyl phosphine 

oxide (4 mM) as 31P reference compound. The resuspended extracts were filled 

into 5 mm Shigemi NMR (Nuclear Magnetic Resonance) tubes.  

 

All NMR experiments were recorded at 298 K on a Bruker 600 MHz (12 T) Avance 

III spectrometer equipped with a QXI (1H,13C,15N,31P) or a BBO (BB,1H) probe 

head. For each sample, three different experiments were collected: (i) a 1D 31P 

zgip spectrum with inverse gated 1H decoupling (3-11.5 hours), (ii) a 1D 1H 

p3919gp with water signal suppression using a binomial 3-9-19 pulse with echo 

gradient pair (7 minutes), and (iii) a 2D 31P,1H COLOC spectrum with coherence 

selection by gradients (5-13.5 hours). The 1D 31P experiment was recorded with 

long interscan delays d1 > 3∙T1,max(31P) for quantification, where the 

paramagnetic relaxation enhancer (gadobutrol) added only to the hydrophilic E1 

fraction allowed to use a short d1 = 1 second, whereas the hydrophobic E2 

fraction required d1 = 5 seconds. The same set of spectra were recorded for 80 

pure phosphorylated standard compounds to facilitate the identification of 

phosphorylated heart metabolites. Each of the 31P standards was prepared at 

increased 5 mM concentration in the appropriate solution corresponding to either 

E1 or E2 extract to allow faster NMR data acquisition. 

 

The phosphorylated heart metabolites were identified by comparison with the 31P 

chemical shifts of the pure standard compounds. In some cases, spiking 

experiments with selected pure standard compounds were performed to confirm 

the metabolite assignment. Assigned phosphorylated metabolites were then 

quantified by referencing their 31P peak integral against the added internal 
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reference compound. In case of signal overlap, a peak deconvolution was applied 

to assign corresponding peak areas. 

 

4.5. Histology 

Heart tissue was fixed in 10% formalin or Carnoy´s fixative, dehydrated, 

embedded in paraffin, and cut into 5 μm-thick sections. For histopathology, 

sections were deparaffined, hydrated and stained with hematoxylin and eosin or 

periodic acid-Schiff (PAS) according to standard protocols. Stained sections were 

analyzed by a pathologist blinded to mouse genotype and treatment. 

Photographs were taken with a fluorescence microscope (Axioimager.D1 Zeiss) 

and analyzed by one researcher blinded to the treatment. 

 

4.6. 3-PO treatment during murine infection 

Groups of 5 WT mice were infected and treated with 50 mg/kg of 3-(3-pyridinyl)-

1-(4-pyridinyl)-2-propen-1-one (3-PO; Sigma Aldrich) by intraperitoneal injection, 

twice per week during 3 weeks (Graphical abstract 1). 
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Graphical abstract 1 showing in vivo glycolysis inhibition through 3-PO 

administration. B6 mice were subcutaneously inoculated with 105 B. burgdorferi B31 

strain. At 2 weeks post infection one group were treated with the glycolysis inhibitor ,3-

PO, twice per week for a total of 3 weeks (Intraperitoneal administration 50 mg/kg). 

Animals were sacrificed at 5-weeks post infection and hearts were obtained to analyze 

different parameters. Graph created with Biorender.com 
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5. IN VITRO STUDY OF INNATE IMMUNE MEMORY IN BMM, HMON AND 

HMAC 

 

5.1. In vitro stimulation with B. burgdorferi 

BMM, hMon and hMac were scraped, counted, seeded at 1 x 106 cells/well in 6-

well plates (Thermo Fisher Scientific) and rested for 6 hours. Macrophages were 

then stimulated with B. burgdorferi according to the scheme depicted in graphical 

abstract 2. To account for the loss of cells due to stimulation with B. burgdorferi 

12,13, the number of cells were adjusted to obtain equivalent numbers after the 

first 48 h stimulation (Figure 1). Human CD14+ monocytes and monocyte-derived 

macrophages were stimulated under the same conditions after an overnight 

resting period. 

 

 

 

 

Graphical abstract 2. Schematic representation of the working conditions to assess 

long-term effects of the stimulation of murine bone marrow-derived macrophages 

(BMM), human monocytes (hMon), and human monocyte-derived macrophages 

(hMac) with B. burgdorferi. The four conditions were defined by the first and secondary 

stimulations, yielding the conditions UU, UB, BU and BB. Graph created with 

Biorender.com 
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Figure 1. Variation in the number of BMM upon their stimulation with B. burgdorferi. 

One million BMM per well were plated in triplicate and stimulated following the schemed 

depicted in the graphical abstract 2. The cells were counted after 48h of stimulation and 

at the end of the restimulation process. *, one-way ANOVA, p < 0.05. 

 

 

5.2. In vitro phagocytosis of B. burgdorferi 

Phagocytosis assays were performed in 12-well plates (Thermo Fisher scientific) 

using 3.5 x 105 cells per well as previously described 14. BMM were cultured in 

serum- and antibiotic-free DMEM for 1 h. Green fluorescent protein (GFP) 

expressing B. burgdorferi were added to the cells at a multiplicity of infection of 

25 and incubated at 4 °C for 15 min followed by 37 °C for 2 h. The cells were then 

washed to eliminate surface bacteria and analyzed by flow cytometry in a BD 

FACS Canto II (BD Biosciences). Controls at 4 ºC were run in parallel to assess 

washing efficiencies. The data were analyzed using Flowjo version 10. The 

phagocytic index was calculated using the formula: % GFP cells (Test) x Mean 

fluorescent intensity (MFI) (Test) - % GFP cells (4 ºC control) x MFI (4 ºC control) 

15. Binding experiments were performed at 4ºC, followed by gentle washing to 

avoid the elimination of the bound bacteria. 
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5.3. Antibiotic protection assays of commensal bacteria 

The ability of commensal bacteria to survive inside mammalian macrophages 

was assessed by antibiotic protection assays 16. RAW264.7, BMM and hMon 

were seeded onto 24-well plates at a density of 2 × 105 cells per well. Due to 

sample size, experiments involving human cells were performed in 96-well plates 

using 2 × 104 cells per well. After 24 h, cells were extensively washed with warm 

PBS and bacteria were added in serum- and antibiotic-free DMEM. The cultures 

were synchronized by an incubation of 30 min at 4 °C and then, plates were 

incubated for 45 min at 37 °C to promote phagocytosis. Extracellular bacteria 

were then washed with pre-warmed PBS, and those remaining were eliminated 

by a 1-hour incubation with serum- and antibiotic-supplemented DMEM. 

Phagocytes were lysed at different time points in DMEM 0.1% Triton X-100, and 

lysates seeded onto MRS or LB agar plates for colony forming unit (CFU) 

quantification. Samples from the supernatants were also seeded to test the 

absence of extracellular bacteria after the incubation with antibiotics. (Graphical 

abstract 3). 

 

 

 

Graphical abstract 3. Experimental setup of the antibiotic protection assay 

(intracellular survival). Graph created with Biorender.com 
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To assess the ability of L. plantarum WCFS1 to extrude from phagocytes, 

bacteria were added as previously detailed and those remaining extracellularly 

eliminated by extensive washing and addition of antibiotics. After one or four 

hours, the medium was replaced with antibiotic-free DMEM, and cultures were 

incubated at 37 °C for 24 h. Then, samples from the supernatants and the cell 

lysates were plated for CFU enumeration (Graphical Abstract 4). 

 

 

Graphical abstract 4. Experimental setup for the evaluation of the bacterial ability 

to extrude from immune cells. Graph created with Biorender.com 

 

5.4. In vitro stimulation with commensal bacteria 

The ability of commensal bacteria to induce innate immune memory-like 

responses was assessed by in vitro stimulation assays. BMM were seeded onto 

24-well plates at a density of 2 × 105 cells per well, whereas experiments involving 

human cells (hMon) were performed in 96-well plates using 2 × 104 cells per well. 

After 6 h for BMM and 24 h for hMon, cells were primed with either live L. 

plantarum, heat-killed L. plantarum or left unstimulated for 24 h at 37 ºC. Then, 

an extensive wash was performed, and the cells were rested at 37 ºC (24 h for 

BMM and 24 h or 6 days for hMon). Finally, phagocytes were acutely stimulated 

or re-stimulated with live L. plantarum for 24 h at 37 ºC. In parallel, the intracellular 

survival capacity of L. plantarum during the second stimulation was also 

assessed at different timepoints (1 h, 4 h, 24 h). Graphical abstract 5. 
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Graphical abstract 5. Diagram showing the experimental setup of in vitro 

stimulation assays with L. plantarum using murine bone marrow-derived 

macrophages (BMM) and human monocytes (hMon). Stimulations with live L plantarum 

and heat-killed L. plantarum were performed at an m.o.i. of 1. Graph created with 

Biorender.com 
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5.5. Whole blood infection model 

Human blood samples from healthy donors were incubated with EDTA to prevent 

coagulation, and L. plantarum WCFS1 expressing mCherry was added, as 

previously described 17. After incubation at either 4 °C or 37 °C, samples were 

stained with anti-human CD14-allophycocyanin (APC) for 30 min in ice. After 

washing samples with PBS/1% fetal calf serum, erythrocytes were eliminated 

using ACK buffer, and the presence of fluorescent bacteria inside CD14+ 

monocytes was detected by flow cytometry in a BD FACS Canto II (BD 

Biosciences). The data were analyzed using Flowjo version 10. 

 

5.6. Confocal microscopy 

To assess the binding capacity of differentially B. burgdorferi-stimulated murine 

bone marrow-derived macrophages, 1.5 x 105 BMM were cultured in 16 mm 

cover slips (Marenfeld Superior) within 24-well plates (Cultek). The cells were 

stimulated with B. burgdorferi or left unstimulated for 48 h and washed. The 

macrophages were then incubated with B. burgdorferi Bb914 at a m.o.i. of 25 for 

1 h at 4 ºC, washed and fixed with 4% paraformaldehyde (Sigma Aldrich) for 20 

min. The cells were then permeabilized with 0.3% Triton X-100 (VWR) and 

stained with rhodamine-labelled phalloidin and 4',6-diamidino-2-phenylindole, 

dihydrochloride (DAPI) for 10 min at 37 ºC (Thermo Fisher Scientific). After 

extensive washing with PBS, the cells were mounted using the Prolong Gold 

Antifade mounting reagent (Thermo Fisher Scientific). 

 

To detect whether L. plantarum was contained inside phagolysosomes in 

macrophages, we incubated BMM and mCherry-labelled L. plantarum cells, 

either live or heat-killed, in 24-well plates containing sterile round coverslips. After 

the incubation time (30 min at 4°C, 45 min at 37°C, and 1 h in the presence of 

antibiotics), cells were washed twice with PBS and fixed with 4% PFA for 30 min 

at RT. The wells were washed with PBS and blocked with PBS/0.3% Triton X-

100/1%BSA/0.25 M NaCl for 1 h at RT. The lysosome-associated membrane 

protein 2 (LAMP-2), a marker for phagosomes and phagolysosomes 18, was 

detected with a monoclonal rat anti-mouse LAMP-2 primary antibody (Abcam; 

ab13524) at 4 µg/ml in PBS/0.3% Triton X-100 overnight at 4ºC. Wells were 

washed three times with PBS/0.3% Triton X-100, 10 min each, and incubated 
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with anti-rat Alexa Fluor 488 (Invitrogen; A-11006) at 4 µg/ml in PBS/0.3% Triton 

X-100 for 1 h at RT. The wells were then washed three times with PBS/0.3% 

Triton X-100, 10 min each, including DAPI nuclei staining in the last washing step. 

The coverslips were washed three times with PBS and prepared for confocal 

microscopy using Prolong Gold Antifade reagent. Micrographs were obtained 

employing a Leica TCS SP8 confocal system (Leica Microsystems, Madrid, 

Spain). 

 

5.7. Irf4 gene silencing in RAW264.7 cells and BMM 

Lentiviral particles containing short hairpin RNA (shRNA) targeting Irf4 (Sigma 

Aldrich) were generated using a third-generation lentivirus vector with a 

conditional packaging system 19,20. 3 x 106 HEK293FT cells were seeded in 100 

mm x 20 mm plates and transfected by the dropwise method using CaPO4 and a 

mixture of 5 µg lentiviral plasmids (pRSV-Rev, pMDLg/pRRE and pCMV-VSV-G; 

Addgene) plus 5 µg of the shIrf4 plasmid, preincubated for 30 min in the presence 

of CaCl2 (Sigma-Aldrich) and HBS (25mM HEPES; 140Mm NaCl; 5mM KCl; 0.75 

mM Na2HPO4; 6 mM glucose, pH 7.05). Culture supernatants were harvested 48 

and 72 h post transfection, incubated with Lenti-X concentrator (Takara), and the 

lentiviral particles were concentrated by centrifugation at 1,500 xg for 45 min at 

4 ºC.  Lentiviral pellets were resuspended in DMEM supplemented with 10% FBS 

and 1% penicillin/streptomycin plus 8 µg/ml of protamine sulfate (Sigma Aldrich). 

RAW264.7 cells were infected two consecutive days followed by incubation with 

puromycin at 3 µg/ml (Sigma-Aldrich) to produce stable lines. BMM were infected 

with lentiviral particles at days 3 and 5 of the differentiation process. The controls 

used were cells infected with lentiviral particles containing the empty vector, 

PLKO.1. The level of silencing relative to Gapdh was determined by real-time 

PCR, using the primers shown in Table 1. 

 

5.8. Cytokine ELISA 

Levels of TNF and IL-10 in the murine or human cell supernatants were 

determined by enzyme-linked immunosorbent assay (ELISA) using the Mouse 

TNF ELISA Set II, the Mouse IL-10 ELISA set (BD Biosciences) and the human 

TNF ELISA set (Thermo Fisher Scientific), following the manufacturers’ 
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instructions. IL-6 levels in murine samples were measured using the Mouse IL-6 

ELISA Set (BD Biosciences). 

 

5.9. RNA isolation 

Total RNA was isolated using the NucleoSpin RNA kit (Macherey-Nagel). The 

quantity and quality of the RNAs were assessed using the Qubit RNA Assay Kit 

(Thermo Fisher Scientific) and RNA Nano Chips in a 2100 Bioanalyzer (Agilent 

Technologies), respectively. 

 

5.10. RNAseq transcriptomics 

Libraries were prepared using either the TruSeq RNA Sample Preparation Kit v2, 

the TruSeq mRNA Library Prep (Illumina) or the NuGEN Universal Plus mRNA-

seq kit (NuGEN), following the instructions from the manufacturer. Single-read 

50 nt sequencing of pooled libraries was carried out in HiScanSQ or HiSeq2500 

platforms (Illumina). The quality control of the sequenced samples was performed 

using the FASTQC software (www.bioinformatics.babraham.ac.uk/ 

projects/fastq). Reads were mapped against the mouse (mm10) reference 

genome using Tophat 21 accounting for spliced junctions. The resulting BAM 

alignment files for the samples were then used to generate a table of raw counts 

by Rsubread 22. The raw counts table was the input for the Differential Expression 

(DE) analysis, carried out by DESeq2 23, to identify differentially expressed genes 

among the different conditions. GO enrichment was tested using the 

clusterProfiler bioconductor package 24, the Panther Database 25 and DAVID 

(https://david.ncifcrf.gov) 26,27. Transcriptomics data were also analyzed using 

QIAGEN´s Ingenuity Pathway Analysis (IPA, Qiagen). Motif enrichment analysis 

was performed using the HOMER software 28 for motif discovery, using the 

findMotifs.pl script. Motifs of lengths 8, 10, 12 nucleotides were considered in this 

analysis. 

 

5.11. Omni ATAC-seq 

The nuclei of BMM differentially stimulated with B. burgdorferi were isolated in an 

Iodixanol gradient and the DNA was tagmented by a transposition reaction using 

the tagmentase included in the Nextera DNA Library Prep Kit (Illumina) as 

previously described 29. The transposed DNA was purified using the Qiagen 
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Minielute Kit (Qiagen) and libraries were generated and amplified according to 

the protocol by Buenostro and cols. 30. After amplification, a double-size selection 

using Agencourt AMPure XP beads (Beckman Coulter) was performed. Library 

quality was assessed on an Agilent 2100 Bioanalyzer using the Agilent High 

Sensitivity DNA kit (Agilent Tehcnologies). The libraries were paired-end 

sequenced to 101 nucleotides, in a HiSeq4000 platform (Illumina). Basecalls 

were performed using CASAVA version 1.8.2. Individual FASTQ files for each 

sample were merged prior to the quality control & filtering steps. Quality control 

of the reads was carried out using the FASTQC software. Reads were filtered 

from the adapter sequences and their quality score using trim_galore software. 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_ galore/) and only those 

with at least 20 phred quality score were retained. Reads were mapped to the 

mm10 reference genome using Bowtie2 with the following parameters (-N 1 and 

-X 2000). Resulting BAM aligment files were used as input for peak calling using 

MACS2 with the following parameters (-f BAMPE -g "mm" -p 0.01--shift -100 --

extsize 200 --broad). Resulting peak calls and BAM alignment files were used in 

as input for a Differential Binding Analysis pipeline based on DiffBind 

BioconductoR package (https://bioconductor.org/packages/release/bioc/html/ 

DiffBind.html). 

 

6. METABOLIC PROFILING OF MEMORY BMM AND HMON 

 

The oxygen consumption (OCR) and extracellular acidification rates (ECAR) 

were measured in BMM or hMon differentially stimulated with either B. burgdorferi 

or L. plantarum employing an XF24 extracellular flux analyzer (Agilent).  

