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Abstract 

 
Spatial and Temporal Dissemination of Listeria monocytogenes  

Across Multiple Mouse Models 
 

By 
 

Victoria Chevée 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Daniel A. Portnoy, Chair 
 
 
 

Listeria monocytogenes (Lm) is a Gram positive, facultative intracellular pathogen that 
infects its hosts upon ingestion of contaminated foods. Exposure is generally innocuous or 
followed by mild self-limiting gastroenteritis, but in certain contexts it can lead to more severe 
outcomes. In immunocompromised individuals, Lm can infect the central nervous system (CNS) 
and cause permanent brain damage or even be lethal, while infections in pregnant women 
often lead to high bacteremia in the placenta and loss of the fetus. In addition to being a public 
health issue, Lm is also a model system used to establish fundamental understandings about 
microbiology and cell biology, and a tool used to develop cancer-immunotherapies. Dissecting 
the dynamics of pathogen dissemination in a variety of contexts allows for the identification of 
bottlenecks and trafficking pathways that could be targeted for therapies and tool development 
both with Lm and other microbes. 
 
 In our study we first assessed the dynamics of Lm colonization and replication within 
mouse brains using barcoded bacteria. Upon intravenous inoculation, the CNS was seeded from 
multiple independent invasion events from the blood which led to a polyclonal CNS, yet one 
clone usually dominated within the brain. Sequential infections and intracranial inoculations 
established that timing of colonization, rather that entry site or access to a certain niche within 
the brain, was the main driver of clonal dominance. Since Lm is a food-borne disease, we then 
designed a new model of oral inoculation-induced cerebral listeriosis using 
immunocompromised mice fed with a piece of bread soaked in bacteria and pre-treated with 
streptomycin. In this context, rare colonization events led to a highly infected yet monoclonal 
CNS. This stringent dissemination bottleneck likely arose from pathogen transit into the blood, 
rather than directly from the blood to the brain and did not limit bacterial replication within the 
brain tissue. Collectively, our findings provided an in-depth analysis of the Lm population 
dynamics that lead to cerebral listeriosis and established a framework for studying the bacterial 
spread with other neuropathogens. 
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In order to assess the host bottlenecks that affect pathogen dissemination to the brain, 
we next investigated the role of the innate immune receptor STING in bacterial trafficking. Our 
goal was to establish whether activation of STING would control bacterial replication and limit 
spread of Lm to the brain, or if STING activity would instead facilitate bacterial dissemination by 
recruiting monocytes into circulation and providing Lm with “Trojan horses”. Upon oral 
inoculation, Lm accumulated more efficiently within the CNS of STING-deficient mice 
(Goldenticket, Gt) than wild-type mice, suggesting that STING activity was involved in 
controlling host-wide infection more than promoting bacterial dissemination. STING-derived 
Type 1 interferon was not involved in the heightened Gt susceptibility, but signaling via the 
STING C-terminal tail was involved in STING-depended Lm control. Oral infection of Rag1KO-Gt 
double mutant mice suggested that STING was involved in controlling early stages of infection 
rather than bacterial accumulation in the brain over time. Finally, we expanded our study to 
assess bacterial dissemination to the placenta in the context of STING-deficiency. Intravenous 
infection of pregnant mice led to mild protection of Gt placentas, while oral infection led to 
increased sensitivity in Gt mice. Collectively, our results provided a new understanding on the 
limited impact of STING-activity during bacterial dissemination to the brain and established a 
framework for further analysis of the intriguing role of STING during placenta infections.  
 
 We then investigated Lm infection as a beneficial therapy in the context of tumor-
bearing mice using barcoded attenuated Lm. Our preliminary work assessed the impact of the 
route of inoculation on bacterial spread and established that Lm colonized tumors within 4 
hours, but only to a limited degree following intravenous (IV) inoculation, then dramatically 
expended locally with little to no further dissemination between tissues. Intratumorally (IT) 
inoculated mice experienced Lm spread beyond the tumor quite efficiently, but again Lm 
migration between tissues was limited by 3 days post injection. Combination therapy with IV 
vaccination followed by IT challenge one week later, led to Lm spread into systemic tissues 
from the tumor during the first 4 hours post inoculation, but this was followed by a massive 
clearance event. In cases where bacteria persisted in the tumor microenvironment, bacterial 
burden was generally high with a mostly clonal population. This finding suggested that host 
pressures cleared most of the early colonizing Lm, but a few bacteria were able to evade 
clearance and persist over time. Overall, our work provided a more granular picture of the 
landscape of pressures faced by Lm during dissemination in tumor-bearing mice and helped 
better understand the mechanisms of tumor clearance in IV+IT combination immunotherapy. 
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1.1.  Dynamics of infection and bottlenecks 
 

2023 marked the 75th anniversary of the World Health Organization. During this time 
global advances in vaccine delivery, access to medicine, and both prevention and response to 
health emergencies have dramatically improved, leading to the elimination of multiple 
infectious diseases worldwide. Yet, 2023 also saw the resurgence of a record-breaking number 
of infectious diseases and millions of lives are still lost to pathogens yearly.1 With the rise of 
antimicrobial-resistant bacteria world-wide2, microbiologists are looking for novel therapeutic 
avenues that move away from targeting specific pathogenic effectors. 
 

One particular area of microbiology thus focuses on understanding the host factors that 
naturally curb disease progression. Upon inoculation, pathogens will generally disseminate and 
reach niches within the host that are permissible for replication. The availability of such niches, 
as well as the pressures from host immune responses, the physiological accessibility to a niche, 
and a pathogen’s internal capacity to survive and replicate all reflect barriers that can affect an 
infection’s success. These barriers are referred to as “bottlenecks”3,4. Bottlenecks can be 
identified by tampering with the ability of a pathogen to surmount the barrier, or with the 
ability of a host to raise said barrier, and then assessing bacterial burden over time in different 
tissues. However, these approaches provide limited information regarding bacterial population 
structure3.  
 

Here is an example to illustrate this point: if a mouse has high bacterial burden in the 
intestines immediately following infection with an enteric pathogen, and high bacterial burden 
is found in the liver 3 days following infection, it is possible that all the bacteria from the 
inoculum easily crossed the intestinal barrier and disseminated to the liver directly. However it 
is also possible that bacteria from the inoculum were severely restricted by barriers such as the 
commensal microbes using up required nutrients, direct antagonism by gut microbes, or 
immune effectors that responded quickly and limited systemic spread.5,6 In this context, a few 
bacteria may still be able to overcome the initial bottlenecks and grow efficiently in the liver, 
leading to a similar bacterial load, but a very different bacterial population in the liver than in 
our first scenario. A third option could be that bacteria from the inoculum efficiently passed 
through the first bottlenecks, but reached the spleen first for example, then stochastically 
spread to the liver which would lead to yet a different bacterial population structure than in the 
previous examples. Disentangling the contribution of these different bottlenecks and trafficking 
pathways can provide a better understanding of the within-host dynamics of infection, as well 
as identify pathogen exchange between tissues, assess population changes over time and 
provide new avenues for preventing disease progression. 

 
1.2.  Barcoding, a useful tool to study bacterial dissemination 
 

In order to overcome the limitations of strictly assessing bacterial burden, multiple 
approaches have been developed to track spatiotemporal spread of bacteria in vivo. One option 
is to use an in vivo bioluminescence imaging system (IVIS). Here, bacteria are genetically 
engineered to express the light-producing luciferase enzyme. The generated signals can be 
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detected through the tissues of anesthetized animals using an ultra-sensitive charge-coupled 
device camera.7 Using this system, bacterial spread can be followed non-invasively over time in 
single animals. This system was successfully used to assess bacterial dissemination to the bone 
marrow8, the gall bladder9, and the placenta10 among others. Yet, this tool is limited by the 
relatively high limit of detection (a few thousand colony forming units (CFU)8) that is required 
to generate enough signal. Another option is to perform co-infection of hosts with bacteria 
tagged with anti-microbial resistance cassettes11. By infecting animals with non-clonal bacteria, 
the bacterial population structure can easily be assessed. This technique was skillfully leveraged 
to identify trafficking pathways in the context of pregnant mice12, which will be further 
discussed in section 1.3.1. However, introducing mutations that require the expression of a 
product to identify bacteria can come at a fitness cost for the pathogen and is limited in the 
number of usable markers.  
 

Sequence “barcodes” were thus developed to create libraries where markers would 
come at a low fitness cost to the bacteria and easily be scaled up. Multiple groups have 
developed such tools where short (20-40bp) DNA signatures would be inserted into a non-
coding region of the bacterial chromosome. These barcoded strains have limited to no 
phenotypical differences in in vitro or in vivo growth rates and can thus be co-infected into 
hosts to study the spaciotemporal shifts in bacterial population without risking competition 
between non-equivalent tagged strains.13–16 These libraries allowed for a broader 
understanding of pathogen dynamics but generally required quantification of each barcode by 
qPCR and thus were still limited to a minimal number of tags.  
 

Since 2015, a barcoding system termed STAMP (Sequence Tag-based Analysis of 
Microbial Population)3 was developed to overcome this lack of a systemic approach to assess 
barcode frequency. STAMP still relies on a small (~20-25bp) DNA tag inserted in a fitness-
neutral site in the bacterial chromosome but leverages technological advances in high 
throughput sequencing to scale the barcoding system to libraries of a few hundred3,4,17 to tens 
of thousands18,19 strains. This approach is continually being further refined with systems such as 
STAMPR (STAMP in R), which better accounts for uneven expansion of subpopulations20, and 
RESTAMP (Rate Estimates by STAMP), which better determines division and death rates21.  
 

Using these toolkits, allows for the detailed quantification of the forces that shape 
population changes over time such as the spread of barcodes between tissues and the 
bottlenecks that limit colonization and replication. A more detailed explanation of the metrics 
provided by STAMPR can be found in Chapter 2. This method has dramatically expanded our 
understanding of pathogen dynamics in a variety of contexts, such as infections with Vibrio 
cholerae 3, extraintestinal pathogenic Escherichia coli 17,22,23, and others 18,21,24–28. Similarly, the 
dissemination of the model bacterial pathogen Listeria monocytogenes (Lm) has been 
extensively studied in mice. Indeed, comparative analysis of barcodes recovered from livers, 
gall bladders, and feces of infected mice revealed that a tight bottleneck limits pathogen 
dissemination into the gall bladder, but does not prevent bacterial replication within the organ. 
The gall bladder population is thus dominated by very few barcodes and this same barcode is 
later reproducibly found to be dominant in the feces, establishing the gall bladder as reservoir 



 4 

for fecal shedding.4 Further analysis established that bacterial effectors required for 
pathogenesis were also required for this bacterial population shift in the fecal pellets.29 In 
addition, immune depletion studies showed that immune cells participate in restriction of 
replication in the liver and spleen, and studies in germ-free mice established that commensal 
bacterial affect colonization of the spleen but not the liver4. Together these analyses provide a 
more detailed and quantitative understanding of the spatiotemporal spread of Lm in vivo. 
 
1.3.  Listeriosis, a multifaceted disease and model system 
 

Lm is a Gram-positive bacterial pathogen that can infect most mammals including 
humans and ruminants, and has long been used as a model organism for understanding host 
cell biology. Listeriosis causes disease upon ingestion of contaminated foods but is generally 
confined to a self-limiting gastroenteritis in healthy individuals. However, infection can be 
severe and lead to miscarriages. In the case of immunocompromised individuals - such as 
patients undergoing chemotherapy, transplant recipients, and people living with AIDS - as well 
as infants and the elderly, listeriosis can spread systemically and lead to sepsis and 
meningoencephalitis. Although this is a rare disease with 0.1-10 cases per million, it has a high 
mortality rate (20-30%)30 making it the third most lethal foodborne infection in the U.S.31 
 

Lm is also a facultative intracellular pathogen, and can be found both intracellularly and 
extracellularly within its hosts. Following invasion of a cell, Lm uses the virulence factor LLO, a 
pore-forming hemolysin, to escape the restricting vacuole and reach the cytosol. Then, it uses 
the virulence factor ActA to subvert host actin polymerization machinery and propel itself 
through the cytoplasm and into neighboring cells.32 Lm is a highly genetically tractable 
bacterium, which was successfully leveraged to uncover mechanisms of cellular function. 
Indeed, studying the ability of ActA to polymerize actin ‘comet’ tails via existing host systems 
enabled the discovery of the molecular mechanism behind Arp2/3-dependant actin assembly.33 
As a pathogen that can teach us about host and other bacterial pathogens, as well as a 
multifaceted medical challenge, Lm is a perfect model organism. 
 
1.3.1. Bacterial meningoencephalitis 
 

Neuroinfectious diseases are devastating illnesses which require urgent medical 
attention and can lead to severe long-term complication or be fatal. They can be caused by a 
plethora of microbial agents such as bacteria, viruses, fungi, and parasites, but bacterial 
infections are particularly dangerous with 1:6 cases ending in fatality.34 Infections can affect 
variable neural cell types causing broad cerebral damage and dysfunction of neural networks.35  
 

Neural pathogens can use a variety of mechanisms to infect the central nervous system 
(CNS). First, several bacteria gain access to the blood and/or cerebral spinal fluid (CSF) then 
adhere to the endothelium of micro-blood vessels in the brain via interactions between 
bacterial effectors and host proteins. Overactive host inflammatory responses and in some 
cases virulence factors can also lead to disruption of the blood-brain-barrier (BBB) and promote 
the invasion of the CNS.35 Second, phagocytes which contribute to pathogen clearance may be 
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co-opted to promote access to the brain parenchyma. Internalized microbes use these 
migratory immune cells as “Trojan horses” and take advantage of their ability to circulate 
through the host vasculature and cross the BBB to invade the CNS.35 Third, pathogens can 
invade peripheral neurons and traffic directly to the CNS by spreading from neuron-to-neuron. 
RNA and DNA viruses are particularly adept at using this final method and get delivered directly 
into the brain parenchyma.35 
 

With regards to cerebral listeriosis, there is evidence that supports Lm using all three of 
these mechanisms of dissemination. Indeed Lm had been found to infect inflammatory 
monocytes (CCR2+, Ly6C hi) and use the “Trojan horse” mechanism to reach the BBB.36–38 It was 
even suggested that Lm can modulate infected monocytes’ expression of cell surface proteins 
to limit CD8+ T cell-mediated killing of their migratory host.39 Other studies have suggested that 
Lm can use intraneural trafficking to migrate directly from peripheral organs to the CNS within 
and along axons of peripheral nervous system. In support of this hypothesis, there is in vitro 
evidence that Lm can spread both between rat spinal cells40 and along axons of fetal bovine 
brain cells41, and in vivo evidence that snout infections can lead to brain invasion via the cranial-
facial nerve in neonate mice.42 In addition extracellular Lm can use the cell surface virulence 
factor InlF to bind the intermediate filament protein vimentin found on cell surfaces to promote 
its internalization at the BBB. Of note, the mechanisms of Lm spread to the CNS were studied 
using a wide variety of routes of infection. The relevance of each mechanism seems to be 
heightened depending on the route of infection, highlighting the importance of using 
experimental routes of infection that closely mimic natural exposure to Lm. 
 

Even though our understanding of the mechanisms that enable bacterial dissemination 
to the brain have been extensively studied, our understanding of the relative contribution of 
these mechanisms and the dynamics of bacterial population changes following infection are not 
well understood and are discussed in depth in chapter 2.  
 
1.3.2.  Infection of the placenta 
 

Contrary to cerebral listeriosis, which is a rare occurrence that mostly only affects 
immunocompromised individuals, Lm infections are 10-20 times more likely to happen in 
pregnant than in non-pregnant people.43,44 Infections during pregnancy are severe and can 
cause miscarriage, stillbirth, preterm birth, or congenital neonatal infections. Many systemic 
infections can lead to fetal loss and most pathogens that can survive within host cells have the 
potential to infect the placenta and fetus from the blood.45 One particularity of Lm infection 
compared to other systemic infections, is that mothers tend to show few symptoms of disease, 
which delays treatment and increases the risk of adverse effects.46 During pregnancy, a state of 
immune tolerance is established to protect the fetus from the maternal immune system 
reaction to non-self. The placenta sits at the interface between the mother and fetus and both 
provides for (exchange of nutrients and waste) and protects (barrier function) the developing 
fetus.46 Of note, placental structure is highly variable between organisms47 so it is important to 
remember that findings are dependent on the model system used and the route of infection 
chosen. 
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Two main routes of infection have been proposed for Lm infection. The first, is direct 

invasion from the extracellular space (blood) and requires interaction of virulence factors and 
cell surface receptors. The second is by intracellular cell-to-cell spread following invasion at a 
distal site.47 In both cases 3 sets of Lm virulence factors are involved. Internalins (InlA, InlB, 
InlP), which promote invasion into cells, have been shown to participate in placenta infections 
both in vitro48,49 and in vivo50 although results are variable depending on the model of infection. 
The pore forming toxin LLO, which is required for Lm to escape the vacuole and reach the 
cytosol upon internalization, and ActA, which is required for actin-based motility and cell-to-cell 
spread, have also been shown to participate in in vivo infections.51,52 Interestingly, invasion of 
the placenta and fetus is not required to cause fetal injury. Studies have found that Lm infection 
can lead to “sterile fetal wastage” due to infection-induced inflammation.53 
 

Indeed, fetal tolerance is maintained during pregnancy by multiple immune mechanisms 
and Lm infection can disrupt this immunological balance. During pregnancy homeostasis, ~70% 
of immune cells are Natural Killer cells (NK), while macrophages make up ~20% and T cells ~10-
20%.54,55 In particular, anti-inflammatory maternal regulatory T cells (Tregs) are critical for 
maintaining fetal tolerance.53,56 Upon Lm infection, innate and adaptive immune responses are 
induced, overriding the maternal Treg suppressive state and leading to recruitment of 
inflammatory neutrophils,  macrophages, and eventually CD8+ T cells.47,57 In addition to direct 
damage by Lm to the placenta and the fetus, this increase in inflammation is thought to 
participate in harming the fetus and leading to Lm-induced miscarriages.47  
 

Of note, the dissemination patterns of Lm during infection of a pregnant host have been 
assessed and further support infection of the mother as a driver for fetal loss. Indeed, using two 
strains of tagged Lm, Bakardjiev et al. showed that Lm first infects the mother and only 
rarely/inefficiently infects the placenta. As infection progresses Lm replicates in the placenta 
and traffics back to the maternal organs, then back again to the placenta, establishing the 
placenta as a reservoir for continuous infection of maternal organs.12 This example further 
establishes tagging of bacteria as a complementary method to thoroughly understand the 
dynamics of infection in various models. 
 
1.4. The role of STING in Lm infection in vivo 

 
As mentioned in the previous sections, the immune response to Lm has been 

extensively studied over the past few decades58,59. Here, we focus on the role of the innate 
immune receptor STING (stimulator of interferon genes) and its role during infection.  
 

Following cellular invasion and escape from the vacuole into the cytosol, the Lm-
secreted secondary messenger cyclic-di-AMP is recognized by the cytosolic sensor STING60. 
STING is known to mediate a multitude of pathways including type 1 IFN production, NF-kB 
activation, STAT-6 dependent chemokine secretion, and autophagy. Secreted chemokines and 
cytokines attract and activate monocytes (CCR2+ Ly6Chi) and neutrophils at the infection focus. 
Although these cells can be co-opted for pathogen dissemination as described above (section 
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1.3.1), the primary role of these early cellular moderators is to contain the infection until the 
adaptive immune system (particularly CD8 T cells) can completely clear Lm within about one 
week after initial exposure. 58 
 

Although STING is activated during early stages of Lm infection, STING-deficient mice are 
not more sensitive to intravenous Lm infection than wild-type (WT) mice, suggesting that STING 
is minimally involved in the systemic response to listeriosis60. However, STING-deficient mice 
are more susceptible than WT mice to oral infection and this response is not dependent on 
Type 1 IFN response61, which is one of the major outputs of STING activation. In addition, orally 
infected STING-deficient mice exhibit a reduced influx of inflammatory monocytes to the 
gastro-intestinal tract, suggesting that STING responses may play a major role specifically at the 
intestinal barrier. 
 

