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ABSTRACT OF THE DISSERTATION 

 

Optimizing innate immune signals to enhance antigen-specific adaptive responses 

by 

 

Maxime Chapon 

Doctor of Philosophy in Microbiology, Immunology, and Molecular Genetics 

University of California, Los Angeles, 2018 

Professor Genhong Cheng, Chair 

 

The innate and adaptive immune responses are intertwined systems that require complex 

regulation to achieve an efficient protection from pathogens and diseases. Upon sensing of a foreign 

attack through specialized receptors, cells activate the transcription of cytokines such as type-I 

interferons to emit a danger signal and regulate their function. The strength and complexity of this 

signal is dependent on the type of pathogen recognition receptor (PRR) engaged. These signals 

can then skew the type of antigen-specific adaptive immune response that is created. In the past 

decade, there has been a renewed interest in using the immune system to fight cancer. A better 

understanding of how one can use the innate immune signals to trigger an efficacious adaptive 

immune response would help improve novel immunotherapies. 

 

One of the tools used to trigger such immune response is oncolytic viruses, such as Herpes 

Simplex virus type 1 (HSV-1). HSV-1 has evolved proteins able to regulate the type-I interferon 
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response to enhance its ability to reproduce and limit attacks from the immune system. In this 

work, we examine the entire HSV-1 genome to determine which genes are responsible for this 

phenotype and characterize a novel interferon regulating protein, UL42. 

 

Another promising pathogen that has been used to provoke anti-tumoral responses is the 

bacterium Listeria monocytogenes (Lm). Lm infection leads to a strong CD8 cytotoxic T-cell 

response which can be retargeted towards cancerous antigens. Here, we describe how we developed 

a construct to express neoantigens in Lm to trigger an antigen-specific immune response. Our 

results indicate that this strategy was successful in vitro but did not translate in vivo, possibly 

because of poor expression of the construct. 

 

The antigen-specific T-cell receptor (TCR) repertoire can vary in diversity (breath) and 

individual clonal characteristics such as avidity or differentiated cell type. The extent to which the 

innate immune response regulates the selection of the TCR repertoire in response to a specific 

pathogen is poorly understood. Herein, we use an in vivo mouse model to investigate how different 

PRR ligands can affect the selection of this repertoire. Our results suggest that ligands for distinct 

toll-like receptors (TLR) might contribute to the selection of different TCR variable fragment 

families. We did not detect any difference in the complexity of the repertoire following stimulation 

with different TLR ligands but suggest this might be due to technical limitations associated with 

our in vivo model. 
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CHAPTER 1 

Introduction 
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Pathogen sensing by the innate immune system 

The innate immune system is the first line of defense of the body. It is characterized by a 

limited set of pathogen recognition receptors (PRR) able to sense defined pathogen associated 

molecular patterns (PAMP) [1]. Engagement of these PRR on immune and non-immune cells 

leads to the activation of gene programs that result in the start of a complex immune response [2]. 

Extracellular pathogens are detected by a set of membrane-bound sensors called toll-like receptors 

(TLR). Ten functional TLRs have been identified in humans, while 12 have been in mice [3]. 

TLR3 is responsible for recognition the genome of dsRNA viruses [1]. It can also be 

artificially activated by polyI:C, a synthetic RNA species. Upon binding to its ligand, TLR3 

molecules in the endolysosome dimerize and recruit the adaptor molecule TIR domain-containing 

adapter inducing IFN-b (TRIF) [3]. TRIF then recruits TNF-receptor associated factor 6 

(TRAF6) which activates transforming growth factor-β activated kinase-1 (TAK1) to activate the 

nuclear factor kappa-B (NF-kB) pathway [1]. TLR3 activation can also lead to type-I interferon 

production through activation of interferon regulatory factors IRF-3 and IRF-7 [1]. This TRIF-

dependent activity is mediated through activation of TNF receptor associated factor 3 (TRAF3) 

which recruits the kinases TANK-binding kinase 1 (TBK1) and inhibitor of NF-kB kinase subunit 

epsilon (IKKe) [4]. They in turn phosphorylate IRF-3 which translocates to the nucleus where it 

activates the interferon-b gene transcription [5]. 

TLR9 is another endolysosomal sensor that recognizes viral and bacterial DNA, and can 

be artificially stimulated by unmethylated oligodeoxynucleotides CpG [1]. Contrary to TLR3, 

TLR9 recruit the adaptor myeloid differentiation factor-88 (MyD88) which recruits IL-1 

receptor-associated kinases IRAK1 and IRAK2 in complex with TRAF6 and IRF-7 [6]. TRAF6 
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is then able to activate the NF-kB pathway and activated IRF-7 translocates to the nucleus to 

activate interferon-b gene transcription. 

While the expression of TLRs is mostly limited to immune cells, intracellular PRRs are 

expressed more ubiquitously. Many cytoplasmic DNA sensors have been proposed, but the most 

well described pathway to date involves cyclic GMP-AMP (cGAMP) synthase (cGAS) [7]. Upon 

DNA binding, cGAS goes through a conformational change that activates its cGAMP synthase 

activity. This second messenger is sensed by stimulator of interferon genes (STING) which serves 

as an adaptor molecule for TBK1 and IRF-3 activation [8]. Activated IRF-3 is then able to induce 

the transcription of interferon-b. 

 

Diverse roles of Type-I interferons in infections and chronic pathologies 

Type-I interferons (IFN-I), of which interferon-b is a major member, are a class of 

cytokines that signal in an autocrine and paracrine fashion. While these molecules were first 

described regarding their antiviral activity [9], their deleterious role in bacterial infections were 

later investigated (reviewed in [10]). IFN-I has been shown to enhance the antiviral cellular 

response through multiple mechanisms. Type I interferons bind to a unique heterodimeric receptor 

complex, interferon alpha receptor 1 and 2 (IFNAR1/2). Receptor engagement leads to signaling 

through a JAK/STAT pathway [11]. Activated STAT homo/heterodimers translocate to the 

nucleus where they activate interferon stimulated genes (ISG) by binding to interferon-stimulated 

response element (ISRE) or gamma-activated sequences (GAS) promoter sequences [11]. Beyond 

its anti-viral effects, IFN-I has also been associated with anti-tumoral effects by acting directly on 

tumor cells (reviewed in [12]). 
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Type-I interferons also play a role in regulating the antigen-specific, adaptive immune 

response. IFN-I are crucial for the drastic expansion of CD8 T-cells in response to viral infection 

[13]. They can induce the production of cytokines such as IL-15 which enhances survival and 

proliferation of memory CD8 T-cells [14]. Type I interferons are also able to promote the 

proliferation of antigen specific CD8 T-cells by providing a third activation signal [15]. At the 

same time, they can curtail the proliferation of bystander, non-antigen-specific cells through 

differential STAT signaling [16]. IFN-I signaling can alter the differentiation of CD4 helper T-

cells depending on the stage of infection, therefore regulating the kind of help available to other 

immune cells such as CD8 T-cells and B-cells [17]. Type-I interferons also enhance antigen cross-

presentation, or the ability of dendritic cells (DC) to present extra-cellular peptides on the major 

histocompatibility complex-I (MHC-I) [18], [19]. 

During chronic diseases such as cancer and long-term viral infections, IFN-I are thought 

to have a negative effect on the immune response by promoting immunosuppression [17]. In a 

model of SIV infection, a strong but transient IFN-I response is associated with better control than 

a persistent IFN-I production [20]. They can skew the adaptive response by altering the 

differentiation of naïve CD4 T-cells [21]. PD-1 ligand 1 (PD-L1), an inhibitory receptor involved 

in T-cell inactivation, has its expression enhanced by IFN-I [22]. During chronic viral infection, 

IFN-I blockade facilitates viral clearance through a CD4 T-cell dependent mechanism [23]. 

Recent findings highlight that for an effective immune response to be provoked, a fine 

balance in the strength and timing of the type-I interferon response needs to be reached. In Chapter 

2, we investigate IFN-I regulating genes in the Herpes Simples virus type 1 (HSV-1) virus. This 

pathogen has been used as an oncolytic vector for immunotherapy [24]. By gaining better insight 
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into the ways the virus regulates the host interferon response, we hope to develop new viral strains 

with improved immunogenicity. Our results describe novel immunoregulatory viral proteins and 

detail the mechanism by which one of them, the viral polymerase processivity factor UL42, is able 

to reduce interferon-b production and signaling. 

 

Listeria monocytogenes as a vector of immunotherapy 

Listeria monocytogenes (Lm) is a facultative intracellular gram-positive bacterium that has 

long been used as a tool to study CD8 T-cell cytotoxic response for its ability to induce strong anti-

specific proliferation of those cells [25]. Upon infection, Lm is present in a vacuole in the cytoplasm 

of the infected cell. It is able to escape from that vacuole by secreting the virulence factor 

listeriolysin O (LLO). In the cytoplasm, it can proliferate and spread to neighboring cells using 

actin-assembly-inducing protein (ActA) to polymerase actin comet tails. This part of the life cycle 

being completely intracellular, Lm is shielded from antibody-mediated immune response, which 

skews the adaptive response to a cytotoxic phenotype. Interestingly, despite this intracellular life-

cycle that could be compared to that of viruses, type-I interferon has been associated with reduced 

resistance to this pathogen [26]. Lm induces interferon-b through activation of the STING 

pathway. Mice deficient for that pathway showed no defect in Lm immunity. They also had higher 

levels of antigen-specific CD8 T-cells when infected with ActA-deficient Lm in conjunction with 

a STING activator [27]. Interestingly, STING has recently been shown to be deleterious during 

T-cell induction, which could explain that later result [28]. 

The ability of attenuated Lm strains to induce strong cytotoxic T-cell responses is being 

investigated in the context of cancer immunotherapy [29]. In Chapter 3, we investigate the use of 
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attenuated Lm as a vector for immunotherapy against tumor neoantigens. While some cancers are 

caused by viruses (HPV, EBV, HCV) and therefore provide good targets for immunotherapy, 

many tumors arise from somatic mutations. Thankfully, many cancers have elevated mutation rate 

that increase the chance of amino acid changes in cytotoxic T-cell specific peptides [30]. These 

present a good opportunity to search for those newly formed neo-antigens through tumor 

sequencing and in silico peptide prediction [31]. Our results show that this strategy is feasible and 

promising in vitro, although we were not able to obtain in vivo efficacy due to technical issues with 

our construct. Other groups have been more successful and such constructs are now being 

investigated in clinical trials [32]. 

 

T-cell receptor repertoire production and selection 

T-cells and B-cells are the only cell type able to rearrange their DNA to produce novel 

receptors. This process takes place in the thymus for developing T-cells or thymocytes. Gene 

fragments (Variable V, diversity D, junction J, and constant C) are semi-randomly rearranged while 

nucleotides are randomly removed and added at each V-D, D-J, and J-C junction. This process, 

which happens for the a and b chains of the receptor, gives rise to a unique complementary 

determining region (CDR) that defines the binding selectivity of the newly formed T-cell receptor 

(TCR). The cells are then selected in the thymus to delete or inhibit auto-reactive clones, and the 

remainder cells exit to the periphery. Between cells that fail to produce a functional TCR and those 

that are self-reactive, it is estimated that over 99% of thymocytes are deleted during their 

differentiation into naïve T-cells as measured by the potential TCR diversity and that effectively 

observed in the repertoire [33]. 
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The human circulating TCR repertoire is estimated to be composed of a few million 

different clones [33]. Out of these, only a small percentage is able to recognize tumor antigens or 

neoantigens. In the context of vaccine design and immunotherapy, it is crucial that the best clones 

be selected from the available repertoire. The breadth of the selected cells, or how diverse they are, 

can also improve the ability of the immune response to adapt to antigen mutations. For a T-cell to 

be activated, it must be presented its cognate antigen on the proper MHC molecule. The chances 

of that interaction leads to T-cell activation depends on multiple factors including the affinity of 

the TCR for its MHC-peptide complex [34], [35], the amount of antigen presented, and the 

strength of the co-stimulatory signals available to the T-cell [36]. 