 

Unstimulated (4 x 105) and B. burgdorferi-stimulated BMM (2 x 105) were seeded 

per well in Cell-Tak coated plates (BD Biosciences). After an extensive wash, 

cells were stimulated with B. burgdorferi, (Graphical abstract 2). Unstimulated 

and L. plantarum-stimulated cells (5 – 2.5 x 105 per well), were seeded in Cell-

Tak coated plates. After washing, BMM and hMon were rested and stimulated 

with L. plantarum for 24 h (Graphical abstract 5). The measurements were 

normalized to cellular protein amounts.  
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For ECAR determination, the cells were previously plated in XF Seahorse 

medium with 4 mM glutamine and 10 mM pyruvate, while for the mitochondrial 

stress test the cells were plated in medium containing 4 mM glutamine, 10 mM 

pyruvate and 25 mM glucose. After 1 h at 37 °C without CO2, three baseline OCR 

and ECAR measurements were performed. For glycolysis determination, ECAR 

was measured at baseline and after sequentially adding glucose (25 mM), 

Oligomycin (1 µM) and 2- deoxy glucose (2-DG; 50 mM). In parallel experiments, 

OCR was determined at baseline and after sequentially adding oligomycin, 

carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), 

antimycin/rotenone at 1 µM. Lactate production was measured from stimulation 

supernatants using the Lactate Assay (Sigma-Aldrich), L-lactate TRINDER liquid 

(Biochemical Enterprise) and Lactate-Glo™ Assay kits (Promega). 

Luminescence assays were performed in white opaque 96-microwell plates 

(PerkinElmer) by diluting 1/40 the supernatants following the manufacturers’ 

recommendations. Light signal was read in a Veritas Microplate Luminometer 

(Turner BioSystems). 

 

6.1. Determination of metabolic intermediaries of the TCA metabolism 

The levels of glutamine, glutamate, malate, citrate, and succinate were 

determined in BMM differentially stimulated with B. burgdorferi by LC-MS/MS. 

Cellular pellets were homogenized in 500 µl of ice-cold extraction liquid (ice cold 

methanol/water (50/50 %v/v) and 1 µM stable labelled 13CD3-methionine 

(methionine-SL) as internal standard) with a tissue homogenizer (FastPrep) in 

one 30 second cycle at 6,000 rpm. Subsequently, 400 µl of the homogenate were 

shaken at 1,400 rpm for 30 minutes at 4 °C. The samples were then centrifuged 

for 15 min at 13,000 rpm and 4 °C. One hundred µl of the aqueous phase were 

placed at -80 °C for 20 min, followed by evaporation in a Speedvac during 

approximately 3 h. The resulting pellets were resuspended in 100 µl 

water/acetonitrile (MeCN) (40/60 v/v). Samples were measured with a UPLC 

system (Acquity, Waters Inc.) coupled to a Time of Flight mass spectrometer 

(ToF MS, SYNAPT G2, Waters Inc.). A 2.1 x 100 mm, 1.7 µm BEH amide column 

(Waters Inc.), thermostated at 40 °C, was used to separate the analytes before 

entering the MS. Mobile phase solvent A (aqueous phase) consisted of 99.5% 

water, 0.5% FA and 20 mM ammonium formate while solvent B (organic phase) 
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consisted of 29.5% water, 70% MeCN, 0.5% formic acid, and 1 mM ammonium 

formate. In order to obtain a good separation of the analytes the following 

gradient was used: from 5% A to 50% A in 2.4 minutes in curved gradient (#8, as 

defined by Waters), from 50% A to 99.9% A in 0.2 minutes constant at 99.9% A 

for 1.2 minutes, back to 5% A in 0.2 minutes. The flow rate was 0.250 ml/min and 

the injection volume 2 µl. After every 6 injections QC low and QC high sample 

was injected. The MS was operated in positive and negative electrospray 

ionization, depending on analyte, in full scan mode. The cone voltage was 25 V 

and capillary voltage was 250 V. The source temperature was set to 120 °C and 

the capillary temperature to 450 °C. The flow of the cone and desolvation gas 

(both nitrogen) were set to 5 L/h and 600 L/h, respectively. A 2 ng/mL leucine-

enkephalin solution in water/acetonitrile/formic acid (49.9/50/0.1 %v/v/v) was 

infused at 10 µl/min and used for a lock mass which was measured each 36 

seconds for 0.5 seconds. Spectral peaks were automatically corrected for 

deviations in the lock mass. 

 

6.2. ROS measurements 

Reactive oxygen species (ROS) production by L. plantarum-induced memory 

BMM was assessed using MitoSOX Red (Life Technologies). Briefly, after 

stimulation experiments, cells were washed and stained with MitoSOX Red for 

30 min at 37 °C. After extensive washing with warm PBS, cells were trypsinized 

and the fluorescence signal was acquired by flow cytometry in a BD FACS Canto 

II cytometer (BD Biosciences, Madrid, Spain). Graphical abstract 6 
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Graphical abstract 6. Experimental setup for ROS quantification in BMM 

differentially stimulated with L. plantarum. 

 

 

6.3. ROS induction in L. plantarum-induced memory macrophages 

BMM were seeded onto 24-well plates at a density of 2 × 105 cells per well and 

stimulated either with live or heat-kill L. plantarum. After 24 h, the cells were 

extensively washed with warm PBS and bacteria were added in serum- and 

antibiotic-free DMEM. The cultures were synchronized by incubation for 30 min 

at 4 °C followed by their incubation for 45 min at 37 °C to promote phagocytosis. 

Extracellular bacteria were then washed with pre-warmed PBS, and those 

remaining were eliminated through incubation with serum- and antibiotic-

supplemented DMEM. Upon 30 min of antibiotic addition, Phorbol-12-myristate-

13-acetate (PMA) was used at 0.8 μM to increase ROS production in memory 

macrophages for 30 min. Phagocytes were lysed at different timepoints in 

DMEM/0.1% Triton X-100, and lysates seeded onto MRS or LB agar plates for 

colony forming unit (CFU) quantification. Samples from the supernatants were 
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also seeded to test the absence of extracellular bacteria after the incubation with 

antibiotics. 

 

6.4. In vitro glycolysis inhibition of BMM differentially activated with B. 

burgdorferi 

In specific experiments of B. burgdorferi stimulation assays (Graphical abstract 

2), the glucose analogue, 2-deoxyglucose (Sigma Aldrich) was added at different 

time points at a final concentration of 0.5 mM. 

 

7. QUANTIFICATION AND STATISTICAL ANALYSIS 

 

The results are presented as the means ± SE (standard error). Significant 

differences between means were calculated with the Student’s t test. Multiple 

comparisons were analyzed by ANOVA, followed by pairwise comparisons. A p 

value < 0.05 was considered significant. All statistical calculations were 

performed with GraphPad Prism ver. 8. 

 

8. DATA AND SOFTWARE AVAILABILITY 

 

The accession number for RNAseq data from murine B. burgdorferi-infected 

hearts is NCBI GEO: GSE152168. 

The accession number for the proteomic analysis of B. burgdorferi-infected 

mouse hearts is: PXD019605. 

The accession number for the RNAseq data of BMM differentially stimulated with 

B. burgdorferi is NCBI GEO: GSE125503. 

The accession number for the RNAseq data of hMon differentially stimulated with 

L. plantarum is NCBI GEO: GSE159496. 

 

 

 

 

 

 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3. Materials and methods 

 
 

81 
 

BIBLIOGRAPHY 
 

1. Hatle, K. M. et al. MCJ/DnaJC15, an endogenous mitochondrial repressor of the 

respiratory chain that controls metabolic alterations. Mol. Cell. Biol. 33, 2302–

2314 (2013). 

2. Carreras-González, A. et al. A multi-omic analysis reveals the regulatory role of 

CD180 during the response of macrophages to Borrelia burgdorferi. Emerg. 

Microbes Infect. 7, 1–13 (2018). 

3. Dunham-Ems, S. M. et al. Live imaging reveals a biphasic mode of dissemination 

of Borrelia burgdorferi within ticks. J. Clin. Invest. 119, 3652–3665 (2009). 

4. Purser, J. E. & Norris, S. J. Correlation between plasmid content and infectivity in 

Borrelia burgdorferi. Proc. Natl. Acad. Sci. U. S. A. 97, 13865–13870 (2000). 

5. Kleerebezem, M. et al. Complete genome sequence of Lactobacillus plantarum 

WCFS1. Proc. Natl. Acad. Sci. 100, 1990–1995 (2003). 

6. Soto, A. et al. Lactobacilli and Bifidobacteria in human breast milk. J. Pediatr. 

Gastroenterol. Nutr. 59, 78–88 (2014). 

7. Hawley, K. L. et al. CD14 cooperates with complement receptor 3 to mediate 

MyD88-independent phagocytosis of Borrelia burgdorferi. Proc. Natl. Acad. Sci. 

U. S. A. 109, 1228–1232 (2012). 

8. Mourino-Alvarez, L. et al. MALDI-Imaging Mass Spectrometry: A step forward in 

the anatomopathological characterization of stenotic aortic valve tissue. Sci. Rep. 

6, 1–12 (2016). 

9. Iloro, I., Bueno, A., Calvo, J., Urreta, H. & Elortza, F. Langartech: A Custom-Made 

MALDI Matrix Sprayer for MALDI Imaging Mass Spectrometry. J. Lab. Autom. 21, 

260–267 (2016). 

10. Wiśniewski, J. R., Zougman, A., Nagaraj, N. & Mann, M. Universal sample 

preparation method for proteome analysis. Nat. Methods 6, 359–362 (2009). 

11. von Mering, C. et al. STRING: Known and predicted protein-protein associations, 

integrated and transferred across organisms. Nucleic Acids Res. 33, 433–437 

(2005). 

12. Cruz, A. R. et al. Phagocytosis of Borrelia burgdorferi, the Lyme disease 

spirochete, potentiates innate immune activation and induces apoptosis in human 

monocytes. Infect. Immun. 76, 56–70 (2008). 

13. Glickstein, L. J. & Coburn, J. L. Short report: Association of macrophage 

inflammatory response and cell death after in vitro Borrelia burgdorferi infection 

with arthritis resistance. Am. J. Trop. Med. Hyg. 75, 964–967 (2006). 

14. Anguita, J., Carreras-González, A. & Navasa, N. Phagocytosis assays for Borrelia 



Chapter 3. Material and methods 

 

82 
 

burgdorferi. in Methods in Molecular Biology vol. 1690 301–312 (2018). 

15. Gonzalez, A. C. et al. Regulation of macrophage activity by surface receptors 

contained within Borrelia burgdorferi-enriched phagosomal fractions. PLoS 

Pathog. 15, 1–23 (2019). 

16. Aribi, M. Macrophage bactericidal assays. in Methods in Molecular Biology vol. 

1784 135–149 (2018). 

17. Hünniger, K. et al. A virtual infection model quantifies innate effector mechanisms 

and Candida albicans immune escape in human blood. PLoS Comput. Biol. 10, 

e1003479 (2014). 

18. Saftig, P., Beertsen, W. & Eskelinen, E. L. LAMP-2: A control step fot phagosome 

and autophagosome maturation. Autophagy 4, 510–512 (2008). 

19. Dull, T. et al. A Third-generation lentivirus vector with a conditional packaging 

system. J. Virol. 72, 8463–8471 (1998). 

20. Rubinson, D. A. et al. A lentivirus-based system to functionally silence genes in 

primary mammalian cells, stem cells and transgenic mice by RNA interference. 

Nat. Genet. 33, 401–406 (2003). 

21. Trapnell, C., Pachter, L. & Salzberg, S. L. TopHat: discovering splice junctions 

with RNA-Seq. Bioinformatics 25, 1105–1111 (2009). 

22. Liao, Y., Smyth, G. K. & Shi, W. The Subread aligner: fast, accurate and scalable 

read mapping by seed-and-vote. Nucleic Acids Res. 41, e108–e108 (2013). 

23. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and 

dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014). 

24. Yu, G., Wang, L. G., Han, Y. & He, Q. Y. ClusterProfiler: An R package for 

comparing biological themes among gene clusters. Omi. A J. Integr. Biol. 16, 284–

287 (2012). 

25. Thomas, P. D. PANTHER: A library of protein families and subfamilies indexed by 

function. Genome Res. 13, 2129–2141 (2003). 

26. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: 

Paths toward the comprehensive functional analysis of large gene lists. Nucleic 

Acids Res. 37, 1–13 (2009). 

27. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative 

analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 

44–57 (2009). 

28. Heinz, S. et al. Simple Combinations of lineage-determining transcription factors 

prime cis-regulatory elements required for macrophage and B cell identities. Mol. 

Cell 38, 576–589 (2010). 

29. Corces, M. R. et al. An improved ATAC-seq protocol reduces background and 



Chapter 3. Materials and methods 

 
 

83 
 

enables interrogation of frozen tissues. Nat. Methods 14, 959–962 (2017). 

30. Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y. & Greenleaf, W. J. 

Transposition of native chromatin for fast and sensitive epigenomic profiling of 

open chromatin, DNA-binding proteins and nucleosome position. Nat. Methods 

10, 1213–1218 (2013). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 





 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Chapter 4. Tissue-wide consequences in the heart during B. burgdorferi infection 

 

87 
 

CHAPTER 4. Tissue-wide consequences in the 
heart during Borrelia burgdorferi infection 

 

SUMMARIZED STATE OF ART AND OBJECTIVES 
 

Most of the available knowledge on Lyme carditis originates from human case 

reports upon collection of epidemiology facts such as geographic origin, age, sex 

as well as the clinical symptomatology. To date, Lyme carditis research has been 

largely focused on deciphering the immunological processes involved during 

cardiac infection, taking advantage of murine and non-human primate (NHP) 

models 1,2. These investigations have partially unveiled the nature and origin of 

immune cell infiltrates, B. burgdorferi clearance mechanisms, signaling-mediated 

immune cell communication and regulatory elements that could govern the host 

defense. However, the consequences of spirochetal invasion of the heart at the 

molecular and tissue levels as well as the possible compensatory mechanisms 

induced in response remain unaddressed. We explored the implications of the 

invasion of the murine heart by B. burgdorferi employing a series of -omic 

techniques and different mouse models. 

 

RESULTS 
 

We first analyzed by tissue MALDI-Imaging (MALDI-IMS) global proteomic 

changes in the hearts of 3-week infected mice with B. burgdorferi compared to 

uninfected controls. The analysis of the tissues was performed with resolution 

close to 100 µm and could clearly distinguish ventricular and auricular areas, both 

spectrally and through Principal Component Analysis (PCA) (Figure 1A, 1B). We 

then analyzed the auricular regions of infected and control hearts in search of 

molecular markers associated with infection. Tridimensional PCA showed 

differences that depended on the infectious status of the hearts (Figure 1C). We 

detected several peaks with Receiving Operating Characteristic (ROC) curves 

above the threshold of 0.8. For example, a band of 5,311 daltons (Da) appeared 

intense in the healthy tissue, while it almost disappeared in the infected hearts 

(Figure 1D). In contrast, the band of 7,017 Da was of an increased intensity in 
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the infected tissue (Figure 1D). Those corresponding to 11.3, 13.8 and 14 

kilodaltons (kDa) were also of higher intensity in the infected hearts, while 

showing a similar localization pattern (Figure 1E).  

 

In order to identify specific proteins affected by the infectious status of the hearts, 

we analyzed by label-free mass spectrometry extracts obtained from the basal 

region of the tissue. We identified 596 proteins represented by at least 2 peptides, 

of which 198 were differentially expressed (ANOVA, p < 0.05, absolute fold 

induction > 1.25; 155 upregulated, 41 downregulated) in infected tissue (Figure 

2A). Proteins over expressed in the infected hearts contained an 

overrepresentation of elements involved in cardiac muscle contraction and 

contractile fiber part (Table 1). Strikingly, 23 of the 41 downregulated proteins 

were mitochondrial components (Figure 4) and coincided with elements involved 

in metabolic pathways, including fatty acid metabolism (Figure 4). On the other 

hand, 13 of 155 upregulated proteins (ATP5B, ATP5H, ATP5J, DLD, ETFB, FH1, 

GLO1, NDUFA5, NDUFAB1, NDUFB9, NDUFS5 and NDUFV2) corresponded to 

tricarboxylic acid cycle (TCA) and respiratory chain proteins (Table 1). Of these, 

several belong to the NADH dehydrogenase complex and ATP synthase. These 

data suggested a compensatory mechanism for the increased generation of ATP. 

 

To further analyze the cardiac effects resulting from B. burgdorferi infection, we 

analyzed the transcriptional profile of hearts from mice that had been infected for 

7, 21 and 56 days, representing early, acute and resolving infection 3. The 

analysis of Adgre1 (encoding the surface protein, F4/80) and Cd68 expression 

allowed us to monitor macrophage infiltration in the cardiac tissue (Figure 2D). 

The infiltration of macrophages was minimal at day 7 of infection, augmented 

significantly at day 21 and remained at similar levels throughout day 56 (Figure 

2D). A total of 2,632 genes were increased in all time points of infection, with 448 

genes in common at the 3 times analyzed (Figure 2D). Similarly, 3,073 genes 

were found to be downregulated in all time points, with 733 in common (Figure 

2C). Similar Gene Ontology Biological Processes (GO BP) were altered 

regardless of infection time, when upregulated genes were analyzed (Figure 2B, 

top). These functions included multicellular organism development and process, 

system development and anatomical structure morphogenesis (Figure 2B, top). 
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Notably, a sizeable proportion of downregulated genes corresponded to 

mitochondrial, and to a lesser extent, ribosomal proteins (Figure 2B, bottom).  