This is of particular importance because the human STING gene (TMEM173) is 
polymorphic and a portion of the population carries an allele that makes STING defective in 
response to cyclic-di-nucleotides62. This was linked to possible predisposition to diseases, but 
the role of STING in bacterial dissemination to the brain and the placenta remains poorly 
understood.  
 
1.5. Lm as a tool for cancer immunotherapy 
 
 Bacterial pathogens are generally considered detrimental to human health, but they can 
be manipulated and delivered in creative ways that turn them into vectors for therapies. In 
particular, benefits of conventional treatments in cancer research, such as surgery, 
radiotherapy, and chemotherapy are sometimes outweighed by their severe off-target effects, 
which highlights a need for novel therapies.63 With the discovery that solid tumors may 
naturally harbor a microbiome64–66, a body of research on bacteria-based cancer 
immunotherapies that would naturally home to the tumor microenvironment67–69 has been 
growing in recent years.  
 

Lm is one such pathogen that has been extensively studies for its potential as an 
efficient vector for immunotherapy. Multiple clinical trials have been undertaken with antigen-
expressing Lm strains, but results have been mixed leading to a stalling in Lm-based anti-cancer 
research70–73. Recently Garcia-Castillo et al.74 instead harnessed the ability of Lm to induce 
potent innate and adaptive immune responses to reactivate anti-tumor immune activity in an 
antigen-independent manner. They found that vaccination of tumor-bearing mice with 
intravenously (IV) inoculated Lm, followed by challenge with intratumoral (IT) inoculation of Lm 
promoted efficient tumor control in mice. This result was dependent on CD8 T cell-mediated 
killing of Lm-harboring immune cells, rather than direct killing of tumor cells. This discovery 
suggested that the presence of Lm in specific cell types in tumors, and their removal, could lead 
to a reversal of the immunosuppressive state in the tumor microenvironment (TME) and 
promote tumor clearance. This however was specific to combination IV/IT therapy and was not 
recapitulated upon IV only or IT only inoculations, even though all conditions led to some 
degree of bacterial persistence within the tumor. 
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Investigating the dissemination routes of Lm, the context for Lm persistence, and the 

bottlenecks faced by Lm within tumor-bearing hosts could provide a better understanding og 
the impact of Lm in the TME and its ability to promote efficient tumor clearance. 
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CHAPTER 2. TEMPORAL AND SPATIAL DYNAMICS OF LISTERIA MONOCYTOGENES CENTRAL 

NERVOUS SYSTEM INFECTION IN MICE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sections of this chapter are published in: 
Chevée V, Hullahalli K, Dailey KG, Güereca L, Zhang C, Waldor MK, Portnoy DA. Temporal and 
spatial dynamics of Listeria monocytogenes central nervous system infection in mice. Proc Natl 
Acad Sci U S A. 2024 Apr 23;121(17):e2320311121.  
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2.1. Summary of Results 
 
Listeria monocytogenes is a bacterial pathogen that can cause life-threatening central nervous 
system (CNS) infections. While mechanisms by which L. monocytogenes and other pathogens 
traffic to the brain have been studied, a quantitative understanding of the underlying dynamics 
of colonization and replication within the brain is still lacking. In this study, we used barcoded L. 
monocytogenes to quantify the bottlenecks and dissemination patterns that lead to cerebral 
infection. Following intravenous inoculation, multiple independent invasion events seeded all 
parts of the CNS from the blood, however, only one clone usually became dominant in the 
brain. Sequential intravenous inoculations and intracranial inoculations suggested that clones 
that had a temporal advantage (i.e. seeded the CNS first), rather than a spatial advantage (i.e. 
invaded a particular brain region), were the main drivers of clonal dominance. In a new 
foodborne model of cerebral infection with immunocompromised mice, rare invasion events 
instead led to a highly infected yet monoclonal CNS. This restrictive bottleneck likely arose from 
pathogen transit into the blood, rather than directly from the blood to the brain. Collectively, 
our findings provide a detailed quantitative understanding of the L. monocytogenes population 
dynamics that lead to CNS infection and a framework for studying the dynamics of other 
cerebral infections. 
 
Significance statement 
Listeria monocytogenes is one of many pathogens that cause cerebral infections, mainly in 
immunocompromised individuals. In this study, we used a library of L. monocytogenes bacteria 
each labeled with a unique chromosomally encoded barcode to quantify bacterial 
dissemination and host bottlenecks during cerebral infection. Following intravenous 
inoculation, multiple clones sequentially invaded the central nervous system, but the first 1-3 
clones that gained access to the brain became dominant. In contrast, after oral infection of 
immunocompromised mice, a single clone led to an overwhelming cerebral infection and 
profound neurological symptoms. Collectively these data provide a highly detailed map of 
pathogen dynamics in multiple models of cerebral listeriosis and a valuable framework to study 
other infections of the central nervous system. 
 
2.2. Introduction 
 

Central nervous system (CNS) infections are often fatal or leave affected individuals with 
severe and permanent brain damage. Many microorganisms can cause CNS infections and 
employ a variety of mechanisms to infect the CNS. For example, the protozoan intracellular 
pathogen Toxoplasma gondii infects leukocytes that deliver the pathogen to the brain. Many 
viruses, including Herpes Simplex Virus-1, West Nile virus, and Rabies virus migrate within 
axons of the peripheral nervous system and traffic directly into the CNS. In contrast, some 
bacteria such as Streptococcus pneumoniae transcytose across the blood-brain barrier (BBB) 35. 
Despite understanding the routes by which certain pathogens enter the CNS, a quantitative 
understanding of the host bottlenecks and the patterns of pathogen colonization and 
replication that result in CNS infection is generally lacking.  
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Listeria monocytogenes (Lm) is a Gram-positive, facultative intracellular pathogen that 
can infect most mammals, including humans and ruminants. Upon ingestion of contaminated 
food, particularly by immunocompromised, infant, or elderly individuals, Lm can lead to sepsis 
and meningoencephalitis75. Although Listeriosis is a rare disease, it has a high mortality rate 
(20-30%)31 and is reported as the third most lethal foodborne infection in the U.S. 30. 

 
In the host, Lm can invade non-phagocytic cells or be phagocytosed, avoid autophagy, 

enter the cytosol, and spread from cell-to-cell using actin-based mobility 32. These abilities are 
all critical for the three mechanisms of cerebral infection that have been proposed: Lm can 
infect inflammatory monocytes (Ly6Chi, CCR2pos) in the bone marrow and hijack these migratory 
immune cells to traverse the blood-brain barrier (BBB) and invade the CNS ( “Trojan horse” 
hypothesis) 36–39. Extracellular Lm can also directly invade endothelial cells at the BBB76, and Lm 
can infect peripheral neurons and traffic along/within nerves to reach the CNS 40–42,77–79. 
Regardless of the precise route(s) of entry however, a quantitative understanding of how 
individual Lm cells replicate and disseminate across the host during CNS infection is lacking.  

 
Questions regarding the population dynamics of Lm within the host are challenging to 

answer when assessing bacterial burden alone. For example: Do only a few bacteria replicate in 
the brain following a rare invasion event and expand to fill the niche? Is the CNS broadly and 
consistently permissive to infection? Are clones from the CNS found in other tissues? Are there 
one or more tissues that act as reservoirs for CNS invasion? Addressing these questions will 
inform our understanding of pathogenesis beyond the characterization of specific virulence 
factors by providing a quantitative understanding of infection bottlenecks and patterns of 
pathogen replication and dissemination. Dissecting these underlying dynamics can provide new 
insights into factors that promote host susceptibility and suggest new avenues for therapies.  

 
Barcoded pathogens can be used to decipher these dynamics of infection. Barcodes are 

unique short nucleotide sequences that generally do not impact fitness and are incorporated 
into the same neutral chromosomal site within each bacterium. Following deep sequencing of 
the barcode locus, computational methods can be used to quantify the infection bottlenecks by 
assessing the number of bacteria from the inoculum that give rise to the population in a tissue, 
known as the founding population (FP, also referred to as Ns) 19,80,81. In addition, comparison of 
barcode frequencies between organs further quantifies patterns of dissemination. Barcoded 
pathogens have been used to shed light on our understanding of the infection dynamics of 
diverse pathogens, including Vibrio cholerae within the gut 3, intra-organ dissemination of 
extraintestinal pathogenic Escherichia coli 17, Toxoplasma gondii cerebral infections 82, and 
others 18,21,24–28. Tagged- Lm have also been used to understand the dynamics of vertical 
transmission between mother and fetus 12 and to elucidate bacterial trafficking circuits outside 
of the CNS after oral infection 4,29,83. 

 
Here, we quantify the dynamics of Lm cerebral infection using a library of bacteria with 

~200 barcodes and the STAMPR analytic toolset 20. Intravenous inoculations in mice with 
barcoded Lm revealed that the CNS is invaded in multiple, independent waves of infection from 
the blood over time. Within the brain, there was marked dominance of only 1-3 Lm clones. 
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Clonal dominance can be explained by timing of CNS colonization, where early arrivers become 
most prominent, rather than by colonization of a particularly permissive region of the brain. 
These dynamics were recapitulated in a new model of CNS infection using foodborne Lm in 
streptomycin-treated immunocompromised mice. Here, bacterial replication was again 
substantial in the brain, although foodborne infection yielded tighter bottlenecks in all organs, 
and the CNS was consistently monoclonal. Collectively, our findings provide a new 
understanding of the within-host pathogen dynamics that lead to cerebral listeriosis and a 
framework to study other CNS infections. 

 
2.3. Results 
 
2.3.1. Intravenous inoculation of Lm leads to multiple waves of CNS invasion 
 
Intravenous (IV) infections are routinely used to study murine listeriosis. In this context of early 
high-level bacteremia, we monitored changes in bacterial burden and barcode frequency over 3 
days post infection (DPI). Mice were infected IV with a relatively low yet lethal dose (104 CFU)84 
of a barcoded Lm library 4 and organs were harvested 1, 2, and 3 DPI. At 1 DPI, the Lm burden 
was already at ~106 CFU in the spleen and close to ~104 in the bone marrow, whereas the blood 
usually had titers that were several logs lower (~101), and the CNS rarely harbored any 
detectable Lm. The Lm burden increased by 100-10,000-fold in all organs over time (Fig. 1A) 
and the increased burden in the CNS was most prominent in the brain (Fig. S1A). The elevation 
in CNS bacterial burden over time could either be attributed to repeated influx of bacteria from 
other tissues within the host, or to a few bacteria that passed through a tight bottleneck and 
replicated within the CNS 3. These two possibilities are distinguishable by assessing the 
abundances of different barcodes; if additional bacteria (with new barcodes) invaded the brain, 
FP values would increase over time. In contrast, if the increase in CFU was due to the 
replication of the original invading bacteria, the number of barcodes represented in the sample 
would remain the same and FP would  be constant. We observed an increase in FP over time 
(Ns, Fig. 1B) indicating that during the first 3 days of infection multiple Lm clones invaded the 
CNS and suggesting that Lm migration into the CNS, in addition to in situ CNS Lm replication, 
may account for the increased pathogen burden in the CNS.  

 
2.3.2. Circulating bacteria lead to multiple independent infections of the brain, brain stem 
and spinal cord  
 

Comparisons of barcode distributions between tissues can provide insight into routes of 
pathogen dissemination. The genetic distance (GD) broadly assesses the similarity between two 
samples: a high GD (~0.8) indicates that two samples have dissimilar populations, while a low 
GD indicates they have similar populations. GD is calculated based on the similarity in 
abundances of barcodes between two samples. However, it is possible for pairs of samples with 
very different barcode distributions to have the same GD value: two similar samples that have 
low GD can either share many of their barcodes (Fig. 1Cw) or share few highly abundant 
barcodes (Fig. 1Cx). Likewise, two samples can have a high GD even if they share many 
barcodes, if there is also a marked expansion of a few barcodes in only one sample (Fig. 1Cy). 
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To assist in distinguishing between these possible scenarios, the STAMPR toolset also includes 
an additional metric known as RD (“resilient” genetic distance) that provides insight into the 
contribution of dominant clones to genetic similarity 20. Quantifying the fraction of barcodes 
that are shared between two samples is achieved by log-normalizing the number of barcodes in 
each sample (FRD, “fractional” RD). For example, a high FRD[A-B] value indicates that the shared 
barcodes between sample A and sample B represent a large fraction of the total barcodes in 
sample B, and a low FRDB-A indicates that these same shared barcodes represent only a small 
fraction of the barcodes in sample A (Fig. 1Cz). Of note, FRD is unaffected by the abundance of 
Lm bacteria with each barcode and is based solely on the number of barcodes shared 20.  

 
We used GD and FRD to assess how Lm traffics into and within the CNS. The Lm clones in the 
brain were dissimilar to all other organs (high GD) at 3 DPI with the exception of the brain stem, 
where we observed moderate similarity (Fig. 1D). Correspondingly, FRD was moderate to low 
between the brain and brain stem/spinal cord (Fig. 1E), indicating that these CNS regions share 
relatively few of their barcodes with the brain. To examine whether these samples share very 
few barcodes simply due to poor colonization, we plotted FRD values as a function of CFU.  We 
observed that tissues that share very few barcodes with the brain (low FRD) have a wide range 
of bacterial burden (Fig. S1B), confirming that the brain and brain stem/spinal have distinct 
bacterial populations and suggesting that they are infected independently. Despite the minimal 
overall genetic similarity between the brain and systemic sites (blood, bone marrow, spleen, 
and liver, Fig. 1D), the FRD[systemic organ-brain] was generally high  
 

(Fig. 1E) regardless of CFU (Fig. S1C), indicating that a large fraction of the barcodes in 
the brain were shared with systemic sites. The discrepancy highlighted by GD and FRD in these 
samples is likely due to the uneven expansion of individual clones, leading to overall dissimilar 
populations with underlying populations of shared barcodes (similar to Fig. 1Cy). Notably, the 
fraction of barcodes shared with the blood was very high for all organs (Fig. 1F). Taken 
together, the observations of shared barcodes in the brain and blood (Fig. 1E and 1F) and an 
increase in diversity in the brain over time (Fig. 1B) strongly suggest that the CNS sustains 
multiple waves of infection over time from Lm circulating in the blood.   



 14 

 
 
Figure 2.1: Intravenous inoculation of L. monocytogenes leads to multiple waves of CNS invasion. (A-B) Intravenous infection 
of C57BL/6J mice with 1x104 CFU and collection of organs at 1, 2, and, 3 days post infection (DPI). Bacterial burden (CFU, A) and 
founding population (Ns, B) per organ. Data are individual samples expressed as log-transformed values with median and 
interquartile range. Organs with no CFU are represented as -0.1CFU or Ns. (C) Graphical depiction of the genetic distance (GD) 
and the fraction of clones shared (FRD) between the bacterial populations of hypothetical organs (grey circles) and the brain. 
Each unique barcode is represented by a color. (D) GD between all organs and the brain at 3DPI. Data are individual samples with 
mean and SEM. The dotted line at 0.8 marks a “high” GD i.e. samples that are dissimilar. (E) Prevalence of barcodes from the 
brain in other organs (FRD[organ-brain]) and (F) prevalence of barcodes from various organs in the blood (FRD[blood-organ]) at 
3DPI. Data are individual samples with violin plots and median. For all panels, data are combined from at least two independent 
experiments and 1 DPI N=10, 2 DPI N=9, 3 DPI N=10. Statistical significance was calculated using two-way ANOVA for B, and one-
way ANOVA against the brain for D: ****p<0.0001; ***, p<0.001; **, p<0.01; *, p<0.1.  
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2.3.3. One Lm clone is dominant in the brain and highly abundant in the brain stem 
 

The observed relatively high GD (dissimilar samples) and high FRD (many clones shared) 
between the brain and systemic sites (Fig. 1D and 1E) suggested that uneven clonal expansion 
may occur in the brain in situ. The presence of highly abundant barcodes can be analytically 
supported by comparing different metrics for estimating FP: Ns and Nb. Ns is the primary 
metric used to estimate FP in this work and is relatively resistant to uneven expansion of 
barcodes, relying instead only on their presence or absence. In contrast, Nb, another metric 
provided in the STAMPR toolset, determines FP by assessing differences in the frequencies of 
barcodes in a sample relative to the reference (which contains all ~200 barcodes). Nb is highly 
sensitive to uneven barcode abundances and decreases in the presence of disproportionally 
abundant barcodes (Fig. 2A). The ratio of Nb to Ns is therefore a useful metric to quantify 
uneven barcode distributions (Nb) relative to the overall diversity of the sample (Ns). At 1-2 
DPI, Ns and Nb values were similar across the CNS, indicating that all bacterial clones had 
evenly expanded. In contrast, Ns was 50 times greater than Nb by 3 DPI, confirming the 
presence of disproportionately abundant clones in all parts of the CNS (Fig. 2B and S1D).   

 
To corroborate our findings, we assessed the frequency of individual barcodes per organ 

in single mice. These analyses confirmed that the blood and spleen contained diverse clones 
starting at 1 DPI, while diversity increased in the CNS over time. However, after 1 DPI, one clone 
was predominant in the brain and particularly abundant in the brain stem of most mice (Fig. 2C 
and S1D). Notably, in the mice depicted in Fig. 2B at 2 and 3 DPI, a few clones also expanded in 
the spinal cord and the bone marrow but were distinct from the expanded clones in the brain 
and brain stem (Fig. 2C and S1D). Together, these observations support our previous 
assessment that multiple seeding events account for independent infection of the brain, brain 
stem, and spinal cord, and additionally indicate that the bone marrow is not a continuous 
reservoir for Lm clones that invade the CNS as the bacterial populations do not converge 
overtime.  

 
Furthermore, the brain and brain stem often shared an abundant barcode suggesting 

that this clone had either a temporal or spatial advantage to establish a proliferative niche. 
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Figure 2.2: One Lm clone is dominant in the brain and highly abundant in the brain stem. (A) Graphical depiction of the two 
founding population (FP) metrics: Nb and Ns, in three hypothetical brain samples. Each unique barcode is represented by a color. 
(B) Bacterial FP of brain, brain stem, and spinal cord from the intravenously infected mice in Figure 1. Data are log-transformed 
values of Nb and Ns, with mean and SEM for each group. Only samples with CFU>0 were used: 1 DPI N=4, 2 DPI N=9, 3 DPI N=10. 
Results are from a minimum of two independent experiments. Statistical significance was calculated using multiple Mann-
Whitney tests. *, p<0.01. (C) Frequency of barcodes per organ for mice in Fig. 1, where each graph is one mouse representative 
of its group (1 DPI, 2 DPI, 3 DPI). Each color represents one barcode and the same color scheme is applied to all graphs. “X” 
identifies a sample with no CFU, the number besides each sample is the bacterial load (CFU), and the number in parenthesis is 
the number of barcodes per sample.  
 
2.3.4. All regions of the brain are susceptible to infection, but Lm clones display heterogenous 
patterns of regional segregation 
 
 We hypothesized that clonal dominance in the brain was spatially driven, where a 
permissive niche would enable a small number of clones to expand dramatically in one location 
in the brain. To evaluate this hypothesis, we assessed whether bacteria were concentrated in or 
limited to certain regions of the brain. Mice were infected IV with the barcoded Lm library, and 
at 3 DPI the brain and brain stem were collected, separated across the sagittal plane (left-right), 
and further dissected into a total of 14 compartments (Fig. S2A). 
 

The total bacterial burden and founding populations were similar across all region (Fig. 
3A). Thus, Lm infection was not restricted to a particular niche and all regions were capable of 
supporting Lm replication. Almost all compartments sampled also contained clones that were 
unique to that region (Fig. S2B), suggesting that all regions of the brain are susceptible to 
invasion. GD values were intermediate (Fig. 3C and S2C), and FRD values were consistently low 
(Fig. 3D and S2D) indicating that there was modest sharing of clones between compartments. 
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Of note, dissemination of clones between regions of the brain (moderate GD/low FRD, Fig. 3C 
and D) differed from the dissemination patterns between systemic organs and the brain (high 
GD/high FRD, Fig. 1D and 1E), suggesting that the processes that drive invasion of the brain are 
distinct from those that drive dissemination within the brain.  

