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ABSTRACT 
 

Successful generation of protective immunity is a result highly orchestrated interactions between 

the innate and the adaptive arms of the immune system. Innate immune cells sense the infectious 

threat to the host and convert it into meaningful information that is relayed to T and B cells. This 

relaying of information is the fundamental principle that forms the basis of all protective immune 

responses and is referred to as the innate control of adaptive immunity. For naïve CD4 T cell 

activation, innate control is exerted by the three-signal paradigm which dictates that a productive 

naïve CD4 T cell response requires TCR activation, co-stimulation and innate cytokine cues. The 

present work uncovers two consequential yet previously unknown aspects of the innate and 

adaptive immune, specifically dendritic cell (DC)-T cell, crosstalk. First, I found that in addition 

to naïve CD4 T cell activation, the three-signal paradigm continue to operate during the 

reactivation phase of memory CD4 T cells. Memory CD4 T cell reactivation was presumed to be 

independent of innate cytokine cues however, I found that signaling through interleukin (IL)-1 

receptor family is required for effector cytokine production by memory CD4 T cells. 

Mechanistically, IL-1R signaling provides post-transcriptional stability to T cell cytokine 

transcripts thereby enabling productive secretion of these cytokines. Second, I discovered that DC-

T cell interaction is significantly more bidirectional than previously appreciated. Innate cells such 

as DCs, have evolved to sense “non-self” or “altered-self” ligands via pattern recognition receptors 

(PRRs) and get activated only in case of pathogen invasion or tissue damage. Surprisingly, I found 

that autoreactive T cells can also instruct DCs to become activated independent of PRR activation. 

During their cognate interaction, T cell engage Tumor necrosis factor superfamily (TNFRSF) 

signaling in DCs to trigger innate cytokine secretion. I particularly, focused on the mechanism of 

IL-1b production during DC-T cell interaction as IL-1b is mediator of several autoimmune and 
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autoinflammatory diseases. While IL-1b production is commonly attributed to inflammasome 

activation in autoimmune diseases, I show that that autoreactive T cells elicit IL-1b production by 

DCs in an inflammasome-independent manner via TNFR-Fas signaling pathway. Furthermore, 

this novel mechanism of IL-1b secretion drives CD4 T cell effector function, systemic leukocyte 

infiltration as well as autoimmune inflammation. Altogether, the findings in this dissertation 

provide a conceptual leap in our understanding of innate and adaptive immune cross-talk, and 

necessitates revisiting the established paradigm of innate signaling requirements for myeloid cell 

activation as well as CD4 T cell function. In addition, this work has vast implications on human 

health as it sheds light on the previously poorly understood mechanism of action of IL-1R blockade 

therapy as well as offers novel targets for therapeutic intervention of IL-1b mediated autoimmune 

inflammation.  
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CHAPTER ONE 
 
 

Introduction 

 
 
Part of the writing presented in this chapter was previously published as a review article in Journal 

of Immunology, 2017; 198:3791-3800 (Jain and Pasare, 2017) 

 
Overview  

 
T cells and B cells are equipped with a diverse repertoire of receptors capable of recognizing a 

vast array of antigens. This diversity allows for protection against constantly evolving pathogens 

but also gives rise to substantial self-reactivity. Avoiding self-reactivity while maintaining clonal 

diversity is an intriguing evolutionary design problem. A seminal leap in our understanding of the 

activation of the adaptive immune system was due to the late Charles Janeway Jr. He proposed 

that innate cells should be equipped with germline encoded pattern recognition receptors (PRRs) 

to recognize “non-self”, conserved microbial components also referred to as pathogen associated 

molecular patterns (PAMPs) (Janeway, 1989a). Activated innate immune cells would then convey 

the information about the nature and origin of the antigen to the adaptive immune cells in order to 

mount an appropriate adaptive immune response. This idea formed the basis for the now-

established three-signal paradigm of innate control of adaptive immunity (Curtsinger and Mescher, 

2010; Curtsinger et al., 1999).  The first signal provided by innate cells is the presentation of the 

antigenic peptide, which is necessary for activation of the T cell receptor (TCR) and clonal 

expansion of antigen-specific T cells. Since the peptide can be of self or non-self-origin, antigen 

presentation alone is unable to provide any qualitative information about the source of the antigen 
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(Bretscher and Cohn, 1970). The second signal is provided via co-stimulatory molecules that are 

upregulated on antigen presenting cells only when the antigen is associated with a PAMP (Pasare 

and Medzhitov, 2004; Schnare et al., 2001). Thus, co-stimulation is necessary for self-versus non-

self-distinction. It is not clear if PRRs can modulate T cell activation by regulating expression of 

specific co-stimulatory molecules but detailed information on how various co-stimulatory 

molecules affect adaptive immunity can be found in these reviews (Lenschow et al., 1996; Watts, 

2005).  

 

The third signal consists of innate cytokines that are produced as a result of PRR activation 

(Curtsinger et al., 1999). The cytokine milieu helps T cells differentiate into protective T cell 

subsets required for host immunity against a given pathogen (Reiner, 2007; Zhu et al., 2010). The 

three-signal model described a fundamental link between the innate and adaptive immune systems 

and defined the requirements for inducing a measurable T cell response referred to as “productive 

immunity”.  

 

The requirement of concurrent presence of all three signals ensures diverse but selective T cell 

activation and differentiation. However, the three-signal model mentioned above is a vast 

oversimplification of the innate and adaptive immune cross-talk. The requirement for innate 

signals for reactivation of previously differentiated T cells remain poorly understood. Moreover, 

the central role of PRR signaling in innate immune activation does not explain how T cells elicit 

effector function during sterile inflammation as seems in autoimmune scenarios. The focus of my 

dissertation research has been to understand innate regulation of memory CD4 T cell effector 

function. We have discovered a critical role for IL-1R signaling in effector function of 
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differentiated CD4 T cells. Furthermore, T cells can instruct IL-1b production by DC upon cognate 

interaction independent of PRR activation. Together this work is consequential extension to the 

concept of innate control of adaptive immunity and lay the groundwork for future studies 

pertaining to CD4 T cell response during host defense as well as autoimmunity.  

 

Innate Control of Adaptive Immunity 

Dendritic cell activation 

The discovery of various classes of PRRs and identification of their microbial ligands has led to a 

detailed understanding of innate immune recognition (Kawai and Akira, 2010; Rathinam et al., 

2012; Wu and Chen, 2014). PRRs are strategically located in subcellular compartments based on 

the nature of their ligands that activate unique signal transduction program necessary for host 

defense (Kawai and Akira, 2007). Although each class of PRR induces distinct innate responses, 

the activation of adaptive immunity depends on their ability to induce DC maturation (Pasare and 

Medzhitov, 2004; Schnare et al., 2001). Following PRR activation, DCs upregulate MHC and co-

stimulatory molecules and migrate to the draining lymph nodes to interact with naive T cells that 

are specific to the microbial antigen (Iwasaki and Medzhitov, 2004) . DCs process and present 

extracellular and endosomal peptides on the MHC class II molecule to activate CD4 T cells while 

peptides derived from cytosolic proteins are presented on MHC class I to activate CD8 T cells 

(Blum et al., 2013). In addition to antigen presentation and co-stimulation, the third signal that 

shapes the quality of T cell responses, is the production of innate cytokines. NF-Kb dependent 

cytokines such as IL-12, IL-6 and TNFa (Kawai and Akira, 2007) drive acute inflammation as 

well as dictate T cell differentiation. Two other major classes of innate cytokines, IL-1 family and 

type I interferons, often cooperate with priming cytokines for generation of protective T cell 
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immunity. Both immune and non-immune cells can produce IL-1 family of cytokines (IL-1a, IL-

1β, IL-18 and IL-33) as an outcome of recognition of virulence factors, cellular stress or cell death. 

Type I IFNs, on the other hand, are produced following activation of nucleic acid sensors in the 

endosomes (TLR3, TLR7/8 and TLR9) or in the cytosol (RLRs and cGAS) (Wu and Chen, 2014). 

IL-1 family of cytokines and type I IFNs drive systemic immune responses by inducing an acute 

phase response and a global anti-viral state, respectively. Dysregulated production of these 

cytokines can also drive autoinflammatory disorders and immunopathology.  

 

Naïve CD4 T cell differentiation  

Distinct differentiation states of CD4 T cells are traditionally defined by the lineage specific 

transcription factors and their effector cytokines. Unique T cell subsets are largely shaped by the 

innate cytokines presented during priming. In brief, IL-12 promotes Th1 differentiation by driving 

T-bet expression (Yang et al., 2007). IL-4 drives Th2 differentiation in both paracrine and 

autocrine manner (Kopf et al., 1993; Le Gros et al., 1990; Paul and Ohara, 1987; Swain et al., 

1990). The combination of IL-6 and TGFβ promotes Th17 differentiation (Ivanov et al., 2007). 

IL-6 and TGFβ can synergize with IL-23 and IL-1 to further stabilize the Th17 program (El-Behi 

et al., 2011). In the absence of an infection, TGFβ produced by migratory DCs induces regulatory 

T cells (iTregs) that are critical for maintaining peripheral tolerance (Coombes et al., 2007). T cell 

subsets are often studied using in vitro systems, through the use of defined priming cytokine 

cocktails that result in highly polarized T cell populations. During a real infection, however, 

activated DCs generate a complex milieu of innate cytokines leading to the priming of a 

heterogeneous CD4 T cell population. Therefore, in vitro polarized T cells might only represent 

extreme cases removed from physiological differentiation process that gives rise to a diverse 
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effector population in vivo. Recent studies using whole pathogens lysates and live microbes have 

begun to unravel the complexities cytokine requirements for T cell differentiation. Priming naive 

human CD4 T cells using whole pathogen lysates has revealed qualitatively distinct patterns of 

cytokine production between Th17 populations induced by Staphylococcus aureus and Candida 

albicans (Zielinski et al., 2012). S. aureus induced Th17 cells secrete IL-17 as well as IL-10 

independent of IL-1β stimulation, while C. albicans specific Th17 cells produce IL-17 and IFNγ 

requiring IL-1β in addition to IL-6 and IL-23. Furthermore, mouse model of Citrobacter rodentium 

infection showed that IL-22 producing T cells, dependent on IL-23 for differentiation, were 

required for protection (Basu et al., 2012). These cells expressed RORγt, the master transcriptional 

regulator of Th17 lineage, but failed to produce IL-17. In the context of experimental autoimmune 

encephalomyelitis (EAE), IL-23 was alternatively shown to induce “pathogenic Th17” cells, which 

produce IFNγ and GM-CSF in addition to IL-17 (Lee et al., 2012b). In agreement with these 

studies, transcriptomic analysis has shown variable gene expression profiles within the Th17 

population(Gaublomme et al., 2015). Collectively, these findings suggest that depending on the 

immune challenge, naive T cells get exposed to a unique innate cytokine milieu that drives 

functionally peculiar T cell sub-populations even though they may belong to the same umbrella 

lineage. Studying functional T cell subsets based on the innate cytokine stimulation, that drove 

their differentiation rather than their narrow effector cytokine profile, will likely reveal more 

valuable information regarding the generation of protective T cell responses against specific 

pathogens. Analyzing cytokine receptor expression on CD4 T cells during various stages of 

immune response could reveal the dependence of those T cells on respective cytokines.   

 



 

 6 

Effector and memory CD4 T cell reactivation 

Generation of immunological memory is a hallmark of adaptive immunity. Presence of antigen 

specific memory enables the host to fight off pathogens with significantly greater potency during 

reinfection (Rogers et al., 2000). Despite the established importance of memory cells, the 

regulation of memory CD4 T cell reactivation remains poorly understood. Upon immunological 

challenge, DCs undergo maturation and induce naïve CD4 T cells activation and clonal expansion. 

This interaction between naïve CD4 T cells and antigen-loaded DCs takes place in secondary 

lymphoid organs. Clonal expansion increases the frequency of CD4 T cells that are required for 

effective B cell and CD8 T cell responses (Bevan, 2004; Crotty, 2015). Another consequence of 

CD4 T cell activation is their differentiation into Th1, Th2 and Th17 lineages that can play 

important role in host defense. The expansion is followed by a contraction phase towards the end 

of the immune response. Most antigen specific T cells undergo apoptosis but a small proportion 

of cells convert into long lived memory (Dooms and Abbas, 2002; Harrington et al., 2008). 

Memory T cells confer rapid protection in the barrier tissues as well as give rise to another wave 

of antigen specific T cell response in the secondary lymphoid organs in case of re-challenge. 

Current model suggests that CD4 T cell memory can exist as two distinct populations (Sallusto et 

al., 2004). Differentiated CD4 T cells that travel to the site of infection and secrete their signature 

cytokines to elicit effector function are referred to as effector cells. On the other hand, stem cell-

like memory CD4 T cells that readily proliferate and differentiate into a new pool of effector CD4 

T cells are known as central memory CD4 T cells (Sallusto et al., 1999). More recently, a distinct 

population memory T cells was identified that reside in the tissues for long period of time even 

after the infection is cleared. These are called tissue resident memory T cells (Mueller et al., 2013; 
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Teijaro et al., 2011). The importance of these cells in immediate host protection has become 

increasingly clear in recent years.  

 

There is wealth of knowledge about the innate immune cues that regulate naïve CD4 T cell 

differentiation as also briefly discussed earlier in this chapter. However, innate signals that mediate 

CD4 T cell reactivation have remained unclear. We know that memory CD4 T cells display lower 

threshold for TCR activation (Byrne et al., 1988). Using genetic models, it was also shown that 

memory CD4 T cells require, albeit low levels of, co-stimulation for optimal effector function 

(Ndejembi et al., 2006). Memory CD4 T cell reactivation, however, is thought to be independent 

of innate cytokines. A teleological explanation for reduced innate regulation during reactivation 

phase is that it allows for immediate memory T cell response (MacLeod et al., 2010). Also, since 

CD4 T cells have already responded to innate cytokine cues during the priming phase, one can 

argue against the continued dependence on innate cytokines during CD4 T cell reactivation is a 

redundant regulatory mechanism. In my dissertation research, I revisit this currently established 

paradigm for memory CD4 T cell reactivation. I found that memory CD4 T cells continue to 

depend on innate signals during their reactivation. Whether such rigorous innate control of 

memory CD4 T cell function evolved to prevent self-reactive T cell activation and 

immunopathology will need further investigation.  

 

IL-1R signaling in health and disease  

IL-1 family of cytokines in T cell immunity 

Priming cytokines like IL-6, IL-12 and IL-4 often synergize with IL-1 family of cytokines for 

generation of protective immunity. Starting originally with just IL-1a and IL-1b, the IL-1 family 
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has expanded to 11 family members. IL-1a, IL-1b, IL- 18, IL-33, IL-36a, IL-36b, IL-36g and IL-

37 have agonist activity whereas IL-1Ra, IL-36Ra, and IL-38 are antagonists (Garlanda et al., 

2013).  The IL-1 system exhibits a recurrent theme of accelerators (cytokines and signaling 

receptors) and brakes (receptor antagonists, binding proteins, decoy receptors) suggesting a tight 

regulation over IL-1R family signaling. IL-1 was originally described as an anti-microbial factor. 

IL-1 was also found to be an endogenous pyrogen causing fever and acute phase response as well 

as a hematopoietic factor promoting granulopoesis (Dinarello, 2009). Although the exact role of 

each IL-1 family member in regulating T cell responses is not clear, there is substantial evidence 

that IL-1β, IL-18 and IL-33 contribute to Th17, Th1 and Th2 CD4 T cell responses, respectively 

(Sims and Smith, 2010). A series of studies have verified the importance of IL-1 in Th17 cell 

biology (Basu et al., 2015; Chung et al., 2009; Hu et al., 2011; Mailer et al., 2015). T cell intrinsic 

IL-1R signaling has been shown to promote pathogenicity of Th17 cells by synergizing with IL-6 

and IL-23 (Chang et al., 2013). IL-18 has been implicated in Th1 and CD8 T cell function. The 

combination of IL-12 and IL-18 induces IFNγ production by memory CD8 T cells and Th1 cells 

independent of TCR activation (Berg et al., 2003; Yang et al., 1999). IL-18 can also enhance T-

bet expression in human CD4 T cells thus promoting Th1 function (Blom and Poulsen, 2012). IL-

33 is produced as an alarmin when cells undergo inflammatory cell death (Cayrol and Girard, 

2014). The adaptive function of IL-33R signaling was first discovered in the context of type 2 

immunity as this receptor was prominently expressed on Th2 cells (Schmitz et al., 2005). Recently, 

it was found that colonic (Schiering et al., 2014), adipose tissue resident (Vasanthakumar et al., 

2015) and muscle (Kuswanto et al., 2016) Tregs also express high levels of IL-33R (ST2). IL-33R 

signaling promotes proliferation and maintenance of iTregs, a novel mechanism of IL-33 

dependent suppression of inflammation (Schiering et al., 2014; Vasanthakumar et al., 2015). These 
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studies emphasize the multifaceted nature of IL-1 family of cytokines and show that they can acts 

as mediators of acute inflammation during host invasion as well as drivers of homeostatic adaptive 

immunity at steady state. IL-1R family utilizes a MyD88 dependent signaling pathway, analogous 

to TLR signaling, for downstream signal transduction. Given the evolutionary relationship 

between IL-1R and TLR signaling, it is tantalizing to propose that our understanding of TLR 

signaling pathway in innate cells can serve as a blueprint to delineate the role of IL-1 family of 

receptors in T cell biology.  

 

Regulation of IL-1b production: Inflammasome and beyond 

IL-1b is mainly produced by monocytes, macrophages, DCs and neutrophils for anti-microbial 

immunity (Ainscough et al., 2014; Beuscher et al., 1990; Guma et al., 2009). IL-1 can trigger 

inflammation via multiple mechanisms including initiation of acute phase response and 

recruitment inflammatory cells (Biondo et al., 2014; Zheng et al., 1995). More recently, IL-1b has 

also been implicated in homeostatic processes such as tissue repair and neuronal homeostasis (Liu 

et al., 2019; Naik et al., 2017). However, dysregulated production of IL-1b can be harmful to the 

host as it can cause immunopathology (Lopalco et al., 2015). Due to its highly inflammatory 

nature, IL-1 b is produced under strict regulation. IL-1b production typically utilizes a two-step 

mechanism. The first step involves transcription and translation of pro- IL-1b which is dependent 

on NF-Kb activation (Cogswell et al., 1994). In majority of studies, the pro- IL-1b synthesis step 

is induced by stimulation of myeloid cells using a TLR ligand. Since pro IL-1b is not biologically 

active, it requires a second step that leads to proteolytic cleavage of pro-IL-1b into its bioactive 

form.  
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Inflammasome activation is the most well studied mechanism for production of bioactive IL-1b as 

it allows for caspase-1 dependent pro-IL-1b processing. However, several other inflammasome 

independent pathways involving caspase-8, calpains, cathepsins and neutrophil-derived serine 

proteases have also been reported for IL-1b maturational cleavage (Gurung et al., 2014; Netea et 

al., 2015). Recently, IL-21 stimulation was also reported to induce transcriptional upregulation of 

pro-IL-1b in an NF-kb independent STAT3 dependent manner (Wan et al., 2015). The mechanism 

leading to processing of pro-IL-1b following IL-21 stimulation remains unknown.  It is plausible 

that while the inflammasome dependent IL-1β drives systemic inflammation, inflammasome 

independent mechanisms of IL-1 production have evolved for much subtler functions such as 

influencing T cell biology during priming as well as reactivation. In my research, I have worked 

towards delineating the mechanism of IL-1b production during CD4 T cell reactivation and T cell 

mediated autoimmunity.  

