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ABSTRACT OF THE DISSERTATION 
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Persistent virus infections are a significant burden on global health with over 500 

million people afflicted with human immunodeficiency virus (HIV), and hepatitis B and C 

viruses combined. These viruses rapidly replicate and achieve elevated virus loads that 

are sustained for extended periods of time, often for the life of the host. An unchecked 

immune response against uncontrollable virus replication will almost certainly lead to 

deadly immunopathology. Therefore, the insurmountable levels of virus and the 

continual inflammation that results therefrom act to induce potent host-derived 

immunosuppressive programs. In the effort to prevent immunopathology, the prolonged 

activity of immunosuppressive programs deteriorates or diverts effective anti-viral 

immune functions rendering them dysfunctional and unable to effectively control the 

infection. However, in a mouse model, the therapeutic ablation of these 

immunosuppressive factors during persistent virus infection can restore effective anti-

viral immune functions, which are then capable of dramatically accelerating virus 

clearance. The immune response during a persistent infection is not permanently altered 

and beyond repair, however the manipulation of the immune response by eliminating 
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immunosuppressive controls can be dangerous. Therefore, it is essential to understand 

the mechanisms and sources of immunosuppression in order to effectively target the 

appropriate pathways and mediators. Ideal therapeutic strategies will simultaneously 

control pathogen while preventing immunopathology. Somewhere on the spectrum of 

immune activity, ranging from severe immunopathology to immune dysfunction and lack 

of pathogen control, there is a balance point where pathogen is controlled and cleared 

without risking the health of the host. This balance point will only be achieved through 

the understanding and manipulation of host derived immunosuppressive mechanisms. 

 Using the lymphocytic choriomeningitis virus (LCMV) model of persistent 

infection and subsequent immunosuppression in mice, we identified and characterized a 

unique dendritic cell population that expresses potent immunosuppressive mediators. 

Through our work we discovered that the development of suppressive dendritic cells 

requires the activity of type I and type II interferon, factors normally associated with 

immunostimulatory activity. The initial response against the virus produces a surge of 

type II interferon which acts on monocytes, an undifferentiated and very plastic innate 

immune cell, to drive their differentiation toward monocyte-derived dendritic cells with the 

capacity for immunosuppressive functions. Subsequently, the perpetually elevated level 

of type I interferon signaling, due to sustained virus replication, acts on these monocyte-

derived dendritic cells to induce the expression of powerful immunosuppressive factors. 

Additionally, we found that type I interferon also restricts the expansion of another 

dendritic cell population capable of immunostimulatory functions. Perhaps most notably, 

similar suppressive dendritic cells of monocyte origin were found in other diseases 

associated with persistent inflammation and immunosuppression, namely 

Mycobacterium tuberculosis, HIV, and cancer, demonstrating the universality of our 

findings. 
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  Our studies also identified the mechanism responsible for the severe disruption 

of thymic function during persistent LCMV. Persistent virus infection not only induced the 

temporal loss of thymic function, but also prevented the generation of new antiviral T 

cells once thymic function resumed. 

 Together this work has identified previously unrecognized immunological 

phenomena that will be informative in the development of novel therapeutic strategies 

aimed at restoring defective immune responses capable of eradicating persistent 

infections and cancer. 
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Introduction 
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GENERAL OVERVIEW 

The total number of individuals worldwide who are infected with human 

immunodeficiency virus (HIV), hepatitis B virus (HBV), or hepatitis C virus (HCV) 

currently exceeds 500 million1-3. These three persistent virus infections eventually induce 

severe morbidity and mortality in those afflicted. Many individuals are unaware of their 

infection and unknowingly pose a serious threat to those within their community. 

Combating the spread and severity of these diseases is an enormous challenge that has 

been placed upon public health organizations, hospitals, and biomedical research 

institutions. Great efforts have been and continue to be dedicated to understanding the 

mechanisms these viruses employ to circumvent or suppress effective immune 

responses capable of controlling and clearing the pathogen. Using a mouse model of 

persistent virus infection, lymphocytic choriomeningitis virus (LCMV), there have been 

significant advances in understanding the immunosuppression and subsequent immune 

dysfunctions that occur during persistent virus infections. The immune dysfunctions that 

arise during LCMV limit the capacity of the immune response to effectively control and 

eliminate the virus and have been generally termed as “immune exhaustion.” Immune 

exhaustion has been well characterized and studied within the LCMV model and many 

of the underlying mechanisms and observable outcomes of persistent LCMV infection 

have applicable parallels to that which is observed in the human persistent virus 

infections, HIV, HBV, and HCV4-10. Overcoming immune exhaustion and restoring proper 

immune function while also preventing dangerous immunopathology will be critical in 

combating these debilitating virus infections. Therefore, understanding the mechanisms 

that are responsible for driving immune exhaustion must be explored and understood if 

these diseases are to be overcome. 

The immune system is subdivided into two broad groups that coordinately act to 

control pathogenic infections. Once pathogens are able to breach physical barriers they 
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come into contact with cells of the innate immune system11. Cells within this innate 

system are capable of controlling the majority of pathogens that a host will encounter12. 

If, however, the pathogen is able to effectively colonize the host and perpetuate an 

infection, the innate system acts to alarm, activate, and educate the adaptive immune 

response13. Instructions and orientation from the innate immune system are delivered to 

the adaptive immune response by antigen-presenting cells (APCs) in the form of 

surface-bound and soluble ligands and the presentation of peptides derived from 

pathogen-associated proteins14. The crosstalk between the adaptive and innate immune 

systems is essential to generating productive and protective immune responses to 

infectious pathogens. 

T cells and B cells compose the adaptive immune response and, given their 

robust and potentially dangerous capabilities, are strictly controlled by multiple 

checkpoints across different stages of development, maturation, and activation. T cells 

become activated and oriented once their unique T cell receptor (TCR) is able to 

recognize pathogen derived peptides presented on major histocompatibility complexes 

(MHC) by APCs15. Without inflammation the TCR:MHC interaction leads to the 

senescence of the specific T cell, thereby preventing unnecessary and potentially 

dangerous T cell activity16. 

Two main types of T cells exist, CD4+ and CD8+, and they have distinct roles 

within the adaptive response. CD8+ T cells are primarily responsible for recognizing and 

eliminating cells that are infected with the invading pathogen17. CD4+ T cells function to 

direct the adaptive immune response through their interaction with B cells and the 

secretion of cytokines18. Many different subtypes of CD4+ T cells exist and are known as 

T helper subsets. Each subset is associated with a particular kind of immune response 

tailored to best control and eliminate different types of pathogens19. 
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B cells generate and express unique B cell receptors (BCR) that are capable of 

recognizing free antigen as well as antigen bound to the surface of APCs. Upon 

recognition of its unique antigen and interaction with an activated CD4+ T cell the B cell 

is instructed to produce antibodies of a specific isotype that will most effectively and 

appropriately combat the invading pathogen. The BCR and the antibodies produced 

have the exact same specificity and only differ in their ability to be anchored in the 

membrane or secreted. Antibodies can both label pathogens for innate immune cell 

mediated destruction as well as prevent pathogens from infecting additional cells 

through neutalization20,21. 

The vast majority of pathogens encountered are eliminated by the innate and 

adaptive immune response, which then establishes protective immunological memory to 

prevent future reinfections. However, there are pathogens that are capable of 

circumventing the immune response and establishing a persistent infection. Some of 

these persistent pathogens are viruses capable of inducing a state of immune 

exhaustion principally characterized by potent immunosuppressive activity and an 

ineffective T cell response4. Immune exhaustion is observed in some of the most 

widespread and debilitating human infectious diseases, namely HBV, HCV, and HIV5-10. 

In mice, we can study immune exhaustion using lymphocytic choriomeningitis virus 

(LCMV) infection. Many of the discoveries and observations made using the LCMV 

model of immune exhaustion translate well to human diseases5,22. It is therefore 

essential to study immune exhaustion and the molecular and cellular mechanisms 

responsible in order to identify potential therapeutic approaches that could be applied to 

human health practices in the clinic. This dissertation will focus on the cellular origin and 

molecular signals necessary for the development of immunosuppressive dendritic cells 

(DCs) in addition to the dramatic changes that take place within the thymus of an LCMV 



	 5 

infected mouse. These two questions add significant insights into the suppression of 

antiviral T cells and the limited thymic function induced during persistent infection.  

 

LYMPHOCYTIC CHORIOMENINGITIS VIRUS INFECTION IN MICE MODELS 

PERSISTENT VIRUS INFECTION 

Lymphocytic choriomeningitis virus (LCMV) is a small, negative sense, single 

stranded RNA virus belonging the family Arenaviridae23,24. The primary host for LCMV is 

the common house mouse, Mus musculus, and can be transmitted vertically, mother to 

pup, or through exposure to urine, feces, or saliva of an infected mouse. LCMV was 

isolated in 1933 by Charles Armstrong25 and has been used as a model pathogen in 

studies of the immune system ever since. Many seminal and fundamental discoveries 

regarding the immune system were made using the LCMV model including MHC 

restriction, the significance of cytotoxic CD8+ T cells, immunologic tolerance, and 

immune exhaustion4,26-28. The productive and fruitful use of LCMV as a model pathogen 

in the laboratory setting to uncover the mechanisms and functions of the immune system 

continues today. 

Through many generations of serial passaging within the laboratory setting 

unique strains of LCMV have naturally evolved29. One such strain is LCMV Clone 13 

(LCMV-Cl13), which bears two key amino acid changes from the parent strain LCMV 

Armstrong (LCMV-Arm). One of these changes is in the virus surface glycoprotein (GP1) 

and results in a version of GP1 with much higher affinity for its cellular receptor α-

dystroglycan, which, among cells of the immune system, is predominantly expressed on 

the surface of DCs30-32. The other key change is in the RNA polymerase, which endows 

LCMV-Cl13 with a much higher rate of replication33. The higher affinity binding and 

higher rate of replication of LCMV-Cl13 gives rise to very different immune outcomes 

when compared to LCMV-Arm.  
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The LCMV-Arm infection results in a brief acute infection while LCMV-Cl13 

establishes a long lasting persistent infection. Infection with LCMV-Arm is cleared within 

8-10 days and is associated with a strong and potent T cell response. At day 8 post 

LCMV-Arm infection there is a substantial population of CD4+ and CD8+ T cells that 

express high amounts of the immunostimulatory and antiviral cytokines interferon 

gamma (IFNγ), interleukin 2 (IL-2), and tumor necrosis factor alpha (TNFα)34,35. 

Polyfunctional T cell responses, that is the production of additional cytokines beyond 

IFNγ, are a key indicator of an effective T cell response. A fraction of these virus-specific 

T cells go on to establish a protective memory population capable of preventing any 

subsequent LCMV infection36. Quite distinctly, infection with the LCMV-Cl13 strain 

replicates to much higher titers and persists for 60-80 days in most of the periphery while 

certain tissues, namely the central nervous system (CNS) and the kidneys, remain 

infected for the life of the animal29,37. This dramatic difference in the kinetics of infection 

is due to the ability of LCMV-Cl13 to induce an environment of immunosuppression and 

T cell exhaustion. T cell exhaustion within the LCMV model is characterized as a 

reduction in the total numbers of T cells producing IFNγ, a decrease in the proportion of 

T cells producing multiple immunostimulatory or antiviral cytokines, limited proliferation 

of virus-specific T cells, weaker CTL responses, and an accumulation of inhibitory 

receptors on the surface of virus-specific T cells38-41. Furthermore, within the CD4+ T cell 

compartment, a skewing away from the traditional antiviral T helper type 1 (Th1) 

response toward the B cell helping T follicular helper (Tfh) response is also observed42. 

In response to persistent LCMV-Cl13 infection the immune system induces the 

expression of a myriad of immunosuppressive cytokines and surface-bound ligands 

while also maintaining enough immune activity to eventually purge the virus from most 

tissues43-46. LCMV-Cl13 is a powerful tool to interrogate the mechanisms that act to 
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balance immunosuppression, virus control, and immunopathology during persistent 

infection. 

Despite the significant changes in virus kinetics and immune activity induced by 

LCMV-Arm and LCMV-Cl13, they share a few important features that make LCMV an 

ideal model pathogen. One key feature is that the immunodominant CD4+ and CD8+ T 

cell epitopes are shared between LCMV-Cl13 and LCMV-Arm thereby allowing the study 

of the same T cell response within drastically different immune environments. 

Additionally, LCMV-Cl13 and LCMV-Arm do not kill the cells they infect, thereby allowing 

the study of host factors that control and direct immunity without any serious 

confounding pathological effects of virus infection itself. 

 

ANTIGEN-PRESENTING CELLS BRIDGE THE GAP BETWEEN INNATE AND 

ADAPTIVE IMMUNITY 

The primary function of antigen-presenting cells (APCs) is to present antigen to T 

cells in the context of MHC molecules. Two principal types of MHC molecules exist and 

each presents a distinct class of peptides with notable and biologically significant 

exceptions. MHC-I molecules are expressed by all nucleated cells and are responsible 

for presenting peptides derived from proteins synthesized by the cell itself47,48. In this 

manner, MHC-I molecules act as a survey of what is happening inside the cell. A virally 

infected cell will therefore present virus-associated peptides while a tumor cell will 

present tumor-associated peptides. MHC-II expression is limited to APCs, with the 

exception of the cortical epithelium of the thymus, and they are responsible for 

presenting peptides derived from exogenous antigens49. In this manner, MHC-II 

molecules are a survey of what is present in the extracellular space. 

As mentioned previously, there are notable and extremely important exceptions 

to these rules. Immunity against viruses and intracellular bacteria is dependent on “cross 
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presentation,” a phenomenon in which exogenous antigens are presented on MHC-I50. 

Exogenous particulate antigens are readily taken up via phagocytosis by macrophages 

and immature DCs while soluble antigens can also be taken up by DCs via pinocytosis50. 

These antigens can be degraded into MHC-I compatible peptides by two distinct 

mechanisms, the cytosolic and vacuolar pathway50. In the cytosolic pathway antigens 

are able to access the cytosol and from there enter the proteasome for degradation51. 

Upon degradation the peptides are loaded onto MHC-I through the classical loading 

mechanism involving the transporter associated with antigen processing (TAP) and other 

associated proteins either within the phagosome or the endoplasmic reticulum (ER)52,53. 

The presence of ER associated proteins within the phagosome suggests that ER 

membranes may contribute to the formation of phagosomes in order to provide the tools 

necessary to participate in antigen presentation54,55. The other mechanism of cross 

presentation is termed the vacuolar pathway, referring to the site of proteolytic 

cleavage50. Lysosomal proteases, in particular cathepsin S, are responsible for the 

degradation of antigens into compatible peptides in the vacuolar pathway, which are 

then loaded onto MHC-I molecules associated with the phagosome56,57. In contrast to 

cross presentation where exogenous peptides are presented on MHC-I, there is also a 

mechanism that allows for the presentation of endogenous antigens on MHC-II. Through 

autophagy endogenous peptides enter the autophagosome, which can subsequently 

fuse with MHC-II loading compartments58. Many of the mechanisms involved in 

unconventional peptide presentation by MHC-I and MHC-II have yet to be fully 

elucidated, however their necessity for proper immune function is well established.  

There are three main types of APCs within the immune system and they are 

DCs, macrophages, and B cells. In this dissertation there will be no discussion of B cells 

and their function as APCs, rather the focus of Chapter Two will be DCs with some 

attention given to macrophages. It is important to note at the onset of this section that 
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many of the functional and phenotypic characteristics of DCs and macrophages can be 

adopted by monocytes depending on the context of the microenvironment they reside in 

or traffic into and the subsequent differentiation they undergo59,60. Therefore, while 

monocytes are not listed as an APC they are capable of differentiating into monocyte-

derived macrophages and dendritic cells and adopting the functions and qualities of 

those particular cell types. 

There are three main types of DCs, classical dendritic cells (cDCs), monocyte-

derived DCs (moDCs), and plasmacytoid dendritic cells (pDCs)61. The most notable 

function of pDCs in vivo is their ability to rapidly generate large amounts of type I 

interferon (IFN-I) upon viral infection due to their constitutive expression of interferon 

regulatory 7 (IRF7)62,63. They are not, however, the most important APC in T cell 

activation and stimulation, therefore given their limited role in antigen presentation and T 

cell activation they will not be discussed further. cDCs have a half-life of approximately 

3-6 days and are continually replenished by bone marrow precursors that are dependent 

on Flt3L for development and differentiation64. The ablation of any one of three critical 

transcription factors, PU.165, Gfi166, and Cbfβ67, dramatically disrupt cDC generation and 

precursor maintenance. 

During hematopoiesis the development of common lymphoid progenitors (CLPs) 

and common myeloid progenitors (CMPs) delineates the bifurcation of the lymphoid and 

myeloid branches of the immune system68. Both of these early precursors have the 

potential to generate cDCs, however the vast majority of cDCs under steady-state 

conditions are derived from the myeloid branch given the larger size of the CMP pool69. 

From the CMP a population of granulocyte and macrophage progenitors (GMP) 

develops which then differentiates into monocyte and DC committed precursors (MDP), 

which have the potential to become DCs or monocytes70. MDPs further differentiate into 

common myeloid progenitors (cMoP), which give rise to monocytes71, and common DC 
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precursors (CDP) from which pre-DCs and pDCs develop72, however, some pDCs can 

develop from pre-DCs as well. Those pre-DCs that become pDCs can be identified by 

their lack of zbtb46 expression, which is expressed on all pre-DCs destined to become 

cDCs61. The zbtb46+ pre-DCs have been identified in the blood and residing within 

lymphoid tissues and give rise to cDCs in both lymphoid and nonlymphoid tissues73. 

cDCs can be differentiated further into CD8α+ (or CD103+ in nonlymphoid tissues) and 

CD11b+ cDCs yet the specific precursors to these unique cDC subsets have yet to be 

distinctly identified.  

CD8α+ DCs and CD103+ DCs are the best characterized DC subpopulation in 

terms of their gene expression profile and their phenotypic identity. The transcription 

factors inhibitor of DNA binding 2 (Id2), interferon regulatory factor 8 (IRF8), basic 

leucine zipper ATF-like 3 transcription factor (BATF3), and nuclear factor interleukin 3 

regulated (NFIL3) are all required for proper CD8α+ and CD103+ DC formation61. These 

cells are best suited for the cross presentation of exogenous antigens on MHC-I 

molecules to CD8+ T cells and can activate invariant natural killer T cells (iNKT) cells by 

the presentation of glycolipids on CD1d74,75. The active form of IL-12 is readily produced 

and secreted by CD8α+ and CD103+ DCs in response stimulation76.  

CD11b+ DCs are the most numerous and outnumber CD8α+ DCs in all lymphoid 

tissues with the exception of the thymus and can also be found in nonlymphoid tissue61. 

CD11b+ DCs are a very heterogeneous category of DCs and can be further defined 

based on other markers such as CD4 and the Endothelial cell-selective adhesion 

molecule (ESAM)77. However, these distinctions still do not produce homogenous 

populations. In general terms CD11b+ DCs require the transcription factors RelB, RBP-

J, IRF2, and IRF4 in addition to NOTCH2 receptor singling61. Yet, due to the 

heterogeneous nature of this population, if NOTCH2 or IRF4 are absent there is only a 
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partial defect within CD11b+ DCs and this defect is often differentially observed in 

distinct tissues61. The specific functions of CD11b+ DCs are difficult to identify given the 

heterogeneity of the population. The primary way in which unique functions of CD11b+ 

DCs are assessed is by comparing them against CD8α+ or CD103+ DCs. In that 

comparison CD11b+ DCs are better at stimulating CD4+ T cell responses, producing IL-

6, IL-23, CCL3, CCL4, CCL5, and are less capable of cross presentation77-81. 

Monocytes are extremely adaptable cells that share a similar HSC 

developmental lineage to DCs70. They are derived from the cMoP bone marrow 

precursor population, are continually replenished, and can become Ly6Chi or Ly6Clow 

monocytes, also termed “classical” and “non classical,” respectively82. Ly6Clow 

monocytes patrol the vasculature and roll along endothelial cells via the integrin LFA-183. 

The function of these monocytes within the endothelium is to identify and clear damaged 

endothelial cells to preserve the integrity of the vasculature84. The Ly6Chi monocytes can 

be found in resting tissues acquiring antigens and migrating back into draining lymph 

nodes60. In the absence of inflammation these monocytes remain undifferentiated. 

However, upon inflammation Ly6Chi monocytes will enter inflamed tissue and 

differentiate into macrophages and dendritic cells60. The monocyte-derived dendritic 

cells (moDCs) are very similar to CD11b+ DCs based on their expression of CD11c, 

CD11b, and MHC-II. These two similar populations can be differentiated by the 

expression of Fc-gamma receptor 1 (FcγRI) on moDCs85. 

Macrophages are a very heterogeneous population of highly phagocytic cells 

with a myriad of different functions many of which are tissue and microenvironment 

dependent.  Two primary sources of macrophages exist and they are tissue resident 

macrophages and monocyte-derived macrophages82. Tissue resident macrophages can 

either be embryonically derived or adult derived and, within their specific tissue, have the 
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capacity to self renew and repopulate82. Monocytes, as mentioned previously can exist 

as Ly6Chi and Ly6Clow and in general, during times of inflammation these Ly6Chi 

monocytes can enter the tissue and function as macrophages. In the contexts of tissue 

resident macrophage depletion monocyte-derived macrophages can take up residence 

within the tissue. Macrophages perform many functions, which are, as mentioned 

previously, context dependent. That context can refer to the type of tissue in question or 

the inflammatory status thereof. In general, macrophages consume and degrade dead 

and dying cells, complement and antibody labeled pathogens, and in some contexts 

antibody labeled self cells82,86. They can also produce inflammatory or 

immunosuppressive cytokines, again, dependent on the context82.  

Macrophages, DCs, and monocytes are all highly plastic and adaptable cells 

capable of a wide number of effector functions based on the context and stimulation they 

receive.  

 

PATTERN RECOGNITION RECEPTORS PROIVDE THE INITIAL IMMUNE STIMULI 

UPON INFECTION 

DCs and macrophages are the bridge between the initial infection and the 

mounting of an effective adaptive response. Before any immune response can take 

place strong signals that indicate the presence of an invading pathogen must be sent 

and received. These signals are generated through a myriad of cell membrane, 

endoplasmic, and cytosolic receptors that recognize pathogen and damage associated 

molecular patterns (PAMPs and DAMPs, respectively)87. These pattern recognition 

receptors (PRRs) are grouped into a few broad families known as the toll-like receptors 

(TLRs), NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs)87.  

In mice there are 12 TLRs that have been identified though not all have been well 

described in terms of function and ligand specificity. TLRs can act as homodimers or 
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heterodimers to recognize their unique ligand. TLR1 and 2 combine to recognize triacyl 

lipoprotein and TLR 6 and 2 combine to recognize diacyl lipoprotein, both derived from 

bacteria88. These TLRs also recognize DAMPs derived from self and they include heat 

shock proteins (HSP) 60, 70, and Gp96, high mobility group box 1 protein (HMGB1)89. 

TLR4, together with myeloid differentiation factor 2 (MD2), primarily recognizes 

lipopolysaccharide (LPS) derived from bacteria and the DAMPs HSP 22, 60, 70, 72, and 

Gp96, HMGB1, proteoglycans, fibronectin, and tenascin-C89,90. TLR5 recognizes 

flagellin, a bacterial product87. TLR 11 is similar to TLR5 and recognizes a protozoan 

product that is a profilin-like molecule91. All of these TLRs reside on the cell surface 

membrane (TLR4 can be traffic to endosomes upon ligand binding) and upon ligation act 

to produce inflammatory cytokines including IL-12, IL-6, pro-IL-1β and pro-IL-18. TLR4 

ligation also leads to the production of IFN-I87.  

TLRs 3,7, and 9 all recognize some form of nucleic acid, which can be derived 

from pathogens or self in an inflammatory setting and reside in endosomal membranes. 