 

Among these repressed genes, one mitochondrial component, methylation-

controlled J protein (MCJ) encoded by the Dnajc15 gene, could play a relevant 

role in maintaining the energetic metabolism equilibrium during cardiac infection. 

MCJ is a small protein located in the inner mitochondrial membrane, which has 

been described as an endogenous inhibitor of complex I of the electron transfer 

chain (ETC). The lack of MCJ promotes the conformation of respirasomes or 

supercomplexes (SCs) by permitting the association between complexes I, III and 

IV, leading to an augmented mitochondrial membrane potential and hence, 

greater ATP production 4. Moreover, SC arrangement has been postulated as a 

modulator of oxygen reactive species (ROS) production by minimizing the risk of 

releasing electrons. In fact, it has been demonstrated the direct correlation 

between ROS levels and complex I dissociation from SCs 5. 

 

In order to determine whether the absence of MCJ could exert a different 

phenotype during the B. burgdorferi infection, we further assessed the heart 

proteome in MCJ-deficient mice infected with the spirochete compared to 

uninfected animals. From the total of 554 proteins identified, 98 were differentially 

expressed in the infected hearts (ANOVA, p < 0.05, absolute fold induction > 

1.25; 57 upregulated, 41 downregulated). Of note, only 17 proteins were 

differentially represented simultaneously in both murine models infected with B. 

burgdorferi (Figure 3A). Analysis of the 16 elements underrepresented in 

common revealed a decrease in TCA cycle with an impairment in mitochondrial 

function (Tables 2-3), whereas the only protein overrepresented, NKDB, is 

related with mitochondrial components and an increased metabolism (Figure 3B).  

 

Finally, we sought to characterize the metabolic profiling of 3-week infected 

hearts in B6 mice model taking advantage of a novel 31P-NMR-based method. 

The phosphoromic analysis identified a depression in some energetic-related 

metabolites during infection such as erythrose 4-phospate and glucose 1-

phospate as well as a reduction in the main glycolytic product, lactate (Figure 

3D). Furthermore, at the lipidomic level, the choline (CH) metabolism and their 
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derivatives (phosphocholine, glycerophosphocholine, cytidine diphosphocholine 

and triglycerides) were slightly decreased (Figure 3E) whereas cardiolipin was 

augmented in the infected hearts (Figure 3C). 

 

DISCUSSION  
 

The heart is the most energy demanding organ in the human body, with 

mitochondrial oxidative phosphorylation being responsible for nearly all of the 

ATP production in adult mammalian hearts 6. Therefore, abnormalities in 

mitochondrial function and energy supply are known causes of 

cardiomyopathies, arrhythmias, abnormalities of the conduction system, 

ischemia-reperfusion injury, heart failure and ageing among others 7–9. 

Inflammation is known to induce mitochondrial damage by oxidation, nitration or 

nitrosation, leading to energetic supply failures 10. Among the tissues affected 

during infection with B. burgdorferi, the heart is one of the targets of inflammation 

with functional consequences at the conduction level. 

 

Herein, we describe the overall tissue effects on the transcriptional, metabolic, 

lipidomic and proteomic status of mice infected with the spirochete and show that 

mitochondria are a main organelle affected by infection. In addition, we identified 

a reduction in the number of molecules related with glycolysis, the phosphate 

pentose pathway and fatty acid metabolism, that coupled with reduced oxidative 

phosphorylation, suggest a decrease in the global energy-influx towards the 

infected cardiac tissue. This energetic abrogation could explain the deterioration 

of contractile function usually ascribed to Lyme carditis. NKDB, which was the 

unique protein overrepresented in both WT and MCJ-deficient mice during 

infection, acts as cardiac contractility regulator through β-adrenoreceptor-cAMP 

synthesis 11. Thus, NKDB increase could counteract the loss of normal contractile 

function induced during the B. burgdorferi infection. Furthermore, the diminished 

expression of MCJ linked to an augmented amount of cardiolipin during cardiac 

infection might constitute compensatory elements to restore mitochondrial 

activity. Indeed, the lack of MCJ promotes SCs formation while the augmented 

amount of cardiolipin can stabilize structurally the system 12–15. These 
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mitochondrial SCs facilitate transfer of electrons between complexes deriving in 

greater ATP production while limiting ROS formation 4,5. Overall, these data show 

that the infection of the mammalian host with B. burgdorferi results in a 

remarkable depression of energy sources in the heart while they provide 

evidence of compensatory mechanisms to recover homeostasis in this tissue. 
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 FIGURES AND TABLES 
 

Figure 1. MALDI-IMS of cardiac tissue from B. burgdorferi-infected and 

noninfected controls. 

 

Figure 2. Infection with B. burgdorferi results in broad transcriptional and 

proteomic changes in the heart. 

 

Figure 3. Heart colonization by B. burgdorferi diminishes global energy 

production while it elicits putative compensatory mechanisms.  

 

Figure 4. Network analysis of proteins underrepresented in infected hearts 

compared to uninfected controls. 

 

Table 1. Enriched Reactome pathways of proteins overrepresented in B6 

murine hearts infected with B. burgdorferi compared to uninfected 

controls. 

 

Table 2. Cellular components affected by repressed proteins in both, B6 

and MCJ-deficient infected-hearts with B. burgdorferi compared to 

uninfected controls (Gene oncology database). 

 

Table 3. Reactome pathways of proteins commonly repressed in B. 

burgdorferi-infected hearts of B6 and MCJ-deficient mice compared to 

noninfected controls.  
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Figure 1. MALDI-IMS analysis of cardiac tissue from B. burgdorferi-infected 

and noninfected controls. (A) Ventricular (Top) and auricular (Bottom) areas of 

a B. burgdorferi-infected murine heart showing the relative abundance of distinct 

molecular markers. (B) Principal component analysis of the ventricular (green) 

and auricular (red) areas of an infected murine heart. (C) Tridimensional Principal 

Component Analysis (PCA) distinguishing between infected (green dots) and 

uninfected (red dots) auricular areas. (D) Representative ROCs and their 

corresponding auricular distribution (red dots) in B. burgdorferi-infected and 

uninfected (control) murine hearts. The left panels correspond to a marker of 

5,311.92 Da, while the right panels represent a 7,017.2 Da marker. (E) Markers 

differentially distributed in the auricula between infected and noninfected mice 

and their respective ROCs: 11,324.1 Da (Top left), 13,802.1 Da (Top right), 

14.018,9 Da (Bottom).  
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Figure 2. Infection with B. burgdorferi results in broad transcriptional and 

proteomic changes in the heart. (A) Volcano plot representing the number of 

proteins differentially expressed in the hearts of infected mice compared to 

uninfected hearts. (B) Number of genes up- (top) and down-regulated (bottom) 

during the time course of infection involved in different biological processes 

obtained from the GO BP database. (C) Venn diagrams showing the number of 

genes upregulated (left panel) or downregulated (right panel) in 7-, 21- and 56-

day infected mouse hearts compared to uninfected controls. (D) Relative 

expression levels (expressed as Log2 Fold Induction) of the Adgre1 (top panel) 

and Cd68 (bottom panel) genes at days 7 (week 1), 21 (week 3) and 56 (week 8) 

post infection compared to uninfected controls (value = 0). The data were 

generated by the transcriptional analysis of 6-10 mice per group. 
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Figure 3: Heart colonization by B. burgdorferi diminishes global energy 

production while it elicits putative compensatory mechanisms. (A) Venn 

diagram comparing differentially expressed proteins in B. burgdorferi-infected 

hearts of BL6 and MCJ-deficient mice. (B) Protein network analysis showing 

protein interactions with NKDB, the unique protein overrepresented in B. 

burgdorferi-infected B6 and MCJ-deficient hearts. Red and blue dots represent 

different mitochondrial components while green dots are involved in metabolism. 

(C) Cardiolipin levels identified in B. burgdorferi-infected hearts compared to 

uninfected tissue. (D) Energetic metabolites in infected hearts compared to 

uninfected controls measured by 31P-NMR. (E) Lipids detected in B. burgdorferi-

infected and noninfected hearts. Proteomics data were generated from 4 

mice/group while 3 mice per group were employed in the phosphoromic analysis. 

The results are presented as the means ± SE (standard error). Significant 

differences between means were calculated with the Student’s t test. A p value < 

0.05 was considered significant. All statistical calculations were performed with 

GraphPad Prism ver. 8.  
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Figure 4. Network analysis of proteins underrepresented in infected hearts 

compared to uninfected controls. Red dots represent mitochondrial proteins. 

Blue dots represent proteins associated with fatty acid metabolism. Green dots 

represent proteins associated with metabolism, according to Gene Ontology 

Biological Process (GO-BP). 
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CHAPTER 5. Previous exposure to Borrelia 
burgdorferi triggers a deep reprogramming on 

macrophages 
 

SUMMARIZED STATE OF ART AND OBJECTIVES 
 

Since its appearance, the term “Innate immune memory” has been related to the 

differential inflammatory output elicited by some immune cells when they are re-

exposed to diverse pathogenic components (e.g., lipopolysaccharides, chitins) 

1,2. Furthermore, it has been shown that the previous interaction with these 

microbial components drives complex metabolic and epigenetic changes on the 

immune cells, finally dictating their subsequent response 3,4. The impact of this 

previous experience on the ability of monocytes/macrophages to 

internalize/phagocytose microorganisms has been, however, largely 

unaddressed, in spite of the relevance of this process in the elimination of 

pathogens, and the intimate relationship between phagocytosis and the 

inflammatory output of macrophages 5,6. Moreover, the response to live and killed 

microorganisms is vastly different, both quantitatively and qualitatively 7–9. 

Therefore, the phenotypic and regulatory mechanisms of innate immune memory 

cells against pathogens that are able to establish persistent infections are lacking. 

We have recently identified transcriptional traits and signaling pathways 

associated with the short-term (acute) stimulation of monocytes/macrophages 

from both human and murine origin with B. burgdorferi, such as PPAR and the 

Toll-like receptor (TLR) family member, CD180 10. However, macrophages are 

likely exposed to B. burgdorferi during prolonged periods of time. Thus, the 

response of these cells may be differentially modulated over time due to 

transcriptional, epigenetic, or metabolic changes, including the integration of 

primary (to the spirochete) and secondary (to metabolites or inflammatory/anti-

inflammatory) factors. For these reasons, we have analyzed the long-term 

responses of macrophages to the spirochete with an emphasis on the ability to 

control bacterial phagocytosis and the ensuing pro-inflammatory response, as 

well as the regulatory control of these responses. 
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RESULTS 
 

Cardiac inflammation induced by B. burgdorferi is dependent on the interaction 

of the spirochete with macrophages and other cell types, such as invariant NKT 

(iNKT) or T cells 11. The relevance of transcriptional and biochemical 

reprogramming events in macrophages has been recently highlighted 12. 

However, the functional implications of these changes in the macrophage 

response have not been fully addressed, especially in the context of persistent 

infections where macrophages are re-exposed to the pathogen over time. In 

order to understand the functional consequences of the persistent activation of 

macrophages with B. burgdorferi compared to their acute stimulation, we 

stimulated murine bone marrow-derived macrophages (BMM) for 48 h, washed 

them and re-stimulated them with the spirochete for 16 – 20 h (memory 

macrophages, condition BB; Figure 1A). Acutely stimulated macrophages were 

processed in parallel, except with no stimulation the first 48 h (condition UB). 

Unstimulated (condition UU) and stimulated and rested (condition BU) 

macrophages were also analyzed (Figure 1A).  

 

We then compared the acutely stimulated and memory macrophages for their 

capacity to produce pro-inflammatory cytokines and their phagocytic activity 

when stimulated with B. burgdorferi. Memory macrophages produced decreased 

TNF levels in response to the bacterium, compared to acutely stimulated cells 

(Figure 1B). The analysis under the same conditions of purified CD14+ cells and 

monocyte-derived macrophages from peripheral blood of healthy donors 

confirmed that in human monocytes, the previous exposure to live B. burgdorferi 

(condition BB) renders the cells hyporesponsive to the spirochete in a 

subsequent encounter compared to acutely stimulated monocytes (condition UB) 

(Figure 1B). 

 

To identify transcriptional traits specifically induced in naive and previously 

activated macrophages with B. burgdorferi, we analyzed the transcription profiles 

of bone marrow-derived macrophages (BMM) by RNA-seq. We analyzed BMM 

that had been stimulated with the spirochete under the 4 conditions mentioned 

above. Each of the conditions showed distinct transcriptional profiles, as seen in 
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PCA (Figure 2A) and sample distance matrix analysis (Figure 2B). In spite of the 

similarities between the unstimulated and the stimulated and rested conditions 

(Figure 2B), 1,334 genes showed differential regulation when using cut off values 

of 1 for the absolute log2 Fold Change and Padj < 0.05 (693 up and 641 down; 

Figure 3A). 

 

On the other hand, the comparison of acutely stimulated and memory cells to 

unstimulated macrophages revealed similar number of upregulated and 

downregulated genes (Figure 3B). Indeed, among the genes differentially 

expressed under the acute stimulation and memory conditions, a majority (2,154) 

were found to be common (Figure 3C). Ingenuity Pathway Analysis (IPA) showed 

that the genes regulated in memory macrophages were consistent with pathways 

activated by the acute stimulation of BMM with B. burgdorferi 10, including 

interferons, TLRs, NOD and cytokines such as IL-1β (Figure 4A). The 

transcriptional analysis of pro-inflammatory cytokine production (Tnf, Il6 and Il1b) 

confirmed the pattern observed for TNF by ELISA, while the levels of Il10 

transcripts were highly upregulated in memory cells (Figure 4B). However, as 

observed in acutely stimulated cells 10, the IL-10R-dependent signaling pathway 

was significantly repressed in memory macrophages, compared to unstimulated 

controls (Figure 4A). Despite these similarities, a sizeable number of genes 

appeared differentially regulated in acutely stimulated and memory macrophages 

(Figure 3D). In fact, the comparison of both conditions showed that 422 genes 

were upregulated in memory macrophages, while 277 were downregulated 

compared to the acute stimulation of the cells (Figure 3E). 

 

In order to assess whether the memory phenotype had been acquired after the 

first stimulation, we also compared the transcriptional profile of activated and 

rested (condition BU) and memory macrophages (condition BB). Using Generally 

Applicable Gene set Enrichment (GAGE) for pathway analysis 13, we observed 

that the only pathways significantly downregulated in BU macrophages were 

those corresponding to the recognition of infectious agents (Table 1), with no 

differentially upregulated pathways. These data indicated that the difference 

between the BU and the BB conditions arise due to the response to the pathogen 

in the second stimulation. 
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Finally, we further analyzed the capacity of previously activated macrophages to 

both bind and internalize the spirochete compared to unstimulated cells. The 

analysis by flow cytometry revealed an augmented capacity to bind the 

spirochete of macrophages previously activated with B. burgdorferi when 

incubated at 4 ºC (Figure 5A-C). This resulted in increased internalization when 

the cells were further incubated at 37 ºC (Figure 5A) as also observed in human 

monocyte-derived macrophages by confocal microscopy (Figure 5D). We then 

analyzed the expression levels of phagocytic receptors under both conditions in 

our RNAseq data. The surface expression levels of CD11b 14–16 were higher in 

previously stimulated cells, compared to unexposed controls (Figure 6A), which 

could be observed at the gene expression level (Itgam, Figure 6B). We also found 

increased expression levels of genes involved in the binding of B. burgdorferi to 

macrophages 17, including Marco, Cd302 (encoding the receptor CLEC4B1), 

Clec4n, Clec4d and Msr1, while Siglecf (encoding the receptor Siglec5) was 

highly downregulated (Figure 6B). The analysis of Itgam and Marco expression 

in vivo confirmed the increased expression of these receptors in the hearts of the 

infected mice, although with different kinetics (Figure 6C).  

 

In order to analyze the internalization rate of the spirochete independently of the 

binding capacity of the cells, we compared the phagocytic index 17 of 

macrophages previously stimulated with the spirochete and unstimulated cells. 

This analysis revealed similar internalization rates for B. burgdorferi (Figure 6D), 

indicating that the higher internalization observed in macrophages previously 

activated was due to the increased ability of these cells to bind the bacterium 

rather than an augmented capacity to internalize the spirochete once bound to 

the cell. 

 

Altogether, these data show that macrophages exposed to B. burgdorferi 

augment the capacity to bind and subsequently internalize the spirochete, albeit 

with the production of reduced levels of TNF. 
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DISCUSSION 
 

Innate immune memory has been defined as the long-term modulation of 

monocyte/macrophage responses upon an initial encounter with primarily single 

pathogen-associated molecular patterns (PAMPs) or dead bacteria 4,18. These 

responses have been studied exclusively in the context of pro-inflammatory 

cytokine induction 18. Here, we define the long-term consequences of the 

interaction of macrophages with live B. burgdorferi, a spirochete able to establish 

persistent infections in mammals. Because the response of macrophages to live 

and dead spirochetes is both quantitatively and qualitatively distinct 9,19 and 

involves the capacity of these cells to eliminate bacteria 5,20, we provide a new 

perspective on the concept of innate immune memory.  

 

The continuous exposure to B. burgdorferi induces an increased capacity to both, 

bind and subsequently internalize the spirochete, probably due to an augmented 

expression of phagocytic receptors in previously activated cells with the 

spirochete compared to unstimulated macrophages (condition BU versus UU). 