 

IL-1b mediated autoinflammatory and autoimmune diseases 

IL-1b is a major driver of several autoinflammatory and autoimmune diseases. Inhibition of IL-1b 

activity using monoclonal antibody or anakinra has shown rapid and sustained reduction in disease 

severity (Dinarello et al., 2012). IL-1b driven inflammatory conditions can be categorized into two 

subsets based on their etiology. Autoinflammatory diseases occur due to abnormal activation of 

the macrophages/monocytes in the absence of any conventional microbial/danger signal. On the 

other hand, autoimmune diseases are caused by break in immunological tolerance resulting in B 

cell or T cell activation in response to self-antigens.  
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Recent surge in genome-wide association studies have shown heritable traits of autoinflammatory 

diseases. A unifying mechanism of inflammation in these diseases is dysregulated activation of 

inflammasome due to gain-of-function mutations leading to overproduction of IL-1b. The family 

of IL-1b driven autoinflammatory diseases include familial Mediterranean fever, periodic fever 

syndrome and pyogenic and granulomatous disorders (Dinarello, 2011). These diseases are 

characterized by rise in acute phase proteins and systemic amyloidosis. Due to the pivotal role of 

IL-1b in these diseases blocking IL-1b activity via various approaches has delivered promising 

results.  

 

Several other diseases such as type 1 diabetes, pericarditis, rheumatoid arthritis, and psoriasis are 

also responsive to IL-1β neutralization (Lopalco et al., 2015). The autoimmune flares in patients 

are often associated with presence of cytokine secreting T cells (Raphael et al., 2015). Using 

genetic models of mice, it has become clear that these autoimmune diseases are primarily caused 

due to dysregulated activation of autoreactive T cells (Bluestone et al., 2015). In addition to genetic 

predisposition and environmental factors, several mechanisms have been proposed that can lead 

to self-T cell reactivation (Rosenblum et al., 2015). Improper clonal deletion such as in case of 

Autoimmune Polyendocrinopathy Syndrome causes escape of self-reactive T cells and formation 

of natural Tregs towards self- antigens (Anderson et al., 2002; Liston et al., 2003). Molecular 

mimicry when foreign antigen shares structural similarity with a host antigen can also cause cross 

reactivity towards self-peptide (Fujinami and Oldstone, 1985). Furthermore, impaired apoptosis 

of DCs can lead to inappropriate T cell activation and eventual loss in self-tolerance (Hutcheson 

et al., 2008). IL-1b can promote T cell mediated autoimmunity by enhancing T cell function as 
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well as inhibiting Tregs mediated suppression (Jain et al., 2018; Schenten et al., 2014). While the 

exact mechanism of IL-1b production in T cell mediated autoimmunity is not known, targeting of 

IL-1b has shown promise in clinical trials.  

 

Adaptive instruction of innate immunity 

T cell function during infections and autoimmunity is dependent on complex cross-talk that occurs 

between the innate and the adaptive immune compartment (Jain and Pasare, 2017). The majority 

of the studies done to delineate this cross talk have focused on the innate cues are required to 

mount an appropriate T cell response. The paradigm of innate control of adaptive immunity 

dictates that antigen presenting myeloid cells are required to be stimulated with microbial ligands 

for activation. It is established that productive T cells immunity can only be induced upon 

successful activation of the APCs via PRRs (Pasare and Medzhitov, 2004). However, there are 

certain scenarios where T cell function is observed even in the absence of microbial presence. For 

example, in T cell mediated autoimmune diseases there is clear evidence of T cell effector function 

but no explanation for activation of APCs needed to elicit the T cell function. Moreover, while our 

data shows that IL-1 is required for memory T cell reactivation (Jain and Pasare, 2017), it has been 

reported that PRR sensing by DCs is dispensable for memory CD4 T cell responses (Pasare and 

Medzhitov, 2004).  

 

It is important to note that the interaction between the myeloid cells and T cells is, in fact, a two-

way street (Strutt et al., 2011). Memory CD4 T cells were shown to block inflammasome activation 

in macrophages upon cognate interaction thereby controlling inflammation (Guarda et al., 2009). 

Similarly, T cell deficient mice exhibited unleashed innate immune response causing cytokine 
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storm (Kim et al., 2007b). In addition to suppressing innate immune responses, T cell have also 

been shown to trigger innate immunity in a PRR independent manner (Strutt et al., 2010). 

Following influenza infection, CD4 memory T cells were found to enhance innate cytokine and 

chemokine production via an antigen dependent but PRR independent mechanism (Strutt et al., 

2010). While these studies suggest that T cells can modulate innate immune responses, the 

mechanism of such interaction remains unclear. In my dissertation research, I have delineated the 

molecular mechanism that can lead to PRR independent activation of APCs upon their cognate 

interaction with T cells. The findings described in the present work provide a mechanistic 

explanation for innate immune activation that can occur in the absence of microbial recognition.  

 

Summary of the dissertation 

This dissertation studies the cross-talk between the dendritic cells and memory CD4 T cells during 

their antigen-specific reactivation. I found that, analogous naïve CD4 T cell priming, memory CD4 

T cells also rely on innate cytokine cues for optimal effector function. In particular, IL-1b signaling 

is critical for enabling cytokine production by CD4 T cells of all lineages. I demonstrate that IL-

1R signaling is required for post-transcriptional stabilization of T cell cytokines transcripts. The 

present work also reveals a novel mechanism of IL-1b production that is independent of pattern 

recognition receptor signaling as well as inflammasome activation. I discovered that during 

cognate interaction, CD4 T cells can instruct DCs to produce mature IL-1b via a TNFR-Fas 

dependent mechanism. T cell induced IL-1b was found to be is independent of the canonical as 

well as non-canonical inflammasomes. More importantly, I show that the TNFR-Fas pathway is 

responsible for inflammation during T cell mediated autoimmune disease. As reported before, 

inflammasome activation can play a role in in auto-inflammatory diseases (CAPS, Gout, etc.) but 
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the novel pathway described here warrants revisiting the currently presumed role for 

inflammasome in T cell driven autoimmune pathology. Finally, I provide evidence that sterile high 

avidity interaction with T cells can remodel the transcriptional landscape of DCs that resembles 

PRR signaling. 
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CHAPTER TWO 
 

Methodology 

    

Mice 

C57BL/6 wild-type control mice were obtained from the UT Southwestern Mouse Breeding Core 

Facility. Il1a-/- and Il1b-/- mice were provided to us by Fayyaz S. Sutterwala at Cedars Sinai. IL-1α-

/- mice were generated by Yochiro Iwakura, Tokyo University of Science. Il1b-/- mice were 

generated by David Chaplin, UA at Birmingham. Il1r-/- mice were purchased from The Jackson 

Laboratory. Myd88-/- were generated by Shizou Akira, Osaka University and provided to us by 

Ruslan Medzhitov, Yale University. Rip3-/- and Rip3-/-Casp8-/- KO were provided by Andrew Oberst 

at the University of Washington. B6.MRL-Faslpr/J (lpr), B6.129S-Tnftm1Gkl/J (Tnfa-/-), B6.129S-

Tnfrsf1atm1Imx Tnfrsf1btm1Imx/J (Tnfrab-/-) and 2D2 T cell transgenic mice were obtained from Jackson 

Laboratories. All mice were bred and housed in a specific pathogen-free facility at UT 

Southwestern Medical Center or Cincinnati Children’s Hospital Medical Center. For isolation of 

steady state CD4 memory T cells, mice were housed in conventional facility for 2-4 weeks before 

tissue isolation. All mouse experiments were done as per protocols approved by Institutional 

Animal Care and Use Committee (IACUC) at UT Southwestern Medical Center.  

 

Antibodies  

Mouse CD4 BV421 Biolegend 100443 (1:400), Mouse CD4 FITC Biolegend 100405 (1:400), 

CD44 AF700 Biolegend 103025 (1:400), CD44 pacific blue Biolegend 103020 (1:400), CD62L 

APC Tonbo Biosciences 20-0621-U100 (1:400), IL-6r Biotin Biolegend 115803 (1:100), IL-12rb1 
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PE RnD systems FAB1998P-025 (10ul/test), IL-4Ra PE Biolegend 144803 (1:100), IL-1R1 Biotin 

Biolegend 113503 (1:100), IL-18Ra APC Biolegend 132903 (5ul/test), IL-17A FITC Biolegend 

506908 (1:300), IL-22 PE Biolegend 516404 (5ul/test), IFNg PE Biolegend 505807 (1:200), ICOS 

APC Biolegend 313509 (1:400), CD69 PE BD Biosciences 553237 (1:400), CD25 Biotin BD 

Biosiences (1:400), Zombie Yellow live dead stain Biolegend 423103 (1:500), Streptavidin 

BV421 Biolegend 405241 (1:400), CFSE Biolegend 423801 (1:1000), IL-17A purified  Biolegend 

505807 (1:1000), antiIL-17A biotin Biolegend 507002 (1:1000), Anti IL-22 purified  Biolegend 

516401 (1:250), Anti IL-22 biotin Biolegend 516407 (1:200), Anti IFNg purified  Biolegend 

505702 (1:1000), Anti IFNg biotin Biolegend 505804 (1:1000), Anti IL-17F Capture antibody 

eBioscience 14-7473-68 (1:200), Anti IL-17F Detection antibody eBioscience 13-7474-68 

(1:250), Anti IL-13 purified  eBioscience 14-7133-85 (1:125), Anti IL-13 biotin eBioscience 13-

7135-85 (1:2000), Anti IL-4 purified  Biolegend 504102 (1:200), Anti IL-4 biotin Biolegend 

504202 (1:2000), Anti IL-5 purified  Biolegend 504301 (1:500), Anti IL-5 biotin Biolegend 

504402 (1:500), Anti-mouse Pro-IL-1b APC (eBioscience, 17-7114-80; 1:500),  Anti-mouse 

CD11b BV785 (Biolegend, 101243; 1:400), Anti-mouse CD11C FITC (Biolegend; 117306, 

1:400), Anti-mouse Ly6G FITC (Biolegend, 127605; 1:400), Ly6C BV711 (Biolegend, 12803; 

1:400), Anti-mouse TNFa FITC (Biolegend, 506304, 1:1000), Anti-mouse F4/80 APC-eflour 780 

(Invitrogen, 47-4801-80; 1:400), Anti-mouse CD90 Pacific blue (Biolegend, 105324; 1:400), Anti-

mouse FasL PE (Biolegend, 106605; 1:100), Anti-mouse CD62L biotin (Biolegend, 104404; 

1:200), Anti-mouse CD11c biotin (Biolegend,117304; 1:500) 
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Reagents 

IL-1Ra (R&D Systems; 480-RM, 50ng/ml), rTNFa (Peprotech; 315-01Am, 20ng/ml), aCD3e 

(Biolegend; 100331 for in vitro assays and 100340 for in vivo assays), aTNF (Biolegend; 506332, 

20µg/ml), aFasL (Biolegend; 106608, 10µg/ml), aCD40L (Biolegend; 310812, 10 µg/ml), IL-1b 

ELISA (R&D Systems; DY-401), TNFa ELISA(Biolegend; 510802 for capture and 506312 for 

detection), Naïve T cell Mojosort (Biolegend; 480040), total CD4 T cell Mojosort (Biolegend; 

480006), Zombie yellow (Biolegend; 423103), DAPI (Biolegend; 422801), IETD (R&D Systems; 

FMK007, 10µM), rGMCSF (Biolegend; 576306), Anti-biotin beads (Milteny Biotec; 130-090-

485), OVA323-339 (Invivogen; vac-isq), LPS (Sigma, 100ng/ml), ATP (Invivogen; tlrl-atpl, 5nM), 

IL17a ELISA (Biolegend; 506902 for capture and 507002 for detection), EAE immunization kit 

(Hooke Laboratories, EK-2110) mouse MOG35-55 (CSbiologicals, CS0681)  

 

Infections and Immunizations 

C. rodentium was cultured in nalidixic acid (30�g ml-1) containing LB broth. L. monocytogenes 

was cultured in BHI. For the oral infection model, WT mice were treated with 200μl 1% 

NaHCO3 followed by intragastric infection with 1x108 CFU of C. rodentium. Mesenteric lymph 

nodes were excised 9-10 dpi. For the systemic infection model WT mice were infected with 

20,000 CFU of L. monocytogenes i.p. Spleens were harvested 7 dpi. Infection dose was 

confirmed via retrospective counting. For antigen-specific reactivation, pathogen extracts were 

prepared via freeze thawing bacteria followed by total protein quantification. For subcutaneous 

immunization, 25 μg OVA (Invitrogen) and 2.5 μg LPS (Sigma) was emulsified in IFA and 

injected subcutaneously into footpad (hind limbs). Popliteal and inguinal lymph nodes were 

harvested 7 days post immunization.  
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Isolation of total, naïve and memory CD4 T cells 

Single cell suspension was obtained from spleen and peripheral lymph nodes. Total Naïve CD4 T 

cells were isolated using mouse an isolation kit (Biolegend) following manufacturer’s instructions. 

For isolation of CD4+CD44+CD62Llo, total CD4 T cells were labeled with a biotinylated CD62L 

antibody followed by anti-biotin microbeads (Miltenyi). CD62Llo cells were isolated using negative 

selection by AutoMacs. Approximately 95% cells were CD4+CD44+CD62Llo.  

 

Isolation of splenic DCs  

CD11C+ cells were magnetically sorted from splenocytes using positive selection by AutoMacs.  

Approximately 95-99% cells were CD11c+MHCII+.  

 

In vitro differentiation of bone marrow derived dendritic cells and retroviral transduction 

Mouse progenitors were isolated from bone marrow (femurs and tibias). Following RBC lysis, 

cells were plated at 0.75x106 mL-1 in BMDC media (5% FCS containing complete RPMI + 1% 

rGMCSF (Biolegend, 100ng mL-1)). Media was replaced on day 2 and day 4 and cells were 

harvested for experiments on day 5 by gently flushing each well. For retroviral transduction, 

following RBC lysis cells were plated at 10x106 mL-1 in 2mL of retroviral supernatant containing 

8µL mL-1 polybrene. Cells were spinfected at 2500 rpm, 32ºC, for 90 minutes, then 3mL of BMDC 

media was added to each well and cells were incubated overnight. The next morning, ~70% of the 

media was removed from the wells and spinfection was repeated with fresh retroviral supernatant. 

On day 5 cells were harvested for experiments. 
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In vitro differentiation of naïve CD4 T cells 

Cell culture treated plates were coated with aCD3 (5μg mL-1) and aCD28 (5μg mL-1) for 3-4hrs at 

37ºC. CD4+CD62Lhi naïve CD4 T cells were isolated from splenocytes using a Mojosort naïve CD4 

T cell isolation kit according to manufacturer’s protocol. Purified naïve T cells were plated in 

antibody-coated plates with appropriate polarizing conditions for 5 days. T cell were cultured in 

complete RPMI supplemented with 10% FCS. Cytokine cocktails for in vitro polarization: Th1 – 

IL-12 (10ng mL-1, peprotech), IL-2 (50U mL-1, peprotech), aIL-4 (10μg mL-1, Biolegend); Th17 – 

IL-6 (20ng mL-1, peprotech), hTGFb (5ng mL-1, peprotech), aIL-4 (10μg mL-1, Biolegend), aIFNg 

(10μg mL-1, Biolegend), IL-23 (20ng mL-1, Biolegend) and IL-1b (20ng mL-1, peprotech), Th2- IL-

4 (4ng mL-1, peprotech), IL-2 (50U mL-1, Biolegend), and aIFNg  (10μg mL-1, Biolegend), Th0 – 

IL-2 (50U ml-1). For co-culture experiments T cells were rested in 10% RPMI supplemented with 

IL-2 (10U mL-1) for 36hrs before co-culture.  

 

In vitro reactivation of polyclonal memory CD4 T cells 

Memory T cell re-stimulation via TCR ligation in vitro 

CD4 T cells were stimulated with either plate bound αCD3 (0.5 μg/ml) + αCD28 (0.5 μg/ml), or 

B cells (B cell:T cell = 2:1), or DCs (DC:T cell = 1:5) in the presence of 30  ng ml-1 soluble 

αCD3 for 24-48hrs.  

Stimulation of CD4 T cells using PMA and ionomycin 

CD4 T cells were treated with PMA (1 mg/ml, Sigma) and ionomycin (100 nM, Sigma) for 4-

6hrs. For intracellular staining brefeldin A was also added.  

 



 

 20 

In vivo polyclonal T cell activation  

6-8 weeks old mice were treated with 20μg aCD3 or PBS by i.p. injection. Lamina propria cells 

and splenocytes were isolated at given time points after stimulation followed by surface and 

intracellular staining. 50μg aCD3 or PBS was injected intravenously in acute experiments as 

mentioned in the legends.  

 

Flow cytometry and intracellular staining 

Cells were stained with relevant antibodies for 30 min on ice and washed. For intracellular staining, 

Foxp3 staining buffer set (ebioscience) was used according to manufacturer’s protocol. The stained 

cells were analyzed with BD LSRII or Novocyte (ACEA biosciences).  For cytokine receptor 

staining, control refers to fluorescence minus one control. Data were analyzed with FlowJo 10 

Software.  

 

Western blot analysis 

Cells were lysed in 1X RIPA Buffer and protein was quantified using Pierce™ BCA Protein Assay 

Kit. Cell lysates where boiled in 1X Laemmli buffer at 95ºC for 10 mins. Cell lysates were 

separated by SDS–PAGE and transferred onto PVDF membranes. Blots were incubated with anti-

IL1b [1:1000] (R&D AF-401-SP), anti-caspase8 [1:1000] (Enzo ALX-804-447-C100), anti-

caspase1 [1:1000] (Genentech), anti-btubulin [1:5000] (CST 2146S). As secondary antibodies, 

anti-rabbit-IgG-HRP (Biorad) [1:5000], anti-mouse-IgG-HRP and anti-goat-IgG-HRP [1:10000] 

(Jackson ImmunoResearch Laboratory) were used. Anti-β-actin (C4, Santa Cruz, 1:5000) was 

used as control. Western blot was develop using SuperSignal™ West Pico PLUS 
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Chemiluminescent Substrate (Thermo Fisher) and ECL signal was recorded on X-Ray Films using 

a developer (Kodak).  

 

Assay for quantifying T cell induced IL-1b production by DCs 

1 million DCs were cultured with 4 million T cells in 12 well plate. DC-T cell interaction was 

triggered by adding either aCD3 (aCD3, 200ng mL-1) or OVA323-339 as described in the legends. 

In experiments measuring secreted IL-1b, IL-1R antagonist (50ng mL-1) was added 1hr prior to DC 

stimulation to block IL-1b consumption. Co-cultures were also pretreated with neutralizing 

antibodies and inhibitor wherever described. Co-culture experiments were performed in complete 

RPMI supplemented with 10% FCS. For Western blot analysis of the culture supernatant cells 

were cultured in 1% FCS containing complete RPMI.  

 

RNA isolation and quantitative PCR 

RNA was isolated using Qiagen RNA extraction kit using manufacturer’s protocol. cDNA was 

synthesized using Random primers (Invitrogen) and MMLV reverse transcriptase (Invitrogen). 

