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Abstract 

T cells are a critical arm of the adaptive immune system which function to 

coordinate and orchestrate complex immune reactions, as well as, kill  damaged and 

infected cells. Production of a diverse peripheral T cell compartment  requires massive 

expansion of the bone marrow progenitors that seed the thymus. There are two main 

phases of expansion during T cell development, following  T lineage commitment at the 

DN2 stage and following successful rearrangement and selection for functional TCRϕ 

chains in DN3 thymo cytes, which promotes development of DN4 cells to the DP stage.  

Signals driving expansion of DN2 thymocytes  are well studied , however, factors 

regulating the proliferation and survival of DN4 cells remain poorly understood.  

E proteins are transcription factors which have been shown to play essential non-

redundant roles throughout T cell development . The functions of E proteins in T cell 

development include, enforcing T lineage commitment, promoting proper TCR 

rearrangements, regulating developmental progr ession and functional checkpoints, and 

coordin ating complex transcriptional networks underpinning de velopmental 

progression. Due to the large number of genome-wide binding sites and massive 

number of genes regulated by E proteins, their numerous functions are poorly 

understood. The goal of this dissertation is to determine the role of the E protein-

regulated transcription factor Zfp335 in T cell development.  



 

 

v 

We utilized conditional deletion models to det ermine the role of Zfp335 in early 

and late stages of conventional and un conventional T cell development. Through  these 

efforts we uncovered we uncover an unexpected link between the transcription factor 

Zfp335 and control of the cGAS/STING pathway for sensing cytosolic DNA  in post-ϕ-

selection DN4 thymocytes. The absence of Zfp335 drives cGAS/STING-dependent death 

of DN4 cells. Zfp335 controls survival  by sustaining expression of Ankle2, which  in turn 

regulates the activity of B af to suppress cGAS/STING-dependent cell death. 

Additionally, genetic ablation of Zfp335 precludes the development of unconventional 

iNKT cells due to STING-independent cell death following lineage commit ment along 

with preventing effector differ entiation of surviving cells.  

Our studies also uncovered an additional cG AS/STING-independent role in the  

terminal maturation of conventional ϔϕ T cells. The absence of Zfp335 prevents the 

establishment of a naïve T cell compartment, inhibit s differentiation of CD4 T cells and 

promotes the developmental acquisition of an effector program in CD8 T cells. Using in 

vivo and ex vivo genetic manipulation combined with detailed bio informatic analyses we 

show that Zfp335 functions t o promote T cell development, maturation , and effector 

differentiation through the regulation of a small but ess ential set of genes. 

To our know ledge, these studies detail the first described role for cGAS/STING 

in T cell development and st rongly suggest a transcriptional mechanism downstr eam of 

Zfp335 which coordinates genome-wide alterations to chroma tin compaction required 
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for proper  establishment of conventional and unconventional T cell pools. Together, 

these studies will provide a  novel framework for understand ing the life and death of 

developing T cells and may uncover novel pathways for enhancing the efficacy of T cell-

based therapeutics.  
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1. Introduction 

A unifying characteri stic of all living things is th e ability to mount protective 

responses in the face of foreign insult; a process collectively referred to as immunity. The 

abil ity  of an organism to protect itself from biological or  non-biological threats is a 

necessity for  life, reproduction, and ev oluti on. Simple single cell organisms such as 

bacteria evolved in tricate systems such as restriction enzymes and the clustered 

regularly inters persed short palindromic repeat  (CRISPR)-Cas system to protect 

themselves from bacterial viruses known as bacteriophage (Garneau et al., 2010; 

Horvath & Barrangou, 2010). Multicellular orga nisms have evolved far more complex 

and intricate systems to protect themselves from a wider range of threats. In general, 

immunity in complex multicellular organisms such as mam mals, birds and fish can be 

categorized in to innate or adaptive immunity.  Innate immune responses are 

characterized by rapid responses to molecular patterns recognized as potentially 

threatening. Innate immunity is not antigen-specific and functions as a first line defense 

should barrier i ntegrity be compromised . Conversely, adaptive immunity is 

characteristically slow, exhibit  a high degree of antigen-specificity , and allows for the 

generation of long-term durable immunologic memory. A significant degree of interplay 

between these two systems of immunity is required for efficient  and effective protection 

of the host.  
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The innate immune system can be broken down into three main categories: 

barriers, antim icrobial peptides, and cellular responses. Unlike adaptive immunity , all 

cell types have the capacity to mount so me form of innat e immune response. Barrier  

tissues such as the skin and mucosal surfaces are the first and most basic aspect of innate 

immunity . Barrier tissues function to maintain the separation of the external 

environment and th e body. Should barrier integr ity be lost or compromised innate 

responses ensue. The specific form of innate response is largely context-dependent with 

significant over lap across types of insult. In the context of bacterial, fungal, viral , or 

protozoan infection numerous cell types will produce in nate effector molecules such as 

inflam matory cytokines, chemoattractants, antimicrobial peptides, and toxic compounds 

such as reactive oxygen and reactive nitrogen species. Together, these molecules 

promote the recruitment  and activation  of immune cells and can directly kill  foreign 

cells. In its most basic sense, innate immunity functions to suppress propagation  of 

infectious agents and promote adaptive immune  responses which ultimately drive 

clearance of infection. 

The adaptive immune system is comprised of two main cell types : B cells and T 

cells. B cells mediate humoral  immunity through the produc tion of antibodies . 

Collectivel y, antib odies can recognize virtually any type of organic molecule and exhibit 

numerous functional  capacities. Some critical func tions of antibodies in host defense are 

neutraliz ation, opsonization and complement activation.  Antibody -mediated humoral 
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immun ity comprises the cell-extrinsic arm of the adaptive immun e system. T cells on the 

other hand, mediate cellular immuni ty through t he recognition of antigen via the T cell 

receptor. T cells function to protect the host via orchestration and coordination of 

responses by other immune cells or directly killing damaged , infected, or cancerous 

cells. 

B cells and T cells, as well as many innate immune cells, origi nate from a 

common progenit or, hematopoietic stem cells (HSC). HSCs are long-lived , self-renewing 

cells typi cally residing within the bone marrow , and give rise to progeni tors which may 

populate lymphoid or myeloid lineages  (Orkin, 1995). B cells and T cells develop from 

the common lymphoid progenitor in the bone marrow  or thym us, respectively. Each cell 

develops through a complex, yet analogous, series of functionally and phenotypically 

defined stages. These stages can broadly be defined as commit ment to the specific 

lin eage, rearrangement of antigen receptors (AgR), selection for fun ctionally rearranged 

AgR, and elimination of autoreactivity. Errors in any  of these steps often result in 

disease (Bouis et al., 2019; Buckley et al., 1997; Fischer, 2000). Therefore, understanding 

the molecular and biochemical underpinning s of these processes is critical to elucidating 

the causes of immune dysfunction and disease. 

1.1 T cells ï what are they and what do they do? 

T cells are a type of lymphocyte responsible for making up the cellular arm of the 

adaptive immun e system. T cell identi ty is defined by the expression of somatically 
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rearranged T cell receptors (TCR) (Arstila et al., 1999; Lieber, 1991). There are two 

primary types of TCR defined by the TCR chains paired: ϔϕ and ϗɹ. Most ϔϕ T cells are 

considered conventional T cells. That is, they recognize peptide antigen presented in the 

context of major histocompatibility complex  (MHC)  I or II.  A minor population of ϔϕ T 

cells and all ɹ ϗ T cells are unconventional T cells (Godfrey et al., 2015).  

Unconventional T cells are unique in that they exhibit both adaptive and innate 

characteristics. Unlike conventional T cells, these cells do not require priming and are 

poised to mount very rapid immune res ponses. Unconventional ϔϕ typically recognize  

non-peptide antigens presented via MHC -like molecules (Godfrey & Kronenberg, 2004; 

Godfrey et al., 2015). The most common among these cell types are natural killer T 

(NKT) cells (Godfrey et al., 2004) and mucosa-associated invariant T (MA IT) cells 

(Legoux et al., 2020). In general, unconventional ϔϕ T cells recognize phospholipids or 

metabolic bypro ducts. However, in many cases the exact antigen recognized remains 

unknown  (Godfrey et al., 2015). There are numerous types of ϗɹ T cells which may 

recognize highly diverse antigens in many different contexts  (Ribot et al., 2021). Some 

recognize small molecules presented by MHC-like molecules, lipids, post-translation al 

modi fications or conformational changes in host proteins, or even soluble protein (Born 

et al., 2013; Godfrey et al., 2015).  Together, these unconventional  T cells function to 

bridge the gap between foreign insult and initi ation of true adaptiv e responses.  
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Conventional T cells are exclusively ϔϕ TCR expressing and can be broadly 

categorized by expression of either CD4 or CD8 co-receptors. CD4 and CD8 T cells 

recognize peptide antigen presented via MHC -II  and MHC -I, respectively. CD4 T cells 

can be further broken down into helper  (Th) or regulatory T cells (Treg) which function  

to promote immune responses via cytokine and chemokine production or suppress 

immune responses through a variety of mechanisms, respectively (Luckheeram et al., 

2012). CD8 T cells generally are known for their cytotoxic capabilit ies achieved throug h 

production of cytol ytic mediat ors or expression of surface molecules which can induce 

intrinsic cell death  (Taniuchi, 2018).  

Specific effector functions of T cells are largely dictated by expression of lineage-

defining master transcription factors which are shared across all types of T cells. These 

transcription factors in clude: T-bet, GATA 3, and ROR tɹ which define type 1, 2 or 17 T 

cells, respectively (De Obaldia & Bhandoola, 2015). Expression of these transcription 

factors promotes the production of lineage-specific cytokines and enforce lineage 

identity . Type 1 T cells primarily function to promote killing or clearan ce of intracellular 

pathogens. Type 2 T cells mediate responses to extracellular pathogens such as 

helminths.  Type 17 cells, typically found at mucosal barriers, promote responses to 

extracellular bacteria and fungi. Additionally, each of these T cell lineages can promote 

disease (Veldhoen, 2009). Type 1 and 17 T cells contribute to a host of autoimmune 

diseases including, type 1 diabetes, multiple sclerosis, inflammatory bowel disease and 
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others. Type 2 T cells contribute to allergy and can promote atopic disease. In many 

cases, imbalances between these T cell subsets leads to aberrant regulation and 

inflammation . Interestingl y, type 1, 2, 17 lineage identities can be found across virtually 

all types of T cells (Dong, 2021).  

 

1.2 T cell development 

 T cells origin ate from bone marrow -resident HSC, and develop with in the 

thymus  prior to egress and popu lation  of nearly all bodily tissues.  T cells likely first 

arose in gnathastomes (jawed fish) (Cooper & Alder, 2006). T cells are defined by their 

expression of characteristic T cell receptors (TCR), which are generated via somatic 

recombination of  TCR gene segments through a process known as V(D)J recombination 

(Alt et al., 1992). One incredible feature of this process is the immense diversity of 

possible TCRs that may be generated. It is estimated that recombination of germline -

encoded TCR gene segments could yield approximately 1015 uniqu e TCR 

rearrangements; far exceeding the number of cells in the human body (Nikolich -Zugich 

et al., 2004). This breadth of TCR diversity allows for the generation of T cells specific  for 

vir tually an y antigen.  

 T cell development begins when early thymi c progenitors (ETP) enter the thymic 

cortex via the blood. The stages of thymic T cell development are defined by the 

expression of several surface molecules including: CD4, CD8, CD25, CD44 and CD117. 
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Upon entering the thymus ETPs become DN1 cells (CD4- CD8- CD25- CD44+ CD117+). 

DN1 cells then progress to the DN2 stage (CD4- CD8- CD25+ CD44+ CD117+) where they 

commit  to the T lineage via NOTCH-driven Bcl11b expression (L. Li et al., 2010). Upon 

lineage commitment , DN 2 cells undergo a brief, but rapid , phase of proliferation which 

function s to expand the pool of committed progenitors. F ollowing proliferation, these 

cells down -regulate CD44 and CD117 and progress to DN3 where TCRϕ, ,ɹ and ϗ gene 

segments are rearranged in a Rag-dependent manner (Dutta et al., 2021). Successful 

rearrangement of a functional TCRϕ chain promotes developmental progr ession toward 

the ϔϕ lineage through a pr ocess known as ϕ-selection. Should successful rearrangement 

of both TCR  ɹand TCRϗ chains occur first, cells commit to the ϗɹ lineage, upon which  

they developmentally acquire effector identity. Following ϕ-selection, cells lose 

expression of CD25 and progress to the highly proliferative DN4 phase , after which  CD8 

expression is up-regulated, defining progression to the immature single positive (ISP) 

stage. From there, CD4 up-regulation defines the transition to double po sitive (DP), at 

which po int , cell cycle arrest occurs allowing rearrangement of TCRϔ chains. Successful 

rearrangement is follow ed by positive selection via recognition of MHC -I or MHC -II -

bound peptides presented by cortical thymi c epithelial  cells. Followin g positive 

selection, cells lose expression of CD4 or CD8 committing to the single -positive (SP) 

lineage. CD4SP or CD8SP migrate to the thymic medul la where they undergo negative 

selection to eliminate  any autoreactive clones. Should an SP cell survive negative 
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selection it will undergo final maturation , after which it may exit the thymus via blood 

and travel to secondary lymp hoid organs, such as, lymph nodes or spleen as a naïve T 

cell. 

 In total, thymic T cell development is bel ieved to occur over the course of 

approximately 30-42 days in mice (Krueger et al., 2017). Interestingly, mathematical 

modeling and experimental evidence suggests that >98% of all developing T cells die 

within t he thymus (Egerton, Scollay, et al., 1990; Egerton, Shortman, et al., 1990; Sawicka 

et al., 2014). Appro ximately 65% of pre-DP undergo death by neglect which  results from 

the failure to successfully rearrange a functional TCR or rearrangement of a TCR which 

is unable to recognize MHC molecules. Estimates suggest that an additional 92% of DP, 

9% of CD4SP and 32% of CD8SP thymocytes are lost via negative selection (Sawicka et 

al., 2014). Therefore, very stringent regulation of the developmental process is required 

to achieve development of a diverse and functional T cell po ol.  

T cells are a critical arm of the adaptive immune system with diverse functions 

ranging from orchestrating tissue development an d homeostasis to fighting infections 

and cancer. These diverse roles are achieved through the immense heterogeneity in 

mature T cell function  and lineage identity . Interestingly, in mammals , T cells represent 

the only hematopoietic lineage not generated wi thin the bone marrow  (Ciofani & 

Zuniga -Pflucker, 2007). Instead, they primarily develop within the thymus, and possibly 

within the gut  (Kanamori et al., 1996; Lambolez et al., 2002; Saito et al., 1998), from bone 
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marrow -derived precursor cells. Due to their importance to homeostasis and disease, 

understanding of T cell development has long been a topic of  intense inquiry. 

Rothenberg and Taghon  suggest that T cell development broadly occurs through five 

distinct stages:  

Ɂ(i) multipotent progenitors enter the T cell pathway and migrate to the thymus; 

(ii) proliferative expansion and T cell receptor (TCR) gene rearrangement coinciding 

with T lineage commitment; (iii)  ϕ-selection triggered by successful rearrangement of 

3"1ϕ V(D)J genes driving pre-TCR signaling and proliferation; (iv) TCR-dependent 

positive selection; and (v) terminal differentiation of T cells within the periphery.ɂ 

(Rothenberg & Taghon, 2005)  

 

More granularly, w ithin the thymus T cells undergo a series of phenotypically 

and functionally defined stages  gated by a series of checkpoints to ensure proper 

rearrangement of TCR genes and elimination of autoreactive clones. These checkpoints 

are enforced by both positive and negative regulatory functions of numerous 

transcription factor s (Rothenberg & Taghon, 2005). One unifying characteristic across the 

selection checkpoints surrounding TCR rearrangement is death as a default outcome 

(Egerton, Scollay, et al., 1990; Stritesky et al., 2013). That is, should any developing T cell 

fail to receive either pre-TCR signals or pMHC -ÔÌËÐÈÛÌËɯ 3"1ɯ ÚÐÎÕÈÓÐÕÎɯ ÈÛɯ ÛÏÌɯ ϕ-

selection or positive selection checkpoints, respectively, they will  die. It is estimated that 

throughout these stages of development approximately 90% of T cells will die  in this 

manner (Sawicka et al., 2014). Through the process of positive selection, DP thymocytes 

will commit  to the CD4 or CD8 lineage based on opposing functions of Runx and 
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ThPOK transcription factors , after which they migrate from the thymic cortex to the 

medulla  (Sato et al., 2005; Sawada et al., 1994; Woolf et al., 2003). Within the medulla 

they are exposed to nearly all self-antigens presented in the context of MHC class I or II 

by medulla thymic epithelial cells, dendritic cells, and B cells  (Anderson et al., 2002; 

Herbin et al., 2016; Yamano et al., 2015). Unlike earlier stages, should a single positive 

thymocyte recognize a self-antigen within sufficient affinity they will die  or be diverted 

to the regulatory T cell lineage (Moran et al., 2011). This negative selection checkpoint is 

critical to preventing life -threatening autoimmunity (Anderson et al., 2002).  

Based on the frequency of developing cells lost at the positive-selecting 

checkpoints (Sawicka et al., 2014), rearrangement of TCR genes is arguably the most 

important aspect to successful T cell development. Enforcement of the first (ϕ-selection) 

checkpoint is inherently cell intrinsic as progression beyond requires pairing of TCR ϕ 

chains with  pre-3ϔɯ×ÙÖËÜÊÌËɯÉàɯÛÏÌɯÚÈÔÌɯÊÌÓÓɯÛÖɯÍÖÙÔɯÛÏÌɯ×ÙÌ-TCR complex. Upon 

formation of a pre -TCR, pre-3ϔɯmediates spontaneous oligomerization which drives  

pre-TCR signaling (Yamasaki et al., 2006), repression of RAG-mediated recombination, 

release from cell cycle arrest and transit ion from DN3a to DN3b and finally DN4 stage of 

development  (Fehling et al., 1995). Following numerous rounds of div ision, DN4 cells 

ÌÝÌÕÛÜÈÓÓàɯÜ×ÙÌÎÜÓÈÛÌɯ"#ƜɯÛÏÌÕɯ"#ƘɯÈÕËɯÉÌÎÐÕɯÛÖɯÙÌÈÙÙÈÕÎÌɯ3"1ϔɯÎÌÕÌÚɯÐÕɯÈɯ1 &-

dependent manner as DP cells (Boudil et al., 2015; Guo et al., 2002; Schatz et al., 1989; 

Stritesky et al., 2012; Thompson et al., 1990). The DN3b, DN4 and CD8SP immature (ISP) 
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stages are characterized by rapid proliferation which is thought to serve to expand the 

×Ö×ÜÓÈÛÐÖÕɯ ÖÍɯ ÊÌÓÓÚɯ ÞÐÛÏɯ ×ÙÖËÜÊÛÐÝÌɯ 3"1ϕɯ ÙÌÈÙÙÈÕÎÌÔÌÕÛÚ (Krueger et al., 2017; 

Trigueros et al., 2003). Due to the extremely transient natur e and difficulty in studying 

stages ÉÌÛÞÌÌÕɯϕ-selection and establishment of DP cells, mechanisms regulating this 

transition are poorly  understood. 