 
To obtain a deeper understanding of the distribution of Lm clones within the brain, we 

also quantified the number of regions in which each individual barcode was located. In every 
mouse, most barcodes were found in 1-7 of the 14 regions sampled, while a very small subset 
of clones were found throughout the entirety of the brain and brain stem (>10/14 regions, Fig. 
3E). The spreading of dominant clones is especially apparent when examining individual mice, 
where 1-3 clones can be observed through all brain regions in each mouse (Fig. S2E). 
Computationally combining the barcode frequencies for all the brain regions into individual 
“whole brain” samples while taking into account the bacterial burden of each section further 
confirmed that the barcodes present in most brain subsections were indeed the most abundant 
ones overall (Fig. 3F). These analyses established that clones display heterogenous regional 
segregation at 3 DPI; some clones disseminated, while others were locally confined. The 
dominance of one clone in the brain observed in Fig. 2 is thus explained by a few Lm clones 
efficiently spreading throughout the brain, rather than by clones accessing a specific region of 
the tissue that would be more permissive to invasion or expansion.  

 

 
Figure 2.3: All regions of the brain are susceptible to infection, but L. monocytogenes clones display heterogenous patterns of 
regional segregation. (A-F) Intravenous infection of C57BL/6J mice with 1x104 CFU and collection of brain regions at 3DPI. (A) 
Bacterial burden (CFU) and (B) founding population (Ns) per sample. Data are expressed as log-transformed values with median 
and interquartile range. (C) Similarity between each sample as assessed by genetic distance (GD). Data are the average value of 
the pairwise comparison for all mice. (D) Prevalence of shared barcodes (FRD) between each sample. The letters “A” and “B” 
identify the directionality of the measure. Data are the average value of the pairwise comparison for all mice. (E) Distribution of 
barcodes throughout the brain, as measured by the number of barcodes that are present in each fraction of brain regions, i.e. 
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1/14= number of barcodes that are in only one region, 14/14= number of barcodes that are in every region for each mouse. The 
line connects the data for each mouse and the numbers indicate the median number of barcodes for each region. (F) Frequency 
of barcodes within the “whole brain” of each mouse, where each row represents one mouse. Data in each row represent the 
combined frequency of all 14 brain regions for one mouse, normalized by the bacterial burden of each brain region in that mouse. 
Each color represents one barcode, and the numbers represent the number of regions this barcode was identified in (out of 14 
regions). For all panels N=8, and results are from two independent experiments.  

 
2.3.5. Early invading Lm are the main drivers of clonal dominance in the brain 
 

Since no region in the brain appeared to account for the dominance of Lm clones in the 
CNS, we hypothesized that clonality may be established by the timing of CNS invasion. In this 
model, the first clones that infect the brain would establish a niche, replicate, and spread within 
the tissue, while clones that invade subsequently would have a delay in colonization and thus 
seem more locally confined.  

 
To assess whether the timing of CNS invasion is the main driver of clonal dominance in 

the brain, we experimentally imposed an order of invasion using a simplified system of tagged 
Lm. Mice were infected IV with 104 CFU of either wild-type (WT) or erythromycin-resistant 
(ErmR) bacteria. At 2 DPI, the animals were given a second IV dose with 106 CFU of the other Lm 
strain. A control group received a 1:1 dose of each strain in both infection rounds. The 106 CFU 
second dose corresponds to the bacterial burden in the liver at 2 DPI (Fig. S1E) which is where 
90% of the inoculum is found 30 min post IV infection 84. This dose was chosen to ensure it 
would neither be so low as to be immediately cleared by the already activated immune system, 
nor so high to cause the mice to immediately succumb to the infection. At 3 DPI the organs 
were collected, and the proportion of each strain was assessed per sample (Fig. 4A). 

 
 In the brain and brain stem, we observed a significant bias towards greater abundance 
of bacteria from the first inoculum. In the control group, where both strains were inoculated 
together, no bias was observed, confirming that the strains have equivalent fitness. In 
agreement with the barcoded Lm analyses, which revealed that the spinal cord populations 
were distinct from those of the brain and brain stem, the spinal cord samples were highly 
variable and less impacted by the timing of inoculation, suggesting that independent factors 
affect spinal cord and brain/brain stem population shifts. Similarly, neither strain was more 
abundant in the liver, blood, or spleen when compared to the control group, suggesting that 
infection of these organs is mostly unaffected by the timing of invasion. Notably, the bacterial 
population in the brain and brain stem samples were not entirely from the initial infection 
group, but rather a mix of bacteria from both waves of infection with a strong bias towards the 
first group (Fig. 4B). This suggests that the first invasion event does not prevent further 
infection by subsequent Lm waves. Together these observations suggested that timing provides 
an opportunity for “early arrivers” to become prevalent in the brain/brain stem.  
 

To further probe the role of timing in the establishment of clonal dominance in the 
brain/brain stem, we bypassed all barriers to invasion and infected mice directly into the brain 
(Fig. 4C). Following inoculation of 500 CFUs, the brain burden exceeded those observed with IV 
inoculation, reaching 105 CFU by 12 HPI (Fig. 4D vs 1A). Ns was ~102 (Fig. 4D), which is similar to 
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the inoculum size, indicating a wide bottleneck to cerebral colonization and an ability to 
replicate in situ. Although bacterial burden dramatically increased during these first 12 hours, 
there was no difference between Ns and Nb in the brain (Fig. 4D) indicating that replication was 
relatively even across the population. Thus, during intracranial infection, when timing is 
removed as a variable, the Lm clones expand 1000-fold in the brain (CFU = 105, Ns = 102), but do 
so relatively evenly. Together these data further support timing as a critical factor that controls 
clonal dominance in the brain during cerebral listeriosis. 

 

 
 
Figure 2.4: Early invading Lm are the main drivers of clonal dominance in the brain. (A) Graphical representation of the 
experimental design for sequential infections: C57BL/6J mice were inoculated intravenously with 1x104 CFU of either wild-type 
Lm (WT), or erythromycin-resistant Lm (ErmR), or a 1:1 mix of both populations. Two days later, mice were re-infected with 1x106 
CFU of the converse strain. Mice were euthanized one day following the second infection and the ratio of WT to ErmR Lm was 
assessed. (B) Strain composition for each sample. Results are log transformed values of the ratio of ErmR to WT bacteria and bars 
represent means with SEM. Statistical significance was calculated using two-way ANOVA. ****, p<0.0001; ***, p<0.001; **, 
p<0.01; *, p<0.1. Results are from three independent experiments with red group N=15, blue group N=15, grey group N=17. (C) 
Graphical representation of the experimental design for intracranial (IC) injections: C57BL/6J mice were inoculated IC with 500 
cfu of barcoded Lm. Samples were collected for sequencing 12 hours post injection. (D) Bacterial burden (CFU) and founding 
population metrics (Ns and Nb) following IC inoculation. Results are log-transformed values with median and interquartile range. 
Results are from three independent experiments for a total of N=12. Samples with no CFU are represented as -0.1. Statistical 
significance was calculated using multiple Mann-Whitney tests between CFU and Ns, and between Ns and Nb. *, p<0.01 
 
2.3.6. Food-borne infection of immunocompromised mice reproducibly leads to cerebral 
listeriosis. 
 
 Most studies of cerebral listeriosis, including our work presented thus far, are based on 
non-natural routes of infection, including IV 36,38,39,76, intraperitoneal 37,38, intramuscular 77, 
intranasal 42, and intracranial 39, and intragastric39,42. These methods are valuable and allow us 
to probe specific aspects of the infection process, but bypass many of the host barriers that 
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ordinarily constrain Lm dissemination and restrict expansion during natural infections. We 
adapted foodborne infection models 5,85 with immunocompromised mice, in order to study the 
dynamics of severe CNS infection following a more natural inoculation. In this model, Rag1-
deficient mice (Rag1 KO), which lack B and T cells, were treated with oral streptomycin for 2 
days, fasted for ~20h, then inoculated by consumption of bread contaminated with 109 Lm CFU 
(Fig. 5A). Of note, STAMP barcodes are integrated at a fitness neutral site in the Lm 
chromosome and are expected to have little to no effect on bacterial physiology or 
pathogenesis 3,4, so oral infections were performed with either barcoded or non-barcoded Lm 
and all mice were pooled together for Fig. 5.  
 
 During the first 5 days post-ingestion of infected food, Rag1 KO mice lost up to 25% of 
their original weight followed by a phase of recovery, similar to their WT counterparts. Within a 
week most WT mice had recovered, and none succumbed to infection. In marked contrast, 
most Rag1 KO mice began losing weight again by 7 DPI and every animal reached an 
experimental endpoint criterium by 30 DPI, although the exact timing of disease progression 
varied between mice (Fig. 5B and 5C). The reason for euthanasia was variable, but ~70% of mice 
developed behavioral changes tied to cerebral infection such as circling, head tilt, or paralysis 
(Fig. 5D). Thus foodborne infection of Rag1 KO mice leads to disease outcomes similar to those 
exhibited by cerebral listeriosis-afflicted ruminants 86. 
 

Changes in behavior are manifestations of brain damage 87 suggesting that Lm crosses 
the blood-brain barrier long before clinical signs become evident. To further characterize 
“early” stages of infection, mice were euthanized at 6 or 8 DPI and the Lm burden both within 
and outside the CNS was determined. Bacterial burdens in the CNS were highly variable (Fig. 
5E), consistent with the variable rates of disease progression, and were generally lower than 
the burden found in other organs. At “late” times of infection, when mice reached the 
euthanasia criteria described in Fig. 5D, the median bacterial burden in the CNS remained 
variable, but was generally highest in the brain stem (median ~106 CFU) and lowest in the spinal 
cord (median ~104 CFU, Fig. 5F and S3C). Even though mice were euthanized at different DPI, 
the bacterial burden in the spleen and liver was less variable with a median of ~106 CFU and the 
blood and bone marrow were generally poorly infected at this late time point (Fig. 5F). Overall, 
these observations reveal that low bacterial burden at systemic sites, when compared to IV 
infection (Fig. 1A), still leads to consistent cerebral infection.  
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Figure 2.5: Food-borne infection of immunocompromised mice reproducibly leads to cerebral listeriosis. (A) Graphical 
representation of the experimental design for oral infections: mice were treated with streptomycin (20mg/mL) in the drinking 
water for 48h, fasted for 24h, then infected with 1x109 CFU of either barcoded or non-barcoded Lm and monitored daily for 
behavioral changes and body weight loss. (B) Change in weight over time for Rag1 KO mice and C57BL/6J controls. Results are 
expressed as the percentage of body weight compared to one day post infection and each line represents one mouse. Mice that 
received non-barcoded Lm are marked with a black dot and the dashed line indicates 100%. (C) Survival rate for Rag1 KO and 
C57BL/6J mice. (D) Reason for euthanasia of Rag1 KO mice, where “behavior change” refers to circling behavior, head tilt, or mild 
to severe paralysis, “lethargy” refers to lack of activity, and “weight loss” refers to a loss of 30% of original weight. (E) Bacterial 
burden at “early” times of infection with barcoded Lm (6 DPI or 8 DPI) for Rag1 KO mice. Results are expressed as log-transformed 
values with median and interquartile range. (F) Bacterial burden at “late” times of infection (upon reaching experimental endpoint 
criteria) for Rag1 KO mice. Results are expressed as log-transformed values with median and interquartile range and mice that 
received non-barcoded Lm are marked with a black dot. Data for (B-D and F) are combined from three independent experiments 
with Rag1 KO N=21 (including barcoded Lm N=8) and C57BL/6J N=8. Data for (E) are combined from four independent 
experiments with 6 DPI N= 11 and 8 DPI N=10. 
 
2.3.7. Dynamics of food-borne Lm invasion of the CNS differ from the IV model 
 

We used STAMPR-based metrics to determine whether host bottlenecks and Lm 
dissemination patterns were similar in the foodborne and IV models of cerebral listeriosis. Mice 
were compared across multiple infections with barcoded Lm (with equivalent inoculums, Fig. 
S3D) where “early” samples were collected at 6- or 8 DPI from mice that have brain CFU>0 
(subset of mice from Fig. 5E) and “late” samples were collected from mice upon reaching 
endpoint criteria (subset of mice from Fig. 5F). Since mice progress through infection at 
different rates (Fig. 5B and C), bacterial burden for “early” mice was variable, but overall we 
found that the Lm burden in the CNS increased by ~4logs from early to late times of infection 
(Fig. 6A) while founding population sizes remined low over time (Fig. 6B). Ns from orally 
infected mice was generally lower at all sites than during IV infections (Fig. 6B and 1B) 
suggesting that passage through the intestinal barrier in mice lacking Rag1 comprises a very 
stringent bottleneck. Notably, in the CNS, Ns was generally ~1 in both early and late time 
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points, suggesting a mostly monoclonal CNS (Fig. 6B, 6C, S3A and S3B). Thus, in marked contrast 
to the IV model where there is continued Lm invasion of the CNS over the 3-day infection 
period (Fig. 1B), increase in bacterial burden in the oral model is likely primarily driven by 
replication within rather than migration into the CNS. In addition, the total bacterial burden and 
founding population in spleen, liver, blood, and bone marrow remained lower in oral infections 
compared to IV infections (Fig. 6A, 6B, 1A, 1B and S1F), suggesting that systemic sites are 
overall more restrictive to Lm colonization in the oral model compared to IV.  

 
At early times of infection, the Lm populations in the CNS were similar to each other 

(low GD and high FRD[organ-brain]), except the spinal cord which was often uninfected (Fig. 6D 
and 6E). At any time, the brain only ever harbored 1-3 clones and these barcodes were 
generally shared with the rest of the CNS (Fig. 6C, S3A and S3B). The clones in the brain were 
however consistently underrepresented in the colon (Fig. 6E) and the colon population was 
always highly dissimilar to the brain (GD, Fig. 6D), suggesting that Lm does not primarily depend 
on retrograde trafficking from peripheral neurons that innervate the gut to infect the brain. 
Taken together, our findings reveal that the dynamics of Lm CNS invasion in the oral and IV 
models differ; during oral infection in Rag KO mice, only a very small number of Lm clones 
invade the CNS and subsequently replicate locally.  
 

 
Figure 2.6: Dynamics of food-borne Lm invasion of the CNS differ from the IV model. (A) Bacterial burden (CFU) and (B) founding 
population (Ns) for the mice in Fig. 5E and 5F that were infected with barcoded Lm. “Early” refers to samples collected at 6 or 8 
DPI, but only from mice where brain CFU>0. “Late” refers to samples collected when mice reached experimental endpoint criteria 
as described in Fig. 5D. Results are log-transformed values with median and interquartile range. Organs with no CFU are 
represented as -0.5. (C) Frequency of barcodes for representative mice of the “early” and “late” groups. Each color represents 
one barcode and the same color scheme was applied to both graphs. “X” represents a sample with no CFU, the number besides 
each sample is the bacterial load, and the number in parenthesis is the number of barcodes per sample. (D) Genetic distance to 
brain (GD). Data are individual samples with median and interquartile range and samples with no CFU are represented as 1.1. (E) 
Prevalence of barcodes from the brain in other organs (FRD[organ-brain]). Data are individual samples with violin plots and 
median and samples with no CFU are represented as -0.1. Data for the “early” group are combined from four independent 
experiments (subset of mice from Fig. 5E) with N=8. Data for the “late” group are combined from two independent experiments 
(subset of mice from Fig. 5F, which received barcoded Lm) N=8. 
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2.4. Discussion 
 

In this study, we used barcoded Lm and leveraged STAMPR analytics to uncover the 
patterns of pathogen trafficking, replication dynamics, and host bottlenecks in multiple models 
of CNS infection. Following IV inoculation, Lm infects the CNS in multiple waves, independently 
invading the brain, brain stem, and spinal cord (Fig. 1A-1E). All regions of the CNS shared most 
of their barcode diversity with the blood (Fig. 1F), establishing the blood as the most probable 
reservoir for continuous CNS invasion. Nevertheless, the brain and brain stem harbored a few 
highly expanded clones (Fig. 2). Clonal dominance was not due to a spatial advantage (Fig. 3), 
but the predominant clones instead had a temporal advantage in the brain, where the first Lm 
to invade became more prominent (Fig. 4). During foodborne infection in immunocompromised 
mice, we observed extremely tight bottlenecks, and the CNS was nearly monoclonal although 
robustly colonized (Fig. 5 and 6). Together, our findings quantify the contribution of several 
barriers that Lm must cross to infect the CNS and reveal the ability of a single clone to cause 
cerebral infection, highlighting the remarkable power of using barcoded bacteria to quantify 
pathogen dissemination during infection. 

 
The use of barcoded Lm has previously been applied to models of systemic and 

foodborne infection, and our results build on these prior studies by mapping the dynamics of 
Lm invasion of the CNS.  Zhang et. al. demonstrated that Lm can escape tissue containment and 
enter circulation from highly infected systemic organs, thus promoting pathogen exchange 
between the spleen and liver 4. Our study reveals that pathogen exchange in systemic organs 
also facilitates continual invasion of the CNS. These results also mirror the findings of Wincott 
and colleagues 82, who used barcodes to study the neurotropic parasite Toxoplasma gondii and 
found that the BBB imparted limited restraint to CNS infection. Correspondingly, following Lm 
oral infection in Rag KO mice, the spleen and liver harbored fewer bacteria, the blood had a low 
burden, and the CNS remained monoclonal. These observations are consistent with the idea 
that a CFU threshold in systemic sites must be met to enable robust entry of Lm into circulation 
and allow continuous invasion of the brain. During oral infection, a failure to reach this 
threshold limits the ability of Lm to escape systemic organs, reducing bloodborne bacteria, and 
ultimately leading to a monoclonal CNS. 

 
Multiple mechanisms have been proposed to explain how Lm first invades the CNS. The 

most accepted model proposes that Lm hijacks bone-marrow-derived monocytes to reach the 
BBB 36–39. Although these cells are very efficient at promoting brain infection 36 and CCR2-/- mice 
show a decreased brain bacterial burden 39, the Lm populations in the brain and bone marrow 
did not converge over time during IV infection (Fig. 2C and S1D), suggesting that the dominant 
clones in the bone marrow do not continuously and robustly invade the CNS. However, in our 
study we only collected femurs, and it remains possible that other bone marrow sites harbor 
clones shared with the CNS, particularly the skull marrow 88. Defining the heterogeneity of Lm 
across bone marrow sites could be facilitated by STAMPR in future studies. An alternative 
model proposed that Lm traffics within neurons via the peripheral nervous system 40–42,77–79. 
This hypothesis is particularly attractive since the gastrointestinal tract is densely innervated 89 
and harbors large numbers of Lm following oral infection 4,29. However, we did not observe 
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similar bacterial populations between the colon and CNS (Fig. 6). It is possible that intraneural 
trafficking originates from other tissues, but our findings thus far argue against a direct gut-
brain axis as the principal route for continuous pathogen trafficking into the CNS. Even though 
each of the proposed routes could be responsible for the first invasion event, our data support 
the blood as the most likely source of bacteria that invade in the brain over time. 

 
We found that timing of CNS invasion drives clonal dominance in the brain, where 

clones that first invade the brain are more abundant than clones that arrive in subsequent 
waves. The dominance of the first organisms to arrive in a new niche is known as the “priority 
effect” and has been previously described in the study of complex microbial populations, 
including several models of intestinal colonization 90,91. However, it is highly likely that the 
mechanisms that drive priority effects during intestinal colonization are distinct from those that 
drive priority effects during CNS invasion. Notably, direct antagonism between bacteria and 
competition for nutrients play major roles in priority effects in intestinal colonization by 
extracellular bacteria 92. Since Lm is an intracellular pathogen and there is limited evidence for 
the presence of other abundant microbes in the brain, we hypothesize that neither play a major 
role in this context. We propose that the priority effect in the Lm-infected CNS is a consequence 
from the fact that the first clones to invade the brain have more time to replicate before the 
host succumbs to infection.  