Lines of evidence exist to show that different innate immune signals might alter the ability 

of a T-cell to get activated. On the one hand, our laboratory showed that different TLR ligands 

can induce different responses in dendritic cells [37]. One the other hand, T-cells are able to sense 

TLR ligands at rest or following activation [38], [39]. Previous works investigating the influence 

of innate immune signals into TCR repertoire selection have found that CD4 T-cells could select 

for TCR clones containing different, yet defined, amino acid sequence characteristics [40]. 

Another group found contradictory results in CD8 T-cells by using whole pathogens as innate 

stimuli [41]. We believe that these models have failed to identify the effect of individual innate 

immune pathways because they have used either complex adjuvants or whole pathogens. We 

hypothesized that a simpler model - using a single antigen and adjuvant at a time - should produce 

more definitive results. 

In Chapter 4, we set to determine whether using a TLR3 agonist – polyI:C – or a TLR9 

agonist – CpG – would result in the selection of TCR repertoires with different characteristics. 
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We set up a challenging in vivo model to study this question, using microparticle containing the 

chicken ovalbumin classical antigen and either TLR ligand. Although preliminary results were 

encouraging, technical difficulties rising from the choice of such a model and the TCR sequencing 

technique prevented us from obtaining a conclusive answer. We believe that future studies should 

focus on using a more controlled in vitro model, with a known input repertoire (possibly of 

recombinant clones) and purified dendritic cells. 

 

Conclusion and future perspectives 

This work combines different strategies we used to gain a better understanding of how 

innate immune stimuli regulate the adaptive immune response, or design ways to use those stimuli 

to improve adaptive responses. Through furthering our understanding of these interactions, we 

hope that future therapies can be engineered to provoke efficient immune responses against cancer, 

or improve vaccine designs. 
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CHAPTER 2 

The major HSV-1 immunoregulatory protein UL42 inhibits type-1 interferon induction and 

signaling 
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ABSTRACT 

HSV-1 is the most common alpha-herpesviridae infection and one of the major causes of 

cold sores and genital herpes. The viral genome is encoded by a 152kbp genome containing over 

80 genes. HSV-1 is particularly apt at inhibiting the type-I interferon response, and many of the 

viral proteins carry out such activity. In this study, we created a viral mutant library by randomly 

inserting a disruptive 1.2kbp transposon into the genome. We then subjected the viral library to 

serial passaging in the presence or absence of type-I interferon selective pressure. We found that 

previously reported interferon regulating viral genes did not present the strongest selective 

phenotype. We report that the viral polymerase processivity factor UL42 can inhibit the  

interferon-b gene transcription, and that this activity is dependent on its interaction with the 

transcription factor IRF-3. This study represents a proof of concept for the use of high-throughput 

screening on the HSV-1 genome to gain a better insight into its biology and offers new targets for 

antiviral therapy and oncolytic vector design. 
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INTRODUCTION 

The type-I interferon (IFN-I) response is one of the most common immune responses in 

our body, with most cells being able to produce interferon-b in response to pathogenic stimulation 

[1]. Cells detect the presence of pathogen associated molecular patterns (PAMP) through their 

binding to pattern recognition receptors (PRR) which lead to the activation of multiple 

signalization pathways [2]. Cytosolic viral DNA can be recognized by the cytosolic sensor cyclic 

GMP-AMP (cGAMP) synthase (cGAS) [3] which, following a conformational change, produces 

the second messenger cGAMP [4]. The adaptor molecule stimulator of interferon genes (STING) 

senses that signals and recruits TANK-binding kinase 1 (TBK1) which in turns activates the 

transcription factor IFN regulatory factor 3 (IRF-3) [5]. Activated IRF-3 translocates to the 

nucleus where it stimulates the transcription of interferon-b. Interferon-b production leads to 

transcriptional changes in an autocrine and paracrine manner that increases cells sensitivity to viral 

infections and leads to the production of numerous antiviral factors (reviewed in [1]). As such, 

many viruses have evolved means to regulate the IFN-I response, whether by blocking interferon 

production, its downstream signaling, or specific interferon stimulated genes (ISG) (reviewed in 

[6], [7]). 

Herpes virus simplex type 1 (HSV-1) is the most common alpha-herpesviridae infecting 

humans with up to 90% of the population infected depending on age and location [8]. It is 

transmitted by contact and infects epithelial cells before migrating through neuronal axons to the 

nearest sensory neuron nucleus where it usually goes into a state of latency [9]. Viral reactivation 

usually takes place at several months interval, and generally does not lead to complications. As such 

a common pathogen, it has been the focus of years of investigation into its biology (reviewed in 
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[10]). Its large dsDNA genome contains over 80 open reading frames (ORF). Many of these 

proteins have been identified as regulators of the IFN-I response [11], including some targeting 

the cGAS/STING/TBK1/IRF-3 pathway [12], [13]. 

To date, most of the investigation into HSV-1 biology has been carried out by creating viral 

strains lacking a specific ORF. While highly successful, this method can present disadvantages 

such as lower speed, difficulty to assess multifunctional proteins, and lack of insight into intergenic 

regions. We chose to use a method that has proven successful in the study of other viral [14] and 

bacterial genomes [15]. We created a viral mutant library covering the entire HSV-1 genome and 

used differential selective pressure to identify novel IFN-I regulating viral proteins. We found that 

one of the major such regulatory protein is UL42. In addition to previously reported effect on NF-

kB signaling [16], we found that UL42 is able to target IRF-3 and prevent interferon-b 

transcriptional induction. We also report that UL42 can reduce the activation of the ISRE 

promoter following interferon-b stimulation. Our study introduces a new tool to study the HSV-

1 genome and identifies a novel mechanism by which this virus is able to prevent IFN-I activation 

and signaling. 
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RESULTS 

Generation of a comprehensive HSV-1 mutant library 

Herpes Simplex Viruses have been studied extensively over the years, usually through 

targeted mutations. A possible drawback of such strategy is the difficulty to assess the relative 

strength of two mutants sharing a similar phenotype. In order to interrogate the viral genome in 

an unbiased fashion, we generated a viral mutant library. We modified a MuA-based transposon 

system by inserting a BpuEI IIS restriction enzyme site at the final nucleotide of the inverted 

terminal repeat. This provides us with the ability to sequence 16nt on each end of the transposon 

insertion by digesting the viral genome with BpuEI. We then used the MuA transposase to 

randomly insert the 1.2kb transposon into a bacterial artificial chromosome containing the  

HSV-1 genome (BAC HSV-1) (Figure 2.1a). We transformed the library into E. coli bacteria and 

collected around 8000 clones to generate a mutant library with an insertion every 20 base pair on 

average. As expected, no clones were isolated with an insertion in the BAC maintenance genes, 

those being unable to maintain in E. coli (Figure 2.1b). Regions containing short repeats, while 

covered by the BAC library, do not provide enough diversity to align to the reference genome with 

sufficient confidence and are therefore not included in our analysis. Resequencing of the wild type 

BAC HSV-1 revealed it to be most closely related to the ZW6 strain (GenBank: KX424525.1) 

with the addition of the BAC and firefly luciferase reporter cassettes, and a deletion of oriL. 

Alignment of the library to this wild type reference genome was consistently superior to 90% of the 

processed reads (workflow described in Methods). 
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Library selection in wild-type cells reveals Unique Short genes as more dispensable 

The BAC HSV-1 library was transfected in HEK 293T cells and expanded in Vero cells to 

generate our Input viral library. By comparing the BAC HSV-1 library to the Input library, we 

noticed the strongest reduction in transposon coverage was located at the viral OriS located in the 

Repeat Short fragment. In contrast to ZW6, our strain contains a deletion of the OriL origin of 

replication. Indeed, while wild type (WT) HSV-1 can replicate with a single origin of replication 

[17], a deletion of OriS in an OriL-deficient strain is not viable. 

In order to generate a comprehensive map of essential genes of HSV-1 and confirm the 

soundness of our screening method, we subjected the library to five consecutive rounds of selection 

in wild-type cell lines. The trend initiated in the first generation of virus was confirmed after five 

successive passages in African green monkey kidney Vero cells, and HEK 293T embryonic kidney 

cells (Figure 2.1c, d). 

The strongest selection occurred in HEK 293T cells, consistent with these being the least 

permissive of the two as determined by their respective viral growth curve (Figure S2.1a). Only 

three genes were differentially selected between Vero and HEK 293T cells: US9, US11, and US12 

(Figure S2.1b). US11 and US12 disruption was better supported in Vero cells than in HEK293T 

cells. US9 was non-essential in both cell types but a very stringent competition in HEK 293T led 

up US9 mutants to represent up to 15% of the final passage library. 

Most genes that have previously been reported to be essential for viral growth saw a 

reduction in their relative amount between the BAC library and the final passage viral libraries. 

Interestingly, WT virus, represented by insertions in proteins unrelated to the viral life cycle (green 

fluorescent protein, firefly luciferase, chloramphenicol resistance gene, hygromycin B resistance 
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gene) did not appear the fittest in these in vitro conditions. Indeed, viruses with insertions in several 

unique short (US) coding sequences saw their relative amount increased more significantly. Overall, 

insertions in the terminal repeats or the US sequences grew better as shown in Figure 2.1c and d 

where most positive fold changes are shifted to the right of the genome. In fact, many genes 

considered non-essential in the 3’ end of the unique long (UL) fragment seem to be necessary for 

proper fitness in a population screening strategy. Indeed, insertions in genes such as UL39, UL41, 

or UL53 were deleterious to those mutants. 

 

Library selection in WT vs IFNAR1-/- A549 cells reveals strong immunomodulatory 

candidates 

To investigate the ways by which HSV-1 suppresses the type-I interferon (IFN-I) response, 

we passaged the viral library in A549 wild type and A549 IFNAR-/- cells (Figure 2.2a, b, 

respectively). Consistent with a defect in antiviral immunity, the viral titers collected during 

passages were superior in IFNAR1-/- cells (Figure S2.2).  

We then compared the selective pressure in the two different cell lines, looking for genes 

that are non-essential in IFNAR1-/- cells but negatively selected in WT cells. We used TnSeqDiff 

to calculate the respective enrichment for each open reading frame of HSV-1 (Figure 2.2c). 

Importantly, the wild-type viruses, with insertions located in genes not related to HSV-1 biology 

– green circles on Figure 2.2c – do not show differential growth between the WT and IFNAR1-/- 

cell lines. Most genes are biased towards lesser selection in IFNAR1-/- cells, which is consistent 

with a reduced selective pressure. Proteins previously described to alter interferon production (US3, 

VP24) or signaling (ICP27) are biased towards better growth in IFNAR1-/- but do not show the 
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strongest phenotype. Indeed, the 3 most strongly biased genes have not previously been described 

to inhibit interferon activity in HSV-1. 

To determine whether these candidates acted directly on interferon-b activation and to 

choose the top candidate to study further, we cloned these genes in a eukaryotic expression vector. 

We then expressed these proteins with an interferon-b luciferase reporter and determined that both 

US1 and UL42 are able to inhibit STING-dependent interferon-b activation, but UL44 is not 

(Figure 2.2d). UL42 having the strongest phenotype of the three, we decided to investigate its 

mechanism of action further. 

 

UL42 inhibits interferon beta production and interacts with IRF3 

The DNA polymerase processivity factor encoded by UL42 is an essential protein that, with 

the DNA polymerase catalytic subunit UL30, forms the viral DNA polymerase responsible for 

genome replication. Previous studies have characterized UL42 as a nuclear DNA binding protein 

with no sequence specificity [18]. Interestingly, early studies showed that about half of the UL42 

protein was bound to UL30, while the other half was free from this complex, consistent with 

functions beyond DNA replication [19]. Another group previously reporter the ability of UL42 to 

inhibit TNF-a stimulated NF-kB activation, and the ability of UL42 to bind NF-kB subunits 

[16]. We were able to confirm this result using an NF-kB-luciferase reporter and TRAF6 

overexpression (Figure S2.3a). 