Following positive selection developing T c ells have three potential fates: CD4SP, 

CD8SP or death. Death can occur by neglect due to failure to rearrange a function al TCR 

or through negative selection of self-reactive clones. The decision between CD4 and CD8 

lineages is dependent upon MHC restrict ion, TCR signal strength and transcription al 

networks  (Singer et al., 2008). Regardless of lineage choice, positively selected 

thymocytes up-regulate CCR7 expression which facilitates migration to the thymic 

medulla (Campbell et al., 1999). Once in the medulla, SP thymocytes interact with 

medul lary thymic epit helial cells (mTEC) which facilitate negative selection  (Anderson 

et al., 2002). 

mTEC are a unique population of epithelial cells exclusively found within  the 

thymic medulla , endowed with professional antigen presentation abilities. mTEC play 

an indispensable role in induction of central T cell tolerance through expression and 

presentation of nearly all self -antigens to single-positive thymocytes. Expression of 

many of these self-antigens is normally restricted to a specific tissue. Such self-antigens 

are known as tissue-restricted antigens (TRA). mTEC can either directly present TRA to 
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developing T cells or transfer these antigens to other medullary antigen presenting cells 

(APC), typi cally dendritic cells (DC). Should single -positive thymocytes recognize self-

antigen via TCR:MHC interactions with mTEC or DC, T cells are either deleted or 

selected to become regulatory T cells in an affinity-dependent manner (Kawahata et al., 

2002). The importance of these processes underpinning central T cell tolerance is 

highlighted by the fact that humans and mice harboring mutations in the  autoimmune 

regulator gene (Aire) or Fezf2, which are responsible for expression of roughly 60% of all 

TRA, exhibit severe systemic autoimmune disease (Anderson et al., 2002; Takaba et al., 

2015). Furthermore, the Alymphoplasia (Aly/Aly) mouse with homozygous  loss-of-

function mutation in NF -ϝ!-inducing kinase (Nik) are characterized by a specific defect 

in mTEC development and develop severe systemic autoimmunity (Kajiura et al., 2004). 

Upon complet ion of negative selection, surviv ing SP thymocytes must undergo 

final maturation prior to exiting the thymus as naïve T cells. Prior to maturation , SP 

thym ocytes express high levels of CD24, are known as semi-mature, and still susceptible 

to negative selection. Maturation is associated with loss of CD24 expression and 

sensitivit y to negative selection (Kishimoto & Sprent, 1997) and significant phenotypic  

changes. These changes include up-regulation  of MHC -I, Qa2 and CD62L, progressive 

loss of CD69 and Rag expression, and regained proliferation -competence (Xing et al., 

2016). Transcriptionall y, these changes are associated with increased E2F, IRF, and NF-

ϝB activity (Xing et al., 2016). Import antly, maturation is also associated with  acquisition 
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of sphingosine 1-phosphate receptor (S1pr1) expression which mediates thymic egress 

(Allende  et al., 2004; Matloubian et al., 2004). 

T cell development is controlled by an intricate  series of functional and 

phenotypic changes. Under optimal cond itions , these steps facilitate the generation of a 

robust and diverse pool of T cells which coordinate  immune responses to protect the 

host. Disruptions o r dysregulation of these processes often result in disease or 

immunodeficiency.  

1.2.1 Transcriptional regulation of  T cell development 

T cell development is characterized by numerous layers of regulation . 

Transcriptional regulat ion functions to ensure proper timing of developmental 

progression, as well as, orchestrating the substantial functional changes which o ccur 

from one stage to the next. To date, dozens of transcription  factors have been identified 

as contributing to this process. Some play ubiquitous roles while others are highly stage-

specific. This section will focus on discussing what is currently known regarding the 

roles for indi vidual trans cription fact ors in T cell development. 

1.2.1.1 NOTCH and Bcl11b in T lineage commitment  

Definitive c ommit ment to the T cell lineage occurs at the DN 2 stage of 

development  (Yui et al., 2010). Prior to this stage thymocytes exhibit the capacity to 

differentia te into B cells, myeloid cells, NK cells or ILC. NOTCH is arguably the most 

important signaling  pathway  in the generation of T cells due to its absolute requirement  
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for T cell development  (Hozumi et al., 2008). NOTCH promotes survival , prolife ration , 

and developmental progression at least through ϕ-selection (Ciofani & Zuniga -Pflucker, 

2006; Yashiro-Ohtani et al., 2010). Engagement of NOTCH ligand  induces an 

autocatalytic cleavage releasing the membrane-bound int racellular signaling domain 

(ISD). NOTCH sign aling functions to promote expression of several key genes in early 

developing T cells including , Il2ra, Ptcra, Notch3, and Myc among others (Romero-Wolf et 

al., 2020).   

Perhaps one of the most important genes induced by NOTCH is Bcl11b. The 

importance of Bcl11b in T cell development was first recognized in a pair of  seminal 

studies which identi fied it as critical to T lineage commitment  (L. Li et al., 2010) and 

repression of NK lineage diversion in thymocytes (P. Li et al., 2010). NOTCH -dependent 

signaling in DN 2 thymocytes promotes expression of Bcl11b (P. Li et al., 2010). 

However, the effici ency of Bcl11b induction is dependent upon the local cytok ine 

enviro nment (Ikawa et al., 2010). Bcl11b drive s T lineage commitment through 

repression of alternative lineage transcriptional programs. This repression is achieved 

through interaction with chromatin modi fying  repressor complexes such as the NuRD , 

Rest, Kdm1a, and Polycomb complexes (Cismasiu et al., 2005; Hosokawa et al., 2018). In 

addition to repressing alternative lineages, Bcl11b also contributes to proper timing of T  

cell development through repressing mature T cel l transcriptional programs in 

immature thymocytes  (Kastner et al., 2010). 
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1.2.1.2 E proteins are critical regulators of T cell development  

The basic helix-loop-helix (bHLH) E protein family of transcription factor s are  

known to play key roles at nearly every stage of T cell development  (Agata et al., 2007; 

Engel & Murre, 2001, 2004; Jia et al., 2008; Jones-Mason et al., 2012; Jones & Zhuang, 

2007, 2009, 2011; Kee et al., 2002; Petersson et al., 2002; Wojciechowski et al., 2007). The E 

protein family  consists of E12 and E47 (encoded by Tcf3), HEB and HEBalt (Tcf12), and 

E2-2 (Tcf4). Each family member contains basic regions which bind E box (CGNNTG) 

motifs  and HLH domains which mediate  dimerization with other HLH -containing 

proteins. The reliance of E2A and HEB on development is not unique to T cells; these 

factors are also crucial to B cell development (Lazorchak et al., 2006). Early in T cell 

development E2A functions to promote developmental progression from DN1 to DN2 , 

and eventually DN3 , while repressing NK lineage potency (Heemskerk et al., 1997; 

Ikawa et al., 2001; Kim et al., 1999). These roles in promoting developmental progression 

are, at least in part, mediated through IL -71ϔɯÌß×ÙÌÚÚÐÖÕ, and therefore, IL-7-mediated 

signaling  (Jia et al., 2008; Kee et al., 2002). E box sites are also prominent regulatory 

elements within the Rag1/2 and Tcra/b loci functioning to promote TCR rearrangemen t at 

both the DN3 and DP stages. Beyond the DP stage, E proteins are largely  dispensable for 

T cell development but they have been shown to regulate duration of DP survival 

through enfor cement of 1.1ϖÛɯexpression (D'Cruz et al., 2010; Jones-Mason et al., 2012; 

Xi et al., 2006a).   
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E proteins are negatively regulated by bHLH -containing  inhibitor of DNA 

binding (Id) proteins  (Benezra et al., 1990). Id proteins heterodimerize wit h E proteins 

via their bHLH motifs thereby preventing DNA binding  (Sun et al., 1991). Id2 and Id3 

are the primary factors controlling E protein activity in developi ng thymocytes. Id 

expression throughout development  is, in part , regulated by TCR signaling (Bain et al., 

2001). Interestingly, E protein activity also functions to negatively regulate conventional 

T cell developmental progression in a stage-specific manner. Id2 and Id3 prevent E 

protein -driven  development of innate -ÓÐÒÌɯÐ-*3ɯÊÌÓÓÚȮɯϖϗɯ3ɯÊÌÓÓÚɯÈÕËɯϖϗɯ-*3ɯÊÌÓÓÚɯ(Li et 

al., 2017; Roy et al., 2018; Ueda-Hayakawa et al., 2009; B. Zhang et al., 2018; B. Zhang et 

al., 2014). Pre-TCR signaling drives expression of Id3 downstream of Egr2 , wh ich is 

necessary to inhibit E protein activity , allowing  ×ÈÚÚÈÎÌɯÛÏÙÖÜÎÏɯϕ-selection (Bain et al., 

2001). Failure to upregulate Id  proteins through pre -TCR signals prevents RAG down -

regulation , driving continued V(D)J recombination which ultimately promot es enhanced 

development of innate -ÓÐÒÌɯϖϗɯ3ɯÊÌÓÓÚȭɯ ËËÐÛÐÖÕÈÓÓàȮɯ$ɯ×ÙÖÛÌÐÕɯÈÊÛÐÝÐÛàɯÌÕÍÖÙÊÌÚɯÛÏÐÚɯ

checkpoint and further promotes V(D)J recombination through drivi ng G1 cell cycle 

arrest (Engel & Murre, 2004). Interestingly, E2A and Id2 have reciprocal functions prior 

ÛÖɯϕ-selection where E proteins promote developmental progression while Id proteins 

slow it.   
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Due to the immense number of binding sites throughout the genome and 

functional redundancy, comprehensive understandings of the roles for specific E protein 

targets in T cell development are far from complete (Roy et al., 2018). 

1.2.1.3 GATA3  

GATA3 is a zinc-finger transcription factor essential to T cell development  (Ting 

et al., 1996). GATA3 is a GATA -type zinc finger cont aining transcription factor 

specifically  expressed by T cells and ILCs (Jojic et al., 2013; Mingueneau et al., 2013). 

GATA3 functions to repress thymic  B lineage conversion, enforces T lineage 

specification and promotes developmental progression through out T cell development  

(Rothenberg & Taghon, 2005; Ting et al., 1996). GATA3  is required for the generation of 

ETPs (Hosoya et al., 2009) and functions to promote proliferation and survival in early 

thymocytes (Hendriks et al., 1999), as well as, driving TCRϕ expression during ϕ-

selection (Pai et al., 2003). GATA 3 also regulates expression of the TCRϗ and TCR  ɹloci 

through enhancer binding (Joulin et al., 1991; Ko et al., 1991; Marine & Winoto, 1991). 

Interestingly, in  the absence of NOTCH signals, forced GATA3 expression in DN1 or 

DN2 thymocytes promotes the development of mast cells (Taghon et al., 2007). 

Later in development, GATA3 expression is regulated by TCR signaling and 

contributes to CD4 vs CD8 lineage decisions at positive selection (Hernandez-Hoyos et 

al., 2003). GATA3 expression downstream of TCR signaling is induced by c -Myb 

(Maurice et al., 2007). Interestingly, enforced expression of GATA3 via CD2 promoter 
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driven transgenic leads to a block in CD8SP cell maturation (Nawijn et al. , 2001). It is 

thought that the magnitude of GATA3 expression downstr eam of positively  selecting 

TCR signals is partially responsible for the determining CD 4 vs CD8 T cell fate 

(Hernandez-Hoyos et al., 2003). This is supported by the ob servation that GATA -3 

promotes Zbtb7b (ThPOK) expression driving CD4 lineage differentiation  in ThPOK-

dependent and -independent manner (Wang et al., 2008). 

In mature CD4 T cells GATA3 serves as the Th2 lineage-defining transcription 

factor (Zhang et al., 2001) functioning to repress Th1 differentiation  (Nawijn et al., 2001; 

Ouyang et al., 1998) and promote expression of Th2 cytokine genes (Zhang et al., 1997; 

Zheng & Flavell, 1997) via chromatin re modeling (Lee et al., 2001; Lee et al., 2000; 

Takemoto et al., 2000). Despite extensive study it still re mains unclear exactly which 

GATA3 target genes are critical to its role in most stages of T cell development  (Hosoya 

et al., 2010). 

1.2.1.4 Runx family tra nscription factors  

There are three mammalian Runt domain  containing (Runx) family transcrip tion 

factors: Runx1, Runx2, and Runx3. Runx genes are evolutionarily ancient with at least 

one homolog found in nearly all metazo an genomes (Rennert et al., 2003). Each Runx 

family member is broadly  and dynamically  expressed during T cell development 

(Mingueneau et al., 2013). Runx genes are not T cell-specific and contribute to the 

development of multiple immune linea ges (Mevel et al., 2019).  
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In T cell development Runx1 and Runx3 play the most significant roles. Early in 

T cell development Runx1 supports the progression from DN1 -DN 3 via regulating the  

amplitude  of Bcl11b expression downstream of NOTCH signaling  (Kueh et al., 2016). 

Together Runx1 and Bcl11b prime developing T cells for lineage specification through 

inducing ThPOK and Runx3 expression. Early conditional deletion of Runx1 impairs T 

cell development at the DN3 stage while post -ϕ-selection deletion leads to a severe 

impairment  in positive selection and matu ration of CD4SP thymocytes (Egawa et al., 

2007; Sato et al., 2003). Conversely, loss of Runx3 severely impairs CD8SP development 

(Egawa et al., 2007). Interestingly, Runx proteins also function to  regulate Cd4 and Cd8 

expression positively  and negatively during development  via physical association of the 

loci (Collins et al., 2011) and controlling enhancer and silencer element activit ies (Chong 

et al., 2010; Sawada et al., 1994; Siu et al., 1994). During the DN stages of  development 

Runx1 actively represses expression from both loci  whereas Runx3 promotes epigenetic 

silencing following CD8 lineage commitment (Taniuchi et al., 2002). 

In the context of weak positively selecti ng signals driven via MHC -I: peptide 

recogniti on Runx3 promotes CD8 lineage commitment via repressing CD4 and ThPOK 

expression (Setoguchi et al., 2008; Steinke et al., 2014). CD4 and ThPOK repression is 

regulated by silencer elements in the first exon of each gene (He et al., 2008; Setoguchi et 

al., 2008; Taniuchi et al., 2002). Additionally, Runx3 simultaneously functions to enfor ce 

CD8 lineage commitment through positively regulating Cd8 expression via enhancer 
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binding and activation (Hassan et al., 2011; Kohu et al., 2005). Together Runx1 and 

Runx3 function to promote early T cell development a s well as enforce lineage 

commitment in CD8 T cells.  

1.2.1.5 ThPOK  

Zbtb7b encodes the zinc finger and BTB domain-containing transcription factor 

ThPOK (Galera et al., 1994; Widom et al., 1997). The importance of ThPOK in T cell 

development was first identified through study of helper T cell deficient  (HD)  mice. HD 

mice were found to completely lack peripher al CD4 T cells resulting from an 

unidentified autosomal recessive mutation which genetically unlinked from MHC -II 

(Dave et al., 1998). HD mice exhibit ed significantly ex panded CD4+ CD8low  thymocytes 

and a near complete loss of mature (CD24-/low  CD62L+) CD4SP cells. This defect was 

independent of Cd4 regulation and the results suggested that CD4 T cell development 

was blocked at the post-positive selection lineage commitment  phase. Subsequent study 

by the same group determined that the lack of CD4 T cell development in HD mice was 

not the result of a block in development but instead diversion to the CD 8 lineage 

following positive selection (Keefe et al., 1999). Using the MHC -II -restri cted AND TCR 

transgene crossed to a Rag-deficient H D background and MHC -I-deficient HD mice 

they showed that only CD8 T cells develop from MHC -II -dependent selection. This 

finding was fur ther confirmed MHC -II -dependent selection of CD8 T cells in this model 

by generating AND + Rag-/- HD-/- bone marrow chi meras in MHC-I- or MHC -II -deficient 
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Rag-/- recipients. Despite these groundbreaking studies it was not until 2005 that the HD 

mutation was determined  to result in a single amino acid substitution in the DNA 

binding domain of ThPOK as the cause of the phenotype (He et al., 2005). This finding 

cemented ThPOK as a transcription factor critical to the establishment of the CD4 T cell 

lineage. 

Further study de termined that ThPOK enforces CD4 lineage commitment 

through repression of the master transcription factor for the CD8 lineage, Runx3. Using 

Runx3 and ThPOK fluorescent reporter mice it was shown that expression of these two 

factors is largely mut ually exclusive in thymocytes  (Egawa & Littman, 2008). 

Furthermore, the authors of this study show that genetic ablation of ThPOK results in 

acquisition of Runx3 expression in CD4SP cells allowing for upregulation of the CD8 

lineage-specific transcriptional program . 

In T cell development ThPOK expression and by extension CD4 lineage identity 

is controlled transcri ptionally. Genetic studies identified a distal regulatory element  

(DRE) in the ThPOK locus with sile ncer and enhancer functiona lity (He et al., 2008). 

Ablation of the du al DRE reduced ThPOK expression in CD4 T cells and resulted in 

depression of ThPOK in CD8 T cells. Interestingly, Cd4 expression is controlled in a 

similar manner  by silencer and enhancer activity. Activity of both  silencer elements is 

criti cal to properly  regulate timing of CD4 expression. Prior to selection Myc-associated 

zinc finger-related factor (MAZR) together with Runx1 drive activit y of the ThPOK 
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silencer, while post -selection silencing is achieved by MAZR -Runx3 (Sakaguchi et al., 

2015). Deletion of MAZR and Runx  in early thym ocytes or peripheral CD8 T cells results 

in premature acquisition of CD4 expression by DN cells or depression of ThPOK, 

respectively. 

A  key aspect of CD4 lineage commitment and maintenance of lineage identity is 

the requirement to block activity of the  Cd4 and ThPOK silencers. ThPOK is directly 

responsible for this inhibition of silencer activity  at both loci (Muroi et al., 2008). This 

effect is achieved by ThPOK regulating an anti-silencer embedded within the silencer 

element setting up an autoregulatory loop wh ich sustains its expression and lineage 

identity (Basu et al., 2021). Critical  to the maintenance of this autoregulatory loop is the 

sustained repression of Runx3 by ThPOK. In the absence of repression Runx3 can 

interact with Twis t2 to drive activation of ThPOK silencer (Hwang et al., 2020). 

Sustained repression of Runx3 by ThPOK is mediated through induction of SOCS1 

expression. In the absence of ThPOK, SOCS1 overexpression is sufficient to drive CD4 T 

cell development (Luckey et al., 2014). 