Furthermore, the comparison between BU and BB transcriptional signatures hints 

that the memory phenotype is acquired during the first encounter with B. 

burgdorferi. Indeed, the analysis by flow cytometry of GFP-labeled B. burgdorferi 

after 48 h of incubation indicated the lack of this fluorescent marker (Figure 7), 

suggesting that the spirochetes had been degraded at this time point. In contrast 

to the heightened inflammatory response usually ascribed to a secondary 

stimulation with disparate PAMP 21, we show that continuously exposed 

macrophages with B. burgdorferi diminish the production of pro-inflammatory 

cytokines, even with augmented binding and internalization capacities. This B. 

burgdorferi-induced innate memory response seems to constitute an advantage 

to the host, since it results in the control of the spirochete and a reduced 

inflammatory output. However, B. burgdorferi is still able to persist under these 

conditions probably due to their recognized ability to subvert not only the adaptive 

immune system, but also innate immune responses 22. Overall, our data show 

that a further modulation of ongoing innate immune memory responses can shift 

the balance towards a better control of the spirochete and/or the ensuing 

inflammatory response.
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FIGURES AND TABLES 
 

Figure 1. Previous exposure of macrophages with B. burgdorferi results in 

a reduced inflammatory output in a subsequent encounter with the 

spirochete.  

 

Figure 2. B. burgdorferi induces long-term responses in macrophages 

deriving into differential transcriptional signatures. 

 

Figure 3. Transcriptomic profile of B. burgdorferi-stimulated murine 

macrophages.  

 

Figure 4. Ingenuity pathway analysis (IPA) of upstream regulated pathways 

in murine macrophages differentially stimulated with B. burgdorferi. 

 

Figure 5. Priming of murine and human monocyte-derived macrophages 

with B. burgdorferi triggers increased binding and internalization 

capacities in a successive encounter with the bacteria. 

 

Figure 6. Stimulation with B. burgdorferi results in increased expression of 

phagocytic receptors without modifying the internalization rate of murine 

macrophages. 

 

Figure 7. GFP presence in unstimulated and 48h-stimulated BMM. 

 

Table 1. Generally applicable gene enrichment (GAGE) analysis of 

differentially regulated genes under the activated and rested (BU) and 

memory (BB) conditions.  



Chapter 5. Previous exposure to B. burgdorferi triggers a deep reprogramming on macrophages 

 

118 
 

 

 

 



Chapter 5. Previous exposure to B. burgdorferi triggers a deep reprogramming on macrophages 

119 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Previous exposure of macrophages with B. burgdorferi results in 

a reduced inflammatory output in a subsequent encounter with the 

spirochete. (A) Schematic representation of the working conditions to assess 

long-term effects of the stimulation of murine bone marrow-derived 

macrophages, human monocytes, and human monocyte-derived macrophages 

with B. burgdorferi. The four conditions were defined by the first and secondary 

stimulations, yielding the conditions UU, UB, BU and BB. (B) TNF production by 

murine bone marrow-derived macrophages (BMM), human peripheral monocytes 

(hMon) and human monocyte-derived macrophages (hMac) acutely and re-

stimulated with B. burgdorferi, compared to unstimulated and activated and 

rested cells. The figure represents the results from 10 independent mice and 

human peripheral monocytes from 5 individuals. B. burgdorferi were used at 

multiplicity of infection, m.o.i = 25.  
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Figure 2. B. burgdorferi induces long-term responses in macrophages 

deriving into differential transcriptional signatures. (A) Principal component 

analysis of the transcriptome of unstimulated, acutely stimulated, activated, and 

rested, and re-stimulated macrophages. (B) Sample distance matrix of BMM 

stimulated with B. burgdorferi under the conditions described in Figure 1A. The 

differential expression of genes was set as an absolute value log2 Fold Induction 

of 1 and Padj < 0.05.  
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Figure 3. Transcriptomic profile of B. burgdorferi-stimulated murine 

macrophages. (A) Volcano plot representing the differential expression of genes 

when unstimulated (UU) and stimulated and rested (BU) macrophages are 

compared. The red dots represent genes upregulated (693), whereas the blue 

dots indicate downregulated genes (641). (B) Volcano plots representing genes 

differentially expressed by acutely stimulated (left panel) and re-stimulated (right 

panel) macrophages versus unstimulated cells. (C) Venn diagram showing genes 

that are co- and differentially regulated in naïve (UB) and re-stimulated (BB) 

macrophages versus unstimulated cells. The numbers at the top represent genes 

upregulated, while those at the bottom indicate the number of genes 

downregulated. (D) Venn diagrams including genes co- and differentially 

regulated among UB, BU, and BB macrophages when compared to unstimulated 

(UU) controls. (E) Volcano plot showing the differential expression of genes when 

comparing acute and memory macrophages. The red dots represent genes 

upregulated in memory macrophages (422) and the blue dots indicate genes that 

are downregulated (277). The cut-off values to determine differential expression 

were set as an absolute value of log2 Fold Induction of 1 and Padj < 0.05. 
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Figure 4. Ingenuity pathway analysis (IPA) of upstream regulated pathways 

in murine macrophages differentially stimulated with B. burgdorferi. (A) 

Upstream pathways regulated in acute and memory macrophages compared to 

unstimulated BMM. Processes that showed activation are indicated in orange, 

whereas those that were repressed are presented in blue. The color intensities 

are representative of the calculated Z value for each process by Ingenuity 

Pathway Analysis (IPA). (B) mRNA expression levels of pro- and anti-

inflammatory cytokines in BMM stimulated with the spirochete. The normalized 

reads for each condition are represented. *; p < 0.05.  
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Figure 5. Priming of murine and human monocyte-derived macrophages 

with B. burgdorferi triggers increased binding and internalization 

capacities in a successive encounter with the bacteria. (A) B. burgdorferi 

binding (upper panel) and internalization (lower panel) by naïve (black 

histograms) and memory (red histograms) BMM. The grey histograms represent 

BMM with no spirochetes added. (B) Confocal image showing binding of GFP-B. 

burgdorferi to acute and memory macrophages. The cells were incubated at 4 ºC 

for 2 hours, fixed and stained with phalloidin and DAPI. (C) Increased mean 

fluorescence intensity (MFI) of memory macrophages over acute cells, incubated 

for 2 h at 4 ºC. The data are presented as percentage increase over acutely 

stimulated macrophages. (D) Confocal images showing the internalization of 

GFP-B. burgdorferi by acute and memory human monocyte-derived 

macrophages. The cells were incubated at 37 ºC for 2 h, fixed and stained with 

phalloidin and DAPI.  



Chapter 5. Previous exposure to B. burgdorferi triggers a deep reprogramming on macrophages 

 

128 
 

 

 

 



Chapter 5. Previous exposure to B. burgdorferi triggers a deep reprogramming on macrophages 

129 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Stimulation with B. burgdorferi results in increased expression of 

phagocytic receptors without modifying the internalization rate of murine 

macrophages. (A) Expression of CD11b by unexposed (black histograms) and 

previously experienced (red histograms) macrophages. The figure represents the 

results of 6 independent mice. (B) Heat map representing expression levels of 

genes encoding for macrophage receptors comparing unstimulated and B. 

burgdorferi-exposed BMM. The blue color intensity (right) represents the relative 

level of expression. (C) Log2 Fold induction of the Itgam (encoding CD11b) and 

Marco genes in the hearts of infected mice, determined at 0, 7 (1 week), 21 (3 

weeks) and 56 (8 weeks) days of infection. Groups of 3-6 mice were used for 

each time point. (D) Phagocytic index of acute and memory macrophages, as 

determined by the formula: % GFP cells (test) x MFI (test) - % GFP cells (4 ºC 

control) x MFI (4 ºC control). This figure represents the results from 6 independent 

experiments including groups of 3-5 mice per experiment.  
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Figure 7. GFP presence in unstimulated and 48h-stimulated BMM. BMM 

were incubated with GFP-containing B. burgdorferi for 48 h or left untreated. The 

cells were washed and analyzed by flow cytometry for residual internalized GFP. 

The data presented is representative of 2-3 experiments. 
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CHAPTER 6. Borrelia burgdorferi-induced 
macrophage memory is governed by 
epigenetic and metabolic programs 

 

SUMMARIZED STATE OF ART AND OBJECTIVES 
 

The effector capacity of macrophages in vivo is dynamic and tissue-specific, 

being dictated by the stimuli received from the environment. Indeed, based on 

different signals and receptor-mediated signaling processes, macrophages 

display specific transcriptional and metabolic signatures, finally triggering two 

main responses that have been defined in vitro 1. A bacteria killing-related pro-

inflammatory status, in which macrophages and macrophage-like cells present 

increased glycolysis and pentose phosphate pathway (PPP) to meet their ATP 

requirements, whereas oxidative phosphorylation (OXPHOS) and fatty acid 

oxidation (FAO) are downregulated 2–5. And an anti-inflammatory phenotype 

involved in homeostasis restoration function in which the OXPHOS and FAO are 

enhanced with an undisrupted Krebs cycle 1. In the context of innate immune 

memory, the mechanisms underlaying their development are not completely 

known. However, variations in metabolism (Warburg effect) mediated by the 

AKT/mTOR/HIF axis and epigenetic changes are known to be implicated 6. In 

fact, a coordinated relationship between metabolism and epigenetic programs 

has been documented in phagocytic cells to comply with their bioenergetic and 

biosynthetic demands for key functions such as cytokine secretion 7,8. We sought 

to identify putative master regulators and metabolic adaptations elicited in BMM 

differentially exposed to B. burgdorferi over time. 

 

RESULTS 
 

We performed a comparative transcription factor enrichment analysis of the 

RNAseq data from macrophages acutely stimulated and previously exposed to 

B. burgdorferi (Figure 1) using the HOMER package 9. We identified a set of 3 

transcription factors putatively responsible for the genes that appeared 

upregulated in memory macrophages compared to acutely stimulated cells: SpiB, 
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MAFK and MZF1 (Figure 2A). The analysis of the genes with increased 

expression in memory macrophages, compared to acutely stimulated cells (Table 

1), identified Irf4 as the only gene regulated by all three transcription factors 

(Figure 2B). Irf4 expression was significantly reduced upon the acute exposure 

of macrophages to the spirochete when compared to unstimulated cells, while 

memory macrophages showed increased expression levels when compared to 

both unstimulated and acutely stimulated cells (Figure 2C). The analysis over 

time of Irf4 expression in peripheral blood of B. burgdorferi-infected mice showed 

a slight reduction at the initial phases (week 1 of infection) that increased over 

time, being significantly higher than in non-infected controls at week 8 of infection 

(Figure 2D). We also tested by real-time PCR the level of expression of Irf4 in 3 

week-infected hearts. In this organ, the expression of the gene was significantly 

higher than in non-infected controls (Figure 2E). Indeed, the analysis of the 

transcriptomics of the heart over the time of infection showed increased 

expression of Irf4 a soon as day 7 of infection, being significantly higher as the 

disease progressed (Figure 2F).  

 

An ATAC-seq analysis comparing acutely stimulated and previously experienced 

macrophages with B. burgdorferi (UB and BB conditions, respectively), revealed 

differences in the chromatin accessibility under both conditions (Figure 3A). 

Indeed, an increase in the chromatin opened regions were identified for Irf4 

(Figure 3B, 4A) as well as for the majority of genes regulated by the Irf4-upstream 

regulators SpiB, MAFK and MZF1 in memory macrophages (Figure 3C). 

Furthermore, when we explored the chromatin status of the main inflammatory 

genes downregulated in memory macrophages (Tnf, Il6, Il1b), it appeared 

consistent with the patterns identified in the RNA-seq gene normalized reads 

(Figure 3D, 3E; 4B). 

 

We therefore assessed the role of IRF4 on the response of phagocytic cells to 

the spirochete. First, we generated RAW264.7 cells with stable expression of 

short hairpin RNA for Irf4 (shIrf4). Remarkably, Irf4 silencing did not affect the 

internalization of B. burgdorferi (Figure 5A) but resulted in increased TNF 

production (Figure 5B). Similarly, Irf4 silencing in BMM did not affect 

phagocytosis of B. burgdorferi (Figure 5C) but resulted in significantly increased 
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levels of both TNF and IL-6 (Figure 5D). These data show that phagocytosis and 

the inflammatory output of macrophages can be independently regulated. They 

also demonstrate that IRF4 modulates the inflammatory output of macrophages 

in response to B. burgdorferi. 

 

IRF4 is a transcriptional regulator associated with metabolic changes in 

macrophages 10. Furthermore, IPA identified the HIF1α pathway as upregulated 

in memory macrophages compared to acutely stimulated cells in our RNAseq 

data (Table 2), suggesting that memory development was accompanied by 

metabolic changes. We therefore, analyzed the metabolic status of memory 

macrophages by Seahorse. Memory macrophages showed similar oxygen 

consumption rates (OCR) than acutely stimulated BMM (Figure 6A, 6B), although 

with lower maximal respiratory (MRC) and reserve capacities. In contrast, the 

glycolytic capacity of memory macrophages was significantly higher than in 

acutely stimulated cells (Figure 6C, 6D) and correlated with the presence of 

increased levels of lactate in the memory supernatants (Figure 6E) as well as the 

increased expression of the gene encoding the enzyme lactate dehydrogenase 

in both murine (log2 Fold Induction = 1; Padj = 2.1 x 10-18, between memory and 

acute macrophages) and human cells (Figure 7A). Moreover, the increased 

glycolytic capacity correlated with the augmented expression of several glycolytic 

genes (Figure 7C) and their chromatin accessibility (Figure 3F, 3G), including 

higher expression levels of Pfkfb3, the gene encoding the positive regulator of 

glycolysis, fructose-2,6-bisphosphatase 3 11 in memory macrophages (Figure 

7B). On the other hand, the quantitative analysis by GC-MS of several 

intermediate metabolites of the tricarboxylic acid cycle (TCA) showed highly 

increased levels of glutamine, glutamate, succinate, citrate, and malate in 

memory cells compared to acutely stimulated macrophages (Figure 7D). These 

data confirm previous reports 7,8 and suggested increased glutaminolysis in re-

stimulated macrophages and the conversion of malate to pyruvate to induce 

higher levels of lactate. 

 

Despite being a relatively inefficient energy source compared to other metabolic 

pathways, glycolytic metabolism has been pinpointed as a key energy source in 

macrophage responses against pro-inflammatory stimuli 1,2. Almost fifty years 
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ago, it was described that the blockade of glycolytic influx with the glucose analog 

2-deoxy glucose (2-DG) impairs the Fc signaling-mediated phagocytic function in 

murine peritoneal macrophages 12. Fc-gamma receptor-mediated phagocytosis 

has been described as one of the pathways used by murine macrophages to 

internalize B. burgdorferi 13. Furthermore, glycolytic enzymes such as hexokinase 

(HK) and fructose-2,6-bisphosphatase 3 (PKFKB3), positively regulate the 

glycolytic flux, which in turn, have been linked to NLRP3 inflammasome activation 

and increased viral-engulfment function 14,15. Thus, we further assessed whether 

the inhibition of the glycolytic output of macrophages would affect the phagocytic 

capacity of these cells and/or their inflammatory output. Unstimulated and 48 h-

activated BMM were stimulated with B. burgdorferi in the presence of the glucose 

analogue, 2-DG. In both acute and memory macrophages, the use of 2-DG 

reduced the production of lactate (Figure 8A). The inhibition of glycolysis resulted 

in a significant increased ability of naive macrophages to phagocytose B. 

burgdorferi (Figure 8B), accompanied by decreased levels of TNF (Figure 8 C). 

The inhibition of glycolysis did not, however, affect the phagocytic capacity of 

memory macrophages (Figure 8B) although it resulted in lower production of TNF 

(Figure 8C). 

 

Based on the in vitro results, we also sought to analyze whether the inhibition of 

glycolysis in vivo during infection with B. burgdorferi would affect the levels of 

bacteria in the heart (where macrophage infiltration is most evident) or their 

inflammatory status. We treated the infected animals with the PFKFB3 inhibitor, 

3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3-PO) 16. The mice were treated 

after 2 weeks of infection, at the peak of disease, for a period of 3 weeks. The 

treatment with 3-PO resulted in significantly reduced levels of spirochetes (Figure 

8D), macrophage infiltration (Figure 8E), and Tnf expression (Figure 8F) 

compared to control mice, which could also be assessed at the histological level 

(Figure 8G). The reduction in spirochetal levels was not likely the result of a direct 

effect of 3-PO on spirochetal survival since the growth of B. burgdorferi in the 

presence of 0.1 or 1 µM of the glycolysis inhibitor was not affected after 5 days 

in culture (Figure 8H). These results show that the inhibition of glycolysis in vivo 

during an ongoing infection with B. burgdorferi results in better control of infection, 

lower macrophage infiltration and reduced inflammation in the heart. 
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To identify changes in gene expression at the tissue level as a consequence of 

the treatment with the glycolysis inhibitor, 3-PO, we performed a transcriptomic 

analysis of the hearts of the infected mice treated with the inhibitor and their 

control-treated counterparts. The comparison of both conditions showed 110 

genes upregulated in infected mice treated with 3-PO, while 232 genes were 

significantly reduced (Figure 9A). Genes upregulated by the treatment with 3-PO 

corresponded to those associated with mitochondria (Figure 9B), indicating that 

the treatment had, at least partially, reverted the effect of infection in this 

organelle at the whole tissue level. On the other hand, the genes downregulated 

in the hearts of the 3-PO mice included those associated with immunity and the 

response to stimulus (Figure 9B), as further observed in the analysis of Tnf gene 

expression levels (Figure 8F). 