TLR3 recognizes viral double-stranded (ds) RNA and is involved in sensing polyinosinic 

polycytidylic acid (poly I:C) which is a synthetic dsRNA molecule87,92. During the viral 

replication of single-stranded (ss) RNA viruses there is a dsRNA intermediate also 

detectible by TLR393,94. TLR7 recognizes viral and bacterial (ss) RNA92,95. TLR9 

recognizes unmethylated DNA with CpG motifs87,92,96. The stimulation of these nucleic 

acid sensing TLRs leads to the production of IFN-I in addition to the inflammatory 

cytokines mentioned earlier87. 

All TLRs mediate their signaling through the cytosolic protein myeloid 

differentiation primary response gene 88 (MyD88) pathway with the exception of TLR3, 

which exclusively uses the TIR-domain-containing adapter-inducing interferon-beta 

(TRIF) and TLR4, which can signal using both MyD88 and TRIF87,89. The TLR4 TRIF 

pathway, but not the TLR3 pathway, also requires the TRIF-related adaptor molecule 



	 14 

(TRAM)87. Through multiple signal transduction events the end result of the MyD88 

pathway induces the activation and nuclear translocation of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) to the nucleus where it induces the 

expression of many proinflammatory genes including cytokines87,89. The transcription 

factor activator protein 1 (AP-1) is also activated via the MyD88 pathway and is also 

important for proinflammatory gene expression87,89. Through the MyD88 pathway TLR7 

and 9 ligation induces the dimerization and nuclear translocation of the transcription 

factors IRF5 and IRF7, which activate the expression of IFN-I genes92. Similarly, the 

TLR3 TRIF pathway can induce the expression of IFN-I genes via the dimerization, and 

nuclear translocation of IRF392. While some of the early signaling molecules are 

different, the end result is the same, which is the activation of the transcription factors 

IRF3, IRF7, NF-κB, and/or AP-1. 

In addition to the endosomal membrane bound TLR3 and 7 there are other 

intracellular receptors that can sense pathogenic RNA. The PRRs RIG-I, MDA5, and 

LGP2 make up a group of cytosolic receptors called the RIG-I-like receptors, or RLRs97. 

These RLRs sense the presence of viral dsRNA either as part of the viral genome of a 

dsRNA virus or the replication intermediate of an ssRNA virus97. RIG-I detects shorter 

dsRNA segments up to 1 kilobases (kb) while MDA5 recognizes longer dsRNA 

segments that are greater than 2kb87. LGP2 lacks a caspase activation and recruitment 

domain (CARD), which are essential for the downstream signaling of RIG-I and MDA597. 

The exact function of LGP2 is currently unknown but evidence suggests that it can 

positively regulate IFN-I production. When mice were deficient for LGP2 the IFN-I 

production was deceased whether stimulation was propagated by RIG-I or MDA598. This 

suggests that perhaps LGP2 may act to modify RNA species before they bind to the 

other RLRs to enhance the RNA ligand’s stimulating capacity. 
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The signaling pathway for RIG-I and MDA5 is dependent upon the CARD domain 

of the receptor binding to the CARD domain of the mitochondrial antiviral-signaling 

protein (MAVS), which is anchored in the mitochondria99. This signaling cascade once 

again leads to the activation and nuclear translocation of NF-κB, which promotes the 

expression of proinflammatory genes including cytokines, and IRF3 and IRF7, which 

drives the expression of IFN-I87. Upon IFN-I mediated stimulation the expression of the 

RLRs increases thereby increasing the cell’s sensitivity to pathogenic RNA species87. 

Nucleotide-binding oligomerization domain receptors or NOD-like receptors 

(NLRs) are an extremely diverse group of cytosolic receptors that recognize a wide 

range of PAMPs and DAMPs100. Some NLRs are capable of activating NF-κB through 

the interaction of CARD domains while the ligation of many other NLRs results in a much 

different outcome100. Some NLRs contain pyrin domains (PYD) which allow them to bind 

to the adaptor protein apoptosis-associated speck-like protein containing C-terminal 

CARD (ASC)101. The CARD domain of ASC can then bind to the CARD domain of pro-

caspase 1 resulting in the cleavage of pro-caspase 1 into its biologically active form, 

caspase 1101. The binding of the NLR, ASC, and activated caspase 1 form a large 

molecular platform known as the inflammasome which acts to cleave pro-IL-1β and pro-

IL-18, initially generated in response to TLR ligation and activation87, into their active 

form, IL-1β and IL-18, respectively101. Some NLRs contain their own CARD domain and 

can directly interact with pro-caspase 1 to activate the inflammasome independent of 

ASC100. The inflammasome can also induce an inflammatory version of apoptosis known 

as pyroptosis in which inflammatory mediators can be released into the extracellular 

space. 
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CD4+ AND CD8+ T CELLS ELIMINATE PATHOGENS  

Adaptive immunity is essential for the clearance of pathogens that overcome the 

local innate immune mechanisms of pathogen control. Both CD4+ and CD8+ T cells 

develop in the thymus, which will be discussed in a later section, migrate through the 

blood and lymphatic system, and contribute distinct functions in the efforts to eliminate 

infectious pathogens. Both CD4+ and CD8+ T cells require activation signals from an 

APC in the form of specific MHC:TCR binding and additional costimulatory signals15. 

These events stimulate the expansion and function of antigen-specific T cells, which act 

to eliminate the invading pathogen15. At the resolution of infection most of the effector 

CD4+ and CD8+ T cells die off leaving behind a small, self-renewing, stable, and 

protective memory population17,18. Upon subsequent exposure to the same pathogen, 

these memory CD4+ CD8+ T cells expand quickly to rapidly control and prevent 

reinfection. In brief, CD4+ T cells act to shape, orient, and orchestrate the adaptive 

immune response while CD8+ T cells eliminate pathogen-infected cells.  

With the task of directing the immune response, CD4+ T cells must be very 

tunable and plastic so as to properly respond to a wide range of potential pathogens, be 

they bacterial, viral, fungal, parasitic, or otherwise. Some pathogens require direct killing 

of infected cells, others require antibody mediated neutralization, opsonization, and 

destruction via macrophage mediated phagocytosis, others require complement 

mediated lysis, and others require the release of deadly soluble factors by eosinophils 

and basophils. Some CD4+ T cells act to suppress an undesired and potentially 

dangerous immune response to prevent immunopathology. Given the wide range of 

potential activities a CD4+ T cell must perform there are distinct CD4+ T cell lineages 

that have been defined based on their function, gene expression, and the immunological 

challenge they are best suited to combat18,19. It is important to note that these lineages 

and definitions are constantly in flux as more knowledge regarding CD4+ T cell activity 
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and the nature of CD4+ T cell help is obtained. The canonical lineages currently 

employed to describe CD4+ T cell activity, known as T helper (Th) lineages, are as 

follows: Th1, Th2, Th17, Th9, Tfh, and Treg102-112. Th1 CD4+ T cells are best suited for 

the control of viral and bacterial infections, are controlled by the transcription factor T-

bet, produce IFNγ, TNFα, and IL-2, provide help to cytotoxic CD8+ T cells, and promote 

macrophage activity113,114. Th2 CD4+ T cells are best suited for extracellular parasitic 

infections, are controlled by the transcription factor GATA3, produce IL-4, IL-5, and IL-

13, induce B cells to class switch to IgE antibody production, and stimulate the 

accumulation of eosinophils and basophils103-106. The Th2 CD4+ T cells play a large role 

in the development of allergic responses115. Th17 CD4+ T cells are best suited for 

bacterial and fungal infections, are controlled by the transcription factor RORγT, produce 

IL-17, IL-21, and IL-22, and promote high levels of inflammation108. These cells are often 

found at mucosal barriers and given their highly inflammatory cytokine profile are often 

key participants in the induction of inflammatory and autoimmune diseases108. Th9 CD4+ 

T cells are a recently identified T helper subset thought to play a role in allergic and 

inflammatory diseases, are controlled by the transcription factor PU.1, and produce IL-

9109. Tfh CD4+ T cells provide help to B cells within the B cell follicle, are controlled by 

the transcription factor B cell lymphoma 6 (Bcl6), and express the chemokine receptor 

CXCR5 in order to traffic to the B cell follicle110. Lastly, Treg CD4+ T cells protect the 

host against dangerous autoimmune responses, control existing immune responses to 

prevent immunopathology, are controlled by the transcription factor FoxP3, and produce 

IL-10 and tumor growth factor beta (TGFβ)111,112. CD4+ T cells can become Tregs 

through education within the thymus or through the activation of a naïve CD4+ T cell 

under non-inflammatory conditions in the periphery111,112. 
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A naïve CD4+ T cell, upon recognizing a pathogenic peptide presented on MHC 

II of an APC and receiving additional instructions and stimulation in the form of soluble 

and cell bound signals both from the same APC and the surrounding microenvironment, 

will exponentially proliferate and differentiate into a particular subset of CD4+ T cell that 

is programmed to best control and eliminate the particular invading pathogen. Within the 

LCMV-Cl13 model the two main CD4+ T helper subsets that arise are the Th1 and Tfh 

subsets42. Both of these lineages exist during the early phase of infection, however 

during the persistent stages, when the T cell response has become exhausted, Tfh 

becomes the main CD4+ T helper lineage present and functioning and is absolutely 

essential for the eventual control and clearance of LCMV-Cl1342. When naïve T cells are 

primed in the midst of a persistent LCMV-Cl13 infection, they are almost all directed 

toward the Tfh lineage as opposed to the Th1 lineage116. 

Upon encountering TCR stimulation and additional proinflammatory signals 

CD8+ T cells, similar to CD4+ T cells, will become activated, exponentially proliferate, 

and become cytotoxic T lymphocytes (CTLs)17,117-119. CD8+ T cells are primarily tasked 

with the destruction of pathogen-infected cells and in order to do so they must migrate to 

sites of infection and inflammation. While CD4+ T cells recognize antigen in the context 

of MHC II, CD8+ T cell TCRs are able to recognize antigen bound to MHC I. MHC I is 

expressed on all nucleated cells and is essentially a survey of what proteins are being 

made inside of a cell. If a cell is infected, there will be an abundance of viral or bacterial 

proteins being digested and presented on MHC I, provided the pathogen doesn’t have 

any MHC I interfering functions15,17. Upon recognition of pathogenic antigens the CTL 

will respond by releasing perforin and granzyme into the immunological synapse 

between the CTL and the target cell120. Perforin acts to permeabilize the target cell so 

that granzymes can enter and induce programmed cell death120. Similar to Th1 CD4+ T 
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cells, CTLs produce IFNγ and TNFα, which have additional local inflammatory effects 

and will induce further killing and immune cell recruitment17.  

In contrast to CD4+ T cells, CD8+ T cells do not have such distinct lineages with 

certain functional characteristics making them more or less suitable for certain 

immunological challenges. Instead, CD8+ T cells can be classified by their potential for 

forming memory CD8+ T cells after the infection has resolved and they include the short-

lived effector cells (SLEC) and the memory precursor effector cells (MPEC)121,122. 

Functionally, the SLECs have a much more potent cytotoxic effect and produce more 

proinflammatory cytokines than do MPECs121,122. At the resolution of infection the SLECs 

will die off and the memory population will be constituted of MPECs. The differentiation 

between these two populations is primarily dependent on IL-2 signaling, with more 

signaling driving the CD8+ T cell toward the more terminal SLEC fate121,122. The CD8+ 

memory T cells that form from the MPECs self renew and are maintained in an antigen 

free manner dependent on the cytokines IL-7 and IL-15121,122. Antigen exposure will 

induce exponential expansion and the development of SLECs from the memory 

population to again control the pathogen.  

In the context of persistent LCMV-Cl13 infection the formation of CD8+ T cell 

memory is defective. As infection, inflammation, and antigenic simulation persist no 

memory population capable of self renewal in the absence of antigen can form. Instead, 

the virus-specific CD8+ T cell population progressively loses function and is dependent 

upon antigenic stimulation for survival4. The expression of eomesodermin (Eomes) and 

T-bet regulate the maintenance of two distinct virus specific CD8+ T cells during the 

persistent stages of LCMV-Cl13 infection123. Each of these populations is essential for 

the long-term control and eventual clearance of the virus from the blood and most 

peripheral organs123. T-bet expressing CD8+ T cells have lower effector function 

expression than Eomes expressing counterparts yet survive much longer and act to 
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seed the Eomes population, which coupled with its greater anti-viral capabilities has a 

shorter lifespan123.  

 

THE LCMV MODEL ALLOWS FOR THE STUDY OF IMMUNOSUPPRESSION DURING 

PERSISTENT VIRUS INFECTION 

Exhaustion is potentiated by the constant presence of antigen and inflammation 

over an extended period of time. During an LCMV-Cl13 infection virus titers climb rapidly 

to a much higher level than the acute infection, LCMV-Arm, given the faster rate of 

replication and higher affinity binding for the cellular receptor in the former30,31,33. 

Exhaustion, apart from being the means whereby virus is allowed to persist, can be 

viewed as a protective measure elicited by the host to prevent overstimulation and 

destructive immunopathology22. An unchecked immune response against a systemic 

virus at such high titers would likely be fatal, therefore immunosuppressive mediators act 

to preserve the life of the host at the expense of permitting the pathogen to persist. 

The T cells and their associated effector functions mentioned in the previous 

section are dramatically impacted during persistent LCMV-Cl13 infection4. The total 

number of virus-specific T cells falls substantially and those that remain become 

exhausted4,41,43. The fundamental characteristics of exhausted T cells are their inability 

to proliferate, the decreased cytotoxic effector functions, and the decreased potential to 

produce multiple stimulatory and antiviral cytokines4,41,43. CD4+ and CD8+ T cells lose 

the ability to produce IL-2 to support proliferation and immune activation as well as TNFα 

and eventually IFNγ in most terminally exhausted cells. As mentioned previously, during 

LCMV-Cl13 there is a selective loss of the Th1 CD4+ T cells and instead those CD4+ T 

cells that remain late during infection are driven toward the Tfh lineage, which are 

required for the eventual control and clearance of LCMV-Cl1342.  
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CD8+ T cells, in contrast to CD4+ T cells, do not reorient themselves toward a 

different role but rather slowly lose their functional capacity as evidenced by their 

continual loss of effector functions and accumulation of inhibitory receptors on their cell 

surface over the course of infection43. There are multiple inhibitory receptors that are 

known to be upregulated on exhausted CD8+ T cells and they include PD-1, LAG3, 2B4, 

CD160, CTLA-4, PIR-B, and GP49. These receptors limit the ability of T cells to expand, 

respond to antigen, and produce stimulatory and antiviral cytokines. At day 8 during 

LCMV-Cl13 infection roughly 75% of LCMV-specific CD8+ T cells express three or more 

inhibitory receptors while at the same timepoint in LCMV-Arm the number is less than 

20%43. T cells can also receive immunosuppressive signals through soluble cytokines. 

The principal immunosuppressive cytokine present during LCMV-Cl13 is IL-10, which is 

found at drastically higher levels in LCMV-Cl13 infected animals compared to those 

infected with LCMV-Arm124. While CD8+ T cells are exhausted during the late stages of 

LCMV-Cl13 infection, they are still essential for the eventual control of persistent 

infection46. 

Perhaps the most significant evidence of how these immunosuppressive 

receptors and ligands can drive immune exhaustion and facilitate persistent infection is 

the dramatic immunological changes that occur when these suppressive pathways are 

blocked or ablated. It has been shown that PD-1 (or PDL1, the ligand for PD-1) blockade 

in the midst of a persistent infection can restore T cell function and accelerate virus 

clearance125. Additionally, if PD-1 and LAG3 are simultaneously blocked the resultant T 

cell response and viral control is greater than with PD-1 blockade alone43. Similar results 

have been observed when the IL-10 signaling pathway is blocked124,126. It is, however, 

also important to consider the protective functions these immunosuppressive pathways 

have. If the PD-1/PDL1 pathway is absent at the onset of LCMV-Cl13 infection the 

animal will die of severe CD8+ T cell mediated immunopathology127. During persistent 
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LCMV infection and human persistent virus infections the balance between 

immunopathology and immune exhaustion normally leans toward exhaustion thereby 

preventing dangerous immunopathology. The manipulation of this balance by 

therapeutic intervention is something that needs extensive study and careful 

consideration to prevent harmful outcomes and obtain successful pathogen clearance. 

T cell exhaustion is something that happens in many different diseases including 

HCV, HBV, HIV, and cancer5-10,128. In these infections there is an extended abundance of 

antigen and inflammation leading to the downregulation of effector T cell responses. 

Currently, in the field of cancer immunotherapy substantial progress has been made 

using therapeutics that block the PD-1/PDL1 pathway to reactivate suppressed T cells 

capable of recognizing tumor antigens. Upon ablation of the PD-1/PDL1 pathway tumor-

specific T cells are no longer restricted by such overpowering immunosuppression and 

can effectively kill tumor cells129-132. More information and understanding must be 

acquired in the field of immune exhaustion to allow the development and implementation 

of novel immune modulating therapeutics aimed at restoring T cell function to clear 

infectious agents and cancer burdens. 

In Chapter Two of this dissertation the mechanisms responsible for the formation 

of and the acquisition of immunosuppressive functions by immunosuppressive DCs will 

be presented. The understanding of the cellular basis for immunosuppression will 

potentially provide novel targets in the efforts to overcome T cell exhaustion. 

 

TYPE I INTERFERON MODULATES THE IMMUNE RESPONSE 

Type I interferons (IFN-I) are a large family of cytokines containing 1 IFNβ and 14 

homologous IFNαs in the mouse that can all signal through the same type I interferon 

receptor (IFNR). These cytokines are generated primarily upon the recognition of 
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pathogen or inflammation. TLR and RLR ligation leads to the activation of IRF3, 5, and 

7, which induce the expression of IFN-I genes87,92,97. Upon ligation of IFNR the signal 

transducer and activator of transcription (STAT) 1 and STAT2 form heterodimers and 

successively combine with IRF9 to form a complex termed the interferon-stimulated 

gene factor 3 (ISGF3)133. Subsequent phosphorylation mediated by the protein kinase C 

pathway is required to fully activate ISGF3134. This complex is then able to act as a 

transcriptional activator together with other transcriptional co-activators and chromatin 

modifying proteins to stimulate the expression of many proinflammatory, 

immunostimulatory, and antiviral genes135-138. Most cells in the host, immune and non-

immune alike, express IFNR and are sensitive to IFN-I stimulation. However, the result 

of IFN-I stimulation is highly dependent on the context and can be dramatically different 

among various diseases and cell types.  

The first recognized activity of IFN-I was its ability to repress viral replication by 

inducing the repression of transcription and translation of viral genes and proteins, 

respectively137. In LCMV-Cl13 infection, mice that are genetically deficient for IFNR 

(IFNαR-/-) never control the infection and have high titers of LCMV systemically for 

life139. Apart from directly inhibiting virus replication, IFN-I has additional 

immunostimulatory functions. IFN-I has been shown to be important for stimulating 

CD8+ T cell proliferation and function, CD4+ T cell commitment to the Th1 lineage, and 

natural killer (NK) activation137,138,140-143. 

While the immunostimulatory and antiviral functions of IFN-I are essential for 

pathogen control it also has immunosuppressive functions in other contexts. In 

particular, IFN-I activity during Listeria monocytogenes, Francicella tullarensis, and 

Mycobacterium tuberculosis infections exacerbates the disease by limiting Th1 and Th17 

CD4+ T cell activity and by inducing innate phagocytic cell dysfunctions144-146. IFN-I has 

also been shown to take part in the induction of IL-10 production by Treg cells147. The 
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therapeutic use of IFN-I in human diseases is indicative of the confusing and 

contradictory functions of IFN-I. For HCV infected patients administration of IFN-I is a 

common treatment regimen intended to stimulate antiviral immune functions148. 

Alternatively, in the context of multiple sclerosis IFN-I treatment is prescribed in order to 

reduce the autoimmune T cell activity responsible for disease149. Clearly the cell type, 

the context, the timing, the frequency, the intensity, and the disease type will collectively 

play an enormous role in determining the outcomes of IFN-I signaling. Investigation into 

the nuances of this extremely powerful cytokine will be essential to understanding the 

balance between immunosuppression and stimulation.  

Recently, IFN-I has been shown to skew the differentiation of CD4+ T cells late 

during persistent infection. When naïve CD4+ T cells are primed during the persistent 

stage of LCMV-Cl13 infection the vast majority of the cells become Tfh cells with minimal 

Th1 cells. However, when IFN-I signaling is blocked prior to and during priming there is a 

significant restoration of Th1 lineage CD4+ T cells116. When IFNαR-/- CD4+ T cells were 

primed late during LCMV-Cl13 the restoration of Th1 lineage was not observed, 

demonstrating that the effect of IFN-I is not direct on CD4+ T cells116. Other recent data 

has demonstrated that when IFN-I is blocked late during LCMV-Cl13 infection there is a 

dramatic reduction in plasma IL-10 levels and PDL1 expression as measured by mean 

fluorescence intensity (MFI) on DCs150,151. This reduction in immunosuppressive 

mediators was coupled with a restoration of CD4+ T cell activity and, after an initial and 

very brief spike in virus titers, a significant acceleration of virus clearance in comparison 

to control animals150,151. Together, these data demonstrate that IFN-I plays a central role 

in the induction of immunosuppression, T cell exhaustion, and the skewing away from 

Th1 toward Tfh differentiations in CD4+ T cells during LCMV-Cl13. Additionally, the 

specific reduction of immunosuppressive mediators on DCs and the lack of direct IFN-I 
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effect on CD4+ T cell Tfh differentiation suggests that the immunosuppressive effects of 

IFN-I are acting specifically on the APC populations. 

Virus presence and replication is sensed by the host immune system in the form 

of IFN-I signaling thereby driving inflammation and immune activation. However, during 

the persistent stages of infection when virus continually replicates and inflammatory 

signals perpetually mount, the adaptive immune response must be blunted in order to 

protect against immunopathology. The blunting of the immune response is done, in part, 

by IFN-I, which simultaneously continues to directly repress virus replication. Although 

IFN-I drives immunosuppression it also maintains some control of the virus. The 

separation of these two distinct functions of IFN-I will be critical in the efforts to 

overcome immune exhaustion in a safe and effective manner. The specific cellular 

targets of IFN-I signaling that drive the immunosuppressive program had not yet been 

identified. In Chapter Two of this work the role of IFN-I in eliciting immunosuppressive 

functions from a distinct APC subset will be described. 

 

T CELL DEVELOPMENT IN THE THYMUS 

The process of generating a protective, broad, and safe repertoire of mature and 

functional T cells is an incredible investment of time and resources filled with many 

checkpoints that most potential T cells will fail. The first step in the process is for T cell 

precursors derived in the bone marrow to migrate to the thymus via the blood152. The 

thymus is the primary site of T cell development and maturation and upon entering at the 

corticomedullary junction of the thymus these T cell precursors, now called thymocytes, 

receive Delta/Notch signals that commit them to the T cell developmental pathway153. At 

this stage thymocytes do not express the TCR co-receptors CD4 or CD8 (which act to 

assist in the TCR binding of MHC-II and MHC-I, respectively) and are known as “double 

negative (DN)” thymocytes. 
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Most mature T cells each have one unique T cell receptor (TCR) composed of an 

α and a β chain while a very small subset possesses γ and δ chains. The developmental 

process for each is similar and given the predominance of αβ T cells, the γδ T cells will 

not be mentioned further. A protective T cell repertoire contains millions of distinct TCRs, 

an amount that would be impractical and impossible to entirely encode on germline 

DNA. Therefore, this diversity of TCRs is generated by the activity of recombination-

activating genes (RAGs). These proteins act to randomly and permanently rearrange, 

splice out, and combine pieces of the germline DNA within the TCRα and TCRβ chain 

encoding regions154. 