 
Our study further emphasizes the impact of the infection route in studies of pathogen 

dissemination, since the pathogen dynamics during foodborne infection were distinct from the 
dynamics during IV infection. To mimic a more natural CNS infection, we adapted a model of 
foodborne infection where mice were pre-treated with streptomycin 5. Other models of oral 
cerebral listeriosis have previously been developed with no antibiotic treatment and/or the use 
of clinical isolates 39,85,93,94. Antibiotic pretreatment promotes dysbiosis which limits 
colonization resistance in the gut and facilitates a more efficient infection 5,29. Dysbiosis is also a 
common occurrence in immunocompromised individuals who are most at risk of cerebral 
listeriosis 95 and defining the role of the microbiota in Lm CNS invasion will be worthy of further 
study. The use of Rag1 KO mice enables infection in a context where pathogen clearance is not 
achieved. Indeed, CD8+ T cells are required for clearance of Lm from a host 96,97, and SCID mice, 
which have limited B and T cells, become chronically infected with Lm 98. Some bacterial factors 
are also known to facilitate CNS invasion 76 and many neurotropic clinical isolates have been 
identified 39,93. Quantifying the specific contribution of host and bacterial factors on pathogen 
dissemination to the CNS will be facilitated by the use of barcoded Lm and provide substantially 
greater insight into the principles that underlie Lm CNS infection in nature. Overall, our work 
provides insights into the dissemination patterns of intracellular bacteria to the brain, laying the 
groundwork for barcode-based analysis of CNS invasion with other neurotropic pathogens. 
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2.5. Material and methods 
 
Animal models 
C57BL/6J mice were purchased from the Jackson Laboratory (stock #000664) and maintained 
under specific pathogen-free conditions at the University of California, Berkeley animal facility. 
Rag1 KO mice (B6.129S7-Rag1tm1Mom/J, Jackson Laboratories stock #003729) were obtained 
from the Barton lab at the University of California, Berkeley and maintained under specific 
pathogen-free conditions within the University of California, Berkeley animal facility. Only 8- to 
12-week-old female mice were used for all experiments with sex- and age-matched controls 
according to institutional guidelines for animal care. This study was performed in strict 
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals 
of the National Research Council of the National Academy of Sciences 99 and with university 
regulations. All protocols were reviewed and approved by the Animal Care and Use Committee 
at the University of California, Berkeley (AUP-2016-05-8811).  
 
Bacterial strains and growth conditions  
All L. monocytogenes strains used in this study were derived from 10403S 100 which is 
streptomycin resistant and propagated in filter-sterilized brain heart infusion (BHI) medium 
(BD) at 37°C while shaking with streptomycin (200 μg/ml) overnight. Cell density was measured 
by optical density (OD600). Inoculums were prepared by washing log-phase bacteria twice in 
PBS and resuspending in the appropriate volume of PBS depending on the infection route. 
Frozen bacterial stocks were stored at -80°C in BHI plus 25% glycerol.  
 
Intravenous infections 
Mice were infected intravenously via the tail vein with 104 CFU of L. monocytogenes strains in 
200μL of sterile PBS as previously described 101. Briefly, 1-, 2-, or 3 days post-infection, mice 
were euthanized, and tissues were harvested as described below. For sequential infections, 
mice were infected intravenously via the tail vein with 104 CFUs of L. monocytogenes in 200μL 
of sterile PBS. 48 hours following the first injection, mice were injected again intravenously via 
the tail vein with 106 CFU of Lm in 200μL of sterile PBS. 24 h following the second infection, 
mice were euthanized, and tissues were harvested as described below. 
 
Intracranial infections  
Mice were infected intracranially with 500 CFU of L. monocytogenes strains with 5μL of sterile 
PBS as previously described 102. Briefly, mice were anesthetized with 2% isoflurane, given pre-
emptive analgesics (Buprenorphine 0.1mg/kg and Meloxicam 10mg/kg), and arranged on 
Angle-two stereotactic frame (Leica, Nussloch, Germany). The incision area was swabbed with 
three alternating wipes of 70% ethanol and betadine scrub with sterile applicators prior to 
performing minimally damaging craniotomies. The stereotaxic surgery coordinates used for 
targeting the striatum, relative to bregma, were 2mm anterioposterior, 1 mm mediolateral, 1.5 
mm dorsoventral. Infusion of L. monocytogenes (500 CFU) was performed with a syringe to 
deliver 0.5 μL per minute for a total volume of 5μL. Post-infusion, the syringes were left in 
position for 2 minutes before slow removal from the injection site, which was then cleaned, 
sutured, and surgically glued. Throughout the procedure, mice were kept at 37°C for warmth 
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and Puralube Vet Ointment (Dechra, NDC #17033-211-38, Northwich, England) was applied to 
the outside of the eyes. Mice were euthanized and tissues were harvested 12 hours post 
infection.  
 
Foodborne infections  
Prior to infection, 20 mg/ml of streptomycin sulfate was added to the drinking water. After 24 
h, chow was removed to initiate an overnight fast and mice were transferred to fresh cages. 48 
h after streptomycin was added to the water, mice were isolated, fed a 3-mm piece of bread 
with 3μL of butter and 109 CFU L. monocytogenes in 5uL PBS. Mice were then returned to cages 
containing standard drinking water and chow. The inoculum was plated for CFU to check the 
efficiency of each infection. Fecal pellets were collected at 1 DPI for each mouse and only 
animals with 1 DPI CFU/gram > 106.5 were kept for further analysis. Mice were monitored daily 
for weight loss and behavioral changes including head tilt, circling, mild to severe paralysis, and 
lethargy. Upon reaching an endpoint criterium as described on our animal use protocol (any of 
the behaviors described in Fig. 5: behavior change, lethargy, or 30% weight loss), mice were 
euthanized, and tissues were harvested. 
 
Tissue harvest  
Blood (~500uL) was collected via cardiac puncture immediately after euthanasia in 100uL 50 
mM EDTA as an anticoagulant (adapted from Senay et al.93). Immediately after blood collection, 
mice were perfused with 20mL PBS. Most samples were homogenized in 0.1% IGEPAL CA-630 
(Sigma) and for bone marrow, the left femur and tibia were collected together then crushed 
with a mortar and pestle before homogenizing. Gallbladders and feces were homogenized in 
1xPBS. Colons were cut longitudinally, washed with PBS, and incubated in RPMI (Gibco) 
containing 5% fetal calf serum, HEPES, L-glutamine, and 100 μg/ml gentamicin for 45 min at 
37°C. This procedure kills all extracellular bacteria within the tissue. Colons were then washed 6 
times to remove all gentamicin by placing the tissue into 10 ml of fresh PBS on a rotator at 4°C 
for 20 min before homogenizing in 1 ml 0.1% IGEPAL. Clean autoclavable probes were used and 
changed for the homogenization of each sample to avoid cross-contamination. Dilutions of 
homogenates were plated to enumerate CFU and full samples were plated for STAMPR analysis 
following incubation at 37°C overnight. In instances where growth of commensal bacteria was a 
concern, plates were supplemented with nalidixic acid, LiCl, and glycine, which does not affect 
Lm growth. Antibiotics and media supplements were used at the following concentrations: 
streptomycin at 200 μg/ml, nalidixic acid at 15 μg/ml, LiCl at 6 mg/ml, and glycine at 6 mg/ml.  
 
STAMP  
Sequence tag-based analysis of microbial populations (STAMP) was performed as previously 
described 3,20. The library with ~200 barcodes, which was created by Dr. A. Louie in 2019 29, was 
freshly inoculated into BHI broth from frozen stocks and grown to log-phase for each 
experiment. Inoculum samples were collected frequently to ensure that the population 
structure remained stable across all experiments. To process samples, Lm colonies were 
washed off plates, collected in PBS with 25% glycerol, diluted In water, and boiled for 1h at 80C. 
The barcode-containing region was amplified from the genome using custom forward and 
reverse primers (Supplementary Table S1) with OneTaq HS Quick-Load Master Mix (New 



 27 

England Biolabs) on boiled samples. Samples were amplified using primers containing TruSeq 
indexes and adapters for Illumina sequencing. PCR products were pooled and purified using 
GeneJet PCR purification kit. Purified products were sequenced on either an Illumina MiSeq or 
Illumina NextSeq 1000. Reads were demultiplexed using a custom R script and trimmed and 
mapped to a list of ~200 barcodes using Qiagen CLC Genomics Workbench with default settings. 
Mapped reads were exported as a CSV table. Founding population estimates were determined 
using the STAMPR analysis toolset 20. Genetic distance was estimated with Cavalli-Sforza chord 
distance 103 as previously described 3. Founding population (Ns) sometimes were computed as 
<1 which is biologically aberrant so Nb<1 values were manually amended to Nb=1. Sequencing 
data and original script have been deposited on Github 
(https://github.com/hullahalli/stampr_rtisan) and are publicly available. Any additional 
information required to reanalyze the data reported in this paper is available from the lead 
contact upon request. 
 
Statistical analysis 
All statistical analyses were performed using GraphPad Prism version 10.0.1 for MacOS, 
GraphPad Software, San Diego, CA, USA. Details for all statistical analyses can be found in the 
figure legends.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 28 

2.6. Supplementary Figures 
 
 

 
 
Supplementary Figure S2.1: Intravenous infections of C57BL/6J mice intravenously infected with 1x104 CFU of L. 
monocytogenes. (A) Bacterial burden (CFU) in the central nervous system over 3 days post infection (DPI). Results are 
expressed as log-transformed CFU per organ and each line connects the samples from one mouse. (B-C) Comparison between 
bacteria burden and FRD[organ-brain] (B) or FRD[blood-organ] (C) for all mice at 3 DPI. Each dot represents one sample and is 
colored by the tissue type. (D) Frequency of barcodes per organ over 3 days post infection, where each graph represents one 
mouse, and each color represents one barcode (the same color scheme was applied to the entire panel). Data for A-D were 
collected from the same mice as Figure 1 and Figure 2. (E) Bacterial burden in the liver at 2 DPI. Results are expressed as log-
transformed CFU with median. (F) Bacterial burden and founding population (Ns) in the liver at 3 DPI. Results are expressed as 
log-transformed values with median. Data for E and F are combined from at least two independent experiments each with 2 
DPI n=9, 3 DPI n=10.  
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Supplementary Figure S2.2: Dissection of brain regions 3 days post intravenous infection. (A) Depiction of the regions of the 
brains and brain stems collected 3 days post intravenous infection of C57BL/6J mice with 1x104 CFU of L. monocytogenes. 
Brains were dissected into left and right hemispheres, then each further separated into the following 7 regions: olfactory bulbs, 
cortex, hippocampus, cerebellum, brain stem (medulla and pons only), and the remaining area was separated halfway along the 
coronal plane into two sections labeled “forebrain” and “hindbrain” (includes midbrain). (B) Sites of entry into the brain. Data 
represent the number of clones that are uniquely identified in only one brain region for each mouse, with median and 
interquartile range. (C) Genetic distance between samples at 3 days post IV infection. Each heatmap represents one mouse with 
a threshold for dissimilarity set at 0.8. (D) Fraction of shared barcodes (FRD) between samples at 3 days post IV infection. Each 
heatmap represents 1 mouse with a threshold for dissimilarity set at 0.8. (E) Frequency of tags at 3 days post IV infection. Each 
graph represents one mouse and each color represents one barcode (the same color scheme was applied to the entire panel). 
For A-E all data were collected from the same mice as Figure 3. For panels C-E the tissues are as follows: 1- left brain stem, 2- 
right brain stem, 3- left cerebellum, 4- right cerebellum, 5- left cortex, 6- right cortex, 7- left forebrain, 8-right forebrain, 9- left 
hindbrain, 10- right hindbrain, 11- left hippocampus, 12- right hippocampus, 13- left olfactory bulb, 14- right olfactory bulb, 15- 
spleen.  
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Supplementary Figure S2.3: Oral infection of mice with 1x109 CFU of L. monocytogenes. (A-B) Frequency of tags for Rag1 KO 
mice sacrificed at 6-8 DPI (A) or upon reaching endpoint criteria (B). Each graph represents one mouse, and each color 
represents one barcode (the same color scheme is applied to all graphs). “X” identifies a sample with no CFU and “na” means 
the sample was not collected. (C) Bacterial burden (CFU) in the central nervous system of Rag1 KO mice upon reaching 
endpoint criteria, where each line connects the samples of one mouse. (D) Inoculum for experiments where mice were 
collected upon reaching endpoint criteria (Fig. B-D,F and Fig. 6) or at 6-8 DPI (Fig. 5E and Fig. 6). Each dot represents the 
inoculum for one experiment. Results for (C-D) are expressed as log-transformed values.  
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Oligo Name  Sequence  
Var13  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTTACTTGTAAAACGACGGCCAGT  
Var14  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTGCTATTGTAAAACGACGGCCAGT  
Var15  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTCGACTGTTGTAAAACGACGGCCAGT  
Var16  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTTAGCGTATTGTAAAACGACGGCCAGT  
Var17  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTTGCTGAGTCTTGTAAAACGACGGCCAGT  
Var18  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTGCTGATAGTATTGTAAAACGACGGCCAGT  
Var19  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTCAACTGCGTAGCTTGTAAAACGACGGCCAGT  
Var20  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTATGACCGTCTCGATTGTAAAACGACGGCCAGT  
AD002  CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGC 

TCTTCCGATCTTGTCTCATGAGCGGATACA  
AD004  CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGC 

TCTTCCGATCTTGTCTCATGAGCGGATACA  
AD005  CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGC 

TCTTCCGATCTTGTCTCATGAGCGGATACA  
AD006  CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGC 

TCTTCCGATCTTGTCTCATGAGCGGATACA  
AD007  CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGTGC 

TCTTCCGATCTTGTCTCATGAGCGGATACA  
AD012  CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGC 

TCTTCCGATCTTGTCTCATGAGCGGATACA  
AD013  CAAGCAGAAGACGGCATACGAGATTTGACTGTGACTGGAGTTCAGACGTGTGC 

TCTTCCGATCTTGTCTCATGAGCGGATACA  
AD014  CAAGCAGAAGACGGCATACGAGATGGAACTGTGACTGGAGTTCAGACGTGTGC 

TCTTCCGATCTTGTCTCATGAGCGGATACA  
 
Supplementary Table S2: Oligonucleotides for sequencing.  Primers with names beginning with “var” are forward primers and 
primers with names beginning with “ad” are reverse primers.  
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2.7. Unpublished work 
 

During our efforts to understand the spaciotemporal dynamics of cerebral infection, we 
performed a few additional/control experiments that did not make it into the final published 
manuscript but did provide additional information that we thought was worth including here. 
 
2.7.1. Controlling for the effect of microbiota during oral infection with littermates 
 

Many of the cerebral infections in this chapter were performed as foodborne infections. 
For the sake of continuity with the prior experiments using intravenous infections, C57BL6/J 
mice bought from the Jackson Laboratories (JAX) were used as control mice for all oral 
infections. However, as mentioned in the material and methods (Section 2.5), the Rag1 KO mice 
were a gift from the Barton lab at UC Berkeley (UCB) and were bred in house at the University 
of California, Berkeley animal facilities. Fecal bacterial burden was assessed one day post 
infection for all orally infected mice to ensure only animals that were efficiently infected (>106 
CFU) were kept for further analysis. Nevertheless, these mice were bred in separate animal 
facilities which may affect their intestinal microbiota. 
 

Indeed, the commensal communities of animals bred in separate facilities can be 
dramatically different.104 This may seem innocuous, but it can heavily impact the response of  
mice to various infections, such as sepsis104, malaria105, or Clostrioides difficile106.  These 
variabilities can be attributed to many downstream effects of commensal microbes, such as 
training the immune system during early life107 and leading to different immunophenotypes,104 
or the ability of certain commensal species to directly impede intestinal colonization by 
competition for nutrients or direct antagonism5.  
 

We thus set out to probe whether the differences in the development of cerebral 
Listeriosis observed between C57BL6/J (JAX) and Rag1KO (UCB) mice (section 2.3.6) was 
microbiota dependent. C57BL6/J (JAX) and Rag1KO (UCB) mice were crossed in house (UCB) to 
obtain a cohort of littermates with all the genotypes of interest: Rag1-/-, Rag1+/-, and Rag1+/+. 
Littermates are recognized as the best method for minimizing the impact of microbiota on 
genotype-phenotype studies because pups have a homogeneous microbiome from early life. 
Co-housing animals is an alternative option for normalizing microbiotas, but even though 
microbial communities may equilibrate over time the immune development from early life 
exposure will remain distinct in co-housed mice.108  
 

Littermates of each genotype were thus orally infected with 1x109 CFU of WT Lm 
following pre-treatment with streptomycin. C57BL6/J mice (JAX) were infected as well, as 
control. Weight loss and behavior were monitored daily, similarly to the experiments described 
earlier, and bacterial burden was assessed either at the time of reaching endpoint criteria 
(circling disease, mild to severe paralysis, lethargy, or >30% weight loss) or at 25-28 days post 
infection. Rag1-/- littermates were unable to recover from early weight loss and all reached 
endpoint criteria associated with high bacterial burden in the CNS in about 1-3 weeks post 
infection (Fig. 2.7), similarly to our previous findings (Section 2.3.6). On the other hand, 
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C57BL6/J (JAX) and Rag1+/+ (UCB) all recovered from infection within a week and cleared Lm 
within a month, except for one mouse. The Rag1+/- mice were generally similar to Rag1+/+ mice 
with ~90% mice recovering from infection and attaining bacterial clearance (Fig 2.7).  
 

This work suggests that the differential response to cerebral listeriosis between 
C57BL6/J (JAX) and Rag1KO (UCB) mice identified in Sections 2.3.6 and 2.3.7 was indeed 
dependent on genetic differences rather than variations in intestinal communities, and brings 
additional validation to our earlier findings. 
 

 
 
Figure 2.7: The microbiota does not drive the difference in development of cerebral listeriosis between store bought C57BL6/J 
mice and Rag1KO mice bred in house. C57BL6/J mice bought at the Jackson laboratories, and Rag1+/+, Rag1-/+, and Rag1-/- 
littermates bred in house at UC Berkeley were treated with streptomycin (20mg/mL) in the drinking water for 48h, fasted for 24h, 
then infected with 1x109 CFU and monitored daily for behavioral changes and body weight loss. (A) Change in weight over time. 
Results are expressed as the percentage of body weight normalized to one day post infection and each line represents one mouse. 
The dashed line indicates 100%. (B) Survival rate where endpoint criteria were set as circling behavior, head tilt, mild to severe 
paralysis, lethargy, or weight loss >30% of original weight. (C) Bacterial burden upon reaching endpoint criterium or at the end of 
experiment (25-27 days post infection). Results are expressed as log-transformed values with median and interquartile range. 
Data are combined from two independent experiments with C57BL6/J (B6 JAX) n=10, Rag1+/+ n=12, Rag1-/+ n=19, and Rag1-/- n=8. 
 
2.7.2. Assessing early brain damage with rotarod 
 

As we continued our studies of orally-induced cerebral listeriosis, we sought to identify 
mice at early stages of brain infection. Indeed, circling behavior, lethargy, and paralysis 
(“endpoint criteria”) are all dramatic phenotypes that are evidence of extensive neural 
damage87 and suggest that cerebral infection has already been underway for some time. In our 
published work109 we studied mice that were sacrificed at 6 to 8 days post infection, expecting 
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to identify animals with CFU>0 in the brain, yet little enough bacterial accumulation that mice 
would not be on the brink of developing “endpoint criteria” symptoms. This method allowed us 
to perform an analysis of “early” brain infection, but was not perfect at identifying mice with 
some but few CFUs in the brain. So, we attempted to identify other markers that would be 
evidence of early brain damage. 
  

To this avail, we turned to a well-established model in the field of neurobiology, 
established in 1957: the rotarod110. A rotarod is an instrument where a horizontal rod will 
rotate along its long axis at increasing speed and mice are monitored for the duration they are 
able to walk forward and remain on the rod (latency to fall). An infrared sensor assesses the 
presence of the mouse on top of the rod and thus specifically and accurately marks the time to 
fall, providing detailed information about the mice’s motor coordination, balance, and 
locomotion performance. Animals are trained for a few days prior to the start of the 
experiment so they learn to expect the bar to begin rotating and to remain on the bar as it 
moves. When motor deficits develop, mice have increased difficulty to remain on the rotating 
bar and fall earlier than healthy mice.111 This tool has successfully been used to assess cerebral 
impairment following Zika infection112 and Toxoplasma gondii infections113,114 among others. 
 