Further characterization of UL42 indicated a very strong effect on the IFN-I response as 

UL42 overexpression was sufficient to block IFN-b-Luc reporter activity induced by STING, 

TBK1, or IRF3 overexpression (Figure 2.3a, b, c).  
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BDNA transfection is able to recapitulate the effect of foreign DNA being present in the 

cell cytoplasm. This leads to cGAS activation and production of cyclic di-nucleotide second 

messengers that activate STING [4]. STING then migrates from the endoplasmic reticulum to 

the Golgi where it serves as a scaffolding protein for TBK1 and IRF3. TBK1 phosphorylates IRF3 

which translocated to the nucleus and activates IFN-b transcription [5]. A20 is an inhibitor of 

TBK1 mediated activation of IRF3 [20]. Following BDNA stimulation, UL42 was able to suppress 

transcriptional activation of IFN-b and of its downstream interferon stimulated gene (ISG) ISG54 

(Figure 2.3d, e). 

As the previously reported NF-kB effect seemed unlikely to have such a potent effect on 

IFN-b activation, and IRF3 overexpression could not recapitulate IFN-b-Luc activation, we 

investigated whether UL42 could act directly on IRF3. Using co-immunoprecipitation, we found 

that UL42 is able to interact with IRF3 when both proteins are overexpressed (Figure 2.3f). A 

common mechanism of inhibition of transcription factor activity is to prevent the translocation of 

their active form to the nucleus. To investigate whether UL42 has an effect on IRF3 translocation, 

we co-transfected UL42-flag with HA-TBK1 and stained for endogenous IRF3. We observed that 

IRF3 translocation is dependent on TBK1 signal strength, but that UL42 is not able to prevent 

IRF3 nuclear translocation (Figure 2.3g). This was not dependent on the amount of UL42 co-

transfected (data not shown). 

The interferon enhanceosome is composed of four binding sites for three transcription 

factors: NF-kB, IRFs, and AP-1. Having established that UL42 can act on the first two 

components, we set to check whether it could also inhibit AP-1 activation using a luciferase 
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reporter. Under PMA stimulation, we found UL42 overexpression to have no effect on AP-1 

activation (Figure S2.3b). 

 

A non-DNA binding mutant of UL42 is unable to interact with IRF3 and has impaired 

IFN-b inhibition ability 

Earlier studies determined the DNA binding surface of UL42 to be a positively charged 

area of the protein orthogonally located to its UL30 binding domain [21] (Figure 2.4a, blue). 

Arginine to alanine mutations on this surface were sufficient to hinder the ability of UL42 to bind 

DNA and perform its activity as polymerase processivity factor [22]. Additionally, mutations in 

this domain reduced the ability of UL42 to inhibit NF-kB signaling [16]. We therefore 

investigated whether mutating arginines 279 and 280 to alanines would have an effect on UL42’s 

ability to reduce IFN-b activation. Similar to previous reports, the double mutant protein was not 

able to suppress IFN-b activation in the context of TBK1 overexpression, while a mutant truncated 

of its canonical NLS only showed an intermediate phenotype (Figure 2.4b). Additionally, the 

double mutant had reduced inhibition of BDNA induced activation of IFN-b and ISG54 

transcript (Figure 2.4c, d). 

While this R279-280A mutant has been described to be unable to bind DNA, we wanted 

to determine whether it maintained its ability to bind IRF3. We therefore overexpressed the WT 

or mutant flag-tagged UL42 with HA-IRF3 and immunoprecipitated IRF3. While WT UL42 is 

able to bind IRF3, the mutant is not (Figure 2.4e). This indicates that in addition to losing its 

ability to interact with DNA, the double mutant also loses its ability to bind IRF3, which is 

consistent with the loss of IFN-b transcriptional regulation activity. 
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UL42 inhibits IFN-b signaling and is not a non-specific transcriptional inhibitor 

While UL42 did not inhibit IFN-b transcriptional activation as strongly as A20, it was able 

to suppress downstream genes such as ISG54 in the same amount (Figure 2.3d, e). To investigate 

whether UL42 is able to target IFN-b signaling on top of its transcriptional activation, we 

overexpressed UL42 in the presence of an interferon-sensitive response element (ISRE) luciferase 

reporter. We then treated the cells with recombinant IFN-b. Indeed, WT UL42, but not the 

R279-280A mutant, was able to suppress ISRE activity following IFN-b stimulation (Figure 2.5a). 

This indicates that UL42 is able to suppress both type-I interferon activation by inhibiting NF-kB 

and IRF3 signaling, and type-I interferon signaling by inhibiting the ISRE promoter activation. 

To confirm that the UL42-driven effects did not result from a general transcriptional 

inhibition, we tested the effect of UL42 overexpression on the cAMP response element (CRE). 

We found that UL42 had no effect on Forskolyn driven activation of a CRE-luciferase reporter 

(Figure 2.5b). Furthermore, overexpression of UL42 had no effect on the level of housekeeping 

gene transcript as measured by RT-qPCR (Figure 2.5c). 

 

DISCUSSION 

Numerous studies have helped define the role of individual HSV-1 proteins [10]. The 

majority of these studies relied on the construction of strains knocked-out for one or more loci. 

This method has proven very effective but comes with multiple drawbacks including having to 

construct a mutant for every open reading frame, limited granularity in the analysis, and not 

examining intergenic regions. Having a limited genome, many viruses have evolved multifunctional 
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proteins. The major phenotype associated with knocking-out such proteins can make it difficult to 

recognize their secondary functions. 

In this study, we decided to use an unbiased technique that has proven effective in the study 

of other viruses [14] and bacteria [15] but had never been used before in HSV-1. We created a 

library of mutants containing a disruptive 1.2kb insertion every 20 base pairs on average, with each 

mutant containing a single insertion. The coverage of the genome was complete, making this 

library an effective tool to interrogate every region of the viral genome, provided the proper selective 

environment exists. We show that sequential passaging of the library in vitro leads to the negative 

selection of genes that have been described as essential while disruption of non-essential genes is 

generally not deleterious to the virus. Interestingly, the viruses that were the fittest in this first 

screen were those that contained insertions in some non-essential genes and not the wild-type 

viruses (in which the insertion is in a gene not related to HSV-1 biology). This seems to indicate 

that in these in vitro conditions, some genes such as US9 are not simply non-essential but actually 

limit the growth of the virus. Indeed, US9 has been reported to be important for anterograde 

transport in neural axons, which could explain why its expression is dispensable in our system [23]. 

Importantly, our strain of HSV-1 does not contain mutations preventing expression of US9 which 

are present in the KOS strain [24] which would have made insertions in that ORF theoretically 

ineffectual. 

Gaining a better understanding of the ways by which HSV-1 regulates the innate immune 

response has helped designing novel immunotherapies [25] and could also provide insight into 

antiviral therapies. By selecting our library in WT or IFNAR1-/- cells, we found that most 

previously described interferon regulating proteins were biased towards better growth in interferon 
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signaling deficient cells. Surprisingly, the most drastically selected ORFs had not been described 

as being involved in regulating this pathway before. HSV-2 US1 has been described as inhibiting 

type-I interferon activation by blocking IRF3 from binding its promoter [26]. In that study 

however, the HSV-1 US1 was not able to recapitulate that phenotype by luciferase assay. In that 

regard, our results are contradicting as we were able to confirm the ability of HSV-1 US1 to block 

STING-induced IFN-b luciferase reporter activation, whether the protein contained a C-terminal, 

N-terminal, or no tag (data not shown). It is possible that the viral strains our two laboratories used 

contain different sequences for the US1 gene that could explain this discrepancy. We showed that 

UL44 does not affect IFN-b activation. It is important to remember that by screening IFNAR1-/- 

cells, we are effectively looking at cells that have reduced type-I interferon production as well as 

reduced interferon stimulated gene production. Further studies could explore whether UL44 has 

an effect on type-I interferon signaling or an effect on particular ISGs. 

We showed that UL42 is able to suppress production of IFN-b following BDNA 

stimulation or signaling intermediate overexpression. We showed that UL42 is able to interact with 

IRF3 and that this interaction is necessary for its inhibitory activity. While the two proteins 

interact, we found no evidence that UL42 prevents IRF3 translocation to the nucleus following its 

activation. This is consistent with UL42 being a nuclear protein, although other have reported that 

it can prevent nuclear translocation of NF-kB subunits [16]. UL42 is a subunit of the viral DNA 

polymerase responsible for viral DNA replication (the other being UL30). It carries out that 

function by stabilizing the catalytic subunit on the DNA strand [19]. It is therefore possible to 

imagine that UL42 prevents binding of IRF3 to its target sequence. We also confirm that UL42 is 

able to inhibit NF-kB activation after TRAF6 overexpression in our hands and suggest that it is 
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also able to inhibit type-I interferon signaling by inhibiting ISRE-luc activity following IFN-b 

treatment. 

The major function of UL42 being its involvement in viral genome replication, viruses 

which are knocked-out for UL42 are non-replicative. We believe that by having a relatively high 

multiplicity of infection during our selection process (MOI 0.15) as well as collecting samples after 

more than one replicative cycle, there is a chance for mutants to be rescued by neighboring viruses 

carrying a different mutation. The main concern that arises with this possibility is whether the 

phenotype we observe can be attributed to a particular ORF, or whether it is a combinatorial 

phenotype from another mutant infecting the same cell. This is a strength of the high throughput 

mutation strategy. Indeed, for each ORF analyzed, there are dozens of mutants in the library. 

Additionally, each infection cycle was done at about 30x coverage (300,000pfu used per biological 

replicate for a library of 8-10,000 mutants). We believe that the odds of a randomly occurring 

combinatorial phenotype to repeat over 5 passages to provide a significant effect on library selection 

are sufficiently low to reject this hypothesis. This is supported by our results that confirm that 

UL42 expression is sufficient to inhibit type-I interferon activation and signaling. 

To summarize, we have described a novel tool to study HSV-1 biology that allows to screen 

the entirety of its genome. We used this strategy to identify novel viral proteins that regulate the 

activation and signaling of type-I interferon and identified the mechanism by which one of these 

proteins carries out that function. We believe that this strategy could be used to study the HSV-1 

genome in more detail, as the granularity of the library allows to analyze sub-100nt windows of the 

genome. It could also be used to better understand the role of intergenic regions. A better 



 28 

understanding of how HSV-1 regulates the type-I interferon response provides novel antiviral 

targets and could help in the design of oncolytic vectors. 
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Figure 2.1 
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Figure 2.1: Contruction of a comprehensive HSV-1 mutant library 

A. A 1.2kb transposon containing BpuEI IIS restriction enzyme sites at each end was randomly 

inserted into a bacterial artificial chromosome containing the entire HSV-1 genome. The BAC 

library was amplified in E. coli and 8,000-10,000 clones were isolated. It was then transfected into 

HEK 293T cells. The viral library was expanded in Vero cells and serially passaged in different cell 

types. The viral mutants were collected, sequenced, and their relative amount was compared to the 

BAC library to determine viral fitness. B. BAC mutant library coverage. Yellow boxes represent 

BAC cassettes unrelated to the viral life cycle. Black arrows represent non-essential genes while 

red arrows represent essential genes. The blue and green box represents the long and short terminal 

repeats, respectively. Each bar represents a 100bp window of the viral genome. C. Fold change 

between the BAC library and the final passage in Vero cells. D. Fold change between the BAC 

library and the final passage in HEK 293T cells. 
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Figure 2.2  
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Figure 2.2: Viral library selection with or without type-I interferon pressure reveals novel 

immunomodulatory candidates 

A. Fold change between BAC library and final passage in wild-type A549 cells. Genes marked 1, 

2, and 3 indicate UL42, UL44, and US1, respectively. B. Fold change between BAC library and 

final passage in IFNAR1-/- A549 cells. C. Comparison of the log2(fold change) in WT and 

IFNAR1-/- A549 cells. Green circles represent transposon insertions in genes not related to the 

viral life cycle, i.e. WT virus. Orange circles represent genes previously identified as viral regulators 

of the IFN-I response. Red circles highlight novel immunomodulatory candidates. D. Percent of 

interferon-b-luciferase reporter activity inhibition following HEK293T co-transfection of UL42, 

UL44, or US1 with or without STING. 
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Figure 2.3: UL42 inhibits interferon-b transcriptional activation and interacts with IRF3 