The QuantStudio 7 Flex Real-Time PCR System (ThermoFisher Scientific) was used to measure 

SGBR green (ThermoFisher Scientific) incorporation. All data is normalized to 18s rRNA. qPCR 

primers sequences are as follows: IL-1R1F: CAGGAGAAGTCGCAGGAAGT, IL-1R1 R: 

TGGAACAGAGCCAGTGTCAGIL17A F: TCCAGAAGGCCCTCAGACTA, IL17A R: 

AGCATCTTCTCGACCCTGAA, IFNg F: TGCCAAGTTTGAGGTCAACAACCCA, IFNg R: 

CCCACCCCGAATCAGCAGCG, IL17F F: ACCCGTGAAACAGCCATGGTCA, IL17F R: 

ACCGGTGGGGGTCTCGAGTG, IL22 F: CAATCAGCTCAGCTCCTGTCACAT, IL22 R: 

TCCCCAATCGCCTTGATCTCTCCA, IL13 F: ACAAGACCAGACTCCCCTGT, IL13 R: 
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TCTGGGTCCTGTAGATGGCA, 18S F: GTAACCCGTTGAACCCCATT, 18S R: 

CCATCCAATCGGTAGTAGCG. Il1b: Fwd-5’TGTGCTCTGCTTGTGAGGTGCTG 3’, Rev 

5’CCCTGCAGCTGGAGAGTGTGGA3’ | Hprt1: Fwd-5’ CAGTCCCAGCGTCGTGATTA-3’, 

Rev-5’ TGGCCTCCCATCTCCTTCAT-3’ | 18S: Fwd-5’ GTAACCCGTTGAACCCCATT, Rev-

5’ CCATCCAATCGGTAGTAGCG 

 

RNA stability assay  

Lymph node (5x106 cells) cells were activated in the presence of soluble αCD3 (200 ng ml-1) 

for 18hrs. Alternatively, CD4 T cells were isolated from the spleen and LNs and reactivated in 

vitro with immobilized αCD3 (0.5 μg ml-1) and αCD28 (0.5 μg ml-1). Cells were washed and 

plated at lower density (1x106 cells ml-1) in the presence of actinomycin D (10 μg ml-1, Sigma). 

At given time points after addition of actinomycin D cells were washed with cold PBS and lysed 

with TriZol (Life Technologies) and frozen until further processing.  

 

Transcriptomic profiling 

CD45.1 CD11c+ DC were sorted from a heterogenous GMCSF derived BMDC population using 

Automacs. 99% pure CD11c+ DCs were co-cultured with CD45.2 Th0 polarized T cells in the presence 

of aCD3 (200ng/ml). After 3 hrs stimulation live CD45.1+CD11c+CD90.2- cells were facs sorted. 

Cells were immediately lysed in TriZol.  RNA was extracted by using the miRNeasy kit (Qiagen). 

cDNA libraries were performed from purified RNA (performed in the lab of Dr. Edward K. Wakeland) 

and sequenced, paired end, using Hi-seq Illumina platform. Methods for data normalization and 

analysis are based on the use of “internal standards” which was slightly modified to the needs of RNA 

sequencing data analysis (Dozmorov et al., 2010). Dr, Igor Dosmorov, performed the differential gene 

expression analysis with minimal fold change restriction of 1.5. Yajing Gao performed hierarchical 
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gene clustering using Gene Pattern software develop by Broad Institute. Gene ontology analysis was 

performed using DAVID.  

 

Passive EAE induction 

9-10 weeks old WT female mice were immunized with MOG35-55 emulsion obtained from the Hooke 

lab EAE immunization kit as per manufacturer’s protocol. Mice were also injected with 80ng 

Pertussis toxin intraperitoneally on day 0 and day 1. Total splenocytes were harvested 11-14 days 

after immunization and cultured in vitro with MOG (20µg/ml), anti-IFNg (10µg/ml) and IL-23 

(10ng/ml). After 3 days of reactivation, total CD4 T cells isolated using Mojosort Kit (Biolegend). 

5-10x106 CD4 T cells were transferred intravenously into given genotypes of mice. Recipients 

also received 80ng Pertussis toxin intraperitoneally on day 0 and day 1 of transfer. Mice were 

monitored daily and disease severity was scored as follows: 0 = no clinical signs of paralysis, 1 = 

tail paralysis, 2 = tail paralysis and hind limb weakness, 3 = Complete hind limb weakness, 4 = 

forelimb paralysis or moribund.  

 

Histology 

On day 28 after adoptive transfer, mice were sacrificed and perfused with ice cold PBS. Spinal 

cords were collected and fixed with 10% neutral-buffered formalin for 36h. Fixed tissues 

submitted to Cincinnati Children’s Hospital Medical Center research pathology core for tissue 

embedding and Luxol fast blue stain. Slides were imaged at 10X using a Nikon Eclipse Ti.  
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Quantification and Statistical Analysis 

Based on previous and preliminary studies in our lab, we predicted that the reported samples sizes 

would be sufficient to ensure adequate power. Statistical analyses were performed in Prism 

(GraphPad) using unpaired or paired student’s t test or two-way ANOVA as indicated in the figure 

legends. Data are presented as means ± SEM. Significance was considered at *p<0.05, **p<0.005, 

***p<0.0005. n.s. = not significant.  
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CHAPTER 3 
 
 

Role of IL-1 Family of Cytokines in Memory CD4 T Cell Effector Function 

 
 
Part of the writing presented in this chapter was previously published in Nature Communications, 

9, Article Number:3185, 2018 (Jain et al., 2018) 

    

Introduction    

Pathogen recognition by dendritic cells (DCs) via activation of pattern recognition receptors 

(PRRs) results in the upregulation of MHC and co-stimulatory molecules and the secretion of pro-

inflammatory cytokines (Iwasaki and Medzhitov, 2015; Jain and Pasare, 2017). The MHC-peptide 

complex ensures cognate T cell activation while upregulation of co-stimulatory markers reflect the 

non-self-nature of the antigen (Pasare and Medzhitov, 2005). Although TCR engagement and co-

stimulation can lead to activation and proliferation of CD4 T cells, innate cytokines are required 

for differentiation of naïve T cells into differentially programmed protective subsets tailored to 

eliminate specific microbial challenges (Curtsinger and Mescher, 2010).  

 

Following pathogen clearance, antigen-specific T cells survive as memory T cells or effector T 

cells that either recirculate or reside permanently in the tissues (Mueller et al., 2013). In contrast 

to the three signal requirement for naïve T cell priming (Zhu et al., 2010), it has long been 

presumed that MHC-TCR interactions alone are sufficient for memory CD4 T cell reactivation 

and effector function (Bachmann et al., 1999; London et al., 2000). More recent work, however, 

has shown that co-stimulation via CD80/86 is also critical for reactivation of memory CD4 T cells 
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(Boesteanu and Katsikis, 2009; Borowski et al., 2007; Ndejembi et al., 2006). While dependence 

on only one (or two) signal(s) might allow for rapid reactivation of previously primed T cells, 

insufficient stringency can be inherently dangerous to the host physiology (Janeway, 1992).  Using 

yeast-displayed MHC-peptide libraries, it was found that a single TCR could bind to several related 

peptides (Birnbaum et al., 2014); later it was shown that pathogenic peptides could cross-react 

with self-reactive TCRs (Nelson et al., 2015). Thus, pathogen-specific memory T cells are prone 

to aberrant reactivation by self-antigens. The risk of such undesirable activation is even higher at 

the barrier surfaces where tissue resident memory T cells are exposed to innocuous tissue restricted 

self-peptides (Harkiolaki et al., 2009; Poussier et al., 2002). Lack of qualitative information about 

the origin of the antigen during effector or memory T cell reactivation could thus lead to systemic 

or local auto-immune and auto-inflammatory responses (Enouz et al., 2012). This inspired us to 

hypothesize that the innate immune system provides additional cues for memory T cell reactivation 

beyond antigen presentation and co-stimulation. We propose that cues from the innate immune 

system regulate T cell responses at stages past differentiation by providing qualitatively distinct 

signals during naïve T cell priming versus memory T cell reactivation. 

 

Innate cytokines can be categorized based on their dependence on STAT or MyD88 mediated 

signaling. Priming cytokines such as IL-6, IL-12 and IL-4 signal via the activation of STAT 

molecules, which induce or stabilize the expression of lineage specific transcription factors (Zhu 

et al., 2010). On the other hand IL-1 family of cytokines, including IL-1a, IL-1b, IL-18 and IL-

33, engage MyD88 dependent signaling to enhance T cell responses that are primarily orchestrated 

by priming cytokines (Hu et al., 2011; Zhu et al., 2010). Before even the biology of its production 

and signaling was completely understood, IL-1 was predicted and shown to be a critical signal for 
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T helper cell growth (Janeway, 1989b). While at the time CD4 T cell subsets were yet to be 

discovered, IL-1 was thought to be a signal only secondary to antigen presentation during CD4 T 

cell activation (Janeway, 1989b; Lichtman et al., 1988). In agreement with this hypothesis, it was 

subsequently shown that T cell intrinsic MyD88 is necessary to block Treg suppression of 

functional CD4 T cell immunity (Schenten et al., 2014). Over the years, various other unique roles 

of IL-1 and its related cytokines have been described. More specifically, IL1b was shown to 

enhance Th17 differentiation in vitro (Chung et al., 2009). IL-1R signaling promotes pathogenicity 

of autoimmune Th17 cells by synergizing with IL-6 and IL-23 (Lee et al., 2012b). IL-1 also 

amplifies IL-6 induced STAT3 phosphorylation to skew the balance away from iTregs and towards 

Th17 (Basu et al., 2015). More importantly, IL-1 was required for Th17 immunity irrespective of 

the tissue microenvironment (Hu et al., 2011). These finding underscores IL-1 as a central signal 

rather than a secondary cue for Th17 mediated immunity. The role of IL-1 family of cytokines 

extends to other CD4 T cell lineages as well. IL-18 aids Th1 priming by upregulating T-bet 

expression (Blom and Poulsen, 2012). IL-18 in conjunction with IL-12 can also induce antigen 

independent memory CD8 and CD4 T cell effector function (Berg et al., 2003; Yang et al., 1999). 

The adaptive function of IL-33 was first discovered in the context of Th2 immunity (Schmitz et 

al., 2005). However, colonic Tregs were recently found to also express the IL-33R and depend on 

IL-33 stimulation for optimal function (Schiering et al., 2014). In summary, diverse yet unique 

functions of the IL-1 family of cytokines have been reported in all effector CD4 T cell lineages, 

giving rise to the following questions. First, is there a common principle that underlines the 

dependence of all CD4 T cell lineages on the IL-1 family of cytokines for protective immunity? 

Second, why did T cells adopt a MyD88 dependent pathway, which is analogous to TLR signaling, 

during the course of evolution of the adaptive immune system?  
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It is crucial to note that in the aforementioned studies, IL-1 or its related cytokines were either 

exogenously provided to an ongoing T cell response, which does not reveal the necessity of these 

cytokines or IL-1R signaling components were genetically ablated in animal models, which makes 

it challenging to differentiate between the function of IL-1 related cytokines during priming and 

reactivation. Here, we explored the role of the IL-1 family of cytokines in regulating effector 

function of memory T cells by specifically ablating signaling downstream of the IL-1 family of 

receptors during reactivation of already primed effector or memory T cells. This methodology 

enables exclusion of the previously confounding factors.  

 

Our data demonstrate that T cell intrinsic signaling downstream of IL-1 family of receptors, all of 

which are MyD88 dependent, is required for “licensing” cytokine production by effector and 

effector memory CD4 T cells. More importantly, this function is conserved across all effector CD4 

T cell lineages. Furthermore, IL-1R signaling in T cells provides post-transcriptional stability to 

otherwise unstable T cell cytokine transcripts, analogous to TLR mediated stabilization of innate 

cytokine transcripts in myeloid cells. Together, our data show that T cell intrinsic MyD88 signaling 

is a critical rather than an accessory signal for productive T cell effector function and provide a 

previously unrecognized evolutionary basis for adaptation of MyD88 signaling pathway in T cells. 

 

Results  

Dendritic cells provide key signals necessary for optimal effector CD4 T cell function 

It has long been understood that engagement of TCR and co-stimulatory molecules on antigen-

experienced CD4 T cells (effector, effector memory and tissue resident memory cells) is sufficient 
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to drive rapid production of effector cytokines (Borowski et al., 2007; London et al., 2000). This 

is based on the conceptual framework that once primed, CD4 T cells need not depend on additional 

innate immune signals as this would impose a degree of redundancy and might delay the effector 

response.  We formally tested this concept by either strictly providing TCR and co-stimulatory 

signals (using plate-bound antibodies) to circulating effector memory CD4 T cells 

(CD44hiCD62Llo, here on referred to as memory CD4 T cells) or by activating these cells in the 

presence of live DCs. Consistent with the existing paradigm, we found that engagement of the T 

cell receptor and the co-stimulatory molecule CD28 was sufficient for memory CD4 T cells to 

produce canonical Th1 (IFNg), Th2 (IL-13) and Th17 (IL-17A) cytokines (Figure 3-1a). However, 

when compared to the quantities of effector cytokines produced by memory CD4 T cells co-

cultured with live DCs, the effector cytokines produced by plate-bound antibodies were 

significantly lower (Figure 3-1a). This is remarkable since much higher concentrations of 

antibodies were used for plate bound stimulation compared to soluble αCD3 used to mediate DC-

T cell interactions. We further asked if B cells, naïve or previously activated by TLR ligands, 

would provide adequate signals for optimal functioning of these memory CD4 T cells. 

Surprisingly, we found that neither naïve nor activated B cells could induce optimal cytokine 

production comparable to those induced by live DCs (Figure 3-1b). Collectively, this set of 

experiments demonstrates that TCR and co-stimulatory signals are not sufficient to trigger effector 

cytokine production by Th1, Th2 and Th17 cells and that additional signals, potentially resulting 

from a complex cross-talk between memory CD4 T cells and live DCs, could be critical for T cell 

effector function. 
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Effector CD4 T cells constitutively express IL-1R 

T cell receptor activation and co-stimulatory signaling activate and induce clonal expansion of 

CD4 T cells. Naïve CD4 T cells, in addition, depend on cytokine signals for differentiation into 

protective subsets. The role of innate cytokines in CD4 T cell responses can be postulated in part 

by analyzing the expression of their receptors on memory CD4 T cells. The receptors for priming 

cytokines (especially IL-6 and IL-4) were expressed constitutively on naïve CD4 T cells but were 

downregulated on effector memory CD4 T cells (Figure 3-2a, 3-2b). IL-12R was not constitutively 

expressed on naïve CD4 T cells but was induced following T cell receptor stimulation and then 

rapidly downregulated (Figure 3-2d). However, when we examined the expression of receptors for 

the IL-1 family of cytokines, IL-1R, IL-18R and IL-33R, we found that IL-1R and IL-18R were 

constitutively expressed on effector memory CD4 T cells in the secondary lymphoid organs 

(Figure 3-2c). Interestingly, circulating effector memory CD4 T cells did not show significant 

expression of ST2, the receptor for IL-33 (Figure 3-2c). It is well known that in vivo generated 

Th2 cells can respond to IL-33 (Peine et al., 2016) and perhaps IL-33R could be regulated by 

different mechanisms than those that regulate IL-1 and IL-18 receptors. In agreement with IL-1R 

staining, transcriptional expression of IL-1R was also higher on effector memory CD4 T cells 

relative to their naïve counterparts (Figure 3-2e). Collectively, these data led us to consider the 

possibility that signals from the IL-1 family of cytokines, particularly IL-1, could be critical for 

regulating effector function of previously differentiated CD4 T cells.  
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T cell intrinsic IL-1R signaling is critical for effector function of polyclonal as well antigen 

specific effector CD4 T cells  

To test the importance of constitutive expression of IL-1R on memory CD4 T cells, we specifically 

blocked IL-1R signaling only during the reactivation phase of WT memory CD4 T cells using IL-

1R antagonist (IL-1Ra), a potent biological competitive inhibitor of both IL-1a and IL-1b. This 

approach ensures optimal in vivo T cell differentiation under IL-1 sufficient conditions and 

uncouples effector function from priming, which is not possible when using genetic deletion of 

the receptor or downstream signaling molecules. Abrogation of IL-1R signaling during memory T 

cell reactivation led to greatly diminished production of IL-17A, IL-17F and IL-22 (Figure 3-3a). 

We then decided to test if the requirement of IL-1R signaling for effector function also extends to 

other CD4 T cell lineages. Indeed, we found significant deficit in IL-13, IL-4 and IL-5 as well as 

IFNγ production when we abrogated IL-1R signaling (Figure 3-3b, 3-3c). The role of DC intrinsic 

IL-1R signaling was excluded since we observed no defect in effector cytokine production when 

CD4 T cells were reactivated with IL-1R deficient DCs (Figure 3-3d). IL-18 has been implicated 

in driving IFNg production by CD8 T cells(Okamura et al., 1995; Okamura et al., 1998); however, 

blocking IL-18R signaling did not affect IFNγ production by memory CD4 T cells (Figure 3-3e). 

Likewise, IL-33 neutralization did not significantly affect IL-13 production by memory CD4 T 

cells (Figure 3-3f). Requirement of IL-1R signaling appears to be specific for effector cytokines 

since IL-2 production was normal (Figure 3-4a). Acute blockade of IL-1R signaling during the 

reactivation phase did not affect CD25, CD69, ICOS and CD44 expression, suggesting that 

effector cytokine production was compromised despite normal T cell activation (Figure 3-4b). 

 



 

 32 

We, and others have previously shown that priming environments can have significant impact on 

the quality of CD4 T cells that are generated (Hu et al., 2011; Pepper et al., 2010). Moreover, the 

nature of the immune challenge can dictate innate cytokine requirements for CD4 T cell function 

(Havenar-Daughton et al., 2006). Naturally arising memory CD4 T cells used so far in this study 

are most likely specific to commensals present at steady state (Ivanov et al., 2009). Requirements 

for the generation and function of acutely activated T cells could be different than the ones primed 

under homeostasis (Hirota et al., 2013; McGeachy et al., 2009). Therefore, we decided to test if 

antigen-specific effector CD4 T cells generated following various routes of immune challenge also 

depend on IL-1R signaling for cytokine production, during secondary challenge. To this end, we 

transferred OT-II T cells into a WT host and immunized the recipient mice with ovalbumin (OVA) 

mixed with lipopolysaccharide (LPS) and incomplete Freund’s adjuvant for in vivo priming of the 

donor OT-II T cells. We observed that following immunization, there was constitutive IL-1R 

expression on primed and clonally expanded OT-II T cells (Figure 3-5a). Peptide-specific cytokine 

production by these OT-II T cells upon secondary stimulation with OVA peptide323-339 was dependent 

on IL-1R signaling (Figure 3-5b). We also generated polyclonal OVA-specific CD4 T cells 

following subcutaneous immunization. WT CD4 T cells isolated from the draining lymph nodes 

of the immunized mice were reactivated by live DCs in the presence of titrating doses of OVA. 

IFNg and IL-17A production was heavily compromised upon IL-1R blockade during reactivation 

(Figure 3-5c). In line with secreted cytokines, the frequency of IL-17A+ and IFNg+ T cells in 

response to OVA re-stimulation was also significantly reduced when IL-1R signaling was 

abrogated (Figure 3-5d). Addition of exogenous IL-1b has been shown to promote CD4 T cell 

proliferation during priming (Ben-Sasson et al., 2009). However, we found no defect in the 
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frequency of activated CD4 T cells as well as antigen-specific proliferation in the presence of IL-

1Ra (Figure 3-6).  

 

Next, we challenged mice with C. rodentium using an intra-gastric route of infection. C. rodentium 

infection predominantly leads to Th17 and Th22 cell differentiation(Basu et al., 2012). C. 

rodentium specific WT Th17 cells generated following intra-gastric infection also required IL-1R 

signaling for effector function as measured by IL-17A and IL-22 production following reactivation 

with C. rodentium lysate (Figure 3-7a). The proportion of IL-17A+ as well as IL-22+ CD4 T cells 

was also significantly compromised in the presence of IL-1Ra (Figure 3-7b). No cytokine 

production was detected without antigen discounting the possibility of any constitutive T cell 

response (Figure 3-7c). Lack of IL-17A production in T cells challenged with unrelated pathogen 

lysate further demonstrates the specificity of the effector T cell response in this assay (Figure 3-

7c). Proportion of activated CD4 T cells was not affected in the absence of IL-1R signaling. (Figure 

3-7d).   