We trained Rag1KO and C57BL6/J female mice on the rotarod for 5 days prior to 
infection. A subset of the mice were then orally infected with 1x109 CFU with streptomycin pre-
treatment, as previously described, while the rest were left uninfected as control. Mice were 
monitored 3 times daily with 15 min between each testing session. Challenges lasted up to 5 
min or until the mouse fell. Uninfected mice of either genotype as well as infected C57BL6/J 
(which we found in Fig 2.5 can recover from infection within a week) maintained a latency to 
fall around 200sec throughout the experiment. On the other hand, performance of infected 
Rag1KO mice varied dramatically after ~12 days of infection (Fig 2.8A). When we assessed the 
latency to fall for each infected Rag1KO mouse separately, we found that mice performed very 
poorly on the day they reached endpoint criteria, but performed well the day before 
developing symptoms of serious disease (Fig2.8B).  
 

This suggested that the Rotarod system is not a helpful method to identify early Lm-
induced cerebral damage. Other behavioral evaluations could be tested to identify early brain 
damage such as the elevated cross maze or the gait test, but our method of systematically 
sacrificing animals at 6-8 days post infection provided sufficient information to for our 
purposes.  
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Figure 2.8 Rotarod did not allow for identification of early signs of cerebral listeriosis. C57BL6/J or Rag1KO 8-12 week old 
female mice were trained on the rotarod for 5 days prior to infection. A subset of mice were then infected orally with 1x10^9 
CFU following streptomycin pre-treatment, and monitored 3 times daily for motor function. (A) Latency to fall in seconds for 
each group, where results are the mean with SEM. (B) Latency to fall in seconds for each individual Rag1KO mouse. The 
performance on the last day before developing “endpoint criteria” symptoms (i.e. circling disease, mild to severe paralysis, 
lethargy, or 30% weight loss) was highlighted in red. Data are combined from two independent experiments with B6 uninfected 
n=3, Rag uninfected n=5, B6 infected n=8 , and Rag infected n=4.  
 
 
2.7.3. Clonal dominance in orally infected Rag1KO mouse brain regions 
 
We previously identified that the brain of orally infected Rag1KO mice was almost entirely 
monoclonal upon reaching endpoint criteria (Fig 2.6 and S2.3B). However, brain CFU can reach 
~106 CFU around that time (Fig 2.6 and S2.3B) so we wondered whether additional barcodes 
may be present at low levels in certain regions of the brain but could not be captured by 
looking at the brain as a whole tissue. 
 
To address this concern, we infected Rag1KO mice orally with 1x109 CFU of barcoded Lm 
following streptomycin pre-treatment and CNS was harvested upon reaching endpoint criteria. 
The brain and brain stem were collected, then separated across the sagittal plane (left-right), 
and further dissected into a total of 14 compartments as previously described (Fig. 2.3 and 
S2.2A). 
 
In orally infected mice, the bacterial burden was highest in the brain stem (as previously 
described in Fig. S2.3C), then tended to be highest in hind regions close to the brain stem such 
as the cerebellum, hindbrain, and cortex (Fig 2.9A). Upon assessing the frequency of barcodes 
in each region however, we found that one clone remained dominant throughout each region 
for each mouse (Fig. 2.9B). 
 
This further validated our previous understanding that the CNS of orally infected mice is highly 
monoclonal upon reaching endpoint criteria. 
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Figure 2.9: The CNS of orally infected Rag1KO mice at late stages of infection is monoclonal. 8-12 week old Rag1KO female mice 
were infected orally with 1x109 CFU of barcoded Lm following streptomycin pre-treatment, and monitored daily for behavioral 
changes. Samples were collected when mice reached endpoint criteria (circling behavior, mild to severe paralysis, lethargy, weight 
loss >30%). (A) Bacterial burden (CFU) per sample. Results are expressed as log-transformed values with median and interquartile 
range. (B) Frequency of barcodes for each mouse. Each color represents one barcode and the same color scheme was applied to 
both graphs. “no bar” represents a sample with no CFU. Data are combined from two independent experiments with n=3. 
 
 
 
2.7.4. Additional material and methods for unpublished work 
 
Assessment of neuromotor functions: 
Rotarod analysis was performed as previously described111,115. Briefly, mice were trained for 5 
days prior to challenge. Before each training, the mice were placed in the procedure room for 
5-20 min to let them get used to the environment. 3 trials were performed daily with 15min 
inter-training interval. The 1-4th trainings lasted 3 min with fixed speed, while the 5th included 
acceleration. If mice fell before the end of the 3min training period, they were put back onto 
the bar until the 3-min session was done.  
Training schedule by day:  
Day1: 4 rpm à 4 rpm à 6 rpm 
Day2: 6 rpm à 8 rpm à 8 rpm 
Day3: 8 rpm à 10 rpm à 10 rpm 
Day4: 10 rpm à 12 rpm à 12 rpm 
Day5: Acceleration 4-40 rpm x3 
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Following challenge (i.e. infection), mice were monitored 3 times daily during 5 min tests with 
15min inter-testing interval. The speed of the acceleration of the rotarod during the testing 
period was 4-40rpm for each 5min (300sec) trial. Mice were allowed to acclimatize to the room 
for 20-30 minutes prior to testing. If a mouse fell within 10 second from the start, it was put 
back on, but if it failed three times to remain on the Rotarod within the first 10sec, the mouse 
was remove from the trial and the time was recorded as 0sec. If a mouse did a passive rotation 
(hanging on) it was repositioned once, but if the behavior was repeated it was considered as 
the time of fall. Data was plotted as latency to fall in seconds with means and SEM.  
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CHAPTER 3. INVESTIGATING THE ROLE OF THE INNATE IMMUNE RECEPTOR STING DURING LM 

DISSEMINATION TO THE BRAIN AND THE PLACENTA 
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3.1. Summary of Results 
 

The stimulator of interferon genes (STING) has been shown to function as a cytosolic 
host pattern recognition receptor. Upon activation, STING promotes a variety of immune 
responses including expression of the chemoattractant MCP-1 which recruits monocytes to 
sites of infection. Leukocytes have been implicated in the dissemination of microbial pathogens 
such as L. monocytogenes, to various locations within their hosts including the brain and 
placenta. However, the role of STING in promoting or preventing bacterial dissemination to 
either of these tissues remains poorly understood. In this study, we used STING-deficient mice 
(Goldenticket, Gt) to assess the role of STING in cerebral and placental colonization. Following 
oral inoculation, bacterial burden peaked in the central nervous system (CNS, which 
encompasses brain, brain stem, and spinal cord) around 4 days post infection. This peak was 
associated with an increase in bacterial burden across the host. We showed that this increase in 
cerebral L. monocytogenes was independent of STING’s ability to induce Type 1 interferon (IFN) 
but dependent on signaling via its C-terminal tail. Further studies in Rag1KO-Gt double mutant 
mice suggested that the role of STING in limiting cerebral infections was most relevant during 
early stages of infection, but these studies were still preliminary and will require further 
experimentation. Finally, this work addressed the role of STING during intravenous and oral 
infection of pregnant mice and found that STING-deficiency somewhat protected placentas 
following intravenous infection but could promote heightened placental colonization following 
oral infection. This work was again preliminary and will require further studies to confirm and 
expand upon our results. Collectively, we found that STING-deficiency most often led to a 
heightened rather than a diminished colonization of the brain and placenta in mice, suggesting 
that the loss of bacterial control from the absence of STING-induced monocytes is more 
impactful, than the loss of a monocyte “Trojan horses” for bacterial dissemination.  
 
3.2. Introduction 
 

Pattern recognition receptors (PRRs) are guardians that detect microbial pathogens. 
PRRs recognize specific patterns innately established as non-self and respond to various 
categories of ligands. This mostly non-specific method of response is particularly helpful 
because it provides protection against a broad range of pathogens.116 STING, the stimulator of 
interferon genes, is one such pattern recognition receptor that is found in the cytosol of host 
cells, associated with the ER. STING is activated downstream of the DNA sensor cyclic GAMP-
AMP synthase (cGAS) or can directly recognize pathogen derived- cyclic-di-nucleotides60,117. The 
main function of STING, as suggested by its name, is to induce Type 1 interferons (IFN) and IFN-
stimulated genes60, which are highly effective at protecting hosts from viral infections. 
However, some intracellular bacteria such as Chlamydia trachomatis118, Mycobacterium 
tuberculosis119, and L. monocytogenes60 (Lm) induce STING and Type 1 IFN, which can be 
detrimental to the host. 
 

Upon intravenous infection with the facultative intracellular, Gram-positive, foodborne 
bacterial pathogen Lm, mice reproducibly develop high bacterial burden in the spleen and liver. 
STING-dependent Type 1 IFN activation benefits Lm bacterial pathogenesis120–122, yet bacterial 
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burden in the spleen and liver of infected Goldenticket (Gt, STING-deficient) mice is similar to 
C57BL6/J control mice.61 This suggests that STING activity does not play a major role in the 
systemic phase of infection for Lm. Upon foodborne infection however, STING activation leads 
to a host-wide reduced bacterial burden61, suggesting a timing/location sensitive aspect of 
STING-mediated protection. Of note, STING activation results in more than Type 1 IFN 
responses, such as NF-kB activation,123 autophagy,124 and STAT6 activation.125 STAT6 can induce 
production of the chemokine MCP-1, also called CCL2125, which is a ligand for the monocyte 
cell-surface receptor CCR2. CCR2 activation initiates migration of monocytes out of the bone 
marrow and into circulation.126,127 During intestinal infection, Lm is predominantly associated 
with monocytes, yet these cells do not support bacterial intracellular growth.128 

 
In humans, Lm infection is generally mild and leads to a self-limiting gastroenteritis. 

However, in the case of immunocompromised hosts, Lm infection can lead to cerebral 
infection, causing permanent brain damage or even death.31 In the context of cerebral 
listeriosis, monocytes have been extensively studied as a possible conduit for bacterial 
dissemination. Indeed, Lm can infect inflammatory monocytes (Ly6Chi, CCR2+) and hijack these 
migratory immune cells to access the blood-brain barrier and invade the central nervous system 
(CNS), which together is referred to as the “Trojan horse” hypothesis.36–39 Although we showed 
in Chapter 2 that the bone marrow is not a reservoir for continuous cerebral seeding, it is still 
possible that monocytes participate in bacterial dissemination and Lm is actually known to 
protect infected monocytes from CD8 T cell mediated killing.39  

 
Similarly to cerebral listeriosis, infections in pregnant individuals can be a severe disease 

and lead to miscarriages. In the context of pregnancy, Lm has also been proposed to use a 
“Trojan horse” mechanism to disseminate. Indeed, Lm is able to access the cytosol of host cells, 
and take advantage of host actin polymerization machinery via the virulence factor ActA to 
spread from cell to cell without regaining the extracellular space.32 Previous work suggested 
that ActA is required for bacterial dissemination across the placenta51,129 and that extracellular 
bacteria in the blood are not a major contributor of placental colonization.12 Together these 
findings suggest that Lm co-opts a host cell for transport across the placenta.  

 
Knowing that orally infected STING-deficient mice have a defect in monocyte 

recruitment from the bone marrow to systemic sites61, we hypothesized that this decreased 
availability of “Trojan horses” would lead to more limited opportunities for bacterial 
dissemination to the brain and placenta, and thus to a decreased Lm burden in these tissues. 
Our work however disproved this hypothesis, establishing that STING-deficiency instead leads 
to an increase in bacterial load in the brain and placenta that is associated with an increased 
systemic bacterial burden in orally infected mice. 
 
3.3. Results 
 
3.3.1. Dynamics of infection across organs in STING deficient mice 
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Previous work (Louie. A. data not shown) thoroughly characterized the daily dynamics of 
Lm expansion and clearance following oral infection in wild-type mice, and showed a peak of 
sickness on days 4-6 post infection (DPI)29. In addition, Louie et al. established that STING 
activation restricts intracellular Lm in intestinal tissues61, so to assess the role of STING in 
bacterial dissemination to the brain, we first sought to characterize the overall dynamics of 
infection across foodborne-infected hosts.  
 

We infected mice orally with 1x109 CFU following pretreatment with streptomycin and 
monitored weight and bacterial load over the course of 8 days, collecting cohorts of mice every 
24h. As previously reported61, Gt mice lost about 20% of their starting weight by 5 DPI then 
mostly recovered by 8 DPI (Fig3.1A). Bacteria in the brain, brain stem and spinal cord all peaked 
at 4-6 days post infection, similar to bacteria within the rest of the host. However median CFU 
per organ rarely accumulated more than a few hundred bacteria in the CNS, which is ~1000-fold 
lower than in the spleen or liver (Fig. 3.1B-C), suggesting that bacterial colonization and/or 
expansion are more restricted in the CNS.  
 

These data could imply that cerebral infections may indeed be promoted by STING 
activity and thus stalled in Gt mice. However, we needed to compare WT and Gt infections 
more directly, knowing that CNS infections peak at 4-6DPI. 
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Figure 3.1. Tissue colonization dynamics in Sting-deficient mice. 8–12-week-old female goldenticket mice were infected orally 
with 1x109 CFU of WT Lm. All mice were monitored for weight change daily and cohorts of mice were sacrificed every day over 
the course of 8 days. (A) Percent weight change normalized to 1 day post infection. Results are expressed mean with SEM. (B) 
Bacterial burden determined by plating for CFU for all mice in all organs and (C) bacterial burden for all mice separated per organ: 
brain, brain stem, spinal cord, blood, bone marrow, spleen, liver, MLN, gall bladder. CFUs are expressed as log-transformed values 
with median and interquartile range, and dashed lines indicate limits of detection. (D) Same data as (C) but in CNS only, with CFUs 
plotted for each individual mouse. Line represents the median per day. Data are combined from 4 independent experiments and 
D1 n= 3, D2 n= 3, D3 n= 7, D4 n= 11, D5 n= 11, D6 n= 9, D7 n= 4, D8 n= 3.  
 
3.3.2. Assessing which functions of STING are involved in bacterial control 
 

The previous dataset focused on longitudinal data, i.e. the change in bacterial burden 
over time. However, the amplitude of the results was quite wide in the brain between 4-6 DPI 
(~4 logs, Fig 3.2D) so we sought to compare C57BL6/J (B6) and Gt mice in that specific time 
frame. We orally infected mice with 1x109 CFU following streptomycin pre-treatment and 
assessed bacterial burden and weight loss at 4-5DPI. STING-deficient mice became sicker than 
B6 mice, accumulating more bacteria at systemic sites (Fig 3.2A) and losing more weight (Fig 
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3.2B), as previously described61. In the CNS, we found an increase in accumulation of Lm in the 
brain, brain stem, and spinal cord of Gt mice compared to B6 mice. This suggested that STING 
activity may actually be involved in controlling CNS infection rather than promoting it, and 
differed from our original hypothesis. Indeed the STING-dependent decrease in monocyte 
recruitment to the intestines61 would have two main effects: 1) fewer “Trojan horses” (infected 
monocytes) in circulation and fewer opportunities for bacteria to get to the brain, and 2) more 
dramatic loss of control of bacterial accumulation host-wide. Our results suggest that the 
second effect of monocyte decrease is more impactful in the context of CNS infection. 
 

However, STING activity has more downstream effects than only STAT6-mediated 
monocyte recruitment. Indeed, upon STING activation, the kinase TBK1 is recruited and 
phosphorylates the transcription factor IRF3, which induces production of Type I IFN and 
subsequent induction of IFN stimulated genes130. However, mice lacking the Type1 IFN receptor 
do not have a Ly6Chi monocytes migration defect to the liver during intravenous infections131 
and Type 1 IFN does not promote susceptibility in foodborne infections.61,132 This suggests that 
STING-induced Type 1 IFN is not the main driver of resistance to Lm, but we still addressed this 
question specifically for CNS infection using mice with a serine 365-to-alanine (S365A) mutation 
in the C-terminal tail of STING, which specifically leads to a lack of STING-depended type I IFN 
response133. Upon oral infection, S365A mice tended to be different from Gt and somewhat 
phenocopy/ were more protected than B6 mice, both systemically and in the CNS (Fig 3.2). This 
confirmed that the Type 1 IFN-inducing function of STING is not the main driver of STING-
depended control of cerebral listeriosis. 

 
When STING is activated, TBK1 interaction with the C-terminal tail (CTT) leads to Type 1 

IFN responses and STAT6-dependent MCP-1 production (monocyte recruitment), but is also 
involved in more evolutionarily conserved responses like NFkB activation and autophagy.133–135 
Orally infected ΔCTT mice, which entirely lack the STING C terminal tail, generally responded in 
a manner that was closer to Gt mice than to B6 or S365A mice, but not quite to the same level 
as Gt mice (Fig 3.2). This suggests that interferon-independent STING activity may be involved 
in controlling CNS infection and further establishes STING’s early role in controlling systemic 
infection as its major impact on cerebral infection rather than modulation Trojan horse 
availability.  
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Figure 3.2. Assessing which functions of Sting are involved in cerebral infection. 8–12-week-old female mice were infected orally 
with 1x109 CFU of WT Lm. Mice were either C57BL6/J (B6), goldenticket (GT), S365A, or ΔCTT. Organs were collected 4-5 days 
post infection. (A) Bacterial burden in control tissues: feces, spleen, blood, bone marrow. (B) Percent weight change normalized 
to 1 day post infection.  The bars represent mean value for each group and the dotted line is 100%. (C) bacterial burden in the 
central nervous system: brain, brain stem, spinal cord. Bacterial burden was determined by plating for CFU and expressed as log-
transformed values with each dot representing one mouse. The lines are the median values and dashed lines indicate limits of 
detection. Data are combined from 5 independent experiments B6 n=19, GT n=25, S365A n=18, dCTT n=13. Statistical significance 
was calculated using one-way ANOVA against Gt: ****p<0.0001; ***, p<0.001; **, p<0.01; *, p<0.1.  
 
3.3.3. Assessing the impact of STING deficiency in our newly developed model of food-borne 
induced cerebral listeriosis 
 

Although we established that a limitation in monocyte “Trojan horses” did not lead to a 
less efficient brain infection at early stages of infection, we still wondered if STING could have a 
role in cerebral Lm accumulation over time. Indeed, our work in Chapter 2 suggested that 
Rag1KO mice take ~1-3 weeks to accumulate high levels of bacteria in the CNS. Thus, we bred 
Gt and Rag1KO mice together to establish a Rag1KO/Gt double mutant mouse colony that 
would allow us to test the role of STING in our efficient model of orally-induced cerebral 
listeriosis. 

 
We orally infected Gt, Rag1KO, and Rag1KO/Gt double mutant mice with 1x109 CFU of 

WT Lm following streptomycin pre-treatment. At 4dpi, Rag1KO mice controlled the systemic 
infection better than Gt, possibly due to an increased production of IFN gamma by NK cells, 
while Rag1KO/Gt mice phenocopied Gt (Fig 3.3A). This suggested that effects of STING-
deficiency were dominant over effects of Rag1-deficiency at early stages of infection. In the 
CNS, very few bacteria were recovered in any of the conditions, which could be expected with 
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this few mice, yet a small bacterial increase was noticeable in the brain of Rag1KO/Gt mice (Fig 
3.3A).  

 
When we monitored Rag1KO/Gt mice over longer periods of time, we found that these 

mice lost weight and reached endpoint criteria at a similar rate as Rag1KO mice: ~2weeks 
(chapter 2, Fig 3.3B). Two out of five mice were euthanized for developing behavioral changes, 
which was a lower rate than that of Rag1KO alone (chapter 2, Fig 3.3C), but this may again be 
due to the low number of mice in this experiment. When we assessed bacterial burden, we 
found that the bacterial burden in the CNS was slightly lower than previously observed in 
Rag1KO (~1log down) and the CFU in the blood was slightly higher (~1log up), although both 
datasets are highly variable (across 5 logs in chapter 2, across 3 logs in Fig 3.3D). The results 
from Rag1KO/Gt mice were slightly different from Rag1KO, but still fit within the bounds of our 
Rag1KO results and suggest that STING activity has little impact on development of cerebral 
infection over time. 