Interferon-b-luciferase activity following overexpression of UL42 and STING (A), TBK1 (B), or 

IRF-3 (C) in HEK 293T cells. Induction of interferon-b (D) and ISG54 (E) mRNA following 

BDNA transfection in HEK 293T cells expressing UL42, A20, or pCDNA empty vector. F. Co-

immunoprecipitation followed by western blotting of UL42-flag and HA-IRF3 in HEK 293T 

cells. G. Confocal microscopy of UL42-flag, HA-TBK1, and IRF-3 in HEK 293T cells. DNA is 

stained with DAPI and shown in blue. 
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Figure 2.4 
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Figure 2.4: Mutation to DNA binding domain of UL42 prevents IRF-3 interaction and 

interferon-b inhibition 

A. DNA-binding positively-charged surface of UL42 (blue). Circled are the two arginines targeted 

by alanine mutation in other panels. Surface charge of UL42 calculated by PyMol using crystal 

structure from [21]. B. TBK1-induced interferon-b-luciferase activation in HEK 293T cells 

expressing WT UL42, UL42 R279-280A, UL42 dNLS, or pCDNA empty control. Interferon-b 

(C) and ISG54 (D) mRNA induction following BDNA transfection in HEK293T cells expressing 

WT UL42, UL42 R279-280A, A20, or pCDNA empty control. E. Co-immunoprecipitation and 

western blotting of HEK293T cells overexpressing WT UL42 or UL42 R279-280A with or 

without HA-IRF3. 
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Figure 2.5 
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Figure 2.5: UL42 overexpression impairs IFN-b induced ISRE signaling 

A. ISRE-luc reporter activation following interferon-b treatment in HEK 293T cells expressing 

WT UL42, UL42 R279-280A, or pCDNA empty control. B. cAMP Response Element luciferase 

activation following 5h Forskolyn treatment in HEK 293T cells expressing WT UL42, UL42 

R279-280A, or pCDNA empty control. C. Cycle threshold of the housekeeping gene PSBM2 in 

HEK 293T cells expressing UL42 WT, UL42 R279-180A, A20, or pCDNA empty control. 
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Figure S2.1: A. HSV-1 library growth curve in HEK 293T and Vero cells as determined by plaque 

assay. B. Log2(fold change) from BAC library to final passage comparison between HEK 293T 

and Vero cells. 
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Figure S2.2: Viral titer at each passage during viral library selection in WT A549 and IFNAR1-/- 

A549 cells as determined by plaque assay. 
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Figure S2.3: A. NF-KB-luc reporter activity in cells transfected with UL42 or pCDNA empty 

control. B. AP-1-luciferase reporter activation following PMA stimulation in cells expressing 

UL42 WT or pCDNA empty vector. 
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MATERIAL AND METHODS 

Cells and recombinant HSV-1 

African green monkey kidney Vero cells, and Human embryonic kidney HEK 293T cells 

were procured from ATCC. IFNAR1-/- A549 and their respective control were kindly provided by 

collaborator. A bacterial artificial chromosome containing the HSV-1 genome was a gift of Pr 

Zheng, [27]. 

 

Library construction 

A pEntranceposon-kan vector (Thermo Fisher) was modified by PCR to insert BpuEI and 

KasI restriction enzyme sites at the end of the R1 site of the transposon. The transposon sequence 

was excised using KasI and mixed with MuA (Thermo Fisher) transposase for the transposition 

reaction. The transposition complex was mixed with purified BAC-HSV-1 and the reaction was 

carried out as described by the manufacturer. The resulting DNA was electroporated in DH10B 

high efficiency E. coli (Invitrogen) and plated on chloramphenicol or chloramphenicol/kanamycin 

LB plates. This allowed to confirm that fewer than 70% of the BAC molecules contained a 

transposon insertion. Eight to ten thousand double resistant colonies were collected, mixed, and 

frozen in LB with 15% glycerol. For BAC preparation, one aliquot is thawed and plated on 15cm 

LB chloramphenicol/kanamycin plates. The resulting lawn is collected the next day for BAC 

preparation. 

For viral preparation, xµg of DNA was transfected into X million HEK293T cells using 

lipofectamine 2000. The resulting virus was used to infect 200 million Vero cells at a MOI of 0.01 

to prepare the viral input. 
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In vitro passaging 

One million cells were infected in triplicates at a MOI of 0.15. Forty hours post infection, 

the cells and supernatant were collected and freeze/thawed three times before being tittered on 

Vero cells. The virus collected from passage one was used to infect the cells of passage two. This 

process was repeated four times while keeping all replicates independent throughout passaging. 

 

Library sequencing and data analysis 

Cell lysates were cleared from cell debris by centrifugation. The virus from 500-1000 µl of 

viral supernatant was concentrated by centrifugation at 20200g for 90min at 4C. The viral particles 

were treated with DNAse I at 37C for 30min to remove traces of plasmid and the viral genomes 

were then extracted using the Viral DNA/RNA genome extraction kit (Invitrogen). Purified viral 

genomes were digested with BpuEI and annealed oligonucleotides were ligated overnight at 16C 

using T4 Ligase (NEB). The sequencing library was constructed using a two-step nextera indexing 

protocol with primers specific for the transposon and the adapter oligo (Illumina). The resulting 

library was sequenced on a MiSeq instrument (Illumina). 

Raw reads were processed by extracting the 14-18nt HSV-1 sequence using cutadapt [28]. 

These reads were then aligned to the reference HSV-1 genome using bowtie [29] with -m 2 --best 

--strata arguments. Bedtools [30] was used to extract the number of aligned reads per 100bp 

window in the reference genome. The resulting counts were used as input to the TnSeqDiff [31] 

tool to compute fold changes and significance. 
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HSV-1 genes wild type and mutant cloning 

Wild-type sequences were cloned out of the BAC HSV-1 sequence into a pCDNA3.1-flag 

plasmid under CMV promoter. Mutants were generated by PCR amplification and InFusion 

cloning (Clontech). All sequences were confirmed by sanger sequencing. The primers used were: 

US1-F: TTAATTCAGATCTAGttctggatggccgacatttcc 

US1-R: CCCGGGATCCTCTAGatcacggccggagaaacgtg 

UL44-F: TTAATTCAGATCTAGgaggcgtcgggcatggc 

UL44-R: CCCGGGATCCTCTAGagcgttaccgccgatgacg 

UL42-F: TAGACTCGAGCggccGCatgacggattcccctggcg 

UL42-R: GTAATCTAGAAagctggggaatccaaaaccagacgg 

UL42-R279-80A_F: tgctcgcagcgctgcaggtcggcggggg 

UL42-R279-80A_R: tgcagcgctgcgagcaccgcccgcatgctg 

 

Luciferase reporter assays 

HEK 293T cells were transfected with the firefly luciferase gene under the control of the 

IFN-b, ISRE, NF-kB, AP-1, or CRE promoter in conjunction with the renilla luciferase gene 

under the control of TK. The cells were co-transfected with HSV-1 genes and stimulatory genes 

using PEI. 16-20h after transfection, the cells were lysed, and the luciferase activity was measured 

using a dual luciferase kit (Promega). Firefly luciferase signal was normalized to renilla luciferase 

signal for analysis. 
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Reverse transcription quantitative polymerase chain reaction 

HEK293T cells were transfected with HSV-1 proteins using PEI. The next day, cells were 

stimulated with 100ng/ml BDNA using lipofectamine 2000 (Invitrogen). The following day, total 

RNA was collected and later extracted using Trizol reagent (Invitrogen). Identical amounts of total 

RNA from each sample was reverse transcribed using iScript (Bio-Rad). Relative expression was 

calculated using PSMB2 as a housekeeping gene reference. Primers used were: 

PSMB2-F: ATCCTCGACCGATACTACACAC 

PSMB2-R: GAACACTGAAGGTTGGCAGAT 

hIFNb-F: TGTGGCAATTGAATGGGAGGCTTGA 

hIFNb-R: CGGCGTCCTCCTTCTGGAACT 

hISG54-F: TGCAACCTACTGGCCTATCTA 

hISG54-R: CAGGTGACCAGACTTCTGATT 

 

Immunofluorescence 

HEK293T cells were co-transfected with UL42-flag and HA-TBK1 using PEI. The 

following day, cells were fixed with 2% PFA for 15 minutes at room temperature. Cells were then 

permeabilized with 0.3% Triton-X 100 in PBS and blocked with 10% Donkey serum for 45 

minutes at room temperature. Primary antibodies against flag (Sigma F1804), HA (Santa-Cruz 

SC-805), and IRF-3 (Santa-Cruz) were incubated overnight in PBS 0.1% Triton-X 100 1% BSA. 

Secondary fluorescent antibodies Donkey anti Goat Alexa555 (Invitrogen), Donkey anti Rabbit 

DyLight488 (Biolegend) were incubated for one hour at room temperature. Anti-goat antibodies 

were saturated with 10% goat serum in PBS 0.1% Triton-X 100 for 15 minutes at room 
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temperature and Goat anti mouse DyLight649 (Biolegend) secondary antibody was incubated for 

one hour at room temperature. Coverslips were mounted on slides using Prolong gold DAPI 

(Invitrogen) and imaged on a Leica SP5 confocal microscope. 

 

Immunoprecipitation 

HEK293T cells were co-transfected with UL42-flag WT or mutant, and HA-IRF3. 

Sixteen to 24 hours later, cells were lysed in NP40 lysis buffer and HA-IRF3 was pulled down 

using a Rabbit anti-HA antibody (sc-805) and magnetic protein A beads (Bio-Rad). The beads 

were washed 3 times according to the manufacturer’s instructions and the immunoprecipitated and 

input fractions were run on an SDS PAGE. Proteins were transferred onto PVDF membranes and 

probed for flag (F1804), HA (sc-805), and actin (Cell signaling).  
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CHAPTER 3 

Expression of tumor neoantigens by Listeria monocytogenes to generate an antitumoral immune 

response 
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ABSTRACT 

Listeria monocytogenes (Lm) is a bacterium able to generate strong antigen-specific cytotoxic 

T-cell responses. This ability has been used to target tumor antigens and protect from disease 

progression in the past. Whether this pathogen is able to protect from tumor growth by expression 

a limited set of self, mutated antigens remains to be determined. We constructed an attenuated 

strain of Listeria monocytogenes expressing multiple naturally occurring mutant tumor antigens from 

the B16 melanoma, and the chicken ovalbumin (OVA) peptide SIINFEKL. This vaccinal strain 

was able to induce OVA-specific CD8 T-cell proliferation in vitro as efficiently as an OVA 

expressing Lm strain. This effect did not translate into an in vivo tumor model where the vaccinal 

strain failed to protect from tumor growth or elicit an OVA-specific T-cell response. 

 

INTRODUCTION 

The ability of pathogens to prevent cancer progression has been known since the late 1890s 

[1]. While the mechanism remained unclear for decades, it is now understood that the immune 

response to the pathogen is able to break tolerance to the tumor [2]. Such immunotherapeutic 

effects are typically associated with a strong cytotoxic T-cell response targeted towards antigens 

that are specific to the tumor cells [1]. Several strategies are currently being investigated to 

reproduce those effects, from checkpoint inhibitors [3], to recombinant T-cells adoptive transfer 

[4], to recombinant pathogens [5]. 

Listeria monocytogenes (Lm) is a particularly effective bacterium at producing strong 

cytotoxic T-cell responses, due to its ability to live and reproduce in the cytoplasm of infected cells 

[6]. Proteins produced by the pathogen are therefore presented to CD8 T-cells on the class-I major 
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histocompatibility complex (MHC-I) proteins [7]. Mutant, attenuated strains of the bacterium 

have been shown to be able to prevent tumor growth in animal models [8]. These Lm strains 

typically overexpress an antigen that is recognized as foreign by the immune system, such as viral 

proteins [9], or rare self proteins that are overexpressed in the tumor cells [10]. 

Not all tumors carry strong antigens to be targeted by immunotherapy strategies while 

preventing off-target effects. Newer strategies intend to use naturally occurring amino acid 

mutations that occur when most tumors grow [11]. While foreign antigen expressing, attenuated 

Lm strains are currently being investigated in the clinic, the ability of these vectors to elicit a 

protective immune response from a limited set of tumor mutant antigens (neoantigens) is unclear. 