 

Since oral and systemic infections have been shown to have different cytokine requirements for 

priming (Hu et al., 2011) we wanted to test the requirement for IL-1R dependent signaling in 

systemic infections. We infected WT mice with L. monocytogenes intra-peritoneally, which results 

in Th1-skewed responses (Hsieh et al., 1993; Pepper et al., 2010). CD4 T cells were isolated from 

the spleens of infected mice and re-stimulated in vitro with L. monocytogenes lysate for antigen-

specific CD4 T cell reactivation. Interestingly, IFNg production by L. monocytogenes-specific 

CD4 T cells was not affected by the absence of IL-1R signaling (Figure 3-8a). Since there is 

evidence for IL-18R signaling regulating production of IFNg by both memory CD8 T cells and 



 

 34 

NK cells (Berg et al., 2003; Hu et al., 2011), we tested whether L. monocytogenes-specific IFNg 

production by effector CD4 T cells was dependent on IL-18R signaling. We found that ablation of 

IL-18R signaling significantly compromised IFNg production (Figure 3-8a). Notably, the mean 

fluorescent intensity (MFI) of IFNg was also reduced upon blocking IL-18R, suggesting the 

necessity of IL-18R signaling at the level of every cell (Figure 3-8b). The activation of CD4 T 

cells upon pathogen-specific reactivation was normal in the absence of IL-18R signaling as 

determined by the frequency of activated CD4 T cells (Figure 3-8c). Collectively, these data 

demonstrate a critical role for IL-1R and IL-18R signaling in regulating antigen-specific effector 

function of CD4 T cells. In addition, these data also highlight how the nature of the pathogen and 

route of infection can dictate dependence of Th1 lineage cells on IL-1 or IL-18 signals. 

 

Dependence on IL-1R signaling for cytokine production extends to tissue resident memory CD4 

T cells  

CD4 memory T cells can exist as circulating effector memory T cells or tissue resident memory T 

cells. Effector memory T cells reside in the spleen and provide defense against systemic infections. 

In recent years, tissue resident memory T cells, populating the barriers tissues, have been 

demonstrated as the first line of defense and are found to respond rapidly to pathogens invading 

via tissues such as the skin and mucosal epithelia (Ariotti et al., 2014; Gebhardt et al., 2009; Jiang 

et al., 2012; Masopust et al., 2001; Schenkel et al., 2014). Lymphocytes isolated from the tissues 

express high levels of CD44 and CD69 suggesting that they maintain an activated status either by 

default or because they are constantly exposed to environmental insult (Shin and Iwasaki, 2013). 

We therefore deemed it critical that effector functions of these cells are regulated rigorously to 

avoid auto-immunity. It is known that the breakdown of cell extrinsic regulatory mechanisms such 
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as the loss of Treg function or the absence of IL-10 leads to colitis, but little is known about cell 

intrinsic regulation of CD4 T cell effector function at the barrier sites (Kuhn et al., 1993; Paust and 

Cantor, 2005). We set out to determine if IL-1R controls the function of these highly critical tissue 

resident memory CD4 T cells. A vast heterogeneity has been described in the myeloid cell 

populations that line the barrier tissues and play an unique role in T cell activation (Jain and Pasare, 

2017). Therefore, we activated tissue resident CD4 T cells in the presence of their respective 

myeloid cell populations. Consistent with circulating effector memory T cell data, lymphocytes 

isolated from lung, small intestinal lamina propria as well as skin require IL-1R mediated signaling 

for optimal IL-17A and IL-13 production upon reactivation (Figure 3-9). Overall, these data 

provide credence to the idea that the IL-1 family of cytokines licenses the functioning of effector 

T cells, irrespective of whether they reside in the secondary lymphoid organs or in the tissues. 

 

IL-1b licenses IL-17A, IL-13 and IFNg production by circulating effector CD4 T cells  

So far, we have used IL-1Ra to block IL-1R mediated signaling.  Although both IL-1a and IL-1b 

utilize IL-1R for downstream signal transduction, these cytokines differ in how they are made and 

might in fact have different biological roles in regulating adaptive immunity (Garlanda et al., 

2013). IL-17A production by memory CD4 T cells activated via plate bound aCD3 and aCD28 

was enhanced by addition of either IL-1a or IL-1b (Figure 3-10a). However, the minimal cytokine 

production by memory CD4 T cells induced by TCR and co-stimulation alone was found to be 

independent of IL-1R signaling (Figure 3-11a). In order to establish which one of these cytokines 

is necessary for IL-17A production especially when CD4 T cells are interacting with DCs we 

specifically neutralized IL-1a or IL-1b during CD4 T cell reactivation by live DCs. We found that 

IL-1b but not IL-1a was required for optimal cytokine production by Th17 cells (Figure 3-10b). 
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Furthermore, IL-13 and IFNg production was also significantly compromised upon specific 

neutralization of IL-1b (Figure 3-10c). Consistently, Il11a-/- DCs but not Il11b-/-  DCs were able 

to induce optimal IL-17A, IL-13 and IFNg production by CD4 T cells (Figure 3-10d). Moreover, 

exogenous IL-1b restored the ability of B cells to induce IL-17 production by memory T cells to 

the levels induced by live DCs (Figure 3-10e). Notably, unlike cytokine production by memory 

CD8 T cells, which can be induced by IL-12 and IL-18 in absence of TCR ligation (Berg et al., 

2003), IL-1b driven cytokine production by CD4 T cells was strictly dependent on concurrent TCR 

activation and co-stimulation (Figure 3-11b). In fact, blocking CD28 interaction with co-

stimulatory molecules completely abrogated the ability of memory T cells to produce cytokines 

suggesting that co-stimulation continues to be a hierarchically superior signal (Figure 3-11c). 

Collectively, our data has revealed that IL-1b acts as a “licensing cytokine” for effector function 

of memory CD4 T cells of all lineages thus providing an additional layer of regulation of adaptive 

immune responses. 

 

IL-1R deficient T cell exhibit normal steady state differentiation but compromised effector 

function  

The majority of studies examining the role of IL-1R in CD4 T cell immunity use cytokine 

production as a measure of T cell response, making it challenging to ascertain the requirement of 

IL-1R signaling for lineage commitment versus effector function(Chung et al., 2009; Hu et al., 

2011; Schenten et al., 2014; Shaw et al., 2012). Our results showing the requirement of IL-1 for 

optimal cytokine production by successfully committed CD4 T cells dictated us to examine the 

status of Th1, Th2 and Th17 lineage cells in the spleen and the lamina propria of cohoused WT 

and Il1r-/- mice. Consistent with previous reports (Atarashi et al., 2008; Ivanov et al., 2008; 
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Mufazalov et al., 2016; Naik et al., 2012), we found no defect in the proportion of CD4 T cells 

committed to the Th17 lineage in the absence of IL-1R (Figure 3-12a). This suggests that even 

though IL-1 is a critical player in CD4 T cell activation and Th17 differentiation following 

immunizations and infections(Anderson, 2008; Chung et al., 2009; Hu et al., 2011; Schenten et 

al., 2014), other cues (IL-6, IL-23, etc.) might be able to drive Th17 lineage commitment of 

commensal-specific CD4 T cells in the absence of IL-1R signaling. We also found no defects in 

the proportion of cells that were committed to Th1 and Th2 lineage in the absence of IL-1R (Figure 

3-12a). We took advantage of this IL-1R independent in vivo commitment of naturally arising 

effector CD4 T cells to ask if TCR-mediated stimulation is sufficient to drive cytokine production. 

We discovered that CD4 T cells that lacked IL-1R had impaired cytokine production when 

stimulated via their TCR (Figure 3-12b). This was not a result of impaired secretion since acute 

stimulation of the same CD4 T cells with phorbol 12-myristate 13-acetate (PMA) and Ionomycin 

could bypass the requirement of IL-1R signaling for IL-17A, IL-13 and IFNg production (Figure 

3-12c). These data establish that even though CD4 T cells can undergo effector lineage 

commitment in vivo in the absence of IL-1R signaling, they are unable to secrete effector cytokines 

without a functional IL-1R. PMA+Ionomycin stimulation has long been used to reveal lineage 

commitment as well as effector function of CD4 T cells, as it provides necessary signals that can 

drive transcription of accessible loci (Chatila et al., 1989). In addition, PMA+Ionomycin also 

induces activation of the p38 MAP kinase (DeSilva et al., 1997), thus overriding the physiological 

dependence on IL-1 stimulus to drive cytokine production from already committed Il1r-/- CD4 T 

cells. We demonstrate that lineage commitment does not ensure optimal cytokine production upon 

TCR activation since IL-1 remains a critical innate cue for effector function despite successful 

differentiation. These data provide critical in vivo genetic evidence for the physiological 



 

 38 

importance of IL-1R signaling in regulating effector function of pre-committed memory CD4 T 

cells. 

 

Th17 effector function is compromised in mice and humans in the absence of IL-1β mediated 

signaling 

IL-1 has been linked to several auto-inflammatory disorders primarily because of its role in 

promoting Th17 responses. Naturally arising Th17 cells that are likely to cause auto-inflammation 

are primed against commensal microbiota and predominantly reside in the small intestine 

(Esplugues et al., 2011; Harkiolaki et al., 2009). In contrast to CD8 T cells, the tools and 

experimental techniques for measuring direct effector functions of memory CD4 T cells in vivo 

are limited (Jenkins and Moon, 2012; Merica et al., 2000; Pagan et al., 2013). It has been 

previously reported that simply ligating the TCR through injection of aCD3 antibody leads to 

robust production of IL-17 by T cells in the small intestine (Esplugues et al., 2011). Therefore, we 

adopted this approach to test if in vivo IL-17A production by pre-committed Th17 cells in the 

lamina propria is dependent on IL-1β. In order to investigate in situ Th17 effector function, CD4 

T cells isolated from the lamina propria of the small intestine, following aCD3 administration, 

were cultured in the presence of brefeldin A without any further stimulation. In agreement with 

previous studies, we observed robust enhancement of IL-17A production by T cells upon aCD3 

treatment (Figure 3-13a). However, neutralization of IL-1b considerably compromised the in vivo 

IL-17A production by pre-committed CD4 T cells in vivo (Figure 3-13a). Interestingly, in vivo IL-

17A production was compromised at the cellular level consistent with the role of IL-1R signaling 

in stabilizing IL-17A transcripts (Figure 3-13a). Next, we extended our studies to circulating 

human Th17 cells. The hIL-1R antagonist, Anakinra, is a widely used drug for auto-immune 
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ailments(Jesus and Goldbach-Mansky, 2014). Our mouse T cell data points to the possibility that 

Anakinra might be acting by abrogating Th17 effector function rather than the pathogenic effects 

of IL-1a or IL-1b. Indeed, we found that activation of circulating memory CD4 T cells with 

autologous monocyte derived DCs in the presence of hIL-1R antagonist resulted in significantly 

diminished hIL-17A production (Figure 3-13b and 3-13c) suggesting a conserved role for IL-1R 

signaling in regulating effector function of Th17 lineage cells in both mice and humans.  

 

IL-1R signaling stabilizes Th17 and Th2 cytokine transcripts  

We sought to determine the molecular mechanism by which IL-1R mediated signaling licenses 

effector functions of CD4 T cells. We found significantly reduced expression of T cell cytokine 

transcripts when IL-1R signaling was abrogated during reactivation of CD4 T cells (Figure 3-14a). 

The IL-1R signaling pathway is analogous to TLR signaling as they both rely on homotypic 

interactions between TIR domain-containing proteins for signal transduction that culminate in 

activation of NF-kB and MAPK cascade (Kuno and Matsushima, 1994). TLR signaling is known 

to impose post-transcriptional control on innate cytokine transcripts such as Tnfa, Ccl10 and Il6 

via the p38 MAPK pathway (Anderson, 2008). We hypothesized that MyD88 dependent signaling 

(downstream of IL-1 and IL-18 receptors) in CD4 T cells might regulate the post-transcriptional 

stability of effector cytokines, since pre-committed CD4 T cells are likely to induce transcription 

of effector cytokines soon after TCR activation and co-stimulation. Consistent with the idea that 

IL-1R signaling could be influencing the stability of cytokine transcripts, we found that IL-1b-

mediated enhancement of cytokine transcripts was p38-dependent, as transcriptional expression of 

Th17 cytokines and Il13 were reduced in the presence of a p38 MAP kinase inhibitor (Figure 3-

14b).  
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We further examined the sequence of signature effector cytokine mRNAs and found that those of 

Il17a and Il13 contain conserved AU-rich motifs in their 3’ un-translated regions (Figure 3-15). 

The presence of these motifs implies their susceptibility to RNA binding proteins (Chen and Shyu, 

1995) which can destabilize these inflammatory transcripts, as also reported by other groups 

(Casolaro et al., 2008; Chen et al., 2013; Hardle et al., 2015; Lee et al., 2012a). However, innate 

cues that can stabilize cytokine transcripts are not well characterized. This prompts the hypothesis 

that post-transcriptional stabilization is a function likely to be conserved between TLR and IL-1R 

signaling. Consistent with our hypothesis, abrogation of IL-1R signaling during reactivation led to 

rapid decay of Il17a, Il17f, Il22, Il13 and Il5 transcripts (Figure 3-16a). Conversely, presence of 

recombinant IL-1b during CD4 T cell reactivation (via TCR and co-stimulation) rescued 

destabilized cytokine transcripts (Figure 3-16b). We did not observe enhanced transcriptional 

decay of Ifng in the absence of IL-1R signaling (Figure 3-16a). This is in agreement with earlier 

reports suggesting a more complex epigenetically regulated mechanism of Ifng production 

(Schoenborn et al., 2007; Schoenborn and Wilson, 2007; Villarino et al., 2011). Since other cell 

types such as macrophages, NK cells and CD8 T cells also produce IFNg to exert their effector 

function, it is possible that the regulatory mechanisms of IFNg production evolved distinctly from 

other T cell effector cytokines such as IL-17A and IL-13. These data establish that IL-1R signaling 

in T cells licenses cytokine production by providing post-transcriptional stability to effector 

cytokine transcripts. It is, however, possible that other additional mechanisms, such as IL-1-

dependent de novo transcription and post-translational regulation, exist that need further 

investigation.  
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Discussion 

IL-1b and IL-18 are “licensing cytokines” for CD4 T cell effector function 

T cells are exposed to a diverse array of innate cytokines throughout their lives that determine the 

quality of their response (Jain and Pasare, 2017; Zhu et al., 2010). Our studies reveal that two 

distinct sets of innate cytokines control priming versus reactivation of CD4 T cells.  It is well 

established that IL-12, IL-4 and IL-6 drive the differentiation program for Th1, Th2 and Th17 cells 

priming, respectively (Zhu et al., 2010). Here we show that IL-1 and related cytokines play a 

critical role during the reactivation of previously primed effector and memory CD4 T cells. Taken 

together it is tantalizing to postulate that, while the JAK-STAT signaling mediated pathway is 

primarily engaged during priming, MyD88 dependent signaling is required for effector function 

during the reactivation phase. It is important to note here that activation of MyD88 dependent 

signaling in CD4 T cells does not bypass the requirement of TCR engagement or co-stimulation, 

but provides an additional layer of regulation for CD4 T cell effector function. Furthermore, the 

presence of a pattern recognition receptor ligands during CD4 T cell reactivation, which would 

lead to production of a variety of pro-inflammatory cytokines by DCs, does not eliminate the 

requirement of IL-1R signaling for optimal functioning of CD4 T cell effector lineages. When 

OVA specific or pathogen specific CD4 T cells are reactivated by DCs in the presence of endotoxin 

free OVA or specific pathogen lysate, respectively, the central requirement for IL-1R signaling in 

CD4 T cells does not change. This suggests that IL-1R signaling controls cytokine production by 

CD4 T cells not only under sterile conditions, but also during pathogenic insults. It will be 

interesting to test if the dependence on the IL-1 family of cytokines for effector cytokine 

production is critical to keep autoimmune cells under check and/or to curtail T cell mediated 

immunopathology during pathogen specific responses. 
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Our data also suggest that DC-T cell cognate interaction results in biologically relevant quantities 

of active IL-1b production even during sterile re-activation where OVA specific T cells are 

stimulated by DCs presenting OVA derived peptides. This is reconcilable with the published work 

showing that memory CD4 T cell reactivation can occur independently of TLR stimulation (Pasare 

and Medzhitov, 2005). It will be valuable to determine the underlying mechanisms that lead to IL-

1b production in the absence of any apparent TLR or inflammasome ligands. It is possible that the 

affinity or avidity of the interaction between T cells and DCs dictates the production of IL-1β, 

although this hypothesis needs to be rigorously tested. It is conceivable that in patients with 

autoimmunity, high affinity auto-reactive T cells (Zehn and Bevan, 2006) might interact with DCs 

in tissues or secondary lymphoid organs to extract the signals necessary for inflammatory cytokine 

production. The fact that Anakinra, an IL-1R antagonist is an effective biological drug used to treat 

various autoimmune conditions (Hoffman, 2009) certainly supports this line of thought. 

Identification of the molecular players involved in IL-1b production resulting from DC-T cell 

interactions might uncover novel targets to treat autoimmunity as well as autoinflammatory 

diseases. 

 

MyD88 is a central node that drives effector function of antigen experienced CD4 T cells 

IL-1 family of cytokines has an established role in synergizing with priming cytokines to promote 

clonal expansion and differentiation (Basu et al., 2015; Chang et al., 2013; Schmitz et al., 2005; 

Sims and Smith, 2010; Yang et al., 1999; Zhu et al., 2010). Our data demonstrate that in addition 

to its role in priming, MyD88 dependent signaling in T cells relays a critical signal for effector 

function of already committed CD4 T cells. Our findings have revealed a previously unknown 

function of IL-1b as a licensing molecule for the production of Th2 and Th17 cytokines. 
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Furthermore, our data demonstrate that IL-1 and IL-18 differentially control IFNg production by 

CD4 T cells based on the nature of immune challenge as well as the anatomical location of primed 

T cells. This is in agreement with the vast amount of recent literature showing that the priming 

microenvironment determines the necessity for innate cues by CD4 T cells (Hu and Pasare, 2013; 

Hu et al., 2011; Naik et al., 2012; Pepper et al., 2010).  

 

The expression of IL-1R in Th2 cells was reported three decades ago (Lichtman et al., 1988) 

followed by several reports suggesting the role of IL-1 in promoting Th2 responses. IL-1α and IL-

1β deficient mice exhibited worse protection against nematode infection (Helmby and Grencis, 

2004). IL-1R antagonist deficient mice displayed exacerbated Th2 allergic responses (Satoskar et 

al., 1998). However, these studies did not reveal the exact function of IL-1R signaling in Th2 cells. 

Our data confer clarity to these previous observations and demonstrate a requirement for IL-1R 

signaling for Th2 signature cytokine production by pre-committed Th2 cells. Our findings also 

provide a mechanistic basis for the use of IL-1 blocking agents for Th2 mediated 

immunopathology. Whether all Th2 responses depend on IL-1R signaling or there are differences 

based on the nature of the priming stimuli (allergen versus parasite) remains to be examined. 

IL-1α and IL-33 can be produced by non-myeloid cells as a consequence of tissue damage (Lukens 

et al., 2012).  While it is possible that these cytokines, coming from stromal cells, contribute to the 

effector function of CD4 T cells reactivated in the tissues, we do not find them to be critical during 

reactivation of CD4 T cells by dendritic cells. Nevertheless, the requirement of IL-1 family of 

cytokines for effector function seems to be a conserved mechanism adopted across effector CD4 

T cell lineages. MyD88 dependent signaling via the ST2 receptor has been shown to promote 
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function of previously differentiated Tregs (Schiering et al., 2014), which further strengthens our 

conclusion.  