1.2.1.6 ROR tɹ 

Retinoic acid-related orphan receptor (ROR)- tɹ is best known as the master 

transcription  factor of the type 17 T cell lineages (Ivanov et al., 2006). In addition to 

regulating the effector identi ty of these cells RORɹ t also plays criti cal roles in the 

development of T cells and lymphoid organs (He, 2000; Kurebayashi et al., 2000; Sun et 
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al., 2000). Specifically, in thymocytes ROR tɹ functions to promote survival of DP cells 

undergoing TCRϔ rearrangement (Guo et al., 2002; Kurebayashi et al., 2000). ROR tɹ 

achieves this by promoting and sustaining expression of the anti-apoptotic protein Bcl -

xL (Guo et al., 2002; Sun et al., 2000; Xie et al., 2005). The absence of ROR tɹ leads to 

severely reduced thymic cellularity and s kewing of the TCR repertoire towards 

proximal Vϔ-Jϔ pairings  due to shortened survival time (Guo et al., 2002). It was shown 

that induction of ROR tɹ expression by DP thymocytes is dependent upon TCF1 (Wang 

et al., 2011). 

The most significant phenotype observed in ROR tɹ-deficient th ymocytes is a 

very significant reduction in DP  cell numbers and a near absence of SP cells (Guo et al., 

2002; Kurebayashi et al., 2000; Sun et al., 2000). However, ROR tɹ also plays a key role 

during the post-ϕ-selection DN -DP transistion where its expression is induced by pre-

TCR signaling (Villey et al., 1999). In this context, ROR tɹ functions to promote E protein 

expression which enfor ces cell cycle arrest necessary for V(D) J recombination. For cells 

to progress through this brief phase of proliferation ROR tɹ activity  must be repressed 

via Egr3 down-stream which is also down -stream of pre-TCR signaling (Xi et al., 2006b). 

Like the necessity of silencing for progression through ϕ-selection, ROR tɹ must 

also be silenced for passage of positive selection. This silencing is mediated through 

HDAC 3-dependent epigenetic silencing (Philips et al., 2016). Failure to down -regulate 
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ROR tɹ during positive selection drives apoptosis d ue to a failure  to up-regulate Bcl2 

which can be rescued by ectopic expression of Bcl-xL (Philips et al., 2016). 

1.2.1.7 PLZF ɬ The master transcription factor for iNKT cell development  

The Promyelocytic Leukemia Zin c Finger Protein (PLZF) encoded by Zbtb16 is a 

member of the POK (POZ and Kruppel) family of transc riptional repressor s. PLZF plays 

numerous roles in organism-wide developmental pro cesses (Suliman et al., 2012). The 

role for PLZF in T cell development is however  narrow. PLZF functions as the master 

transcription factor for NK T and ϗɹ NKT cells. While these two populations make up 

only a small fraction of the total T cell repertoire, they play numerous critical functions  

including rapid production of cytokines to direct acute immune responses (Crosby & 

Kronenberg, 2018).  

PLZF is one of the transcription factors required for NKT cell development and 

function  (Kovalovsky et al., 2008; Savage et al., 2008). During NKT cell development 

PLZF expression is dynamically regulated and rapidly induced upon sel ection within 

the thymus (Savage et al., 2008). ChIP-seq analysis has shown that PLZF binds to 

numerous genes critical to iNKT cell differentiation and regulators of effector programs. 

However, this study found that P LZF does not directly bind to NKT cytokine genes  

(Mao et al., 2016). Mao et al. also found that PLZF binds to and directly inhibits  

expression of Bach2 which is a known repressor of effector T cell differentiation . This 

activity is likely required for iNKT development as th ese cells undergo effector 
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differentiation develo pmentally  (Lee et al., 2013). A recent study found that  loss of Bcl6 

impaired iNKT cell development due to failure to upregulate  PLZF expression and loss 

of Bach2 repression in im mediate post-selection stage 0 iNKT cells (Gioulbasani et al., 

2020). The importance of PLZF in human iNKT cell  development is hi ghl ighted by the 

near complete absence of this population in PLZF-deficient humans (Eidson et al., 2011). 

 In addition to iNKT cells, PLZF is also expressed by a subset of ɹ ϗ T cells. In 

mice, these cells are enriched among V 1ɹVϗ6,V 5ɹ, and V 6ɹ expressing cells in mice 

(Kreslavsky et al., 2009; Lu et al., 2015). Interestingly, V 5ɹ+ cells do not require PLZF for 

development while V 6ɹ+ cells do. Howev er, both require PLZF for effector 

differentiation (Lu et al., 2015). V 1ɹVϗ6, also known as ϗɹ NK T cells, like  iNKT cells 

require PLZF for t heir development and effector differentiation (Kreslavsky et al., 2009). 

The molecular mechanisms by which PLZF promotes the development  and effector 

differentiation of these ϗɹ T cell subsets is has yet to be studied in detail and therefore, 

remains poorly  understood. 

 

1.3 cGAS/STING cytosolic DNA sensing pathway in T cell-
mediated immunity 

1.3.1 Overview of cGAS/STING pathway 

The cGAS/STING pathway is a n ancient and critical pattern recognition pathway  

recognizing cytosolic dsDNA.  The evolutionaril y earliest documented species with a 

function al cGAS/STING pathway is Nematostella vectensis, a sea anemone more than 500 
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million years diver ged from humans (Kranzusch et al., 2015). cGAS/STING is active in 

numerous cell types and plays criti cal roles in numerous host defense pathways 

including responses to infectious agents such as bateria and viruses, antitumor 

imm unity , and maintenance of barrier tissues. While the cGAS/STING pathway is best 

known for it s activity  in myeloid and non-immune cells a growing body of liter ature 

demonstrates the critical role for this pathwa y in T cell mediated immunity. Thi s section 

will fo cus on what is known regarding cGAS/STING in T cell resp onses.  

1.3.1.1 Cyclic GM P-AM P synthase (cGAS) 

Prior to the discovery of cGAS, STING was known to be a criti cal regulator of 

type I interferon (IFN-I) production in response to cytosolic dsDNA (Ishikawa & Barber, 

2008; Ishikawa et al., 2009). How ever, the upstream mechanism driving STING-

mediated IFN -I production was unknown. The discovery of cGAS began with the 

identification of cyclic -GMP-AMP (cGAMP) as a critical second messenger driving the 

production of IFN -I in response to cytosolic dsDNA (Wu et al., 2013). The following year 

a series of papers were published identifying cGAS as the enzyme responsible for 

cGAMP production (Ablasser, Goldeck, et al., 2013; Sun et al., 2013) and demonstrating 

a key role of cGAS in antiviral immunity  (D. Gao et al., 2013; Wu et al., 2013). Since its 

discovery there have been at least 700 publications regarding cGAS. 

cGAS is a nucleotidyltransferase encoded by the gene Mb21d1 wit h conserved 

homologs found  in bacteria (Cohen et al., 2019; Whiteley et al., 2019). Upon binding to 
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dsDNA cGAS undergoes homodimerization  which is generally required  for its catalytic 

activity  and producti on of cGAM P (Civril et al., 2013; P. Gao et al., 2013; X. Li et al., 2013; 

X. Zhang et al., 2014). Recognition of dsDNA by cGAS is sequence-independent  (P. Gao 

et al., 2013; Li et al., 2013; Zhang et al., 2014). Due to the necessity for dimerization , 

strength of cGAS activation is dependent upon dsDNA length. dsDNA shorter than 50 

nucleotides (nt) induces minimal cGAS activity and m aximal activation require s dsDNA 

of at least 200nt (Andr eeva et al., 2017; Hooy & Sohn, 2018; Luecke et al., 2017).  

Interestingly,  cGAS is not only a cytosolic protein. A significant proportion of 

cGAS can be found within the nucleus  (Liu et al., 2018). Since cells do not exhibit 

constitu tive IFN -I production , it comes as no surprise that nuclear cGAS is catalytically 

inactivated via several mechanisms. One such mechanisms is tethering of cGAS to 

nucleosomes. In 2020, a series of publications determined the structural b asis for cGAS 

inactivation by tethering to the acidic patch of nucleosomes (Boyer et al., 2020; Cao et al., 

2020; Kujirai et al., 2020; Michalski et al., 2020; Pathare et al., 2020; B. Zhao et al., 2020). 

Additional  works have shown that cGAS activity must be suppressed during mito sis via 

chromatin tethering and phosphorylation (T. Li et al., 2021). Insufficient cGAS 

inactivation upon dissolution of the nucle ar envelope (NE) drives mitotic cell death 

(Zierhut et al., 2019). Additional studies ha ve shown that cGAS activity towards self-

DNA  is controlled  by the DNA -binding protein Barri er-to-Autointegration Factor 1 (Baf 
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or Banf1) which competitively  blocks cGAS activation upon nuclear envelope rupture 

and promotes repair (Guey et al., 2020; H. Ma et al., 2020). 

Naturally cGAS exist s in an autoinhibited state in which the catalytic subunit is 

unable to efficiently interact with its subs trates ATP and GTP (Civril et al., 2013; P. Gao 

et al., 2013; X. Li et al., 2013; X. Zhang et al., 2014). Upon binding  dsDNA cGAS 

undergoes conformational changes in the catalytic pocket allowing optimal intera ction 

with ATP and GTP (Civril et al., 2013; P. Gao et al., 2013; X. Li et al., 2013; X. Zhang et al., 

2014). On binding  to long dsDNA molecules, cGAS forms oligomeric la dder-like 

structures which can become phase-separated organelles (Andreeva et al., 2017; Du & 

Chen, 2018). Following the required conformational changes  and binding to GTP and 

ATP, cGAS catalyzes the formation of a 2ɀ-5ɀ followe d by 3ɀ-5ɀ linkage between GMP and 

AMP to produce 2ɀ3ɀ-cGAMP, the functional iso mer. 2ɀ3ɀ-cGAMP then activates STING 

dri ving downstream signaling  (Ablasser, Goldeck, et al., 2013; Sun et al., 2013) which 

can result in a host of biological outcomes.  

Efficient cGAS enzymatic activity requires cationic metal ions, specifically 

manganese2+ (M. Lv et al., 2020; Wang et al., 2018). Upon viral infection, Mn 2+ is release 

from organelles and accumulates within the cytosol. This accumulation increases the 

sensitivity of cGAS to activation by foreign nucleic acids (Wang et al., 2018). 

Interestingly, it was recently shown that Mn 2+ is critical to anti -tumor immunity  which 
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can be boosted by Mn2+ supplementation  and that cGAS/STING is required for the 

effects of Mn 2+ supplementation (M. Lv et al., 2020). 

1.3.1.2 Stimulator of inter feron genes (STING)  

STING was first cloned and characterized in 2008 as a key inducer of IFN-I 

responses (Ishikawa & Barber, 2008). The following year the same group demonstrated 

the critical role of STING in driving intracellular DNA -mediated IFN-I responses. 

STING is an endoplasmic reticulum  (ER) localized four  transmembrane domain -

containing signaling adaptor mole cule (Ishikawa & Barber, 2008) encoded by the gene 

Tmem173. Binding of cGAMP to the central crevice of the C-terminal domain of 

dimerized STING induces its activation (Zhang et al., 2013). The mechanisms of 

signaling downstream of STING will be discussed in a later section. In addition t o 

cGAMP, STING can also bind and be activated by other cyclic dinucleotides (CDN ), 

such as, cyclic di -GMP or cyclic di -AMP  produced by bacteria, albeit with muc h lower 

affin ity  (Zhang et al., 2013). 

Like many signaling adaptors , STING activity is regulated via post -translational 

modifications  (Figure 1). Of note, the ability of STING to induce downstream sig naling 

requires the phosphorylation of serine 366 (Konno et al., 2013; Liu et al., 2015; Tanaka & 

Chen, 2012). Interestingly, in addition to facilitating downstream sign aling, 

phosphorylation of STING also promotes its degradation (Konno et al., 2013). This 
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mechanism of signaling induction and degradation likely  functions to prevent excessive 

signal and deleterious inflammat ion.  

In addition  to phosphorylation , STING activit y is also regulated by 

ubiquitination . To date, at least three ubiquitin E3 ligases have been identified as 

positively regulating STING activity. These include TRIM 32 (Zhang et al., 2012), TRIM56 

(Tsuchida et al., 2010), and AMFR/INSIG1 (Wang et al., 2014). TRIM32 and TRIM56 

promote K63 polyubiquitina tion  while AMF R/INSIG1 drives K27 polyubiquitination. 

Polyubiquitination via either mechanism promotes recruitment of TBK1 and activation 

of downs tream IFN production. K48 Polyubiquitination  by RNF5 and TRIM30a drives 

proteasomal degradation and thus inhibition of the cGAS/STING pathway  (Wang et al., 

2015; Zhong et al., 2009). 
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Figure 1: Post-translation al regulation of cGAS/STING signaling  

Schematic diagram of post-translation al regulation of cGAS/STING signaling 

activity. Down stream signaling through I RF3 is the only pathway shown . However, 

signaling via  NF-ϝB is regulated in a similar fashion. Image created using Biorender 

template. 

1.3.1.3 Sources of cGAS activa ting ligand  

While there are numerous sources of cGAS-activating ligand they all must be 

dsDNA  and localized to the cytoplasm to drive cGA MP production . Sources of dsDNA 

may be host- or pathogen-derived . This dsDNA may  come from within the cell in which  

cGAS is activated or from the extracellular space. In this section we will briefly review 

the numerous sources of cGAS-activating dsDNA.  

Early research into cGAS focused on two main sources of activating signal: 

pathogen-derived dsDNA or interf eron stimulating DNA (ISD)  intr oduced 



 

32 

experimentally. Pathogen-derived dsDNA often or iginates from bacteria, DNA viru ses, 

or retroviruses which utilize a dsDNA interm ediate during replication. cGAS activation 

by obli gate extracellular bacteria typically results from up take of dead bacteria or 

phagolysosomal leakage of phagocytosed bacterium. ISD is short (45bp) non-CpG 

methylated dsDNA  typically derived from Listeria monocytogenes. ISD has been widely 

used to study several DNA -sensing pathways. In bacteria, phage DNA efficiently 

activates cGAS-like enzymes (Cohen et al., 2019).  

More recently , attention has expanded to exploring host-derived sour ces of 

cGAS-activating dsDNA . There are three main sources of host-derived cGAS-

stimulating dsDNA: nuclear genomic DNA  (gDNA) , mitochondrial DNA (mtDNA), and 

endogenous retrovirus (ERV) -derived dsDNA replication  intermediates. gDNA may 

become cytoplasmic through several mechanisms including , micronucl ei formation  

(Harding et al. , 2017; Mackenzie et al., 2017), NE rupture  (Denais et al., 2016; Raab et al., 

2016), loss of NE membrane integrity  (Guey et al., 2020; H. Ma et al., 2020), telomeric loss 

(Chen et al., 2017; Nassour et al., 2019), mitotic erro rs (Flynn et al., 2021; Li et al., 2022), 

or genotoxic stress (Hartlova et al., 2015; Quek et al., 2017; Song et al., 2019). mtDNA 

may become cytosolic resulting from  loss of mitochondrial  membrane integrity  and 

efficient ly driving cGAS activation (Huang et al., 2020; Willemsen et al., 2021). 

Additionally,  errors in mitophagy , a selective form of autophagy, has recently been 

shown to drive mtDNA -dependent cGAS activation (Rai et al., 2021; Sliter et al., 2018). 
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Finally, ERVs are capable of driving cGAS/STING signaling . Activation of cGAS via ERV 

results from recognition of cytosolic replication intermediates generated following 

reverse transcription , RNA degradation and second strand synthesis (Lima-Junior et al., 

2021; Simon et al., 2019). 

1.3.1.4 cGAS/STING signaling pathway  and its outcomes 

The most common outcome of cGAS/STING signaling is the promot ion of pro-

inflammatory and antiviral gene expression program s. This typi cally is achieved 

through activation of NF -ϝ!ɯÈÕËɯ(1%ƗɯÚÐÎÕÈÓÐÕÎɯ×ÈÛÏÞays. Following cGAS recognition 

of cytosolic dsDNA  cGAMP is produced driving STING activation and trafficking from 

the ER to the golgi complex. Activated STING recruit s TBK1 promoting it s 

phosphorylatio n and activation  and setting of down -stream signaling  (Yum et al., 2021). 

Phosphorylat ed TBK1 then drives IRF3 phosphorylation. Phosphorylat ed IRF3 typically 

dimerizes, translocates to the nucleus, and promot es IFN-I gene expression. 

Alternatively, phospho-IRF3 may remain cytosolic and dimerize with Ba x to promote 

mitochondrial   membrane permeabilization and apoptosis  (Zierhut et al., 2019). 

Additionally, TBK1 activat ion by in teraction with STING promotes NF-ϝ!ɯÚignaling via 

activation  of IKK  complexes and IkBϔ. Activated NF-ϝ! drives expression of pro-

inflammatory cytokines such as TNF and IL-6. Together, activation of IRF3 and NF-ϝ! 

signaling pathways down -stream of STING synergize to promote the proto typical 

antiviral and pro -inflamma tory profiles associated wit h cGAS/STING signaling. 
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In addition to pro -inf lammatory program activation , cGAS/STING signaling also 

drives autophagy to promote c learance of intracellular pathogens and cytosolic dsDNA  

(Gui et al., 2019). Additionall y, autophagy induction downstr eam of STING functions to 

limit the activity of this pathw ay and suppress excessive inflammation (Konno et al., 

2013; Prabakaran et al., 2018) via STING degradation. Through this mechanism STING 

signaling functions to establish an  autofeedback loop. Interestingly, activation of STING 

from the sea anemone Nematostella vectensis driv es autophagy but not in terferon 

responses suggesting that autophagy induction is the e volutionar ily earliest function of 

STING.   

  

1.3.2 cGAS/STING in T cell responses  

1.3.2.1 T cell intr insic roles for cGAS/STING  

A significant  amount of work relate d to the role for cGAS/STING in immune 

responses has focused on myeloid and non -immune cells. However, a growing body of 

evidence demonstrates that this pathway is active and plays a significant role within T 

cells. The first studies exploring the role for cGAS/STING in T ce lls found that this 

pathway tri ggers significantly different responses in these cells compared to others (Wu 

et al., 2020). While cGAS/STING was widely known to promote expression of pro-

inflammatory cytokines and d rive IFN -I responses, these studies showed that in T cells 

cGAS/STING generally drives IFN-independent  anti-proliferative responses and cell 



 

35 

death (Cerboni et al., 2017; Gulen et al., 2017; Larkin et al., 2017; Wu et al., 2019; Wu et 

al., 2020). The pro-apoptotic effects of STING activation in T cells are partially 

dependent upon the transcriptional activi ties of p53 and IRF3 (Gulen et al., 2017).  