In this study, we aimed to determine whether expression of tumor mutant antigens by an 

attenuated strain of Lm could prevent tumor growth in a murine model of disease. We confirmed 

that Lm is able to protect from disease progression in a model of foreign antigen expressing tumor. 

We constructed a neoantigen expressing strain of attenuate Lm and determined that it was able to 

produce an antigen-specific response towards a CD8 T-cell epitope in vitro but failed to protect 

from tumor growth in vivo. 

 

RESULTS 

OVA secretion by Listeria monocytogenes protects from EG7-OVA tumor infection 

Listeria monocytogenes is a facultative intracellular gram-positive bacterium that has long 

been used as a model to study CD8 T-cell responses. When infecting a cell, Lm is able to the 

endosome by secreting a listeriolysin O (LLO) [6]. Once in the cytoplasm of an infected cell, Lm 
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produces the actin assembly-inducing protein ActA which polymerizes actin and propels the 

bacterium onto the neighboring cell where it is internalized [6]. 

The ability of Lm to live, reproduce, and secrete proteins into the cytoplasm of its host cell 

is what makes it perfect to trigger a CD8 T-cell response. Indeed, cytoplasmic peptides are 

transported into the endoplasmic reticulum through the transporter associated with antigen 

processing to be loaded onto major histocompatibility complex 1 (MHC-I) proteins [7]. CD8 T-

cells are greatly restricted to MHC-I peptide complexes for their activation. 

We sought to examine the potential of this pathogen to trigger an anti-tumoral immune 

response. It is known that Lm can be used to treat foreign antigen expressing tumors [8]. These 

are typically virally induced tumors where the oncogene is a viral protein. We decided to start by 

establishing such a model in our laboratory. The E.G7-OVA cell line is a derivative of the EL4 T-

cell lymphoma cell line collected from C57BL/6 mice that expresses the chicken ovalbumin (OVA) 

antigen.  

We engrafted this tumor at day 0 and treated the mice at day 5 with 2 million colony 

forming units (cfu) of Lm deficient for ActA (Lm-ActA) or Lm deficient for ActA secreting OVA 

(Lm-OVA) intravenously (Figure 3.1). Mice that were treated with Lm-ActA developed larger 

tumors and at a faster rate than mice treated with Lm-OVA (Figure 3.2a). Accordingly, mice 

treated with Lm-OVA showed better survival than those treated with Lm-ActA (Figure 3.2b). 

In C57BL/6 mice, the most strongly recognized CD8 T-cell OVA peptide is SIINFEKL. 

To determine whether the tumor suppressive phenotype we observed was associated with a CD8 

T-cell response, we stained splenic cells with SIINFEKL pentamer. Lm-OVA treated mice 
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showed an increase in OVA-specific CD8 T-cells during tumor control, consistent with a role for 

T-cell activity in disease protection (Figure 3.2c). 

 

Construction of a neoantigen Lm vector 

While viral oncogenes provide obvious antigens for the immune system to attack, tumors 

arising from other mechanisms can also provide specific targets. This is because most tumors lose 

control of their DNA integrity, and their high rate of replication accumulates many novel 

mutations [12]. When those mutations happen to be nonsense, i.e. the nucleotide change induces 

an amino acid difference in the peptide sequence, a novel antigen peptide can be produced. These 

peptides, or proteins, are referred to as neoantigens. 

Others have shown that the immune system is able to distinguish between self and 

neoantigens by producing antigen-specific T-cells that are able to target cancer cells with limited 

to no effect on the surrounding tissue [13]. We aimed to extend our study of Lm as a tumor antigen 

carrier to the expression of neoantigens. This would open the use of this kind of immunotherapy 

to types of cancers not caused by viral infections. 

Another goal of this study was to make the production of personalized therapy easier. This 

kind of therapy is designed for each individual patient to suit their particular disease. In the context 

discussed here, this means that the neoantigens that would be expressed by the Lm vaccine would 

be tailored to the mutations present in the tumor of the patient receiving the treatment. To make 

this process easier to carry out, we decided to use a plasmid expression system to prevent having to 

create a stable Lm strain for each construct. 
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We chose to use a well described mouse tumor model to test this method. The B16 

C57BL/6 melanoma cell line is able to produce melanoma-like tumors when injected 

subcutaneously and organ metastases when injected intravenously. Additionally, neoantigens have 

been identified by others that are able to be targeted by the immune system of C57Bl/6 mice [14]. 

We cloned the hly-LLO promoter-protein fusion from pEJ140 (a gift of by Pr Jeffrey Miller, 

UCLA) into the shuttle vector pAM401 (a gift from Pr Daniel Portnoy, UCB). We then inserted 

a synthetic construct containing the OVA peptide SIINFEKL fused to B16 neoantigens (pAM-

vac), or a scrambled version of SIINFEKL fused to the wild-type version of the same B16 

neoantigens (pAM-WT) (Figure 3.3). 

 

In vitro characterization of pAM-vac-carrying Listeria monocytogenes 

Because our vaccine construct carries the SIINFEKL peptide, we were able to test the 

ability of the vaccine to trigger an immune response using OVA-specific tools such as MHC-

peptide fluorescent pentamers and OT-I OVA-specific TCR transgenic mice. 

To determine whether the vaccine-carrying Lm strain was able to trigger an antigen specific 

immune response, we infected total splenocytes with increasing amounts of Lm carrying pAM-vac 

(Lm-vac), pAM-WT (Lm-WT), or the OVA-secreting Lm strain. 

Flow cytometric analysis showed that B-cells proliferate in response to the infection in an 

antigen independent manner, as measured by CFSE dilution (Figure 3.4a). Indeed, the 

proliferation was comparable in cells infected with Lm-OVA or Lm-vac and in cells infected with 

Lm-WT. This is consistent with B-cells being stimulated by bacterial surface antigens, where the 
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lack of specificity of the B-cell receptor (BCR) is trumped by the close repetition of the target on 

a solid surface which can cluster the BCR sufficiently to activate the cell. 

Contrary to B-cells, CD8 T-cells only showed proliferation when the cells were infected 

with foreign antigens (Figure 3.4b). Indeed, the percentage of T-cells having diluted CFSE was 

the same or inferior between the uninfected control and the Lm-WT infected samples, while there 

was an increase in proliferation in the samples infected with the highest quantity of Lm-OVA or 

Lm-vac. 

These data indicate that in vitro, our vaccine construct is able to trigger an antigen-specific 

response with the same amplitude as the Lm-OVA strain. 

 

Lm-vac does not protect from EG7 growth in vivo 

We confirmed the ability of Lm-vac to trigger an antigen specific immune response in vitro, 

as determined by the ability of SIINFEKL + mutant peptides to drive CD8 T-cell proliferation 

while WT peptides + scrambled SIINFEKL did not. The next step was to study the ability of Lm-

vac to protect C57BL/6 mice from the growth of E.G7-OVA tumors. 

We are able to use this model thanks to the inclusion of SIINFEKL in our vaccine 

construct. Indeed, the E.G7-OVA tumor cells present this peptide, and a significant share of CD8 

T-cells are able to recognize it following Lm-OVA infection (Figure 3.2c). We therefore 

inoculated E.G7-OVA cells subcutaneously in wild-type C57BL/6 mice before vaccinating them 

with 2 million cfu Lm-OVA, Lm-vac, Lm-WT, or Saline control intravenously at day 5. 

Unfortunately, Lm-vac showed no difference to Lm-WT in protecting mice from the 

growth of E.G7-OVA tumors while Lm-OVA was protective (Figure 3.5a). Lm-OVA was able 
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to induce proliferation of OVA-specific CD8 T-cells but not our vaccine construct (Figure 3.5b). 

To determine whether there was a difference in the immune response triggered by the different 

strains of bacteria, we collected splenocytes at day 19 from mice treated with either strain and 

assayed their ability to release cytotoxic granules when exposed to E.G7 tumor cells for 6h. We 

used CD107a exposure as a readout of granule release [15].  

While the cells were able to release granules as determined by anti-CD3 anti-CD28 

antibody co-stimulation (Figure 3.5c, circles), the E.G7 cells were not able to stimulate activation 

of these same cells in these conditions (Figure 3.5c, bars). In the same experiment, the amount of 

dead target cells did not depend on the type of immunization received by the donor of the effector 

cells (Figure 3.5d). 

We also tested whether exposure to the different strains of Lm used would be able to trigger 

antigen-specific proliferation of CD8 T-cells. As previously observed in vitro, B-cell proliferation 

was independent of the antigen specificity of the stimulating pathogen (Figure 3.5e). Surprisingly, 

CD8 T-cell proliferation was not dependent on previous exposure of the pathogen either (Figure 

3.5f). It is unclear whether these data are representative of the state of the immune response at the 

time of collection or whether the manipulations associated with collecting and storing the cells 

prior to the assays had a negative effect on their reactivity. 

 

DISCUSSION 

Using the immune system to fight against cancer is not a novel idea [1]. The immune system 

is indeed able to recognize many types of tumor, defined as immunogenic. These immunogenic 

tumors classically express tumor antigens that are often self, rarely expressed proteins, overexpressed 
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in tumors [16]. Immunogenic tumors make good candidates for immune modulating therapies 

such as checkpoint inhibitors because they are already identified by the adaptive immune system 

[16]. 

But what of tumors that are not immunogenic? A seminal study of the mutation rate in 

different cancer types showed that most tumors do indeed carry mutations [12]. These tumors, 

while not expressing foreign or self, overexpressed antigens, can express mutated peptides, called 

neoantigens [11]. Because the adaptive immune system has not been trained to ignore those 

peptides during its development, neoantigens represent a potential target for immunotherapy. 

Here, we wanted to determine whether a strong pathogenic stimulus would help the 

immune system recognize neoantigens and trigger an anti-tumoral response. Listeria monocytogenes 

has been used as a model pathogen to study cytotoxic T-cell responses [6]. Lm is able to trigger a 

strong proliferation of antigen specific CD8 T-cells. We started by setting up a model of Lm-

triggered anti-tumor response (Figure 3.1). By using tumor cells that express OVA, and an 

attenuated Lm strain expressing the same antigen, we model tumors that express non-self antigens 

such as virally induced tumors. In this model, we showed that Lm is able to trigger a strong OVA-

specific CD8 T-cell response that is associated with protection from tumor growth (Figure 3.2). 

The major downside of this model is that it is quite artificial and might not translate well 

into human disease. To improve on this model, we decided to use a step-wise strategy by first 

reducing the amount of antigen in Lm from the complete OVA to one immunodominant epitope. 

Further, we planned to use the spontaneously isolated B16 C57BL/6 melanoma cell line by adding 

neoantigens identified in that cell line [14] to the vaccine construct. We therefore constructed an 
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expression vector using the hly promoter to drive the expression of a fusion protein containing the 

C-terminus of the Lm LLO and a concatenated polypeptide of our mutant targets (Figure 3.3). 

We found that Lm expressing this vaccine construct were able to trigger proliferation of 

OVA-specific CD8 T-cells, while expression of a scrambled version of the peptide fused to wild 

type neoantigens had no effect on those cells (Figure 3.4b). This does not mean that the Lm-WT 

did not trigger an immune response at all. Indeed, B-cells proliferated as well independently of the 

antigen expressed (Figure 3.4a). 

We then moved in vivo to determine the ability of Lm expressing our vaccine construct to 

prevent the growth of E.G7-OVA tumor cells. Unfortunately, the in vitro data did not translate 

into in vivo protection (Figure 3.5). The vaccine construct was unable to trigger proliferation of 

antigen specificCD8 T-cells. Further characterization of the construct showed that the polypeptide 

was not secreted by the bacteria once inside the infected cells (data not shown). This could 

potentially explain a reduced efficacy in triggering a response in vivo, however it did not prevent in 

vitro stimulation. 