The first step for a developing thymocyte is to generate a productive TCRβ chain 

that can be expressed on the surface of the cell. RAG enzymes rearrange TCRβ chain 

DNA segments into a novel gene sequence. Most often, this combination results in a 

nonproductive gene sequence unable to produce and express TCRβ chain on the 

surface of the developing thymocyte. Failure to produce a productive TCRβ chain could 

happen for a variety of reasons: the rearrangement could have inserted a premature 

stop codon, the rearrangement could have produced a TCRβ chain that is unable to fold 

into the proper conformation, or the rearrangement could have produced a TCRβ chain 

that is unable to couple with the preTCRα chain (a place holder protein that binds to and 

is expressed together with TCRβ on the surface of the cell before TCRα rearrangement 

has occurred)155. All of these reasons plus other potential scenarios will result in the 

death of the developing thymocyte. In the event that a TCRβ chain is successfully 

generated and expressed on the surface of the cell together with preTCRα chain the 

thymocyte will receive a signal to express CD4 and CD8 and proliferate155. The 

expression of CD4 and CD8 simultaneously is a developmental stage known as a 

“double positive (DP)” thymocyte. Thymocytes at this stage have not committed to either 
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the CD4 or CD8 lineage and therefore express both simultaneously. The likelihood of 

arriving at this stage of development having successfully rearranged the TCRβ chain is 

very low as is the probability of progressing all the way through thymocyte development 

to become a mature T. Therefore, thymocytes that pass this first step of TCRβ chain 

rearrangement undergo a proliferative burst to maximize the chances of utilizing that 

rare and successful TCRβ chain with many potential TCRα chains153. 

After thymocytes have proliferated they begin to undergo TCRα chain 

rearrangement, again mediated by the activity of RAG enzymes154. Once again, 

successful TCRα chain rearrangement is a rare event for the same reasons mentioned 

for the TCRβ chain. However, if a thymocyte successfully generates a fully formed TCR 

consisting of a TCRα and TCRβ chain it will move on to one of the most crucial 

thymocyte checkpoints, positive selection. 

Only T cells that have the potential of recognizing pathogenic peptides will be 

allowed to pass positive selection. In order to detect pathogens a developing thymocyte 

must be able to bind MHC to some degree. If there is TCR:MHC binding between a 

developing thymocyte and the cortical thymic epithelium then the thymocyte is given pro-

survival signals and, depending on the class of MHC molecule it has bound to, it will 

maintain expression of the co-receptor utilized, CD4 for MHC-II binding and CD8 for 

MHC-I, while downregulating the other153. Thymocytes bearing only CD4 or CD8 are 

now referred to as CD4 or CD8 “single positive (SP)” thymocytes. If there is no 

TCR:MHC interaction between a developing thymocyte and the cortical epithelium the 

thymocyte will die by neglect153. This process ensures that only potentially useful 

thymocytes enter the T cell repertoire. Lastly, if the TCR:MHC interaction is too strong 

the thymocyte will be given pro-death signals in order to prevent potentially dangerous 
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autoimmune reactions in the periphery. This process is called negative selection and 

happens more in the medulla156. 

Negative selection within the medulla is the final stage of thymocyte development 

in which any T cells bearing TCRs that have the potential of inducing autoimmune 

reactions in the periphery are eliminated156. As thymocytes enter the medullary region of 

the thymus they encounter medullary DCs presenting many tissue-specific antigens. 

Through the activity of the transcription factor, autoimmune regulator (AIRE), a survey of 

the antigens present in the periphery is displayed to the developing SP thymocytes157. In 

this manner, any thymocyte bearing a TCR that is able to recognize self-peptides with 

high affinity will be identified. If a developing thymocyte is recognized as self-reactive it 

will most likely receive pro-death signals thereby preventing potentially dangerous 

thymocytes from entering the T cell repertoire. Not all self-reactive thymocytes are 

eliminated during negative selection, however as some are driven down a Treg 

developmental pathway wherein they will act to suppress potentially dangerous immune 

responses in the periphery112. 

The thymus is a complex network of very sensitive microenvironments that must 

accurately and appropriately give pro-survival or pro-death and chemotactic signals to 

the developing thymocytes when and where it is appropriate153,156,158. Depending on the 

context and the environment there are many lymphotoxins, Delta ligands, 

glucocorticoids, thymic hormones, and cytokines produced within the thymus that give 

specific signals to individual cells to determine their fate159-162. Given the delicate nature 

of the thymus and the even more delicate nature of the many microenvironments therein 

it is not surprising that the thymus and its processes are sensitive to infection. Many 

diverse infections including viruses (HIV, rabies), bacteria (Francisella tularensis), and 

parasites (T. cruzii, Schistosoma mansoni) induce extreme atrophy and devastating 

thymocyte loss, particularly to the DP thymocytes population163-166. The mechanisms by 
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which these pathogens induce the dramatic cell loss are varied and may include the 

direct infection of developing thymocytes, an increase in IFN-I signaling, the disruption of 

the thymic architecture, increase in glucocorticoid expression, or an increase in tumor 

necrosis factor (TNF) signaling163-166. In some scenarios the DP cells do not die during 

the disruption of thymic function but are instead released into the periphery prior to 

undergoing negative selection, potentially allowing for downstream autoimmune 

complications167. The thymus is essential for the production of a broad, protective, and 

safe T cell repertoire that will not only eliminate invading pathogens but also prevent 

autoimmune complications. It is therefore critical to understand the mechanisms 

responsible for the dramatic changes that take place within the thymus during a 

persistent virus infection. In Chapter Three of this dissertation the mechanisms involved 

in thymic depletion during persistent LCMV infection and the lasting effect that infection 

has on continuing thymopoiesis will be presented.   

 

AIMS OF THIS DISSERTATION 

In this dissertation two distinct immune dysfunctions that arise during LCMV-Cl13 

infection will be discussed. First, many of the signals that induce immunosuppression 

have been identified yet the particular cell that may carry out these functions has not 

been described. Herein, the phenotype, functional attributes, and cellular origin of 

immunoregulatory dendritic cells will be described. Additionally, the mechanisms 

necessary for their development and their acquisition of immunosuppressive activity will 

also be elucidated. To support the universality of these observations, the presence of 

immunoregulatory dendritic cells will also be demonstrated in multiple infections and 

diseases including Mycobacterium tuberculosis, HIV, and cancer. Second, during LCMV-

Cl13 infection there is a dramatic interruption and skewing of normal thymopoiesis. 

Initially, there is a significant loss of developing thymocytes and in the late stages of 
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infection virus-specific CD4+ T cells are unable to egress into the periphery. Together 

these two projects demonstrate that persistent virus infections have dramatic effects on 

the immune system, both in its ability to effectively clear pathogens with potent immune 

responses and its ability to continually populate the naïve T cell repertoire with 

potentially useful T cells. 
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Figure 1.1: Lymphocytic choriomeningitis virus is an arenavirus 

Representation of lymphocytic choriomeningitis virus (LCMV). LCMV belongs to the 

arenaviridae family and as such is a small, spherical, enveloped virus with a genome 

composed of two ambisense strands of RNA. The surface glycoproteins (G) facilitate 

binding and entry into host cells. The RNA genome is bound to nucleoprotein and is 

reverse transcribed by the viral RNA polymerase (L) protein. The oligomeric Z protein is 

essential for proper budding and structural stability. 
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Figure 1.2: Lymphocytic choriomeningitis virus is an ideal model pathogen to 

study acute and persistent infections 

Representation of the distinct LCMV infection kinetics for the acute (LCMV-Arm) and 

persistent (LCMV-Cl13) strains. LCMV-Arm induces potent CTL and T helper responses, 

which clear virus within 8-10 days. Upon the resolution of virus a stable and protective 

memory T cell population is formed. In stark contrast, LCMV-Cl13 replicates to much 

higher titers and establishes a long lasting infection thereby inducing severe 

immunosuppression which results in dysfunctional T cell activity, characterized by 

diminished CTL activity, less polyfunctional (produce multiple cytokines) virus-specific T 

cells, and a reduced proliferative capacity. These characteristics together describe an 

exhausted T cell response. 
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Figure 1.3: Dendritic cells have different cellular sources, phenotypic profiles, and 

functional attributes 

Representation of DC development including different sources and phenotypes. From 

CMPs the GMP population gives rise to MDPs which then differentiate into CDPs and 

cMoPs. CDPs then differentiate into pDCs and pre-DCs. The populations of cMoPs, 

pDCs, and pre-DCs can be differentiated by the expression of CD115, CD135, DNGR-1, 

and Ly6C. pre-DCs are CD115+, DNGR-1+, and CD135+ while pDCs are CD115-, 

DNGR-1-, and CD135+. cMoPs are CD115+ as well but are CD135- and Ly6C+. cMoPs 

give rise to monocytes which enter the blood stream and remain undifferentiated until 

they experience inflammation or other cues from within the tissues. Once those signals 

are received monocytes have the potential to become monocyte-derived macrophages 

and dendritic cells. The pre-DC population enters the blood stream and tissues and once 

in the tissue can give rise to either CD11b+ DCs or CD8α+ or CD103+ (in nonlymphoid 

tissue) DCs. These DCs can be defined by a few key transcription factors. 

CD8α+/CD103+ DCs express Id2, IRF8, BATF3, and NFIL3 while CD11b+ DCs express 

RelB, RBP-J, IRF2, and IRF4 and depend on NOTCH2 signaling. Some pre-DCs can 

also divert into the pDC lineage, those that do lack zbtb46 expression. 
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Figure 1.4: Pattern recognition receptors respond to pathogen in a nonspecific 

manner to induce potent immune modulators and activators 

Representation of the complex network of patter recognition receptors. TLRs are 

membrane-bound receptors on either the cell or endosomal membrane. TLR 1, 2, 4, 5, 

and 6 are all anchored in the cell membrane and can respond to different components of 

bacteria. TLR4 can also translocate to the endosome upon recognition of its ligand. 

Other endosomal TLRs include TLR3, 7, and 9 and they respond to pathogenic nucleic 

acids. All TLRs with the exception of TLR3 mediate their signal transduction pathway 

through MyD88. TLR3 and endosomal TLR4 use TRIF to mediate their transduction 

pathway. All TLRs can activate NF-κB, TLR3 can activate IRF3, and TLR7 and 9 can 

activate IRF5 and IRF7. API is another commonly activated transcription factor activated 

by TLR signaling. The two primary RLRs include MDA5 and RIG-I, which can also 

activate NF-κB, IRF3, and IRF7 in response to the RNA species of RNA viruses. The 

NLRs can sense a myriad of pathogen and damage associate molecular patterns and 

most NLRs, upon ligand recognition, use their pyrin domain to bind to ASC. ASC in turn 

uses a CARD domain to recruit pro-caspase-1, which is then cleaved and activated. 

These three components, the NLR, ASC, and caspase-1 come together to form the 

inflammasome which acts to cleave pro-IL-1β and pro-IL-18 into their active and 

secreted forms, IL-1β and IL-18, as well as inducing pyroptosis, an inflammatory version 

of cell death. Some NLRs can also lead to NF-κB activation. 
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Figure 1.5: Type I interferon is a powerful cytokine that mediates antiviral and 

immunomodulatory effects 

A. Representation of the basic signaling pathway of IFN-I. STAT1 and STAT2 form a 

heterodimer and combine with IRF9 to form ISGF3. After PKC mediated phosphorylation 

ISGF3 translocates to the nucleus and together with other transcriptional co-activators 

and chromatin modifying proteins is able to stimulate interferon responsive genes. 

B. Representation of the diverse outcomes that IFN-I signaling can have depending on 

the cell type, microenvironment, and disease state. 
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Figure 1.6: The thymus supports the generation of T cells from hematopoietic 

precursors 

Schematic representation of T cell development in the thymus. Hematopoietic 

precursors enter into the corticomedullary junction from the vasculature and begin to 

rearrange their TCR genes as they migrate into the cortex. At this point they are known 

as double negative thymocytes (DN) lacking CD4 and CD8 expression. If a successful 

TCRβ chain is produced the thymocyte will undergo massive proliferation and upregulate 

CD4 and CD8 thereby becoming a double positive (DP) thymocyte. Once a successful 

TCRα chain is produced and expressed on the surface of the thymocyte it undergoes 

positive and negative selection while interacting with thymic cortical epithelial cells 

(cTECs). These cTECs express both MHC I and MHC II and upon weak MHC:TCR 

binding they will send pro-survival signals to the thymocyte and the thymocyte will then 

commit to either a CD4 or CD8 single positive (SP) fate and migrate into the medulla. If 

cTECs perceive strong binding they will send death signals to the thymocyte to prevent a 

potential autoreactive thymocyte from entering the T cell repertoire. Conversely, if no 

MHC:TCR occurs the developing thymocyte will die of neglect. Once in the medulla the 

SP thymocytes interact with medullary thymic epithelial cells (mTECs) and dendritic 

cells, which, through the transcription factor AIRE, express many tissue-associated 

antigens to provide a survey of potential antigens present throughout the periphery. 

Autoreactive TCRs that may potentially react against self-proteins in the periphery are 

given death signals to prevent autoimmunity. Those thymocytes that successfully 

rearrange and produce a functional TCR, pass positive selection, and pass negative 

selection exit the medulla and reenter the circulation as naïve T cells. 
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CHAPTER TWO 

 

Type I and type II interferon coordinately regulate suppressive dendritic cell fate and 

function during persistent virus infection 
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ABSTRACT 

 Chronic inflammation and potent immunosuppression operate in parallel during 

persistent virus infection. Immunosuppressive programs, including interleukin 10 (IL-10) 

and programmed cell death ligand 1 (PDL1), attenuate antiviral T cell responses. The 

ablation of these immunosuppressive programs in the midst of persistent infection 

restores T cell responses and accelerates virus clearance. Likewise, eliminating type I 

interferon (IFN-I) signaling, a cytokine usually associated with virus control and immune 

stimulation, during a persistent virus infection also reduces the expression of 

immunosuppressive mediators, reactivates suppressed T cells, and enhances virus 

clearance kinetics. However, the mechanisms controlling the development, fate, and 

function of cells that provide these immunosuppressive signals have not yet been 

elucidated. Likewise, the role of IFN-I in inducing immunosuppression is not fully 

understood. Herein, we used the lymphocytic choriomeningitis virus (LCMV) model of 

persistent virus infection in mice to interrogate these questions. We found that the 

development of immunosuppressive dendritic cells (DCs) requires the coordination of 

IFN-I and IFNγ, factors usually associated with proinflammatory responses. In a MyD88 

dependent pathway IFNγ drives the differentiation of monocytes toward a monocyte-

derived DC (moDC) phenotype with immunosuppressive potential. Next, IFN-I acts 

directly on these newly derived moDCs and endows them with immunosuppressive 

functions while simultaneously limiting the expansion of DCs with stimulatory capacity in 

a MAVS dependent pathway. These immunosuppressive moDCs have the capacity to 

attract, present antigen to, and suppress T cell activation. Similar suppressive DCs of 

monocyte origin were found in other diseases associated with high antigen load, 

perpetual IFN-I singling, and inflammation, namely Mycobacterium tuberculosis, HIV, 

and cancer. 
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INTRODUCTION 

 Most virus infections are effectively cleared from the host through a combined 

effort of both the innate and adaptive immune responses, which, upon resolution of the 

infectious agent, go on to form stable and protective immunological memory sufficient to 

prevent future reinfection. However, during persistent virus infections the immune 

response quickly becomes dysfunctional and is rendered incapable of effectively 

controlling or purging the infection4. In particular, the potency of the T cell response 

quickly wanes and adopts an exhausted phenotype and function. T cell exhaustion is 

characterized by the loss of multiple cytokine producing T cells, the decrease in 

proliferative capacity, and the drop in cytotoxic activity124,125. Additionally, as exhaustion 

progresses effector T cells begin to express more immunosuppressive receptors 

rendering them less able to respond to stimulation43. Remarkably, if these 

immunosuppressive pathways are therapeutically blocked there is a restoration of T cell 

function and an accelerated control and elimination of the virus43,124-126,168. Therefore, the 

study of these immunosuppressive pathways is essential in the effort to overcome 

persistent virus infections. The primary model system to study persistent virus infection 

is the lymphocytic choriomeningitis virus (LCMV) model in mice and the phenomena 

discovered therein have been observed in human persistent virus infections as well, 

namely human immunodeficiency virus (HIV), hepatitis B virus (HBV), and HCV169. 

Clearly, the induction of immunosuppressive programs during persistent virus infections 

is a conserved immunological function across species. Therefore, understanding the 

mechanisms involved in immunosuppression and the strategies to overcome it in the 

LCMV model will prove useful in our effort to establish immune mediated control of these 

persistent infections in humans. 

 Many immunosuppressive factors have been identified and the potent immune 

responses that are generated when they are blocked are an extremely active area of 
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immunological research, particularly in cancer immunotherapy. However, the underlying 

source of immunosuppressive programs and the cells that enact them are less well 

understood. Two of the most substantial immunosuppressive factors that are present 

and critical for immunosuppression during persistent LCMV infection are interleukin 10 

(IL-10) and programmed cell death ligand 1 (PDL1)4,43,124-126,168. When these factors are 

blocked therapeutically during persistent LCMV infection there is a substantial 

restoration in T cell activity and enhanced virus control leading to a significantly 

accelerated clearance of virus when compared with control animals4,43,124-126,168. Clearly, 

the manipulation of these immunosuppressive factors can change the outcome of a 

persistent virus infection and we therefore sought to understand the source and 

mechanisms responsible for their expression. Our group has previously identified 

antigen-presenting cells (APCs) that express IL-10, PDL1, and other factors that induce 

T cell suppression170. Other immunosuppressive macrophages, similar to myeloid 

derived suppressor cell (MDSC), have been identified in LCMV and cancer although 

these cells lack IL-10 and PDL1 expression and are therefore distinct from those 

described herein171. The co-expression of IL-10 and PDL1 on the same APC represents 

a powerful source of immunosuppression well suited to be delivered to T cells and drive 

exhaustion. These immunosuppressive APCs likely play a central role in the 

downregulation of T cell activity in the context of persistent virus infection. 

 Together with the potent immunosuppressive programs initiated by persistent 

virus infection, there is also a potent and damaging onslaught of proinflammatory 

mediators present that are associated with worsening disease outcomes172,173. The link 

between these two seemingly diametrically opposed systems was brought to light 

recently by studies from our group and another. During persistent virus infection the 

perpetual type I interferon (IFN-I) signaling was responsible for many of the immune 

dysfunctions including the expression of IL-10 and PDL1150,151. When IFN-I signaling was 
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therapeutically blocked late during LCMV infection there was a reduction of IL-10 

production and PDL1 expression on APC subsets, a restoration of CD4+ T cell 

responses, and an accelerated clearance of virus150,151. A myriad of immune 

dysfunctions were improved by blocking one pathway identifying IFN-I as a central 

player in the induction of immunosuppression and T cell dysfunction. The immunological 

results of IFN-I blockade were similar to that of IL-10 and PDL1 blockade suggesting that 

IFN-I’s ability to facilitate immunosuppression is mediated through the induction of those 

primary immunosuppressive factors.  

These data do not imply that that IFN-I signaling is detrimental to virus control, 

but rather that it induces a potent immunosuppressive program during persistent 

infections. Mice that are deficient in type I interferon signaling (IFNαR-/- mice) are never 

able to control persistent LCMV infection, however they do have decreased levels of IL-

10 in the blood139,150,151. These data suggest that IFN-I can perform multiple functions 

during persistent virus infection simultaneously. One such function is the well-studied 

and canonical ability to limit virus replication and the other is the induction of 

immunosuppressive programs in the context of sustained IFN-I signaling during 

persistent virus infection139,150,151,174. These distinct and contradictory functions make 

IFN-I and its role in persistent virus infections a fascinating and critical area of study that 

has the potential to lead to novel therapeutic immunomodulating strategies. 

 The particular role of IFN-I in inducing immunosuppressive mediators is, 

however, still unknown. Whether IFN-I is responsible for stimulating the outgrowth of a 

novel immunosuppressive population of cells or whether IFN-I signaling endows an 

existing population of cells with immunosuppressive capacity is a question addressed 

herein.  

The studies presented in this chapter will describe an immunosuppressive 

program that requires the collaboration of IFN-I and IFNγ to bring about a population of 
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immunosuppressive dendritic cells that express IL-10 and PDL1 and have the capacity 

to suppress T cell function. First, IFNγ is required for the differentiation of monocytes into 

moDCs that have immunosuppressive potential. Second, IFN-I signaling endows those 

moDCs with immunosuppressive functions, namely IL-10 and PDL1. Simultaneously, 

IFN-I also limits the proliferation and expansion of a DC population with the capacity to 

stimulate T cell activity. Therefore, during persistent virus infection IFN-I elicits 

immunosuppression by two independent mechanisms; it acts to induce the expression of 

immunosuppressive mediators from one population of DCs while limiting the size of a 

distinct immunostimulatory DC population. 

 Dysfunctional T cell responses, perpetual IFN-I signaling, and suppressive APC 

populations are not unique occurrences restricted to persistent virus infections. These 

detrimental phenomena are also observed in other chronic diseases associated with 

high antigen load and persistent inflammation169,175-177. In an effort to demonstrate the 

universality of this immunosuppressive program we identified immunoregulatory 

dendritic cells of monocyte origin in mouse models of cancer and Mycobacterium 

tuberculosis (Mtb) infection, as well as a humanized mouse model of HIV infection. 

Regardless of the source of antigen, be it self, viral, or bacterial, the combination of 

persistent antigen and IFN-I induced inflammation drives the development of 

immunosuppressive dendritic cells. 
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RESULTS 

Anatomical localization of IL-10 expressing cells in vivo  

The LCMV model is an ideal setting to explore the mechanisms and kinetics of 

immunosuppression during persistent virus infection. There are two distinct strains of 

LCMV that induce dramatically different immune responses and have drastically different 

outcomes. The LCMV Armstrong (LCMV-Arm) strain induces a robust T cell response 

that is primarily responsible for virus clearance after 8-10 days. In stark contrast, a 

naturally occurring variant of the virus, LCMV Clone 13 (LCMV-Cl13), replicates to much 

higher titers owing to its faster rate of replication and higher affinity for its cellular 

receptor. LCMV-Cl13 is able to outpace the developing host immune system and 

induces potent immunosuppressive programs, which drive T cell exhaustion22,29. During 

LCMV-Cl13 there are more IL-10 producing cells than in the LCMV-Arm infection yet we 

did not know how these IL-10 cells were distributed within immune organs. Using an IL-

10 reporter mouse we were able to observe the localization of IL-10 producing cells 

within the spleen178. At day 9 of infection, IL-10 expressing cells were found in the red 

pulp and marginal zones of the spleen (Figure 2.1A)170. As infection progressed the total 

number of IL-10 expressing cells decreased but IL-10 expressing cells were still found 

within the red pulp and marginal zones though there was migration into other areas as 

well (Figure 2.1A)170. It is important to note that although some IL-10 expressing CD4+ T 

cells can be observed the majority of IL-10 producers are not CD4+ T cells (Figure 

2.1A). These observations demonstrate that IL-10 producing cells are found throughout 

the spleen and essentially blanket the areas of T cell and APC interaction with this 

potent immunosuppressive cytokine during persistent virus infection. 
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Immunosuppressive APCs express distinct molecular and cellular profiles 

 In the past, our group has identified immunosuppressive APCs through the use 

of IL-10 reporter mice170, however this limits our ability to investigate alterations in their 

functional behaviors independently from their phenotypic or developmental identity. Both 

IL-10 and PDL1 are functional attributes of immunosuppressive APCs, however if IL-10 

or PDL1 expression is lost due to the ablation of critical upstream mediators it will be 

impossible to differentiate between the failure of an immunosuppressive cell to develop 

from the loss of IL-10 and PDL1 expression on a cell with immunosuppressive capacity. 