 

The analysis of Irf4 expression showed a significant reduction in mice treated 

with 3-PO (Figure 9C). These results suggested that the inhibition of glycolysis 

during an ongoing infection with B. burgdorferi results in the reversion of the 

memory-induced Irf4 expression, while affecting the infiltration of macrophages 

and the ensuing inflammatory response. Indeed, the inhibition of glycolysis in 

memory macrophages in vitro resulted in the decreased expression of Irf4 (Figure 

9D) and increased TNF production upon a subsequent stimulation with B. 

burgdorferi (Figure 10A; 10B). Interestingly, the presence of 2-DG during a 

successive encounter with the spirochete in previously inhibited memory 

macrophages dramatically diminished TNF production (Figure 10A; 10B). These 

data suggest that the inhibition of glycolysis results in the reversion of the Irf4-

mediated memory phenotype, leading to increased susceptibility to further 

treatment with the glycolysis inhibitor, including the increased ability to 

phagocytose B. burgdorferi. These results also highlight the relevance of Irf4 

regulation as a marker of memory generation. 
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DISCUSSION 
 

To date, in vitro approaches through LPS and IL4 phenotype-induction have 

revealed different utilization of energy sources to meet the different macrophage 

requirements during inflammatory or anti-inflammatory conditions. In addition, the 

interplay between specific transcriptional and metabolic modules has been 

shown to be determinant to drive the two distinct functional scenarios, which in 

turn, condition epigenetic and feedback-regulated processes 6. Among the 

elements involved in memory cells induced by PAMP stimulation, HIF1α has 

been identified as key element by regulating the increased glycolytic activity in 

memory cells aside from the epigenetic activation of pro-inflammatory cytokines 

such as IL-1β 7. Here we have characterized the transcriptional, metabolic, and 

epigenetic signatures dictating B. burgdorferi-induced memory phenotype.  

 

Taking advantage of transcription factor enrichment analysis, we pinpointed the 

changes associated with the macrophage long-term exposure to the spirochete 

to a single gene, Irf4, that regulates the expression of cytokines such as TNF and 

IL-6. Irf4 is regulated by 3 transcription factors, SpiB, MAFK and MZF1 that 

control the expression of several differentially expressed genes in memory and 

naïve macrophages. Indeed, an altered chromatin status was identified in these 

regulated genes, supporting the profound reprogramming at the epigenetic level 

in B. burgdorferi-induced memory macrophages. IRF4 is a transcriptional 

regulator that has also been involved in the negative control of MyD88-induced 

pro-inflammatory cytokine production, through competition with IRF5 17,18. 

Importantly, those genes directly associated with the interaction between MyD88 

and IRF5, including Tnf, Il6 and Il12b 17, showed reduced transcription levels in 

cells with higher expression of Irf4. Overall, these results suggest that in B. 

burgdorferi-specific memory macrophages, the upregulation of IRF4 may 

interfere with MyD88-IRF5-derived gene expression resulting in an overall 

decrease of pro inflammatory cytokine production. 

 

The long-term responses induced by macrophage exposure to B. burgdorferi 

showed metabolic changes that are partially consistent with innate memory 

responses, including an increased glycolytic output and an increased Hif1α 
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expression compared to unstimulated cells (Hif1α: log2FoldInduction = 2.3; 

Adjusted p value = 8.2E-48) 6. Indeed, increased PFKFB3, HK2 and LDHA gene 

expression has been observed in Lyme borreliosis patients, as well as increased 

levels of serum lactate 19. Therefore, our results support the metabolic switch in 

infected patients and pinpoint these changes to monocyte/macrophages, albeit 

they do not discount metabolic shifts in other immune cells. B. burgdorferi also 

induces increased glutaminolysis in memory macrophages, as well as the 

repression of genes that lead to fatty acid synthesis (Acsl1: log2FoldInduction = -

0.82; Adjusted p value = 1.01E-13; Acss2: log2FoldInduction = -1.58; Adjusted p 

value = 2.01E-22) 8. However, the enhanced pro-inflammatory output associated 

with Hif1α-upregulation does not occur in B. burgdorferi-trained macrophages, 

probably due to IRF4 upregulation, which modulates the inflammatory output in 

a mTOR/HIF1α-independent manner. Furthermore, we also identified an 

increased production of malate, among other components of the tricarboxylic acid 

cycle (TCA), which can be shuttled to its conversion to pyruvate and the 

increased production of lactate by the augmented expression of the enzyme, 

lactate dehydrogenase. Overall, these results confirm the role of coordinated 

metabolic, transcriptional, and epigenetic programs in the modulation of the B. 

burgdorferi-memory phenotype and underscore the plasticity and specificity of 

macrophages depending on the stimulus to which they respond. 

 

Metabolism modulation with the aim to promote specific functions or remove 

undesired cells has been increasingly used in the last decade20. Therefore, we 

assessed the possible impact of glycolysis inhibition on B. burgdorferi-induced 

memory macrophages, which show increased glycolytic capacity. We used 

glycolysis inhibitors that have been tested as anti-cancer treatments in order to 

disrupt the Warburg effect associated with cancer cells, which is characterized 

by an increased glycolytic function and a decreased OXPHOS 20–23.The inhibition 

of glycolysis of B. burgdorferi-stimulated BMM resulted in the reduction of TNF 

production as well as the downregulation of Irf4 gene expression. Indeed, a 

subsequent B. burgdorferi challenge after glycolysis inhibition, resulted in a 

dramatic increase of TNF production, suggesting that the metabolic status of 

these cells affects Irf4 expression. These results also confirm the negative 

regulation of inflammatory cytokine release by Irf4. Interestingly, the presence of 
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glycolysis inhibitors in cells with repressed Irf4 expression after 2-DG treatment 

greatly reduced TNF induction in response to B. burgdorferi. These results at 

least partially mimic the effect that the treatment with 2-DG exerts on acutely 

stimulated cells and strongly suggest a reversion of the memory phenotype by 

the treatment. Remarkably, the inhibition of glycolysis during an ongoing infection 

with B. burgdorferi results in decreased cardiac inflammatory responses despite 

a reduction in Irf4 expression, further suggesting the increased sensitivity to 

metabolic changes of memory-reverted macrophages exposed to the spirochete. 

Furthermore, the transcriptomics analysis of hearts infected with B. burgdorferi 

and treated with 3-PO showed significantly increased expression of genes 

encoding mitochondrial components, whereas those related with immune 

responses were downregulated, thereby suggesting the recovery of cardiac 

mitochondrial function, which is impaired during infection.  Overall, these results 

support the critical role played by the metabolic status of innate immune cells, 

particularly macrophages. They also identify glycolysis as a target for the 

modulation of inflammation in the context of a persistent infection with B. 

burgdorferi. 
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Figure 1. Schematic representation of the working conditions to assess 

long-term effects of the stimulation of murine bone marrow-derived 

macrophages with B. burgdorferi. 

 

Figure 2. Irf4 is a putative regulator of macrophage memory to B. 

burgdorferi.  

 

Figure 3. ATAC-seq analysis of BMM differentially stimulated with B. 

burgdorferi. 

 

Figure 4. Chromatin accessibility to Irf4 and Tnf in memory and acutely 

stimulated macrophages with B. burgdorferi. 

 

Figure 5. B. burgdorferi-induced Irf4 expression modulates the induction of 

pro-inflammatory cytokines in previously experienced macrophages and 

macrophage-like cells. 

 

Figure 6. B. burgdorferi-induced metabolic changes in memory 

macrophages. 
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Figure 7. Transcriptional regulation of B. burgdorferi-induced macrophage 

memory metabolism. 

 

Figure 8. Glycolysis inhibition regulates the response of murine 

macrophages and modulates inflammation during infection. 

 

Figure 9. Inhibition of glycolysis reverts the Irf4-induced memory 

phenotype in murine macrophages and during Lyme borreliosis. 

 

Figure 10. Memory reversion assay in BMM. 

 

Table 1. Genes overexpressed in experienced macrophages (BB) compared 

to those acutely stimulated (UB) with B. burgdorferi that are putatively 

regulated by the transcription factors, SpiB, MAFZK, and MZF1. 

 

Table 2. Upstream pathways regulated in memory macrophages compared 

to acutely stimulated cells. 
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Figure 1. Schematic representation of the working conditions to assess 

long-term effects of the stimulation of murine bone marrow-derived 

macrophages with B. burgdorferi. The four conditions were defined by the first 

and secondary stimulations, yielding the conditions UU, UB, BU and BB. 
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Figure 2. Irf4 is a putative regulator of macrophage memory to B. 

burgdorferi. (A) Motifs associated with the expression of genes specifically 

upregulated in memory macrophages compared to acutely stimulated cells. (B) 

Venn diagram showing the genes that are co- or differentially regulated by the 

transcription factors, SpiB, MAFK and MZF1. The only gene regulated by the 3 

transcription factors is Irf4. (C) Irf4 gene expression in acute, memory and non-

stimulated macrophages determined by real-time PCR relative to Rpl19. The 

results represent four independent mice. *, Student’s t test, p< 0.05. (D) 

Expression levels of Irf4 in peripheral blood of infected mice over time, as 

determined by real-time PCR relative to Rpl19. Groups of 3-6 mice were 

employed for each time point. *, Student’s t test, p< 0.05. (E) Irf4 expression of 

21-day infected hearts versus uninfected controls by real-time PCR relative to 

Rpl19. (F) Log2 Fold induction of Irf4 in infected hearts at different time-points of 

infection. Groups of 3-6 mice were employed for each time point. *, Student’s t 

test, p< 0.05.  
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Figure 3. ATAC-seq analysis of BMM differentially stimulated with B. 

burgdorferi. (A) PCA of the chromatin status of acute (UB, blue dots) and 

memory (BB, red dots) macrophages stimulated with the spirochete. (B) Open 

chromatin peaks assigned to the Irf4 gene in acute (UB) and memory (BB) 

macrophages (C) Open chromatin peaks associated with the genes regulated by 

SpiB, MAFK and MZF1 in acute and memory macrophages. (D) Heatmap graph 

representing the expression levels of pro-inflammatory cytokines genes in 

acutely stimulated and memory macrophages. The white color indicates basal 

gene expression while the blue color scale represents increased expression of 

the genes. Asterisks mark those genes significantly upregulated when they are 

compared to unstimulated control cells. (E) Heatmap depicting the mean 

chromatin peaks intensity of memory macrophages over acute cells. The data 

are shown as percentage decrease over acutely stimulated murine 

macrophages. (F) Heat map showing the expression levels of glycolytic genes in 

acute and memory murine macrophages. The white color represents basal gene 

levels whereas the blue grade intensity denotes a greater expression of genes. 

The asterisks indicate the genes that showed significantly different expression 

levels compared to unstimulated cells (Unst.). (G) Heatmap representation of 

chromatin peaks intensity average of acutely stimulated macrophages over 

memory cells. The data are presented as percentage decrease over memory 

macrophages (BB).  
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Figure 4. Chromatin accessibility to Irf4 and Tnf in memory and acutely 

stimulated macrophages with B. burgdorferi. Graph showing open chromatin 

peaks assigned to the Irf4 (A) and Tnf (B) genes in memory (red) and acute (blue) 

macrophages. Histone marks H3K4ME3 (green) and H3K27C (orange) have 

been related with promoters and active chromatin states respectively 24,25. 

H3K4ME3 (identifier: ENCFF902MXJ) and H3K27AC (identifier: ENCFF188YPV) 

profiles have been obtained from the ENCODE portal 

(https://www.encodeproject.org/) 26.  
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Figure 5. B. burgdorferi-induced Irf4 expression modulates the induction of 

pro-inflammatory cytokines in previously experienced macrophages and 

macrophage-like cells. (A) Phagocytosis by RAW264.7 cells containing shIrf4 

(color histograms) compared to control, pLKO-infected cells (black histogram). 

The grey histogram represents the 4 ºC control. The cells were infected 

separately with two different shRNA sequences: TRCN0000081548 (48, red 

histogram, 52% silencing) and TRCN0000081549 (49; green histogram, 42% 

silencing). (B) TNF induction by B. burgdorferi-stimulation for 16-20 h (Bb) in Irf4-

silenced and control RAW264.7 cells. *, p < 0.05. (C) Phagocytosis by BMM 

infected with lentivirus containing shIrf4 (red histogram) or the control vector, 

pLKO (black histogram). The grey histogram represents a 4 ºC control. The 

average level of silencing of Irf4 was calculated to be at 23 ± 0.05%. (D) TNF and 

IL-6 induction by B. burgdorferi in Irf4-silenced and control BMM. The cells were 

stimulated for 20 hours, followed by the measurement of the cytokines in the 

supernatants by ELISA.  
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Figure 6 B. burgdorferi-induced metabolic changes in memory 

macrophages. Normalized Oxygen consumption rate (OCR, A & B) and 

extracellular acidification rate (ECAR, C & D) of unstimulated (black), acute 

(green) and memory BMM (orange). FCCP: carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone; Rot: rotenone. (E) Lactate production by 

unstimulated (black), acute (green) and memory murine macrophages (orange), 

measured in the cell supernatants. *, p < 0.05.  
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Figure 7. Transcriptional regulation of B. burgdorferi-induced macrophage 

memory metabolism. (A) LDHA expression in acute and memory human 

peripheral blood monocytes, as determined by real-time PCR relative to the gene, 

RPLP0 (B) Pfkfb3 gene expression changes in acute and memory macrophages 

in response to B. burgdorferi stimulation.  (C) Heat map showing the expression 

levels of glycolytic genes in acute and memory murine macrophages. The red 

color represents the upregulation of genes, whereas downregulation is indicated 

in blue. The asterisks indicate the genes that showed significantly different 

expression levels compared to unstimulated (Unst.) cells. Genes in bold 

represent those significantly increased in memory cells compared to acutely 

stimulated macrophages. Bold-underlined genes represent those significantly 

decreased in memory cells compared to acutely stimulated BMM. (D) 

Intermediate metabolites of the TCA cycle in unstimulated (UU, black bars), acute 

(green bars) and memory (orange bars) BMM. *, p < 0.05.  
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Figure 8. Glycolysis inhibition regulates the response of murine 

macrophages and modulates inflammation during infection. (A) Lactate 

production, (B) phagocytosis and (C) TNF induction by B. burgdorferi in acute 

and memory macrophages in the presence or absence of the glycolysis inhibitor, 

2-deoxyglucose (DG). (D) B. burgdorferi burdens in the heart of 3-PO-treated, 

infected mice (purple bar) compared to infected control animals (green bar), as 

determined by DNA real-time PCR using primers specific for recA and relative to 

the house-keeping gene, Rpl19. (E) Macrophage infiltration and (F) Tnf gene 

expression in the heart of 3-PO-treated, infected mice (purple bars), control-

treated infected animals (green bars) and uninfected controls (black bars) 

determined by cDNA real-time PCR relative to Rpl19. 3-PO: 3-(3-pyridinyl)-1-(4-

pyridinyl)-2-propen-1-one. The mice were infected for 2 weeks and then treated 

with the inhibitor for 3 more weeks. The results shown represent 5 mice per 

group. *, p < 0.05. (G) Hematoxylin and eosin staining of representative heart 

sections from mice infected with B. burgdorferi and treated with the glycolysis 

inhibitor, 3-PO. (H) Spirochetes (0.8 x 106 per ml) were grown in the absence or 

presence of 0.1 and 1 µM of 3-PO for 5 days and counted. Control cultures 

contained equivalent amounts of DMSO (0.04 and 0.4%, respectively). 
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Figure 9. Inhibition of glycolysis reverts the Irf4-induced memory 

phenotype in murine macrophages and during Lyme borreliosis. (A) 

Volcano plot representing genes differentially expressed in the hearts of mice 

infected and treated with 3-PO compared to infected controls. The red dots 

represent upregulated genes (110) while the blue dots correspond to 

downregulated genes (232) in 3-PO treated animals determined by the absolute 

value of Log2 Fold Induction (=1) and Padj < 0.05. (B) Bar graphs showing the 

number of genes up- (top) and down-regulated (bottom) in infected animals 

treated with 3-PO compared to infected controls. The legend indicates Gene 

Ontology Biological Processes (GO-BP). (C) Irf4 gene expression in the hearts 

of mice infected and treated with 3-PO starting day 14 of infection (purple bar), 

compared to control-treated infected mice (green bar) and uninfected controls 

(black bar). Gene expression levels were determined by real-time PCR relative 

to Rpl19. Groups of 5 mice were analyzed. *, Student’s t test, p< 0.05. (D) Irf4 

expression by memory macrophages treated with 2-DG (DG) during re-

stimulation (16 h) with B. burgdorferi compared to untreated controls. Results 

were obtained from 3 independent mice. *, Student’s t test, p< 0.05. 
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Figure 10. Memory reversion assay in BMM. (A) Schematic representation of 

the experimental setup. Glycolysis was inhibited during memory induction on the 

second stimulation (discontinuous rectangle). All groups were challenged with an 

additional 3rd stimulus in the presence or absence of the glycolysis inhibitor, 2-

DG. (B) TNF production by control-treated memory macrophages (MEMORY) 

and memory macrophages pre-treated with 2-DG (DG) for 16 h (MEMORY 

REVERTED). Both memory and memory reverted macrophages were stimulated 

with B. burgdorferi for 16 h in the absence or presence of 2-DG. The results 

represent the average ± SE of 4 independent mice.  
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CHAPTER 7. Lactiplantibacillus plantarum-
induced macrophage memory enhances 

bacterial survival 
 

SUMMARIZED STATE OF ART AND OBJECTIVES 
 

Innate immune memory has been proven to be an important regulator not only of 

antimicrobial responses of innate immune cells, but of their roles in inflammatory 

and neurological diseases 1. However, all studies of innate immune memory have 

been performed in pathological or vaccine contexts. Gut microbiota is a constant 

source of antigens and stimuli to which the resident immune system has 

developed tolerance 2. Nevertheless, no information is available regarding the 

role that innate immune memory plays in coping with the continuous exposure of 

innate immune cells to commensal microorganisms (e.g., human microbiota), and 

whether this phenomenon plays a role in immune modulation by commensal 

bacteria 3. Furthermore, the specific mechanisms by which mononuclear 

phagocytes, especially monocytes and macrophages, cope with these usually 

pro-inflammatory signals is poorly understood. Lactobacillus plantarum, recently 

reclassified as Lactiplantibacillus plantarum 4, is a Gram-positive species that has 

been extensively characterized for its adaptive ability to thrive within the human 

gut and the benefits of its immunomodulatory properties for the human host, with 

some L. plantarum strains being widely used as probiotics 5. Therefore, we used 

this species as a model of a beneficial microbe to explore the commensal-

induced memory features in mononuclear phagocytes from diverse origins. 