Going forward, ensuring that the vaccine polypeptide is properly secreted by the attenuated 

Lm strain could potentially enhance activity in this tumor model. Others have shown that the same 

peptides can be used to trigger an immune response by using a different method of immunization 

[17]. It remains to be determined whether Listeria monocytogenes, because it is so efficient at 

triggering a strong CD8 response, and because of its inherent innate immune system stimulation 

abilities, is superior or not to these strategies. 
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Figure 3.1: Experimental schedule 

Wild-type C57BL/6 mice were inoculated with 200,000 E.G7-OVA cells subcutaneously at day 

0. At day 5, 2 million cfu Lm-ActA or Lm-ActA-OVA were injected intra venously. Tumor 

growth was monitored every other day and groups of animals were sacrificed at day 11, 13, and 15. 

Their spleens were collected and splenocytes isolated for further experiments. 
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Figure 3.2: Lm-OVA treatment protects from E.G7 tumor growth 

A. Tumor volume of mice inoculated with E.G7 tumors and treated with Lm-ActA or Lm-ActA-

OVA. B. Survival curve of mice inoculated with E.G7 tumors and treated with Lm-ActA or Lm-

ActA-OVA. C. Percent of Kd-SIINFEKL positive CD8 T-cells in mice inoculated with E.G7 

tumors and treated with Lm-ActA or Lm-ActA-OVA at days 11, 13, or 15 following inoculation. 
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Figure 3.3: Neoantigen peptide Lm expression vector 

The hly-LLO C-term promoter cassette was subcloned into a pAM401 shuttle vector. Wild-type 

or mutant peptide concatemers were inserted in frame with the LLO C-terminal peptide. 
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Figure 3.4: B-cells proliferate independently of peptides expressed by Lm while T-cells proliferate 

in an antigen-specific manner. 

OT-I total splenocytes were plated in 96-U-well plates and infected with 0.1, 1, or 10 multiplicity 

of infection Lm-OVA, Lm-vac, or Lm-WT. Amount of cells having proliferated as a percentage 

of total B-cells (A) or T-cells (B) was measured by flow cytometry. 
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Figure 3.5: Lm-vac does not protect from E.G7 tumor growth in vivo 

A. Mice were inoculated as described in Figure 3.1 and treated with Lm-OVA, Lm-vac, or Lm-

WT at day 5. Tumor volume was monitored every other day. Splenocytes isolated from mice 

immunized with Lm-OVA, Lm-vac, Lm-WT, or saline control were collected at day 19. The 

number of CD8+ CD3+ T-cells and of Kd-SIINFEKL+ CD8+ T-cells were measured by flow 

cytometry (B). The ability of the cytotoxic T-cells to degranulate in response to E.G7 cells was 

measured by CD107a exposure after 6h stimulation at a 10/1 effector/target ratio (C). The ability 

of splenocytes to kill E.G7 cells was measured in the same conditions (D). The same splenocytes 

were exposed to Lm-OVA, Lm-vac, Lm-WT, or saline control and the proliferation of B-cells (E) 

or CD8 T-cells (F) was measured by CFSE dilution. 
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MATERIAL AND METHODS 

Mouse models 

Wild-type C57Bl/6 mice were maintained in pathogen-free conditions. All experiments 

were approved by the UCLA IACUC. Six to twelve week old mice were engrafted under anesthesia 

with 200,000 E.G7 cells subcutaneously in the left flank. Five days later, mice were injected with 

2,000,000 cfu of attenuated Lm strain or saline control intravenously. Tumor growth was 

monitored daily when measurable masses appeared (usually around day 7). Tumor volume was 

calculated every other day from caliper measurements using the formula: 

𝑉𝑜𝑙𝑢𝑚𝑒 = 𝐿𝑒𝑛𝑔𝑡ℎ	𝑥	
𝑊𝑖𝑑𝑡ℎ2

2  

 

Plasmid construction 

Plasmids were cloned and maintained in E. coli K12 derivatives. The hly-LLO cassette was 

amplified out of pEJ140 using the polymerase chain reaction (PCR). Separately, the mutant 

peptides construct was amplified using PCR from a commercially synthesized construct (Genewiz) 

and both fragments were inserted into the linearized pAM401. The primers used were: 

primer name template Primer sequence 

pAM-pEJ_F pEJ140 TGCGTCCGGCGTAGAGGATCtagagtgacttttatgttgaggc 

pEJ-vac_R pEJ140 ACTAGTTTATATTCCGTCATaggatccgatgcatcctttgc 

pEJ-vac_F peptide vaccine caaaggatgcatcggatcctATGACGGAATATAAACTAGTAGTAG 

vac-pAM_R peptide vaccine CCACACCCGTCCTGTGGATCCTATTTATCATCATCATCTTTATAATCTA 
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Mutant peptides sequence: 

agctggatccATGACGGAATATAAACTAGTAGTAGTAGGTGCGTGTGGTGTA

GGTAAATCGGCGCTAACGATACAACTAATACTAACGGTAAAAATAGGTGATT

TTGGTCTAGCGACGGAAAAATCGCGTTGGTCGGGTTCGCATCAATTTGAAC

AACGTCGTAAAGCGTTTCTACATTGGTATACGGGTGAAGCGATGGATGAAA

TGGAATTTACGGAAGCGGAATCTAATTCGAAACCGTCGTTTCAAGAATTTGT

AGATTGGGAAAATGTATCGCCGGAACTAAATTCGACGGATCAACCGTTTAAA

ACGCCGCAACATGTAAAAATAACGGATTTTGGTCGTGCGAAACTACTAGGTG

CGGAAGAAAAAGAATATCATGGTACGGCGTTTTTTATAAATTTTATAGCGAT

ATATCATCATGCGTCGCGTGCGATACCGTTTGGTACGATGGTAGAAGTATCG

GGTCTAGAACAACTAGAATCGATAATAAATTTTGAAAAACTAACGGAATGGA

CGTCGTCGAATGTAGAAACGTGTCTACTAGATATACTAGATACGGCGGGTCA

TGAAGAATATTCGGCGATGCGTGATCAATATATGCGTTTTAAACATATAAAA

GCGTTTGATCGTACGTTTGCGAATAATCCGGGTCCGATGGTAGTATTTGCGA

CGCCGGGTCTAGGTATATGTCTAACGTCGACGGTACAACTAATAATGCAACT

AATGCCGTTTGGTTGTCTACTAGATTATGTAGATTATAAAGATGATGATGAT

AAATAGgaattcgcat 
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The wild-type peptides were amplified using PCR from a commercially synthesized 

construct (Genewiz) and cloned into a linearized pAM401-vac. The primers used were: 

Name Primer sequence 

WT-pAM401-hly-5 agCAAAGGATGCATCGgatcctATGACGGAATATAAATTAGTTGTTGTAGGAGCTG 

WT-pAM401-hly-3 ccacacccgtcctgtggatcCTATTTATCATCATCGTCTTTATAATCAACATAATCTAATAAAC 

 

Wild-type peptides sequence: 

agctggatccATGACGGAATATAAACTAGTAGTAGTAGGTGCGGGTGGTGTA

GGTAAATCGGCGCTAACGATACAACTAATACTAACGGTAAAAATAGGTGATT

TTGGTCTAGCGACGGTAAAATCGCGTTGGTCGGGTTCGCATCAATTTGAACA

ACGTCGTAAAGCGTTTCTACATTGGTATACGGGTGAAGGTATGGATGAAAT

GGAATTTACGGAAGCGGAATCTAATTCGAAACCGTCGTTTCAAGAATTTGTA

GATTGGGAAAAAGTATCGCCGGAACTAAATTCGACGGATCAACCGTTTAAAA

CGCCGCAACATGTAAAAATAACGGATTTTGGTCTAGCGAAACTACTAGGTGC

GGAAGAAAAAGAATATCATGGTACGGCGTTTTTTATAAATTTTATAGCGATA

TATTATCATGCGTCGCGTGCGATACCGTTTGGTACGATGGTAGAAGTATCG

GGTCTAGAACAACTAGAATCGATAATAAATTTTGAAAAACTAACGGAATGGA

CGTCGTCGAATGTAGAAACGTGTCTACTAGATATACTAGATACGGCGGGTCA

AGAAGAATATTCGGCGATGCGTGATCAATATATGCGTTTTAAACATATAAAA

GCGTTTGATCGTACGTTTGCGGATAATCCGGGTCCGATGGTAGTATTTGCG

ACGCCGGGTCTAGGTATATGTCTAACGTCGACGGTACAACTAATAACGCAAC

TAATGCCGTTTGGTTGTCTACTAGATTATGTAGATTATAAAGATGATGATGA

TAAATAGgaattcgcat 
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Listeria monocytogenes culture and conjugation 

Listeria monocytogenes strain 10403S deficient for ActA was cultured in brain heart infusion 

(BHI). Colony forming units were determined by serial dilutions on BHI-Agar plates for each 

bacterial stock and confirmed after each in vivo inoculation. The pAM401 shuttle vector was 

transferred from E. coli to Lm strains using conjugation. 

 

In vitro Lm stimulation assay 

Splenocytes were collected from WT C57BL/6 naïve or Lm infected mice. Total 

splenocytes were loaded with CFSE as previously described [18]. Total splenocytes were plated in 

U-bottom wells and infected with increasing amounts of Lm (0.1 to 10 MOI) for 1h before being 

treated with gentamicin to prevent the bacteria overgrowing the cells. Seventy-two hours after 

infection, the cells were collected and analyzed on a flow cytometer (BD LSR II). 

 

Flow cytometry reagents 

Antibodies were purchased from Biolegend. Anti-CD3 A488 (#100212), anti-CD4 PerCP 

(#100431), anti-CD8 A700 (#100729), anti-CD19 APC (BD #550992), anti-CD107a BV421 

(#121617) were used to stain total splenocytes. Kd-SIINFEKL pentamers were purchased from 

Proimmune to stain SIINFEKL-specific CD8 T-cells. Dead cells were stained with Zombie Aqua 

prior to fixation. 
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CHAPTER 4 

Effect of innate immune signaling on the quality and diversity of the antigen-specific T-cell 

receptor repertoire 
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ABSTRACT 

The adaptive immune system is characterized by its immense breadth of antigen 

recognition. Following stimulation, only a small subset of that repertoire is selected for expansion. 

The innate immune system is equipped with a more limited diversity caused by a small subset of 

receptors specific for broad molecular species. Innate immune stimuli generate differential gene 

regulation patterns based on the type of receptors that are engaged. It remains unclear what effect 

differential innate immune stimulations has on the selection of the adaptive immune repertoire. 

We tried to address this question by comparing the TCR repertoire following stimulation with a 

TLR3 or TLR9 agonist. Our preliminary findings are that while some differences in CDR length 

usage could be noticed, the breadth of the repertoire was not altered by differential TLR 

stimulation. 

 

INTRODUCTION 

During differentiation, T-cells pseudo-randomly construct their T-cell receptor (TCR) 

through DNA rearrangements. Cells that are able to express a non-self-reactive TCR are selected 

in the thymus and released in the periphery where they form a diverse repertoire. For a cell to be 

activated, it needs to be presented its target peptide by specialized cells providing the proper 

stimulation signals. Multiple reports indicate that the strength of the stimulation signal provided 

to the T-cell through its TCRs and co-stimulatory receptors needs to fall in a specific range for the 

cell to be activated [1]–[3]. This signal strength is the compound of all the TCR molecules 

individual strength and all the co-stimulatory signals individual strength. 
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Pathogenic stimulation results in the activation of the innate and adaptive immune system. 

T-cells that are specific to the invader’s antigens receive proliferation signals and expand. The rules 

that regulate which cells are activated and which are not remain ill-defined. The innate immune 

signal is indispensable but the mechanism through which they regulate the T-cell repertoire 

selection are controversial [4], [5]. We have previously shown that diverse innate immune signals 

can differentially regulate receptor expression on dendritic cells [6]. Other have shown that T-cells 

are able to sense innate immune signals at rest or following activation [4], [7], [8]. 