Additionally, it would be impractical to cross all the genetic knockout mice to be tested 

with the IL-10 reporter strain so that IL-10 expression could be gauged in other 

transgenic mouse lines. Therefore, it was necessary to develop a novel method whereby 

the phenotypic and developmental identity could be separated from the functional 

activity of immunosuppressive APCs. 

 In the spleen at day 9 of LCMV-Cl13 infection a bifurcation in the CD11b+ DC 

population can be observed. One population co-expresses IL-10 and PDL1 (iregDCs) 

while the other does not (stimDCs) (Figure 2.1B). We found that iregDCs could be 

accurately identified by their elevated expression of CD95 (Fas) and CD39 (an 

ectoenzyme that transforms extracellular ATP to AMP in order to limit inflammasome 

activation179) thereby eliminating the need to use IL-10 and PDL1 to identify them (Figure 

2.1B). IregDCs also had higher levels of pan-Caspase activity as well as factors 

associated with phagocytosis such as CD172α and CD68 and the companion 

ectoenzyme to CD39, CD73 (converts the AMP produced by CD39 and converts it into 

adenosine) (Figure 2.1D). In naïve mice there is minimal IL-10 and PDL1 expressing 

DCs in the spleen and likewise, using CD95 and CD39, very few iregDCs are detectable 

(Figure 2.1B). During the late stages of infection the immunosuppressive DCs are less 

abundant (Figure 2.1C) and more difficult to identify. However, the only IL-10 and PDL1 
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double positive cells still reside within the iregDC phenotype late during LCMV-Cl13 

infection (Figure 2.1B). Additionally, iregDCs can be found in other immune active sites 

within the mouse at day 9 of LCMV-Cl13 infection including the liver, inguinal lymph 

nodes, and mesenteric lymph nodes (Figure 2.S1C). IregDCs can also be identified in 

Balb/c mice indicating that iregDC development is not unique to the C57BL/6 strain 

(Figure 2.S1D). It is important to note that iregDCs are present at D9 following LCMV-

Arm infection (Figure 2.S1E) although these immunosuppressive DCs wane rapidly after 

the resolution of virus in the acute infection170.  

 To prove that iregDCs possess canonical DC characteristics and functions, we 

assayed iregDCs and stimDCs for the expression of MHC-I, MHC-II, CD80, and CD86. 

IregDCs express high levels of both MHC molecules and CD80 and CD86 (Figure 2.1D) 

demonstrating their potential for T cell interaction. In contrast to stimDCs, which readily 

activated naïve T cells, iregDCs suppressed T cell activation in an IL-10 and PDL1 

dependent manner simultaneously demonstrating their ability to present antigen to T 

cells while also restricting their activation through the immunosuppressive mediators 

they express (Figure 2.1E). These data demonstrate that iregDCs, similar to stimDCs, 

posses the capacity for antigen presentation and T cell interaction, however their impact 

on T cell function is suppressive. It is interesting to note that the expression of CD80 and 

CD86 is higher on iregDCs than on stimDCs, perhaps suggesting preferential T cell 

recruitment by iregDCs within the same microenvironment. 

 To look further into the molecular profile of iregDCs and stimDCs we performed 

RNA-seq analysis on sorted populations 9 days after LCMV-Cl13 infection. 

Understandably, there are many genes that both iregDCs and stimDCs express similarly 

given that they are both DCs, however there were approximately 750 genes that were 

differentially expressed by a factor of 3-fold or more between these two populations 

(RPKM cutoff of 2 in at least 1 sample) and approximately 150 of those were 
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differentially expressed by a factor of 10-fold or more  (Figure 2.2A). Gene ontology 

analysis identified increased expression in genes involved in the inflammatory response, 

wound healing, and phagocytosis/Fc receptor expression within the iregDC population 

while stimDCs grouped into pathways involved in cell cycle progression (Figure 2.2B and 

C). These cells also differ in their expression of cytokines, chemokines, and T cell 

costimulatory molecules (Figure 2.2B and C). The T cell attracting chemokines CXCL9 

and CXCL10, and the monocyte attracting chemokines CCL7, CCL8, and CCL12, were 

expressed significantly higher in iregDCs. These data together with the elevated 

expression of CCR1, CCR2, and CCR5 by iregDCs, which bind to and chemotax toward 

gradients of CCL7, CCL8, and CCL12, suggest a model wherein iregDCs themselves 

can act to recruit even more iregDCs into areas of inflammation. While iregDCs 

expressed CD80 and CD86 (Figure 2.1D), they expressed lower levels of other 

costimulatory molecules that support, modulate, and sustain ongoing T cell activity, 

namely ICOS-L, 4-1BBL, GITR, and TACI (Figure 2.2C), than do their stimDC 

counterparts22. Furthermore, iregDCs expressed higher levels of the anti-inflammatory 

receptors Mertk and Axl180 (Figure 2.2C). Higher levels of IL-1α and IL-18 expression 

were found in iregDCs (Figure 2.2C), which aligns well with the higher levels of pan-

caspase activity in iregDCs (Figure 2.1D). With more caspase activity and IL-18 

production iregDCs are likely to have higher inflammasome activity150 and are therefore 

more prone to pyroptosis which could exacerbate the inflamed environment present 

during LCMV-Cl13. IL-10 and PDL1 were also found to be higher by RNA expression in 

iregDCs while stimDCs expressed much higher levels of IFNγ (Figure 2.2C). By RNA 

analysis, iregDCs express higher levels of genes involved in both recruiting T cells and 

blunting their activity together with lower expression of genes involved in supporting and 

stimulating those T cells. 
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Direct IFN-I signaling endows iregDCs with immunosuppressive functions while 

simultaneously limiting the generation of stimDCs 

 As mentioned earlier, the direct mechanism whereby IFN-I signaling induces the 

immunosuppressive mediators IL-10 and PDL1 is not well understood. Two distinct 

possibilities stand out; either IFN-I could induce the expression of IL-10 and PDL1 in a 

preexisting DC population, or IFN-I could stimulate the generation of a DC population 

whose mechanistic development programs them to express IL-10 and PDL1. Using 

CD95 and CD39 to define iregDCs and using mice deficient in IFN-I signaling (IFNαR-/-) 

we were able to clarify which of these models was correct. At day 9 of LCMV-Cl13 

infection the frequency of iregDCs to stimDCs was severely diminished in IFNαR-/- mice 

as opposed to wild type (WT) mice (Figure 2.3A). However, the total number of iregDCs 

remained unchanged while the number of stimDCs was approximately 6-fold higher and 

the total number of splenocytes was approximately 2-fold higher in IFNαR-/- mice 

(Figure 2.3A). These data suggest that IFN-I does not effect the generation of iregDCs 

but does suppress the generation of stimDCs.  

 Knowing that IFN-I did not effect the generation of iregDCs we next sought to 

determine its role toward inducing the expression of the immunosuppressive factors IL-

10 and PDL1. The expression of PDL1, as assessed by flow cytometry, was greatly 

diminished in IFNαR-/- iregDCs when compared to WT iregDCs (Figure 2.3B). 

Furthermore, when iregDCs were sorted from IFNαR-/- and WT mice at day 9 of LCMV-

Cl13 infection the expression of IL-10 by quantitative real time polymerase chain 

reaction (qRT-PCR) was lower in the IFNαR-/- iregDCs (Figure 2.3B). These data 

suggest that although IFN-I signaling is not involved in iregDC generation (in terms of 

phenotypic identity), it is required for the acquisition of immunosuppressive functions.  
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 It was recently shown that blockade of IFNβ at the onset of LCMV-Cl13 infection 

facilitates faster resolution of virus although not as effectively as blocking all IFN-I 

singling181. We found that mice lacking IFNβ production had no changes in the amount of 

iregDCs or stimDCs present at day 9 of LCMV-Cl13 infection, nor was the expression of 

PDL1 on iregDCs altered (Figure 2.S2A). IFNβ alone does not induce 

immunosuppression during LCMV-Cl13, which implies why blocking only IFNβ may not 

be as effective as complete IFN-I blockade to restore immune function and accelerate 

virus clearance late during infection. 

The next step was to determine whether or not direct IFN-I signaling was 

necessary to induce the acquisition of immunosuppressive functions. To address this we 

generated 50:50 bone marrow chimeras consisting of IFNαR-/- and WT bone marrow. In 

this manner, the iregDCs generated from IFNαR-/- and WT lineage bone marrow would 

develop within the exact same environment and the only difference between the two cell 

lineages would be in their ability to react to IFN-I. After reconstitution of the immune 

system and before infection the composition of all immune subsets, with the exception of 

B cells, was skewed toward the WT lineage (Figure 2.3C and 2.S2B). These data 

indicate that the inability to receive steady state IFN-I signaling puts cells at a 

disadvantage in terms of development and replication. Quite strikingly, however, at day 9 

of LCMV-Cl13 infection a massive bias toward IFNαR-/- DCs and, to a lesser degree, 

macrophages was evident as IFNαR-/- lineage cells dominated those particular 

populations (Figure 2.3C and S2B). Previously, an expansion of CD4+ T cells B cells 

was observed during therapeutic IFN-I blockade in the midst of a persistent infection150. 

However, in the chimeric environment no such expansion of IFNαR-/- over WT lineage 

CD4+ T cells and B cells was observed suggesting that the effect of IFN-I on CD4+ T 

cells and B cells is not cell intrinsic. The ratio of iregDCs within each particular lineage 
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was similar to that observed in the IFNαR-/- and WT mice, that is, dramatically reduced 

iregDC frequency in the IFNαR-/- lineage cells compared to the WT lineage (Figure 

2.3D). However, with the advantage that IFNαR-/- lineage DCs have during infection 

there were numerically more iregDCs born from the IFNαR-/- lineage compared to WT, 

again confirming that IFN-I signaling has no impact in iregDC development (Figure 

2.3D). Additionally, there was a significant increase in stimDCs within the IFNαR-/- 

lineage confirming that the effect of IFN-I on the stimDC lineage is a direct effect (Figure 

2.3D). Likewise, IFNαR-/- iregDCs expressed lower levels of PDL1 than WT iregDCs 

residing within the same environment verifying that the induction of PDL1 by IFN-I is cell 

intrinsic (Figure 2.3D). Similarly, sorted CD11b+ DCs cultured with IFNβ produced more 

IL-10 than those receiving no IFN-I stimulation (Figure 2.3E). Together these data 

demonstrate that IFN-I has a two-pronged immunosuppressive impact during persistent 

virus infection, both of which are cell intrinsic. IFN-I limits the expansion of the stimDC 

population while it also directly endows iregDCs with their immunosuppressive functions. 

To further demonstrate that IFNαR-/- iregDCs truly lack the suppressive functions 

of WT iregDCs, sorted populations of iregDCs and stimDCs from each mouse strain at 

day 9 of LCMV-Cl13 infection were cultured with naïve LCMV-specific T cells. IFNαR-/- 

iregDCs, IFNαR-/- stimDCs, and WT stimDCs all stimulated naïve T cell proliferation 

equally (Figure 2.3F). In stark contrast the proliferation of naïve T cells cultured with WT 

iregDCs was severely limited compared to the other three DC populations (Figure 2.3F). 

Therefore, even though iregDCs develop in the IFNαR-/- mouse, as defined by the 

phenotypic markers CD39 and CD95, without IFN-I signaling these iregDCs do not 

possess the immunosuppressive capacity associated with iregDCs.   
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IregDCs and stimDCs are derived from distinct DC lineages 

 If, during LCMV-Cl13, all CD11b+ DCs distributed throughout the spleen are 

immersed in the same environment, why do a fraction of them become iregDCs while 

the others become stimDCs? Why would these DCs take on such diametrically opposed 

functions and characteristics while experiencing the same cytokine milieu? The CD11b+ 

DC population is a diverse subset of cells that can be generated from distinct sources. 

Classical dendritic cells (cDCs) are generated from a hematopoietic progenitor within the 

bone marrow that migrates as an undifferentiated pre-DC precursor into the blood and 

tissues61. Once in the tissues these cells can differentiate into CD11b+ or 

CD8α+/CD103+ (depending on the tissue type) DCs61. During inflammatory conditions 

monocytes can also develop into CD11b+ CD11c+ DCs termed moDCs61. Therefore, 

during LCMV-Cl13 infection there are potentially two distinct sources of CD11b+ DCs. 

moDCs can be distinguished from cDCs by their expression of the C-C chemokine 

receptor type 2 (CCR2) and FcγRI (CD64). At day 9 of LCMV-Cl13 infection iregDCs 

expressed elevated levels of these moDC markers while stimDCs did not (Figure 2.4A). 

Additionally, other monocyte-associated markers were also elevated on iregDCs 

including FcεR1α, FcγRII/III, and Ly6C (Figure 2.4B). Analysis of the global 

transcriptional profile by RNA-seq revealed iregDCs to be an intermediate population 

between naïve monocytes and DCs suggesting that iregDCs follow a pathway of 

differentiation from monocytes into moDCs (Figure 2.4C). By this same analysis, 

stimDCs appeared to be more closely related to naïve DCs than the other two 

populations assayed (naïve monocytes and iregDCs) (Figure 2.4C). StimDCs also 

expressed higher levels of the cDCs associated genes FLT3 and zbtb46 compared to 

iregDCs, again demonstrating their distinct developmental pathway from pre-DCs 

(Figure 2.4C). During the late stages of LCMV-Cl13 infection the moDC population was 
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no longer composed almost entirely of iregDCs, however the iregDCs present were 

found to posses the moDC phenotype (Figure 2.4D). Consistent with the loss of IL-10 

and PDL1 expression by many iregDCs late during infection (Figure 2.1B), many moDCs 

no longer express the iregDC markers CD95+ and CD39+. However, if a cell is 

producing IL-10 and PDL1 it will be a CD95+ CD39+ iregDC (Figure 2.1B) and if a cell is 

a CD95+ CD39+ iregDC it will be a CCR2+ FcγRI+ moDC (Figure 2.4D). These moDC 

data demonstrate that during LCMV-Cl13 there is bifurcation in the CD11b+ DC 

population with some developing from moDCs and becoming immunosuppressive 

(iregDCs) and others developing from cDCs with stimulatory functions (stimDCs). 

 To definitively demonstrate the ability of monocytes to become iregDCs during 

LCMV-Cl13 infection, traceable naïve monocytes were injected into LCMV-Cl13 infected 

mice. Prior to injection monocytes were screened for any moDC or iregDC 

characteristics and were found to express the canonical monocyte markers CCR2, 

FcγRI, and Ly6C but did not express any appreciable levels of CD11c, CD95, CD39, or 

PDL1 (Figure 2.4E, 2.S3A). Monocytes were introduced into infected mice at day 3 of 

infection and were harvested 6 days later and assayed for moDC and iregDC 

phenotypes. We found that a substantial proportion of the monocytes transferred had 

developed into CD11c expressing moDCs and that the vast majority of moDCs went on 

to express the iregDC markers CD95 and CD39 together with PDL1 (Figure 2.4E). Naïve 

monocytes were also transferred late during LCMV-Cl13 infection and were found to 

continue to develop into iregDC (Figure 2.4F), indicating that new iregDCs are generated 

throughout the course of persistent virus infection. IFNαR-/- monocytes were also 

transferred into LCMV-Cl13 infected mice and once again there was no defect in 

developing into CD95+ CD39+ iregDC, however the expression of PDL1 was greatly 

diminished when IFN-I signaling was absent (Figure 2.4G). These data further establish 
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that IFN-I is not necessary for iregDC development, but rather acts to endow existing 

iregDCs with immunosuppressive functions. Monocytes transferred into naïve mice 

demonstrated an ability to develop into moDCs yet they did not acquire iregDC 

characteristics, suggesting that inflammation is required for iregDC generation (Figure 

2.S3B). 

 

Direct virus infection is not required for iregDC generation 

 We have established that iregDCs are generated from moDCs and that IFN-I is 

required for those iregDCs to develop immunosuppressive activity, yet we have not 

established what drives the formation of iregDCs during LCMV-Cl13 infection. 

Inflammation is necessary to develop iregDCs (Figure 2.1B and 2.S3B) yet there are 

many sources of potential inflammation. Direct virus infection of DCs has been reported 

as necessary for IL-10 production during LCMV-Cl13182,183 though the exact nature of 

this phenomenon is unclear150. Using an LCMV-Cl13 variant that expresses GFP184 we 

sought to understand the relationship between infection status, iregDC phenotype, and 

IL-10 and PDL1 expression in DCs. There are no appreciable changes in the cell tropism 

of LCMV-Cl13-GP infection when CD8 T cells are depleted and that observed in the 

conventional LCMV-Cl13 infection (Figure 2.S4B). Surprisingly we found that GFP 

expression was not appreciably detected in the stimDC population, but rather was 

segregated to the iregDCs, however the majority of iregDCs remained uninfected (Figure 

2.5A). These data identify moDCs and not cDCs as the principal DC target for LCMV 

infection at day 9 after LCMV-Cl13 infection. Late during infection this segregation 

continues, demonstrated by the observation that the majority of virus-infected cells are 

CCR2+ at day 25 (Figure 2.S4A). Regardless of infection status at day 9, both GFP+ 

and GFP- iregDCs expressed similar levels of IL-10 and PDL1 while stimDCs expressed 

minimal levels of both (Figure 2.5A). To verify the fidelity of the GFP signal we also 
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assayed for the presence of viral RNA transcripts encoding the LCMV glycoprotein 

(LCMV-GP) by qRT-PCR. GFP+ iregDCs expressed high amounts of LCMV-GP while 

GFP- iregDCs expressed very low levels (Figure 2.5A). These low levels of LCMV-GP 

could be attributed to virions adhered to the surface of DCs, virion particles within 

endosomes, or non-productive infection. However, regardless of the source there is no 

correlation between the LCMV-GP and IL-10 expression in GFP- iregDCs. Therefore, 

direct LCMV infection is not necessary for iregDC formation or IL-10 and PDL1 

expression. 

 

Cell extrinsic MyD88 and direct IFNγ  signaling is required for iregDC development 

 Sensing pathogens and damage are important immune activating pathways 

essential for protection against diverse diseases. These pathways result in the 

production of a multitude of inflammatory, stimulatory, and instructional ligands and 

soluble factors185,186. LCMV infection induces the activation of toll-like receptors (TLRs) 

and other intracellular innate sensing pathways. Most TLRs utilize MyD88 to initiate their 

signaling cascade toward NF-κB, AP-1, and IRF3/5/7 activation and the subsequent 

proinflammatory response87. TLR3 however, exclusively employs Trif to mediate its 

signaling cascade87. The cytosolic RNA virus sensors RIG-I and MDA5 interact with 

MAVS (Cardiff) upon ligand recognition to facilitate their signaling cascade toward NF-

κB and IRF3/7 activation97. Through the elimination of these particular pathways we will 

be able to identify if innate pathogen recognition is essential for the generation of 

iregDCs and specifically which pathway is involved. 

 LCMV-Cl13 infected MAVS-/- mice had similar outcomes to those observed in 

IFNαR-/- mice, namely, an increased amount of stimDCs and a drop in the proportion of 

iregDC with no change in the total number of iregDCs (Figure 2.5B). However, in 
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contrast to IFNαR-/- mice, MAVS-/- mice showed no change in IL-10 production and only 

a slight drop in PDL1 expression. (Figure 2.S4C). These data implicate MAVS in the 

suppression of stimDC expansion during LCMV-Cl13 infection and suggest that MAVS is 

not involved in iregDC formation. LCMV-Cl13 infected Trif-/- mice showed no change in 

either the iregDC or stimDC populations and is therefore not involved in either the 

induction of iregDCs or the suppression of stimDCs (Figure 2.5B). MyD88-/- mice 

infected with LCMV-Cl13 displayed a dramatic decrease in the proportion of iregDCs 

and, in stark contrast to IFNαR-/- and MAVS-/- mice, this drop in frequency was coupled 

with a substantial drop in the total number of iregDCs (Figure 2.5B). Unlike IFNαR-/- and 

MAVS-/- mice there was no dramatic increase of total splenocytes and stimDCs in the 

MyD88-/- mice. Additionally, the expression of PDL1 was markedly reduced on those 

few observable iregDCs when compared to WT iregDCs (Figure 2.5C). Plasma levels of 

IL-10 were also significantly reduced in LCMV-Cl13 infected MyD88-/- mice when 

compared to WT (Figure 2.5C). However, in 50:50 bone marrow chimeras with MyD88-/- 

and WT lineage cells we found that there was no defect in iregDC development or PDL1 

expression (Figure 2.5D) in the cell lineage lacking MyD88-/- signaling. Likewise, 

MyD88-/- monocytes transferred into infected WT mice readily developed into iregDCs 

with similar PDL1 expression to endogenous iregDCs (Figure 2.5E). These data indicate 

that although MyD88 was globally necessary for iregDC development its effects are 

monocyte extrinsic and that a downstream factor(s) dependent on MyD88 signaling is 

(are) necessary to drive the development of iregDCs. 

 Findings from other studies have implicated IFNγ in the generation of moDCs187. 

Likewise, additional data from MyD88-/- mice suggested that IFNγ might be the 

downstream factor essential for moDC and subsequent iregDC formation. MyD88-/- 

mice have drastically lower amounts of plasma IFNγ at day 9 of LCMV-Cl13 infection 
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compared to WT mice (Figure 2.6A). Furthermore, IFNγ production from virus specific T 

cells was also greatly decreased (Figure 2.S5A). From the RNA-seq data we also 

observed that iregDC express higher levels of CXCL9 and CXCL10, genes known to be 

dependent on IFNγ signaling, again suggesting that IFNγ may be involved in iregDC 

formation (Figure 2.2C). At day 9 of LCMV-Cl13 infection in mice lacking the cellular 

receptor of IFNγ (IFNγR-/-) the total number of splenocytes was down approximately 10-

fold as was the number of all DC subtypes and stimDCs when compared to WT mice 

(Figure 2.6B). The similar drop of total splenocytes, all DC subtypes, and stimDCs 

suggests that the loss of IFNγ signaling did not specifically alter stimDC generation. 

However, apart from the drop in the frequency of iregDCs, the total number of iregDC in 

the IFNγR-/- mice was approximately 60-fold less than WT mice (Figure 2.6B). This 

significant drop in iregDC numbers beyond what was observed globally for all cell types 

in IFNγR-/- mice suggests that IFNγ signaling is responsible for the generation of 

iregDCs. This loss of iregDCs corresponded well with a decrease in total plasma IL-10 in 

IFNγR-/- mice compared to WT (Figure 2.6B). Additionally, naïve IFNγR-/- monocytes 

introduced into an LCMV-Cl13 infected WT mouse demonstrated a significantly reduced 

ability to differentiate into moDCs and subsequently iregDCs (Figure 2.6C). Similarly, the 

total number of moDCs in IFNγR-/- mice infected with LCMV-Cl13 dropped 

approximately 30-fold compared to WT mice (Figure 2.6D). Interestingly, if the plasma 

levels of IFNγ over the course of LCMV-Cl13 infection are plotted together with the rise 

and fall of iregDC numbers, a clear and obvious correlation between the two emerges 

(Figure 2.S5B). Together, these data indicate that IFNγ signaling is essential for the 

development of moDCs from undifferentiated monocytes. Without IFNγ signaling moDCs 

cannot develop properly and subsequently without moDCs IFN-I will have no target cell 

to induce the expression of the immunosuppressive mediators IL-10 and PDL1. 
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Monocyte origin DCs with iregDC phenotypic characteristics express 

immunosuppressive factors in Mtb, HIV, and cancer 

 To determine the universality of our findings we looked for DCs of monocyte 

origin with immunosuppressive capacity in other chronic diseases and infections 

associated with high antigen load, immunosuppression, inflammation, and IFNγ and IFN-

I signaling. IFNγ and IFN-I are known to play a role in Mtb infection and disease severity 

correlates with increased levels of IFN-I signaling and IL-10 expression188-191. We 

observed PDL1 and IL-10 expressing DCs that bore both the monocyte lineage markers 

CCR2 and FcγRI and the iregDC markers CD95 and CD39 on day 30 of a mouse model 

of Mtb (Erdman strain) infection (Figure 2.7A). HIV infection has long been associated 

with high inflammation and IFN-I signaling169. Additionally, many of the immune 

exhaustion discoveries made in the LCMV model are applicable to HIV infection, 

including the increased levels of IL-10 and PDL1 that blunt HIV-specific T cell 

responses169. Using the BLT humanized mouse model of HIV infection we found cells 

that resemble iregDCs. After 13 weeks of infection a population of DCs (CD11c+ HLA-

DR+) that co-expressed PDL1 together with the iregDC markers CD95 and CD39 and 

the monocyte lineage markers FcγRI and CCR2 was identified (Figure 2.7B). Similarly, 

many cancers are known to be inflammatory while also expressing potent 

immunosuppressive modulators175,192. Using the B16 melanoma cancer model in mice 

we investigated whether or not monocytes develop into DCs with immunosuppressive 

functions within cancerous tumors. Once again, the DCs harvested from the tumor that 

expressed elevated levels of PDL1 also expressed the monocyte lineage markers FcγRI 

and the iregDC markers CD95 and CD39 (Figure 2.7C). Therefore, these data 

demonstrate that in multiple different disease models the DCs with immunosuppressive 

capacity are of monocyte origin and express the iregDC markers CD95 and CD39. This 
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phenomenon seems to be a conserved pathway for generating potent and tunable 

immunosuppression in the context of high antigen load, perpetual IFN-I signaling, and 

inflammation. 