 

Post-transcriptional regulation of T cell cytokine transcripts by IL-1R signaling  

One of the hallmarks of memory T cell reactivation is the rapid kinetics of response. Since effector 

T cells have already undergone differentiation, engagement of TCR during reactivation triggers 

transcription of poised loci, which results in respective cytokine production (Hermann-Kleiter and 

Baier, 2010). We have identified conserved AU rich motifs in the 3’UTR of Il17a, Il22, Il17f and 

Il13 that are likely to render these transcripts highly unstable (Chen and Shyu, 1995). Post-

transcriptional stabilization by IL-1R signaling perhaps guarantees rapid kinetics of cytokine 

response while maintaining inflammatory cytokine transcripts under strict regulation. Such a 

phenomenon has been previously reported for TLR dependent cytokines (Anderson, 2008). In 

addition to providing critical signals for productive effector function, dependence on IL-1R 

signaling might be particularly useful to rapidly turn on and off the effector cytokine production 

especially since these cytokines can have devastating effects on host tissues (Khabar, 2007). Post-

transcriptional stabilization of inflammatory cytokine transcripts is perhaps a conserved function 

across cell types and receptor families that use MyD88 for signaling. Given the role of IL-1 family 

of cytokines in activating various innate lymphoid cells (ILCs), it will be interesting to see if ILCs 

also employ a similar mechanism for regulating their effector cytokine production in response to 

IL-1b and IL-18 from myeloid cells (Garlanda et al., 2013). 

 

In summary, our data provide compelling evidence for a broadly applicable “licensing function” 

of IL-1R signaling in enabling optimal effector function of pre-committed CD4 T cells. Even 
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though Th1, Th2 and Th17 lineages exhibit differential requirements for priming cytokines, we 

demonstrate that all three lineages depend on the IL-1 family of cytokines to mount effector 

function, illustrating convergent evolution across all T cell lineages. It is remarkable that the 

adaptive immune system, despite having sophisticated features to define specificity, co-opted this 

MyD88 dependent signaling pathway, thus highlighting the importance of evolutionarily 

conserved ancient pathways for host defense. In addition, this study sheds light on the complex 

cross talk between innate and adaptive immune compartments that extends beyond priming and 

differentiation and continues in a long-lasting manner to the reactivation phase of CD4 T 

immunity.  
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Figure 3-1. Dendritic cells provide key signals necessary for optimal functioning of effector 

CD4 T cells 

(a) CD44hi CD62Llo CD4 T cells (Tem) were stimulated with soluble aCD3 (30 ng/ml) in the 

presence of either live splenic CD11C+ DCs or aCD3 (0.5 µg/ml) and aCD28 (0.5 μg/ml) 

antibodies immobilized on a plate (b) CD44hi CD62Llo CD4 T cells (Tem) were stimulated with 

soluble aCD3 (30 ng/ml) in the presence of either live DCs, naïve and activated (CpG-stimulated) 

CD19+ B cells. Cytokine levels in the culture supernatants were determined after 48 hr of 

activation using paired-antibody ELISAs. Error bars indicate SEM; paired t test, n.d. = not 

detected.  
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Figure 3-2. Effector CD4 T Cells constitutively express IL-1R 

(a) Splenic CD4 T cells were gated on naïve (Tnaive) and memory (Tem) (b) Cells from (a) were 

stained for (b) IL-6Ra, IL-4Ra and IL-12Rb1 (c) IL-1R1, IL-18Ra and IL-33R (ST2). (d) Naïve 

CD4 T cells were stimulated with immobilized aCD3 (5µg/ml) and aCD28 (5µg/ml). Cells were 

stained for IL-12R at given time points following stimulation. (e) Relative expression of Il1r1 

transcripts in Tnaive and Tem cells. Data is normalized to 18s. (a-d) Gated on Live CD4+ cells. Data 

are representative of 2 independent experiments.  
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Figure 3-3. T cell intrinsic IL-1R signaling is necessary for their effector cytokine 

production 

(a-c) Tem cells were stimulated with splenic DCs and soluble aCD3 (30 ng/ml) in the presence or 

absence of IL-1R antagonist (IL-1Ra) for 48 hrs (a) IL-17A, IL-17F, IL-22, (b) IL-13, IL-4, IL-5 

and (c) IFNg were measured. (d) IL-17A, IL-13 and IFNg levels in supernatants obtained from Tem 

cell co-cultures with WT or Il1r-/-CD11c+ splenic DCs in the presence of aCD3 (30 ng/ml) after 

48 hrs of stimulation. (e and f) Tem were stimulated with WT CD11C+ splenic DCs and aCD3 

(30 ng/ml) in the presence or absence of (e) aIL-18Ra (0.5 μg/ml) and (f) aIL-33 (100 ng/ml). 

Secreted cytokines levels were analyzed 48hrs after stimulation. Error bars indicate SEM; paired 
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t test, (a-c) 4-8 mice were pooled per experiment. (e-f) Data are representative of two independent 

experiments.  
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Figure 3-4. Activation of status of CD4 T cell upon in vitro re-stimulation in the absence of 

IL-1R signaling 

 (a) Tem were stimulated with WT CD11C+ splenic DCs and aCD3 (30 ng/ml) in the presence or 

absence of IL-1Ra for 48hrs (b) Tem cells were stimulated with CD11C+ splenic DCs and aCD3 

(30 ng/ml) in the presence or absence of IL-1Ra for 36hrs followed by staining of respective T cell 

activation markers. Cells are gated on Live CD90.2+CD4+ events. Error bars indicate SEM; Data 

are representative of 3 independent experiments.  
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Figure 3-5. IL-1R signaling is necessary for effector cytokine production of newly primed 

CD4 T cells in the draining lymph nodes following subcutaneous immunization 

(a and b) 5x105 naïve CD45.2 OT-II T cells were transferred into CD45.1 WT mice intravenously. 

The next day, recipient mice were immunized with OVA+LPS emulsified in IFA. (a) 7 days post-

immunization, IL-1R expression on CD45.2 donor T cells from draining lymph nodes was 
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examined. “Control” refers to fluorescence minus one control. (b) OT-II T cells from draining 

lymph nodes were reactivated with OVA323-339 for 12 hrs. Brefeldin A was added in the last 6 hrs 

of stimulation. Intracellular staining for IL-17A was performed following fixation and 

permeabilization of stimulated cells.  Data is gated on live, CD4+, CD45.2+ T cells. (c) Total cells 

from draining LN of mice immunized with LPS+OVA+IFA were cultured with OVA (100μg ml-

1) for 18 hrs and brefeldin A was added during last 6 hrs of culture. Intracellular staining for IL-

17A and IFNg was performed following fixation and permeabilization of stimulated cells. Live 

CD4+CD44hi cells were gated and analyzed for intracellular expression of IL-17A or IFNg. 

Unstimulated control cells serve as baselines for constitutive cytokine production by CD4 T cells. 

(d) CD4+ T cells from draining lymph nodes of mice immunized with LPS+OVA+IFA were 

reactivated using WT splenic DCs as antigen presenting cells in the presence of titrating doses of 

OVA for 48 hrs. IL-17A (top) and IFNg (bottom) production was measured using paired antibody 

ELISA. Error bars indicate SEM; paired t test.  
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Figure 3-6. Absence IL-1R signaling does not affect antigen specific activation and 

proliferation 

(a) Frequency of CD44hi CD4+ T cells upon OVA specific reactivation of CD4 T cells in the 

presence or absence of IL-1Ra. (b) Proportion of proliferating cells from during OVA specific 

reactivation of CD4 T cells isolated from OVA immunized mice. 
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Figure 3-7. Antigen specific effector function of CD4 T Cells primed following oral 

infection is dependent on IL-1R 

(a) CD4+ T cells from mesenteric lymph nodes of C. rodentium infected mice were re-stimulated 

using WT splenic DCs as antigen presenting cells in the presence of titrating concentrations of C. 

rodentium lysate for 48 hrs. IL-17A and IL-22 production was measured using paired antibody 

ELISA. (b) Intracellular staining for IL-17A (top) and IL-22 (bottom) following pathogen-specific 

re-stimulation in the presence of brefeldin A. Live CD4+ CD44hi cells were gated to examine 

intracellular expression of IL-17A and IL-22. (c) Frequency of IL-17A producing cells from 
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mesenteric lymph nodes of C. Rodentium infected WT mice in the presence of given stimulation. 

Unrelated pathogen is L. monocytogenes. (d) Frequency of CD44hi CD4+ T cells upon C. 

rodentium specific reactivation of CD4 T cells in the presence or absence of IL-1Ra. Unstimulated 

control cells serve as baselines for constitutive cytokine production by CD4 T cells. Error bars 

indicate SEM; unpaired t test.  
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Figure 3-8. Antigen specific effector function of CD4 T Cells primed following systemic 

infection is dependent on IL-18R signaling 

(a) CD4 T cells from spleens of L. monocytogenes infected mice were cultured in the presence of 

live DCs and L. monocytogenes lysate. Intracellular staining for IFNg following L. monocytogenes 

specific re-stimulation in the presence of brefeldin A. Live CD4+CD44hi cells were gated to 

examine intracellular expression of IFNg under various conditions. (b) MFI quantification of 

IFNg on CD4+CD44hi cells following L. monocytogenes-specific re-stimulation under various 

conditions. (c) Frequency of CD44hiCD4+ T cells upon L. monocytogenes specific reactivation of 

CD4 T cells in the presence or absence of anti-IL-18Ra. Unstimulated control cells serve as 

baselines for constitutive cytokine production by CD4 T cells. Error bars indicate SEM; unpaired 

t test.  
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Figure 3-9. IL-1R signaling is critical for tissue resident CD4 T cell effector function 

CD4 T cells from given tissues were stimulated in the presence of myeloid cells from respective 

tissues using aCD3 in the presence or absence of IL-1Ra. Cytokine production was analyzed 48hrs 

post stimulation using ELISA. Error bars indicate SEM; unpaired t test.  
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Fig 3-10. IL-1β licenses IL-17A, IFNg and IL-13 production by circulating effector CD4 T 

cells  

(a) CD44hi CD62Llo Tem cells were stimulated with immobilized aCD3 (0.5 μg/ml) and αCD28 

(0.5 μg/ml) in the presence of indicated concentrations of recombinant IL-1a (left) and IL-1b 

(right). (b and c) Tem cells were co-cultured with splenic DCs and soluble aCD3 (30 ng/ml) in the 

presence or absence of neutralizing antibodies against IL-1a or IL-1b (10 μg/ml) (d) Tem cells 

from WT mice were stimulated with soluble aCD3 (30 ng/ml) in the presence of splenic DCs from 

indicated genotypes. (e) Tem cells were stimulated with aCD3 (30 ng/ml) using either splenic DCs 

or naïve B cells as APCs in the presence or absence of recombinant IL-1b (10 ng/ml). Cytokine 

concentrations in the culture supernatants were determined using paired-antibody ELISA. Error 

bars indicate SEM; paired t test.  
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Figure 3-11. IL-1R signaling does not bypass the requirement of co-stimulation 

(a) Tem cells were stimulated with immobilized aCD3 (0.5µg/ml) and aCD28 (0.5µg/ml) in the 

presence or absence of IL-1Ra for 24 hrs. (b) Tem cells were stimulated with or without 

immobilized aCD3 (0.5µg/ml) and aCD28 (0.5µg/ml) and IL-1b (ng/ml) for 48hrs. (c) Tem cells 

were co-cultured with WT splenic DCs and αCD3  (30ng/m) in the presence of CD80 (10μg/ml) 

and CD86 (10μg/ml) neutralizing antibodies. DCs were incubated with antibodies for 30min 

before addition of T cells. Error bars indicate SEM; (a) n.s.= not significant. (b and c) Data are 

representative of 2 independent experiments.  
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Figure 3-12. IL-1R signaling is dispensable for CD4 T cell priming but critical for effector 

function  

(a-c) WT and Il1r-/- mice were cohoused for at least 3 weeks. (a) Intracellular staining following 

activation of Tem with PMA + Ionomycin. (b) Secreted cytokines were measured 24 hours 

following activation of splenic Tem with CD11c+ DCs in the presence of soluble aCD3 (30 ng/ml). 

(c) Secreted cytokines were measured 6 hours following activation of splenic Tem cells with PMA 

and Ionomycin. Error bars indicate SEM; paired t test.  
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Figure 3-13. IL-1R signaling is critical for cytokine production by primed CD4 T cells in m 

ice and in humans 

(a) In situ IL-17A production by CD3+CD4+CD44hi T cells in LPLs from WT mice treated with 

aIL-1b or isotype control following in vivo T cell stimulation via intraperitoneal injection of aCD3 

(20 µg). IL-17A MFI on CD4+CD44hi cells is shown. Unpaired t-test. (b) IL-17A in the culture 

medium of human memory (CD4+CD45RO+) T cells reactivated with autologous MDDCs in the 

presence of aCD3 (OKT3, 30 ng ml-1) and hIL-1Ra (200 ng/ml) for 24 hrs. Memory CD4 T cells 

and monocytes were isolated from peripheral blood of a healthy donor. Mean +/- SEM of technical 

duplicates are presented. (c) IL-17A in the culture medium of human memory T cells reactivated 

with autologous MDDCs from several donors in the presence of given concentrations of aCD3 

(OKT3, 30 ng/ml) and hIL-1Ra (200 ng/ml) for 24 hrs. Each line represents an independent donor. 

Untreated mice serve as baselines for constitutive cytokine production by CD4 T cells.  Error bars 

indicate SEM. Paired t-test. 
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Fig 3-14. IL-1R enhances transcriptional expression of T cell cytokines in a p38 dependent 

manner 

(a) CD44hi CD62Llo Tem cells were stimulation by splenic DCs and soluble aCD3 (30 ng/ml) in 

the presence or absence of IL-1Ra for 48hrs. Respective cytokine transcripts were quantified in 

DC-T cell co-culture cell lysate. (b) Quantification of cytokine transcripts in activated purified 

CD4 T cells in the presence of IL-1b (20ng/ml) and p38i (5µM). All data is normalized to 18s and 

untreated control. Error bars indicate SEM. Paired t-test. (b) Data are representative of two 

independent experiments.  
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Figure 3-15. Multiple sequence alignment of 3’UTR of Il17a and Il13 from various species 
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Fig 3-16. IL-1R signaling stabilizes Th17 and Th2 cytokine transcripts 

(a) CD4 T cells were stimulated with CD11c+ DCs and soluble aCD3. (b) CD4 T cells were 

stimulated using immobilized aCD3 (0.5 µg/ml) and aCD28 (0.5 µg/ml). (a and b) Actinomycin 

D was added 18hr post stimulation and lysates were collected at indicated time points post-

actinomycin D treatment. RNA was isolated post-stimulation and cDNA was synthesized for qRT 
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PCR. All data is normalized to 18S rRNA. Error bars indicate SEM; paired t-test. Data are 

representative of three to four independent experiments.   
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CHAPTER 4 
 

Part of the writing presented in this chapter was previously published on the preprint server 

Biorxiv, doi: https://doi.org/10.1101/475517 

 

T Cells Instruct Dendritic Cells to Produce Inflammasome-Independent Il-1b 

Causing Systemic Inflammation and Autoimmunity 

 

Introduction  

IL-1b mediates host immunity through its ability to influence both innate and adaptive immune 

responses. It promotes innate immunity by inducing the acute phase response and recruiting 

inflammatory cells (Biondo et al., 2014; Miller et al., 2006; Rider et al., 2011; Zheng et al., 1995). 

In the adaptive immune system, IL-1b enhances T cell priming and differentiation (Santarlasci et 

al., 2013), and more importantly acts as a licensing cytokine to enable memory CD4 T cell effector 

function (Jain et al., 2018). However, aberrant production of IL-1b in the absence of pathogenic 

insult can result in immunopathology associated with several auto-immune and auto-inflammatory 

diseases (Dinarello, 2011). In fact, IL-1b blockade has been proven to be a successful treatment 

for several autoimmune conditions including psoriasis, rheumatoid arthritis (RA), and uveitis 

(Lopalco et al., 2015). Autoinflammatory disorders can be a consequence of gain-of-function 

mutations in inflammasome machinery which results in spontaneous IL-1b production (Hoffman 

et al., 2001; Hugot et al., 2001; Levandowski et al., 2013; Martinon et al., 2006; Ogura et al., 

2001). Due to this association, IL-1b production in these disorders is often attributed to 

inflammasome activation (Shaw et al., 2011). In the case of T cell driven auto-immunity, where 
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IL-1b is implicated as a major driver of pathology, the role of inflammasome in IL-1b production 

remains obscure (Ippagunta et al., 2010; Joosten et al., 2009; Shaw et al., 2011; Stehlik, 2009). 

GWAS studies have also failed to report significant genetic association between inflammasome 

proteins and T cell dependent autoimmunity (Shaw et al., 2011). Additionally, disease progression 

in mouse models of RA was found to be independent of the inflammasome components NLRP3 

and caspase-1 (Ippagunta et al., 2010). Similarly, caspase-1 deficiency did not mitigate diabetes in 

NOD mice(Schott et al., 2004). Together, this prompted us to investigate how bioactive IL-1b is 

produced during T cell-driven autoimmune diseases in the absence of overt infection or injury.  

 

Here, we have discovered an inflammasome-independent pathway of IL-1b production that is 

triggered upon cognate interactions between dendritic cells and effector CD4 T cells. Analogous 

to inflammasome activation, this “T cell-instructed IL-1b” also relies on two independent signaling 

events. TNFa produced by activated CD4 T cells engages TNFR signaling on DCs leading to pro-

IL-1b synthesis. Subsequently, FasL, also expressed by effector CD4 T cells, engages Fas on DCs 

leading to caspase-8 dependent pro-IL-1b cleavage. Remarkably, this two-step mechanism is 

completely independent of pattern recognition receptor activation. IL-1b produced upon cognate 

DC-effector CD4 T cell interaction causes wide spread leukocyte infiltration, a hallmark of 

systemic inflammation as well as autoimmune pathology. This study has uncovered a novel feature 

of DC-T cell cross-talk that allows for active IL-1b secretion independent of innate sensing 

pathways and provides a mechanistic explanation for IL-1b production and its downstream 

consequences in CD4 T cell driven autoimmune pathology.    
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Results 

Cognate interaction between DCs and effector CD4 T cells leads to inflammasome independent 

production of cleaved IL-1b by DCs 

We have previously demonstrated that T cell intrinsic IL-1R signaling is critical for optimal 

cytokine production by effector and memory CD4 T cells following their reactivation using 

DCs(Jain et al., 2018). The DCs used in these experiments were not stimulated by any microbial 

ligands, thus leading us to hypothesize that cognate interaction between DCs and effector CD4 T 

cells might elicit the production of bioactive IL-1b independent of pattern recognition receptor 

(PRR) signaling. Indeed, cognate interaction of DCs with effector CD4 T cells led to secretion of 

IL-1b in the absence of innate immune sensing (Figure 4-1a). Furthermore, we found that DC 

interaction with effector CD4 T cells of Th1, Th2 and Th17 lineages all led to secretion of IL-1b, 

pointing to a broadly conserved pathway of IL-1b production (Figure 4-1b). Since all CD4 T cell 

lineages were found to instruct IL-1b production by DCs, we henceforth use Th0 cells to represent 

effector CD4 T cells, unless otherwise noted. These initial experiments were performed using anti-

TCR antibody stimulation that activates T cells regardless of their specificity. We therefore 

examined if this IL-1b production was in fact dependent on presentation of cognate peptide by 

DCs. When OVA peptide-restricted OT-II TCR transgenic effector T cells were reactivated using 

DCs, IL-1b production was strictly dependent on the presence of the cognate OVA323-339 peptide 

(Figure 4-2). More interestingly, the quantity of IL-1b found in the supernatants directly correlated 

with the concentration of the stimulating peptide (Figure 4-2), indicating that the avidity of MHC-

TCR interaction is a major determinant of the amount of IL-1b being secreted. While it has been 
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reported that CD4 T cells can produce IL-1b (Martin et al., 2016), we found that DCs were the 

only source of IL-1b during their interaction with effector CD4 T cells (Figure 4-1c).  