In this work, we aimed to determine the differential effect of toll-like receptor (TLR) 

ligands on TCR repertoire selection. We stimulated wild-type mice with chicken ovalbumin and 

TLR3 or TLR9 ligands. We observed that different CDR lengths usages could be observed by 

spectratyping in animals having received one or the other regimen. More detailed analysis of the 

TCR repertoire in animals immunized with the differential regimen proved challenging. We report 

that the diversity of the repertoire did not seem to depend on the innate stimulus used during 

immunization, with the caveat that the sample size and depth of sequencing was small. 

 

RESULTS 

Effect of TRL3 vs TRL9 stimulation during OVA immunization as measured by 

quantitative spectratyping 

Every natural immune stimulus is composed of a mixture of peptidic compounds and innate 

immune stimulating molecular patterns (be it pathogen-associated or damage-associated molecular 

patterns – PAMPs and DAMPs). The cells that are responsible for activating naïve T-cells are 

antigen presenting cells, classically dendritic cells (DCs). DCs are able to sense PAMPs through 
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the expression of pattern recognition receptors (PRR) specific for different PAMPs. In this study 

we chose to focus on two types of PAMPs and their associated PRRs. These are synthetic RNA 

poly-I:C (pIC) and synthetic unmethylated DNA CpG. They are recognized by the toll-like 

receptor (TLR) 3 and 9, respectively. 

Our laboratory has shown that DCs will change expression of receptors depending on the 

type of TLR signal they receive [6]. Here we hypothesize that those differential gene regulation 

programs might have an effect on the expression of T-cell co-stimulatory molecules, antigen 

processing machinery, and antigen presentation machinery. These supposed changes triggered by 

TLR signals could lead to the strength of the TCR signal delivered to naïve T-cells to vary in 

strength. Others have shown that the strength of the TCR signal is important in regulating the 

level of activation of the antigen-specific T-cell [2]. 

To determine the effect of pIC versus CpG during an immunization against chicken 

ovalbumin (OVA), we immunized mice with either or no adjuvant, in addition to OVA, with 

DOTAP as a carrier. The animals received a boost immunization after 30 days, and their spleens 

were collected seven days later. Splenocyte RNA was extracted, cDNA synthesized, and the TCR 

repertoire was compared using quantitative spectratyping (Figure 4.1) [9]. 

The T-cell receptor gene is produced by each developing thymocyte through error-prone 

recombination during its development. Each TCR gene is assembled by joining a variable (V), 

diversity (D), and junction (J) segments to the constant (C) segment. Together, they form the 

complementarity-determining (CDR) region. During this process, nucleotides are 

pseudorandomly added or removed to/from the different segments. This results in a diverse 

population of cells with different CDR lengths. Spectratyping allows us to easily determine the 
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CDR length profile for each V family of the TCR alpha or beta chains. We chose to focus on TCR 

beta chain CDR length. 

Following our stimulation regimen, the overall Vbeta usage was mostly not modified in 

control mice (DOTAP only) versus immunized mice (Figure 4.2a). There was a reduction in the 

Vb 31 usage for both CpG and pIC stimulated animals. In CpG immunized animals, there was an 

increase in Vb 14 usage. This was confirmed by looking in more details at the spectratype of this 

particular Vb family (Figure 4.2b). When comparing different animals immunized with the same 

regimen, we can see that CpG adjuvant lead to a stronger amplification of peaks in the Vb 14 and 

16 families (Figure 4.2c). We can also see that different animals can share the same peak 

amplification. 

By sequencing randomly selected TCR clones, we observed that certain sequences were 

shared between animals and stimulation (red, yellow, and green cells in Figure 4.2d). These clones 

are defined as public. Others were private, i.e. they only appear in a single animal, sometimes 

representing the majority of the population (Orange cells in C4M1). 

 

Using PLGA microparticles to determine the effect of differential adjuvant stimulation 

The data obtained using quantitative spectratyping confirmed the existence of public and 

private clones in our model. We hypothesized that different clones might arise from varied TCR 

signaling strength. In this context, public clones would be selected from a signal strength that can 

be triggered by either adjuvant, while CpG- or pIC-restricted public clones might need a specific 

signaling activation. To study this further, we decided to use polylactic-co-glycolic acid (PLGA) 

microparticles (Figure 4.3a). These water in oil in water emulsion particles contain a mixture of 
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OVA and adjuvant encapsulated in a biodegradable polymer. These particles can readily be 

absorbed by DCs, and their content presented [10]. 

We started by determining the best time to collect antigen-specific T-cells following the 

immunization protocol. Mice were immunized twice as previously described, and splenocytes were 

collected 2, 5, and 7 days following the second immunization. An OVA-secreting Listeria 

monocytogenes (Lm-OVA) strain was used as a positive control of CD8 T-cell activation. PLGA-

OVA-CpG induced splenomegaly at later time points in some of the animals (Figure 4.3b). The 

activation marker CD69 was upregulated on CD4 and CD8 T-cells two days after the boost in 

CpG and pIC treated mice (Figure 4.3c and d, respectively). CD4 T-cells specific for an OVA 

peptide as determined by MHC-II tetramer stain were upregulated in some of the CpG and pIC 

mice (Figure 4.3e). CD8 T-cells specific to the MHC-I-SIINFEKL pentamer were upregulated 

in all conditions but more significantly in Lm-OVA treated mice (Figure 4.3f). It is interesting to 

note that although activation markers were not present on the T-cells purified from Lm-OVA 

immunized animals, these mice showed an impressive increase in anti-OVA CD8 T-cells (up to 

more than 20% of all CD8 T-cells). 

 

Sequencing the TCR repertoire using massively parallel sequencing 

To get an in-depth analysis of the TCR repertoire and obtain detailed access to the major 

public and private CDR sequences, we set up a TCR sequencing protocol using massively parallel 

sequencing. In contrast to spectratyping, we decided to amplify the TCRs using a single primer 

pair to reduce the risk of PCR bias in the analysis. A single reverse primer binding to the constant 

region of the TCR-beta chain was used to prime a 5’ rapid amplification of cDNA ends (5’-RACE) 
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reaction. Briefly, the first strand synthesis continues along the mRNA all the way to the 5’-cap 

where 3 cytidines are added by the reverse transcriptase. A universal primer is then used to extend 

the second strand from the CCC stretch. All CDRs are then amplified using the constant forward 

primer added during RACE and a nested reverse primer [11]. 

We immunized mice with PLGA-OVA +/- CpG or pIC as described above. We then 

fluorescent activation cell sorted (FACS) OVA-specific CD8 T-cells from animals with more than 

2% of CD8 T-cells positive for SIINFEKL and extracted mRNA (Figure 4.4a). CDR sequences 

were amplified and sequenced on an Illumina MiSeq platform. The clones were then assigned 

using MiTCR [12]. 

The numbers of SIINFEKL-specific clones varied between 5 and 80 per mouse (Figure 

4.4b). This depended greatly on the number of cells collected (Figure 4.4c). If fewer than 20,000 

cells were collected, the number of clones was reduced, while the number of clones did not increase 

linearly with more cells being sorted. The number of shared clones seemed to correlate with the 

total number of clones identified (Figure 4.4d). 

Finally, we compared the diversity of the CpG or pIC stimulated TCR repertoires using 

Shannon’s entropy. This relative unit measurement asses the diversity of a particular list of data, 

with the diversity increasing as the unit gets larger. There was no difference in the TCR diversity 

between mice immunized with CpG or pIC (Figure 4.4e). The variability of the measurement was 

great and additional data points would be necessary to provide a conclusive comparison. 
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DISCUSSION 

In this work we tried to gain a better understanding of the possible regulatory effects of 

innate immune signals on the selection of the – adaptive immunity’s – TCR repertoire. We 

hypothesized that different TLR signals, through their activating signals on APCs and T-cells, 

would lead to differential TCR signal strength. This was supported by work from our lab showing 

that DCs can differentially regulate their function based on the kind of TLR ligand they are 

exposed to [6]. Others had also shown that T-cells are able to sense TLR ligands, at rest or 

following activation, and that this had effects on downstream signaling pathways [4], [7], [8]. We 

predicted that the combination of those effects would lead to the selection of TCR repertoires with 

different avidity, breadth, or function. 

Because of the predicted involvement of professional APCs and naïve T-cells, we decided 

to use an in vivo model, by fear that in vitro models would bias the selection to such extent that 

the predicted effect would be undetectable. We began by taking a high-level look at the repertoire 

by using quantitative spectratyping. This technique allows to detect Vb-fragment (TRBV) usage 

change as well as clonal amplification, without providing access to the CDR sequence. While there 

was no drastic change in the TRBV gene usage, we found that certain CDR peaks could be 

commonly amplified in different animals who shared the same immunization regimen (Figure 

4.2a-c). This lead us to randomly sequence clones from one such TRBV family, which further 

confirmed that public clones were present in our dataset following immunization (Figure 4.2d). 

The existence of public clones has of course been described by others [13], but confirming their 

detectability in our experimental setup was encouraging as our ability to compare adjuvant regimens 
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relies on the capacity to functionally characterize TCRs. Public TCRs simplify this task by limiting 

the number of TCRs to study as well as making direct comparisons possible. 

These preliminary data encouraged us to further pursue this question by massively 

sequencing the TCR repertoire of mice immunized with different TLR ligands. The preliminary 

experiment having given somewhat disappointing results in terms of strength of the response, we 

decided to change the carrier. PLGA microparticles are efficient at packaging different compounds 

together and at slowly releasing them [10]. The polymer is also effectively degraded in the 

lysosomes of dendritic cells, therefore liberating the antigen and adjuvant [10]. The size of the 

particles seemed to matter as sub-micron particles were able to trigger a stronger response than 

~2µm diameter ones (Figure 4.4a vs figure 4.3, respectively). These particles were more efficient at 

triggering a response as soluble compounds as seen in Figure 4.4a. However, they never induced 

proliferation of CD8 T-cells as strongly as Listeria monocytogenes did (Figure 4.3f). 

TCR receptor repertoire sequencing proved challenging. This was due to the limited 

number of cells sorted (as low as 1,000) which lead to small amounts of RNA purified, as well as 

to a suboptimal efficiency of 5’ RACE compared to standard reverse transcription. We chose 5’ 

RACE to limit the chances of PCR biasing the results during amplification of individual TRBV 

families. This is a stance that would benefit from a more detailed analysis of the drawbacks of each 

method. The analysis showed that the number of clones identified per sample was greatly limited 

by the quantity of cells sorted, if that number was inferior to 20,000 (Figure 4.4c). Similarly, the 

ability of identifying shared clones depended greatly on the number of clones identified in a specific 

sample (Figure 4.4d). Indeed, the fewer the clones, the more likely only the major clonotypes will 

be identified. While public clones can be the major clonotype in some individuals, they are usually 
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not always the same between individuals [13]. Finally, by comparing the diversity of the repertoires 

collected from mice stimulated with CpG or pIC, we found that there was no difference. The 

variability was also important and depended greatly on the number of clones identified. 

While this project did not produce the results we expected, we believe it is still an important 

question to address. Differential signaling in response to innate signals has been described in many 

models [14]. The role of TCR signal strength on T-cell activation has also been described [1], [2]. 

In retrospect, we believe the best way to address this question would be, at least at first, in a well-

controlled in vitro environment, for instance using clonal TCRs, mutated target peptides, and 

purified antigen presenting cells. 
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Figure 4.1: Experimental schedule 

Wild-type C57BL/6 mice were immunized with OVA + CpG, polyI:C, or saline control in a 

DOTAP emulsion (Prime). Thirty days later, the animals were immunized a second time (boost). 

Seven days following boost, the animals were sacrificed, their splenocytes purified, and the total 

RNA isolated with Trizol. Total RNA was then reverse transcribed and used for quantitative 

spectratyping. 
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Figure 4.2: TLR3 versus TLR9 stimulation provokes mostly comparable TCR clone proliferation 

The relative expression of every TCR V-beta (TRBV) family was measured by quantitative PCR 

(A). The CDR length profile obtained by spectratyping is shown for TRBV14 and TRBV16 (B), 

and the presence of clonal amplification for each peak in every animal is indicated in C. 

Proliferation was defined by an increase of the peak area over 4 standard deviation compared to the 

OVA only control. D. A random selection of TCR sequences were cloned from the TRBV14 

family and sequenced by sanger sequencing. Identical clones are represented by identical colors. 