 

Macrophages with suppressive capacity form during LCMV-Cl13 infection 

 We also sought to understand the development of immunosuppressive 

macrophages and found that some of the patterns we discovered in iregDCs also apply 

to macrophages, while others do not. Similar to DCs, there is not much IL-10 or PDL1 

expression within the macrophage populations of naïve mice (Figure 2.S6A). At day 9 of 

LCMV-Cl13 infection populations of macrophages that express IL-10, PDL1, and the 

iregDC markers CD95 and CD39 begin to develop (Figure 2.S6A). However, a clean 

bifurcation of macrophages with and without immunosuppressive capacity was not 

achieved by segregating them based on CD95 and CD39 dual expression (Figure 

2.S6A). We found that although PDL1 segregated well with CD95 and CD39, dual 

expressing macrophages IL-10 expression did not (Figure 2.S6A). IL-10 expressing 

macrophages could be identified by their expression of FcγRI (Figure 2.S6B). In fact, 

three distinct populations of macrophages with immunosuppressive capacity emerge 

when separating them into FcγRIhigh and FcγRIdim expressing macrophages and then 

further with PDL1 and IL-10 reporter expression. All FcγRIhigh expressing macrophages 

express high amounts of IL-10 and a proportion of them also express PDL1 while others 

do not (Figure 2.S6B). In contrast, the FcγRIdim expressing macrophages do not express 

IL-10 but the majority of them do express PDL1 (Figure 2.S6B). This complex and 

heterogeneous mixture of macrophage populations demonstrates that different programs 

and cellular origins are likely involved in shaping the immunosuppressive macrophage 

populations during LCMV-Cl13. 
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 Similar to what occurs in the iregDC population, the macrophages that express 

CD95 and CD39 are dependent on IFN-I signaling for the upregulation of PDL1 

expression (Figure 2.S6C). This suggests that IFN-I shares common 

immunosuppressive functions across distinct APC subtypes during persistent infection. 

Lastly, when MyD88 and IFNγR were absent from LCMV-Cl13 infected mice the 

development of CD95 CD39 double positive macrophages was defective (Figure 2.S6C).  

These data together demonstrate that the development of the PDL1 expressing (CD95+ 

CD39+) immunosuppressive macrophages and DCs likely depend on similar pathways 

and mediators.  
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DISCUSSION 

 The factors that drive immunosuppression are currently an extremely important 

and exciting area of biomedical research and may potentially lead to profound changes 

in disease morbidity and mortality. However, beyond the distinct functions of many of 

these factors there is a lack of insight into their induction and cellular sources. Herein we 

have demonstrated that monocytes ultimately give rise to the immunosuppressive DCs 

observed in many different diseases. These monocytes require two distinct signals from 

cytokines normally classified as immunostimulatory and anti-viral, namely IFNγ and IFN-

I. IFNγ acts first to drive the differentiation of monocytes into moDCs that have the 

capacity to become immunosuppressive. Monocytes activated and differentiated during 

periods of inflammation are normally thought to be pro-inflammatory187. However, upon 

receiving sustained IFN-I signaling these moDCs acquire the immunosuppressive 

attributes of IL-10 production and PDL1 expression and become iregDCs. The T cell 

suppressive potential of iregDCs is intensified by their elevated expression of T cell 

recruitment ligands over stimDC counterparts (Figure 2.8). Together, these data 

represent a novel connection between inflammatory and immunostimulatory mediators 

and the induction of immunosuppression during persistent virus infection.  

In addition to the effect on iregDCs, IFN-I also limits the ability of stimDCs to 

expand during persistent virus infection, which has been reported previously by other 

groups193. However, we have demonstrated that the mechanism responsible for the IFN-

I mediated induction of IL-10 and PDL1 expression on iregDCs is distinct from the MAVS 

dependent IFN-I driven mechanism that limits stimDC expansion. Without complex and 

thorough phenotyping strategies iregDCs and stimDCs could appear to be the same 

population given that they are both CD11b+ DCs. In fact, other studies that have 

reported reduced cDC function during persistent infections associated with 
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immunosuppression194-197 could have been observing a shift toward iregDC development 

within the CD11b+ DC population rather than a simple loss of cDC function. Without 

extensive phenotyping this subtle but essential point could be missed due to the 

complex nature of DC subpopulations. In addition to extensive phenotypic knowledge, 

this work also provides an understanding of which mechanisms are involved in both the 

development of iregDCs and the suppression of stimDC populations. Therefore, 

depending on the pathogen or model one is working with, we have provided the 

framework to understand the mechanisms involved in the loss of immunostimulatory 

capacity of DCs. 

 Why some DCs that retained stimulatory attributes coexisted within the same 

niche as other DCs with suppressive functions was unknown. If both DC populations 

reside within the same tissue, express similar levels of IFNR, and experience the same 

cytokine milieu150 why are their functions and responses to that environment so 

divergent? This work has revealed that the divergent functions that DCs adopt while in 

the same microenvironment are dependent on the developmental origin of the DCs. With 

the influx of IFNγ early during infection large numbers of moDCs develop and those 

cells, upon IFN-I signaling, uniquely upregulate IL-10 and PDL1 expression. In the 

absence of IFNγ signaling no moDCs develop and therefore there is no DC present that 

will upregulate IL-10 and PDL1 expression in response to IFN-I signaling. The 

development of IL-10 and PDL1 expressing cells and the subsequent T cell exhaustion 

therefore requires a local inflammatory environment. In sites of infection all the requisite 

components are present to induce immunosuppression; IFNγ, inflammation, recruited 

monocytes, IFN-I, and effector T cells. If moDCs are present in distal sites far removed 

from the site of infection or inflammation there will be little to no IFNγ or IFN-I present to 

drive the formation of moDCs and subsequently iregDCs. These data provide insight into 
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the observation that IL-10 and PDL1 expression and consequent T cell exhaustion is 

restricted to the sites of infection or tumor induced inflammation198-202.  

It has been demonstrated previously that MyD88 and IFNγ are important in the 

transition from monocyte into moDC in other inflammatory conditions187,203,204. Therefore, 

the generation of moDC seems to be a common response to inflammation and in this 

study we have shown that it is a sequential process in which MyD88 is required to 

ultimately generate IFNγ and directly induce monocyte to moDC differentiation. Yet, in 

the context of persistent infection and perpetual IFN-I signaling these newly derived 

moDCs are shuttled toward an immunosuppressive function. During any immune 

response the balance between effectively eliminating pathogen and inducing 

immunopathology must be properly maintained to prevent serious morbidity and 

potential mortality while also effectively clearing harmful pathogens. The ability to quickly 

respond and fine-tune an immune response is essential in this balance and our study 

has identified the sequential steps utilized to maintain this equilibrium.  

The monocyte transfer data early and late during infection reveals that 

monocytes are continuously recruited and directed by the current needs of the host. The 

expression of CD95 and active caspases on iregDCs suggests that these cells will be 

highly susceptible to apoptosis. Given their potent immunosuppressive capacity, it would 

be important for these cells to be highly tunable to remove immunosuppressive cells 

when the immunological context dictates. The expression of these pro-apoptotic factors 

and their continual recruitment and differentiation make them a very plastic and 

responsive cell type easily expanded or contracted. 

The infection status of IL-10 producing DCs has been a controversial topic in the 

field of LCMV150,182,183. In our study we have clearly demonstrated with a variety 

strategies that IL-10 and PDL1 expression and the overall iregDC formation is not 
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dependent on either direct virus infection or virus detection. Experiments using MAVS 

and TLR3 deficient mice, the primary LCMV sensors in both the cytosol and the 

endosome, showed no defect in generating iregDCs or producing IL-10 (although PDL1 

was slightly decreased in MAVS-/-), while the impact of IFN-I on the expansion of the 

stimDC population was MAVS dependent. It is essential to note that regardless of the 

infection status of iregDCs they all expressed similar levels of IL-10 and PDL1. The low 

levels of LCMV RNA in the GFP- (uninfected) iregDCs could be sufficient to drive IL-10 

production. However, in the absence of IFN-I signaling DC infection increases150 while 

IL-10 expression decreases (Figure 2.3B). Therefore, if direct infection is necessary to 

stimulate IFN-I which then strictly acts in an autocrine fashion (thereby inducing IL-10 in 

direct virus infection pathway) then GFP+ cells would have expressed significantly more 

IL-10 than GFP-, which is not reflected in the data. It is possible that antigen exposure is 

necessary and the GFP- cells with LCMV-RNA could be a result of abortive infections, 

adhered virions, or other engulfed virus particles. However, as previously mentioned, 

absence of the innate LCMV sensors MAVS and Trif shows no defect in iregDC 

formation or IL-10 production while PDL1 expression is only slightly decreased in MAVS-

/-. These data together demonstrate that the immunosuppressive functions of iregDCs 

are dependent on IFN-I signaling and are not impacted by direct virus infection.  

The distinct DC cellular tropism of LCMV-Cl13 9 days into infection and beyond 

was previously unrecognized. IregDCs, which are moDCs that have acquired 

immunosuppressive capacities, are the primary DC target of LCMV-Cl13 after day 9 of 

infection, although only a fraction of iregDCs are actually infected. StimDCs, which are 

CD11b+ cDCs, are seemingly immune to LCMV-Cl13 infection in this context. 

Investigation into the physiological differences between these cells may reveal 

interesting pathways controlling susceptibility to virus infection. 
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The thorough phenotypic description of immunosuppressive DCs enables better 

analysis and identification of these cells in different disease contexts and species. It is 

important to note that PDL1 in combination with these other markers is a reasonable 

approach to identify iregDC in situations where IL-10 reporter mice cannot be used. 

Furthermore, the use of PDL1 as an identifier of iregDC is only problematic when 

investigating the mechanisms that regulate PDL1 expression itself. Cells similar to those 

found in the LCMV-Cl13, namely moDCs that express CD95, CD39, PDL1, and IL-10, 

were also identified in Mtb, HIV, and cancer. This method of immunosuppression seems 

to be a common characteristic among diseases associated with continually high antigen 

load and perpetual inflammation mediated by IFNγ and IFN-I169,197. Most importantly, we 

identified these cells in a devastating human disease, HIV, which is known to elicit T cell 

exhaustion, suggesting that this mechanism of immunosuppression is a conserved 

program active in human diseases as well. Further investigation into the relationship 

between chronic inflammation and immunosuppression must be undertaken to identify 

fundamental and targetable mechanisms that are ultimately responsible for immune 

exhaustion and immunosuppression. The elimination of immunosuppression by reducing 

the inflammatory signals that induce it may provide novel therapeutic strategies capable 

of restoring T cell functions and purging persistent infections and cancer. 
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MATERIALS and METHODS 

 

Mice and Infections: 

 C57BL/6 (wild type) mice were purchased from The Jackson Laboratory (stock# 

000664) or from the rodent breeding colony at UCLA. 10BiT (IL-10/Thy1.1 reporter mice) 

178 were provided by Dr. Casey Weaver (University of Alabama, Birmingham) via Dr. 

Gislaine Martins (Cedars-Sinai Medical Center, Los Angeles, CA) and were described 

previously. LCMV-GP61-80-speicifc CD4+ TCR transgenic (SMARTA) mice have been 

described previously 205. Ifnar-/- (IFNαR-/-) mice were provided by Dr. Dorian McGavern 

(NINDS/NIH). TRIFLps2/Lps2 (Trif-/-) mutant and MAVS-/- mice were provided by Dr. 

Genhong Cheng (UCLA).  Ifngr1tm1Agt/J (IFNγR-/-, stock# 003288), Myd88tm1.1Defr/J 

(MyD88-/-, stock# 009088), Ptprca Pepcb/BoyJ (CD45.1, stock# 002014) and BALB/cJ 

(stock# 000651) were purchased from the Jackson Laboratory. All mice were housed 

under specific pathogen-free conditions and mouse handling conformed to the 

requirements of the University of California, Los Angeles Animal Research Committee 

guidelines. 

 For LCMV studies, mice were infected intravenously (i.v.) via the retro-orbital sinus 

with 2x106 plaque forming units (PFU) of LCMV-Cl13. Virus stocks were prepared and 

viral titers were quantified as described previously206. For LCMV-Cl13-GFP (provided by 

Juan Carlos de la Torre, The Scripps Research Institute) studies, mice were treated with 

125µg of anti-CD8 depleting antibody (BioXcell – clone 2.43) i.v. via the retro-orbital 

sinus 5 and 2 days before being infected with 8x104 PFU of LCMV-Cl13-GFP. 

 For Mtb studies, mice were infected with 100 colony forming units (CFU) of Mtb 

Erdman strain via exposure for 30 minutes within an aerosol chamber to an aerosol 

generated by a Collison Type 6-jet nebulizer (BGI, Inc.) at 20 psi from a suspension 

containing 7.5x105 CFU/mL Mtb in PBS. The precise number of bacteria used in the 
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aerosol was determined by plating serial dilutions of the infection stock on Middlebrook 

7H11 agar plates and enumerating bacterial CFU. One day after infection, two mice 

were euthanized to determine the initial number of bacteria delivered to the lungs.   

 For HIV studies, BLT mice were constructed similarly to what was reported 

previously 207. Briefly, CD34+ cells were purified via magnetic activated cell sorting with 

CD34 specific beads (Miltenyi) from freshly obtained fetal liver tissue.  NSG mice were 

transplanted with fetal liver stromal and fetal thymus derived from the same tissue. 

Before surgery, the transplant mice were sublethally irradiated (3Gy) and 5x105 

transduced CD34+ cell were injected into the each mouse after surgery.  Six to 12 

weeks later, peripheral blood was collected and analyzed for human cell reconstitution; 

typically 40-90% of the peripheral blood cells are human cells. Following confirmation of 

reconstitution, the mice were then infected with HIV-1NL4-3 (300ng p24, as determined 

by ELISA) by intraperitoneal (i.p.) injection.  Human fetal tissue to produce humanized 

mice was purchased from Advanced Biosciences Resources or from Novogenix 

Laboratories and was obtained without identifying information and did not require IRB 

approval for its use. Specifically, these studies were carried out under strict accordance 

to the guidelines in The Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health and the accreditation and guidelines of the Association for 

the Assessment and Accreditation of Laboratory Animal Care (AALAC) International.  All 

surgeries were performed under ketamine/xylazine and isofluorane anesthesia and all 

efforts were made to minimize animal pain and discomfort.   

 For tumor studies, mice were subcutaneously injected with 1x106 B16 melanoma 

cells in close proximity to the inguinal lymph nodes.  
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Flow Cytometry 

 Analysis of mouse immune cells was performed by staining directly ex vivo for 

viability using Zombie Aqua fixable viability dye (Biolegend).  Dendritic cells (whether 

cDC or monocyte-derived) were defined as: viable (based on viability dye exclusion), 

CD45+, Thy1.2-, NK1.1-, Ly6G-, CD11c++ (high), CD11b+.  Cells were subsequently 

stained for intra- and extra-cellular analysis using the following antibodies purchased 

from Biolegend and eBioscience (except where noted): CD45.1 (clone A20), CD45.2 

(clone 104), or CD45 (clone 30-F11), CD90.2 (clone 30-H12), CD3ε (clone 145-2C11), 

NK1.1 (clone PK136), Ly6G (clone 1A8), CD11c (clone N418), CD11b (M1/70), F4/80 

(clone BM8), PDL1 (clone 10F.9G2 and clone MIH5), CD95 (clone 15A7), CD39 (clone 

24DMS1), CD90.1 (clone HIS51), MHC I (H-2Kb/H-2Db; clone 28-8-6), MHC II (I-A/I-E; 

clone M5/114.15.2), CD80 (clone 16-10A1), CD86 (clone GL-1), CCR2 (R&D Systems; 

clone 475301), FcγRI (clone X54-5/7.1), FcεRIα (clone MAR-1), FcγRII/III (clone 93), 

Ly6C (clone HK1.4), CD172α (clone P84), B220 (clone RA3-6B2), CD4 (clone GK1.5), 

and CD8 (clone 5.3-6.7) and CD68 (clone FA-11). LCMV infection was measured by 

intracellular staining with anti-LCMV nucleoprotein (Bioxcell; clone VL-4) conjugated to 

Alexa Fluor 647 (Molecular Probes). Pan-Caspase activity was assayed directly ex vivo 

by staining with FAM-FLICA Poly Caspase Assay (ImmunoChemistry Technologies).  

 In studies with Mtb infected splenocytes, cells were fixed in 4% formaldehyde in 

PBS for 1h at room temperature to inactivate Mtb prior to flow cytometric analysis. 

Human cells within the BLT mouse were stained directly ex vivo for the expression of 

huCD45 (clone HI30), huCD3 (clone OKT3), huCD337 (clone p30-15), huCD19 (clone 

HIB19), huHLA-DR (clone LN3), huCD14 (Beckman Coulter; clone RMO52), huCD16 

(BD Bioscience; clone 3G8), huCD11c (clone 3.9), huPDL1 (BD Bioscience; clone 

MIH1), huCD95 (clone DX2), huCD39 (clone A1), huCCR2 (clone K036C2), and 
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huFcγRI (clone 10.1). Flow cytometric analysis was performed using a FACSVerse (BD) 

or LSRFortessa (BD). Data was analyzed using FlowJo version 9 and 10 (Treestar).   

 

Purification of APC Subsets 

 For iregDC and stimDC sorting experiments, mouse splenocytes were pooled and 

enriched for CD11c positive cells by magnet activated cell sorting with CD11c 

MicroBeads (Miltenyi). Enriched cells were then extracellularly stained for iregDCs and 

stimDCs and sorted on a FACSAria III (BD). For LCMV-Cl13-GFP experiments each 

mouse was tested for GFP+ (infected) cells before being pooled, enriched, stained for 

iregDCs and stimDCs and sorted on a FACSAriaIII (BD).  For naïve monocyte sorting 

experiments bone marrow cells were pooled, enriched using a monocyte negative 

selection kit (StemCell Technologies), stained for monocytes (CD45+, CD90.2-, NK1.1-, 

Ly6G-, CD11b+, CCR2+, and Ly6C+), and sorted on a FACSAriaIII (BD). For naïve 

conventional DC sorting experiments splenocytes were pooled, enriched for CD11c 

positive cells using CD11c microbeads and an autoMACS (Miltenyi), and sorted on a 

FACSAriaIII (BD). Post sort purity was >98%. 

 Tumor infiltrating leukocytes were harvested 2 weeks after tumor injection. Tumors 

were digested in a solution containing 0.5mg/mL Collagenase D (Sigma Aldrich) for 60 

minutes at 37oC with frequent agitation and resuspension. Digested samples were then 

passed through a 100µm filter, resuspended in a solution of 30% Percoll (GE 

Healthcare), and laid over a solution of 70% Percoll. After centrifugation, the tumor 

infiltrating lymphocytes and leukocytes were harvested from the interface between the 

30% and 70% Percoll fractions. 
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In Vitro T cell stimulation 

 Antigen specific SMARTA CD4+ T cells were isolated from the spleens of naïve 

SMARTA mice and purified by negative selection (StemCell). T cells were labeled with 

2.5 µM CFSE (Invitrogen) and cultured for 3 or 5 days with sorted iregDCs or stimDCs at 

a ratio of 2:1 T cells to dendritic cell populations (40,000 T cells to 20,000 iregDCs or 

stimDCs). Antibodies against PDL1 (BioXcell; clone 1F.9G2) or IL-10R (BioXcell; clone 

1B1.3A) were added at a concentration of 10 µg/ml.  

 

Monocyte Transfer 

 Bone marrow was harvested from naïve donors and enriched for monocytes using 

a monocyte negative selection kit (StemCell Technologies). Enriched monocytes were 

injected i.v. via the retro-orbital sinus of mice infected with LCMV-Cl13 on day 3 of 

infection.  Spleens were harvested at day 9 post infection and analyzed by flow 

cytometry. The number of monocytes transferred varied between experiments (between 

2.5x106 and 6x106 million cells) but was held constant among groups within 

experiments.   

 

Bone Marrow Chimeras 

 Naïve mice were lethally irradiated with 950 rads and subsequently given a 50:50 

mixture of bone marrow harvested from naïve WT and KO donors. Mice were given a 

total of 2x107 bone marrow cells i.v. via the retro-orbital sinus and treated for 4 weeks 

with antibiotics (Sulfamethoxazole and Trimethoprim in the drinking water) to prevent 

infection and allow for immune reconstitution.  Reconstitution was quantified 8 weeks 

post transfer and the mice were subsequently infected. 

 



	 76 

ELISA 

 Plasma samples were assayed for IL-10 and IFNγ by ELISA per the 

manufacturer’s instructions (R&D Systems).  

 

Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) 

 RNA was harvested from sorted cell populations and isolated with the RNeasy 

Extraction Kit (Qiagen). cDNA was generated from the isolated RNA using iScript cDNA 

synthesis kit (BioRad). The expression of IL-10, CXCL9, and CXCL10 were normalized 

to HPRT. IL-10, CXCL9, CXCL10, and HPRT were amplified using Assays-on-Demand 

TaqMan premade primer probes (Applied Biosystems) using an iCycler iQ (Bio-Rad). 

 

Microscopy 

 Fresh spleens were embedded in optimal cutting temperature (OCT; TissueTek) 

and frozen on dry ice. After cryostat sectioning at 6-µm, spleens were fixed with 4% PFA 

for 20 minutes and treated with 3% Hydrogen Peroxide for 30 minutes before blocking 

with an Avidin/Biotin Vector Labs Blocking Kit and 2% Fetal Bovine Serum.  Primary 

antibody incubation included CD4-FITC (BD Biosciences), B220-APC (Biolegend), and 

Thy1.1-Biotin (Biolegend; clone OX-7). After primary antibody incubation, sections were 

washed in PBS before secondary amplification was performed using streptavidin (SA)-

Rhodamine Red-X (Jackson Immuno Research Labs).  For additional rounds of 

secondary amplification, sections were washed with PBS before incubation with 

biotinylated anti-SA (Vector Labs), washed, and stained again with SA-Rhodamine Red-

X.  The amplification process was repeated once more for a total of 3 amplifications with 

Rhodamine Red-X. Sections were visualized using the Zeiss Axio Observe Z1 

immunofluoresence microscope (Carl Zeiss, Inc.) and images were taken using an 
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AxioCam MRm camera with a 10x objective (Carl Zeiss, Inc.).  Images were prepared 

using Adobe Photoshop. 