However, o ther studies suggest that STING activation drives more efficient IFN -I 

production by effector T cells than by innate leukocytes (Imanishi et al., 2019). 

Interestingly, some pathogens utilize the sensitivity of T cells to cGAS/STING -mediated 

cell death to escape the immune system. Recently, it was shown that Listeria, Francisella, 

and Legionella bacterium DNA  is packaged into extracellular vesicles and passed to 

bystander cells activating cGAS/STING which inhibits T cell proliferation and primes 

them for cell death (Nandakumar et al., 2019). 

More recent studies have shown that cGAS/STING also plays important roles in 

T cell different iation. The absence of STING precludes the differentiation o f Th17 cells 

within gut-draining lymph nodes (Park et al., 2019). Consistent with this finding, 

administration  of cGAS agonist DNA nanop articles promoted the expansion of splenic 

Treg, Th1, and Th17 cells (Lemos et al., 2014). Similar ly, under Th polarizing conditions 

exogenous cGAMP resulted in enhanced differentiation of Th1, Th9, and Th17 effector 

cells which was partially IFN -I-dependent (Benoit-Lizon et al., 2022). Conversely, in a 

model of chronic pancreatitis, STING agonism or deletion resulted in reduced or 

increased accumulation of Th17 cells within  the pancreas, respectively (Q. Zhao et al., 

2019). However, the validity of the  findings from  this study have been disputed (Hu et 
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al., 2020). Thus, in the context of activation  and differentiation, cGAS/STING signaling 

generally promotes efficient acquisition of CD4 T cell effector identity .  

In CD8 T cells cGAS/STING signaling may play a more subtle role during 

differentiatio n. A recent study found that in mouse models of anti-tumor immuni ty 

cGAS/STING signaling promotes the differentiation of stem -like effector memory cells 

by regulating T CF1 expression and restraining Akt activity . Interestingly, this study was 

the first to show that cGAS-activating dsDNA in T cells was of an endogenous source 

(W. Li et al., 2020). Interestingly, STING activity also promotes CD8 -mediated disease. 

Bader et al. found that STING signaling contributes to  CD8 T cell-mediated graft -versus-

host disease. Genetic ablation of STING reduced CD8-mediated MHC -matched and 

MHC -mismatched GVHD due to reduced donor  T cell activation and enhanced 

recipient  APC survival (Bader et al., 2020).  

cGAS/STING signaling plays particularly important roles in r egulatory T cells 

(Treg). Type 1 diabetes (T1D) results from T cell-mediated immune responses directed 

against insulin -producin g pancreatic islets (DiMeglio et al., 2018). In the non-obese 

diabetic (NOD) mouse model of type 1 diabetes, administration of cGAS -activati ng 

DNA n anoparticles was sufficient to protect mice from disease. This disease protection 

was shown to be IDO-dependent and T cell driven suggesting that activation of th e 

cGAS/STING pathway  promotes enhanced Treg effector function (Lemos et al., 2019). 

Consistent with this find ing, a recent study found that STING -deficient NOD mice 
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develop exacerbated disease and increased accumulation of diabetogenic T cells within 

their pancreatic islets (Akazawa et al., 2021). Study of the role for cGAS/STING in gut 

homeostasis revealed that STING-deficient m ice are highly susceptible to DSS-induced 

colitis. Through these studies the authors demonstrated that in the absence of STING 

Treg development, maintenance, and function within the intestines is severely impaired 

(Canesso et al., 2018). 

cGAS/STING may also play important roles during T cell -intrinsic viral infection. 

The best studi ed among such pathogens is human immunod eficiency virus (HIV) . There 

are confli cting reports regarding whether cGAS-dependent responses are driven by HIV 

infection. An early study showed that human T cells failed to induce IFN -I responses 

following HIV -1 infection despite recruitment of IFI16, STING, and TBK1 to cytosolic 

DNA. Interestingly, this inability to respon d seemed to be HIV-specific as Sendai Virus 

infection induced r obust IFN-I responses in T cells (Berg et al., 2014). Two years later 

another group showed that  HIV infection drives cGAS-dependent IFN -I responses in 

CD4 T cells. However, these responses required HIV -1 integration and were 

simultaneously activated and inhib ited by HIV VPR and VPU proteins , respectively 

(Vermeire et al., 2016). Mor e recently a third  group found no measurable IFN-I 

responses in mouse or human T cells following HIV -1 infection. Importantly, they  

showed that despite an absence of response to HIV-1, T cells mount efficient cGAS-

dependent IFN-I response to mutant herpes simplex virus 1 (HSV-1) infection (Elsner et 
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al., 2020). Despite the potential defective induction of IFN -I responses within T cells 

following  HIV -1 infection they may still be able to induce these responses in 

neighboring cells. Previously, it was shown that cGAS can recognize HIV-1 dsDNA in 

CD4 T cells which then horizontally transfer cGAMP to neighborin g myeloid cells via 

intercellular membra ne fusion events driving IFN -I production (Xu et al., 2016). 

Therefore, T cells are capable of mounting cell-intrinsic cGAS/STING -dependent 

responses to viral infection. However,  the ability of these cells to mount cGAS/STING-

dependent responses to HIV -derived dsDNA remains unclear.  

Whi le the role for cGAS/STING in T cell development has received little attention  

there are lines of evidence supporting a role for the pathway. First, humans carrying a 

gain-of-function  mutation in STING which is responsible for the STING-associated 

vasculopathy with onset in infa ncy (SAVI) syndrome exhibit severe T lymphopenia  (Dai 

et al., 2020; Liu et al., 2014). Studies of mouse models harboring SAVI-associated STING 

gain-of-function mu tations revealed that T lympho penia (Motwani et al., 2019) caused 

by these mutations is due to impaired T cell development which was I FN-I-independent 

(Bouis et al., 2019; Siedel et al., 2020). Mechanistically, impaired T cell development  

resulting from STING hyperact ivity  is due to increased rates of ETP/DN1 thymocyte 

apoptosis (Bouis et al., 2019). Similarly, mice lacking the exonuclease Trex1 exhibit 

enhanced cGAS/STING activity and altered T cell development (Morita et al., 2004). 

Finally, in this disser tation we show that disruption of the nuclear en velope 
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downstream of Zfp335 deletion triggers cGAS/STING-dependent apoptosis of DN4 

thymocytes. Together, these data suggest that cGAS/STING is active within both 

developing and mature T cells and generally mediate anti -proliferative, pro -apoptotic 

responses that are IFN-I-independent.  Together, these previous studies demonstrate that 

activation of the cGAS/STING pathway  in T cells can positively or negatively impact the 

ability of these cells to mount effective immune responses depending on the context 

(Figure 2). 

 

Figure 2: Outcomes of cGAS/STING signaling in T  cells 

Schematic diagram of the outcomes of cGAS/STING signaling in T cells. 

Outcomes above or below the dashed line are promoted  or inhibited by cGAS/STING 

signaling in T cells, respectively.  

1.3.2.1.1 Mechanisms of exogenous cGAMP uptake to stimulate STING signaling 
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Production of cGAMP is required for activation of downstream signaling via 

STING. However, STING activation does not require cGAMP to be produced wi thin the 

cell in which downstream signaling occurs. To date , at least seven mechanisms (Figure 

3) have been identified allowing for hor izontal transfer or uptake of cGAMP from the 

local environment  (Ablasser, Schmid-Burgk, et al., 2013; Bridgeman et al., 2015; 

Concepcion et al., 2022; Cordova et al., 2021; Gentili et al., 2015; Luteijn et al., 2019; 

Ritchie et al., 2019); some of which may or may not be utilized by T cells. Shortly after 

the discovery of cGAS as the enzyme responsible for cGAMP production it was shown  

that cGAMP can be transferred to neighboring cells via gap junctions (Ablasser, Schmid-

Burgk, et al., 2013). Additionally, cGAMP has been found to be transferred between cells 

when packaged into viru ses during viral replication (Bridgeman et al., 2015; Gentili et 

al., 2015).  
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Figure 3: Mechanisms of exogenous cGAMP  uptake/  transfer  

Schematic diagram of the seven identified mechanisms for transfer or uptake of 

exogenous cGAMP to promote STING signaling. Diagram generated using Biorender. 

cGAMP is not membrane permeable however extracellular cGAMP is capable of 

driving STING signaling (Ablasser, Goldeck, et al., 2013; Konno et al., 2013; X. Li et al., 

2013; Sun et al., 2013). Using CRISPR screens SLC19A1 was identified as the first 

importer of extracellular cGAMP  (Ritchie et al., 2019). However, the ut ilization of 

SLC19A1 for cGAMP uptake may be restricted to human cells as STING activity was 

unaltered in Slc19a1-deficient mouse cells in the presence of cGAMP (Lut eijn et al., 

2019). Later, it was found that tumor -associated macrophage uptake tumor-deriv ed 
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cGAMP through an ATP-dependent mechanism mediated by purinergic receptor P2X7R 

(Zhou et al., 2020). It is unclear of the exact mechanism by which P2X7R mediates 

cGAMP uptake but i t may be the result of ATP-dependent pore formation  (Karasawa et 

al., 2017; Steinberg et al., 1987; Surprenant et al., 1996). Recently, SLC46A2 was identified 

as a second human-specific cGAMP importer but its transporter activity was found to be 

restricted to monocytes and macrophage (Cordova et al., 2021). Interestingly, this study 

showed that T cells sense and respond to extracellular cGAMP. However, the authors 

did not determine if T cell uptake was mediated through SLC46A2 (Cordova et al., 

2021). In another CRISPR screen LRRC8A-containing volume regulated anion channels 

were found t o be ubiquitou s cGAMP importers in vascul ature cells (Lahey et al., 2020). 

Very recently LRRC8C was identified as the first definitive cGAMP transporter in T cell s 

(Concepcion et al., 2022).  

To date, only one means of exogenous cGAMP uptake has been definitively 

shown in T cells (Concepcion et al., 2022). However, several mechanisms of cGAMP 

transfer and uptake identified  in other cell ty pes may apply to T cells. For instance, 

P2X7R is expressed by thymocytes (Philips et al., 2019) and signaling through this 

receptor has been shown to drive thymocyte cell death (Apasov et al., 1997; Zheng et al., 

1991). While it is known that  activation of P2X7R mediates formation of large membrane 

pores which may  drive cell death (Di Virgilio  et al., 2018) it would be interesting to test 
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wh ether cGAMP uptake via thi s mechanism contributes to thymocyte apoptosis 

resulting from exposure to extracellular ATP. 

1.3.2.2 T cell extrinsic roles for cGA S/STING  

cGAS/STING has numerous documented T cell extrinsic roles in T cell-mediated 

immune responses. In general, T cell-extrinsic cGAS/STING activity promotes or 

enhances T cell mediated immune responses, often through enhancing activation of 

APCs. However, more recent studies have begun to uncover leukocyte-independent 

roles for cGAS/STING in promoting T cell responses. Recently, it was shown that STING 

activity in endothelial cells promotes enhanced T cell migration through incre ased 

production of chemokines and cell ad hesion molecules (Anastasiou et al., 2021). In 

keratinocytes, cGAS activity downstream of endo genous retrovirus (ERV) expression 

was shown to promote type 17 T cell responses as well as homeostatic and inflammatory  

skin immunity to mic robiota (Lima-Junior et al., 2021). Furthermore, numerous st udies 

have shown critical roles for tumor cell -intrinsic c GAS/STING activity in promoting 

anti-tumor T cell responses through mult iple mechanisms which will be describ ed in 

detail in a later section (Ablasser, Schmid-Burgk, et al., 2013; Demaria et al., 2015; Luo et 

al., 2020; F. Ma et al., 2020; Marcus et al., 2018; Schadt et al., 2019; Zhou et al., 2020). 

Among  non-T cell leukocytes cGAS/STING activity is best described in myeloid 

cells. Activation  of this pathway in macrop hage or dendri tic cells promotes IFN-I-

dependent enhancement of T cell priming and activation (Li et al., 2019; M. Lv et al., 
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2020; Ma et al., 2021; Schadt et al., 2019; Shmuel-Galia et al., 2021; Si et al., 2022; Woo et 

al., 2014; H. Zhang et al., 2015). cGAS/STING activation also drives enhanced migration 

of APC to lymph nodes thereby promoting their interaction and ac tivation of T cells 

(Park et al., 2019). Interestingly, T cells may also play an active role in promoting 

activation of A PC via this pathway. T cells have been shown to produce extracellular 

vesicles loaded with m tDNA and g DNA which are transferred to APC during cognate 

interactions which prime the APC for antiviral immun e responses (Torralba et al., 2018).  

A major mechanism by which cGAS/STING signaling mediate s cell extrinsic 

enhancement of T cell responses is through enhanced migration of APC to lymph nodes. 

These effects are largely mediated through the production and signaling by IFN -I which 

are required for up -regulation of pro -inflammatory cytokine s, MHC, and co-stimula tory 

molecules (Diamond et al., 2011; Woo et al., 2014; Yum et al., 2021).  

1.3.2.3 cGAS/STING in antimicrobial T cell responses 

Antimicrobial  T cell responses are critical to organismal survival. This is 

highl ighted by the significantly  higher rates of infection and shortened lifespan of 

humans with severe combined immun odeficiency (Scid) in the absence of hematopoietic 

stem cell transplantation  (Buckley et al., 1997; Fischer, 2000). Being a key sensor in 

antiviral immunity , significant effort has been spent studying the role for  the 

cGAS/STING pathway in viral infections. How ever, this pathway also plays important 

roles in anti-bacterial responses, as well as, responses to other microbial infections. In 
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some cases, the pathway is even coopted by pathogens to evade T cell-mediated 

immune reactions (Nandakumar et al., 2019). Here, I will discuss key roles of the 

cGAS/STING pathway in antimicrobi al immune responses. 

A critical role of the cGAS/STING pathway is to promote antiviral immune 

responses. Inefficient anti viral responses to pathogens, such as, hepatitis B virus (HBV) , 

herpesvirus (HSV), cytomegalovirus (CMV),  Epstein-Barr Virus (EBV) and many others, 

can lead to a host of life long diseases including cancer, organ damage, and neurological 

problems, and leave the host immunocompromised (Z. Li et al., 2020). cGAS/STING 

functions to recognize viral DNA and initiate a cascade of antiviral responses including 

IFN-I and pro -inflamm atory cytokine produ ction, autophagy to destroy in tracellular 

vir al components, and activation of innate immunity  promoting vir us control and 

adaptive immunity. The importance of cGAS/STING in these responses is highlighted 

by the complete loss of IFN-I production and vir al control  following  dsDNA vir al 

infection in Mb21d1-/- or Tmem173-/- mice (Ishikawa et al., 2009; Reinert et al., 2016; Sun et 

al., 2013). 

An arms race between virus and ho st has evolved in which virus es encode 

proteins capable of inhibiting the cGAS /STING pathway (Figure 4). For instance, HSV 

has evolved mechanisms to inhibit cGAS activity and dampen antiviral immune 

responses. HSV-1 UL56 protein promotes viral replication through direct intera ction 

with cG AS, preventing its ability to b ind DNA , and therefore, enzymatic activity (Zhou-
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Qin Zheng, 2022). Similarly, HSV -1 UL46 protein encoded by the VP11/12 gene 

promotes STING degradataion and inhibits IFN -I responses (Deschamps & Kalamvoki, 

2017). Other means of inhibiting the cGAS/STING path way have been discovered in 

viruses. Pseudorabies virus (PRV) UL13 protein inhibits cGAS /STING signaling via IRF3 

phosphorylation -mediated signaling inhibition and ubiquitin -dependent STING 

degradation (Bo et al., 2020; Kong et al., 2022; L. Lv et al., 2020). Procine circovirus 2 

(PCV2) infection drives  Akt-dependent phosphorylation of cGAS at S278 which 

promotes K48 poly-ubiquitination and degradat ion to prevent  IFN-I responses (Z. Wang 

et al., 2021). Herpesviruses such as HSV-1, Kaposiɀs Sarcoma Associated Herpresvirus 

(KSHV), CMV and HMV68 also encode several deubiquitinases capable of inhibiting 

cGAS/STING signaling at multiple steps  (Kumari et al., 2017; Ma et al., 2012; Sun et al., 

2015). Recently, through a screen of 24 mammalian viruses, it was discovered that 

poxviruses such as vaccinia encode conserved nucleases, termed poxins, which directly 

inhibit cGAS/STING signaling through hydrolytic degradation of cGA MP (Eaglesham et 

al., 2019). Several other mechanisms for viral evasion of the cGAS/STING pathway by 

inhibition of cGAS or STING activit ation, impairing formation of STING -TBK1-IRF3 

complexes, and inhibition of downstream trans cription fac tor activation and DNA 

binding  have been described (Stempel et al., 2019). 
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Figure 4: Vir al regulation of  cGAS/STING signaling pathway  

Schematic diagram of virus -mediated inhibition of c GAS/STING signaling 

pathway.  Diagram generated using Biorender. 

In addition to viral pathogens, the cGAS/STING pathway also contribut es to 

immunity f rom bacteria. Interestingly, while activation of the pathway can be beneficial 

in the context of bacterial infection via IFN -I induction it can also be detrimental . For 

instance, IFN-I production in response to bacterial infection limit s ti ssue damage and 

protects from Streptococcus pyogenes infection by limi ting IL -1 production and 

hyperinflammation  (Castiglia et al., 2016). Conversely, IFN-I producti on has been shown 

to increase susceptibility to Listeria monocytogenes infection (O'Connell et al., 2004; 

Stockinger et al., 2002). In this context, cGAS/STING activity may directly impair T cell 
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responses during L. monocytogenes infection  by promoting T cell apopt osis and inhibiting 

proliferation (Nandakumar et al., 2019). 

Induction of the cGAS/STING signaling pathway in response to bacterial 

infection may come from multiple sources. Many bacteria produce CDN s using cGAS-

lik e enzymes (Whiteley et al., 2019) which function as second messengers and are 

involved in many biological pro cesses including quorum sensing, virulence, 

metabolism, and motility  (Danilchanka & Mekalanos, 2013). CDNs produc ed by 

intracellular pathogens ma y promot e clearance through stimulating the cGAS/STING 

pathway  and innate imm unity  (Dorrington et al., 2021; Liu et al., 2019). Bacterial DNA 

can also serve as substrate to set off the cGAS/STING signaling cascade (Hansen et al., 

2014).  

T cells play essential roles in the control and clearance of bacterial infections. In a 

broad sense IFN-I induction downstr eam of cGAS/STING may impair the ability of T 

cells to promote clearance of bacterial pathogens. This is supported by impaired 

cytokine production by T cells during bacterial infection (Henry et al., 2010), reduced 

responsiveness of macrophage to IFN  ɹ following IFN -I signaling  (Rayamajhi et al., 

2010), and imp roved survival of Ifnar1-/- mice with secondary bacterial infection 

following primary infl uenza infection compared to WT controls (Shahangian et al., 

2009). However, clinical and epidemiological data suggest that despite these 

impairments in T cell -mediated immune responses that result from cGAS/STING 
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activity, signaling  through the pathway  provid es protection from bacteri al infection . 