 

Production of IL-1b relies on two independent signals: a priming signal necessary for transcription 

and synthesis of proIL-1b, followed by a cleavage signal required for its biological activity 

(Afonina et al., 2015). We observed that DC-T cell interaction led to rapid transcriptional 

upregulation of Il1b (Figure 4-3a). This experiment was performed using Il1b-/- T cells to ensure 

analysis of Il1b transcript specifically in DCs. The transcriptional induction translated into 

accumulation of intracellular pro-IL-1b (Figure 4-3b). In addition to proIL-1b synthesis, 

interaction with effector CD4 T cells also induced cleavage of pro-IL-1b into its bioactive 17kDa 

fragment (Figure 4-3c), which could be detected in the supernatant. These data demonstrate that 

interaction of DCs with effector CD4 T cells can trigger transcriptional induction of pro-IL-1b as 

well as its bioactive cleavage. 

 

T cell derived TNFa is critical for induction of pro-IL-1b in DCs 

Next, we decided to characterize the signaling events that enable this IL-1b production. 

Inflammasome activation is a major mechanism by which IL-1b is produced (Martinon et al., 

2002). The priming signal during inflammasome activation is provided by sensing of microbial 

ligands by pattern recognition receptors (PRRs) such as TLRs that culminates into NF-kB 

activation and transcriptional upregulation of pro-IL-1b (Cogswell et al., 1994). Since DCs used 

in these experiments were not exposed to any microbial ligands, we posited that a PRR-

independent signal is likely to be involved in proIL-1b synthesis. A significant difference in the 
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magnitude of pro-IL-1b synthesis following TLR stimulation as compared to T cell interaction 

also suggested a TLR independent mechanism (Figure 4-4a). Nevertheless, to rule out the 

contribution of inadvertent endotoxin contamination in these in vitro cultures, we analyzed 

induction of proIL-1b in Tlr2/4-/- as well as Myd88-/- DCs. We found no defect in effector CD4 T 

cell driven IL-1b induction in DCs deficient for TLR signaling (Figure 4-4b, 4-4c).  

 

It is well known that pro-IL-1b transcription is mediated by NF-kB (Cogswell et al., 1994) and 

AP-1 (Baldassare et al., 1999), which can also be activated downstream of receptors for the TNF 

superfamily. This prompted us to examine a potential role for these receptors in pro-IL-1b 

synthesis in the absence of microbial recognition by DCs. We directly tested the role of TNFR 

superfamily signaling in IL-1b production by neutralizing individual ligands during DC-T cell 

interaction. We found that neutralization of TNFa and FasL, but not CD40L, significantly 

compromised IL-1b production (Figure 4-5a). This suggested that TNFR as well as Fas signaling 

participate in PRR independent IL-1b production by DCs. Upon careful examination, we observed 

that the pro-IL-1b levels were compromised only in the absence of TNFa (Figure 4-5b), while Fas 

signaling was dispensable for pro-IL-1b synthesis (Figure 4-5b). This result suggests that while 

Fas-FasL interaction is critical for bioactive IL-1b production, it is not required for the 

transcriptional induction of pro-IL-1b. Consistently, intracellular pro-IL-1b was also significantly 

reduced upon neutralization of TNFa (Figure 4-5c).  Since TNFa neutralization does not result in 

complete abrogation of pro-IL-1b, additional pathways could contribute to pro-IL-1b synthesis 

that require further investigation. The existence of diversified mechanisms of T cell induced pro-

IL1b, is parallel to the ability of several innate recognition receptors to upregulate IL-1b (Maeda 
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et al., 2005; Martinon et al., 2002; Shenderov et al., 2013). We found that effector CD4 T cells of 

all lineages (Th1, Th2 and Th17) rapidly upregulate TNFa following their interaction with DCs 

(Figure 4-6b). While TNFa is primarily known to be an effector cytokine of the Th17 lineage(Li 

et al., 2014), we found that primed Th1 and Th2 lineage cells are also capable of producing TNFa 

(Figure 4-6b), suggesting that activated CD4 T cells of all lineages are poised to engage TNFR on 

DCs. It is important to note that while TNFa is known to be largely of myeloid origin in PAMP 

driven inflammation, activated T cells seem to be the predominant TNFa producers during their 

interactions with DCs (Figure 4-6a, 4-6c). Consistent with this finding, TNFa deficient T cells 

induced significantly diminished pro-IL-1b (Figure 4-6d) production by DCs. Finally, combined 

deficiency of TNFR1 and TNFR2 on DCs showed that DC intrinsic TNFR signaling was required 

for optimal IL-1b production (Figure 4-5d).  

 

Fas-FasL interaction between effector CD4 T cells and DCs leads to Caspase8 dependent 

cleavage of pro-IL-1b  

We then proceeded to identify the molecular mechanism responsible for proteolytic cleavage of 

pro-IL-1b. Caspase-1, the effector protease of all inflammasomes (Franchi et al., 2009), is largely 

responsible for bioactive cleavage of pro-IL-1b (Shaw et al., 2011). Indeed, we found that the 

aspartate residue in pro-IL-1b, where caspase-1 cleaves, is critical for IL-1b production following 

DC-T cell interaction (Figure 4-7a). Surprisingly, we did not detect active caspase-1 following 

DC-T cell interaction (Figure 4-7b). Furthermore, we found that genetic ablation of caspase-1 in 

DCs did not compromise IL-1b release (Figure 4-7c, 4-7d). These data point to the existence of an 
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inflammasome independent mechanism of IL-1b production that is employed by DCs during their 

interaction with effector CD4 T cells.  

 

In the experiments above, we found that blocking Fas-FasL interaction led to a complete loss of 

detectable IL-1b in the supernatants, without affecting the synthesis of pro-IL-1b (Figure 4-5a, 4-

5b). Additionally, effector CD4 T cells were found to constitutively express FasL that was further 

upregulated upon their interaction with DCs (Figure 4-8a). These observations suggested the 

possibility that Fas signaling in DCs could be involved in the cleavage of pro-IL-1b. Indeed Fas 

deficient DCs from lpr mice (Watanabe-Fukunaga et al., 1992) were unable to secrete cleaved IL-

1b underlining the necessity of DC intrinsic Fas signaling in T cell induced IL-1b production 

(Figure 4-8b, 4-8c). It has been previously shown that Fas signaling in macrophages can trigger 

cleavage of pro-IL-1b in a caspase-8 dependent manner (Bossaller et al., 2012), however the 

physiological importance of such IL-1b cleavage is not known. We found that DC-T cell 

interaction led to maturational cleavage of caspase-8 Figure 4-9a). While TNFR signaling has been 

reported to cause caspase-8 activation (Wang et al., 2008), we discovered that only Fas, but not 

TNFR, signaling is critical for caspase-8 cleavage during cognate DC-T cell interaction (Figure 4-

9a). Inhibition of caspase-8 enzymatic activity by IETD resulted in abrogation of IL-1b cleavage 

implicating caspase-8 as the protease involved in mature IL-1b production by DCs (Figure 4-9b). 

Caspase-8 has been shown to be important for induction NF-kB dependent genes upon TLR 

activation, including pro-IL-1b (Lemmers et al., 2007; Philip et al., 2016). However, during DC-

T cell interactions, caspase-8 inhibition did not affect pro-IL-1b synthesis (Figure 4-9b). 

Furthermore, genetic deletion of caspase-8, along with RIPK3 to prevent necrosis (Kaiser et al., 

2011), in DCs led to a complete loss of secreted IL-1b (Figure 4-9c). Although caspase-8 has been 
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previously implicated in proteolytic cleavage of pro-IL-1b upon TLR4 activation (Moriwaki et al., 

2015), our experiments demonstrate a crucial role for caspase-8 in IL-1b production by DCs in the 

absence of any PRR activation. Together, these data show that effector CD4 T cells can instruct 

IL-1b production by DCs thereby revealing a novel PRR-independent mechanism of innate 

immune activation.  

 

IL-1b produced upon DC-effector CD4 T cell cognate interaction in vivo leads to systemic 

inflammation marked by inflammatory monocyte and granulocyte recruitment 

Although cytokines made by self-reactive T cells contribute to autoimmune inflammation, innate 

immune activation is known to be responsible for the precipitation of autoimmunity (Bachmann 

and Kopf, 2001). The pathology of these diseases is associated with infiltration of neutrophils and 

inflammatory monocytes into the affected tissues. Since the majority of existing mouse models of 

T cell driven autoimmunity still rely on initial PRR activation, usually in the form of 

Mycobacterium tuberculosis, to break tolerance (Janeway, 1989a), we employed two new PRR 

independent approaches to mimic cognate DC-T cell interaction likely to occur during auto-

immune flares. In the first approach, we employed in vivo administration of aCD3 speculating that 

systemic TCR activation would result in widespread T cell reactivation by myeloid cells. 

Intravenous administration of aCD3 led to rapid transcriptional upregulation of Il1b in the 

splenocytes (Figure 4-10a). Upregulation of pro-IL-1b protein expression in CD11c+ DCs was 

also observed upon aCD3 stimulation (Figure 4-10b). Moreover, we saw significant recruitment 

of neutrophils to the spleen as well as to the small intestinal lamina propria (SI-LP) within 18 hours 

of stimulation (Figure 4-10c, 4-10d). More importantly, the inflammatory leukocyte recruitment 
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in both the spleen and the SI-LP was significantly dependent on IL-1b (Figure 4-11) establishing 

that in vivo interactions between T cells and myeloid cells leads to acute IL-1b production, which 

then promotes inflammatory leukocyte infiltration. In the second approach, we adoptively 

transferred OT-II TCR Tg Th17 T cells and induced their activation by intravenous administration 

of the MHCII-restricted OVA peptide (OVA323-339) (Figure 4-12). Based on our in vitro data, we 

hypothesized that interaction of activated CD4 T cells with DCs bearing cognate peptides in vivo 

would lead to IL-1b production and result in IL-1b dependent inflammation as measured by 

expansion of circulating neutrophil populations. In agreement with our hypothesis, we observed 

that recruitment of neutrophils to the spleens of OT-II T cell recipient mice was dependent on IL-

1b (Figure 4-12).  

 

Next, we tested the role of TNFR and Fas signaling in IL-1b production in vivo. TNFa deficient 

mice exhibited significantly compromised transcriptional upregulation of proIL-1b in response to 

aCD3 administration (Figure 4-13a). Moreover, the expansion of neutrophils in the spleen was 

also reduced in the absence of TNFa (Figure 4-13b). In order to test the requirement of Fas 

signaling for T cell induced inflammation in vivo, we specifically ablated Fas in CD11c expressing 

cells (Figure 4-13c) and investigated its impact on IL-1b mediated leukocyte recruitment following 

DC-T cell interaction. Fas deletion in DCs significantly inhibited neutrophil infiltration in the SI-

LP and spleen (Figure 4-13d, 4-13e) thus providing in vivo corroboration of our in vitro findings.  
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DC intrinsic TNFR and Fas signaling but not Caspase-1 is critical for memory CD4 T cell 

function in the absence of PRR activation 

We have previously shown that IL-1b is a critical “licensing signal” for IL-17 production(Jain et 

al., 2018). As we have found an important role for TNFa and Fas in IL-1b production by DCs, we 

reasoned that TNFR and Fas signaling in DCs may be necessary for cytokine production by Th17 

cells during their reactivation. In agreement with our hypothesis, DCs lacking TNFR also had 

diminished capacity to trigger IL-17 production by effector CD4 T cells (Figure 4-14a). Similarly, 

we discovered that blocking Fas signaling during T cell reactivation significantly compromised 

IL-17a production (Figure 4-14b). More importantly, caspase-1 deficient DCs induced normal 

levels of IL-17a production by memory CD4 T cells which was dependent on IL-1b (Figure 4-

14c). We propose that this novel pathway of IL-1b production, mediated by TNFR and Fas 

signaling, evolved to enable optimal CD4 T cell effector function. However, cognate interactions 

of self-reactive effector T cells with antigen presenting myeloid cells are also likely to result in 

production of bioactive IL-1b leading to detrimental immunopathology.  

 

Autoreactive CD4 T cells induce IL-1b production and autoimmune inflammation via TNFR and 

Fas signaling pathways 

Pathogen sensing by PRRs leads to inflammation primarily through secretion of pro-inflammatory 

cytokines and chemokines from myeloid cells (Yang and Chiang, 2015). Our data suggests that 

effector CD4 T cells can also contribute to inflammation by eliciting IL-1b production from 

interacting DCs. Self-reactive CD4 T cells are key players in several IL-1b mediated autoimmune 

diseases such as multiple sclerosis, RA and type 1 diabetes (Fletcher et al., 2010; Pugliese, 2017; 
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VanderBorght et al., 2001). IL-1R signaling is known to be critical for autoimmune inflammation 

seen in EAE, however the mechanism responsible for IL-1b production during this disease has not 

been clear (Lin and Edelson, 2017; Mannie et al., 1987). To test if bona fide self-reactive CD4 T 

cells can elicit IL-1b production in EAE, we utilized 2D2 TCR Tg cells that are specific for the 

Myelin oligodendrocyte glycoprotein (MOG35-55) peptide (Bettelli et al., 2003). We stimulated these 

CD4 T cells with WT DCs in the presence of MOG peptide (Figure 4-15a). Similar to polyclonal 

effector CD4 T cells, myelin-reactive T cells also induced IL-1b production by DCs in a FasL and 

TNFa dependent manner (Figure 4-15a).  While a role for caspase-1 in EAE induction has been 

reported (Furlan et al., 1999; Lalor et al., 2011), it is important to note that in these studies mice 

were immunized with heat killed Mycobacterium tuberculosis in the MOG emulsion (Janeway, 

1989a). The microbial ligands present in this emulsion can activate PRRs and therefore lead to 

priming of auto-reactive T cells. To directly investigate the mechanism of T cell induced sterile 

autoimmune inflammation, we instead took advantage of the passive EAE model where primed 

MOG-specific CD4 T cells are transferred into naive mice to induce disease (Stromnes and 

Goverman, 2006b). Given our finding that TNFR and Fas signaling are necessary of T cell induced 

IL-1b production we asked if EAE caused by adoptive transfer of pathogenic T cells is also 

dependent on this mechanism. Indeed, we observed protection from T cell induced neurological 

autoimmunity when the recipients lacked TNFR and Fas signaling pathways (Figure 4-15b, 4-

15c). Additionally, demyelination was also significantly reduced in TNFR and Fas deficient hosts 

(Figure 4-15d). Together, these data demonstrate that autoreactive T cells engage TNFR and Fas 

to cause IL-1b mediated autoimmunity. It remains to be examined if this pathway is also 

responsible for inflammation observed in other IL-1b mediated auto-immune diseases.  
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Discussion  

Our study thus establishes a previously unknown feature of DC-T cell cross-talk where effector 

CD4 T cells can instruct the innate immune system to produce IL-1b independent of 

inflammasome activation. Of note, the signaling requirements of the “T cell instruction”, as 

described here, are parallel to the inflammasome pathway, in that it also relies on two independent 

signals that govern pro-IL-1b synthesis and its activation by proteolytic cleavage. The distinction 

between the two mechanisms of IL-1b production can be appreciated with regard to their 

physiological ramifications. The “TLR-NLR” inflammasome pathway is primarily employed by 

macrophages, resulting in production of IL-1b that is necessary for clearance of virulent pathogens 

(Figure 4-16). In contrast, the T cell instructed IL-1b made by DCs as a result of TNFR-Fas 

signaling, is likely to be responsible for auto-immune flares in the absence of any overt pathogenic 

insult (Figure 4-16). Also, since the quantities of IL-1b produced by DCs are directly dictated by 

the concentration of the peptide, it is unlikely that bystander or low avidity interaction between 

DCs and T cells will trigger IL-1b production by DCs. Self-reactive CD4 T cells that escaped 

thymic selection and underwent effector differentiation perhaps employ this inflammasome-

independent pathway of IL-1b production during cognate interaction with DCs, thereby causing 

innate inflammation associated with autoimmunity. Whether self-reactive T cells in fact induce 

IL-1b in vivo using the “TNFR-Fas” pathway to elicit autoimmunity, requires further testing in T 

cell dependent autoimmune models.   

 

Aberrant inflammasome activation caused by the gain-of-function mutations in NLRP3 and Pyrin 

drive IL-1b dependent auto-inflammatory conditions that are also initiated independently of TLRs 

and other PRRs (Shaw et al., 2011). The role of inflammasome in T cell driven autoimmune 
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diseases, however, is neither discernible nor established. Strikingly, several lines of evidence 

support the involvement of TNFR and Fas signaling in autoimmune inflammation. Blocking of 

TNFa has been shown to effectively inhibit production of IL-1b by human synovial cells (Brennan 

et al., 1989). T cell intrinsic deletion of TNFa as well as Fas deficiency attenuates EAE disease 

severity (Kruglov et al., 2011; Waldner et al., 1997). Disruption of Fas as well as TNFR also 

prevents autoimmune b cell destruction in non-obese diabetic mouse model (Itoh et al., 1997; 

Varanasi et al., 2012). Moreover, single nucleotide polymorphisms have been reported in the 

Tnfrsf1a, Faslg and Fas loci in strong association with IL-1b mediated autoimmune diseases (De 

Jager et al., 2009; Ferreira et al., 2017; Hinks et al., 2013; International Multiple Sclerosis Genetics 

et al., 2013; Jin et al., 2016; Tsoi et al., 2017), thus providing credence to the argument that IL-1b 

in chronic autoimmune conditions could be dependent on “T cell instruction”, rather than 

inflammasome activation. Our data establishes a novel mechanism of IL-1b production that is 

initiated by effector CD4 T cells and thus presents an explanation for the presence of IL-1b seen 

in T cell mediated autoimmunity.  
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Figure 4-1. DCs secrete IL-1b during interaction with effector CD4 T cells 

(a)  WT effector CD4 (Th0) cells were stimulated with WT DCs using aCD3 for a period of 18h 

and lL-1b was quantified in the supernatants. (b) Effector CD4 T cells polarized to Th1, Th2 and 

Th17 lineage were stimulated with WT DCs using aCD3 for 18h followed by IL-1b ELISA (c) 

Effector CD4 (Th0) cells of given genotypes were stimulated with aCD3 using DCs of indicated 

genotypes and IL-1b was measured following 18h of culture. Error bars indicate SEM; paired t-

test.  
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Figure 4-2. T cell induced IL-1b production by DCs is dependent on cognate interaction 

and proportional to the avidity of interaction 

IL-1b was quantified in the supernatants following stimulation of Th17 polarized OT-II T cells 

(18h) using (left) fixed (100µM) or (right) titrating concentrations of OT-II323-339 peptide 

presented by DCs. Error bars indicate SEM; Data are representative of three independent 

experiments.  
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Figure 4-3. CD4 T cell can induce synthesis as well as proteolytic cleavage of IL-1b in 

interacting DCs  

(a) WT DCs and aCD3 were used to stimulate Il1b-/- Th17 cells for 3h and lysates from co-cultures 

were used to make cDNA to assess Il1b mRNA by qPCR. Data are normalized to 18s rRNA. (b) 

WT DCs were stimulated with LPS (100ng ml-1) or cultured with Th17 cells in the presence of 

aCD3 and brefeldin A for 6h. Intracellular pro-IL-1b expression in live CD90-ve CD11c+ve cells 

was measured using flow cytometry. (c) WT DCs were used to stimulate effector CD4 T cells 

(Th0) with aCD3 for 18h and pro-IL-1b (p35) and cleaved IL-1b (p17) levels were analyzed in 

the cell lysates and the supernatants, respectively, using Western blotting. 
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Figure 4-4. IL-1b production during DC-T cell interaction is independent of TLR 

activation in DCs 

(a) WT and Tlr2/4-/- DCs were stimulated with WT Th0 cells using aCD3. Secreted IL-1b was 

quantified 6h post stimulation (b and c) WT, Tlr2/4-/- or Myd88-/- DCs were stimulated with WT 

Th0 cells using aCD3. Intracellular pro-IL-1b was analyzed 6h post stimulation. Fold change 

indicates proportion of pro-IL-1b+ve DCs, compared to PBS controls. Error bars indicate SEM; 

paired t-test.  