 

RNA-Seq 

 iregDCs and stimDCs (spleen) were FACSorted based on CD39 and CD95 

expression 9 days after LCMV-Cl13 infection. In parallel, naive monocytes (bone 

marrow) and cDCs (spleen) were FACSorted from naïve mice. Total RNA from each 

population was harvested using the RNeasy extraction kit (Qiagen), converted into 

double-stranded cDNA and amplified using the Ovation RNA-Seq System V2 (NuGEN 

Technologies). Sequencing libraries were then generated from the amplified cDNA 

product using the Kappa LTP library preparation kit (Kappa Biosystems). Briefly, the 

workflow included fragmentation of double stranded cDNA, end repair to generate blunt 

ends, A-tailing, adaptor ligation and PCR amplification steps. Sequencing was 

performed on an Illumina NextSeq 500 sequencer to obtain between 41-52 million 

uniquely mapped 75bp single-end reads per sample. Data quality check was done on 

Illumina Sequencing Analysis Viewer (SAV). Demultiplexing was performed with Illumina 

CASAVA 1.8.2. Reads were mapped onto mouse genome build GRCm38/mm10 using 

TopHat [TopHat v2.0.13, http://tophat.cbcb.umd.edu 208] with settings ‘--library-type fr-

unstranded --no-novel-juncs’.  HTSeq [v0.6.1, http://www-

huber.embl.de/users/anders/HTSeq/doc/overview.html 209] was used to process read 

alignments produced by TopHat. Counts for uniquely mapped reads were obtained for 

each gene across all samples using htseq-count and with the UCSC gene model file 

genes.gtf associated with the mm10 release. Total number of uniquely mapped reads 

and gene length data were used to calculate RPKM expression values and all genes 

with a value of 2 RPKM or more in at least one sample were considered for further 

analysis. 
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 For gene ontology (GO) analysis, genes that were differentially expressed 3-fold or 

higher in the indicated pairwise comparisons were selected.  The online Functional 

Interpretation of Differential Expression Analysis tool [FIDEA, 

http://circe.med.uniroma1.it/fidea/ 210] was used to annotate gene lists with GO terms 

associated with the Biological Process (BP) category. 

 RPKM values for all genes expressed above the 2 RPKM cutoff were used to 

perform hierarchical clustering using the R ‘stats’ package [(R Core Team (2013). R: A 

language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria. ISBN 3-900051-07-0)]. A Euclidean distance matrix was 

calculated using the ‘dist’ function and used to plot a dendrogram with the ‘hclust’ 

function using the ‘ward.D2’ method. Log-transformed RPKM values for iregDC and 

stimDC samples were plotted using the R package ‘ggplot2’. 
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Figure 2.1:	In vivo localization and identification of immunoregulatory DCs during 

viral persistence 

A. Sections from IL-10 reporter mice infected with LCMV-Cl13 for 9 or 36 days were 

stained for B cells, CD4+ T cells, and CD90.1 (IL-10) and visualized at 10x 

magnification. Staining control for CD90.1 in non-reporter mice can be seen in Figure 

2.S1A  

B. CD39 and CD95 expression on splenic CD11b+ DCs from naive IL-10 reporter mice 

or IL-10 reporter mice infected with LCMV-Cl13 for 9 or 30 days and their corresponding 

expression of CD90.1 (IL-10) and PDL1 within the iregDC (red) and stimDC (blue) 

populations. Bar graphs indicate the geometric mean fluorescence intensity (MFI) of 

CD90.1 (IL-10) and PDL1 expression by iregDCs (red) and stimDCs (blue). DC are 

characterized as being viability dye-, CD45+, Thy1.2-, NK1.1-, Ly6G-, CD11c++ (high), 

CD11b+ (Figure 2.S1B). 

C. The number of iregDCs (red) and stimDCs (blue) based on CD39 and CD95 

expression at the indicated time point after LCMV-Cl13 infection.  

D. Histograms of the indicated protein on iregDCs (red) and stimDCs (blue) at day 9 of 

LCMV-Cl13 infection 

E. IregDCs and stimDCs were sorted from splenocytes at day 9 of LCMV-Cl13 infection 

and cultured with LCMV specific CD4+ T cells (SMARTA) for 3 days with IL-10R 

blocking antibody, PDL1 blocking antibody, or media alone. Bar graph represents the 

proportion of SMARTA cells with an activated phenotype after the culture. Data in 1E 

show a single experiment using iregDC and stimDC sorted from a pool of 8 mice in order 

to obtain adequate numbers of each population.   

Data are representative of 2 or more independent experiments consisting of 3-4 mice 

per group.  *, p<0.05.  
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Figure 2.2: IregDCs have a distinct expression profile compared to stimDCs 

IregDCs and stimDCs were sorted from day 9 LCMV-Cl13 infected mouse splenocytes, 

RNA was harvested and subjected to RNA-seq.  

A. Graph scatter shows the log-transformed expression values for genes expressed at 2 

RPKM or more in at least one sample. Dots are color-coded based on the ratio of RPKM 

values to indicate differentially expressed (DE) genes between the two cell types. The 

number of genes in each DE group are indicated in the top left (higher in stimDCs) and 

bottom right (higher in iregDCs) corners. Selected DE genes from this dataset are shown 

in the rest of the panels to highlight important gene groups as indicated on top of each 

panel.   

B. Gene Ontology (GO) term over representation analysis was performed on a set of 

genes that were at least 5-fold differentially expressed between the iregDC and stimDC 

samples. Plots show the statistical significance of GO terms that are enriched in genes 

expressed at higher levels in iregDCs and stimDCs. The number of genes that were 

classified under a particular GO term are indicated in brackets. GO terms with an 

adjusted (Benjamini-Hochberg method) p-value of <= 0.05 were considered to be 

enriched in the DE gene set. 

C. Bar graphs show the fold change in the indicated gene. Up on the y-axis indicates 

increase in iregDC (red).  Down on the y-axis indicates increase in stimDC (green).  The 

number in parenthesis indicates the RPKM value of the highest sample (to indicate 

relative expression level). 
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Figure 2.3: Two-pronged mechanism of IFN-I mediated immunosuppression: IFN-I 

programs iregDC suppressive functions and limits stimDC generation 

A. CD39 and CD95 expression by splenic CD11b+ DCs from WT and IFNαR-/- mice at 

day 9 after LCMV-Cl13 infection. Bar graphs indicate the number of iregDC (CD39+, 

CD95+), stimDC, and total splenocytes.  

B. Histogram shows PDL1 expression on iregDCs from WT (grey) and IFNαR-/- (white) 

mice. Bar graphs show quantification of PDL1 expression (flow cytometry - MFI) and IL-

10 RNA (qRT-PCR – relative expression to HPRT) by iregDC from WT and IFNαR-/- 

mice at day 9 of LCMV-Cl13 infection. To obtain sufficient cell numbers for the IL-10 

RNA analysis, iregDC and stimDC were sorted from a pool of 8 mice. Data for IL-10 

RNA analysis show one of two experiments.   

C. Flow plots show reconstitution of CD11b+ DCs from WT (CD45.1+) and IFNαR-/- 

(CD45.2+) lineage cells in 50:50 bone marrow chimera pre-infection (blood – 9 weeks 

post reconstitution) and post-infection (spleen – day 9 of LCMV-Cl13 infection). Bar 

graph shows quantification of the percent of lineage derived CD11b+ DCs. 

D. Flow plots show iregDC and stimDC gated on splenic CD11b+ DCs at day 9 after 

LCMV-Cl13 infection of the WT: IFNαR-/- bone marrow chimera mice.  Flow plots are 

gated on the WT and IFNαR-/- lineage from the same mouse. Histogram shows PDL1 

expression on iregDCs from WT (grey) and IFNαR-/- (white) lineage cells in the same 

chimeric mouse. Bar graph indicates the total number of iregDC and stimDC and PDL1 

MFI from each lineage in the chimeric mice.  

E. Bar graph shows IL-10 concentration in the supernatant of sorted CD11b+ DC after 

stimulation with media alone or IFNβ.  Supernatants were harvested 24 hours after 

culture. 
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F. IregDCs and stimDCs were sorted from WT or IFNαR-/- mice 9 days after LCMV-Cl13 

infection and co-cultured with CFSE labeled naïve LCMV-specific CD4 SMARTA T cells. 

No peptide was added to the cultures. Flow plots show CFSE dilution by the virus-

specific CD4 T cells 5 days after co-culture. Numbers in the flow plot indicate the percent 

of virus-specific CD4 T cells that have diluted CFSE. The bar graph indicates the percent 

of virus-specific CD4 T cells that have undergone 3 or more divisions (gated on divided 

cells), as calculated previously211. 

Data are representative of 2 or more independent experiments consisting of 3-4 mice 

per group.  *, p<0.05. 
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Figure 2.4: Suppressive iregDC are of monocyte origin 

A. Flow plots show CCR2 and FcγRI expression on splenic CD11b+ DCs on day 9 after 

LCMV-Cl13 infection. CCR2+, FcγRI+ (red) and CCR2-, FcγRI- (blue) populations are 

subsequently plotted on iregDC markers CD95 and CD39.  

B. Expression of FcεR1α, FcγRII/III, and Ly6C on iregDCs (red) and stimDCs (blue) 

gated on CD95 and CD39 from CD11b+ DCs on day 9 after LCMV-Cl13 infection. 

C. Dendogram representing the gene expression profile relationship between monocytes 

and CD11b+ DCs from naïve mice and iregDCs and stimDCs from day 9 LCMV-Cl13 

infected mice. Bar graph of the expression of key monocyte-associated (red - SpiC and 

CsfR1) and conventional DC-associated genes (green – zbtb46 and FLT3) 

D. Left flow plots depict CCR2 and FcγRI expression on splenic CD11b+ DCs at day 25 

after LCMV-Cl13 infection. Right flow plots depict CD39 and CD95 expression gated on 

CCR2+, FcγRI+ (red) and CCR2-, FcγRI- (blue) populations. 

E. Monocytes were isolated from naïve WT CD45.1+ mice and transferred into WT 

CD45.2+ mice that had been infected for 3 days with LCMV-Cl13.  Left flow plots show 

DC and iregDC marker expression on isolated monocytes prior to transfer (gated on 

CCR2+, Ly6C+, FcγRI+ cells).  Right flow plots depict transferred monocytes on day 6 

post-transfer (day 9 after infection; gated on CD45.1+, CCR2 +, FcγRI+, CD11b+ cells).  

Histogram represents the expression of PDL1 of the transferred monocytes based on 

iregDC (red) and stimDC (blue) gates. 

F. Naïve CD45.1+ monocytes were transferred into WT CD45.2+ mice that had been 

infected with LCMV-Cl13 for 19 days.  Six days later (day 25 after infection), DC and 

iregDC differentiation were analyzed in the spleen.  Flow plots are gated on the 

transferred CD45.1+, CCR2+, FcγRI+ cells and then into the CD11c high (DC) and 

CD11c- populations.  The histogram shows the expression of PDL1 on the CD11c high 
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(shaded grey) and CD11c- (solid black line) monocyte-derived subsets 6 days after 

transfer. 

G.  Naïve WT or IFNαR-/- monocytes were transferred into LCMV-Cl13 infected WT 

mice as in E.  Flow plots show CD39 and CD95 expression on transferred monocytes in 

the spleen on day 9 after LCMV-Cl13 infection (gated on CCR2+, FcγRI+, CD11c++, 

CD11b+ DC). Bar graph indicates PDL1 expression on iregDCs derived from the 

transferred monocytes. 

Data are representative of 2 or more independent experiments consisting of 3-4 mice 

per group.  *, p<0.05.  RNA-seq is from 1 experiment using samples pooled from 10 

mice per group. 
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Figure 2.5: Extrinsic MyD88 signaling, but not direct LCMV infection is required for 

iregDC differentiation 

A. WT mice were CD8 depleted and then infected with LCMV-Cl13-GFP.  Flow plots 

show GFP expression (i.e., LCMV infection) in splenic iregDC and stimDC (gated on 

CD39 and CD95) on day 9 after infection.  In parallel, naïve splenic DC (N), and iregDC 

and stimDC were sorted based on GFP expression on day 9 after infection.  The level of 

GFP+ stimDC was too small to obtain adequate numbers for RNA isolation. Bar graphs 

show relative expression of IL-10 RNA and LCMV-GP RNA (qRT-PCR – relative 

expression to HPRT) and the MFI of PDL1 protein expression from the sorted 

populations.  To obtain sufficient cell numbers for the RNA analyses infected and 

uninfected iregDC and stimDC were sorted from a pool of 8 mice.  Data show one of two 

experiments. 

B. Flow plots show the percent and bar graphs the number of iregDC and stimDC in the 

indicated mouse strain from splenic CD11b+ DCs at day 9 after LCMV-Cl13 infection. 

C. Bar graphs indicate plasma IL-10 concentration and PDL1 expression in WT, IFNαR-

/-, and MyD88-/- mice at day 9 after LCMV-Cl13 infection.  

D. Mixed chimera mice were generated using bone marrow from WT and MyD88-/- bone 

marrow. Flow plots depict WT and MyD88-/- lineage splenic CD11b+ DCs at day 9 after 

LCMV-Cl13 of WT. Histogram shows PDL1 expression on iregDCs from WT (white) and 

MyD88-/- (grey) lineage cells. Bar graphs indicate PDL1 expression and the number of 

iregDC and stimDC from each lineage in the chimera mice. 

E. Naïve WT and MyD88-/- monocytes were transferred into WT mice and analyzed on 

day 9 after LCMV-Cl13 infection as described in Figure 4E. 

Data are representative of 2 or more independent experiments consisting of 3-5 mice 

per group.  *, p<0.05. 
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Figure 2.6: Monocytes require direct IFNγR signaling for DC differentiation 

throughout persistent virus infection 

A. Plasma IFNγ concentration in WT and MyD88-/- mice at day 9 after LCMV-Cl13 

infection.  

B. CD39 and CD95 expression by splenic CD11b+ DCs from WT and IFNγR-/- on day 9 

in LCMV-Cl13. Bar graphs indicate the number of iregDC, stimDC, total CD11b+ DC, 

total splenocytes and plasma IL-10 concentration in WT and IFNγR-/- mice at day 9 after 

LCMV-Cl13 infection. 

C. WT and IFNγR-/- naïve monocytes were transferred into LCMV-Cl13 infected WT 

mice and gated and analyzed as in Figure 4E.  Flow plots show CD11c++ DC, and 

iregDC and stimDC development in WT (left flow plots) and IFNγR-/- (right flow plots) 

transferred monocytes. Bar graphs indicate the total number of transferred cells at day 9 

after infection and the number of CD11b+ DC, iregDC, and stimDCs derived from the 

transferred monocytes. 

D. Flow plots represent the percent of moDCs (gated on total CD11b+ DC) on day 9 in 

LCMV-Cl13 infected WT and IFNγR-/- mice. Bar graphs indicate the number of moDC 

and total splenocytes at day 9 after LCMV-Cl13 infection. 

Data are representative of 2 or more independent experiments consisting of 3-5 mice 

per group.  *, p<0.05. 
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Figure 2.7: Monocyte-derived iregDCs develop in Mtb infection, HIV infection and 

cancer 

A. Flow plots show CD39 and PDL1 expression on splenic CD11b+ DCs from IL-10 

reporter mice either uninfected or infected with virulent Mtb for 36 days. Histograms 

indicate expression of the indicated protein on iregDC (red) and stimDC (blue). Bar 

graphs indicate the number of iregDC and stimDC in uninfected and Mtb infected mice.  

B. Flow plots show CD39, PDL1 and monocyte-associated proteins on CD11c++, HLA-

DR+, CD14+ iregDC (red) and stimDC (blue) from the peripheral blood of naïve 

humanized mice and HIV infected humanized mice. 

C. Flow plots show CD39, PDL1 and monocyte-associated proteins on CD11b+, 

CD11c++ iregDC (red) and stimDC (blue) on B16 melanoma infiltrating leukocytes.  

Data are representative of 2 or more independent experiments consisting of 4-7 mice 

per group.  *, p<0.05. 
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Figure 2.8: Proposed model for iregDC development and IFN-I mediated 

suppression of stimDC expansion culminating in the immunosuppression and T 

cell exhaustion 
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Figure 2.S1: In vivo IL-10 microscopy controls, CD11b+ DC gating strategy, iregDC 

development in other immune sites, iregDC differentiation in BALB/c mice and 

during LCMV-Arm infection 

A. Sections from LCMV-Cl13 infected WT (i.e., non-IL-10 reporter) mice were stained for 

B cells, CD4+ T cells, and CD90.1 on the indicated day.  Sections were visualized at 10x 

magnification.  

B. Flow plots demonstrate the gating strategy used to identify dendritic cells. The Dump 

includes antibodies against NK cells (anti-NK1.1), T cells (anti-Thy1.2) and neutrophils 

(Ly6G). 

C. CD39 and CD95 expression on CD11b+ DCs found in the liver, inguinal lymph nodes, 

and mesenteric lymph nodes of IL-10 reporter mice infected with LCMV-Cl13 for 9 days 

and their corresponding expression of CD90.1 (IL-10) and PDL1 within the iregDC (red) 

and stimDC (blue) populations. 

D. Flow plots and bar graphs illustrate iregDC and stimDC differentiation in C57BL/6J 

and Balb/cJ mice on day 9 after LCMV-Cl13 infection. 

E. Flow plots and bar graphs illustrate iregDC and stimDC differentiation and PDL1 

expression at day 9 of LCMV-Armstrong infection. 

Data are representative of 2 or more independent experiments consisting of 3-4 mice 

per group. 
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Figure 2.S2: IFNβ  if not required for iregDC differentiation and the reconstitution 

of the WT: IFNαR-/- mixed bone marrow chimera mice pre- / post- LCMV-Cl13 

infection and pre-transfer naïve monocyte phenotype 

A. Flow plots and bar graphs illustrate iregDC and stimDC differentiation, iregDC PDL1 

expression, and IL-10 production in IFNβ-/-. 

B. Flow plots and bar graphs show the reconstitution of WT (CD45.1+) and IFNαR-/- 

(CD45.2+) lineage cells in bone marrow chimera mice pre-infection (blood – 9 weeks 

post reconstitution) and post-infection (spleen – day 9 of LCMV-Cl13 infection).  

Data are representative of 2 or more independent experiments consisting of 3-4 mice 

per group. *, p<0.05. 
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Figure 2.S3: Monocytes do not express the iregDC markers, CD95, CD39, or PDL1 

when harvested from the bone marrow of naïve mice or 6 days post transfer of 

naïve monocytes into an uninfected mouse 

A. Phenotype of naïve monocytes isolated from the bone marrow of WT mice prior to 

transfer into LCMV-Cl13 infected mice 

B. Monocytes were isolated from naïve WT CD45.1+ mice and transferred into naïve WT 

CD45.2+. Flow plots depict transferred monocytes on day 6 post-transfer (gated on 

CD45.1+, CCR2 +, FcγRI+, CD11b+ cells). 

Data are representative of 2 or more independent experiments consisting of 3-4 mice 

per group. 
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Figure 2.S4: Infection of monocyte-derived cells late during infection, CD8 

depletion does not alter LCMV DC tropism, and the IL-10 and PDL1 expression 

from IFNαR-/-, MyD88-/-, MAVS-/-, and Trif-/- mice 

A. Flow plots illustrate LCMV infection on splenic CD11b+, CD11c++ DC on day 25 after 

LCMV-Cl13 infection in WT mice. 

B. Flow plots of iregDC and stimDC from WT (non-CD8 depleted) mice stained for 

LCMV-Nucleoprotein expression on day 9 after LCMV-Cl13 infection. 

C. Graphs indicate plasma IL-10 levels and iregDC PDL1 expression in the indicated 

pathogen recognition receptor deficient mice. 

Data are representative of 2 independent experiments consisting of 3-5 mice per group. 

*, p<0.05. 
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Figure 2.S5: MyD88-/- T cells have diminished IFNγ  production and plasma IFNγ  

levels and the iregDC population size follow the same kinetics 

A. Flow plots and graphs represent the CD8+ and CD4+ T cell production of IFNγ after 

ex vivo restimulation with the immunodominant CD8 and CD4 restricted LCMV epitopes 

GP33 and GP61, respectively. 

B. Graph represents the plasma IFNγ concentration over 30 days of LCMV-Cl13 

infection together with the total numbers of CD95+ CD39+ iregDCs in the spleen by flow 

cytometry from the same animals over the same time period. Samples were collected at 

2.5, 5, 9, and 30 days after infection with LCMV-Cl13. 

Data are representative of 2 independent experiments consisting of 3-5 mice per group. 

*, p<0.05. 
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Figure 2.S6:	Immunosuppressive macrophages share some common features with 

iregDCs 

A. CD39 and CD95 expression on splenic CD11b+ F4/80+ macrophages from naive IL-

10 reporter mice or IL-10 reporter mice infected with LCMV-Cl13 for 9 or 30 days and 

their corresponding expression of CD90.1 (IL-10) and PDL1 within the iregDC (red) and 

stimDC (blue) populations. Bar graphs indicate the geometric mean fluorescence 

intensity (MFI) of CD90.1 (IL-10) and PDL1 expression by iregDCs (red) and stimDCs 

(blue). Macrophages are characterized as being viability dye-, CD45+, Thy1.2-, NK1.1-, 

Ly6G-, CD11c dim/-, CD11b+, F4/80+. 

B. PDL1 and IL-10 reporter expression on FcγRIhigh (red) and FcγRIdim (blue) splenic 

CD11b+ F4/80+ macrophages from WT mice at day 9 of LCMV-13 infection. 

C. CD39 and CD95 expression on splenic CD11b+ F4/80+ macrophages from WT, 

IFNαR-/-, MyD88-/-, and IFNγR-/- mice at day 9 of LCMV-13 infection. Bar graphs 

represent the total number of CD95+ CD39+ and CD95- CD39- macrophages and the 

MFI of PDL1 on CD95+ CD39+ macrophages from WT (grey) and KO (black) lineages. 

Data are representative of 2 independent experiments consisting of 3-5 mice per group. 

*, p<0.05. 
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CHAPTER THREE 

 

CD8 T cells and type I Interferon signaling disrupt T cell development during persistent 

viral infection 
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ABSTRACT 

The thymus is critical in generating and maintaining a diverse and functional T cell 

repertoire throughout the life of the host. A number of infectious pathogens, including 

persistent viral infections such as HIV, can trigger dramatic thymocyte depletion. 

Although thymic depletion can likely occur through a variety of mechanisms, the 

biological mechanism behind this depletion and the biological implications on thymic 

function are not well understood. In this study, we demonstrate that persistent, but not 

acute lymphocytic choriomeningitis virus (LCMV) infection rapidly triggers a severe 

depletion of CD4+ CD8+ double positive thymocytes and induces a block in thymocyte 

development at the CD4- CD8- double negative stage. The thymic depletion observed in 

persistent LCMV infection is dependent upon virus-specific CD8 T cell responses and 

type I interferon signaling. As infection progressed, thymic reconstitution was observed 

coinciding with virus-specific CD8 T cell exhaustion, although few, if any, new LCMV-

specific CD8 T cells were generated. Thus, we demonstrate that persistent LCMV 

replication negatively impacts thymic function and interferes with the generation of new 

antiviral T cell responses. 
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INTRODUCTION 

 The thymus is a primary lymphoid organ responsible for the development and 

maturation of hematopoietic stem cell (HSC)-derived T cell progenitors into functional 

CD4+ and CD8+ T cells 153. Interactions between developing thymocytes and elements 

of the thymic stroma, as well as resident antigen presenting cells (APC) eliminate clones 

bearing potentially harmful or non-functional T cell receptors (TCRs) while promoting the 

expansion and survival of thymocytes bearing potentially useful TCRs156. T cell 

precursors enter the thymus as CD4- CD8- double negative (DN) cells, and proceed to 

develop into CD4+ CD8+ double positive (DP) cells as they rearrange their TCR. This 

DP population undergoes positive and negative selection in the thymic cortex and 

surviving thymocytes further differentiate into CD4+ or CD8+ single positive (SP) cells, 

which undergo further rounds of instruction in the medulla to become mature T cells and 

exit the thymus153. The thymus is most active during the first years of life and although 

thymic function progressively wanes, the organ remains functional and able to produce 

new T cells throughout the life of the host.  