 

RESULTS 
 

Recent reports have shown that dendritic cells populating the mesenteric lymph 

nodes harbor small amounts of gut bacteria inside, which contribute to the 

modulation of both innate and adaptive responses 6. Given its genomic similarity 

with some intracellular pathogens, such as Listeria monocytogenes 7, we 

hypothesized that L. plantarum might also be able to survive intracellularly and 

that this could be associated with its immunomodulatory effects. To unveil the 
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potential of this species to survive intracellularly in macrophages we used 

antibiotic protection assays (Figure 1A). As controls, we also used the closely 

related species, Lactobacillus casei (recently reclassified as Lacticaseibacillus 

casei) as well as the enteric species, Escherichia coli. First, using a multiplicity of 

infection (m.o.i.) of 10, we observed that all the L. plantarum strains used in this 

study were able to survive inside the macrophage-like cell line, RAW264.7 for 24 

h, with strains of human milk origin showing slightly higher survival rates. In 

contrast, the number of L. casei and E. coli inside these phagocytes was lower 

(Figure 2A). 

 

In order to validate our results, we used two primary cellular models, murine bone 

marrow-derived macrophages (BMM) and human monocyte-derived 

macrophages (hMac). Overall, intracellular survival of L. plantarum strains was 

observed in both cell types, although to a lesser extent than in the RAW264.7 cell 

line (Figure 1A, B Figure 3A, 3B). Similar to our observations using the cell line, 

intracellular survival of L. casei was lower than that of L. plantarum strains, with 

the presence of viable E. coli within the macrophages being dramatically 

decreased from the beginning of the experiment. Similar results were observed 

when an m.o.i. of 1 was used (Figure 2B, 2C). To detect the cellular compartment 

in which L. plantarum persists inside macrophages, we incubated BMM with 

mCherry-labelled bacteria and assessed their colocalization with LAMP-2, a 

phagolysosome marker 8, using confocal microscopy. Notably, while heat-killed 

bacteria were observed surrounded by LAMP-2 positive vesicles, live bacteria did 

not show colocalization with the marker suggesting that they are able to evade 

their localization within these degradative organelles (Figure 3B). 

 

We also performed whole blood ex vivo infection assays and analyzed the 

presence of bacteria. We incubated EDTA-treated human blood from healthy 

donors with L. plantarum WCFS1 modified to constitutively express mCherry and 

evaluated the internalization of the bacteria and its presence over time by flow 

cytometry. L. plantarum was found predominantly associated with CD14+ 

monocytes (Figure 3D). In fact, up to 42.2% of these cells were able to internalize 

and maintain L. plantarum for the duration of the assay. 
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Next, we assessed the ability of L. plantarum to escape from macrophages after 

its internalization. After adding bacteria and promoting phagocytosis for 45 min, 

extracellular bacteria were washed away, and macrophages were cultured either 

for 1 or 4 h in medium supplemented with antibiotics to kill the remaining 

extracellular bacteria (Figure 1B). Then, BMM were washed with warm PBS and 

incubated in antibiotic-free medium for 24 h. Samples from the supernatants and 

cell lysates were plated onto MRS agar plates to assess bacterial viability. 

Notably, high numbers of viable bacteria were found both in the intracellular 

(Figure 2D) and extracellular (Figure 2E) compartments. Overall, L. plantarum 

strains survived better in comparison with L. casei both inside and outside of 

BMM. Therefore, these data show that after colonization of macrophages, L. 

plantarum can escape from the phagocytes to the extracellular medium. 

Together, these data show that L. plantarum can be internalized by murine and 

human monocyte/macrophages, and survive for prolonged periods of time, 

compared to other commensal bacteria. 

 

We further assessed the ability of L. plantarum to induce innate immune memory-

like responses in monocytes/macrophages in vitro (Figure 1C). Pre-stimulation 

of BMM with a m.o.i. of 1 of live L. plantarum (Lp-Lp) enhanced bacterial survival 

in a second encounter in comparison with unstimulated cells (U-Lp), while priming 

with heat-killed bacteria (HkLp-Lp) did not result in a significant increase in 

bacterial survival (Figure 4A). Of note, no bacterial survival was detected in the 

Lp-Lp group before the second stimulation, suggesting that live bacteria from the 

first stimulus had been eliminated. Remarkably, pre-stimulation with live bacteria 

also led to decreased TNF release after the second stimulation, while heat-

inactivated bacteria promoted a more moderate reduction. In turn, cell culture 

supernatants of BMM primed with live bacteria contained increased levels of IL-

10 compared to stimulated naïve cells (Figure 4B). This effect was not restricted 

to the WCSF1 strain as TNF decrease was also observed when using as priming 

agents two different strains isolated from human breastmilk, MP31 (Figure 5A) 

and MP33 (Figure 5B). Notably, induction of memory-like features in BMM after 

L. plantarum exposure was dependent on bacterial dose, showing that a 

minimum of m.o.i. 0.1 used as the first stimulus was necessary to induce a 

significant decrease in TNF release upon a secondary stimulation (Figure 4C). 
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Finally, to determine whether the induction of memory was due to secreted 

factors produced by L. plantarum, we pre-stimulated BMM with sterile MRS 

medium or filtered conditioned medium obtained from an overnight culture of L. 

plantarum WCFS1. No changes in intracellular survival of L. plantarum were 

observed (Figure 5C), suggesting that soluble factors were not responsible for 

the increased survival of the bacterium upon stimulation with live 

microorganisms. 

 

Our results were recapitulated in human CD14+ monocytes (hMon) in vitro using 

both 24 h or 6 days of resting time after the first stimulus, a protocol previously 

used to study induction of long-term responses in these cells 9. While either live 

or heat-killed L. plantarum induced the same changes in bacterial intracellular 

survival and TNF production using a 24 h-resting time (Figure 4D, 4E), live L. 

plantarum induced higher effects when longer resting times were applied (Figure 

4F, 4G). These changes in cytokine release profiles suggested that pre-

stimulation with L. plantarum, particularly in its live form, induced long-term 

changes in both BMM and hMon featuring an anti-inflammatory profile, which 

may be involved in the increased bacterial intracellular survival observed. 

 

We then tested whether priming with other probiotic bacterial species, L. casei, 

could lead to the same immunomodulatory events observed with L. plantarum. 

Of note, priming of BMM with live L. casei enhanced bacterial intracellular survival 

(Figure 5D) and reduced TNF release (Figure 5E) compared to unprimed cells, 

although to a lesser extent than when L. plantarum was used. Moreover, since 

trained cells have shown certain non-specificity in their responses to secondary 

challenges (e.g., BCG stimulation protects from fungal and bacterial infections 1), 

we tested the effect of priming with one probiotic species and use the other one 

as the secondary stimulation. Although trends of intracellular survival rates were 

comparable to those previously observed (Lp-Lp vs. Lc-Lp, Figure 4H; Lc-Lc vs. 

Lp-Lc, Figure 4i), priming with different species than those used for the second 

stimulation did not recapitulate the reduction in TNF levels (Figure 4J, 4K). These 

data show that for these bacteria, long-term effects on phagocytic cells are, at 

least partly, species-specific. 
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DISCUSSION 
 

The discovery of the ability of innate immune cells to develop long-term 

responses, e.g., trained innate immunity or tolerance, challenged the classic 

immunology dogma of innate versus adaptive immunity 10. Importantly, molecular 

mechanisms underlying these long-term responses have been, at least partly, 

elucidated in the last two decades 11–13, increasing the possibility of improving, 

for example, vaccination strategies 14,15. However, these studies have only 

focused on analyzing the response of innate immune cells to pathogenic 

microbes, such as Candida albicans or Mycobacterium tuberculosis, almost 

exclusively using microbe-derived PAMPs or dead microbial cells 16. 

Unfortunately, no attention has been paid to the role of this phenomenon in the 

interaction of the host with the myriads of beneficial microbial species inhabiting 

the human body, even though a huge plasticity of innate immune memory in 

response to diverse stimuli has been previously reported 17. 

 

Modulation of innate immune responses by the gut microbiota occurs by different 

mechanisms 18. These include the presence and physiological activities of 

resident intracellular bacteria in mononuclear phagocytes that are essential for 

inflammation control and homeostasis in the intestine 6. Therefore, we first 

explored the ability of L. plantarum, a bacterial species containing well-

characterized probiotic strains, to survive inside macrophages. Indeed, we 

observed that this species can survive for hours inside both murine and human 

macrophages, and that human CD14+ monocytes are able to carry these 

bacteria. Notably, L. plantarum intracellular survival was more restricted than that 

observed for other bacterial species with a more defined intracellular lifestyle, 

such as the closely-related L. monocytogenes 19,20, suggesting that this species 

has not developed a complete genetic machinery to thrive in the long-term in this 

environment. However, we hypothesized that L. plantarum intracellular survival 

might play a major role in their immunomodulatory properties, and that previous 

encounters with these bacteria may induce long-term responses in innate 

immune cells. 
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Strikingly, pre-stimulation with L. plantarum, especially in its live form, 

significantly enhanced bacterial survival and decreased pro-inflammatory 

responses in BMM after a resting period of 24 h. To test whether these changes 

induced by cell priming had effects in the long-term, we performed in vitro 

experiments using human monocytes as previously reported 9. Notably, we 

observed similar results in human monocytes regarding intracellular survival and 

TNF release, with a more pronounced effect found when cells were left resting 

for 6 days. Although to a lesser extent, we showed that L. casei was able to 

induce similar effects as L. plantarum did, and that induction of this tolerogenic 

type of innate immune memory leads to a certain degree of cross-reactivity. The 

role of gut microbiota in the modulation of intestinal macrophage function is 

critical for gut homeostasis 18,21,22, yet poorly understood. Our data suggest that 

prolonged contact with some members of the gut microbiota, at least L. plantarum 

and L. casei species, induce a long-term anti-inflammatory state in 

monocytes/macrophages that expands the immunomodulatory properties 

already described for these species 23,24. Human monocytes have been routinely 

studied for the development of innate memory. Unlike other tissue-resident 

macrophage populations, which have embryonic origin, intestinal macrophages 

originate primarily from circulating monocytes 25, and their recruitment to the gut 

is partially mediated by microbiota-derived signals 26. This makes blood 

monocytes a good model to analyze the cellular and molecular events during the 

interaction between gut microbiota and phagocytes. 

 

Our results show that the response to live microorganisms differ from those 

observed when killed forms of the same microorganism are used, as exemplified 

for other bacteria such as Salmonella 27 or Borrelia burgdorferi 28. The difference 

is likely linked to either alterations in cell wall composition/structure or the lack of 

microbial physiological activities leading to the production of metabolites, 

proteins, etc. that may activate innate immune cells. Lactobacilli produce a wide 

array of proteins and metabolites, such as short-chain fatty acids 29,30, that are 

secreted to the extracellular medium and might exert immunomodulatory 

properties. 
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Overall, our results contrast with previous reports focused on innate immune 

memory development, either training or tolerance, using pathogen-derived 

PAMPs, such as LPS, β-glucan or BCG 1,31,32. In fact, the major PAMPs that can 

be found in L. plantarum, peptidoglycan, lipoteichoic acid, and flagellin, have 

been previously associated with enhanced memory responses (e.g., trained 

immunity) when only cytokine production (TNF and IL-6) responses where 

considered 17. However, this effect was shown to be dose-dependent and since 

we used whole bacterial cells, integration of different cell signals originating from 

the entire microbe led to a different phenotype. More importantly, our experiments 

comparing memory induction using live or heat-killed bacteria showed a strong 

influence of bacterial viability in most of the aspects analyzed. Therefore, besides 

the relevance of classical PAMPs, our data strongly suggest that other factors 

secreted/produced by live bacteria are critical for innate memory development.  

Priming of BMM with conditioned medium did not, however, induced a memory 

phenotype, suggesting that physiological activities other that secreted factors 

contribute to the development of innate memory in a dose-dependent manner. 
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FIGURES AND TABLES 
 

Figure 1. Experimental setup. 

 

Figure 2. Intracellular/extracellular survival of diverse commensal bacteria 

in murine cell models. 

 

Figure 3. L. plantarum colonize and survive within macrophages from 

different origins. 

 

Figure 4. Priming with L. plantarum enhances bacterial intracellular survival 

and reduces pro-inflammatory cytokine release. 

 

Figure 5. Induction of innate immune memory by different L. plantarum 

strains and L. casei. 



Chapter 7. L. plantarum-induced macrophage memory enhances bacteria survival  

 

188 
 

 

 

 



Chapter 7. L. plantarum-induced macrophage memory enhances bacteria survival  

189 
 

 

 

 

 

 

 

 

Figure 1. Experimental setup. (A) Experimental scheme of the antibiotic 

protection assay used to evaluate bacterial intracellular survival. Bacteria were 

added to monocyte/macrophage cultures, and kept at 4 °C for 30 min. The plates 

were then incubated at 37 °C, 5% CO2 for 45 min, washed to eliminate 

extracellular bacteria and added antibiotics. After 1, 4 or 24 h of antibiotic 

treatment, samples from the supernatant and cell lysates were obtained and 

incubated on agar plates to quantify bacterial numbers (colony forming units; 

CFU). (B) Experimental setup for the evaluation of the bacterial ability to extrude 

from immune cells. One or 4 h after the addition of antibiotics, the cells were 

extensively washed, and further incubated in antibiotic-free medium. After 24 h, 

samples from the supernatants or cell lysates were plated on agar to quantify 

bacteria (CFU). (C) Diagram showing the experimental set up of priming 

experiments using murine bone marrow-derived macrophages (BMM) and 

human monocytes (hMon).  
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Figure 2. Intracellular/extracellular survival of diverse commensal bacteria 

in murine cell models. Intracellular survival of the different bacterial strains was 

evaluated using the murine macrophage cell line RAW264.7 at a multiplicity of 

infection (m.o.i.) of 10 (A) or 1 (B), or BMM at an m.o.i. = 1 (C). Data are shown 

as mean ± SE, n ≥ 4. Bacterial ability to persist intracellularly (D) and reach the 

extracellular medium (E) after being engulfed by immune cells. After short 

incubation times (1 and 4 hours) in antibiotic-containing medium, cells were 

extensively washed and incubated with antibiotic-free medium for 24 h. Samples 

from the supernatant and immune cell lysates were plated to check bacterial 

viability. Data are shown as mean ± SE, n ≥ 3.  
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Figure 3. L. plantarum colonize and survive within macrophages from 

different origins. Bacteria were co-cultured with either mouse bone marrow-

derived macrophages (BMM) (A) or human monocyte-derived macrophages 

(hMac) (B). After incubating bacteria with immune cells, wells were washed, and 

antibiotic-containing medium was added. After 1, 4 or 24 h cells were lysed, and 

suspensions plated to assess bacterial intracellular survival. (C) Distinct 

colocalization of live (left micrograph) and heat-killed, mCherry-expressing L. 

plantarum (right micrograph, red) with the phagolysosome marker, LAMP-2 

(green). The nuclei were stained with DAPI (blue). The orthogonal projection of 

the indicated points (crosshairs) is presented at the bottom and right side of the 

micrographs. (D) Anticoagulated whole blood was incubated with mCherry-

labelled L. plantarum WCFS1 and its association with CD14+ cells was 

determined by flow cytometry. Representative flow cytometry data are shown. 

After short incubation times (1 and 4 hours) in antibiotic-containing medium, cells 

were extensively washed and incubated with antibiotic-free medium for 24 h. 

Samples from the supernatant and immune cell lysates were plated to check 

bacterial viability. Data are shown as mean ± SE, n ≥ 3. **; p < 0.01, ***; p < 

0.001, two-way ANOVA compared to L. plantarum WCFS1.  
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Figure 4. Priming with L. plantarum enhances bacterial intracellular survival 

and reduces pro-inflammatory cytokine release. Priming BMM with L. 

plantarum (m.o.i.=1), especially in its live form, increased bacterial intracellular 

survival over time (A) and reduced the immune cell pro-inflammatory profile (B). 

(C) Decreased TNF release by primed cells depends on the bacterial m.o.i. used. 