Black cells represent no sequence. White cells represent unique sequences. 
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Figure 4.3: PLGA microparticles loaded with TLR ligands can induce T-cell activation 

A. Schematic representation of a PLGA microparticle. Mice were immunized twice as in figure 

4.1 with PLGA microparticles containing OVA alone or with CpG or polyI:C, or with saline as 

negative control or Lm-OVA as positive control. Two, five, and seven days following boost, two 

animals per group were sacrificed and their spleen weight measured (B). The percentage of 

activated CD4 (C) or CD8 (D) T-cells was measure as CD69 expression. The percentage of OVA-

specific CD4 (E) or CD8 (F) T-cells was measured by MHC multimer staining. 
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Figure 4.4: PLGA microparticle stimulation is more effective than soluble stimulation but 

differential TLR stimulation does not induce divergent TCR repertoires 

Mice were immunized as in Figure 4.1 with Saline, PLGA particles containing OVA alone or 

combine with CpG or polyI:C, or with soluble OVA alone or with CpG or polyI:C. The 

percentage of OVA-specific CD8 T-cells was measured by pentamer staining (A). OVA specific 

CD8 T-cells were sorted by fluorescence activated cell sorting and their TCR was sequenced. The 

total number of clones identified in each animal, as well as the number of shared clones among 

them is displayed in B. The total number of clones is graphed against the total number of cells 

sorted in C (with exponential curve fit). The number of shared clones is graphed against the total 

number of clones in D. Shannon’s entropy of the TCR repertoire from mice immunized with 

OVA+CpG or OVA+polyI:C is graphed in E (mean + SD). 
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MATERIAL AND METHODS 

Mice and immunizations 

Male and female WT C57BL/6 mice 6-12 weeks of age were used in all experiments. All 

experiments were approved by the institutional IACUC. Soluble model: mice were immunized 

intraperitoneally with 100µg OVA +/- 50µg CpG or pIC (adjuvants, Invivogen) with DOTAP 

(Roche) as a carrier. Immunization was repeated after 30 days with 50µg OVA and 50µg adjuvant. 

Mice were sacrificed seven days later, and their spleen collected for analysis. Microparticles model: 

mice were immunized intraperitoneally with PLGA-OVA +/- CpG or pIC containing 100µg 

OVA and 50µg adjuvant (in collaboration with Pr Aliasger K Salem, University of Iowa), 2.106 

colony forming units Lm-OVA, or saline. Immunization was repeated two weeks later, and mice 

were sacrificed 2, 5, or 7 days following the second immunization. Spleens were collected for 

analysis. 

 

Flow cytometry 

All antibodies were purchased from Biolegend. Kd-SIINFEKL (OVA) pentamer were 

purchased from Proimmune. I-Ab-AAHAEINEA (OVA) tetramers were obtained from the NIH 

Tetramer Core Facility at Emory University. Anti-CD3 A488 (#100212), anti-CD4 PerCP 

(#100431), anti-CD8 A700 (#100729), anti-CD25 BV421 (#102033), anti-CD69 BV605 

(#104529) and zombie aqua were used to stain splenocytes according to manufacturer’s 

instructions. Cells were acquired on a BD LSR-II FACS analyzer or sorted on a BD FacsAria III 

at the UCLA Jonsson Comprehensive Cancer Center (JCCC) and Center for AIDS Research 

Flow Cytometry Core Facility. Analysis was done using FlowJo (Beckton Dickinson). 
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TCR quantitative spectratyping 

Following total RNA extraction using Trizol reagent (Life technologies), cDNA was 

prepared using iScript (Bio-Rad) following the manufacturer’s instructions. Quantitative 

spectratyping was carried out as previously described [9]. The mouse TCRB specific primers were 

(based on [15], [16]): 

IMGT Sequence Currier & Robinson 

TRBV1 ggtcactgatacggagctgag MuBV2 

TRBV2 CCTCAAGTCGCTTCCAACCTC MuBV4 

TRBV3 cactctgaaaatccaacccacag MuBV16 

TRBV4 CAAGTCTGTAGAGCCGGAGGA MuBV10 

TRBV5 AATGCCCAGACAGCTCCAAGC MuBV1 

TRBV12-1 AAGGTGGAGAGAGACAAAGGATTC MuBV5.2 

TRBV13-1 gTGCTGGCAACCTTCaAATAGGA MuBV8.3 

TRBV12-2 aacagactcaggggcaggaac MuBV5.1 

TRBV13-2 CATATGGTGCTGGCAGCACTG MuBV8.2N 

TRBV12-3 agAGAAAGGAAACCTGCCTGGTT MuBV5.3 

TRBV13-3 catatgtcgctgacagcacgg MuBV8.1N 

TRBV14 AGGCCTAAAGGAACTAACTCCACT MuBV13N 

TRBV15 GATGGTGGGGCTTTCAAGGATC MuBV12 

TRBV16 ACTCAACTCTGAAGATCCAGAGC MuBV11 

TRBV17 cagtcggcctaacaattctttctg MuBV9 

TRBV19 CTCTCACTGTGACATCTGCCC MuBV6 
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TRBV20 CCATCAGTCATCCCAACTTATCC MuBV15 

TRBV21 ccCTGCTAAGAAACCATGTACCA MuBV19 

TRBV23 cTCTGCAGCCTGGGAATCAGA MuBV20 

TRBV24 agCTAAGTGTTCCTCGAACTCAC MuBV17N 

TRBV26 CCTTGCAGCCTAGAAATTCAGT MuBV3.1 

TRBV29 TACAGGGTCTCACGGAAGAAGC MuBV7 

TRBV30 GCCGGCCAAACCTAACATTCTC MuBV18 

TRBV31 gACGACCAATTCATCCTAAGCAC MuBV14 

TRBC cAAGCACACGAGGGTAGCCT MuTCB3C 

TRBC Probe AAGGAGACCTTGGGTGGAGTCACATTTCTC MuTCB1-FAM 

 

Massively parallel TCR sequencing 

Following total RNA extraction using Nucleospin RNA Plus XS (Clontech), cDNA 

preparation was carried out using the SMARTer 5’ RACE kit (Clontech) with the gene specific 

primer: 

Race GSP GGG AAG AAG CCC CTG GCC AAG CAC ACG 

CDRs were amplified with primers containing Illumina Nextera adapters: 

Nested primer 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGAGACC 

TTGGGTGGAGTCACATTTCTC 

Nested reverse 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCAAGCA 

GTGGTATCAACGCAGAGT 
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Indexing was carried out using the Nextera indexing kit (Illumina), and the library was 

sequenced on a MiSeq sequencer at the UCLA Genoseq core facility. Raw reads were processed 

using MiTCR [12] to identify CDR sequences. 
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CHAPTER 5 

Conclusion and future perspectives 
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It has become apparent in the past 20 years that the immune system is involved to some 

extent in most long term human pathologies. This has set the stage for in depth studies of immune 

related signaling and cellular processes, and the emergence of therapies that utilize our 

understanding of the immune system to treat disease. Cancer immunotherapy has allowed for the 

treatment of advanced stage tumors in patients that did not respond to previous regimens, such as 

chemotherapy and radiotherapy. Still, our understanding of immunology remains incomplete, and 

a recent regain of interest in innate immunity is trying to integrate previously separate fields into a 

more complete picture. During this thesis work, my focus centered identifying ways to trigger 

efficient antigen-specific T-cell responses. 

In Chapter 2, we focused on gaining a better understanding of how HSV-1 regulates the 

host innate immune response. The ability of Herpesviridae to infect many cell types and their large 

genome have made them good candidates for vectors of immunotherapy. Others have shown that 

by reducing the type-I interferon response, one can obtain better antitumor efficacy of an oncolytic 

HSV-1 vector [1]. On the other hand, type-I interferon is able to enhance the specificity of the T-

cell response by suppressing proliferation of non-specific T-cells [2] and enhancing that of antigen-

specific clones [3]. It is clear that regulating the type-I interferon response in this context will prove 

useful. The viral genome itself presents an opportunity as HSV-1 has evolved many strategies to 

suppress this response [4]. By creating a library of viral mutants that covers the entire genome, we 

were able to assess the effect of each viral protein in resisting the type-I interferon response. We 

found that three viral proteins possess a previously unreported function in suppressing the IFN-I 

response. Further characterization of one of them, the DNA polymerase processivity factor UL42, 

allowed us to identify that it is able to inhibit transcriptional activation of the interferon-b gene by 
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interacting with the transcription factor IRF-3. We also found that UL42 has a partial but 

consistent effect in inhibiting ISRE promoter activation following interferon-beta treatment. 

Further studies are necessary to characterize the other candidates from this screen. HSV-2 US1 

has been shown to inhibit interferon-beta activation by inhibiting IRF-3 binding to its target 

DNA, in a fashion that reminds of UL42 [5]. It would be interesting to determine whether the 

mechanism of HSV-1 US1 is similar. UL44 is a membrane protein that does not affect interferon-

b activation. It is possible that UL44 acts downstream of type-I interferon, either on its signaling 

or on specific ISGs. Further, the tool I created for this study could be used to decipher other viral 

protein functions, provided the proper selection condition exist. We are currently in the process of 

determining whether novel oncolytic mutations can be identified by screening the library in non-

immortalized human cells and cancer cell lines. 

In Chapter 3, we used a different pathogen to trigger a strong antigen-specific CD8 T-cell 

response. This model had previously been used by others to demonstrate its ability to protect from 

tumor growth when Listeria monocytogenes expressed model tumor antigens [6]. We were stricken 

in our experiments by the ability of Lm to induce up to 25% of total splenic CD8 T-cell to target 

a specific antigen. We decided to investigate whether this ability would make Lm a good candidate 

to produce immunity against more difficult targets, neoantigens. These are antigens that result 

from a self-protein becoming mutated as a result of tumorigenesis [7]. During development, the 

adaptive immune system is selected so that cells that recognize self-peptides or proteins are either 

deleted or rendered inactive. Since neoantigens often present a single amino acid change, we 

hypothesized that a complex innate stimulus such as Lm would help produce an immune response 

strong enough to brake a possible immune tolerance to those peptides. We constructed a strain of 
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Lm that expressed neoantigens from a syngeneic mouse tumor and characterized its ability to 

induce antigen-specific CD8 T-cell proliferation in vitro. Unfortunately, the engineered pathogen 

was unable to protect from tumor growth in vivo. Further characterization by our collaborators 

found that this particular construct was not secreted by the bacterium into the host cytoplasm. 

Further studies are currently being explored in the clinic by others using a similar strategy [8]. 

Finally, I set out to better understand the relationship between innate and adaptive 

immunity in Chapter 4. This was by far the most challenging project I undertook during my 

graduate work. Based on our lab’s [9] and others works [10], [11], we hypothesized that differential 

regulation that happens in antigen presenting cells and T-cells when exposed to diverse PRR 

ligands would result in the selection of TCR repertoires with distinct characteristics. Assuming 

that the starting naïve repertoire of T-cell is identical, the PRR ligand might influence repertoire 

selection at two separate levels that regulate TCR signaling. On the one hand, gene regulation 

happening in the APC might modify the type of peptide that are presented (through regulation of 

the immunoproteasome expression), and the amount of co-stimulation that is provided through 

the expression of receptor ligands. On the other hand, induction or activation of signaling 

intermediates downstream of the TCR could change the avidity required to activate a T-cell. To 

test this hypothesis, I resorted to using an in vivo model by immunizing animals with a classical 

antigen (OVA) and one of two TLR ligand, CpG or polyI:C. The reasoning for this choice was 

that we were looking to detect such a sensitive process that any ex vivo manipulation might bias 

the result in such a way that we could not detect any difference. This was a mistake and eventually 

led us into technical difficulties that prevented us to definitely conclude as to our original 
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hypothesis. Further studies should focus on setting up a controlled environment where a pre-

defined TCR repertoire (potentially artificial) is selected on purified APCs. 
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APPENDIX A 

Generation of a Live Attenuated Influenza Vaccine that Elicits Broad Protection  

in Mice and Ferrets 
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