Specifically, it was found that hu mans with loss-of-function mutations in STING exhibit 

increased susceptibility to ba cterial pneumonia  (Ruiz-Moreno et al., 2018). Based on the 

limited studies directly examining the interplay between cGAS/STING signaling and T 

cell-mediated anti -bacterial immune responses it is unclear whether the pathway plays a 

beneficial or detrimental role  in T cells during th ese infections. It is likely th at the 

pathway plays both po sitive and negative roles depending on the specific context. 

Beyond bacterial and viral infections, the cGAS/STING pathway also plays roles 

in controlling eukaryotic infection . A recent study found that cGAS/STING activity 

contributes to pathogen control during parasitic infections by malaria-causing 

Plasmodium species. The absence of cGAS/STING signaling  did not impair early B or T 

cell responses to Plasmodium. However, by day 14 of infection cGAS-deficient mice 

exhibit ed impair ed germinal center (GC) formati on, reduced production of class-

switched antibodies and memory B cells, and reduced numbers of effector and GC Tfh T 

cells. Together, these impairments resulted in IFN -I-dependent clearance of the parasite 

(Hahn et al., 2018). Roles for cGAS/STING in controll ing other parasitic infection s have 

been demonstrated. Through in vitro and in vivo mouse models of Toxoplasmosis, the 

cGAS/STING pathway  was shown to enhance host defense allowin g clearance and host 

survival in an IFN -I-dependent manner (Wang et al., 2019). 
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An area of research ripe for development is the role for cGAS/STING in 

homeostatic processes. Specifically, the interplay between cGAS/STING-dependent 

responses and microbiome are emerging as key to tissue homeostasis. To our 

know ledge, the first documentati on of a role for cGAS/STING signaling in  tissue 

homeostasis came from studying the in testinal barrier in STING -deficient mice (Canesso 

et al., 2018). STING -deficiency led to defective protective mechanisms of intestinal 

mucosa including reduced goblet cells numbers, mucus production and fecal IgA. These 

changes also coincided with reduced numbers of intraep ithelial lymphocytes and ILC2 

with a concomitant in crease in ILC1 and ILC3 numbers. Induction of inflammatory 

responses in the gut of these mice resulted in increased sensitivity to  DSS-induced 

coliti s, T cell-induced colitis and Salmonella infection, and impaired Treg development 

and function . These findings were corroborated by recent studies utilizing STING gain -

of-function mice  (Shmuel-Galia et al., 2021). Constitutive  active STING (N153S) 

mutations causing SAVI in humans resulted in significant intestin al commensal 

dysbiosis driving ubiquitination and stab ilization of STING protein in lamina propria 

myeloid cells  driving  chronic colitis , as well as, accumulation of inflammatory 

leukocytes includi ng T cells.  

Interestingly , a recent study demonstrated an elegant mechanism by which 

microbiota -induced cGAS/STING signaling promotes ti ssue homeostasis and 

maintenance of barrier inte grity in the skin (Lima-Junior et al., 2021). In this study, the 
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authors showed that colonization by the mouse commensal Staphylococcus epidermidis 

promotes IFN-I-dependent antiviral transcriptional programs  driving type 17 T cell 

responses. Interestingly, the authors showed that the source of cGAS activating dsDNA 

was not bacterial in origin but in stead was derived from replication in termediates of 

ERV. They showed that induction of barrier -inducing T cell responses was dependent 

upon cGAS recognition of ERV-derived d sDNA in ker atinocytes. Inhibition of retro viral 

reverse transcription was sufficient to abrogate these effects. Interestingly, th ey also 

showed that this  pathway may be in volved in inflammatory disease such as psoriasis 

and high-fat diet induced sy stemic inf lammati on.  

1.3.2.4 cGAS/STING in antitumor T cell responses  

T cells are absolutely required for anti -tumor  immunity. CD8+ T cells function to 

directly kill tumor cells in an MHC -I-dependent manner whereas CD4+ can promote 

anti-tumor immunity through dir ect elimination of  cancerous cells or modulating the 

tumor microenvironment in an MHC -II -dependent fashion (Hadrup et al., 2013; 

Kennedy & Celis, 2008). Over the past decade the cGAS/STING pathway has emerged as 

a key regulator of antitu mor immunity  (Jiang et al., 2020; Kwon & Bakhoum, 2020). Here 

I will dis cuss the current state of understanding for the role of the cGAS/STING 

pathway in anti tumor T cell responses. 

The signifi cance of cGAS/STING signaling in antitumor T cell responses was first 

appreciated following a study pu blished by Gajewski and colleagues in 2014 (Woo et al., 
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2014). In this wo rk, the authors show that the developmen t of tumor -responsive T cells 

is dependent upon cGAS/STING signaling  and IFN-I production. Importantly, they 

shown that the source of activating ligand was the t umor cells themselves. In the 

absence of STING APCs failed to upregulate nearly all proinflamma tory cytokines , 

chemokines and do not undergo maturation . These impairments precluded the pri ming 

of tum or-specific T cells, and as a result, STING- or IRF3-deficent mice failed to control  

immunogenic  tumor growth . 

Interestingly, in 2011 it was shown that radiation -induced antitumor T cell 

responses are dependent upon IFN -I production (Burnette et al., 2011). In the same issue 

as Woo et al., 2014, another group showed that the radiation -induced IFN-I response 

necessary for anti tumor responses is mediated through cGAS/STING signaling (Deng et 

al., 2014). This study was also the first to show that the efficacy of radiotherapy could be 

enhanced by the addition of exogenous STING agonist. As a result, the use of STING 

activating ligands has received considerable interest and investment for use in clinical 

oncology (Decout et al., 2021). 

Perhaps one of the most significant breakthroughs in the realm of cancer 

therapeutics was the development of checkpoint blockade therapy. These drugs function  

by blocking inhibitory pathways which suppress antitumor T cell responses . While these 

treatments have been nothing short of revolutionary  a significant percentage of patients 

fail to respond and their cancers progress. The cGAS/STING pathway has also been 
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found to be essential to the efficacy of checkpoint blocka de (Wang et al., 2017). While 

anti-PD-L1 antibody t herapy slowed the growth of melanoma in WT mice, no effect was 

observed for cGAS-deficient mice receiving the same drug. Additionally , adding 

exogenous cGAMP furth er increased anti-PD-L1 efficacy. Mechanistically, cGAS/STING 

signaling promoted activation of DC a nd enhanced cross-presentation of tumor antigen 

to CD8 T cells. These findings have been corroborated by several other studies 

demonstrating similar results (Corrales et al., 2015; Ji et al., 2021; W. Li et al., 2020; Luo et 

al., 2020; M. Lv et al., 2020; Ramanjulu et al., 2018; Schadt et al., 2019; Si et al., 2022; Woo 

et al., 2014; Yum et al., 2021; H. Zhang et al., 2015; Zhou et al., 2020). 

Among all t he research done regarding the role of cGAS/STING in antitumor 

immunity a key commonalit y exists: cGAS/STING signaling and IFN-I production is 

critical to the inductio n of T cell responses through the activation and maturation o f 

APC. Interestingly, cGAS/STING activity may also yield pro -tumor effects. Within 

tumor cells, cGAS can promote tumor grow th th rough inhibiting homologous 

recombination in chromosomally  unstable cancers (Liu et al., 2018). Additionally, 

accumulation of cytosolic dsDNA in chrom osomally unstable cancers can promote 

survival and metastasis via cGAS/STING-dependent activation of the noncanonical NF-

ϝB pathway (Bakhoum et al., 2018). In brain tumors, gap junctions facilitate the transfer 

of cGAMP from carcinoma to astrocytes promoting IFN-I and pro -inflammatory 
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cytokine production  setting up a paracrine feedback loop supporting tumor growth, 

dru g resistance and metastasis (Q. Chen et al., 2016).  

Continuous production of cGAMP from tumor cells al so creates the possibility of 

activating antitumor immune responses  via heightened local concentrations of 

extracellular cGAMP. Interestingly, some cancers can utiliz e this potential weakness and 

turn it into a stre ngth. Hydrolysis of extracellular cGAMP by ENPP1 leads to the 

production of aden osine, an immunosuppressive purine  facilitating metastasis, reduced 

immune cell infiltration, and resist ance to checkpoint blocka de (J. Li et al., 2021). Chronic 

cGAS/STING activation resulting from leakage of genomic DNA downstream of 

mutagen exposure can also promote inflammat ion-driven carcinogenesis which is 

dependent upon STING activity  in hematopoietic cells (Ahn et al., 2014). Finally , 

cGAS/STING activity is also capable of promoting immune evasion of poorly 

immunogenic tumors via induction of indoleamine 2,3 di oxygenase immunosuppre ssive 

activity (Lemos et al., 2016). In this study  the authors demonstrate that 

immunosupp ression mediated by this mechanism was only dependent upon STING 

expression by host cells suggesting that cGAS activity within the tumor drives this 

response.  

Despite the potential for cooption of the cGAS/STING pathway  to promote 

tumor  growth and immune evasion , the benefits of this pathway for cancer are context 

dependent. For instance, cancers derived from cell types sensitive to cGAS/STING-



 

55 

mediated cell death such as T cells are highly sensitive to apoptosis in response to 

STING agonists (Gulen et al., 2017). Cancer cells can also transfer cGAMP to tumor 

infiltrat ing leukocytes activating STING signaling to drive enhanced APC functio n and 

tumor killing  (Marcus et al., 2018; Schadt et al., 2019). Additionally, activation of STING 

signaling in tumor endothe lial cells drives cell -intrinsic production of IFN -I promoting T 

cell recruitment and anti -tumor responses (Demaria et al., 2015). 

In the context of tumor immunity T cell intrinsic cGAS/STING signaling may 

represent a double-edged sword. A recent study found that in mouse models of tumor 

immunity  T cells undergo cGAS/STING signaling because of accumulation of  cytosolic 

dsDNA  downstream of TCR signaling  (W. Li et al., 2020). While the mechanism driving 

accumulation of cytosolic dsDNA was not demonstrated the authors showed that 

cGAS/STING signaling in CD8 T cells was beneficial. These signals drove activated 

tumor -specific CD8 T cells to a stem-like memory phenotype and prevented exhaustion 

by restraining Akt act ivity . Despite this benefit, T cell in trins ic cGAS/STING signaling 

also comes with risks. In particular , the high sensitivity  of T cells to STING-mediated cell 

death could abrogate the APC-specific enhancement of tumor immunity elicited by 

cGAS/STING signaling (Cerboni et al., 2017; Gulen et al., 2017; Larkin et al., 2017). Due 

to this potential r isk, delivery vehicles for cGAS/STING-stimulating compounds  should 

be carefully considered to limit negative  impacts on anti-tumor T cell responses.  
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In summary, cGAS/STING exhibits both beneficial and detrimental activit ies in 

the context of tumor immunity  (Figure 5). On one hand, the pathway can be hijacked by 

cancer cells to limit local immune responses, promote survival and growth, and drive 

metastases. Conversely, this pathway also plays a critical role in driving antitumor T cell 

responses. The balance of these two opposing results may significantly influence overall 

di sease outcomes and pharmaceutical manipulation of the pathway holds the promise of 

potentially significantly  improv ing the efficacy of our most prom ising cancer 

therapeutics.  

 

Figure 5: Positive and negative regulatory roles of  cGAS/STING pathway in 

anti -tumor immuni ty.  



 

57 

Comparison of anti- and pro-tumor effects of cGAS/STING activation . Anti -

tumor effects are listed under beneficial roles. Pro-tumor effects are listed under 

detrimental roles. Diagram generated using Biorender. 

1.3.2.5 cGAS/STING in autoimmunity  

Au toimmune disease is characterized by aberrant immune responses directed 

towards host tissues. These responses are often the result of ineffective central tolerance 

or impaired peripheral tolerance mechani sms. Often, this dysregulation leads to T cells 

acting as mediators of the disease process. As wit h many pattern recognition receptor s, 

dysregulation of the cGAS/STING pathway  can promot e or enhance autoimmune 

disease. Interestingly, cGAS/STING activity is also protective in several common 

autoimmune diseases. Here we will discuss the protective and detrimental roles of 

cGAS/STING in autoimmune  processes involving T cell responses.  

The first documented role for the cGAS/STING pathway in autoimmune 

pathology was through the study of Aicardi -Goutieres Syndrome (AGS). The best 

studied  cause of AGS are mutation s in the catalytic domain of the 3ɀ-5ɀ DNA 

exonuclease TREX1 (Crow,  Hayward, et al., 2006; Rice, Newman, et al., 2007; Rice 

Patrick, et al., 2007). TREX1 deficiency results in the aberrant accumulation of cytosolic 

dsDNA. Failure to deg rade cytosolic dsDNA result s in chronic cGAS/STING activation 

and IFN-I production  (Stetson et al., 2008). Ultimately, AGS results in le thal 

autoimmun ity. Further study has identified eight other genes that when mutated  can 

lead to AGS. These genes include, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, 

ADAR1, IFIH1, LSM11, RNU7-1, (encoding MDA5)  (Crow, Leitch, et al., 2006; Lehner et 
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al., 2006; Rice et al., 2009; Rice et al., 2014; Rice et al., 2012; Uggenti et al., 2020). All these 

AGS-causing mutations result in enhancement of nucleic acid sensing pathways. 

AGS symptoms typically manifest as very early onset (within the first two year s 

of life ) severe degenerative encephalopathy leading to progressive micro cephaly, 

calcification  of the basal ganglia, chronic cerebrospinal fluid  (CSF) lymphcytosis, 

increased CSF IFNϔ, thrombocytopenia, hepatosplenomegaly, and elevated liver  

enzymes. TREX1 mutations are also responsible for a hereditary autoimmune dis ease 

known as Familia l Chi lblains Lup us. AGS patients share many clinical features of 

systemic lupus erythematosus (SLE). Interestingly, mice carrying the common AGS-

associated Trex1 D18N mutation primarily develop multi -organ SLE-like autoimm unity  

affecting the pancreas, heart, lungs, salivary glands, kidneys, and vasculature (Grieves et 

al., 2015). These mice also produce large quantities of anti -dsDNA antibodies, a hallmark 

of SLE. The pathology associated with mouse Trex1 D18N mutations is driven by 

hematopoietic cells and is STING - and IFN-I-dependent. In this model, IFN-I is largely 

produced by  naïve CD4 T cells and naïve and effector/ memory CD8 T cells (Simpson et 

al., 2020). T cell from t hese mice express heightened levels of IRF7, phosphorylated IRF3 

and phosphorylated TBK1 and produc e IFN-ϔ in response to TCR stimulation. 

Interestingly, these mice undergo IFN -I-dependent Treg expansion. However, this 

expansion is not sufficient to protect from au toimmune disease. 
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Like Trex1 D18N, Trex1-deficient mice exhibit severe systemic autoimmune 

disease leading to significan tly shortened lifespan. Reduced survival is likely due to 

inflammatory myocarditis which  leads to progressive cardiomyopathy and circulatory 

failure  (Morita et al., 2004). In this model, T cells are critical to the development of 

autoimmunity , however, autoantibodies generated by B cells are the primary cause of 

death (Gall et al., 2012). The germline deletion model also differ s from Trex1 D18N in 

that IFN-dependent autoimmunity is initiated  by IFN-I production by non-

hematopoietic cells (Gall et al., 2012). This IFN-I production is dependent upon 

cGAS/STING activity.  Also, like Trex1 D18N, T cells from Trex1-deficient mice are 

highly activated, express high levels of T-bet, and produce large quantities of IFN  ɹin a 

cGAS-dependent manner (Gao et al., 2015). Interestingly , study of these mice also 

suggests a potential deleterious role for activating cGAS during T cell development. 

Trex1-/- mice exhibit severely altered th ymus hi stopathology characterized by a near 

complete absence of the thymic medulla (Morita et al., 2004). 

Like Trex1, mutations in other nucleases such as DNase II can result in 

autoimm une disease. Initial studies of the role for  DNase II in mice were hampered by 

the embryonic/ perinatal  lethality of germline deletion  due to asphyxiation  (Krieser et 

al., 2002). DN ase II -deficient mice also develop lethal anemia due to IFN -ϕ produced by 

live r macrophage foll owing uptake of undigested er yth roid precursor dsDNA  (Kawane 

et al., 2001; Yoshida et al., 2005). This embryonic lethality can be prevented by blocking 
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IFN-I signaling , however, Dnase2b-/- Ifnar1-/- mice develop chronic polyarthritis 

mimicking human rh eumatoid arthritis  (Kawane et al., 2006). Finally, it w as shown that 

STING was responsible for both the anemia and polyarthritis  resulting from DN ase II-

deficiency (Ahn et al., 2012). While IFN -I production drove anemia in this model, 

production of other pro -inflamma tory cytokines such as, TNFϔ, IL-1ϕ, and IL-6 likely 

contributed to polyarthri tis. 

Like loss-of-function  (LOF) mutati ons in several nucleases, gain-of-function  

(GOF) mutations , primarily in STING, can driv e systemic autoimmunity. STING GOF 

mutations are responsible for the disease known as STING-associated vaculopathy  with 

onset in infancy (SAVI). As the name suggests, SAVI is characterized by infantile onset 

autoinflammatory va sculopathy. SAVI exhibits autosomal dominant inheritance 

(Jeremiah et al., 2014). Consistent with the lupus -like manifestations of AG S, SAVI 

patients develop skin lesions often affecting the face, ears, nose, and digits. In addition 

to skin pathology, SAVI patie nts often develop in terstitial lung disease and fibrosis 

(Jeremiah et al., 2014; Liu et al., 2014). SAVI is refactory to conventional anti -

inflamma tory drug treatment (Jeremiah et al., 2014), however, in vitro  studies suggest 

that JAK inhibition was capable of reducing downstream STAT activation and 

emeliorate enhanced IFN-I productio n (Liu et al., 2014). Clin ical use of JAK inhibitors 

and other treatment regimens have yielded inconsistent and often minimal benefit (Y. 

Wang et al., 2021). 
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Mouse models carrying SAVI -causing mutations have allowed for mechanistic 

study of this autoinflammat ory di sease. Study of STING N153S mice demonstrated that 

SAVI-associated lung pathology is T cell-mediated and IFN-independent despite T 

lymphopenia (Luksch et al., 2019; Warner et al., 2017). T cell ablation via Rag1 or TCRϕ 

deletion was sufficient to protect these mice from all lung pathology  while B cell 

ablation had no effect. T cells from STING N153S mice are activated and readily produce 

IFN-  ɹand IL-17. Ablation of IFNAR -1, IRF3 and IRF7, or cGAS had no effect on lung  

pathology in STING N153S mice. In addition to lung pathology, STING N153S initiates 

commensal dysbiosis and spontaneous T cell-dependent colitis  (Shmuel-Galia et al., 

2021). Interestingly, gut c ommensal dysbiosis in STING N153S mice also contributes to 

lung patho logy. Elimination of the gut micro biota with antib iotics was sufficient to 

protect these mice from lung disease. Similarly, germ-free SAVI mice develop severe 

lung pathology which can be attenuated by transferring gut microbiota  from antibiotic 

treated colonized mice (Platt et al., 2021).  