 

 
 
Figure 3.3. Cerebral infections at later stages of infection. 8–12-week-old female mice were infected orally with 1x109 CFU of 
WT Lm. Mice were either goldenticket (GT), Rag1KO, or Rag1KO/Gt. (A) Bacterial burden at 4 days post infection (DPI). Data are 
combined from 2 independent experiments with GT n=3, Rag1KO n=3, Rag1KO/GT n=10. (B) Percent weight change normalized 
to 1 day post infection for Rag1KO/GT. Mice were monitored daily until they reached endpoint criteria. (C) Proportion of mice 
that reached each endpoint criteria: circling/paralysis (behavior change), or low weight (>30%)/FDIC(found dead in cage). (D) 
Bacterial burden of mice that reached endpoint criteria (excluded FDIC). Bacterial burden were determined by plating for CFU 
and expressed as log-transformed values with each dot representing one mouse and showing median values and interquartile 
range. Dashed lines indicate limits of detection for CFU (A and D) and 30% weight loss for weight (B). Data are from 1 experiment 
with Rag1KO/GT n=5. 
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3.3.4. Assessing the role of STING during pregnancy in mice 
 

After establishing that STING did not to have a specific role in promoting cerebral 
infection and instead probably limited cerebral listeriosis by controlling host-wide bacterial 
accumulation, we wondered about the role of STING in another relevant context for listeriosis: 
Pregnant hosts. 
 

To assess the role of STING during pregnancy, we first infected pregnant female mice on 
embryonic day 9-11 with 1-5x103 CFU intravenously. WT and Gt mothers had similar bacterial 
loads in the spleen at 2DPI (Fig 3.4A). This was expected since STING has been shown to only 
have a limited impact on disease development during the systemic phase of infection.61 
Previous work suggested that the bottleneck for colonization of the placenta is high, but that 
bacteria readily replicate within this tissue,12 and that leukocytes may act as “Trojan horses” 
during bacterial dissemination.46 Thus, similar to our hypothesis in the CNS, we questioned 
whether impaired STING-dependent monocyte recruitment would lead to decreased bacterial 
crossing of the placenta. In the placenta of IV infected mice, we found that the bacterial burden 
was not significantly different between B6 and Gt, yet the proportion of placentas that were 
colonized was 10% lower in STING-deficient mice (Fig 3.4B). This suggested a potential role for 
STING to indeed promote infection via monocytes in intravenously infected mice. 
 

Since the effects of STING are different in intravenously and orally infected mice61, we 
sought to assess the role of STING in orally infected pregnant mothers. Mice were again 
infected orally at embryonic days 9-11 with 1x109 CFU of WT Lm. Bacterial load in the spleen 
was similar across genotypes (Fig 3.4A), which slightly differed from naïve mice where STING-
deficiency leads to higher bacterial burden (Fig 3.4A), but this may be affected by our animal 
numbers which were very limited in this experiment. With regards to placentas, STING-
deficiency led to higher bacteria burden and higher probability of being infected (Fig 3.4B) 
suggesting an important role for STING to control infection – independent from the Trojan 
horse hypothesis, similar to our CNS results.  

 
These experiments were preliminary and limited by overall difficulties to induce 

successful pregnancies (data not shown), but suggest that pursuing a better understanding of 
the role of STING during pregnancy might be revealing. 
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Figure 3.4. Placentas of Sting deficient mice are not protected from infection. 8–12-week-old C57BL6/J (B6) and goldenticket 
(GT) female mice were infected intravenously (iv) with 1-5x103 CFU or orally with 1x109 CFU (following streptomycin pre-
treatment) of WT Lm on embryonic day 9-11. At 2 days post infection, bacterial burden was assessed by plating for CFU in (A) 
spleens and (B) individual placentas. Results show individual organs expressed as log-transformed values with median and 
interquartile range, and the dashed line indicates the limit of detection. In (B) the percentages represent the number of individual 
placenta with CFU>0. Statistical significance was established by Mann-Whitney test with significance threshold set at p<0.05. IV 
data are combined from 4 independent experiments with B6 n=6/placenta n=48 and GT n=8/placenta n=59. Oral data are 
combined from 2 independent experiments with B6 n=1/placenta n=9, GT n=4/placenta n=32. 
 
3.4. Discussion 
 

In this study, we sought to understand the role of the innate immune receptor STING on 
dissemination of Lm during cerebral and placental infection in mice. Based on the literature, we 
hypothesized that monocytes recruited upon STING activation may be hijacked by Lm to 
promote its dissemination to immunopriviledged tissues. In this context, we expected the CNS 
and placentas of STING-deficient mice to be protected from Lm infection. We first performed 
an in-depth characterization of bacterial change over time in STING-deficient (Gt) mice 
following oral infection and found that bacterial counts in the CNS were multiple logs lower 
than the bacterial load in the spleen or liver (Fig 3.1). These data may have suggested that 
STING activity indeed limited bacterial infection of the brain. However, upon comparison of 
STING-deficient mice with wild-type mice at peak CNS infection (Fig 3.1), the bacterial burden in 
the CNS of B6 mice was lower still than in Gt mice, contradicting our hypothesis and suggesting 
that STING-activity instead limits cerebral infection (Fig 3.2). We leveraged multiple previously 
established mouse models to specifically assess the impact of the different functions of STING 
during infection (Gt, S365A, and ΔCTT) and confirmed that the Type1 IFN-induction function of 
STING is not responsible for control of cerebral infection (Fig 3.2). We previously established 
that cerebral infection is often low during early days of infection, but that Rag1KO mice could 
develop much more severe cerebral listeriosis over time (Chapter 2). We thus developed a 
Rag1KO/Gt mouse model to assess the role of STING over the course of a more prolonged 
infection but found that STING does not play a major role at late stages of infection (Fig 3.3). 
Finally, we assessed the role of STING following intravenous (IV) infection and oral infection of 
pregnant mice. Placentas from IV infected STING-deficient mice were similar to those from 
wild-type mice, yet they tended to have fewer instances of infected placentas. Following oral 
infection, the reverse was true with STING-deficient mice generally harboring a higher bacterial 
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load (Fig3.4). Together, our findings suggest that STING-induced monocytes are not a main 
driver of bacterial dissemination via “Trojan horses”, but rather confirms and expands upon 
previous work suggesting that STING activity impacts bacterial control at the intestinal barrier in 
a type 1 IFN-independent manner. Of note, some of our work in this chapter was quite 
preliminary so conclusions are made knowing that further experimentation will be required to 
validate our claims. 

 
The spread of Lm to the CNS was extensively studied in Chapter 2 and these results shed 

additional light upon our results in this chapter. Indeed, Chapter 2 established that infections of 
the brain upon food-borne infection are very rare, but that bacterial replication after the initial 
invasion event is highly efficient, as evidenced by highly infected yet monoclonal brains 
following infection with barcoded Lm136. Thus, it makes sense that a defect in bacterial 
dissemination, such as a limitation in STING-mediated recruitment of monocytes, would not 
dramatically affect bacterial burden in the CNS so long as bacteria have a different way of 
accessing the CNS. Indeed, Lm is able to spread to the CNS efficiently from extracellular bacteria 
in the blood and inefficiently from intraneural transport from the intestines or another organ. 
Interestingly, orally infected STING-deficient mice have a higher systemic bacterial burden, 
which may provide increased opportunities for Lm to invade nerve endings in the periphery and 
use intraneural trafficking to disseminate to the brain. It is tempting to propose that Lm will 
travel directly from the highly infected intestines61 to the CNS but our previous work 
established that this is unlikely since barcoded bacterial populations in the intestines diverge 
from the brain population overtime136. Yet it is still possible that Lm would efficiently 
disseminate from another tissue via the intraneural route and this would be very interesting to 
pursue with the use of barcoded bacteria and the STAMPR toolkit3,20. 

 
With regards to placenta infection, our results are still very preliminary because of 

technical difficulties with breeding (data not shown). We postulated that transfer of pregnant 
mice between facilities may be a source of our difficulties, but matings were mostly 
unsuccessful within the BSL-2 facility even when mice were not infected. We believe this may 
be due to the high traffic of individuals within the small room in the shared BSL2 facility and 
recommend that further explorations with pregnant mice, be done by ordering pregnant mice 
directly from vendors. In addition, we chose to use mice as our model system, in order to have 
comparable data across our studies. However, mouse placentas are physiologically very distinct 
from humans,46  and future studies could focus on more relevant models such as guinea 
pigs12,14,49,52 or non-human primates137,138. 

 
Despite the small number of animals, our findings in pregnant mice are very intriguing 

as they suggest that STING-deficiency leads to opposite responses depending on the route of 
infection. In order to further assess the role of STING in bacterial spread to the placenta, 
heterozygous male and female mice could be mated, leading to an array of embryos with 
different genotypes within the same uterus. This system would provide a controlled 
environment to assess of the role of fetal STING-activity during infection. Infection of pregnant 
Gt mothers mated with WT males, or WT mothers mated with Gt males could also provide 
insights into the role of maternal STING in a context where pups are all heterozygous. In 
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addition, prenatal infections have been linked with an increased risk of neonatal 
neurodevelopment disorders(ref). With Lm, a low-grade infection of pregnant female mice, 
leads the surviving pups to develop neurodevelopmental disorders in adulthood.10 Assessing 
the role of STING in neural development following in utero infection would be an additional 
interesting axis of research. 

 
Overall, our work provides insights into the impact of STING on the dissemination 

patterns of Lm to the brain and placenta, laying the groundwork for future analyses on the 
effect of innate immunity on bacterial spread. 
 
3.5. Materials and Methods 
 
Animal models 
C57BL/6J mice were purchased from the Jackson Laboratory (stock #000664) and maintained 
under specific pathogen-free conditions at the University of California, Berkeley animal facility. 
Goldenticket mice (Gt, C57BL/6J-Sting1gt/J, Jackson Laboratories stock #017537), STING S365A 
mice (C57BL/6J-Sting1em1Vnce/J, Jackson Laboratories stock #035660), and STING ΔCTT 
mice (C57BL/6J-Sting1em2Vnce/J, Jackson Laboratories stock #035661) were obtained from 
the Vance lab at the University of California, Berkeley. Rag1KO mice (B6.129S7-Rag1tm1Mom/J, 
Jackson Laboratories stock #003729) were obtained from the Barton lab at the University of 
California, Berkeley. Rag1KO/Gt mice were generated in house by crossing founders from 
Rag1KO and Gt lines. Homozygous lines were generated by interbreeding and final genotypes 
were assessed using the genotyping services from Transnetyx and the probes suggested by the 
Jackson laboratories (see stock numbers above). All mice were maintained under specific 
pathogen-free conditions within the University of California, Berkeley animal facility. Only 8- to 
12-week-old female mice were used for all experiments with sex- and age-matched controls 
according to institutional guidelines for animal care. This study was performed in strict 
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals 
of the National Research Council of the National Academy of Sciences 99 and with university 
regulations. All protocols were reviewed and approved by the Animal Care and Use Committee 
at the University of California, Berkeley (AUP-2016-05-8811).  
 
Bacterial strains and growth conditions  
All L. monocytogenes strains used in this study were derived from 10403S100 which is 
streptomycin resistant and propagated in filter-sterilized brain heart infusion (BHI) medium 
(BD) at 37°C while shaking with streptomycin (200 μg/ml) overnight. Cell density was measured 
by optical density (OD600). Inoculums were prepared by washing log-phase bacteria twice in 
PBS and resuspending in the appropriate volume of PBS depending on the infection route. 
Frozen bacterial stocks were stored at -80°C in BHI plus 25% glycerol.  
 
 
Foodborne infections  
Prior to infection, 20 mg/ml of streptomycin sulfate was added to the drinking water. After 24 
h, chow was removed to initiate an overnight fast and mice were transferred to fresh cages. 48 
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h after streptomycin was added to the water, mice were isolated, fed a 3-mm piece of bread 
with 3μL of butter and 1x109 CFU L. monocytogenes in 5uL PBS. Mice were then returned to 
cages containing standard drinking water and chow. The inoculum was plated for CFU to check 
the efficiency of each infection 
Mice were either euthanized on designated days as specified in the text and figure legends, and 
tissues were harvested as described below, or mice were monitored daily for weight loss and 
behavioral changes until development of “endpoint criteria” (i.e. head tilt, circling, mild to 
severe paralysis, >30% weight loss, and lethargy, as described in our protocol). Upon reaching 
an endpoint criterium, mice were euthanized, and tissues were harvested. 
 
Intravenous infections 
Mice were infected intravenously via the tail vein with 1-5x103 CFU of wild-type L. 
monocytogenes in 200μL of sterile PBS as previously described101. 48 hours post-infection, mice 
were euthanized, and tissues were harvested as described below.  
 
Infection of pregnant mice 
Timed pregnancies were set up in the evening either in the BSL2 or BSL1 facilities at UC 
Berkeley and embryonic day 0.5 was set upon observation of a mating plus as described by the 
UC Berkeley Office of Laboratory Animal Care – Rodent colony management handbook. 
Pregnant female mice were then left undisturbed until time of infection which proceeded as 
described above. Mice were euthanized 48 hours post-infection, and maternal spleens and 
individual placentas were harvested as described below.  
 
Tissue harvest  
Blood (~500uL) was collected via cardiac puncture immediately after euthanasia in 100uL 50 
mM EDTA as an anticoagulant (adapted from Senay et al.93). Immediately after blood collection, 
mice were perfused with 20mL PBS. Most samples were homogenized in 0.1% IGEPAL CA-630 
(Sigma) and for bone marrow, the left femur and tibia were collected together then crushed 
with a mortar and pestle before homogenizing. Gallbladders and feces were homogenized in 
1xPBS. Dilutions of homogenates were plated to enumerate CFU and full samples were plated 
for STAMPR analysis following incubation at 37°C overnight. In instances where growth of 
commensal bacteria was a concern, plates were supplemented with nalidixic acid, LiCl, and 
glycine, which does not affect Lm growth. Antibiotics and media supplements were used at the 
following concentrations: streptomycin at 200 μg/ml, nalidixic acid at 15 μg/ml, LiCl at 6 mg/ml, 
and glycine at 6 mg/ml.  
 
Statistical analysis 
All statistical analyses were performed using GraphPad Prism version 10.0.1 for MacOS, 
GraphPad Software, San Diego, CA, USA. Details for all statistical analyses can be found in the 
figure legends.  
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4.1. Summary of results 
 

Listeria monocytogenes (Lm) is a facultative intracellular bacterial pathogen that induces 
potent cell-mediated immunity. This ability can be leveraged in the context of cancer 
immunotherapy by using Lm as a live vector that promotes immunological responses in the 
tumor microenvironment (TME). Previous work established a model of intravenous (IV) and 
intratumoral (IT) combination therapy with attenuated Lm that led to control of tumor growth, 
but these results were not recapitulated with IV or IT injections alone. In addition, Lm was 
found to persist in the TME regardless of inoculation route. Here, we follow-up on this work 
with a preliminary investigation of the impact of the route of inoculation on bacterial spread in 
tumor-bearing mice using barcoded Lm. Following IV injection, Lm colonized tumors within 4 
hours, but only to a limited degree. Bacteria then dramatically expended locally with little to no 
further migration of bacteria from systemic sites into the tumor. Following IT inoculation, Lm 
was able to spread beyond the tumor quite efficiently, seeding systemic organs with diverse 
populations, but again migration between tissues was limited by 3 days post injection. In the 
context of IV and IT combination therapy, where only IT injected bacteria were barcoded, Lm 
again migrated into systemic tissues from the tumor during the first 4 hours post inoculation, 
but this was followed by a massive clearance event where most of the Lm biomass and clonal 
diversity were lost by 3-16 days post injection. If bacteria still remained in the TME, then the 
bacterial burden was generally high with a mostly clonal population, suggesting that some host 
pressure cleared most of the early colonizing bacteria, but a few clones found a niche that 
allowed them to evade clearance and persist efficiently. Overall, our work provides a more 
detailed picture of the pressures faced by Lm in the context of tumor-bearing mice, which may 
provide insights into the mechanisms of tumor clearance in IV+IT combination immunotherapy. 

 
4.2.  Introduction 

 
In the late 1800s, Dr. William Coley, a sarcoma surgeon, injected live bacteria into 

patients with inoperable tumors, hypothesizing that the infection may have the side-effect of 
reversing tumor progression139. Around this time the field of immunology was emerging as an 
academic study with discoveries such as Louis Pasteur’s germ theory of infection, Robert Koch’s 
exploration of the roots of infectious diseases, and Élie Metchnikoff’s discovery of 
phagocytosis.140 Coley’s first experiment was successful and led to a long exploration of the 
impact of allosteric activation of the immune system on tumor regression using bacteria and 
bacterial compounds that became known as “Coley’s toxin”.139 Nowadays, injection of cultured 
bacteria remains a method used to treat certain bladder cancers141 and an active area of study 
for cancer immunotherapies. 

 
Listeria monocytogenes (Lm) is a facultative intracellular pathogen that induces potent 

innate and adaptive immune responses58 and has been a source of interest for such bacteria-
based cancer immunotherapies. Lm can infect antigen-presenting cells, then grow and secrete 
antigens into their cytosol, without rapidly inducing host cell death, thus promoting highly 
effective cell-mediated immune responses.142 Lm can also be attenuated by deletion of specific 
virulence factors, such as ActA which mediates cell-to-cell spread,32 making it a subject of 
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interest for bacteria-based human therapies.63,143–147 In addition, Lm can easily be manipulated 
to express tumor-associated antigens and provide optimal tumor-targeted immune responses. 
All of these characteristics have made genetically engineered Lm the subject of multiple 
bacteria-based immunotherapy clinical trials for cancer,147 but results have been 
variable.70,72,73,148,149 Recent work is now turning back towards Coley’s work and investigating 
the use of live-attenuated but otherwise unmodified Lm as a treatment for cancer. 

 
Garcia-Castillo et al.74 investigated the possibility of harnessing Lm-specific immune 

responses to stimulate anti-tumoral responses within the highly immunosuppressive tumor 
microenvironment (TME).150,151 They injected attenuated Lm (ΔactA) either intravenously (IV), 
intratumorally (IT) or a combination of both (IV+IT) into tumor-bearing mice. Neither of the first 
two conditions led to control of tumor growth, but combination therapy was successful at 
restricting tumor progression. Further assessment of bacterial burden in various organs 
established that Lm was cleared from systemic organs ~1week post injection, regardless of 
inoculation route, yet Lm persisted within the hard-tumor tissue for up to 15 days in IV or IT 
infected mice. Following combination therapy, Lm also persisted in most tumors for up to 10 
days post IT inoculation but was eventually controlled to below the limit of detection. This work 
established that Lm is disseminating and experiencing host pressures differentially depending 
on inoculation routes, which may have an impact on treatment efficacy. 

 
The study of bacterial colonization, spread, replication, and clearance after invading a 

host can be efficiently conducted using barcoded bacteria3. Populations of non-clonal yet 
physiologically equivalent microbes have been extensively used to investigate bacterial 
dissemination patterns and quantify bottlenecks in various model systems. This includes 
intestinal colonization,4,4,29 systemic spread,4,17 cerebral infections,82,136 and many others, but 
has yet to be done in tumor-bearing mice. The previously described STAMPR pipeline20 provides 
multiple metrics that are helpful for these investigations. In particular STAMPR provides an 
assessment of the number of bacteria from the inoculum that establish the population within a 
particular tissue at a particular time, and we refer to this metric as the founding population 
(Ns). In addition, the genetic distance (GD) establishes how broadly similar two bacterial 
populations are, while FRD provides insights into the prevalence of shared barcodes (for more 
information about each of these metrics, please refer to Chapter 2). Overall, understanding 
pathogen dynamics would provide insights into the tissues that efficiently exchange bacteria 
with the tumor and establish whether specific organs behave as reservoir for bacterial shedding 
into the tumor.  