Intracellular survival and TNF production profiles showed similar patterns in 

primed hMon after either 24 h (D, E) or 6 day (F, G) resting time. Priming with 

either L. plantarum or L. casei improves bacterial survival (H, I) but does not 

reduce TNF release (J, K) if the other species is used for the second stimulation. 

Data are shown as mean ± SE, n ≥ 3. *; p < 0.05, **; p < 0.01, ***; p < 0.001, two-

way (A, D, F, H, J) or one-way (B, C, E, G, I, K) ANOVA.  
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Figure 5. Induction of innate immune memory by different L. plantarum 

strains and L. casei. TNF induction by the L. plantarum strains MP31 (A) and 

MP33 (B) in BMM. The cells were either pre-stimulated with the bacteria (Lp 

MP31-Lp MP31; Lp MP33-Lp MP33) or left unstimulated during the priming 

process (U-Lp MP31; U-Lp MP33). (C) Intracellular survival of L. plantarum in 

BMM primed with MRS medium (MRS-Lp), conditioned medium from an 

overnight culture of L. plantarum (MRS+Lp-Lp), L. plantarum (Lp-Lp) or left 

unstimulated (U-Lp). (D) Intracellular survival of L. casei in BMM previously 

stimulated with the bacteria (Lc-Lc) or left unstimulated during the priming 

process (U-Lp). (E) TNF quantification in the stimulation supernatants of pre-

stimulated and non pre-stimulated BMM with L. casei. The data are presented as 

means ± SE, n ≥ 3. *; p < 0.05, ***; p < 0.001, two-way ANOVA (C) and Student´s 

t test (A, B, D).
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CHAPTER 8. Lactiplantibacillus plantarum-
imprinted macrophage memory relies on 
transcriptional and metabolic programs 

 

SUMMARIZED STATE OF ART AND OBJECTIVES 
 

Mononuclear phagocytes are specialized immune cells displaying specific 

responses based on environmental cues. Accumulated evidence has highlighted 

the role of transcriptional and metabolic programs in macrophage responses 1–4. 

In fact, the strictly regulated interplay between the macrophage gene expression 

and their metabolic profiles in vitro derives into two main effector states, pro-

inflammatory and anti-inflammatory 5. The innate immune memory phenotype 

has also been linked to specific epigenetic and metabolic signatures, which 

modulate the long-lasting reprogramming in phagocytes 6–8. Indeed, on chapters 

5 and 6 we have contributed to the field by identifying specific B. burgdorferi-

induced transcriptional and metabolic signatures in memory macrophages, as 

well as an effective treatment targeting the metabolism to ameliorate the clinical 

outcome of Lyme carditis in a mouse model. Thus, we assessed the 

transcriptomic and metabolic profiles of L. plantarum-induced memory 

phagocytic cells employing both human monocytes (hMon) and murine bone 

marrow-derived macrophages (BMM). 

 

RESULTS 
 

To delve into the mechanisms inducing long-term phagocytic responses to L. 

plantarum, we studied the transcriptional profiles of human monocytes by RNA-

seq in the following three experimental conditions: U-Lp, Lp-Lp and HkLp-Lp 

(Figure 1A). The three conditions showed distinct transcriptional profiles, as 

shown by principal component analysis (PCA) (Figure 2A) and clustering of the 

most regulated genes (Figure 2B). Overall, we found 1,030 differentially 

expressed genes (using cut off values of 1 for the absolute log2 Fold Change and 

Padj < 0.05) between unprimed and live bacteria-primed monocytes (U-Lp v. Lp-

Lp, 514 up and 516 down; Figure 2C), and 326 when unprimed controls were 
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compared with cells pre-stimulated with heat-killed bacteria (U-Lp vs. HkLp-Lp, 

93 up and 233 down; Figure 2D), showing that pre-exposure to live L. plantarum 

cells induced a greater impact on monocytes in the long-term. 

 

Pathway analysis using PantherDB 9,10 (Table 1) showed a significant enrichment 

of several cytokine and chemokine pathways among the downregulated genes in 

monocytes primed either with live or heat-killed bacteria. Among others, genes 

as IL1A, IL1B, IL6 or CCL20 were found downregulated in both conditions 

compared to unstimulated cells (Figure 3A, 3B). In addition, pathway analysis 

showed downregulated functions related to organism killing and production of 

reactive oxygen and nitrogen species (Table 1). In this regard, several genes 

coding for antimicrobial peptides/proteins, such as calprotectin (S100A8 and 

S100A9) and calgranulin (S100A12), were found downregulated only in the Lp-

Lp group (Figure 3A, 3B), which may be linked to the increased bacterial 

intracellular survival observed in these cells (Chapter 7). Notably, TNF and other 

six members of this cytokine signaling pathway were observed downregulated 

only in Lp-Lp monocytes, in addition to the four found in monocytes primed either 

with live or heat-killed bacteria (Figure 3C), which confirmed the profiles of TNF 

release previously detected by ELISA. Moreover, we found changes in the 

expression of KAT2A (upregulated in both Lp-Lp and HkLp-Lp) and HDAC9 

(downregulated in Lp-Lp), both of which are related to histone modifications and 

activation of transcription and might be involved in epigenetic modifications 

associated with innate immune memory. 

 

Next, we carried out a comparative transcription factor enrichment analysis of the 

differentially expressed genes in Lp-Lp and HkLp-Lp using the HOMER 

package11. For upregulated genes, only the p53 motif was found as regulator of 

1.46% of genes in the Lp-Lp condition, while no significant results were found for 

the HkLp-Lp gene set (Figure 3D). On the other hand, motifs associated with 

NFκB-p65 contributed to the highest percentage of downregulated genes in both 

live (Lp-Lp condition) and heat-killed (HkLp-Lp condition) bacteria-primed cells, 

with minor contributions from interferon-regulated transcription factors (IRF2, 

ISRE) and CBEP under live bacteria priming conditions (Figure 3D). 
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Analysis of monocyte transcriptomic profiles also allowed us to identify the impact 

of priming in several metabolic pathways of monocytes in comparison with cells 

acutely exposed to L. plantarum, especially in those monocytes pre-stimulated 

with live bacteria (Figure 4A). Although we did not find great changes in the 

expression levels within members of central metabolic pathways, we observed 

that some adjacent metabolic pathways were enriched in our functional study. 

Indeed, our data showed the upregulation of folic acid metabolism, amino acid 

and carboxylic acid biosynthesis, and monocarboxylic acid catabolism, and the 

downregulation of hyaluronan biosynthesis, negative regulation of lipid storage, 

and glycerol transport (Table 1). Specifically, we observed the upregulation of 

three pyruvate dehydrogenase kinases genes (PDK2, PDK3, PDK4) in cells 

primed with live bacteria, as well as a decreased expression of ACO1 and 

ACOD1, coding for aconitase and aconitate decarboxylase, suggesting a 

reduction in the integrity of the tricarboxylic acid (TCA) cycle and the itaconate 

pathway. We also found the differential regulation of several genes coding for 

metabolite transporters (Figure 3A), including those for glucose (SLC2A1), other 

hexoses and monocarboxylic compounds (SLC2A6, SLC45A3, SLC16A5), and 

amino acids (SLC1A2, SLC16A10), which possibly contribute to changes in 

cellular metabolism. 

 

To assess whether these alterations in the transcriptional landscape had 

physiological consequences in primed cells, we analyzed the metabolic profiles 

of human monocytes by measuring their oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) using the Seahorse extracellular flux 

analyzer. First, following the same experimental rationale previously used with 

the 6-day resting time (Figure 1A), we observed decreased levels in both OCR 

(Figure 4B) and ECAR (Figure 4C) in human monocytes pre-stimulated with 

either live or heat-killed L. plantarum compared to unprimed cells, with the 

metabolic alterations in the group Lp-Lp being slightly higher. Consequently, the 

phenogram comparing basal OCR and ECAR clearly showed the metabolic shift 

induced by monocyte priming with L. plantarum. While acutely stimulated cells 

showed high metabolic levels, memory monocytes exhibited a metabolic profile 

similar to that observed in resting cells (Figure 4D). Of note, these results were 

recapitulated in BMM, which showed decreased OCR (Figure 5A), ECAR (Figure 
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5B) and a clear separation between the three experimental groups in the 

phenogram, especially for Lp-Lp (Figure 5C). In accordance with a decrease in 

the glycolytic activity, we did not detect any significant change in lactate 

production between experimental groups in either human monocytes (Figure 5D) 

or BMM (Figure 5E). 

 

Reduction in mitochondrial respiration after induction of innate memory in 

monocytes/macrophages led us to hypothesize that priming cells with L. 

plantarum might be modulating reactive oxygen species (ROS) production, since 

the mitochondrial electron transport chain is one of the main sources of these 

antimicrobial molecules in macrophages 12. In fact, both reactive oxygen (fold 

enrichment 4.04) and nitrogen species (fold enrichment 5.8) production pathways 

were found to be enriched in the PantherDB analysis of the downregulated set of 

genes in the Lp-Lp condition (Table 1). Thus, we used the mitochondrial 

superoxide staining MitoSOX to measure the oxidative stress in primed 

compared to acutely stimulated cells using BMM as a model. Remarkably, ROS 

production was significantly reduced in memory macrophages, either pre-

stimulated with live or heat-killed bacteria (Figure 6A). To further analyze the role 

of ROS in the observed increase in intracellular survival induced by cell priming, 

we triggered ROS production in BMM previously exposed to live L. plantarum 

during the second bacterial encounter by using phorbol-12-myristate-13-acetate 

(PMA). Increased production of ROS in PMA-treated cells (Figure 6B) correlated 

with a reduction in bacterial intracellular survival of ~30% at 1 h and ~40% at 4 h 

(Figure 6C), evidencing the remarkable role of the decreased oxidative burst 

occurring in primed macrophages for L. plantarum persistence. 

 

Overall, these results show that priming with L. plantarum, especially with live 

bacteria, leads to a metabolic reprogramming that results in decreased ROS 

production and the enhanced intracellular survival of bacteria in memory cells. 
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DISCUSSION 
 

Cellular metabolism is intimately linked to the regulation of immune responses, 

with metabolic rewiring being described in both acutely stimulated 13, and innate 

memory cells 14. Furthermore, transcriptional, and epigenetic programs co-

orchestrate the reprogramming of immune cells, both in macrophage activation 

and during memory phenotype generation 5,7,8. Transcriptomic analyses of 

primed human monocytes further confirmed the prominent decrease in the 

expression of pro-inflammatory mediators and effectors previously shown in 

Chapter 7, including an array of cytokines, chemokines, and antimicrobial 

peptides. Moreover, we observed a differential regulation of genes and pathways 

involved in metabolism, especially in the transport and use of carbohydrates, 

amino acids, and fatty acids, which could be linked to the decreased metabolic 

rates and ROS production observed in primed cells. Notably, priming with live 

bacteria increased the expression of pyruvate dehydrogenase kinases genes 

PDK2, PDK3, PDK4. These proteins are involved in cellular metabolism 

regulation through the inactivation of components of pyruvate dehydrogenase, 

the enzyme complex converting pyruvate to acetyl-CoA, leading to decreased 

glucose and lipid metabolism, and aerobic respiration 15. In addition, ACO1 and 

ACOD1, coding for aconitase and aconitate decarboxylase, were found 

downregulated. Itaconate, a metabolite with anti-microbial and 

immunomodulatory properties 16, has been associated with the modulation of β-

glucan-induced trained immunity, and ACOD1 expression showed decreased 

levels in memory monocytes compared to acutely stimulated cells 17. Thus, the 

observed differential gene expression suggests a reduction in the integrity of the 

tricarboxylic acid (TCA) cycle and the itaconate pathway that might be relevant 

for the L. plantarum-induced long-term memory phenotype in monocytes. 

 

Further physiological studies confirmed the metabolic alterations in L. plantarum-

primed cells identified by transcriptomic analyses, with primed phagocytes 

showing a drop in glycolytic and respiratory rates and shifting to a “resting-like” 

phenotype. These data strongly contrast with previous reports using pathogen 

cells or PAMPs. Monocyte/macrophages acutely stimulated with LPS 13, or 

primed for long-term experiments with LPS 18, β-glucan 6, or BCG 7, exhibit 
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increased glycolytic rates, with oxygen consumption being more variable 

between conditions. Also, we found that decreased mitochondrial respiration was 

coupled with a reduced ROS production in cells primed with L. plantarum after 

receiving a second stimulation. Lower ROS production has been also reported in 

β-glucan-trained monocytes, which also exhibit reduced OCR 6, but contrasts 

with the phenotypes observed in cells primed with BCG or oxidized LDL 19. Of 

note, rescuing the oxidative burst using PMA reduced bacterial survival, 

suggesting a link between the immunometabolic changes observed in L. 

plantarum-induced memory cells and their tolerogenic anti-inflammatory 

phenotype.  

 

Taken together, our results show the capacity of commensal and probiotic 

species, such as L. plantarum, to survive intracellularly in a, in principle, hostile 

environment. These data also establish the ability of symbiotic bacteria to induce 

long-term memory responses in innate immune cells through mechanisms that 

involve the metabolic rewiring of phagocytic cells and the decreased induction of 

deleterious antibacterial compounds, such as ROS. Thus, our observations 

suggest that L. plantarum-mediated induction of innate immune memory may 

contribute to inflammation control and to the expansion of these bacteria into 

alternative ecological niches such as the immune cell intracellular compartment. 

Further studies should delineate the in vivo effects of innate immune memory 

induction by symbiotic microorganisms and the contribution of these interactions 

on gut homeostasis. 
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FIGURES AND TABLES 
 

Figure 1. Experimental setup. 

 

Figure 2. Broad transcriptional remodeling is induced in human monocytes 

after L. plantarum priming. 

 

Figure 3. Transcriptional signature induced in L. plantarum-primed human 

monocytes (hMon) is characterized by reduced expression of inflammatory 

factors. 

 

Figure 4. L. plantarum priming promotes metabolic rewiring in human 

monocytes (hMon). 

 

Figure 5. L. plantarum priming induces changes in the metabolic profile of 

murine macrophages (BMM). 

 

Figure 6. Enhanced L. plantarum survival in primed murine bone marrow-

derived macrophages (BMM) is dictated by a decreased oxidative burst. 

 

Table 1. Enriched PantherDB pathways of genes differentially expressed in 

primed monocytes (Lp-Lp or HkLp-Lp) compared to unprimed controls (U-

Lp).
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Figure 1. Experimental setup. Diagram showing the experimental set up of 

priming experiments using murine bone marrow-derived macrophages (BMM) 

and human monocytes (hMon).  
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Figure 2. Broad transcriptional remodeling is induced in human monocytes 

after L. plantarum priming. (A) Principal Component Analysis of human 

monocytes (hMon) unprimed (U-Lp) or primed with either live (Lp-Lp) or heat-

killed (HkLp-Lp) L. plantarum. Heat-map (B) and volcano plots (C, D) showing 

differentially regulated genes. Blue dots represent upregulated genes, whereas 

red dots indicate downregulated genes. The differential expression of genes was 

set at an absolute log2 Fold Induction value of 1 and Padj < 0.05. 
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Figure 3. Transcriptional signature induced in L. plantarum-primed human 

monocytes (hMon) is characterized by a reduced expression of 

inflammatory factors. (A) Venn diagrams depicting up- or down-regulated 

genes shared between Lp-Lp and HkLp-Lp compared to U-Lp. Heat-maps of 

selected differentially expressed genes involved in immune responses (B) and 

belonging to the TNF signaling pathway (C). (D) Comparative transcription factor 

enrichment analysis of differentially expressed genes using the HOMER 

package. The differential expression of genes was set at an absolute log2 Fold 

Induction value of 1 and Padj < 0.05.  
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Figure 4. L. plantarum priming promotes a metabolic rewiring in human 

monocytes (hMon). (A) Heat-map depicting selected differentially expressed 

genes with functions related to cellular metabolism. Seahorse extracellular flux 

analyzer was used to determine OCR (B) and ECAR (C) profiles of human 

monocytes (hMon). Data are shown for a representative experiment out of two 

independently performed. (D) Phenogram showing OCR/ECAR ratio of unprimed 

hMon, and cells primed with either live (Lp-Lp) or heat-killed (HkLp-Lp) L. 

plantarum.  
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Figure 5. L. plantarum priming induces changes in the metabolic profile of 

murine macrophages (BMM). Oxygen consumption rate (OCR; A) and 

extracellular acidification rate (ECAR; B) of BMM prestimulated with either live 

(Lp-Lp) or heat-killed (HKLp-Lp) L. plantarum WCSF1 and restimulated with live 

bacteria, compared to unprimed controls (U-Lp). Data are shown for a 

representative experiment out of two independently performed. (C) Phenogram 

showing OCR/ECAR ratios of the three experimental groups. Lactate 

concentration in the supernatants of unprimed or pre-stimulated human 

monocytes (D) and BMM (E). The data represent the average ± SE., n ≥ 5. 
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Figure 6. Enhanced L. plantarum survival in primed murine bone marrow-

derived macrophages (BMM) is dictated by a decreased oxidative burst. 