 

 

 

b c

0

2

4

6

8
n.s.

0

1

2

3

4

5 n.s.

Fo
ld

 C
ha

ng
e

Fo
ld

 C
ha

ng
e

0

200

400

600

800

1000 n.s.
IL

-1
β 

(p
g/

m
l)

WTDCWT Tlr2/4-/-DCWT Tlr2/4-/-DC Myd88-/-

a



 

 83 

 

Figure 4-5. DC intrinsic TNFR signaling mediates T cell induced IL-1b production  

(a) WT Th0 effector cells were stimulated with aCD3 and WT DCs in the presence or absence of 

anti- TNFa (20 µg/ml), anti-FasL (10 µg/ml), and anti-CD40L (20 µg/ml), neutralizing antibodies. 

Secreted IL-1b was quantified after 6h of culture (b) Whole cell lysates from DCs cultured as 

indicated with effector CD4 T cells (Th0) in the presence or absence of antibodies were subject to 

Western blot analysis to detect pro-IL-1b. (c) Effector CD4 T cells (Th0) were stimulated with 

WT DCs using aCD3 in the presence or absence of anti-TNFa (20 µg/ml) for 6h. Intracellular 

pro-IL-1b was quantified using flow cytometry. (d) WT or Tnfrsf1a/b-/- DCs were used to stimulate 
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WT effector CD4 T cells (Th0) for 6h in the presence of aCD3 and supernatants were collected 

for IL-1b ELISA. Error bars indicate SEM; (a,c,d) paired t-test, (b) Data are representative of two 

independent experiments.  
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Figure 4-6. CD4 T cells of all lineages can provide TNFa required pro-IL-1b synthesis in 

DCs  

(a) Th0 cells were stimulated with CD3 using WT DCs in the presence of brefeldin A for 3h. 

Intracellular TNFa in T cells and DCs was quantified using flow cytometry. (b) Th1, Th2 and 

Th17 polarized CD4 T cells were stimulated with CD3 using WT DCs in the presence of brefeldin 

A for 3h. Intracellular TNFa in T cells was analyzed using flow cytometry. Cells were considered 

to be transcription factor positive based on Isotype control antibody staining. (c) WT or Tnfa-/- T 
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cells were stimulated with WT or Tnfa-/- DCs. Supernatants from cultures of indicated genotypes 

(all in the presence of aCD3) were assayed for presence of TNFa. (d) WT DCs were used to 

stimulate WT or Tnfa-/- effector CD4 T cells and Western blot was performed on whole cell lysates 

(WCL) following 6h after aCD3 stimulation. (a, b and d) Data are representative of three 

independent experiments. Error bars indicate SEM; paired t-test.  
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Figure 4-7. T cells elicit bioactive IL-1b production by interacting DCs in an inflammasome 

independent manner 

(a) Il1b-/- bone marrow precursors were transduced with MSCV construct expressing WT or 

D117A Il1b cDNA and differentiated into DCs in vitro. Transduced DCs were used to activate in 

vitro primed CD4 T cells (Th0) in the presence of aCD3. Secreted IL-1b was measured 18h post 

stimulation. Error bars indicate SEM. (b) WT DCs were stimulated with LPS+ATP or primed CD4 

T cells (Th0). Cleaved caspase-1 was analyzed in the whole cell lysates 18h post stimulation (c 

and d) WT Th0 cells were stimulated with aCD3 in the presence of either WT or Casp1-/- DCs 

and supernatants were collected after 18h to measure IL-1b using (c) western blot analysis and (d) 

ELISA. Error bars indicate SEM; (d) paired t-test, (a-c) Data are representative of two independent 

experiments.  
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Figure 4-8. T cells engage Fas signaling in DCs leading to active IL-1b production 

(a) In vitro primed Th1, Th2 and Th17 cells were co-cultured with WT DCs in the presence of 

aCD3. Surface FasL staining on live CD90.2+ve cells is shown with or without aCD3 stimulation. 

Data are representative of two independent experiments. (b) WT or lpr DCs were used to stimulate 

effector CD4 T cells (Th0) using aCD3 in the presence or absence of anti-FasL (10 µg/ml) for 

18h. Secreted cleaved IL-1b was quantified by (b) ELISA and (c) Western blot. Error bars indicate 

SEM; (b) paired t-test, Data are representative of two independent experiments. 
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Figure 4-9. DC intrinsic Fas-Caspase-8 axis is responsible for bioactive IL-1b production 

during DC-T cell interaction 

(a) WT DCs were used to stimulate (aCD3) effector CD4 T cells (Th0) in the presence of anti-

FasL (10 µg/ml) or anti-TNFa (20 µg/ml) for 12h. Caspase-8 activation was measured by 

assessing cleavage of caspase-8 in the WCL. (b) WT DCs were used to stimulate (using aCD3) 

effector CD4 T cells in the presence of IETD (10µM) for 18 h. Cleaved IL-1b (p17) and pro-IL-

1b (p35) was measured by Western blot of culture supernatants and WCL, respectively. (c) WT, 

Rip3-/- (R3) and Rip3-/-Casp8-/- (R3/C8) DCs were used to stimulate effector CD4 T cells (Th0) 

in the presence of aCD3 for 18h and secreted IL-1b was quantified using ELISA. Error bars 

indicate SEM; paired t-test, (a and b) Data are representative of two independent experiments.   
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Figure 4-10. Systemic T cell activation in vivo leads to IL-1b induction and neutrophil 

recruitment  

(a) WT mice were injected with aCD3 (50µg) intravenously. Spleen cells were harvested 3-4h 

post injection and immediately lysed for RNA isolation. Data are normalized to Hprt1. (b) Spleen 

cells from (a) were stained for DC markers and intracellular pro-IL-1b. Flow plot is pre-gated on 

live CD11c+ve cells. Data are representative of 2 independent experiments. (c and d) WT mice 

were injected with aCD3 (20µg) i.p. Neutrophil infiltration was quantified in the (c) spleen and 

(d) SI-LP. Error bars indicate SEM; Unpaired t- test.  
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Figure 4-11. Systemic T cell activation in vivo leads to IL-1b dependent inflammatory 

leukocyte recruitment  

WT and Il1b-/- mice were injected with aCD3 (20µg) i.p. and (top) monocyte and (bottom) 

neutrophil infiltration was analyzed in (a, c) SI-LP and (b, d) spleen, 18h later, using flow 

cytometry. Error bars indicate SEM; Unpaired t- test.  
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Figure 4-12. Antigen specific T cell reactivation in vivo leads to IL-1b dependent 

inflammatory leukocyte recruitment  

WT OT-II T cells were differentiated into Th17 cells in vitro. 5x106 OT-II Th17 cells were 

transferred i.v. into WT or Il1b-/- mice. 24h later 50µg of OVA323-339 peptide was injected i.v. into 

recipients. 12h after peptide injection, spleens were harvested and analyzed for neutrophil 

infiltration. Error bars indicate SEM; Unpaired t- test.  
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Figure 4-13. T cells activate TNFR-Fas signaling pathway to elicit IL-1b production and 

subsequent leukocyte requirement 

(a) WT or Tnfa-/- mice were injected with aCD3 (50µg) intravenously. Spleen cells were harvested 

3-4h post injection and immediately lysed for RNA isolation. Data are normalized to Hprt1. (b) 

WT or Tnfa-/- mice were treated with aCD3 i.p. Spleens were harvested 3h later and analyzed for 
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neutrophil infiltration. (c) Fas expression on DCs from given genotypes shows CD11c+ cell 

specific Fas deletion. (d, e) Fasfl/fl or Fasfl/fl x CD11c-cre (FasDDC) mice were treated with aCD3 

i.p.; 18h later (d) Spleen and (e) SI-LP analyzed for neutrophil infiltration. Error bars indicate 

SEM; Unpaired t- test.  
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Figure 4-14. Memory CD4 T cell reactivation is dependent on DC intrinsic TNFR and Fas 

signaling 

(a) CD44hi CD62Llo effector CD4 T cells were isolated from WT mice and re-stimulated with (a) 

WT or Tnfrab-/- CD11c+ve splenic DCs (b) WT DCs were used to stimulate CD44hi CD62Llo 

effector CD4 T cells in the presence or absence of anti-FasL neutralizing antibody and aCD3 

(30ng/ml) or (c) WT or Casp1-/- CD11c+ve splenic DCs were used to stimulate CD44hi CD62Llo 

effector CD4 T cells. Quantities of IL-17a were measured in the culture supernatants 48h post 

stimulation. Error bars indicate SEM; paired t-test 
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Figure 4-15. TNFR and Fas deficient mice are show significantly reduced T cell driven IL-

1b production and associated autoimmune inflammation 

(a) Th17 polarized 2D2 TCR Tg cells were re-stimulated with WT BMDCs and MOG35-55 (30µM) 

in the presence of absence of aTNFa (20 µg/ml) and aFasL (10 µg/ml). Secreted IL-1b was 

measured 18h post-stimulation. (b) Mean EAE clinical disease scores of WT, Tnfrsfa/b-/- or Lpr 

recipients after adoptive transfer of 7x106 WT CD4 T cells primed in vivo with MOG35-55 n=5 (c) 

Percentage of mice with given disease scores in each recipient group (d) Luxol fast blue staining 

of spinal cords from given genotypes, 28 days after T cell transfer, was done to assess 

a b

7 8 9 1011121314151617181920212223
0

1

2

3

Days post transfer

D
is

ea
se

 S
co

re
 

WT      WT

WT  Lpr

WT  Tnfrsfa/b-/-
****

0

50

100

150
IL

-1
β 

(p
g/

m
L)

*
*

2D2 Tg T cell

WT DCs

- + + + +
+ - + + +
- - - + -
- - - - +

MOG35-55

αTNFα
αFasL

Lp
r

Tn
frs
f1a
/b
-/-

WT

WT      WT WT  LprWT  Tnfrsf1a/b-/-

Recipient Genotype

0

25

50

75

100

%
 D

ise
as

e 
In

cid
en

ce

4
3
2

1

0

Disease Score 

c d



 

 97 

demyelination. Scale bar is 100µm. Error bars indicate SEM; (a, b) unpaired t-test, (c) two-way 

repeated-measures ANOVA test.   
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Figure 4-16. Illustration of “T cell instructed” IL-1b production by DCs and its comparison 

to inflammasome induced IL-1b production by macrophages 

(Left) During inflammasome activation in macrophages, TLR and NLR-Caspase-1 activation 

leads to synthesis and cleavage of pro-IL-1b, respectively. Robust production of IL-1b as a result 

of inflammasome activation is critical for pathogen clearance. (Right) In contrast, “T cell 

instructed” IL-1b production by DCs utilizes TNFR signaling for pro-IL1b synthesis while the 

cleavage signal is provided by Fas-Caspase-8 axis.  The IL-1b produced upon such T cell 

instruction drives cytokine production by effector CD4 T cells systemic leukocyte recruitment and 

autoimmunity. Figure was created with BioRender®.   

Figure S4
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CHAPTER FIVE 
 

T Cells Activate Dendritic Cells Upon Cognate Interaction Bypassing the Need for 

Microbial Recognition for Innate Immune Activation   

 
Introduction  

DCs are professional antigen presenting cells that express a slew of surface, endosomal as well as 

cytosolic PRRs that recognize the conserved microbial ligands associated with pathogens 

(Takeuchi and Akira, 2010). During infection, activation of PRRs by microbial ligands leads to 

innate immune activation. Consequently, DCs undergo the process of maturation that includes, but 

is not limited to, upregulation of antigen presentation machinery, costimulatory molecules and 

innate cytokine production. Only mature DCs are able to successfully activate and prime a T cell 

response. DC activation relies on sensing of non-self-ligands by PRRs thus preventing triggering 

of T cell responses towards self-antigens. However, it remains unclear how DCs get activated 

occur during autoimmune scenarios. Autoimmune pathology is always associated with presence 

innate cytokines as well as chemokines in the damaged tissues.  Moreover, the most successful 

treatment strategies for several autoimmune diseases are anti-cytokine biologics such as anti-

TNFa and Anakinra underscoring the importance of understanding the mechanism of innate 

immune activation during autoimmunity.  

 

Our data suggests that effector CD4 T cells can use TNF superfamily ligands to instruct IL-1b 

production by DCs independently of PRR activation. Induction of IL-1b is dependent on NF-kB 

activation which occurs downstream of TNFR signaling during DC-T cell interaction. It is 

conceivable NF-kB activation in DCs will result in transcriptional changes DCs beyond pro-IL-
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1b induction. In addition to DCs, T cells might also interact with monocytes and macrophages to 

further contribute to inflammation. We hypothesized that the dysregulated innate immune 

inflammation seen in T cell mediated autoimmunity is caused by the “T cell instruction” of antigen 

presenting cells and that interaction with T cells can overcome the need for microbial sensing for 

innate immune activation.  

 

Results 

TNFRSF enables PRR independent DC activation by T cells 

We first tested if DC-T cell interaction results in innate cytokine production in addition to IL-1b. 

We found that engagement with T cells also led to IL-6 and IL-12 production. Both IL-6 and IL-

12 are mediators of inflammation as they can not only activate endothelial cells, myeloid cells but 

also skew T cell response away from Tregs. Interestingly, unlike IL-1b, loss of TNFR in DCs did 

not affect T cell induced IL-6 and IL-12 suggesting that additional signaling pathways are 

operating in DCs following their interaction with T cells (Figure 5-1a). CD40 is another TNFR 

superfamily member that leads to non-canonical NF-kB signaling. Although CD40 neutralization 

did not compromise IL-1b, we decided to test the role of CD40 signaling in IL-6 and IL-12 

induction. Indeed, CD40 deficient DCs displayed comprised IL-6 as well as IL-12 (Figure 5-1b). 

Together this data indicates a division of labor within the TNFR super family for PRR independent 

innate immune activation. Necessity of Fas signaling for pro-IL-1b cleavage but not for its 

transcriptional induction also supports this idea. Unique function for different TNFRSF members 

also offers a good handle to surgically modulate DC function during sterile DC-T cell interaction.  
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DCs undergo unique transcriptional programming upon cognate interaction with T cells  

In order to reveal the global effects of T cell instruction on DCs, we analyzed the transcriptional 

profile of DCs following their interaction with T cells (Figure 5-2). Additionally, we also 

stimulated DCs with LPS to directly compare PRR versus T cell instructed DC activation. Principle 

component analysis showed that the transcriptional landscape of DCs following LPS stimulation 

as well as T cell interaction was significantly distinct from their unstimulated controls. More 

importantly, LPS activated and T cell instructed DCs clustered separately implying unique features 

in the two treatment groups (Figure 5-3). Hierarchical clustering analysis of differentially 

expressed genes gave rise to a cluster that contained genes that are upregulated upon LPS treatment 

as well as T cell interaction (Figure 5-4). Gene ontology analysis of T cell induced genes showed 

enrichment in innate immune response genes (Figure 5-4). In agreement with our previous data 

this set of genes included il6, il12 and il1b suggesting that T cell elicit innate cytokine transcription 

in interacting DCs (Figure 5-5). Furthermore, this cluster contained also genes related to DC 

maturation such as Cd80, Cd86 and Cd40 showing the DCs can undergo maturation independently 

of PRR activation (Figure 5-5). However, the relative upregulation was significantly higher in LPS 

treated DCs compared to T cell interaction (Figure 5-5). The functional consequence of such 

quantitative difference remains to be investigated. The two treatment groups also share a large 

number of downregulated genes as shown in cluster two. Together, this data suggests that high 

avidity interaction with cognate T cells can, to a large extent, mimic PRR activation in DCs 

resulting in DC maturation and innate immune activation.  

 

Surprisingly, there was a set of genes that were differentially expressed only in DCs only upon 

interaction with T cells but not by LPS stimulation suggesting that T cell instruction is not simply 
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milder version of PRR stimulation but is biologically distinct (Figure 5-6). Genes uniquely 

upregulated DCs upon T cell interaction included Insig, Hmgcs, Hmgcr1 and Tmem173 (Figure 5-

6). Gene ontology analysis of this cluster showed enrichment of genes in the cholesterol synthesis 

pathway (Figure 5-6). Since these genes were not induced by PRR signaling, it will be interesting 

to study the biological significance of such T cell dependent transcriptional programming of DCs. 

Tmem173 which encodes for the protein STING is one of the most intriguing hits in this 

transcriptomic analysis. STING is adaptor protein in the DNA sensing pathway (Barber, 2014). It 

is critical antiviral immune response to DNA viruses but can also be activated by endogenous host 

DNA causing interferonopathy. STING localizes at the endoplasmic reticulum membrane where 

the proteins in the cholesterol biosynthetic pathway such as INSIG and SCAP also reside. 

Moreover, it was recently shown that limiting lipid biosynthesis leads to STING activation as well 

as induction of ISGs further suggesting a link between STING and cholesterol biosynthesis (York 

et al., 2015). Interestingly, while STING was induced by T cell interaction, an associated interferon 

program was absent (Figure 5-7). On the other hand, LPS stimulation did not result in STING 

upregulation but elicited strong interferon signature, probably via TRIF signaling pathway (Figure 

5-7). Together this data points to an interferon independent function of STING in DCs during their 

cognate interaction with T cells that needs systematic investigation.  

 

Discussion  

We know that innate control of adaptive immunity relies on microbial recognition by DCs through 

PRRs. Innate immune activation by PRRs is critical for innate cytokine production and thus for 

the generation of effector CD4 T cells. We have now discovered that effector T cells can in turn 

activate DCs to produce innate cytokines independently of PRR signaling. This is a consequential 
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extension to the concept of innate control of adaptive immunity. While we discovered the 

phenomena of T cell instruction of innate immunity in the context of autoreactive T cell activation, 

the implications of this work are likely to extend beyond autoimmunity. High avidity T cell 

interactions with DCs can also occur when the T cell suppression mechanism are absent. For 

example, over active T cells are observed in immune checkpoint blockade therapy. Although 

unhinged T cell function is beneficial for anti-tumor immunity, activated T cells can plausibly 

engage TNFRSF dependent inflammatory program in myeloid cells. Patients treated with anti-

PD1 and anti-CTLA4 blocking antibodies often experience autoimmune like symptoms and 

excessive innate inflammation. However, the mechanism of innate activation following 

immunotherapy is not clear. It might be interesting to see if the TNFR or related signaling 

pathways are responsible for immunotherapy associated innate immune activation. Similar 

mechanism could also be operative in CAR-T driven immunopathology which remains an 

immense challenge in CAR-T cell therapy. Overall, our discovery of T cell instruction of innate 

immunity lays the conceptual groundwork for investigation in areas of research beyond 

autoimmunity and present a several therapeutic targets, like TNFa, CD40 and Fas, to treat sterile 

inflammation.  
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Figure 5-1. Unique roles of DC intrinsic TNFR and CD40 signaling in T cell induced innate 

cytokine secretion 

Effector CD4 T cells (Th0) were stimulated with WT, (a) TNFRKO DC or (b) CD40 KO DC in 

the presence of aCD3 (200ng/ml). Secreted cytokines IL-6 and IL-12 were analyzed 6 hrs. post 

stimulation. Data representative of two independent experiments.  
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Figure 5-2. Gating strategy for sorting CD11c+ DCs following interaction with effector 

CD4 T cells for 3hrs 
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Figure 5-3. Comparison of differentially expressed genes in DCs following LPS stimulation 

versus T cell interaction 

Principle component analysis of differentially expressed genes in DCs after given treatments. 