Numerous infectious pathogens have a negative effect on thymic function, 

typically manifesting as a rapid and profound loss of thymic cellularity, particularly of the 

DP thymocyte population163,164,167,212. Disruption of the thymus and the ability to produce 

new T cells could have important consequences on resulting immune quality and 

particularly in children, wherein the T cell compartment is rapidly being generated. 

Persistent infections that are able to replicate in the thymus can lead to thymocyte 

depletion by direct thymocyte infection, presentation of viral peptides by thymic epithelial 

cells (TECs) and dendritic cells (DCs) in the thymus can lead to negative selection of 

thymocytes that recognize the infecting virus, or through the induction of cytokines and 

hormones that diminish progenitor trafficking to the thymus or that rapidly kill developing 

thymocytes. LCMV can infect the thymic stroma (and to a small extent thymocytes) and 
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mediate life-long negative selection of virus-specific responses in neonatally infected 

mice213. Interestingly, LCMV efficiently replicates in the thymus following infection of 

neonatal mice leading to negative selection of LCMV-specific T cells and persistent 

infection214. Persistent infection of adult mice with LCMV also leads to thymic infection, 

however the impact of this persistent replication on thymic function and de novo 

generation of new antiviral T cells is unknown.  

 Lymphocytic Choriomeningitis Virus (LCMV) is a model infectious agent that can 

induce an acute or persistent infection in mice. Infection with the LCMV variant 

Armstrong (Arm) induces robust T cell and B cell responses that eliminate the infection 

in 8-12 days leading to the generation of protective memory. In contrast, infection with 

LCMV-Clone 13 (Cl13) replicates to higher titers, outpacing the immune response 

leading to the expression of host-based regulatory factors and cell populations that 

suppress antiviral immunity facilitating persistent infection4. Multiple parallels between 

the immune response to LCMV and persistent virus infections in humans (e.g. HIV, 

Hepatitis B and C) make this infectious agent a powerful tool to dissect the 

immunological mechanisms of host-pathogen interaction5. Although it is known that 

LCMV can infect the thymic stroma and mediate life-long negative selection of virus-

specific responses in congenitally infected mice27, it is currently unknown how acute or 

persistent LCMV infection acquired during adulthood affects thymic function.  

 In this study we demonstrate that persistent, but not acute LCMV infection leads 

to global thymocyte depletion. Depletion was not due to direct thymocyte infection or 

killing by virus-specific T cells, but required both virus-specific CD8 T cells and type I 

interferon signaling. Consistent with the requirement for virus-specific CD8 T cells, 

progressive thymic reconstitution occurred in conjunction with CD8 T cell exhaustion. 

Most strikingly, due to the ongoing viral replication in the thymus, very few (if any) 

LCMV-specific T cells were generated. Thus, these data demonstrate that persistent 
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LCMV infection within the thymus leads to an initial global loss of thymocyte generation 

followed by a long-term inability to generate new LCMV-specific T cells. These data 

suggests that re-building the T cell repertoire through HSC adoptive transfer during a 

persistent viral infection will face substantial barriers that must be studied and overcome 

before such strategies can become feasible. 
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RESULTS 

Persistent LCMV infection rapidly induces severe thymic depletion 

To address how LCMV infection affects thymic function and T cell generation, we 

infected mice with acute LCMV-Armstrong (Arm) or persistent LCMV-Cl13 (Cl13). 

Infection with the LCMV variant Armstrong (Arm) induces robust T cell and B cell 

responses that eliminate the infection in 8-12 days leading to the generation of protective 

memory while infection with LCMV-Clone 13 (Cl13) replicates to higher titers, outpacing 

the immune response leading to the expression of host-based regulatory factors and cell 

populations that suppress antiviral immunity facilitating persistent infection 33,40,43,215. 

LCMV can infect the thymus, but the impact of infection on thymic function is 

currently unknown. We therefore addressed how the acute (Arm) and persistent (Cl13) 

strains of LCMV affect the survival and development of thymocytes at multiple time 

points after infection. Both LCMV-Arm and Cl13 efficiently infect the thymus, but 

whereas LCMV-Arm is cleared within 9 days after infection, LCMV-Cl13 persists in the 

thymus at high levels up to 30 days after infection (Figure 3.1A). Although both acute 

and persistent infection induces a modest (~2-fold) drop in the numbers of developing 

thymocytes 5 days after infection, persistent, but not acute, LCMV infection leads to a 

dramatic loss of developing thymocytes by 9 days after infection (Figure 3.1B). This drop 

in cellularity is primarily due to the near-total loss of the CD4+ CD8+ double positive 

(DP) thymocyte population (Figure 3.1B and 3.1C). In contrast to LCMV-Arm infection, 

LCMV-Cl13 infected mice exhibited a slow and incomplete recovery of thymic cellularity, 

with the DP thymocyte population partially restored by 30 days post infection (Figure 

3.1B and C). LCMV does not infect thymocytes (not shown) and therefore the thymic 

depletion observed during LCMV-Cl13 infection is likely not due to the direct targeting 

and killing of thymocytes, but rather of the thymic stromal cells required for positive 
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selection 213(from Thymus paperv5). Likewise, since only very few thymocytes at any 

given time would have T cell receptors specific to LCMV, the depletion is not likely due 

to negative selection by LCMV antigen-presenting TECs and DCs within the thymus. 

Overall, the profound thymic depletion observed during persistent LCMV infection is 

primarily due to the loss of and failure to repopulate the DP thymocyte population. DP 

thymocytes as a population are very sensitive to death as the vast majority of them will 

not survive their developmental process to ultimately egress from the thymus and 

become a naïve T cell. 

DP thymocytes are particularly sensitive to glucocorticoid mediated death in 

other models of infection216. We attempted to investigate the role of glucocorticoids 

toward LCMV mediated thymic depletion using adrenalectomized mice, however these 

mice do not survive beyond day 6 following LCMV-Cl13 infection (not shown). However, 

when evaluated at day 6 of infection the initial thymic depletion was still evident and no 

difference between LCMV-Cl13 infected adrenalectomized and mock-adrenalectomized 

mice was observed (Figure 3.S1). 

The profound, long-term drop depletion of the DP thymocyte subset in the 

persistently infected thymus suggests disruption of T cell development at or before the 

DP stage. To determine whether a developmental arrest occurs before the DP stage, we 

assessed the precursor CD4- CD8- double negative (DN) population. We observed that 

every subset of the DN population (DN1 (CD44+ CD25-), DN2 (CD44+ CD25+), DN3 

(CD44- CD25+), and DN4 (CD44- CD25-), in their respective developmental order) 

experiences a large drop in total cellularity during Cl13 infection, with the greatest 

proportionate losses occurring within the DN2 and DN3 stages (Figure 3.2A and B). At 

Day 9 of Cl13 infection there is a substantial increase in the frequency of DN1 

thymocytes within the DN compartment with correlating decreases in the DN2, DN3, and 

DN4 frequencies (Figure 3.2C). Although the initial loss of the DP population occurs 
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through apoptosis at the DP stage (not shown), this data indicates that thymocyte 

development beyond the DN1 stage is not supported during Cl13 infection and 

replenishment of the DP population may not be occurring until the DN subset begins to 

recover.  

 

Virus-specific effector CD8+ T cells home back into the thymus and mediate 

thymic depletion 

Peripheral effector CD8+ T cells are capable of homing back into the thymus to 

combat an infection and take up residence within the tissue as memory cells after 

pathogen clearance. To track and analyze the function of the peripheral virus-specific 

CD8+ T cell response within the thymus, we adoptively transferred LCMV-specific TCR-

transgenic P14 cells prior to LCMV infection. We observed that virus-specific CD8+ T 

cells enter the thymus during both acute and persistent LCMV infection and are 

maintained over a long-term period (Figure 3.3A and B). Unlike LCMV Armstrong 

infection, LCMV Cl13 infects the thymus for an extended period (Figure 3.1A), and 

maintenance of virus-specific responses during LCMV Cl13 infection is dependent on 

antigen signaling4. This indicates that virus-specific CD8 T cells continue to combat virus 

within the thymus throughout the course of persistent infection. As persistent infection 

progresses, virus-specific CD8 T cells lose proliferative and cytolytic function, as well as 

the ability to secrete the antiviral cytokines interferon gamma (IFNγ) and tumor necrosis 

factor alpha (TNFα), a phenomenon termed exhaustion4. We evaluated the function of 

thymic-resident virus-specific CD8 T cells and observed they also become exhausted 

during the course of persistent infection, losing the ability to secrete IFNγ and TNFα in 

stark contrast to thymic resident CD8+ T cells in acute infection (Figure 3.3C). 

Interestingly, exhaustion of thymic-resident virus-specific CD8 T cells correlates with the 
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restoration of T cell development in the thymus (Figure 3.1). This raises the possibility 

that infection-induced thymic depletion is dependent on virus-specific CD8 T cell 

function. 

Because virus-specific CD8 T cells are capable of killing infected thymic stromal 

cells and disrupting the thymic microenvironment we sought to determine whether CD8+ 

T cells mediate thymic depletion during persistent LCMV infection. By depleting 

peripheral CD8+ T cells with a CD8 T cell-depleting antibody before infection with 

LCMV-Cl13, we were able to establish a model of persistent infection that lacks a virus-

specific CD8 T cell response. Treatment with the CD8 T cell depleting antibody removes 

CD8-expressing cells from the blood and peripheral lymphoid organs but does not 

perturb CD8-expressing developing thymocyte populations (data not shown). Strikingly, 

we observed that the elimination of peripheral CD8+ T cells prior to infection with Cl13 

almost completely prevented the thymocyte loss observed during Cl13 infection (2.4A 

and B). This demonstrates that thymic depletion during persistent infection is mediated 

by a CD8 T cell-dependent mechanism. 

CD8 T cells can recognize viral antigen presented on MHCI, which triggers 

degranulation, killing of infected cells, and cytokine production. Alternatively, CD8 T cells 

may be activated nonspecifically by the inflammatory milieu. To determine whether 

thymic depletion occurred due to a virus-specific CD8 T cell-mediated mechanism, we 

infected OTI transgenic mice, which bear a CD8 restricted TCR specific for ovalbumin 

(OVA) and do not form a virus-specific CD8 T cell response upon LCMV infection. We 

found that OTI mice infected with LCMV-CL13 do not experience the massive thymic 

depletion found in wild type mice (Fig 2.4C and D). Combined, our data indicates that 

virus-specific CD8 T cells are the primary mechanism driving thymic depletion during 

LCMV-Cl13 infection.  
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To investigate the potential contribution of CD4 T cell and NK cell-mediated 

mechanisms to the thymic depletion observed during persistent infection, we used 

depleting antibody treatments to eliminate CD4 T cells and NK cells prior to LCMV Cl13 

infection. Lack of CD4 T cell or NK responses did not rescue the thymus from depletion 

(Fig 2.5A and B), indicating that CD8 T cells are the primary immune mechanism 

responsible for thymocyte depletion and do not require CD4 or NK help. Virus-specific 

CD8+ T cells are capable of directly killing infected cells (via Perforin or FasL) or 

affecting the local micro-environment by the secretion of inflammatory cytokines such as 

IFNγ and TNFα. To dissect the mechanism of CD8+ T cell-mediated thymic depletion, 

we evaluated the role of IFNγ, TNFα, Perforin, and FasL by infecting transgenic mice 

deficient in the aforementioned pathways. However, none of the investigated pathways 

made a significant individual contribution to thymocyte loss during Cl13 infection (Figure 

3.5C-F). The data therefore suggests that a combination of redundant effector pathways 

mediates CD8+ T cell-dependent thymic depletion.  

 

Thymic depletion is modulated by type 1 interferon 

Type I interferon (IFN-I) is an immunomodulatory cytokine produced during 

numerous bacterial and viral infections, including LCMV infection. Importantly, IFN-I has 

been reported to cause thymocyte death during HIV infection within a human fetal thymic 

organ culture, and our group demonstrated that blocking IFN-I at the onset of persistent 

infection resulted in diminished CD8+ T cell responses. We thus sought to identify the 

potential contribution of IFN-I to thymic depletion during persistent infection. We 

observed that thymocyte loss in response to LCMV-Cl13 infection is significantly 

reduced in type I interferon receptor (IFNaRI-/-) knockout mice compared to wild type 

mice, although some thymic depletion still occurred (Figure 3.6A and B).  We 
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subsequently blocked IFN-I receptor (IFNR) signaling early during infection in wild type 

mice and similarly observed a reduced level of thymic depletion in anti-IFNR treated 

compared to isotype treated animals (Figure 3.6C and D). Our data thus identifies IFN-I 

signaling as an important component of thymic depletion during persistent infection.  

 

LCMV specific CD8 T cells cannot egress from an LCMV infected thymus 

The restoration of thymopoiesis by day 30 after LCMV-Cl13 infection suggests that 

newly generated virus-specific T cells may now emerge from the thymus and be 

recruited into the ongoing antiviral response. On the other hand, the ongoing virus 

replication could lead to negative selection of LCMV-specific T cells preventing their 

reconstitution. To specifically delineate de novo LCMV-specific T cell development 

following thymic reconstitution, but in the presence of ongoing thymic infection, we 

generated partial bone marrow chimera mice using the chemotherapeutic agent 

busulfan217. Used at a low dose (30 mg/kg) busulfan partially depletes the bone marrow 

hematopoietic stem cell niche without disrupting the peripheral immune compartment, 

allowing for the introduction and partial engraftment of donor stem cells without the 

disruption of the ongoing immune response and control of infection. Uninfected mice or 

mice 30 days into persistent infection were treated with busulfan and given lineage-

depleted bone marrow. T cell responses that develop from donor stem cells can be 

distinguished by the expression of congenic marker Ly5.1 but are otherwise genetically 

identical to the host. Because of the time required to achieve full peripheral 

reconstitution from the donor stem cell compartment, mice were CD4 depleted prior to 

LCMV infection to produce a lifelong persistent infection that does not clear. Despite a 

long-term reduction in thymic cellularity, donor stem cells introduced into persistently 

infected mice were able to populate the peripheral T cell compartment at approximately 

the same rate as uninfected mice (Figure 3.7A). Donor-derived B cells, which do not 
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require the thymus for development and thus serve as a control for donor stem cell 

engraftment, repopulated the periphery at a similar but slightly reduced rate in LCMV 

persistently infected mice, leading to a slightly reduced overall peripheral donor-derived 

lymphocyte population in infected animals (Figure 3.7B).  However, despite the robust 

donor-derived T cell reconstitution, donor-derived virus-specific CD8 T cells were 

present (Figure 3.7B). Thus, during persistent LCMV infection, transplanted HSC can 

reconstitute the peripheral immune response, but due to the sustained presence of 

LCMV replication are unable to generate new LCMV-specific T cells. Therefore, despite 

the restoration of thymic function the persistently infected environment prevents newly 

developed virus-specific T cells from forming. 
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DISCUSSION 

 The thymic microenvironment is specifically adapted to promote the development 

of T cells with a potentially useful TCR repertoire and the suppression of autoimmune 

responses. It is therefore not surprising that disruption of thymic function can lead to 

severe autoimmunity and immunodeficiency163,218. Moreover, a number of viral, bacterial, 

and parasitic pathogens are known to induce thymic depletion, affect thymocyte 

development, and promote the release of immature and autoreactive thymocytes into the 

periphery163,167. Indeed, thymic depletion has been reported during HIV infection, and the 

generation of new T cells is impaired in viremic individuals compared to healthy 

individuals or recipients of antiretroviral therapy212,219. The importance of maintaining and 

generating a functional peripheral T cell repertoire, especially in individuals who may 

have lost part of their CD4 T cell compartment due to HIV, prompted us to use LCMV to 

examine how persistent viral infection affects T cell development and thymic function.  

Acute LCMV infection has been previously shown to cause a mild degree of 

thymic depletion by a mechanism possibly related to lymphotoxin hormone secretion and 

TNF receptor signaling (although the mechanistic data are, at best, correlative)220. In 

contrast, we demonstrated that persistent LCMV infection leads to a much more 

profound thymic depletion, with over a 10-fold drop in total thymocyte numbers, a near-

total loss of the DP thymocyte population, and a marked defect in thymocyte 

development past the DN1 stage. We presume that the loss of existing DP, DN2 and 

DN3 thymocytes occurs through apoptosis as in other models of infection such as 

HIV221; however, we can not rule out that the DP cells instead exit the disrupted thymus 

to seed the periphery. From a kinetic standpoint, a hematopoietic precursor requires 

several weeks of thymic education to develop into a mature peripheral T cell153. It is thus 

unlikely that the profound depletion of DP thymocytes is a consequence of the 

disappearance of the DN2 and DN3 early progenitors. The DN2 and DN3 as well as DP 



	 123 

populations are present at 5 days into an LCMV Cl13 infection and disappear around the 

same time by day 9. Moreover, the loss of any of these populations does not occur in the 

absence of virus-specific CD8 T cells. Together, this suggests that a common 

mechanism mediates the loss of the early DN thymocytes as well as the DP thymocytes 

simultaneously. 

 Throughout the process of TCR rearrangement and positive selection, thymocyte 

survival is crucially dependent on the thymic epithelium. Stromal hormones and 

cytokines such as thymulin and IL-7, as well as Notch signaling, promote DN cell 

survival and proliferation, while DP cell survival is dependent on hormones and direct 

contact with MHC on epithelial cells153. LCMV Cl13, but not LCMV Armstrong, is known 

to disrupt stromal cell networks within lymphoid organs via direct infection222, and our 

data demonstrates that LCMV Cl13 establishes a long-term infection in the thymic 

stroma. Interestingly, within the lymphoid organs, disruption of stromal networks 

contributes to the suppression of the peripheral T cell effector response. Our data raise 

the possibility that a similar disruption in the thymus is contributing to the accelerated 

thymic depletion and interference with T cell development. Although we do not directly 

assess the stromal network of the thymus, we do demonstrate that thymic depletion is 

dependent on virus-specific CD8 T cell responses, which would target the infected 

epithelial network of the thymus. Similar dependence on CD8 T cells is observed in the 

stromal disruption of peripheral lymphoid organs222. It is interesting to note therefore that 

thymocyte development recovers at approximately the same rate as the lymphoid 

architecture in the periphery, and that this recovery correlates with the exhaustion of 

CD8 T cell responses. We thus suggest a model of LCMV-induced thymic depletion 

where the infected epithelium is targeted by virus-specific CD8 T cells, leading to 

disruption T cell development, which gradually recovers as CD8 T cells lose their 

effector capacity and the epithelium is allowed to regenerate. 
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 Although virus-specific CD8 T cells are the ultimate cause of thymic depletion 

during persistent infection, the mechanisms by which CD8 T cells mediate this depletion 

are still unclear. Using mice deficient for a number of CD8 effector pathways, we 

demonstrated that defects in CTL activity or secretion of IFNγ or TNFα could not rescue 

thymic depletion on their own. Interestingly, the TNFR1 deficient mice that we infected 

cannot sense lymphotoxin in addition to TNFα, indicating that lymphotoxin is not critical 

for thymic depletion during persistent LCMV infection. Further experiments need to be 

preformed to determine whether the above effector pathways are simply redundant, or 

whether other factors produced by CD8 T cells (e.g. MIP1α) mediate thymic disruption. 

Additionally, transfer of transgenic virus-specific CD8 T cells into LCMV-infected OTI 

mice should be preformed to determine whether antiviral CD8 T cells are sufficient as 

well as necessary for thymic depletion during persistent infection. 

 CD8 T cell effector function is frequently dependent on IFN-I signaling during 

viral infection. Early IFN-I production is necessary for proper expansion and optimal 

effector function of CD8 T cells, and viral clearance can be protracted if the IFN-I 

pathway is inhibited140,142. It is therefore attractive to speculate that blockade of IFN-I 

signaling prevents thymic depletion during persistent LCMV infection by downregulating 

CD8 T cell responses. However, studies of HIV and pathogenic SIV infection have 

demonstrated that IFN-I may directly impair T cell development and promote thymic 

depletion223,224. Moreover, HCV patients treated with IFN-I demonstrate reduced thymic 

function as a direct consequence of treatment225. This suggests that IFN-I may act 

independently of the CD8 response or that virus-specific CD8 T cells potentiate the 

actions of IFN-I in the thymus. The latter is more likely based on our data; as mice 

deficient for virus-specific CD8 T cell responses still generate copious amounts of IFN-I 

early during infection yet experience no thymic depletion, thus making it unlikely that 



	 125 

IFN-I induces thymic depletion on its own. Mixed bone marrow chimera experiments in 

which a mix of OTI bone marrow and either INFAR deficient or wild type bone marrow is 

transferred into wild type or IFNAR deficient mice should be able to definitively elucidate 

how CD8 T cells and IFN-I interact to induce thymic depletion. 

Thymic depletion during human persistent infection has been shown to 

negatively impact the generation of new peripheral T cell immunity, and disruption of 

thymic function by parasitic infection may impair negative selection within the thymus 

and lead to the release of autoreactive cells to the periphery. However, our data indicate 

that LCMV-mediated disruption of T cell development is transient despite a lifelong 

persistent infection. Although the thymus never regains the same cellularity observed 

prior to infection, all thymocyte populations are eventually restored to their normal 

frequency. Furthermore, T cell development and maturation proceeds at the same rate 

in naïve animals and animals more than 30 days in to a persistent LCMV infection. 

Furthermore, no new LCMV-specific CD8 T cells are produced after thymic recovery, 

indicating that developing LCMV-specific precursors are being weeded out by negative 

selection within the highly infected thymic stromal tissue.  

This lack of any new virus-specific T cell responses may be specific to the ability 

of LCMV to infect thymic stromal cells and not generalizable to many other persistent 

infections. Indeed, T cell development in persistent murine polyomavirus infection is 

necessary to maintain a long-term antiviral pool226. The same may apply to human 

pathogens that do not target the thymus, for instance HCV. Lack of virus in the tissue 

may prevent CD8 T cell-mediated thymic depletion during these infections, although 

IFN-I may still exert a disruptive effect. Interestingly, HIV viral loads are detectable within 

the thymus, although HIV infects lymphoid cells such as CD4+ thymocytes, dendritic 

cells, and macrophages rather than the epithelium. However, the presence of infected 

cells would still draw virus-specific CD8 T cells to the thymus, raising the possibility that 
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HIV-induced thymic depletion is mediated by similar mechanisms as LCMV. It is unclear 

whether infection of lymphoid cells within the thymus by HIV would weed out new virus-

specific T cell precursors with the same efficiency as we observe in LCMV and whether 

antiretroviral therapy is sufficient to solve this problem. The finding that blockade of IFN-I 

signaling can be therapeutic when administered late during persistent infection raises 

the possibility that it IFN-I blockade can be used both as an antiviral and pro-thymic 

therapy. Additionally, future studies focused on the period between the initial disruption 

of T cell development and recovery can yield more information on how thymic depletion 

affects the peripheral T cell response and the consequences for control of persistent 

infection.  
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MATERIALS AND METHODS 

Mice and virus 

C57BL/6 (WT) mice were purchased from The Jackson Laboratory or the rodent 

breeding colony at University of California, Los Angeles. LCMV-GP33-specific CD8 TCR 

transgenic (P14) mice have been described previously199. TNFR1 (JAX stock 003242), 

FasL-/- (JAX stock 001021), and OTI (JAX stock 003831) were purchased from The 

Jackson Laboratory. IFNR1-/- and IFNgR-/- mice were provided by Dr. Dorian 

McGavern. Adrenalectomized mice were obtained from The Jackson Laboratory and 

adrenalectomy was performed by Jackson surgical staff. All mice were housed under 

specific pathogen–free conditions. Mouse handling conformed to the experimental 

protocols approved by the University of California, Los Angeles Animal Research 

Committee (ARC). In all experiments the mice were infected i.v. via the retroorbital sinus 

with 2 × 106 plaque forming units (PFU) of LCMV Armstrong or LCMV Cl13. Virus stocks 

were prepared and viral titers were quantified as described previously199. 