 
Here, we generated a library of ~200 barcoded Lm in a ΔactA- attenuated background to 

quantify the bottlenecks involved in Lm spread into and persistence within tumors. We found 
that bacterial dissemination into the tumor was mostly limited following IV injection, but quite 
efficient out of the tumor following IT injection. Regardless of inoculation route, little to no 
further bacteria exchange was observed between tissues. After 3 days, bacterial population 
structure in tumors of IT injected mice were quite variable suggesting host responses to 
infection that were variable as well. In mice that received combination therapy, Lm somewhat 
spread to systemic sites but we observed a massive clearance event by 3-16 days post infection 
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(DPI), and any tumors that remained infected were generally quite monoclonal. These results 
are still quite preliminary, but showcase the promise of barcoded bacteria as an efficient 
method for understanding Lm spread to the tumor and more broadly how to improve bacteria-
based cancer treatments. 

 
4.3. Results 
 
4.3.1. Library generation and quality control 

 
In order to investigate the dissemination patterns of Lm in tumor-bearing mice, we first 

generated a library of barcoded Lm in the ΔactA background strain. Once the plasmids were 
stably inserted into the Lm chromosome using an integration vector and the library was 
completed, we assessed the quality of the library along a calibration curve. Overnights started 
from frozen stock where diluted into fresh media and grown to mid-log before plating dilutions 
ranging from 1-106 CFU. The calibration curve consisted of a comparison between the number 
of bacteria experimentally identified in the sample (CFU), and the computationally acquired 
value of “founding population” (Ns)3. Since Ns is a measure of the number of bacteria from the 
inoculum that were at the origin of the population in a sample3 and there were no host 
bottlenecks that restricted the population in the calibration curve, we expected a 1:1 ratio 
between CFU:Ns, until reaching the computational upper limit of detection. Assessment of the 
population size was highly accurate until ~104 CFU, at which point the size of the library itself 
(~200 barcodes) became too stringent of a bottleneck and the founding population began to 
plateau (Fig4.1A).This limitation was expected from our library size and it mirrored results from 
the calibration curve for the WT barcoded library (Fig 4.1B), which we and many other have 
successfully used.4,29,136 This library size is sufficient for our purposes as it still allows us to 
identify changes between bacterial population structures efficiently. 

 
We further analyzed the quality of the ΔactA library by checking the frequency of each 

barcode in the qualibration curve samples. Our results confirmed that all barcodes were 
represented mostly evenly (Fig 4.1C), so we prepared samples for in vivo inoculation. Inoculum 
preparation involves growing bacteria from the frozen stock over night, then diluting back into 
fresh media until bacteria reach exponential phase of growth. Bacteria are then diluted to the 
desired dose in sterile PBS. In this context, we noticed that 3 barcodes (Lm12(green), 
Lm65(red), Lm111(brown)) were over-abundant in our starting dose (Fig 4.1D). For all further 
analyses, we made sure to specifically monitor the proportion of these three barcodes during in 
vivo experiments, but in almost all mice, these 3 barcodes did not become overly dominant (Fig 
4.S1-3), suggesting that their slightly overabundance in the inoculum did not translate into an 
advantage in vivo and validating our use of the library. 

 
However, three different barcodes (Lm5 (purple), Lm23 (blue), Lm 70(orange)) did 

consistently become overly abundant in systemic organs at 3 DPI (Fig S4.1-S4.2) across IV and IT 
inoculated mice. We first expected that this was a sign of contamination during sample 
preparation, but this dominance phenotype manifested specifically at 3DPI rather than 4 hours 
post injection (HPI) and was consistent across mice in independent experiments. This suggested 
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that our library included bacteria with barcodes that were neither overly represented in the 
stock library (Fig 4.1C), nor had an advantage during inoculum preparation and growth in broth 
(Fig 4.1D), but did gain a competitive advantage during in vivo infection. Interestingly, these 
barcodes were most abundant in the spleen and liver of mice, but less so in tumors (Fig S4.1-
S4.2), suggesting that any mutation these bacteria acquired during preparation of the library, 
did not provide them with an advantage that was specific to growth within tumors. We thus 
proceed with our analysis of bacterial dissemination using the newly generated library. 
 

 
 
 
Figure 4.1: Quality control of the newly generated barcoded library in ΔactA Lm. The library was generated by insertion of a 
pooled plasmid library containing 200 unique barcodes and stably integrated into the Lm chromosome. (A and B) standard 
curve for the newly generated ΔactA Lm library (A) and the standard wild-type Lm library (B). The dots represent each sample 
with the experimentally assessed bacteria burden (CFU) and the computationally assessed founding population. Each dose was 
included at least two replicates and the dotted line represents a 1:1 ratio. (C and D) Frequency of barcodes for each sample in 
the ΔactA Lm standard curve (C) and the inoculums for one experiments where mice were infected either intravenously (IV) or 
intratumorally (IT). Each row represents one sample, and each color represents one barcode (the same color scheme was 
applied to all graphs).  

 
 
4.3.2. IV inoculation leads to low colonization of the tumor, high replication within the tumor, 
and little to no migration from systemic sites into the tumor 

 
In studies of Lm pathogenesis bacteria are most often delivered via intravenous 

injection.143 In their investigation of ΔactA Lm as a therapy to help control tumor progression, 
Garcia-Castillo et al. found that IV injection of 1x106 CFU did not provide tumor control. 
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However, they did find that Lm was cleared from systemic organs within a week (Limit of 
detection >102 CFU) but was maintained at ~105 CFU in the tumor for up to 15 days.74 Here we 
similarly injected tumor-bearing mice IV with 1x106 CFU of barcoded ΔactA Lm and assessed 
bacterial population shift between 4HPI and 3DPI. Of note, this experiment was done once so it 
will need to be repeated to garner more statistical significance. 

 
At 4HPI, livers and spleens were the most highly infected tissues and remained highly 

infected by 3DPI (Fig 4.2A). Early on, these tissues were highly diverse with a founding 
population close to our upper limit of detection (~104 Ns, Fig 4.2B, 4.1A), suggesting that most 
of the inoculum was recapitulated in the systemic organs. Tumors on the other hand had low 
bacterial burden at 4HPI (~102 CFU, Fig 4.2A) and the founding population was low as well (~101 
Ns, Fig 4.2B), suggesting a stringent bottleneck to invade the tumor from IV inoculation. 

 
By 3DPI, bacterial burden dramatically increased in the tumor to ~106 CFU (Fig 4.2A), yet 

this increase was not associated with an increase in founding population (Fig 4.2B), suggesting 
little migration into the tumor from an outside source and rather a massive local expansion 
event. Of note, the barcodes that were most dominant in the tumor were neither the ones that 
were slightly more abundant in the inoculum, nor the ones that took over the systemic organs 
(Fig S4.1), confirming little migration from systemic sites to the tumor past the first colonization 
event. 
 
 In addition, assessment of the genetic distance (GD) between bacterial populations in 
various tissues and the tumor established that the tumor was highly different from all other 
organs (GD>0.8, Fig 4.2C) and generally shared none of its barcodes with other tissues (Fig 
4.2D). This was particular striking with regards to the tumor draining lymph nodes, the bone 
marrow, and the blood, which we expected to be somewhat similar to the tumor as possible 
dissemination conduits for Lm, yet all three were highly dissimilar at all times (Fig 4.2C-D). 
Collectively our results suggest that following the first colonization even, little to no bacteria are 
transported from systemic tissues to the tumor in IV infected tumor-bearing mice.  
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Figure 4.2: Intravenous inoculation with barcoded ΔactA Lm. Intravenous injection of C57BL/6J mice with 1x106 CFU and 
collection of organs at 4 hours post injection (4HPI) or 3 days post infection (3DPI). Bacterial burden (CFU, A) and founding 
population (Ns, B) per organ. Data are individual samples expressed as log-transformed values with median and interquartile 
range. (C) GD between all organs and the tumor at 4HPI or 3DPI. Data are individual samples with mean and SEM. The dashed 
line at 0.8 marks a “high” GD i.e. samples that are dissimilar. (D) Prevalence of barcodes from the tumor in other organs 
(FRD[organ-tumor]). Data are individual samples with violin plots and median, and the dashed line marks 100% barcode sharing 
with the tumor. For all panels, limit of detection is noted by a dotted line and samples with zero CFU are found past this dotted 
line. Samples with no CFU are not included in C and D. Data are from one experiment with 4HPI N=4 and 3DPI N=4. 
 
 
4.3.3. IT inoculation leads to efficient migration from the tumor to systemic site, then limited 
further bacterial exchange between tissues 

 
Garcia-Castillo et al. further established that IT injections with attenuated Lm led to 

bacterial persistence in the tumor and some level of clearance in systemic organ within a week, 
similar to IV injections, yet it also led to a surprising loss of tumor control. This established that 
Lm could induce either a beneficial or a detrimental response for tumor control depending on 
the route of inoculation. We thus assessed the bacterial dissemination pattern in IT injected 
tumor-bearing mice using barcoded ΔactA Lm. 

 
Upon IT injection, tumors were generally highly infected with ~108 CFU at 4HPI, as 

expected, then bacteria burden was somewhat controlled by 3DPI (Fig 4.3A). Founding 
population was high as well and remained stable over time (Fig 4.3B), suggesting that the 
diversity of the inoculum was recapitulated immediately in the tumor and that increase in 
bacterial control that limited CFU did not affect the amount of diversity within the tissue.  

 
In the systemic organs, bacterial burden remained stable over time but was overall 

lower than following IV infections (10^4 Fig 4.3A and 10^6 Fig 4.2A). In the same period, the 
founding population drastically decreased (~100-fold in spleen and ~1000 fold in liver, Fig 4.3B), 
suggesting some pressure that constricted the population diversity. This was due the expansion 
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of the mutated clones in the stock library that were discussed earlier as having an advantage in 
vivo (Fig S4.2). These barcodes rarely became dominant in tumors however, suggesting that 
even bacteria with an advantage at systemic sites were not more prone to migrating into the 
tumor. Other organs such as the blood and bone marrow were often uninfected at 4HPI and 
remained so by 3DPI (Fig 4.3A), suggesting limited bacterial spread across the rest of the host as 
well.  

 
These observations were further supported by assessing the genetic distance with the 

tumor which started quite low in the spleen, liver, draining lymph nodes and sometimes 
mesenteric lymph nodes, suggesting similarities between the population structures, but 
increase over time (Fig 4.3D), which means that the tumor became more distinct as time passed 
after the first colonization event. Similarly, the proportion of barcodes shared with the tumor 
started high then (clones shared represented a large part of the population), then drastically 
decreased by 3DPI (Fig 4.3E). Collectively these results suggested that Lm migrated from the 
inoculation site in the tumor during early infection, then there was limited further bacterial 
exchange and additional pressures that affected each populations separately, similar to our 
results upon IV injection. 
 
 

 
Figure 4.3: Intratumoral inoculation with barcoded ΔactA Lm. Intratumoral injection of C57BL/6J mice with 5x107 CFU and 
collection of organs at 4 hours post injection (4HPI) or 3 days post infection (3DPI). Bacterial burden (CFU, A) and founding 
population (Ns, B) per organ. Data are individual samples expressed as log-transformed values with median and interquartile 
range. (C) Genetic distance between all organs and the tumor at 4HPI or 3DPI. Data are individual samples with mean and SEM. 
The dashed line at 0.8 marks a “high” Genetic distance i.e. samples that are dissimilar. (D) Prevalence of barcodes from the 
tumor in other organs (FRD[organ-tumor]). Data are individual samples with violin plots and median and the dashed line marks 
100% barcode sharing with the tumor. For all panels, limit of detection is marked by a dotted line and samples with zero CFU 
are found past this dotted line. Data are combined from three independent experiments with 4HPI N=11 and 3DPI N=13.  
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4.3.4. IV and IT combination therapy led to early Lm spread out of the tumor, then massive 
clearance events host-wide, but bacteria that persisted in tumors became mostly monoclonal 

 
Neither IV nor IT injections promote tumor control, but a priming injection of 

attenuated Lm IV, which boosts Lm-specific responses, followed by an IT recall injection does 
provide tumor control.74 To assess bacterial dissemination in this context, we first injected 
tumor-bearing mice IV with non-barcoded Lm, then one week later gave the mice an IT booster 
with the barcoded ΔactA Lm library. Garcia-Castillo et al. previously found that Lm persisted in 
some tumors by 10 days post IT injection, but was cleared by 15-20 days. Of note, we plated the 
entirety of our samples here, rather than a representative portion, which allowed us to lower 
the limit of detection and assess bacterial population structure in poorly infected samples that 
previously seemed “cleared”. In addition, this experiment was only done once, which limited 
the reach of our conclusions. 

 
Our results following IV+IT combination therapy mirrored our observations IT only 

inoculations in that at 4HPI tumors had high bacterial burden, variable amounts but generally 
few bacteria were found in the liver and spleen, and little to no Lm was found in the bone 
marrow, blood, and MLN (Fig 4.4A). This first dissemination of bacteria was associated with 
mixed but generally low founding population in the systemic organs (Fig 4.4B), suggesting a 
more stringent bottleneck for spread than in the context of only IT inoculation. As time passed 
most mice cleared the infection, but in mice that remained infected, tumor bacterial load was 
often very high around 106 CFU (Fig 4.4A). This maintenance of bacterial load however was not 
due to bacteria simply persisting within the TME, because founding population dramatically 
diminished over time with Ns<10 in most organs by 3DPI (Fig 4.4B). Instead, host pressures 
probably cleared most bacteria from the inoculum, leading to less diversity, but a few clones 
were able to escape this pressure and thrive.  

 
Of note, the barcodes that became dominant in the tumor at either 3 or 16DPI were not 

any of the confounding barcodes that were mentioned earlier and were actually absent from 
livers and spleens as well (Fig S4.3). The samples that still harbored bacteria past 3 DPI generally 
had low genetic distance (similar to tumors, Fig 4.4.C) and higher proportion of shared barcodes 
with the tumor (high FRD, Fig 4.4D). Bacterial burden at systemic sites was lower than in the 
tumors (Fig 4.4A) suggesting that bacteria may disseminate away from the tumor at a low level 
over time. 
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Figure 4.4: Combination therapy with intravenous and intratumoral inoculation of barcoded ΔactA Lm. Intravenous injection 
of tumor-bearing C57BL/6J mice with 1x106 CFU of non-barcoded ΔactA Lm, followed one week later by intratumoral injection 
with 5x107 CFU of barcoded ΔactA Lm. Organs were collected 4 hours post injection (4HPI), 3 days post injection (3DPI), or 16 
days post injection (16DPI). Bacterial burden (CFU, A) and founding population (Ns, B) per organ. Data are individual samples 
expressed as log-transformed values with median and interquartile range. (C) Genetic distance between all organs and the tumor 
at 4HPI, 3DPI, or 16DPI. Data are individual samples with mean and SEM. The dashed line at 0.8 marks a “high” Genetic distance 
i.e. samples that are dissimilar. (D) Prevalence of barcodes from the tumor in other organs (FRD[organ-tumor]). Data are 
individual samples with violin plots and median and the dashed line marks 100% barcode sharing with the tumor. For all panels, 
limit of detection is marked by a dotted line and samples with zero CFU are found past this dotted line. Data are from one 
experiment with 4HPI N=4, 3DPI N=3, 16DPI N=4. Two mice cleared the infection entirely and are not in D or E.  

 
 

4.4. Discussion 
 
 Infections with attenuated bacteria can be harnessed to convert the tumor 
microenvironment from a state of immunosuppression to one of tumor control. The efficacy of 
such treatments with Lm is dependent on the route of inoculation, and is associated with 
varying bacterial persistence across the tumor-bearing host74. Here, we set out to quantify the 
bottlenecks faced by ΔactA Lm as the bacteria disseminate through tumor-bearing hosts. We 
found that following either IV or IT only injection, Lm immediately colonized the tissues that 
came in contact with the inoculum, but the tumor was subsequently mostly isolated. Indeed, 
little to no bacterial exchange happened between the tumor and other organs after the first 
few hours of infection, and barcodes that were able to take over the spleen and liver did not 
necessarily permeate into the tumors. In IV infected mice, the founding population was quite 
low at 4HPI, but it was very high following IT inoculation, suggesting that colonization from the 
IV route is not as efficient. Although bacterial burden increased over time following IV injection 
and decreased following IT injection, the founding population remained stable in either case 
between 4HPI and 3DPI and suggesting little migration into the tissue and no massive clearance 
events. During preliminary work with IV+IT combination therapy we observed Lm clearance in 
most mice by 3DPI as expected74, but mice that sustained systemic Lm at 3-16DPI often had 
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similar population structure in all organs including the tumor. This implied a possible low level 
bacterial spread between the tumor and systemic sites, which was not observed in IV only and 
IT only mice. Collectively our findings provided a deeper understanding of bacterial dynamics in 
the tumor-microenvironment and raised new questions about the bottlenecks faced by Lm in 
this very specific context. 
 
 We established that tumors were quite isolated from other organs in IV and IT only 
inoculated mice and that ΔactA Lm rarely ever spread between tissues past 4HPI. Paradoxically, 
the tumor was colonized in every single mouse at 4HPI, implying that bacteria must have been 
able to enter the tumor at some point in time. We hypothesize that the inoculum itself is at the 
origin of tumor colonization. Upon IV injection of tumor-bearing mice with 107 CFU of barcoded 
ΔactA Lm, we found that tumors were highly diverse at 4HPI and remained so by 3DPI (data not 
shown), suggesting that dose, in addition to inoculation route, may impact colonization and 
responses in the TME. Further assessment of the timing of colonization by sampling earlier than 
4HPI, such as 20min post inoculation, would provide evidence on the origin of the first 
colonization event; if our hypothesis were correct, the dynamics we observed at 4HPI would 
already have happened by then.  
 

However, our IV+IT observations suggested that bacteria may actually be able to 
disseminate between tissues, albeit at a low level, which may have been masked by the high 
CFU and mostly high diversity of samples in the IV only and IT only models. Seeing as the blood 
was very poorly infected in all IV+IT mice, the draining lymph nodes were mostly uninfected by 
3DPI, and our model bacterium cannot spread from cell to cell, how could bacteria migrate 
between tissues? The generally non-existent bacteria in the draining lymph nodes suggested 
that the lymphatics were not a major migration route, but we could not entirely rule out the 
vasculature as primary trafficking pathway for Lm. Indeed, such a low level of bacterial 
presence within circulation may not be captured by plating for CFU. Our blood collection 
protocol assumes that we harvested about half of the total blood, but we only sampled at one 
instant, and blood is recirculated through a host multiple times per minute,152 so the high 
turnover would make it virtually impossible to identify traces amounts of bacteria. Hence, even 
though the blood is poorly infected in our model, we still expect that any bacterial exchange 
between tissues would happen via the circulation. 

 
Garcia-Castillo et al, showed that Lm inoculated IT in tumor-bearing mice mediates 

recruitment of polymorphonuclear cells (PMN) that become immunosuppressive and 
permissive for bacterial survival within the TME. Yet, upon depletion of these cells, tumor 
control was somewhat restored but bacterial persistence remained.74 This led us to question 
whether most bacteria in the TME were intracellular or extracellular. This could normally be 
assessed via treatment with the antibiotic gentamycin which kills extracellular bacteria12 but 
this the TME is intricately vascularized153 and may not allow for efficient delivery of gentamycin 
throughout the tumor tissue. Instead, a microscopy-based approach may be more successful at 
discerning the location of the bacteria and providing a deeper understanding of bacterial 
interactions with host cells within the TME. 
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If Lm was mostly intracellular, it would be very interesting to sort single cell suspensions 
from tumors, then assess the diversity of barcodes recovered in each cell. This method is 
particularly attractive since many tumors, across all models, become somewhat dominated by 
very few clones over time. Since our experimental layout relies on ΔactA Lm, bacteria are 
unable to spread from cell to cell, so it is possible that each cell will host a different bacterial 
subpopulation. For this to be the main mechanism for bacterial population shifting, we 
hypothesize that the first bacteria that infect permissive host cells would have a growth 
advantage. Although ΔactA Lm cannot spread intracellularly, the host cell should eventually 
burst from replicating bacteria within its cytosol, releasing clonal Lm that replicated within the 
cell and leading to a higher probability for this particular clone to becomes 
phagocytosed/invade a new host cell and increase its overall abundance within the tissue. One 
limitation with this hypothesis is that we also proposed that the first colonization event (from 
the inoculum) is highly polyclonal so many bacteria should have the possibility to be the first to 
invade host cells and start this cycle. More work will need to be conducted to gain a better 
understanding of the bacterial dynamics within tumor-bearing mice. Collectively our findings 
advance the work of Garcia-Castillo et al. by providing a more detailed understanding of the 
bacterial experience with the TME. Our results indicate that tumors are colonized upon 
inoculation, but mostly isolated from other tissues thereafter, regardless of inoculation route, 
and that IV+IT combination therapy leads to highly infected yet mostly monoclonal tumors at 
late stages of infection. Understanding how this dominance phenotype is established would 
provide a clearer picture for bacterial persistence in tumor-bearing mice and help develop 
better anti-cancer therapies with antigen-free, attenuated Lm. 
 