While SAVI mutations drive T cell -dependent autoimmunity  they also result in 

severe T lymphopenia. STING N153S (Luksch et al., 2019; Siedel et al., 2020) or V154M 

(Bouis et al., 2019) exhibit signi ficantly reduced peripheral and thymic T cell numbers . 

This reduction in T cells can be attributed t o high rates of apoptosis among ETP and 

DN1 thymocytes whic h is IFN-I-independent. While th e mechanism mediating 

thymocyte death in STING N153S mice has not been explored it may be due to 
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disrupted calcium homeostasis and chronic ER stress (Wu et al., 2019). Interestingly , the 

T lymphopenia resulting  from STING GOF mutations seems to be restricted to ϔϕ T cells 

as these mice have normal numbers of ϗɹ TCR-expressing cells (Siedel et al., 2020). 

Therefore, the sensitivity of T cells to STING-mediated cell death may not be universal.  

Beyond T cell developmental im pairments, STING GOF mice also exhibit impaired 

lymph node organ ogenesis and lack innate lymphoid  cells (Warner et al., 2017). 

Activation of the cGAS/STING pathway  can promote the development of 

systemic autoimmune disease. Interestingly, STING activity can play protective roles in 

several organ-specific autoimmune di seases. IFN-I gene signatures are associated with 

the incipient stage of T1D development. Interestingly, non-obese diabetic (NOD) mice 

deficient in gran zyme A which a ctivates nucleases to degrade cytosolic DNA develop 

enhanced disease (Mollah et al., 2017). Study of NOD.Sting -/- mice demonstrated that the 

cGAS/STING pathway is partially respon sible for the elevated IFN-I signature 

associated with T1D. However, these mice develop exacerbated disease with 

significantly increased accumulation of autoa ntigen-specific T cells wit hin islets 

(Akazawa et al., 2021). This study suggests that cGAS/STING activity functions to limit 

autoreactive T cell numbers and activit ies.  

Consistent with studies in T1 D, the experimental autoimmune encephalomyelitis 

(EAE) model of multiple sclerosis (MS) suggests a protective role of the cGAS/STING 

pathway. Both EAE and MS are demyelinating autoimmune diseases that result from T 
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cell-mediated destruction of myelin sheaths (Constantinescu et al., 2011). IFN-I has long 

been known to reduce disease severity in both EAE and MS. In fact, IFNϕ was the first 

disease-modifying treatment approved for use i n MS ("Interferon beta-1b is effective in 

relapsing-remitting mult iple sclerosis. I. Clinical results of a multicenter, randomized, 

double-blind, placebo-controlled trial. The IFNB Multiple Sclerosis Study Group" 1993) . 

EAE mice can be protected from disease by administration of DNA nanoparticle s in a 

cGAS/STING/IFN-I-dependent manner (Lemos et al., 2014). Activat ing the pathway in 

this manner attenuated effector T cell infiltration into the CNS , suppressed both innate 

and adaptive immune responses to MOG peptide in the spleen, and induced domin ant 

Treg responses by the cGAS/STING/I FN-I/IDO pathway. Interestingly, treatme nt of EAE 

mice with cGAMP -laden micropart icles at the peak of disease severity is sufficient to 

almost completely ameliorate disease symptoms (Johnson et al., 2021). Consistent with 

these findings, administration of ganciclovir , a STING-dependent inducer of IFN -I 

production, significantly reduced disease severity in WT but not STING-deficient EAE 

mice (Mathur  et al., 2017). Thus, in summary the cGAS/STING is capable of both 

suppressing and promoting various autoimmune diseases depending on context (Figure 

6). 
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Figure 6: cGAS/STING -dependent regulation of autoimmune disease.  

Autoimmune di sease positively or negatively regulated by cG AS/STING activity . 

One of the most perplexing aspects of the cGAS/STING pathway in T cell-

mediated autoimmunity is that the pathway can play both protecti ve and detrimental 

roles in the same disease. For instance, STING GOF mutations can drive spontaneous 

colitis (Shmuel-Galia et al., 2021) while STING -deficient mice also exhibit increased 

sensitivity to T cell -mediated colitis (Canesso et al., 2018). Similarly, STING GOF 

mutati ons can drive lupus-like disease but in the MRL/Lpr mouse model of lupus, 

MRL/L pr.Sting -/- mice have increased autoantibodies, expanded atypical T cells, and 

accelerated lupus nephritis and mortality  in an IFN-I-independent manner (Sharma et 

al., 2015). These confl icting findings regarding the cGAS/STING pathway suggest that it 

may function as a rheostat in autoimmune disease (Figure 7). On one hand, excessive 

cGAS/STING activity can drive T  cell-mediated autoimmune patho logies while , on the 

other, insufficient activ ity may break tolerance and allow un restrained autoreactive T 

cell destruction of host tissues. 
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Figure 7: cGAS/STING act s as a rheostat in development of autoimmune 

disease. 

Diagram of the outcomes resulting from imb alance in regulation of cGAS/STING 

activi ty resulting from loss -of-function or gain-of-function mutations in cGAS or STING. 

1.3.2.6 Therapeutic t argeting of cGAS/STING pat hway  

The cGAS/STING pathway is capable of regulating host immune responses in 

numerous ways. As described in earlier sections, cGAS/STING activity can promote 

antimicrob ial immun ity, is required for an ti tumor immuni ty, and can either promote or 

prevent autoimmune reactions depending on the context. Due to the incredible potenti al 

for immun omodulatory capacity of this pathway  significant effort has been spent 

developing compounds to module its activity . Here we will discus s the current state of 
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development of chemical agents to module cGAS/STING activity  with a focus towards 

diseases in which T cell functionality is key . 

1.3.2.6.1 Inhibitors of the cGAS/STING pathway 

As previously  stated, aberrant or continuous signaling through the cGAS /STING 

pathway holds the potential to induce numerous autoimmun e diseases. As such, several 

compounds have been developed to chemically inhibit either cGAS or STING. The first 

cGAS-specific inhibitory co mpound RU.521 was identified via a high-throughp ut screen 

(Vincent et al., 2017). RU.521 was derived fr om RU.365 and both compounds bind to the 

active site of cGAS preventing the generation of cGAMP. RU.521 was able to efficiently 

block IFN-I expression in Trex1-/- bone marrow-derived macrophage suggesting it may 

hold promis e as a treatment for AGS. Around the same time, a second group developed 

the cGAS active-site binding compound  PF-06928215 (Hall et al., 2017).  Unfortunately, 

despite its ability to bind t o the active site of cGAS, PF-06928215 lacked inhibitory 

activity in cell -based assays. Recently, a new class of cGAS inhibitors targeting the active 

site were described. Through these studies the human-specific cGAS inhibitor G15 0 was 

developed (Lama et al., 2019). G150 exhibited substantially i mproved IC-50 values for 

human cGAS compared to RU.521. An additional new class of human cGAS inhibitors 

were developed the following year based on earlier work using the compound PF -

06928215 which inc lude compound 18, S2 and S3 (W. Zhao et al., 2020). Among these 

compounds S3 showed the greatest promise as an improved inhibitor of human cGAS. 
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At the same time a third new class of cGAS inhibiting compounds was ge nerated 

including CU -32 and CU-76 which exhibit potent inhibitory capacity without affecting 

RNA sensing (Padilla -Salinas et al., 2020). Additional compounds have been identified 

with cGAS inhibitory potential but they achieve inhibition through means other than 

inhibiting catalytic activity  (Decout et al., 2021). 

In addition to cGAS inhibitors, several STING inhibiting compounds have been 

identified.  Two main approaches have been utilized for small mo lecule inhibit ion of 

STING activity: blocking cGAMP binding to the CDN -binding site or inhibiting 

palmitoyl ation near the transmembrane domain to prevent  its dimeri zation. To date, 

two studies have identified CDN -binding site  blocking STING i nhibitors. The first 

identi fied the natural cyclopeptide isolated from the pla nt Aster tataricus, Astin C, as a 

potent inhibitor of STIN G activation via competitiv e inhibit ion of cGAMP binding (Li et 

al., 2018).  In vivo Treatment wit h Astin  C led to increased susceptibility to HSV-1 and 

Listeria infection in WT mice and prevented STING-mediated autoimmune disease in 

Trex1-/- mice. Shortly  after, another study developed a novel class of STING inhibitors 

with ideal physiochemical properties and potent inhibitory capa city by leveraging a 2:1 

binding stoi chiometry to occupy and block the large binding po cket of STING (Siu et al., 

2019). These studies led to the identification of the tetrahydro isoquinoline , Compound 

18, which exhibits potent oral bioavailability and stable binding to the CDN -binding  

pocket provid ing functional inhibition of STING -mediated signaling.  
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Four classes of STING inhibitory compounds have been developed to block 

palmitoylation near the transmembrane domain. These include nitrofurans, indole 

ureas, nitro fatty acids, and acrylamides. All classes of compounds utiliz ing this mode of 

inhibition bind to, and block, palmitoylation of c ysteine 88 or 91 of STING. Nitrofurans 

and indole ureas were the first identified  classes of compounds with this mode of 

inhibition (Haag et al., 2018). C-176 and C-178 were the first of this class developed and 

very specifically inhibit mouse , but not human , STING. Analogues of these compounds 

(C-170 and C-171) were generated which are capable of inhibiting  both mouse and 

human STING. Due to poor solubility of C -178, C-176 was chosen for in vivo testing. In 

Trex1-/- mice, C-176 efficiently inhibited  STING-mediated pro -inflammatory cytokine 

production and si gnificantly reduced aut oimmune p athology. Based on the promising 

results of these studies the authors then set out to identify more advanced covalent 

STING ant agonists yielding  the compound  H-151. H-151 exhibits high bioactivity and is 

a highly potent and selective mouse and human STING inhib itor ideal for in vivo use.  

Shortly after the discovery of C-176, C-178, and H-151, another group identified  

nitro -fatty acids (FAs) as potent inhibitors of STING signaling via blocking 

palmitoylation  (Hansen et al., 2018). The authors of this study used an elegant approach 

to identify compound s naturally produced during viral infecti on with capacity to inhibit 

IFN-I responses. These studies demonstrated that nit ro-conjugated linoleic acid (cLA) 
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and -oleic acid efficiently b lock palmito ylation at both Cy88 and Cys91 of STING. 

Importantly, these nitro -FAs efficiently inhibit both mouse and human STING.  

Finally, us ing chemical proteomic activity -based profiling of cysteine reactivity 

to a library of electrophilic small molecules in T cells, Cravatt and colleagues identified 

the acrylamides BPK-21 and BPK-25 as STING inhibitors (Vinogradova et al., 2020). Both 

compounds bind Cys91 thereby preventing palmito ylation and STING signaling . 

Treatment of cGAMP-stimulated PBMCs demonstrated that BPK-25 efficiently i nhibits 

dow nstream IFN responses and production of pro -inflammatory cytokines. However, 

these compounds do not selectively bind STING with each acting as ligands for several 

proteins. Therefore, the lack of specificity brings into question the utility of  these 

compounds as therapeutics. 

1.3.2.6.2 Chemical agonists of the cGAS/STING pathway 

T cells exhibit profou nd abil ities to promote tumor control and clearance . 

Therefore, development of pharmacological agents to block inhibitory pathways or ex 

vivo genetic manipulat ion of T cells has received considerable interest for several 

decades. These include therapeutics such as checkpoint blockade, tumor v accines, and 

chimeric antigen receptor (CAR) T cell therapy. The primary goal of all T cell-directed 

cancer therapeutics is to overcome inhibition and unleash anti-tumor T  cell responses. 

While T cell-targeted immunot herapy have yielded revolutionary results , these 

treatments fail for a significant  proportion of patients  (Chowell et al., 2022). Therefore, 
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developing  novel approaches to bolster or enhance these treatments is a very active area 

of research. One such area of development with significant promise is developing 

cGAS/STING activating compounds to promote anti-tumor T cell responses. 

Compound s activating this p athway greatly enhance antitumor T cell immunity through 

disrupting tumor vas culature (Downey et al., 2014), repolarizing suppressive 

macrophage towards a pro-inflammatory ph enotype (Y. Zhang et al., 2018), and 

enhancing APC-dependent T cell priming (M. Lv et al., 2020; Wang et al., 2017). 

Due to the difficult y of deliver ing dsDNA into cells virtually all  compounds 

developed to date that directly activate this pathway target STING. Several classes of 

STING-targeting drugs have been developed includ ing, CDN analogues, non-CDN 

small molecules, nanovaccines, antibody-drug conju gates, bacterial vectors, and 

engineered exosomes. Due to the very large number of compounds that have been 

developed to activate this pathway I will not go into detail for each compound  but 

rather discuss the general mode of action for each class of compounds.  

CDN analogues are synthetic derivatives of naturally occurring  STING ligands 

and were the first STING-targeting compounds to enter clinical trials.  Curren tly, at least 

eleven such compounds  are in Phase I or Phase II trials (Amouzegar et al., 2021). 

Mechanistically, these compounds activate STING signaling in a manner identi cal to 

cGAMP. In most cases these drugs are delivered intratumorally  to limit systemic 

inflammatory responses. In pre-clinical studies CDNs  have shown profou nd efficacy as 
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monotherapies or combination  therapies with checkpoint bloc kade (Foote et al., 2017; 

Francica et al., 2018; Sivick et al., 2018). Interestingly, intratumora l in jection of CDNs 

promotes efficient clearance of uninjected distal tumors (Foote et al., 2017). In clinical 

tri als several of these compounds demonstrate encouraging efficacy statistics and are 

generally tolerable (Amou zegar et al., 2021). 

Non-CDN STING agonists are a larger group of compounds being developed 

including several chemical famil ies. The first identified STING agonist was the 

flavonoid , DMXAA  (Kim et al., 2013; Prantner et al., 2012). In animal models, DMXAA 

efficiently induces tumor regression (Corrales et al., 2015; Downey et al., 2014; Weiss et 

al., 2017). However, the drug failed in clinical tri als likely due to i ts poor binding to 

human STING (Conlon et al., 2013; Kim et al., 2013). Since the clini cal trial failures of 

DM XAA other flavonoids which bind human STING have been identified and are under 

active development (Banerjee et al., 2020; Liu et al., 2017; Y. Zhang et al., 2018). These 

flavonoid  compounds bind the C-terminal domain of STING , and therefore, likely 

induce activation through a mechanism similar to cGAMP (Conlon et al., 2013). 

Recently, additional non -CDN STING agonists have been identified. One such  

compound is kitacinnamycin 8, a cinnamoyl -containing nonribso mal peptide which was 

discovered through genomic mining of actinobacteria  (Shi et al., 2019). In vitro 

kitacinnamycin 8 synergizes with c GAMP to promote enhanced STING signaling. 

However, th e mechanism of action for this compound remains unknown . One of the 
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more promis ing non-CDN  STING agonists recently developed is di -ABZI , an amide 

compound,  which showed very potent anti tumor activity in mouse models and did not 

require intratumo ral delivery  (Ramanjulu et al., 2018). di-ABZI exhibits substantially 

increased STING  activating p otential relat ive to cGAMP. Several other amide 

compounds have been generated with potent STING activating ability and antiviral o r 

antitumor efficacy (Gall et al., 2018; Xi et al., 2020; Zhang et al., 2019). Very recently, two 

other non-CDN direct STING agonists have been developed, MSA-2 and SR-717 (Chin et 

al., 2020; Pan et al., 2020). Both compounds bind to STING , induc ing a ȿclosed lidɀ 

architecture like  that induced by cGAMP. These two  compounds are of substantial 

clinical interest due to their oral bioavailability and high potenc y. 

In addition to small molecules, living therapeutics have been developed to 

activate the cGAS/STING pathway for the cancer therapy. These types of therapy utilize  

gut commensal bacteria to induce the desired response. One such living drug is 

SYNB1891, a strain of the non-pathogenic, probiotic E. coli Nissle engineered to produce 

large quanti ties of cyclic-di -AMP (Leventhal et al., 2020). SYNB1891 monotherapy 

efficiently  induced protective antitumor CD8 T cell  responses and durable memory. 

Interestingly, oral administration of SYNB1891 yielde d improved antitumor immunity 

over intratumoral inject ion of c-di -AMP . A recent study identified the probiotic 

lactobacillus strain Lactobacillus rhamnosus GG (LGG) as potent inducers of ant itumor T 

cell responses in tumors refractory  to checkpoint blockade (Si et al., 2022). 
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Mechanistically, LGG promoted antitumor CD8 T cell responses in a cGAS/STING/IFN-

I-dependent manner. The specific mechanism by wh ich LGG induces cGAS/STING 

activation was not elucidated. However, the antitumor effects of LGG colonization were 

dependent upon active bacterial processes as heat-killed bacteria had no effect on tumor 

growth.   

While cGAS/STING agonists hold significant promise as treatments for several 

conditions they are not without their drawbacks. Beyond the potential for deadly 

systemic inflammatory responses, aberrant STING signaling could kill tumor -infiltrating 

T cells rendering treatment ineffective (Gulen et al., 2017; Larkin et al., 2017). Therefore, 

targeted delivery of STING agonists may circumvent  these deleterious side effects and 

further enhance efficacy.  

Several mechanisms of delivery have been developed in recent years including 

antibody -drug conjugates (ADC) , nanoparticles, and engineered exosomes (Amouzegar 

et al., 2021). ADCs show great prom ise as in vitro  studies suggest that STING agonist 

ADC s exhibit 150-300-fold increased potency compared to free STING agonists. In 

mouse models, a single dose of tumor-targeted diABZI ADCs induced durable and 

complete tumor regression even at doses fifty-fold lower than that used for free diABZI.  

Importantly, the l ocal delivery of diABZI le d to significant reductions in ci rculat ing pr o-

inflamma tory cytokines demonstrating a potent local effect for the drug (Bukhalid et al., 

2020). 
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Another mode of delivery for STING agonists is through nanoparticles. Several 

groups have utilized en gineered micro and nanoparticles to deliver STING agonists for 

cancer therapy, vaccines, and treatment of autoimmune disease (Collier et al., 2018; 

Gallovic et al., 2022; Gulen et al., 2017; Johnson et al., 2021; Junkins et al., 2018; Luo et al., 

2017; Mai et al., 2021; Wilson et al., 2018). These engineered particles also allow an 

effective means of deliver ing cGAS-activating dsDNA (Lemos et al., 2014; Lemos et al., 

2019; H. Zhang et al., 2015). A key benefit of engineered micro and nanoparticles for 

deliver y of cGAS/STING activat ing agents is the ability to  target these particles to 

specific cell types such as DC (Gou et al., 2021) or tumor cells (Rao et al., 2020). 