 

Isolation and adoptive transfer of virus-specific T and B cells 

LCMV-specific P14 cells were isolated from the spleens of transgenic mice by negative 

selection (StemCell Technologies). To assess virus-specific CD8 T cell migration into the 

thymus, 1,000 P14 cells were transferred i.v. into the retroorbital sinus prior to LCMV 

infection.  

 

In vivo CD8 depletion, CD4 depletion, and NK cell depletion, and Type I Interferon 

Receptor (IFNR1) blockade 

To deplete CD8 T cells before LCMV infection, mice were treated i.v. with 500µg anti-

CD8 antibody (BioXCell) 5 and 1 day(s) before infection and again on the day of 

infection. CD4 T cells were depleted with a similar strategy using 500µg anti-CD4 
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antibody (clone Gk1.5; BioXCell). NK cells depleted by injecting 500µg of anti Nk1.1 

antibody (BioXCell) 4 and 1 day(s) before infection and days 2 and 5 post infection. 

Isotype control antibody was also used in control cohorts. 

 

To block IFN-I signaling in vivo during persistent infection, mice were treated i.v. with 

500µg anti-IFNR1 blocking antibody (clone MAR1-5A3; Leinco Technologies) or isotype 

control antibody 48 hours before infection and every 48 hours post infection through 9 

days of infection. 

 

Busulfan and Bone Marrow Transfer 

C57BL/6 Ly5.2+ recipient mice were treated i.v. with 500µg anti-CD4 antibody (clone 

GK1.5; BioXCell) 4 days before infection with 2 x 106 pfu LCMV-Cl13. 30 days after 

infection, mice were treated i. p. with 30 mg/kg Busulfan (Sigma Aldrich) in 50% DMSO. 

Bone marrow was harvested from C57BL/6 Ly5.1+ donor mice and depleted of Lineage+ 

cells by negative selection on the autoMACS (Miltenyi Biotec). 4.5 x 105 Lineage 

negative stem cells were transferred i. v. into recipient mice 24 hours after Busulfan 

treatment. 

 

Flow Cytometry 

Analysis of immune subsets was performed by staining lymphocytes and thymocytes 

obtained from the spleen and thymus respectively ex vivo for the expression of CD4, 

CD8, CD25 (IL-2Rα), CD44, CD45.1 (Ly5.1), CD45.2 (Ly5.2), CD90 (Thy1.1). Peptide 

stimulations were performed as described previously199. Stimulated cells were stained 

intracellularly for the expression of IFNγ and TNFα. All flow cytometry antibodies were 

obtained from Biolegend, BD, or Ebiosciences. Endogenous virus-specific CD8 T cells 
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were visualized by staining with  aGP33 MHC tetramer (NIH tetramer core). Flow 

cytometric data was collected on the Facs Caliber and FacsVerse (Beckton Dickinson) 

and was analyzed using FlowJo (Treestar). 

 

Statistical analysis 

Student’s t tests (two-tailed, unpaired) were performed using GraphPad Prism 5 

software (GraphPad Software, Inc.). 
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Figure 3.1: Persistent LCMV infection induces thymic depletion and loss of DP 

thymocytes 

A. Graph illustrates thymic viral load 5, 9, and 30 days after infection with LCMV-Arm or 

LCMV-Cl13. 

B. Flow plots illustrate the frequency of CD4/CD8 DN, SP, and DP thymocyte 

populations within the thymus of naïve mice and mice infected with LCMV Armstrong or 

LCMV Cl13 at 5, 9, 15, and 30 days post infection. Thymocyte subset frequency is listed 

as % of total thymocytes in the respective quadrant. 

C. Graphs illustrate the number of thymocytes within the thymus and the percent of 

thymocytes in the DP stage of development in uninfected mice and mice infected with 

LCMV Armstrong and LCMV Cl13. 

 D. Mice were infected with LCMV-Arm or LCMV-Cl13 and sacrificed in parallel with 

naïve control mice at days 5 and 9 post infection. The double negative (DN) thymocyte 

compartment was analyzed based on their expression of CD25 (IL-2Rα) and CD44. 

E. The ratio of each DN population (DN1, DN2, DN3, and DN4) was determined 

Data is representative of at least 2 experiments with 3-5 mice per group. * = p<0.05 
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Figure 3.2: T cell development is impaired at early stages during persistent viral 

infection 

A. Flow plots illustrate the frequency of DN thymocytes in each stage of their 

development (DN 1-4) in naïve mice and mice infected with LCMV Arm and LCMV Cl-13 

at 5 and 9 days after infection. DN thymocyte subset frequency is listed as % of total DN 

thymocytes in the respective quadrant. 

B. Graphs illustrate the number of total DN thymocytes within the thymus, and the 

number of thymocytes in each stage of DN development in naïve mice, and mice 

infected with LCMV Arm and LCMV Cl13 through 30 days after infection. 

C. Graphs illustrate the frequency of DN thymocytes in each stage of their development 

as (% of total thymocytes) in naïve mice and mice infected with LCMV Arm and LCMV 

Cl-13 at 5 and 9 days after infection. 

Data is representative of 2 experiments with 3-5 mice per group. * = p<0.05 
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Figure 3.3: Virus-specific CD8 T cells enter the thymus and perform anti-viral 

functions 

A. Flow plots illustrate IFNγ and TNFα secretion by thymic-resident P14 cells 5, 9, and 

30 days after LCMV Arm or LCMV Cl13 infection. 

B. Graph illustrates the total number of P14 cells within the thymus on the indicated day 

after LCMV Arm of LCMV Cl13 infection. 

C. Graph illustrates the frequency of thymic resident P14s that are polyfunctional 

(capable of producing both IFNγ and TNFα together after stimulation). 

Data is representative of 2 experiments with 3-5 mice per group. * = p<0.05 
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Figure 3.4: Virus-specific CD8 T cells are necessary for thymic depletion during 

persistent infection 

A & B. Mice were treated with an isotype control antibody (iso) or a CD8 T cell-depleting 

antibody (αCD8) prior to infection with LCMV-Cl13. Flow plots and graphs illustrate the 

number of total thymocytes and frequency of thymocyte subsets in mice infected with 

LCMV Cl13 for 9 days or naïve antibody-treated controls. 

C & D. Wild type or TCR transgenic OTI mice were infected with LCMV Cl13. Flow plots 

and graphs illustrate the number of total thymocytes and frequency of thymocyte subsets 

in wild type and transgenic mice infected with LCMV Cl13 for 9 days or naïve wild type 

and OTI controls. 

Data is representative of 2 experiments with 4 mice per group. * = p<0.05 



	 138 

0 103 104 105

0

103

104

105

4.6

15 74

5.9

0 103 104 105

0

103

104

105

4.1

7.2 85

3.7

0 103 104 105

0

103

104

105

6.5

45 14

34

0 103 104 105

0

103

104

105

4.3

7.1 85

4.0

anti0CD83Treatmentisotype3Treatment

Uninfected

LCMV0Cl13
Day39

CD8

C
D
4

5

6

7

8
*

A. B.

0 103 104 105

0

103

104

105

3.3

13 79

4.5

0 103 104 105

0

103

104

105

4.5

54 1.6

40
0 103 104 105

0

103

104

105

6.2

11 52

30

0 103 104 105

0

103

104

105

3.4

9.6 83

3.7

CD8

C
D
4

Uninfected

wild3type OTI

LCMV0Cl13
Day39

C.

5

6

7

8

D.

0

20

40

60

80

100

*

*
*

0

20

40

60

80

100

iso ����
iso ����

iso ����
iso ����

Naive Cl13

Naive Cl13

WT OTI WT OTI WT OTI WT OTI

Naive Cl13

Naive Cl13

C
el
l3C
ou
nt
3(1
0y
)

C
el
l3C
ou
nt
3(1
0y
)

%
3o
f3T
hy
m
oc
yt
es

%
3o
f3T
hy
m
oc
yt
es

Frequency3of3DP3Thymocytes

Frequency3of3DP3ThymocytesTotal3Thymocytes

Total3Thymocytes



	 139 

Figure 3.5: CD4 T cells, NK cells, IFNγ , TNFα , Perforin, and FASL are not 

necessary for thymic depletion during persistent LCMV infection 

A. Mice were treated with an isotype control antibody (iso) or a CD4 T cell-depleting 

antibody (αCD4) prior to infection with LCMV-Cl13. Graphs illustrate the number of total 

thymocytes and frequency of DP thymocytes in mice infected with LCMV Cl13 for 9 days 

or naïve antibody-treated controls. 

B. Mice were treated with an isotype control antibody (iso) or an NK cell-depleting 

antibody (αNK1.1) prior to infection with LCMV-Cl13. Graphs illustrate the number of 

total thymocytes and frequency DC thymocytes in mice infected with LCMV Cl13 for 9 

days or naïve antibody-treated controls. 

C-F. Graphs illustrate the number of thymocytes 9 days after LCMV Cl13 infection in 

interferon gamma receptor (IFNgR KO), TNF receptor (TNFR KO), Perforin, and FasL 

knockout mice compared to infected wild type controls. 

Data is representative of 2 experiments with 3-4 mice per group. * = p<0.05 
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Figure 3.6: Type I interferon mediates thymic depletion during persistent viral 

infection 

A & B. Flow plots and graphs illustrate the number of total thymocytes and frequency of 

thymocyte subsets in wild type or IFN-I receptor deficient (IFNAR KO) mice infected with 

LCMV Cl13 for 9 days. 

C & D. Mice were treated with an isotype control antibody (iso) or an antibody blocking 

IFN-I receptor signaling (αIFNAR) prior to infection with LCMV-Cl13. Flow plots and 

graphs illustrate the number of total thymocytes and frequency of thymocyte subsets in 

isotype or αIFNAR-treated mice infected with LCMV Cl13 for 9 days. 

Data is representative of 2 experiments with 3-4 mice per group. * = p<0.05
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Figure 3.7: No virus specific CD8+ T cells can emerge from a persistently infected 

thymus 

A. Graphs illustrate the rate of peripheral immune reconstitution after a busulfan-based 

stem cell transplant protocol. The rate of reconstitution is quantified as % of peripheral 

blood lymphoid cells that are derived from donor stem cells. 

B. Flow plots illustrate recipient and donor-derived peripheral CD8 T cell populations and 

recipient and donor-derived virus-specific CD8 T cell responses within the spleen nine 

weeks after stem cell transplant. 

Data is representative of 2 experiments with 4-6 mice per group. * = p<0.05 
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Figure 3.S1: Adrenalectomized begin to lose thymic cellularity similar to non-

adrenalectomized mice at the early stages of LCMV-Cl13 

A. Flow plots and graphs demonstrate the thymic composition and cellularity of 

adrenalectomized mice in comparison to non-adrenalectomized mice. 

Data is representative of 2 experiments with 4-6 mice per group. * = p<0.05 
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IMMUNOSUPPRESSIVE DENDRITIC CELLS 

Immunosuppression is a common feature in many chronic diseases including 

persistent infection and cancer4-10,22,128,169,175,191. Many of the factors involved in the 

induction of immunosuppression have been identified43,124-126,168 yet the cell types 

responsible for their generation/expression and the distinct mechanism inducing those 

cells to undertake immunosuppressive capacity have remained unclear. Herein we have 

demonstrated that dendritic cells with immunosuppressive capacity differentiate in 

response to interferon gamma (IFNγ) and, upon type I interferon (IFN-I) signaling, are 

endowed with potent immunosuppressive activity including the expression of interleukin 

10 (IL-10) and programmed cell death ligand 1 (PDL1). 

 

IMMUNOSUPPRESSIVE DENDRITIC CELL CONTRIBUTIONS TO IL-10 LEVELS 

Apart from the questions regarding their direct role in T cell activation and 

suppression, the role of DCs in the contribution to the overall IL-10 plasma levels during 

persistent infection or disease is unknown. When IL-10 is absent from CD11c expressing 

DCs there is an overall decrease in IL-10 plasma levels182. We have identified that those 

CD11c+ DCs that are making IL-10 are of monocyte origin and are also expressing 

LysM (Lyz2, Figure 2.4). Studies that use myeloid specific promoters (LysM-Cre) to 

specifically focus on the contribution of macrophage populations to these phenomena, 

such as IL-10 production, will also be eliminating monocyte-derived DCs and, in effect, 

iregDCs227. Therefore, the contribution or iregDCs is likely being overlooked in these 

scenarios and more precise methods of eliminating distinct myeloid derived cells must 

be developed to properly identify cell specific contribution to processes like 

immunosuppression. 
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IMMUNOSUPPRESSIVE DENDRITIC CELLS AND STIMULATORY DENDRITIC 

CELLS BALANCE THE IMMUNE RESPONSE 

 Immunoregulatory dendritic cells (iregDCs) are only generated during states of 

inflammation and immune activation while stimulatory DCs (stimDCs) are always present 

regardless of the immunological environment. The balance between immunopathology, 

safe and effective pathogen control, and ineffective immune control and pathogen 

persistence is a process that needs to be highly tunable and dynamic to meet the 

immediate needs of the host. Feedback mechanisms must be present to gauge the 

immunological environment and respond appropriately. This bifurcation in the dendritic 

cell population, iregDC and stimDC, is an excellent method to execute this balance. 

 At the onset of an immune response, stimDCs activate and orient the T cell 

response. Stimulated T cells, activated natural killer cells, stimDCs, and other innate 

immune cells produce a surge of IFNγ early during infection, which induces the 

differentiation and recruitment of monocyte-derived DCs (moDCs)187. Whether or not the 

IFNγ produced from a specific cell type is uniquely required for moDC differentiation or if 

it is the summation of all the IFNγ present is not currently known and is worth 

investigation. This surge of moDC production is the first step in ensuring that the balance 

of the immune response does not sway too far away from safe and effective pathogen 

control toward dangerous immunopathology. With large numbers of moDCs developing, 

the host now has a population of very plastic and short-lived cells that can be tuned as 

needed. Through IFN-I signaling the host is able to gauge pathogen replication and 

adjust the immune response appropriately. Once moDCs have developed in response to 

the surge of IFNγ, which is essentially a measure of immune activation, the current 

immunological environment will orient them to adopt the most appropriate and necessary 

functional behavior. We have shown that IFN-I acts directly on moDCs and endows them 
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with potent immunosuppressive functions while stimDCs retain their stimulatory capacity 

within the same immunological environment. If, upon reaching the peak of T cell 

activation and cytotoxicity, the pathogen is not being controlled and cleared the resultant 

IFN-I signaling and antigen stimulation will induce powerful immunosuppression and 

ultimately T cell exhaustion. The ligands responsible for inducing T cell exhaustion are 

known yet our data is the first to identify the possible cellular mechanism responsible. If 

T cell responses were left unchecked against a pathogen whose replication rate was 

insurmountable then the immune response would potentially become deadly to the host, 

hence the need for a rapidly responding and highly tunable source of 

immunosuppression.  

IregDCs have elevated levels of CD95 (Fas) expression and caspase activity, 

both of which make them highly susceptible to cell death. This susceptibility to cell death 

makes iregDCs a very plastic and changeable population, one that could wane and 

surge quickly if necessary. If the balance between safe and effective pathogen control 

and ineffective immune control is swayed too far toward being ineffective then iregDC 

can be quickly eliminated. In the context of an acute infection iregDC will again develop 

rapidly in response to immune activation and pathogen replication, but as effective 

immune responses control and clear the pathogen both IFNγ and IFN-I signals drop, as 

does the need for iregDCs, and they quickly fade. 

 

IMMUNOSUPPRESSIVE DENDRITIC CELLS MAY HAVE OTHER FUNCTIONS 

Clearly, in the context of a persistent virus infection the elevated expression of 

PDL1 and production of IL-10 are detrimental to the anti-viral immune response43,124-

126,168. When these factors are therapeutically blocked a restoration of effective anti-viral 

activity is observed and virus clearance is accelerated43,124-126,168. However, it is 

important to note that the newly described iregDCs also develop in the acute infection of 
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lymphocytic choriomeningitis virus (LCMV-Arm) (Figure 2.S1E). The T cell response 

against the persistent LCMV infection (LCMV-Cl13) and LCMV-Arm look very similar at 

day 5 of the immune response; it is only at day 9, when LCMV-Cl13 titers have 

continued to rise together with sustained IFN-I signaling that T cell exhaustion ensues 

and effector functions diminish. It is also important to note that iregDCs are most 

abundant at day 5 of LCMV-Cl13 (Figure 2.1C). The kinetics of the iregDC population 

follows closely the rise and fall of the plasma levels of IFNγ (Figure 2.S5B), and our data 

has demonstrated their mechanistic link (Figure 2.6). These data all together suggest 

that the emergence and accumulation of iregDCs is a programmed result of any potent 

immune response. 

Mice deficient in PDL1, or mice that have PDL1 therapeutically blocked at the 

onset of LCMV-Cl13 infection, die of severe CD8+ T cell mediated immunopathology 

when infected with LCMV-Cl13127. Therefore, one key role that iregDCs likely play during 

virus infection is to protect against dangerous immunopathology. The balance between 

virus control and immunopathology is difficult to attain, particularly when the immune 

system is burdened with a pathogen as inflammatory and highly replicative LCM-Cl13. 

Once the T cell response has initiated the iregDCs follow quickly to ensure that, at the 

very least, the balance between virus control and immunopathology will not skew too far 

toward immunopathology, potentially at risk of a decrease in pathogen control. 

Apart from their role in protecting against immunopathology, iregDCs may also 

participate in the development of T cell memory. Recent reports have described that the 

cellular receptor programmed death 1 (PD-1) and its ligand, PDL1, are not only an 

important mechanism involved in immune exhaustion but also in the development of T 

cell memory. The transcription factor B lymphocyte-induced maturation protein-1 (Blimp-

1) was first described as the transcriptional repressor that drives B cells within a follicle 

towards terminal plasma cell differentiation by directing them away from the memory B 
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cell pathway228. Similar functions have been observed in CD8+ T cells as well. When 

CD8+ T cells lack Blimp-1 there is a defect in the development of effector CD8+ T cells 

to the extent that, in some scenarios, the host succumbs to the virus infection229,230. 

While the development of effector CD8+ T cells is defective there is an increase in CD8+ 

T cell memory cell development in the absence of Blimp-1 activity229,230. Recently, Blimp-

1 was identified as a transcriptional repressor of PD-1 in CD8+ T cells231. These data 

together suggest that the downstream effects of Blimp-1 expression, which balances the 

commitment between effector and memory CD8+ T cells, is carried out, at least in part, 

by PD-1. 

PD-1 has long been studied as one of the most potent inducers of T cell 

exhaustion in CD8+ T cells43,125 and a commitment toward the Tfh subset in CD4+ T 

cells232. When CD8+ T cells lack PD-1 at the onset of a persistent LCMV infection, they 

proliferate much more robustly yet are quicker to develop the dysfunctions associated 

with CD8+ T cell exhaustion including a loss of IFNγ production123. In addition, PD-1 

deficient CD8+ T cells expressed more of the other immunosuppressive receptors 

associated with exhaustion than did WT CD8+ T cells123. During the persistent stages of 

LCMV infection the balance between CD8+ T cells that express eomesodermin (Eomes) 

and T-bet becomes skewed when PD-1 is absent123. This bifurcation of the CD8+ T cell 

response during persistent virus is important to maintain long-term control of virus46,123. 

In the context of persistent virus infection T-bet, high CD8+ T cells have greater long-

term proliferative capacity and upon antigen stimulation can give rise to Eomes 

expressing progeny46,123. These Eomes expressing CD8+ T cells have greater cytotoxic 

capacity yet are terminally differentiated and wane much quicker than T-bet high CD8+ T 

cells46,123. In the absence of PD-1 signaling, CD8+ T cells are driven more rapidly 

towards the Eomes phenotype, which functions to deplete the T-bet population and 

ultimately leave the host with declining numbers of virus specific CD8+ T cells123. 
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Therefore, while it may be immunosuppressive in nature, PD-1 is essential for the long-

term maintenance of the virus specific CD8+ T cell population. 

While functioning to suppress T cell activity long-term, iregDCs could also be 

providing the signals necessary to keep anti-viral CD8+ T cells alive during the persistent 

stages of infection. One hallmark of exhausted T cells is that they require antigen 

stimulation for survival. IregDCs could function to provide both the virus antigens and the 

PDL1 signal necessary to keep the CD8+ T cells alive and expressing T-bet in order to 

preserve them long-term. 

Perhaps most fascinating is the potential role that iregDCs may play in 

establishing T cell memory. Data that has yet to be published (but was presented as a 

Jonsson Cancer Center Lecture by John Wherry at UCLA on April 21st 2015) has 

demonstrated a unique memory CD8+ T cell population that expresses high levels of 

CD62L233. These CD62L+ CD8+ memory T cells have greater long-term maintenance 

and recall responses than any other memory CD8+ T cell population233. During the 

retraction phase of the acute immune response, the cells that would go on to become 

the CD62L+ superior memory cells also had the greatest level of PD-1 signaling233. 

These data again demonstrate that PD-1 is important in the maintenance of long term 

CD8+ T cell immunity. In the context of persistent virus infection, PD-1 prevents CD8+ T 

cells from transitioning into terminally differentiated short-lived effectors and during the 

retraction phase of acute infection, PD-1 diverts CD8+ T cells toward the longest lasting 

and most protective memory cell subset. In both scenarios PD-1 is suppressing T cell 

effector functions yet this activity is essential for the health of the host, not only to limit 

immunopathology but also to drive the development of memory populations and sustain 

CD8+ T cell functions long-term. 

At this point, it is again essential to remember that iregDCs express higher levels 

of CD80 and CD86 as well as the T cell attracting chemokines CXCL9 and CXCL10. 
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With these ligands iregDCs are better suited to preferentially recruit and interact with 

effector T cells. With the expression of PDL1 together with the T cell attracting ligands it 

is likely that iregDCs are the antigen-presenting cell best suited to drive the development 

of T cell memory, in particular the CD62L+ CD8+ T cell memory population. Further 

studies into the memory inducing capabilities of iregDCs will be very informative, 

particularly in their potential application in vaccine technology and design. 

The true evaluation of iregDCs in vivo has yet to be established due to some very 

challenging technical limitations. First and foremost, there is currently no tool that will 

enable the specific deletion of iregDCs in vivo without dramatically effecting other 

immune subsets. Adoptive transfer studies will be impractical due to the sheer numbers 

of mice and iregDCs that would be required in addition to the highly plastic and short-

lived nature of iregDCs. Investigation into the IFNγ induced differentiation of moDCs 

could potentially lead to targetable strategies. As mentioned previously, it is not known 

whether a specific cellular source of IFNγ or the cumulative IFNγ from all sources drives 

the production of moDCs. If a particular cellular source of IFNγ is identified as primarily 

responsible for iregDC development, the production by that cell type may be targeted. 

Additionally, further investigation into the phenotype and RNA expression profile of 

iregDC may also reveal novel targetable features. Once the ability to eliminate these 

cells in vivo is developed much more information about their biology will become 

answerable.  

 

IN SUMMARY: iregDCs ARE IMPORTANT  

The universality amongst different diseases and species and the mediators they 

express, which are central for immunosuppression and memory formation, connect 

iregDCs to the most significant challenges faced by the medical and biomedical research 
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communities. That is, the eradication of persistent infections and cancer and their 

prevention and treatment through vaccination. 

 

FIN 
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