 
4.5. Material and Methods 
 
Animal models 
8- to 12-week-old female C57BL/6J mice were purchased from the Jackson Laboratory (stock 
#000664). Mice maintained under specific pathogen-free conditions amd fed with standard 
chow at the University of California, Berkeley animal facility. This study was performed in strict 
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals 
of the National Research Council of the National Academy of Sciences 99 and with university 
regulations. All protocols were reviewed and approved by the Animal Care and Use Committee 
at the University of California, Berkeley (AUP-2016-05-8811 and AUP-2016-06-8878).  
 
Cell lines  
For tumor studies, mice were inoculated subcutaneously in the right hind limb with 5x105 MC38 
cells in PBS. These injections were performed by our collaborators in the DuPage laboratory 
who also kindly provided, maintained and grew the cell lines. 
MC38 cell lines were maintained in DMEM (GIBCO) supplemented with 10% FBS, sodium 
pyruvate (GIBCO), 10mM HEPES (GIBCO), and penicillin-streptomycin (GIBCO). Tumor cell were 
then grown at 37C with 5% CO2. 
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Bacterial strains generation and growth conditions  
The Lm strain used in this study was derived from 10403S 100 which is streptomycin resistant. 
For vector construction, plasmids were introduced into Lm by conjugation as previously 
described154, using a donor E. coli SM10 (Stratagene) and a compatible ΔactA Lm strain154,155 
(DP-L4029, phage-cured). Barcoded Lm libraries were constructed as previously described using 
pTZ200.mix,4 which is a pooled plasmid library containing 200 unique barcodes assembled onto 
a pPL2 backbone that stably integrates into the Lm chromosome154. Pooled ΔactA Lm libraries 
were propagated in filter-sterilized brain heart infusion (BHI) medium (BD) at 37°C while 
shaking with streptomycin (200 μg/ml) overnight. Cell density was measured by optical density 
(OD600). Frozen stocks were stored at -80°C in BHI with 25% glycerol. Inoculums were prepared 
by freshly inoculating into BHI broth from frozen stocks and growing to log-phase for each 
experiment. The log-phase bacteria were washed twice in PBS and resuspended in the 
appropriate volume of PBS depending on the infection route.  
 
Quality control for the newly generated ΔactA Lm library 
Calibration curves were performed by washing log-phase bacteria twice in PBS then diluted to 
the appropriate CFU and plated on BHI media. Colonies were then washed off the plates with 
PBS, and frozen down with 25% glycerol until further processing. Samples were then diluted in 
water, boiled for 1h at 80C and the barcode-containing region was amplified from genome DNA 
using custom forward and reverse primers (see Chapter 2 - Supplementary Table S1) to assess 
the founding population (Ns). 
 
Tumor-bearing mice injections 
Intravenous (IV) injections were performed via the tail vein with 1x106 CFU of ΔactA Lm 
barcoded library in 200μL of sterile PBS as previously described.101 Intratumoral (IT) injections 
were performed as subcutanerous inoculations above the established tumor mass with 5x107 

CFU of ΔactA Lm barcoded library in 100μL of sterile PBS as previously described.74 For IV and IT 
only challenge mice were inoculated 11 days post MC38 tumor cell implantation. For IV and IT 
combination therapy, mice were vaccinated IV with 1x106 CFU non-barcoded ΔactA Lm (DP-
L4029) 4 days post implantation of MC38 cells, then challenged IT with 5x107 CFU barcoded 
ΔactA Lm 7 days later (11 days following MC38 tumor cells implantation)74. Mice were 
euthanized 4 hours, 3 days, or 16 days following challenge and tissues were collected as 
described below. 
 
Tissue harvest and processing  
All samples were collected and homogenized in 1mL 0.1% IGEPAL CA-630 (Sigma), except for 
blood (~500uL), which was collected via cardiac puncture immediately after euthanasia in 
100uL 50 mM EDTA as an anticoagulant (adapted from Senay et al.93). Livers were collected in 
3mL to account for larger volume of these organs, and so were tumors but only on day 16 post 
challenge, when tumors were very large. Bone marrow was collected from the left femur and 
tibia bones which were crushed with a mortar and pestle before homogenizing. Sterile 
autoclavable probes were used to homogenize each sample to avoid cross-contamination. 
Dilutions of homogenates were plated to enumerate CFU and the entirety of the sample 
volume was then plated on BHI plates with streptomycin at 200 μg/ml (broadly selects for Lm) 
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for STAMPR analysis following incubation at 37°C overnight. Colonies were then washed off the 
plates with PBS, and frozen down in 25% glycerol until further processing. 
For samples from mice that received combination IV+IT therapy, the plating on streptomycin 
only allowed for growth of both barcoded Lm from the IT injection and any remaining non-
barcoded Lm from the IV injection. We took advantage of the fact that the Lm library is 
resistant to chloramphenicol 7.5μg/mL, which non-barcoded Lm is sensitive to, and patched 
~50 colonies per tissue. CFU/sample were calculated as the proportion of bacteria that were 
chloramphenicol resistant (almost always 100%). 
 
STAMP  
Sequence tag-based analysis of microbial populations (STAMP) was performed as previously 
described3,20 using the library generated in this study, as described earlier. Inoculum samples 
were collected frequently to ensure that the population structure remained stable across all 
experiments. Briefly, frozen samples were diluted in water and boiled for 1h at 80C. The 
barcode-containing region was amplified from the genome using custom forward and reverse 
primers (see Chapter 2, Supplementary Table S1) with OneTaq HS Quick-Load Master Mix (New 
England Biolabs). Samples were amplified using primers containing TruSeq indexes and 
adapters for Illumina sequencing, then pooled and purified using GeneJet PCR purification kit. 
Purified PCR products were sequenced on either an Illumina MiSeq or Illumina NextSeq 1000. 
Reads were demultiplexed using a custom R script then trimmed and mapped to a list of ~200 
barcodes using Qiagen CLC Genomics Workbench with default settings. Founding population 
estimates were determined using the STAMPR analysis toolset 20 and genetic distance was 
estimated with Cavalli-Sforza chord distance 103 as previously described.3 Original script and 
sequencing data were deposited on Github (https://github.com/hullahalli/stampr_rtisan) and 
are publicly available. Any additional information about the data reported in this paper is 
available upon request. 
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4.6. Supplementary figures 
 
 

 
 
 
Supplemental Figure S4.1: Frequency of barcodes in mice from the IV only group. Frequency of barcodes for intravenously 
infected tumor-bearing C57BL6/J mice sacrificed at 4 hours post injection (4HPI) or 3 days post injection (3DPI). Each graph 
represents one mouse, and each color represents one barcode (the same color scheme was applied to all graphs). Samples with 
no CFU were left blank. Data are from one experiment with 4HPI N=4 and 3DPI N=4. 
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Supplemental Figure S4.2: Frequency of barcodes in mice from the IT only group. Frequency of barcodes for intratumorally 
inoculated tumor-bearing C57BL6/J mice sacrificed at 4 hours post injection (4HPI) or 3 days post injection (3DPI). Each graph 
represents one mouse, and each color represents one barcode (the same color scheme was applied to all graphs). Samples with 
no CFU were left blank. Data are combined from three independent experiments with 4HPI N=11 and 3DPI N=13.  
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Supplemental Figure S4.3: Frequency of barcodes in mice from the IV + IT combination therapy group. 
Frequency of barcodes for tumor-bearing C57BL6/J mice that received combination therapy. Mice were sacrificed at 4 hours post 
injection (4HPI), 3 days post injection (3DPI), or 16 days post injection (16DPI). Each graph represents one mouse, and each color 
represents one barcode (the same color scheme was applied to all graphs). Samples with no CFU were left blank. Data are from 
one experiment with 4HPI N=4, 3DPI N=3, 16DPI N=2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 69 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 5. CONCLUDING REMARKS AND FUTURE DIRECTIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 70 

5.1. Conclusions and summary of results 
 

The interaction between pathogens and hosts is a very dynamic process both in space 
and in time. Upon invasion, pathogens must evade host pressures and access niches that allow 
them to sustain their population over time. The study of these population dynamics is an 
ecological principle that was described in the 1990s and can be investigated across two broad 
components. The first is a quantitative description of the changes in population structure with 
regards to growth and decline. The second is an investigation of the forces that shape these 
structural changes, generally referred to as bottlenecks.156 In this work, we attempted to 
address both components using cerebral listeriosis as our main model system, then venturing 
into the study of pregnant-or tumor-bearing hosts. Chapter 2 provided an in-depth 
characterization and quantification of population changes during cerebral listeriosis across 
time, using multiple methods of pathogen delivery. Chapter 3 investigated some of the host 
factors that may shape population structure and provided insights into Lm dissemination to the 
placenta. Chapter 4 established a preliminary assessment of attenuated-Lm trafficking 
pathways upon infection of tumor-bearing hosts across multiple inoculation routes. 
 

In the first part of our study, we used a library of 200 barcoded Lm to quantify the 
bottlenecks and bacterial population shifts that occur during cerebral listeriosis. Our analysis 
revealed that following intravenous infection multiple and independent infection events seed 
different parts of the central nervous system (CNS; brain, brain stem and spinal cord), but a 
single clone establishes dominance in the brain. Dissection of infected brains established that 
all regions of the CNS are susceptible to infection and hold diverse populations, but a small 
subset of clones are present throughout the brain. Sequential infections and intracranial 
infections with tagged-Lm provided evidence that timing of brain colonization drives this clonal 
dominance phenotype. Intravenous infections however are not the natural route of infection 
for Lm and leads to high bacterial load and barcode diversity in the blood, which is absent in 
models of oral infection. In a new model of foodborne-induced cerebral infection using 
streptomycin-pre-treated Rag1KO mice, we were able to recapitulate the neurological 
symptoms seen in ruminants with cerebral listeriosis. The CNS of orally infected Rag1KO mice 
was highly infected and consistently dominated by a single barcode, suggesting a limited ability 
of Lm to colonize the brain, but little restriction on bacterial replication locally after invasion. In 
this model, barcodes were generally shared between the blood and CNS, supporting a model in 
which blood-borne invasion is an efficient route of infection. Both the bone marrow and the 
intestines had been suggested as reservoirs for bacterial dissemination towards the CNS. 
Instead, we found that the bacterial populations in the bone marrow following intravenous 
infections, and in the colons following oral infection both diverged from the brain bacterial 
population over time. This does not mean that Lm cannot disseminate from these tissues 
towards the CNS, but establishes that they are not efficient reservoirs for continuous shedding 
of bacteria over time. Collectively our work clarified our understanding of bacterial trafficking 
pathways, quantified population shifts both temporally and spatially, and established a 
framework for studying the dynamics of other cerebral infections. 
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In the second part of our study, we investigated whether the innate immune receptor 
STING is a restrictive bottleneck that limits Lm spread to the brain and placenta, or if STING 
activity facilitates bacterial dissemination. Following oral inoculation, STING-deficient mice 
(Goldenticket, Gt) accumulated higher bacterial burden in the CNS than wild-type mice 
(C57BL6/J, WT) with a peak of infection at 4-6 days post infection. This established that STING 
activity does not promote bacterial dissemination to the brain but rather participates in 
controlling system-wide infection. The increased susceptibility of Gt mice to cerebral listeriosis 
was independent of STING-derived Type 1 interferon, but dependent on signaling via the STING 
C-terminal tail. Preliminary work with Rag1KO-Gt double mutant mice suggested that STING 
had little impact on restriction of bacterial accumulation in the CNS over time. Finally, further 
preliminary work assessed the role of STING during infection of pregnant mice, which is one of 
the main aspects of disease presentation in humans. We found that Gt placentas were 
somewhat protected following intravenous infection, but instead showed increased sensitivity 
following oral infection. Collectively, we propose that the impact of STING-deficiency is most 
relevant in leading to a loss of bacterial control, rather than from the loss of a monocyte 
“Trojan horse” for bacterial dissemination.  

 
The third part of our study required that we first generate a library of barcoded Lm in an 

attenuated background. We then used this library of ~200 barcoded attenuated-Lm to quantify 
the bottlenecks and bacterial population shifts that occur upon invasion of tumor-bearing 
hosts. Our results suggested that Lm colonized tumors directly from the inoculum but was 
subsequently mostly isolated from population changes within the rest of the host. Between 
4HPI and 3DPI the founding population remained stable following either IV only or IT only 
inoculation, suggesting little to no migration into the tissue and no dramatic clearance events. 
During IV+IT combination therapy however, we observed dramatic Lm clearance in most mice 
along with a loss of population diversity. Few hosts still harbored bacteria past 4HPI, but when 
they did tumors were generally highly infected and mostly monoclonal. This suggested an early 
clearance event that limited bacterial diversity but did not always lead to a sterile TME, which 
provided an opportunity for remaining Lm to re-expand. Collectively our findings provided a 
deeper understanding of bacterial dynamics in the TME and raised new questions about the 
bottlenecks faced by Lm in this unique context. 
 
5.2. Remaining questions and avenues for future work 

 
A few questions remain unanswered so we would like to propose some experimental 

ideas to expand upon our work. 
 
Our opposing results in placenta infections depending on the route of inoculation in 

STING-deficient mice is puzzling since mothers seem to be similarly infected. Yet, previous work 
and our results in Chapter 2 clearly establish that the route of inoculation affects pathogen 
dynamics and bacterial spread, so this question might be interesting to dissect with a thorough 
barcoding analysis. Pregnant mouse uteruses contain multiple placenta-fetus pairs so possible 
interesting results might include: 
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-polyclonal placentas, but monoclonal fetuses, suggesting a tight bottleneck that limits 
dissemination specifically at the placenta-fetus interface. 
-monoclonal placenta-fetus pairs, but different clones taking over each pair, suggesting a tight 
bottleneck to invade to the placenta but efficient dissemination to and replication within the 
fetus. 
-one clone taking over all the placentas and all the embryos within one mouse, suggesting an 
incredibly stringent dissemination to the uterus but efficient dissemination between placentas 
and fetuses and no exchange with the rest of the maternal organs  
- highly polyclonal placentas and fetuses throughout the uterus, suggesting a very wide 
bottleneck for dissemination thought the placentas/fetuses. 
Of note, Bakardjiev et al already established, using only 2 tagged strains of Lm, that there is a 
somewhat tight bottleneck that limits invasion of the placenta, but that overtime bacteria begin 
to spread and exchange between the maternal organs and the fetus.12 We thus anticipate that 
the STAMP analysis would be most fruitful if conducted as a time course. In addition, to further 
analyze the bottlenecks that affect Lm spread to the placenta in a STING-dependent manner, 
infection of S365A mice or ΔCTT mice with barcoded bacteria would disentangle which 
functions of STING are involved in bacterial dissemination. Conversely, we could generate a 
barcoded library in Lm mutants that secrete more or less cyclic-di-AMP61 and thus fine tune the 
impact of variable STING activation in bacterial dissemination to the placenta. 
 
 With regards to cerebral infections, our work established that the blood is a main source 
of bacteria that invade the CNS and that the bone marrow is not a continuous reservoir for 
infection, yet we do not currently know if Lm is intracellular or intracellular in the blood or in 
the CNS. This would have implications in better understanding the mechanism for bacterial 
spread into the brain and replication/protection from the immune system within the brain. In 
particular, cranial intra-cranial injections with free-living bacteria led to a fulgurant expansion in 
only 12h suggesting that extracellular bacteria may be particularly suited to grow extracellularly 
in brains. Possible methods to answer this question include a microscopy assay with 
constitutively fluorescently labeled Lm and staining with a secondary antibody for Lm before 
permeabilization of cell membranes, as previously done in vitro.40 This would allow for direct 
visualization of intra/extracellular bacteria. If most bacteria are intracellular further staining 
would be beneficial to assess the celltypes Lm is associated with (neural, peri-neural, or 
immune). 
In addition, infection of mice with Lm that express RFP under the ActA promoter which will only 
be fluorescently labeled upon reaching the cytosol of host cells157. This approach can be 
combined with microscopy or flowcytometry analysis to again distinguish whether Lm is 
primarily found inside or outside of cell and which cell types it associates with. 
 
 In addition, our work established that the bone marrow and the intestines were not the 
main reservoirs for bacterial shedding to the CNS. However, we did not identify the first 
invasion event, which could still originate from a source that does not efficiently shed Lm. 
Possible avenues of study include using an osmotic pump that dispenses gentamycin in the 
bloodstream and kills extracellular bacteria,12 and assessing how limitation of circulating free-
living Lm affects the CNS bacterial population structure. Alternatively, a specific antibody-
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mediated depletion of monocytes with a Ly6C-antibody or a broad clodronate-mediated 
depletion of phagocytes would help assessing how limitation of monocyte “Trojan horses” 
might change the barcodes found in the CNS. However, monocytes are highly involved in 
bacterial systemic control, which may confound our results, as suggested by our data in Chapter 
3. Finally, a surgical vagotomy, which severs the vagus nerve that connects the CNS with most 
abdominal tissues158, would help assess how limitations in intraneural trafficking impact 
bacterial population structure in the CNS, as previously done with intramuscular injections77. 
 
 Finally, with regards to bacterial dissemination in tumor-bearing mice, our work 
supported Garcia-Castillo and coworkers’ findings that IV+IT combination therapy generally led 
to bacterial clearance in about a week, but that a few hosts were unable to clear the infection 
entirely. Our work additionally established that remaining bacterial populations were generally 
quite monoclonal, so while efficient Lm-specific cell-mediated immunity74 probably provided 
the first clearance event, some clones were able to escape. As mentioned earlier, our 
understanding of bacterial presence in the extracellular space is incomplete so if bacteria were 
able to grow extracellularly in tumors, they could possibly evade the cell-mediated killing and 
become dominant. However, we expect that bacteria in the extracellular space would be 
polyclonal so it would be surprising for very few clones to take over. Another possibility is that 
This hypothesis still needs much work to be addressed properly, but one interesting experiment 
would be again to sort cells from tumors of mice that received barcoded IV+IT combination 
therapy, across multiple days post challenge, and assess which cellular compartment (or 
extracellular) becomes clonal. 
 
 Our findings also suggested that the library we generated had 2-3 mutant bacteria that 
gained an advantage in vivo. These clones were not dominant in the stock library, had no 
advantage during growth in broth, but did become prominent in the liver and spleen of most 
mice by 3 DPI following IV or IT only inoculation. The mutants did not generally permeate into 
tumors, but there were a few cases where this did happen. It would be interesting to see if 
these mutated clones would become dominant in the tumor when given enough time. If these 
clones were able to become reproducibly dominant in tumors, they would be very interesting 
to pursue as possibly carrying mutations that eventually give them an advantage in the TME. 
We would then be interested in isolating these clones from one of our frozen samples (where 
they are the dominant clone rather than the library where they would be hard to identify), 
confirm the barcode by PCR, then whole genome sequence the DNA to identify the mutations 
of interest and take this project in a whole new direction. 
 
 Overall, a few axis of research still remain unexplored and if followed would provide a 
more comprehensive understanding of Lm pathogenesis and of broader pathogen 
dissemination patterns to the CNS, the placenta, and the tumor. 
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