Additionally, micro or nanoparticles can be loaded with tumor antigen and STING 

agonist to amplify antitumor T cell immunity (Luo et al., 2017) and overcome checkpoint 

blockade resistance (Fu et al., 2015). 

Like engineered micro or nanoparticles, naturally occurring  extracellular vesicles 

can be loaded with a host of cargo including . In part icular , exosomes have emerged as a 

platform of interest for drug de livery. Exo somes are cell-derived lipid nano partic les 

which can facilitate cell-cell communication. In mouse models, exosomes loaded with 

tumor antigen have been successfully used for deli very of tumor vacci nes (Xiao et al., 

2017; Xie et al., 2013). Recently, an engineered exosome loaded wi th CDN STING agonist 

(ExoSTING) was shown to enhance the potency of CDN signaling and preferentially 

activate APC within the tumor microe nvironment (Jang et al., 2021). Like ADC, 
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ExoSTING restricted inflamma tory responses to the tumor, enhanced local Th1 and CD8 

T cell responses, and promoted systemic antitumor im muni ty.  

cGAS/STING modul ating compounds show promise for th e treatment of many 

immune -related diseases. cGAS or STING inhibitors may prove effective in the 

treatment of autoimmune disease that directly result from excessive activation of the 

pathway , such as, SAVI and AGS. They may also prove useful in the treatment of more 

complex diseases in which the pathway contributes to disease pathogenesis such as 

arthritis a nd lupus. A dditionally, agents which activate the pathway  may be useful in 

the treatment of T cell-mediated organ-specific autoimmune diseases such as T1D and 

MS. Pre-clin ical studies suggest that activating STING in T cells can restrain autoreactive 

clones. However, non-specific activat ion of the pathw ay may also drive disease 

promoting activities in APC. Therefore, effective u tilization of these compounds for the 

treatment of autoimmune disease may require cell type-specific drug de livery. In this 

regard, ADC may be particularly useful for T cell-specific delivery. Conversely, APC -

specific delivery will likely provide the most efficacious treatment for cancer and 

vaccination strategies.  

 

1.3.3 Summary and future directions 

 The cGAS/STING pathway is a versatile system for detecting physiological 

pertur bations and inducing  effective immune responses. While much of the research 



 

76 

into this pathway has focused on its roles in innate and non-immune cell types 

mounting ev idence clearly demonstrates a critical role for the pathway in adaptive 

immunity. These lines of evidence include the essential role for cGAS/STING in T cell 

activation to promot e antimicrobial and antitumor immunity , STING signaling-

dependent tuning of T cell d ifferentiation , and STING-dependent apoptosis of T cells.  

 Most studies of the cGAS/STING pathway in T cells and other immune cell types 

have utilized al l-or-nothing approaches. That is, most experiments involve  the use of 

germline or conditional knockouts or stimulation with  very high dose agonists. Future 

work will bene fit from studies to fine-tune signaling strength and determine functional 

outcomes. It is possible that weak signaling below the threshold to induce T cell death 

may yield very different outcomes from that of strong activati on. Furthermore, the 

source of physiological cGAS ligand in T cells is essentially unknown. While it is likely 

that the ligand will differ  based on context understanding the mechanism of signal 

initiation  may identify targetable pathways to modulate respon ses.  

 Chemical modulation of th e cGAS/STING pathway has received considerable 

research interest for several years. Agonism of the p athway has yielded very promising 

results for the treatment of cancer. Generally, the effects result from disruption of tumo r 

vasculature and prom oting  APC activation  and subsequent T cell priming. However, 

preclinical studies also suggest that activating the pathway may be beneficial in treating 

T cell-mediated autoimmune disease. Since global agonism can simultaneously  enhance 
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APC function and limit autoreactive T cell responses there is a risk of selecting for 

agonist unresponsive T cells and further exacerbating disease. Therefore, generating T 

cell- or APC-targeted drug delivery vehicles, such as engineered exosomes, antibody-

drug conjugates, and nanoparticles, holds the possibility of yielding even more effective 

means of positively and negatively modul ating immune responses.  

1.4 Zinc Finger Protein 335 (Zfp335) 

The zinc fing er protein 335 (Zfp335) gene, also known as NRC-interacting factor 

1(Nif1), encodes a C2H2 zinc finger transcription  factor made up of thirteen C2H2 zinc 

fin ger domains. Zfp335 is a highly conserved transcription factor first ident ified as 

having significant r oles in development when two humans wer e discovered to carry 

homozygous or compound heterozygous loss-of-function mutations in the human 

homolog ZNF335. Previous studies have shown that Zfp335 is specifically localized to 

the nucleus and seems to function exclusively as a transcriptional activa tor. Little is 

known regarding t he biology and biochemistry of Zfp335; however, it has been shown 

to interact with nuclear ho rmone receptors and possibly regulate histone modifications 

(Yang et al., 2012).  

1.4.1 Zfp335 in disease 

The functional  signi ficance of Zfp335 was first realized in the study of a 

consanguineous Arab-Isreali family of which seven members presented to the clinic 

with some of the most severe cases of microcephaly ever documented (Yang et al., 2012). 
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These patients presented to the clinic  with head circumference 9 standard deviations 

below the mean. Except for one indi vidual all affect ed family members died wit hin th e 

first year of life. These patients exhibited severe anatomical defects in brain structure 

and almost no cortical neurons. Genetic studies of this family identified a common 

homozygous missense mutation in the splice donor of exon 20 in ZNF335 (3332g>a) of 

all affected family mem bers. This mutat ion resulted in a significant reduction in ZNF335 

protein levels for affected patients and approximately 50% loss for heterozygous 

parents. Loss of functional ZNF335 resulted in impa ired proliferation, differentiation , 

and migration of neuro nal progenit ors. The lack of clinical manifestation s in 

heterozygous parents suggests that ZNF335 is haplosufficient.  Interestingly, 

lymphoblastoid cell  lines generated from these patients and unaffected family members 

showed that loss of ZN F335 severely impaired the proliferati ve capacity of immune 

cells. The mechanism by which ZNF335 controls neuronal development and 

different iation was determined to be through regulation of REST expression 

downstream of the trithora x complex. REST functions  as a master transcription factor in 

neuronal development. The authors of this study show tha t ZNF335 directs H3K4me3 

deposition by trithorax at the REST promoter. 

The specific form of microcephaly result ing from ZNF335 mutations has been 

termed primary micro cephaly-10. More recently, a female Japanese patient from 

nonconsanguineous parents with severe microcephaly  caused by a novel ZNF335 
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compound heterozygous loss-of-function mutation  was identified  (Sato et al., 2016). 

Interestingly , while this patient  exhibited severe microcephaly it wa s much less 

pronounced (-5.0 SD) than the probands of the Ar ab-Israeli family  (-9.0 SD). Most 

recently two additional hum ans were identified with novel ZNF335 mutations but 

exhibited clinical characteristics unique from the first 8 docu mented cases (Stouffs et al., 

2018). 

Study of the role for  ZNF335 in cell survival  suggests that its requirement 

extends well beyond neuronal development.  Large scale studies of genetic dependency 

in cancer support a ubiquitous requirement of ZNF335 , at least in proliferati ve cells 

(Dempster et al., 2019; Ghandi et al., 2019; Pacini et al., 2021), and affirms the 

haplosufficiency of ZNF335 (McFarland et al., 2018; Tsherniak et al., 2017). Experiments 

performed through the Cancer Dependency Map Consortium (DepMap) show that of 

the 1086 cancer cell lines tested via CRISPR screens only 5 did not require ZNF335 for 

survival  while RNA i screens showed that only 0.58% (2/343) of cancer cell lines viability 

was affected by knock down.  In summary , despite our very limited un derstanding of 

ZNF335/Zfp335 biology i t is clear that this gene plays an essential, non-redundant 

function in basic cell biolog y. 

1.4.2 Zfp335 regulates T cell maturation 

A recent study utilizin g ENU mutagenesis screens identified Zf p335 as playing 

an essential role in the establishment of the naïve T cell compartment. Through these 
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studies a mouse line with a near absence of naïve T cells was generated (Han et al., 

2014). The authors of this study term ed this mouse line Bloto (blood low T cells). Exome 

sequencing of these mice identified a single missense mutation in Zfp335 as the 

causative genetic change. Detailed characterization of these mice showed normal T cell 

development up to the stage of semi-mature SP thymocytes. Zfp335bloto/bloto mice exhibited 

severely reduced proport ions and numbers of mature SP thymocytes and peripheral T 

cells along with vir tually no naïve T cells. In this study, the transcriptional targets of 

Zfp335 in thymocytes were described and Ankle2 was identified as a key Zfp335-

regulated gene contributing to the observed phenotype. Ankle2 encodes an endoplasmic 

reticulum -restricted lem domain -containing protein  (Asencio et al., 2012). 

Overexpression of Ankle2 via retrovi ral infection was sufficient to partially rescue the 

naïve T cell compartment . However, the mechanism by which Ankle2 overexpression 

achieved this rescue was not elucidated.  

An additional study recently identified a role for Zfp335 in early T cell 

development  (Wang et al., 2022). Specifically, this study showed that Zfp335 regulates 

survival of DN  thymocytes and plays an impo rtant role in ϕ-selection.    
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2. Loss of Zfp335 drives cGAS/STING-dependent 
apoptosis of post-ɓ-selection pre-T cells 

All w ork described in this chapter was adopted from th e following manuscript: 

Ratiu JJ, Barclay W, Lin E, Wang Q, Wellford S, Mehta N, Harnois MJ, DiPalma D, Roy S, 

"ÖÕÛÙÌÙÈÚɯ  5Ȯɯ 2ÏÐÕÖÏÈÙÈɯ ,+Ȯɯ 6ÐÌÚÛɯ #Ȯɯ 9ÏÜÈÕÎɯ 8ȭɯ Ɂ+ÖÚÚɯ ÖÍɯ 9Í×ƗƗƙɯ ÛÙÐÎÎÌÙÚɯ

cGAS/STING-dependent apoptosis of post-ϕ-selection pre-3ɯ ÊÌÓÓÚɂȭɯNature 

Communications. Manuscript in review. 

2.1 Introduction 

Development of large nu mbers of T cells with clonally acquired T cell receptor 

(TCR) in the thymus demands a small number of bone marrow derived progenitors to 

undergo vigorous expansion prior to each of the sequentially ordered TCR gene 

rearrangement events. The first major expansion occurs immediately upon T lineage 

commitment at the DN2 stage prior to  rearrangement of any TCR gene (Krueger et al., 

2017; L. Li et al., 2010; Tourigny et al., 1997; Wojciechowski et al., 2007). The expanded T 

cell progenitors enter the DN3 stage where rearrangement at the TCRϕ, ϖ, ϗ gene loci 

become permissive. In postnatal thymus, the majority of DN3 cells will choose  the ϔϕT 

cell fate due to the generation of a productively rearranged TCRϕ chain. Post ϕ-selection 

DN3 cells then move to the DN4 stage where the second phase of expansion occurs, 

typically involving several rounds of rapid  proliferation  over the course of 2-3 days in 

mice. The expansion of TCRϕ positive cells result in generation of the post mitotic DP 
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cells, which constitutes 90% of all thymocytes in post -natal mice and humans.  DP cells 

undergo TCRϔ gene rearrangement and selection, a process resulting in approximately 

1% of cells surviving and contributing to the peripheral T cell pool. Therefore, the 

expansion of post ϕ-selection DN4 cells prior to TCRϔ gene rearrangement and TCR 

selection represents a critical amplifier  to control the output of ϔϕT cells from the 

thymus.  

While most stages of T cell development have been subject to extensive genetic 

and functional characterization, the post -ϕ-selection proliferative phase remains less 

well  understood. Previous studies have shown that proliferation , but not survival , of 

DN4 cells is dependent upon IL -7R signaling which functions to repress Bcl6 expression 

(Boudil et al., 2015). Similarly, proliferation during this stage of development also 

requires the combined activities of NOTCH and pre -TCR signaling (Fehling et al., 1995; 

Guidos, 2006; Kelly et al., 2007; Yamasaki et al., 2006). This effect is in part the result of 

induction of Fbxl1 and Fbxl12 which induce polyubiquitination and proteasomal 

degradation of Cdkn1b ensuring proper cell cycle progression and proliferation (B. Zhao 

et al., 2019). Survival of proliferating post -ϕ-selection thymocytes was found to require 

expression of the chromatin associated protein yin yang 1 (Yy1), the absence of which 

dr ives p53-dependent apoptosis (L. Chen et al., 2016). Ani mal models exploring cell 

death during T cell development have repeatedly shown thymocyte apoptosis, including 

among DN4 cells, is largely driven by activities of pro -apoptotic Bcl2 family proteins 



 

83 

(Bouillet et al., 2002; Hutcheson & Perlman, 2007; Hutcheson et al., 2005; Ren et al., 2010; 

Villunger et al., 2003). Pathways controlling the survival and death of early proliferating 

thymocytes upstream of the Bcl2 family remain largely unexplored.   

Underpinning the fate  decisions of thymocytes are vast transcriptional networks 

which coordinate the intr icate changes and checkpoint traversals required for proper 

development  (Rothenberg & Taghon, 2005). Numerous transcription factors function at 

different stages to achieve this result. One transcription factor  family  of particular 

importance are the basic helix-loop-helix E proteins, which include E2 A, HEB and E2-2. 

In developing T cells , activities of the E2A and HEB have been shown to regulate nearly 

all stages of thymopoiesis (Belle & Zhuang, 2014; Sawada & Littman, 1993). These E 

proteins play critical role s in enforcing the ϕ-selection checkpoint by promoting 

expression of Rag1/2 (Hsu et al., 2003) and pre-Tϔ (Herblot et al., 2000), activation of the 

TCRϕ (Jia et al., 2008)Ȯɯ3"1ϖȮɯÈÕËɯ3"1ϗɯÓÖÊÐɯ(Ghosh et al., 2001) and preventing passage 

of DN cells lacking a functional TCRϕ chain from progressing to t he DP stage (Engel et 

al., 2001; Jones & Zhuang, 2011). Additionally, E protein activity has been shown to 

enforce early T cell lineage commitment (Xu et al., 2013) and promote survival of post -ϕ-

selection DP thymocytes undergoing TCRϔ recombination (Jones & Zhuang, 2007). 

Together, the combined activities of E proteins play critical and indispensable roles in 

the establishment of a functional T cell repertoire. However, d ue to the widespread 
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binding of these factors throughout the genome of developing thymocy tes our 

understanding of their roles in development are far from complete.   

The cGAS/STING pathway functions to sense cytosolic DNA and initiate innate 

immune responses (Kato et al., 2017). Cyclic GMP-AMP (cGAMP) synthase (cGAS) 

recognizes dsDNA, typically of foreign origin, catalyzing the generation of the cyclic 

dinucleotide (CDN)  second messenger cGAMP which in turn drives STING activation 

and down -stream signaling (Sun et al., 2013). The cGAS/STING pathway is best known 

for its functions in non -immune and innate immune cells such as macrophage and 

dendritic cells in the context of viral or bacte rial infections. In these contexts, activation 

of the pathway typically results in the production of type I interferons and other pro -

inflammatory mediators. Recent work has shown that the cGAS/STING pathway is also 

highly active but functionally divergent  within T cells, primarily driving type I 

interferon -independent responses and apoptosis (Cerboni et al., 2017; Gulen et al., 2017; 

W. Li et al., 2020; Wu et al., 2020). Under steady-state conditions the cGAS/STING 

pathway plays a minimal role in T cell development as evidenced by normal thymic T 

cell subset proportions and overall thymus size in cGAS or STING-deficient C57/BL6 

mice (W. Li et al., 2020). However, it remains to be determined whether  the 

cGAS/STING pathway plays a role in sensing and responding to cell intrinsic  stresses 

during thymic T cell development.  
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In this study  we show that loss of Zinc finger trans cripti on factor 335 (Zfp335), 

triggered cGAS/STING-mediated apoptosis among proliferating DN4 cells. Zfp335 was 

initially identified from genetic mapping of familial traits that cause a severe form of 

microcephaly  (Yang et al., 2012). Using a conditional knockout  mouse model (Park et al., 

2010; Yang et al., 2012) we show that loss of Zfp335 promotes cGAS/STING-dependent 

apoptosis among proliferating post -ϕ-selection DN4 thymocytes, severe reduction in 

overall thymic cellularity and a near absence of peripheral T cells. Mechanistically, 

Zfp335 functions to suppress cGAS/STING activation through promoting Ankle2 

expression which in turn regulates the cGAS inhibitor Baf  (Guey et al., 2020). The 

importance of cGAS/STING pathway among DN4 thymocytes was further 

demonstrated by their sensitivity to STING agonist and STING-mediated cell death in 

wild type mice . Thus, we have uncovered for the first time a role for the cGAS/STING 

pathway  in regulating thymic T cell development  and identify the Zfp335/Ankle2/Baf 

axis as the first transcriptional network functioning to regulate cGAS /STING activity . 

2.2 Results 

2.2.1 Zfp335, an E-protein target, is critical for T cell development  

The E protein family of transcription factors are indispensable regulators of 

nearly every stage of T cell development (Engel & Murre, 2001, 2004; Jia et al., 2008; 

Jones-Mason et al., 2012; Jones & Zhuang, 2007, 2011; Rothenberg & Taghon, 2005; Roy 

et al., 2018; Wojciechowski et al., 2007). E proteins control  complex transcriptional 
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networks which remain incompletely understood. To gain deeper insight into 

mechanisms by which E proteins regulate T cell development, we previou sly performed 

E2A ChIP-seq to identify the genome-wide binding sites during T cell development (Roy 

et al., 2018). We identified Zfp335 as an E protein target during T cell development 

(Figure 8A). Analysis of publis hed data showed E protein-deficient thymocytes exhibit 

significantly reduced  Zfp335 expression (Figure 8B) (Jones-Mason et al., 2012). 