(A) ROS production after the second bacterial encounter. Phorbol-12-myristate-

13-acetate (PMA) was used to increase ROS production in BMM (B), which 

induced a decrease in L. plantarum intracellular survival in memory macrophages 

(C). Data are shown as mean ± SE., n ≥ 3. *; p < 0.05, **; p < 0.01, ***; p < 0.001, 

One-way ANOVA (A) and Student’s t test (B, C). 
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CHAPTER 9. DISCUSSION 
 

Innate and adaptive immune systems have been classically delineated based on 

their mechanistic properties, such as the specificity, the response speed, and the 

capacity to mount memory. The innate immune system, which is present in all 

multicellular life forms, is known for providing nonspecific and fast responses that 

in higher vertebrates act as a bridge between the first sensing of an external entity 

and the activation of the adaptive cellular compartments. The response elicited 

by adaptive or acquired immunity is highly specific and involves antibody- and 

cell-mediated events that finally lead to the generation of long-lasting 

immunological memory. However, this functional dichotomy between both 

immunity branches has given rise controversy. Indeed, in invertebrates, in which 

their unique defense relies on innate immune cells 1, a primary insult results in a 

certain level of protection against future re-infections with non-related pathogens 

2–5. Furthermore, in the last decade several studies have demonstrated the ability 

of different innate immune cell types of mammals, monocytes/macrophages 

among them, to generate long-term responses that have been termed as innate 

immune memory 6. These responses, which are conditioned by a previous 

contact with an infectious agent or microbial components, lead to an enhanced 

(trained innate immunity) or decreased (tolerance) production of cytokines upon 

a secondary stimulation with a, usually different, microbial component 7,8. The 

processes governing the development of innate immune memory are not 

completely known, although there is a direct link between transcriptional, 

metabolic, and epigenetic programs and the cytokine-mediated responses upon 

a secondary insult 9–12. To date, the study of innate immune memory has been 

mainly focused on analyzing the response of innate immune cells to several 

pathogenic microbe-derived PAMP combinations with the aim of improving 

vaccination strategies 13,14. Consequently, the impact of the previous activation 

of monocytes/macrophages on their ability to internalize/phagocytose 

microorganisms in a subsequent encounter remains unaddressed. Besides, the 

use of PAMPs as response-inducers do not fully represent the signaling and 

functional events activated by a live microorganism. In fact, it is known that the 

response of monocytes/macrophages to live or killed microorganisms is vastly 

different, both quantitatively and qualitatively 15–17. As a result, there is still a need 
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to address the role of innate immune memory during an infection with a persistent 

pathogen or to cope with the continued exposure to commensal microbes from 

microbiota.  

 

Based on the previous knowledge, we hypothesized that innate immune memory 

elicited by live microorganisms is governed by a complex network of signaling 

events that differentially affect their functional programs. As a corollary, we 

surmised that innate immune memory against live bacteria is diverse, 

microorganism specific and more complex than that derived from the stimulation 

with single PAMPs or vaccine formulations. Therefore, our main goal during this 

thesis has been to characterize the memory phenotype of monocytes and 

macrophages stimulated with live bacteria by assessing a wide range of 

functional activities along with the transcriptional, metabolic, and epigenetic 

profiles triggered. With this purpose we have used B. burgdorferi to characterize 

the innate immune memory against a microorganism able to establish persistent 

infections in mammals. For comparison, we have analyzed the long-term 

responses to Lactiplantibacillus plantarum, a model of bacterium that cohabitates 

in equilibrium within the human gut. 

 

In contrast to the enhanced secondary response described when different 

combinations of PAMPs are used 12,18,19, the previous exposure of monocytes 

and macrophages to a live microorganism resulted in reduced TNF production in 

a subsequent exposition, independently of the bacterium model employed. 

Besides, the previous activation of mononuclear phagocytes with B. burgdorferi 

or L. plantarum, revealed significant changes in the functional activities of primed 

cells during a second encounter with these bacteria. BMM, hMon and hMac 

previously activated with B. burgdorferi showed an augmented capacity to bind 

and internalize the spirochete, albeit with a diminished TNF production. In the 

case of L. plantarum, an initial exposure of hMon and BMM to the bacteria led to 

an augmented intracellular survival during a posterior encounter, whereas TNF 

release was reduced. Altogether, these data suggest that the continuous 

exposure of monocytes and macrophages to a live microorganism enhances the 

functional activities of phagocytes despite rendering these cells hyperresponsive 

in terms of the inflammatory output. An intimate relationship between 
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phagocytosis and the inflammatory output of macrophages during the elimination 

of pathogens has been described 20,21. Thus, the effective clearance of B. 

burgdorferi despite the reduced inflammatory production seems to constitute an 

advantage for the host by reducing the symptomatology derived from 

inflammation while the infection is controlled. The same conclusion can be 

inferred for L. plantarum. Gut microbiota modulates innate immune responses by 

different mechanisms 22, including the presence of resident intracellular bacteria 

in mononuclear phagocytes that finally shapes intestinal homeostasis by 

controlling inflammation 23. We observed that L. plantarum can survive for hours 

inside both murine and human macrophages, although to a lesser extent than 

other species with a more defined intracellular lifestyle such as Listeria 

monocytogenes 24,25. This suggests that this species has not developed a 

complete genetic machinery to thrive in the long term in this environment. 

However, the pre-stimulation with L. plantarum significantly increased bacterial 

survival inside of BMM despite a decrease in the release of pro-inflammatory 

cytokines. Therefore, innate immune memory in the context of the commensal 

bacteria L. plantarum, could play a role in maintaining gut homeostasis by 

permitting the proliferation of beneficial bacteria while inflammation is dampened 

in the tissue. 

 

The previous experience of mononuclear phagocytes with live microorganisms, 

either B. burgdorferi or L. plantarum, also unveiled an impact in the transcriptional 

programs of these cells. Indeed, in both models a sizeable number of genes were 

differentially regulated when unprimed phagocytes were compared to cells 

previously activated with live bacteria. Remarkably, human monocytes pre-

activated with heat-killed L. plantarum induced less changes in the transcriptome 

compared to the cells primed with the live microorganism. This confirms that the 

response against live microorganisms is much more complex than that elicited 

by dead bacteria or microbial components even in the long-term, probably due to 

the differential signaling events triggered 20,21. Human monocytes re-stimulated 

with live L. plantarum showed a downregulation of genes encoding for 

inflammatory cytokines such as TNF and other six members of the TNF signaling 

pathway, thereby confirming the profiles of TNF release determined by ELISA. 

Besides, several genes coding for antimicrobial peptides/proteins were found 
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downregulated in hMon previously exposed to live L. plantarum. In fact, the main 

processes identified as repressed were those related with organism killing and 

production of reactive oxygen species. Consistently with previous reports, these 

data suggest that the long-term consequences of the stimulation of mononuclear 

phagocytes are governed, at least partially, by transcriptional programs, although 

with a greater impact when a live microorganism is employed.  

 

In the case of B. burgdorferi, the comparison between acutely stimulated and 

previously experienced BMM identified three transcription factors: SpiB, MAFK, 

and MZF1 as putatively responsible for the differential gene expression. 

Interestingly, we identified one gene, Irf4, as the unique gene regulated by all 

three. Besides, the study of the chromatin status of memory macrophages 

unveiled an increase in the opened chromatin regions for Irf4 as well as for the 

majority of genes regulated by Irf4-upstream regulators. Thus, we sought to 

assess the function of this gene and its implication in the innate immune memory 

against B. burgdorferi. In vitro characterization of Irf4 revealed its determinant 

role in the control of the pro-inflammatory output of macrophages stimulated with 

B. burgdorferi through the reduction of TNF and IL6 release independently of the 

phagocytic activity. Importantly, these data provide evidence of an independent 

regulation of the phagocytic process and the inflammatory output of 

macrophages in response to a pathogen. Taking advantage of a Lyme carditis 

murine model, we further assessed Irf4 expression in vivo to explore its 

implication in the innate immune memory during an ongoing infection with B. 

burgdorferi. The expression of Irf4 in the peripheral blood of B. burgdorferi-

infected mice was slightly decreased at one-week post infection and increased 

over time, being significantly augmented at 8-weeks post infection compared to 

noninfected controls. In the cardiac tissue, Irf4 expression was increased as soon 

as day 7 post infection, being significantly higher as disease progressed. Irf4 

kinetics seems to match with the inflammatory outcome of the disease in the 

murine model, with an increase in the inflammatory status in the blood during the 

bacteria spreading and a subsequent decrease once the spirochetes reach the 

target organs. In the heart, the increased expression of Irf4 throughout time 

suggests a modulation of the inflammatory output of macrophages and 

monocytes continuously exposed to the spirochete. The control of the 
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inflammation by IRF4 could rely on its capacity to compete with IRF5 26,27, a 

transcription factor that interacts with MyD88 and induces the production of pro-

inflammatory cytokines. Indeed, those genes directly associated with the 

interaction of MyD88 and IRF5 such as Tnf, Il6 and Il12b 26, showed reduced 

transcription levels in cells with higher expression of Irf4. Overall, these results 

support the relevance of transcriptional and epigenetic programs in the long-term 

responses of mononuclear phagocytes 10,12 and pinpointed Irf4 as a key regulator 

of the inflammatory output of B. burgdorferi-specific memory macrophages.  

 

Additionally, transcriptional signatures derived from the persistent stimulation of 

monocytes and macrophages with live bacteria showed a differential regulation 

of genes and pathways involved in metabolism, although with significant 

differences between both models. Cellular metabolism is closely linked to the 

regulation of immune responses by supplying the energy required to meet the 

bioenergetic and biosynthetic demands derived from key functions such as 

cytokine secretion 28,29. In fact, a metabolic rewiring has been described in both 

acutely stimulated 30, and innate memory cells induced by different PAMP 

formulations 31. Considering the hints of metabolic reprogramming, we further 

characterized the metabolic status of phagocytes differentially stimulated with live 

B. burgdorferi or L. plantarum. hMon primed with L. plantarum presented a 

differential regulation of genes related with the transport and use of 

carbohydrates, amino acids, and fatty acids, therefore suggesting a reduction in 

the integrity of the tricarboxylic acid (TCA). Physiological studies further 

confirmed the metabolic alterations identified by transcriptomic analyses, with a 

drop in glycolytic and respiratory rates in L. plantarum-induced memory 

macrophages. Memory phenotype induced with B. burgdorferi showed a 

significant increase in the glycolytic output whereas the respiratory capacity was 

not altered, although an accumulation of intermediate metabolites from the TCA 

was noted. The latter is partially consistent with the increased glycolytic output in 

PAMP-induced innate memory cells 9,11, and correlates with the increased levels 

of lactate detected in the serum of Lyme borreliosis patients 32. In contrast, the 

“resting-like” metabolic status of L. plantarum-primed cells strongly differs from 

previous findings9,11,33 and revealed a new metabolic profile induced by the long-

term stimulation of phagocytes. Besides, the increased bacterial survival 
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observed inside previously experienced macrophages with L. plantarum was 

determined by mitochondrial respiration and ROS-derived production, which are 

reduced in memory phagocytes. This diversity of transcriptional and metabolic 

signatures elicited by live microorganisms could explain the different functional 

interactions observed between phagocytes and our bacterium models. The low 

energetic profile identified in the long-term responses of phagocytes against L. 

plantarum might dictate their tolerogenic anti-inflammatory phenotype, whereas 

the increased glycolytic profile of B. burgdorferi-induced memory macrophages 

could sustain their enhanced functional activity governing binding and 

internalization capacities. These results also pinpoint metabolism as a suitable 

target to modulate the long-term responses in mononuclear phagocytes. Indeed, 

metabolism modulation with the aim to promote specific functions or remove 

undesired cells has been increasingly used in the last decade 34. One example is 

the use of glycolysis inhibitors as anti-cancer treatments that disrupt the Warburg 

effect ascribed to cancer cell metabolism, which is characterized by an increased 

glycolytic function and a decreased oxidative phosphorylation 34–37.  

 

Despite being energetically inefficient compared to other metabolic pathways, 

glycolytic metabolism has been identified as the main energy source in 

macrophage responses against proinflammatory agents28,29. In fact, fifty years 

ago, it was described that the blockade of the glycolytic influx impairs the Fc 

signaling-mediated phagocytic function in murine peritoneal macrophages 38. Of 

note, Fc-gamma receptor-mediated phagocytosis has been described as one of 

the pathways used by murine macrophage to internalize B. burgdorferi 39. 

Furthermore, regulators of the glycolytic flux such as hexokinase (HK) and 

PKFKB3 enzymes, which were upregulated in our system, have been linked to 

NLRP3 inflammasome activation and increased viral-engulfment function 40,41. 

Since glycolysis was the main activated pathway in the long-term responses of 

phagocytes against B. burgdorferi, it constitutes a promising target both to 

modulate these responses as well as to study the functional consequences in a 

context of infection. Therefore, we sought to assess the functional consequences 

of glycolysis inhibition both in vitro and in vivo. Importantly, glycolysis inhibition 

during an ongoing infection with B. burgdorferi resulted in a better clearance of 

bacteria, lower macrophage infiltration and reduced inflammation in the heart. In 
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the case of BMM, the inhibition of the glycolytic pathway differentially affected 

acutely stimulated and previously experienced cells with B. burgdorferi. In spite 

of the reduction of TNF observed in both experimental groups, acutely stimulated 

cells treated with the inhibitor significantly augmented their phagocytic activity, 

whereas in memory macrophages the phagocytic capacity was not altered. 

Interestingly, glycolysis inhibition resulted in decreased Irf4 expression both in 

the heart of infected mice and in memory macrophages against B. burgdorferi. 

These data suggest that the blockade of the glycolytic pathway reduces Irf4 

expression, thereby decreasing the memory phenotype imprinted on phagocytes. 

Indeed, further in vitro experiments revealed that the successive challenge with 

B. burgdorferi after the inhibition in memory cells derived in a dramatical increase 

in TNF production. However, when the inhibitor was maintained throughout 

experiment, a subsequent stimulus with B. burgdorferi in previously inhibited 

memory cells did not result in increased TNF release. Altogether these results 

provide evidence of the reversion of Irf4-induced memory phenotype both in vitro 

and in vivo, besides a differential susceptibility to the treatment between acutely 

stimulated and memory macrophages. In fact, it seems that the decrease in the 

memory phenotype as result of the inhibition, renders these cells more 

susceptible to the ongoing presence of the inhibitor, resulting in an IRF-4-

independent reduction of pro-inflammatory cytokine production. As result, the 

reversion of memory phenotype in vivo leads to more clearance of spirochetes 

despite of the reduction in macrophage infiltration and the ensuing inflammatory 

response. 

 

Furthermore, glycolysis inhibition showed additional benefits for the host beyond 

the more effective long-term responses of phagocytes against B. burgdorferi. The 

characterization of the structural and molecular changes produced in the heart 

as a consequence of B. burgdorferi infection unveiled a general drop in the 

energy sources in the tissue, mainly driven by mitochondrial deterioration. This 

energetic abrogation is likely compensated by the reduction of MCJ that promotes 

supercomplex formation 42, leading to greater ATP production and minimizing the 

release of electrons 43,44. Remarkably, the transcriptome of infected hearts 

treated with the glycolysis inhibitor showed an overall decrease in genes related 

to the immune response, whereas mitochondrial genes were significantly 
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upregulated. This suggested that the treatment with the glycolysis inhibitor has a 

significant impact at the tissue level by restoring mitochondrial activity, which is 

impaired during cardiac infection. 

 

The results obtained throughout this thesis have revealed unprecedented levels 

of plasticity of the long-term responses elicited by mononuclear phagocytes. 

Indeed, the long-term modulation of phagocytic cells is specific of the inducer 

microorganism and much more complex than those induced by microbial 

components. Furthermore, innate immune memory seems to be evolutionarily 

acquired based on the environmental conditions, being functionally different in 

disease or in homeostasis. Importantly, the study of transcriptional, metabolic, 

and epigenetic programs has allowed us to identify one previously 

uncharacterized marker that governs the long-term response of macrophages to 

B. burgdorferi. In addition, we have pinpointed the metabolism as a key regulator 

of the effector state of innate memory cells, which is amenable to be manipulated. 

Thus, a better comprehension of innate immune memory could open new 

avenues in the study of therapeutical and diagnostic targets. Besides, further 

studies should explore the in vivo effect of innate immune memory induced by 

commensal bacteria as well as its role in maintaining gut homeostasis. 
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CHAPTER 10. CONCLUSIONS 
 

1. The continuous exposure to live bacteria from diverse origins imprints 

specific memory phenotypes in macrophages that are governed by 

transcriptional and metabolic programs, which dictate the differential 

functional interactions between phagocytes and these microorganisms.  

 

2. The macrophage memory phenotype induced by B. burgdorferi results in 

increased binding and internalization capacities and a decreased pro 

inflammatory output in a subsequent exposure to the spirochete. 

 

3. The long-term responses of B. burgdorferi-induced memory 

macrophages are primarily modulated by the mTOR/HIF1-a-independent 

IRF4 upregulation, thereby resulting in reduced inflammatory output 

despite an increased Hif1a expression and an augmented glycolytic 

activity.  

 

4. Glycolysis inhibition in memory macrophages stimulated with B. 

burgdorferi results in the reversion of the Irf4-mediated memory 

phenotype in vitro and in vivo during an infection, finally resulting in a 

better control of the spirochetosis in the heart and the restoration of the 

mitochondrial function in the tissue, which is heavily impaired during 

cardiac infection. 

 

5.  Murine bone marrow-derived macrophages and human monocytes 

primed with live L. plantarum exert an anti-inflammatory effector state 

while bacterial intracellular survival is promoted in a subsequent 

encounter with the bacteria. 
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6. The transcriptional and metabolic status of L. plantarum-primed 

macrophages converge into decreased glycolytic and respiratory rates. 

As a consequence, the reduced production of reactive oxygen species 

during ensuing encounter with the microorganism promotes bacterial 

intracellular survival in memory phagocytes. 
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