Venn diagram showing total number of commonly and uniquely upregulated genes in DCs after 

LPS treatment versus T cell interaction.  
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Figure 5-4. Hierarchical clustering of differentially expressed genes in DCs following LPS 

stimulation versus T cell interaction 

Heatmap showing hierarchical clustering of differentially expressed genes common to both 

treatments. Gene ontology analysis of gene set containing all genes upregulated in DCs upon T 

cell interaction. Yajing Gao (Pasare lab) performed the clustering Hierarchical analysis.  
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Figure 5-5. Normalized RPKM values of gene transcripts involved in DC maturation 

obtained from RNA sequencing analysis  
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Figure 5-6. Hierarchical clustering of differentially expressed genes in DCs following T cell 

interaction but not LPS stimulation 

Heatmap showing hierarchical clustering of differentially expressed genes common to both 

treatments. Gene ontology analysis of gene set containing gene uniquely upregulated in DCs upon 

T cell interaction. Yajing Gao (Pasare lab) performed the clustering Hierarchical analysis.  
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Figure 5-7. Normalized RPKM values of gene transcripts in the STING pathway obtained 

from RNA sequencing analysis  
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DISCUSSION 
 

Overview  

A productive immune response is a result of a highly sophisticated cross-talk between the innate 

and the adaptive immune system. Macrophages and DCs sense microbial presence through the 

expression of PRRs and instruct an appropriate T cell response. Although the fundamental 

principles of innate control of adaptive immunity are well established in the context of naïve CD4 

T cell differentiation by DCs, the molecular nature of DCs and memory CD4 T cell interaction is 

poorly studied. In this dissertation research, I asked two fundamental question. First, what innate 

cues are required for memory CD4 T cell reactivation? and second, how does memory CD4 T cell 

reactivation can occur in the absence of microbial sensing by DCs, particularly in the case of 

autoimmune diseases? These questions are not only relevant to our understanding of T cell biology 

but also have immense clinical implications as autoimmune flares are often associated with 

dysregulated memory T cell responses.  

 

The data I have presented in chapter three provides compelling evidence that analogous to naïve 

CD4 T cell differentiation, memory CD4 T cell reactivation also rely on three signal-paradigm for 

optimal function. I found that, in addition to TCR and co-stimulation, memory CD4 T cell require 

innate cytokine cues reactivation. In particular, IL-1R and related signaling was found to be 

necessary for licensing CD4 T cell effector function. More importantly, I showed that IL-1R 

signaling is critical for cytokine production by all CD4 T cell lineages, Th1, Th2 and Th17 (Figure 

6-1) (Jain et al., 2018). Since memory CD4 T cells were thought to be independent of innate 

cytokine cues, this discovery provides a conceptual leap in our understanding of innate regulation 

of memory CD4 T cells. It also has implications on human health as it sheds light on the previously 
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unclear mechanism of action of widely used IL-1R blockade in CD4 T cell mediated autoimmune 

disease. 

 

 IL-1b is an inflammatory innate cytokine which is produced when myeloid cells sense a virulent 

pathogen. The findings above led us to ask how IL-1b is produced during T cell driven 

autoimmunity in the absence of pathogen invasion. Therefore, I decided to delineate the 

mechanism of IL-1b secretion specifically during sterile inflammation caused by autoreactive T 

cell activation. The results presented in chapter four show that effector CD4 T cells can instruct 

DCs to produce innate cytokine, IL-1b, independently of microbial sensing by DCs. Self-reactive 

T cell engage on TNFR and Fas-Caspase-8 signaling in interacting DCs to induce pro-IL-1b and 

its bioactive cleavage, respectively (Figure 6-1).  Consequently, TNFR and Fas deficient mice 

were also found to be resistant to T cell mediated autoimmune inflammation. More importantly, T 

cell induced IL-1b production was completely independent of canonical as well as non-canonical 

inflammasomes.   

 

I further extended these findings, in chapter five, showing that DCs undergo global transcriptional 

changes mimicking PRR activation when they interact with high avidity effector CD4 T cells. This 

is a consequential extension to our understanding of innate and adaptive immune cross-talk and 

thus, the implications of this work are likely to extend beyond autoimmunity. It is conceivable that 

TNFR dependent mechanism could also be responsible for innate immune activation as seen in 

tumor immunotherapy as well as graft versus host disease. The research presented here could thus 

prove to be crucial in novel drug discovery for therapeutic intervention during dysregulated 

immune activation. 
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Figure 6-1. Inflammasome independent IL-1b drives CD4 T cell effector function and 

leukocyte infiltration 
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Innate control of memory CD4 T cell effector function 

Naïve CD4 T cell differentiation is known to be tightly regulated by the innate immune system. In 

my dissertation research, I aimed to understand the role of innate cytokines during memory CD4 

T cell reactivation. To tease out the cytokine dependence within different T cell populations, I 

analyzed their cytokine receptor profile. We found that memory CD4 T cells downregulated 

receptors for priming cytokines but constitutively expressed IL-1 family receptors. In agreement 

with this data, we discovered that while previously differentiated CD4 T cells are minimally 

dependent on priming cytokines, they require IL-1 family of cytokines for optimal effector 

function. This data points to a qualitative disparity between the mechanism of innate regulation of 

naïve and memory CD4 T cells. There appears to be a shift from dependence on JAK-STAT 

signaling during priming phase to MyD88 signaling during the reactivation phase. Furthermore, 

while MyD88 serves as a central node that regulates reactivation of all CD4 T cell lineages, the 

necessity for a specific IL-1 family member seem to be dependent on the nature of immune 

challenge. I found that C. rodentium specific CD4 T cells were dependent on IL-1R signaling while 

L. monocytogenes specific CD4 T cells required IL-18R signaling for optimal cytokine secretion. 

This distinction in cytokine requirement could also be a result of route of infection as mice were 

infected with C. rodentium orally while L. monocytogenes was administered intraperitoneally. 

Microenvironment and pathogen dependent cytokine requirements could be dictated by either the 

availability of specific innate cytokine or its receptor expression on CD4 T cells or both. A 

thorough cytokine receptor expression analysis could provide insights into innate cytokine 

mediated regulation of T cell function.  
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Extending findings from CD4 T cell to innate lymphoid cells 

The data in chapter three shows that IL-1R signaling stabilizes Il17a, Il17f, Il22, Il13 and Il5 

transcripts. These cytokines are also produced by innate lymphoid cells upon stimulation with 

specific IL-1 family of cytokines. IL-18, IL-33 and IL-1b are known to promote cytokine 

production by ILC1, ILC2 and ILC3 populations, respectively (Cortez et al., 2015). However, the 

mechanism of IL-1 family dependent cytokine production is not properly investigated. Since T 

cell cytokines are inherently highly susceptible to RNA decay and are post transcriptionally 

stabilized by IL-1R signaling, it is possible that IL-1 family also licenses ILC function via a similar 

post-transcriptional mechanism.  

 

Inherent challenges in studying memory CD4 T cell function  

A memory immune response provides rapid protection to the host against reinfection. Generation 

of memory cells has demonstrated in B cell, CD8 T cell as well as CD4 T cell compartments. 

Memory is manifested by the generation of long-lived antigen specific cells, higher precursor 

frequency due to primary expansion phase and rapid production of cytokines. Expression profile 

of surface markers is widely used to identify memory T cells. Memory CD4 T cells are 

distinguished from their naïve counterparts based on their high expression of CD44 and low levels 

of CD62L.  

 

The necessity of antigen specific memory CD8 T cell function is often demonstrated by heightened 

host immunity upon antigen re-exposure. Since CD8 T cells are directly involved in killing the 

infected cells or tumors, one can simply analyze the pathogen or tumor burden during re-challenge 

to test the effectivity of memory CD8 T cells following biological perturbations. Due to the 
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simplicity in studying direct CD8 T cell function, significant amount of work has been done to 

establish cellular and molecular players required for CD8 memory T cells generation and 

reactivation. However, the same is not true for CD4 T cell memory. While we know that a fraction 

of CD4 T cells survive the contraction phase to become long lived, the relevance of CD4 T cell 

memory has remained elusive. A successful primary CD4 T cell response enables development of 

memory CD8 T cells, memory B cells as well as antibody producing plasma cells. Once generated, 

memory CD8 T cells and B cells do not require memory CD4 T cell help for antigen-specific 

function. Therefore, whether memory CD4 T cell contribute at all to enhance overall memory 

responses remains elusive.  

 

One potential scenario where memory CD4 T cells appear to provide protection is in the case of 

influenza infection. The influenza virus incorporates mutations to escape antibody and CD8 

mediated immunity however, its CD4 T cell epitopes remain intact (Teijaro et al., 2010). While 

there is some correlative evidence, the necessity of memory CD4 T cells function in influenza 

immunity has not been adequately tested. Recently, a strain of streptococcus of pneumonia was 

also shown to induce long lived CD4 memory that could be reactivated to produce IL-17a upon 

reinfection. Although there is limited in vivo evidence for memory CD4 T cell function, higher 

number of CD4 T cells are correlated with improves anti-pathogen and anti-tumor immunity. 

While I used in vitro reactivation methods to measure memory CD4 T cells responses, the 

development of MHCII tetramers and sensitive cytokine detection techniques can be helpful to 

study of CD4 T cell memory response in vivo.  
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Unique functions of IL-1a and IL-1b  

IL-1R1 serves as cognate receptor for both IL-1a and IL-1b. Even though both of these proteins 

bind to the same receptor and have similar structures, distinctions do exist. Differences between 

IL-1a and IL-1b are largely due to their cellular sources and mechanism of production. IL-1a is 

constitutively expressed in the mucosal barriers, astrocytes and endothelial cells. Upon necrosis, 

IL-1a is released and acts as alarmin. Unlike IL-1b, Il-1a precursor shows biological activity 

which accounts for sterile inflammation during tissue injury. IL-1b, on the other hand, is induced 

in myeloid cells upon PRR stimulation. IL-1b precursor requires maturational cleavage which can 

other in both inflammasome dependent or independent manner as described in chapter 4. Several 

reports shed light on the differences between the biological roles of IL-1a and IL-1b. IL-1b 

deficient mice develop fewer tumors as compared to WT and IL-1a deficient mice (Voronov et 

al., 2013). Moreover, it was recently shown that IL-1a but not IL-1b is associated with 

atherosclerosis (Freigang et al., 2013).  

 

Data shown in chapter three suggests that the IL-1b but not IL-1a is required for licensing CD4 T 

cell effector function during their reactivation with DCs. However, it is important to note that the 

in vitro experimental setup in that study did not include stromal cells that are likely provide IL-1a 

to an ongoing immune response in vivo. The data showing that exogenous addition of IL-1a can 

also license cytokine production by CD4 T cells also suggests that IL-1a can play a role in CD4 T 

cell reactivation. Therefore, it is critical to study the unique roles of IL-1a and IL-1b in CD4 T 

cell effector function over a wide range of pathogens and route of infections. Since IL-1a and IL-

1b share their cognate receptor their signaling consequences is also thought to be largely 
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overlapping. However, given their distinct biological function it might be interesting to look at 

global transcriptional effects of IL-1a and IL-1b.  

 

Significance inflammasome independent mechanisms of IL-1b production 

Interleukin-1b is critical for anti-microbial host defense and also serves as a key mediator of 

autoimmune inflammation. IL-1b production requires induction of transcription by innate immune 

receptor signaling and processing of pro-IL-1b by proteases. Inflammasome activation is the most 

well studied mechanism of active IL-1b production. So far functional inflammasomes has been 

reported in macrophages, monocytes as well as epithelial cells.  In these cell types, inflammasome 

is activated in response to virulent pathogens or damage associated molecular patterns. There are 

two major cellular consequences of inflammasome activation. First the multimeric inflammasome 

complex recruits the protease caspase-1 that undergoes autoproteolytic cleavage for activation. 

Caspase-1 activation is a hallmark of inflammasome activation and leads to bioactive IL-1b and 

IL-18 production. While many substrates for caspase-1 have been predicted, IL-1b and IL-18 

remain its most prominent targets (Keller et al., 2008). Second, once the cell commits to the 

inflammasome pathway, it undergoes inflammatory cells death that is associated with spillage of 

its cytosolic contents. This type of cell death is called pyroptosis and is mediated by Gasdermin D 

that initiates cell membrane rupture. Altogether, inflammasome is highly inflammatory process 

which is accompanied by the elimination of the host cell. While such a process is advantageous to 

remove the replicative niche of virulent pathogens and trigger downstream immune response, the 

associated inflammation can cause immunopathology.  
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While IL-1b contributes to inflammation it also plays several homeostatic functions. IL-1R 

signaling is critical for intestinal homeostasis, tissue repair as well as optimal neuronal response. 

Since these processes are immunologically silent, it is conceivable that additional mechanisms of 

IL-1b production have emerged over the course of evolution. In addition to caspase-1, cathepsin 

C and Caspase-8 have also been shown to cleave pro-IL-1b. In my dissertation research I 

uncovered a previously unknown mechanism of IL-1b production by DCs that is triggered upon 

DC-T cell interaction. TNFR and Fas are expressed on most cell types, it is possible that TNFR-

Fas dependent mechanism described in chapter 4 could also be employed for homeostatic IL-1b 

production.  

 

Limited models to study bona fide T cell mediated sterile autoimmunity  

Animal models are the core of autoimmune disease research as they provide insights into 

underlying etiologies and involvement of specific signaling pathways. The autoimmune animal 

models can be broadly divided into three type: Spontaneous model, genetically engineered models, 

antigen-induced models. Some mouse strains have genetic susceptibility to autoimmunity such as 

NOD mice develop spontaneous T1D (Atkinson and Leiter, 1999) and NZB/W F1 mouse model 

exhibit SLE-like pathology (Dubois et al., 1966). Genetic manipulations can include knock-out or 

knock-in mouse models and transgenic lines. For example, Mrl/LPR mice develop autoimmune 

like lymphoproliferation due to lack of Fas mediated cell death (Watanabe-Fukunaga et al., 1992). 

Foxp3-DTR knock-in mice can have inducible deletion of Tregs leading to autoimmune 

inflammation (Kim et al., 2007a).  However, such models are not available for several autoimmune 

conditions. In these scenarios, pathogenic T cells are generated via extrinsic immune challenges 

with a known self-antigen to induce disease. Since injection with the antigen is not sufficient to 
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activate DCs, antigen is traditionally emulsified with CFA to mature DCs. CFA is a potent DC 

stimulant and therefore enables activation of self-reactive T cells that will normally ignore self-

peptides. This strategy is used to induce EAE by immunizing with myelin peptides (Stromnes and 

Goverman, 2006a). Collagen-induced arthritis is triggered following immunization with collagen 

II with immunostimulants like CFA (Brand et al., 2007). While these models allow for reductionist 

approach, they do not faithfully represent the innate and adaptive immune activation that occurs 

in the absence of extrinsic immune challenge during autoimmunity.  Therefore, the results from 

these studies could be confounded by presence of PAMPs during immune activation. One way to 

circumvent these caveats, at least in T cell mediated autoimmunity, is to adoptively transfer 

pathogenic T cells into otherwise unmanipulated recipients. This strategy is often used to induce 

EAE as well as type 1 diabetes where TCR Tg T cells have been shown to be sufficient in initiating 

paralysis or insulitis, respectively (Haskins, 2005; Stromnes and Goverman, 2006b). Overall, it is 

critical to take into account the extrinsic stimulus used in animal models of autoimmunity in order 

for appropriately infer the results.  

 

TNFR superfamily in adaptive instruction of innate immunity 

The expression of TNFRSF members is widespread yet their requirement for protective immunity 

seems to be contextual, suggesting that they could be key players in modulating innate and adaptive 

immune interactions (Ward-Kavanagh et al., 2016). The adaptive instruction of autoimmunity 

illustrated in chapter four and chapter five has led to several intriguing questions of both conceptual 

and clinical significance. Date presented here show that TNFR, Fas and CD40 signaling contribute 

to T cells induced DC activation via distinct mechanisms. While TNFR signaling leads to pro-IL-

1b synthesis, Fas signaling is required for maturational cleavage of pro-IL-1b. Moreover, even 
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though abrogation of CD40 does not significantly affect IL-1b production, it leads to complete 

loss of T cell induced IL-6 and IL-12 by DCs. These data suggest that TNFR super family members 

have evolved to accomplish distinct role in adaptive instruction of innate immunity. Studying the 

global transcriptional profile of DCs following their cognate interaction with T cells in the absence 

of individual TNFR super family members could unravel the division of labor that seems to exist 

within the TNFRSF.  

 

It will also be interesting to analyze the contribution of TNFRSF in response to tumor 

immunotherapy. There is often widespread inflammation and extensive stromal and hematopoietic 

cell cross-talk in tumor beds following immunotherapy (Grivennikov et al., 2010). The fact that 

TNFRSF signaling leads to NF-kB activation and is largely employed in intercellular 

communication offers a compelling case for studying this receptor family in the context of anti-

tumor immunity. Moreover, TNF superfamily are also expressed by many other immune cells as 

well as stromal cells (Croft et al., 2012). Therefore, non-immune cells might utilize TNFRSF to 

contribute to ongoing immune response or restoration of homeostasis.   

 

Overall Conclusions 

The goal for studying innate and adaptive immune cross-talk is to reveal how this interaction gives 

rises to a functional immune response. Insights into the innate cues necessary for T cell immunity 

have proven to be instrumental to our understanding of anti-microbial responses as well as 

autoimmune inflammation. A great body of research led to in-depth understanding of the innate 

cytokines made by DCs and their impact on naïve CD4 T cell differentiation.  However, the role 

of innate cytokine for memory CD4 T cell function has not been rigorously tested. Additionally, 
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there has been clinical success in anti-cytokine therapies for autoimmune disease, yet the exact 

mechanisms responsible for innate cytokine production in T cell mediated autoinflammation 

remain obscure. The work presented here provides compelling evidence that IL-1b is required for 

memory CD4 T cell function. Mechanistically, IL-1R signaling was found to be critical for post-

transcriptional stabilization of T cell cytokines, a previously unknown mechanism of regulation of 

T cell responses. Furthermore, I found that while memory CD4 T cell rely on IL-1b for their 

function, their reactivation was independent of PRR signaling in interacting DCs. This is 

paradoxical since IL-1b is an innate cytokine made by myeloid cells in response to inflammasome 

activation. The findings in this dissertation research establish the existence of a TLR and 

inflammasome-independent pathway of IL-1b production. Effector T cell were found to engage 

TNFR-Fas signaling in DCs to trigger a novel pathway of mature IL-1b secretion. Together, the 

current study has uncovered fundamental principles of innate and adaptive immune cross-talk. 

This work is also immediately applicable to human health as it presents the mechanism of action 

of IL-1b blockade therapies as well as novel targets for tempering autoimmune inflammation. 

Future studies will focus on exploring the vast implications of “T cell-instruction” on myeloid cells 

in autoinflammation observed in immune checkpoint blockade therapy, CAR-T therapy, as well 

as graft versus host disease.  
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