Additionally, Zfp335 is ubiquitously expressed among thymocytes (Figure 8C) 

suggesting that it may play important roles throughout T cell development . Since 

germline deletion of Zfp335 is non -viable (Yang et al., 2012) we utilized a conditional 

deletion model in which Cre expression is controll ed by the E8III  enhancer of Cd8a (E8III -

cre) to allow functional  assessment of Zfp335 in post-ϕ-selection thymocytes (Park et al., 

2010). There are conflicting reports regarding the deletion kinetics for this Cre 

(Dashtsoodol et al., 2017; Park et al., 2010), therefore, we began by assessing its activity 

across T cell development in our system (Figure 8D-E). Consistent with Dashtsoodol et 

al., we found  E8III -cre is highly active immediately upon e ntry into DN3a with no 

recombination activity evident in the prece ding DN2 stage. However, deletion does not 

appear to be complete until the DP stage. 
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Figure 8: Zfp335 is a target of E proteins in developing T cells 

(A) E2A ChIP-seq track for Zfp335 locus in Id2fl/fl  Id3fl/fl  Lck-cre DP thymocy tes 

(GSE89849). (B) Zfp335 transcript abundance in WT vs. E2A/HEB double knock-out DP 

thymocytes determine by microarray (GSE9749). (C) Zfp335 expression throughout T 

cell development determ ined by RNA -seq (GSE109125). (D) Schematic diagram for PCR-

based determination of Zfp335 recombination kinetics. Small arrows indicate 

approxi mate positions for primers (P1-3) used for assay. (E) Representative assessment 

of Zfp335 recombination in sort pu rified Zfp335fl/fl  E8III -cre DN2, DN3a, DN3b, DN4 or 

DP thymocytes. Data are representative of four individual experiments.  
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We subsequently assessed Zfp335fl/fl E8III -cre (Zfp335cKO) mice for  thymic T cell 

development. Deletion of Zfp335 led to a significant reduction in total thymic cellularity 

(Figure 9A-B). This reduction in thymic cellularity is likely  ËÜÌɯÛÖɯËÌÍÌÊÛÚɯÐÕɯÛÏÌɯϔϕɯ

ÓÐÕÌÈÎÌɯ ÈÚɯ ÕÜÔÉÌÙÚɯ ÖÍɯ ϖϗɯ 3ɯ ÊÌÓÓÚɯwere not altered (Figure 9C-D). Assessment of 

developmental stages revealed the reduction in thymocyte numbers of Zfp335cKO mice 

begins at the DN4 stage (Figure 9E-I).  

To determine the transcripti onal changes resulting from loss of Zfp335 we 

performed  RNA -seq on Zfp335cKO DP thymocytes. DP cells were used as they were the 

first population exhibiting complete deletion  (Figure 8D). We found that l oss of Zfp335 

results in differential express ion of 327 genes (113 down, 214 up; Figure 9K,J). Among 

the 161 Zfp335 ChIP-seq targets identified in thymocytes  (Han et al., 2014), 34 were 

down -regulated in Zfp335cKO mice (Figure 9K). No Zfp335 target genes were up-

regulated in Zfp335cKO samples (Figure 9K) corroborating previous findings that 

Zfp335 primarily functions as a transcriptional activator(Han et al., 2014; Yang et al., 

2012). Consistent with transcript omic analyses of Zfp335bloto mice(Han et al., 2014), gene 

set enrichment analysis (GSEA) revealed significant enrichment for  type I and type II  

interferon signaling and P53 signaling pathways in Zfp335cKO DP cells (Figure 9L). 
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Figur e 9: 9Í×ƗƗƙɯÐÚɯÊÙÐÛÐÊÈÓɯÛÖɯϔϕɯ3ɯÊÌÓÓɯËÌÝÌÓÖ×ÔÌÕÛ 

(A) Gating schema for ex vivo analysis thymocyte development beginning with 

live thymocytes (DAPI - CD90.2+, gating not shown). (B) Total thymic cellularity in WT 

(Cre-negative) or Zfp335fl/fl E8III-cre (Zfp335cKO) mice. Total numbers (C) and frequency 

ȹ#ȺɯÖÍɯ3"1ϖϗ+ cells in WT or Zfp335cKO thymuses. Numbers (E) and frequencies (F) of 

DN, DP, and SP thymocyte subsets in WT or Zfp335cKO thymuses. Numbers (G) and 

frequencies (H) of early DN1-DN4 thymocyte  subsets in WT or Zfp335cKO thymuses. (I) 
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Relative cells numbers in DN3-SP thymocyte subsets represented as percent of WT 

mean. (J) Volcano plot of d ifferential ly  expressed genes between Zfp335cKO and WT by 

RNA -seq. (K) Overlap between Zfp335 ChIP-seq (GSE58293) and differentially 

expressed genes in Zfp335cKO and WT DP. (L) Gene Set Enrichment Analysis of 

differentially expressed genes (K). Positive enrichment scores indicate pathways 

positively enriched in Zfp335cKO cells. (A-K) Cre-negative WT (n=11) and Zfp335cKO 

(n=12) 4-5-week-old male and female mice from four independent experiments.  P-values 

determined by Two -way ANOVA with post hoc Sidak test. (I-K) RNA -seq analysis of 

Zfp335+/+ E8III -cre or Zfp335cKO DP thymocy tes (n=3 each) of 6-week-old  female mice 

from one experiment. Plots show mean ± sem. Data are compiled from one (J-L) or 5 

independent experiments (A -I). 

 

Examination of the peripheral T cell compartment revealed significantly  reduced 

numbers of splenic T cells in Zfp335cKO mice (Figure 10A-G). A previous  study 

identified the hypomorphic  Zfp335bloto allele as the causative mutation in a unique form 

of T lymphopenia  (Han et al., 2014). Like Zfp335bloto mice, we found that peripheral T 

cells in Zfp335cKO mice were almost exclusively of an effector or memory phenotype  

(Figure 10H-K) suggesting these mice also exhibit a similar defect in the establishment of 

the naïve T cell compartment. Together, these findings identify Zfp335 as a key 

transcription factor regulating T cell development.  
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Figure 10: ɬ Zfp335cKO  mice exhibit T lymphopenia and reduced  peripheral 

naïve T cells 

(A) Gating schema for identification of WT (black) or Zfp335cKO (red) splenic T 

cell populations  beginning with live (DAPI -) splenocytes. Proportion (B) or total 

ÕÜÔÉÌÙÚɯȹ"ȺɯÖÍɯÚ×ÓÌÕÐÊɯ"#ƝƔǶɯÊÌÓÓÚȭɯ3ÖÛÈÓɯÕÜÔÉÌÙÚɯÖÍɯ3"1ϖϗǶɯȹ#ȺɯÖÙɯ3"1ϔϕǶɯȹ$Ⱥȭɯ

/ÙÖ×ÖÙÛÐÖÕÚɯȹ%ȺɯÈÕËɯÛÖÛÈÓɯÕÜÔÉÌÙÚɯÖÍɯ"#ƘǶɯÖÙɯ"#ƜǶɯ3"1ϔϕɯÊÌÓÓÚȭɯ/ÙÖ×ÖÙÛÐÖÕÚɯȹ'Ȯɯ)ȺɯÈÕËɯ

numbers (I, K) of naïve, effector or central memory T cells within the CD4+ or CD8+ 

compartment. WT (n=5) or Zfp335cKO (n=7) from two separate experiments. P-values 

determined by Mann -Whitney U -test (B-E) or Two-Way ANOVA with post hoc Sidak test 

(F-K). Plots show mean ± sem. 

 

2.2.2 Loss of Zfp335 in DN3 thymocytes does not impair ɓ-selection 

Zfp335 deletion results in reduced cell numbers beginning at the DN4 stage, 

raising the possibility that the inability to rearrange the TCR ϕ locus could be 
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responsible. Consequently, we assessed TCRϕ rearrangement in DN3 and DN4 

thymocytes by intracellular staining. The frequency of icTCRϕ+ cells among Zfp335cKO 

DN3 and DN4 subsets was comparable to that of WT (Figure 11A-C). 3ÏÌÙÌÍÖÙÌȮɯ3"1ϕɯ

rearrangement and subsequent pre-TCR expression are unimpaired in Zfp335cKO mice. 

In addition to pre-TCR expression, to successfully traverse ÛÏÌɯ ϕ-selection 

checkpoint, pre-TCR signals are required for  release from cell cycle arrest, surviv al, and 

progression to DP (Haks et al., 1999). CD27 surface expression is increased by pre-TCR 

signals in DN3 thymocytes  (Taghon et al., 2006). Zfp335cKO DN3 thymocytes exhibited 

CD27 upregulation comparable to that of WT ( Figure 11D-E) indicating Zfp335-

deficiency does not lead to impaired pre -TCR signaling. Together, these results indicate 

that the observed reduction of DN4 cells  in Zfp335cKO mice did  not result from failure 

to produce TCRϕ subunits or failure to transduce pre -TCR signals.  



 

93 

 

Figure 11: Loss of Zfp335 during DN3 does not i Ô×ÈÐÙɯϕ-selection 

ȹ Ⱥɯ&ÈÛÐÕÎɯÍÖÙɯÐÊ3"1ϕɯÌß×ÙÌÚÚÐÖÕɯÈÔÖÕÎɯ#-Ɨɯȹ"#ƝƔ+ 3"1ϗ- CD4- CD8- Ú3"1ϕ- 

CD44- CD25+) or DN4 (CD90+ 3"1ϗ- CD4- CD8- Ú3"1ϕ- CD44- CD25-) thymocytes. 

%ÙÌØÜÌÕÊàɯÖÍɯÐÊ3"1ϕɯ#-Ɨɯȹ!ȺɯÖÙɯ#-Ƙɯȹ"ȺɯÊÌÓÓÚɯÈÔÖÕÎɯ63ɯȹÕǻƘȺɯÖÙɯZfp335cKO (n=8) 

mice. (D) Flow cytometric gating for identification of WT or Zfp335cKO DN3b 

thymocytes pre-gated on total DN3 cells. (E) Quantification of DN 3b frequency among 

WT(n=7) or Zfp335cKO (n=9) DN3 thymocytes.  P-values determined by Two-way 

ANOVA with post hoc Sidak test (B,C) or Mann-Whitney U -Test (E). Plots show mean ± 

sem. 
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2.2.3 Zfp335 inhibits apoptosis during the DN-DP transition 

Zfp335 deletion during the DN3 stage leads to severe defects in T cell 

development, likely during the post -ϕ-selection proliferative phase. To determine if  

Zfp335-deficiency altered either the proliferation or survival of post -ϕ-selection 

thymocytes, we di rectly measured these events in OP9-DL1 culture s in vitro (Holmes & 

Zuniga -Pflucker, 2009). Consistent with our ex vivo data, Zfp335cKO cells exhibit 

severely impaired progression to the DP stage (Figure 12A-B). Zfp335cKO cells exhibited 

modestly  reduced proliferation compared to control s (Figure 12C-D). In contrast, 

Zfp335cKO cells underwent  substantially  increased rates of apoptosis (Figure 12E-F). 

Importantly, proliferation tracking ( Figure 12G) and assessment of developmental 

progression (Figure 12H) of apoptotic mutant cells demonstrate they have undergone 

cell division and largely remain DN .  
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Figure 12: Zfp335cKO  DN4 thymocytes undergo increased rates of apoptosis  
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(A-B) Assessment of developmental progression throughout OP9-DL1 culture. 

Proliferation assessment (C-D) by Cell Trace Violet (CTV) dilution and apoptosis 

analysis (E-F) based on Annexin V binding at day 3, 5 or 7 of culture. (G) Representative 

comparison of CTV dilution between Annexin V + and viable (DAPI - Annexin V -) cells on 

day 5 of culture. (H) Representative CD4 vs CD8 expression among Annexin V+ cells on 

day 5 of culture from (G) . n=6 WT or n=5 Zfp335cKO from three independent 

experiments. P-values determined using Two -way Repeated Measures ANOVA with 

post hoc Sidak Test. Plots show mean ± sem. 

Next, we sought to determine whether loss of Zfp335 also leads to increased 

rates of cell death among thymocyte populations other than post -ϕ-selection 

proliferating cells. Zfp335cKO DP cells generated in OP9-DL1 culture  exhibited 

increased rates of apoptosis compared to controls (Figure 13A). To determine if the same 

is true in vivo ÞÌɯ×ÌÙÍÖÙÔÌËɯ3"1ϔɯÙÌ×ÌÙtoire analysis using DP thymocytes. Increased 

rates of Zfp335cKO DP thymocyte apoptosis would yield skew ed Trac gene usage 

towards proximal V and J segments (Carico et al., 2017). However, our analyses showed 

no such skewing ( Figure 13B-C). Furthermore, similar rates of positive selection among 

DP cells from WT or Zfp335cKO mice were observed (Figure 13D-E). Together, these 

data suggest that Zfp335cKO cells are dying during the post -ϕ-selection proliferative 

phase and that Zfp335 activity promotes  the survival of DN4 thymocytes.  
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Figure 13: Loss of Zfp335 does not impair DP thym ocyte survival  

(A) Frequency of Annexin V+ cells among DP thymocytes after culturin g DN3/4 

thymocytes on OP9-DL1 cells for 3 days (n=5 WT or n=6 Zfp335cKO). Frequency of Trav 

(B) and Traj (C) gene segment usage in functional Trac gene rearrangments in WT (n=3) 

or Zfp335cKO (n=4) DP thymocytes ex vivo. Representative gating (D) and quanti fication 

(E) of positive selection among DP thymocytes based on CD6ƝɯÈÕËɯ3"1ϕɯÌß×ÙÌÚÚÐÖÕ in 



 

98 

WT (n=11) or Zfp335cKO (n=12) . P-values determined by Mann-Whitney U -Test (A) or 

Two-way ANOVA with post hoc Sidak test (B-E). Plots show mean ± sem. 

 

2.2.4 Ectopic expression of Bcl2 rescues the developmental defect 
resulting from loss of Zfp335 

Our RNA -seq studies revealed that Zfp335cKO thymocytes exhibit increased 

expression of the pro-apoptotic Bcl2-family members  PUMA ( Bbc3), NOXA ( Pmaip1) and 

Bax (Figure 14A), suggesting that these factors may be responsible for the observed 

increase in apoptosis among Zfp335cKO thymocytes. The function of these proteins can 

be antagonized by ectopic expression Bcl2. Thus, we asked whether Bcl2 overexpression 

could rescue Zfp335cKO thymocyte  apoptosis. WT or Zfp335cKO DN3/4 thymocytes 

were transduced with control or Bcl2-expressing retroviruses then grown in the OP9 -

DL1 culture system. Bcl2 overexpression significantly reduced  apoptosis in Zfp335cKO 

cells, indicating the in duction of pro -apoptotic Bcl2 family members was at least 

partially respons ibl e for the observed increase in apoptosis in Zfp335-deficient 

thymocytes (Figure 14B-C).  

We next sought to test the ability of Bcl2 overexpression to rescue Zfp335-

deficient cells from apoptosis in vivo through generati ng Bcl2 conditional transgenic 

mice (Figure 14D). Intracellular staining revealed that Zfp335fl/fl R26LSL-Bcl2-Tg E8III -cre 

(Zfp335cKO Bcl2-Tg) thymocytes exhibited increased Bcl2 protein expression relative to 

WT (Figure 14E). Phenotypic analysis demonstrated that ectopic Bcl2 expression was 

able to ful ly rescue the early developmental defects observed in Zfp335-deficient mice, 
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restoring traversal of the ϕ-selection checkpoint, transition to the DP stage, and total 

thymic cellularity (Figure 14F-M).  

 

Figure 14: Bcl2 overexpression rescues Zfp335-deficient thymocytes from 

apoptosis 

(A) Expression of pro-apoptotic Bcl2 family genes Bbc3, Pmaip1, or Bax from 

RNA -seq of control or Zfp335cKO DP thymocytes. Representative gating (B) and 

quantification  (C) of apoptosis among Zfp335cKO thymocytes transduced with Bcl2 or 

GFP RV after 5 days of OP9-DL1 culture  (n=5). (D) Schematic diagram of Rosa26LSL-Bcl2 

transgene generation. (E) Representative expression of isotype control (open black) or 

Bcl2 in WT (grey) or Zfp335fl/fl R26LSL-Bcl2 E8III-cre (blue) DN3, DN4 or DP thymocytes. 
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Numbers in histograms indicate representative geometric MFI of Bcl2 expression. (F) 

Gating for identification of thymocyte subsets in WT WT (grey ) or Zfp335fl/fl R26LSL-Bcl2 

E8III-cre (blue) mice. DN1-4 gating pre-ÎÈÛÌËɯÖÕɯ3"1ϕ-. (G) Total thymocyte numbers. 

Total numbers (H) and proportions ( IȺɯÖÍɯ3"1ϗ+ cells. Frequencies (J) and total numbers 

(K) of DN, DP, CD4-SP and CD8-SP thymocytes. Frequencies (L) and total numbers (M) 

of DN1-DN4 thymocytes. (F-M) n=11 WT or n=8 Zfp335fl/fl R26LSL-Bcl2 E8III-cre. Data 

compiled from one (A), two (B -C) or five (D-L) independent  experiments. P-values 

determined by Wald test (A) , Mann-Whitney U -test (C) or Two-way A NOVA with post 

hoc 2ÐËÈÒɀÚɯtest (H-M). Plots show mean ± sem. 

 

Consistent with studies of Zfp335bloto mice (Han et al., 2014), Bcl2 overexpression 

failed to rescue the impairment in final single positive thymocyt e maturation ( Figure 

15A-C) or peripheral T cell compartment numbers ( Figure 15D-E) and effector status 

(Figure 15F-H). Taken together, these data suggest that the early impairment of 

thymocyte development  following loss of Zfp335 expression is due to increased rates of 

DN4 apoptosis driven by pro -apoptotic Bcl2-family members . However, our in vivo 

studies also revealed an additional , Bcl2-independent late block in terminal T cell 

differentiation with in the thymus.  
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Figure 15: Bcl2 overexpression fails to rescue thymic differentiation defect and 

peripheral  T lymphopenia in Zfp335 -deficient mice  

Representative gating (A) and quantification of CD4SP (B) or CD8SP (C) thymic 

ÔÈÛÜÙÈÛÐÖÕȭɯ3ÖÛÈÓɯÚ×ÓÌÕÐÊɯ3"1ϕɯÈÕËɯ3"1ϖϗɯȹ#Ⱥɯ3ɯÊÌÓÓÚȭɯ(E) Quantifi cation of total splenic 

"#ƘǶɯÖÙɯ"#ƜǶɯ3"1ϕǶɯ3ɯÊÌÓÓÚȭɯ1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯÎÈÛÐÕÎɯȹ%ȺɯÈÕËɯØÜÈÕÛÐÍÐÊÈÛÐÖÕɯÖÍɯÚ×ÓÌÕÐÊɯ

CD4+ (G) or CD8+ (H) T cell effector status. n=4 WT, n=6 Zfp335cKO, n=6 Zfp335cKO 

Bcl2-Tg. Data are compiled from three independent experiments. P-values determined 

by Two-Way ANOVA with post hoc Sidak Test. Plots show mean ± sem. 
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2.2.5 Defining the ótrueô DN4 thymocyte population at the single cell 
level 

The DN4 stage of T cell development remains poorly understood and, as a result, 

poorly defined. D N4 cells are identified by lack of expression of identifying markers 

associated with any other thymocyte subset. Based on these criteria, it is possible that 

DN4 cells defined by marker exclusion may not be homogenous. To assess whether 

there is any heterogeneity in  the DN4 compartment exacerbated by Zfp335-deficiency, 

we performed scRNA -seq of phenotypically defined  DN4 cells. After quality control, 

libraries yielded transcriptome data for 6,537 or 5,392 high -quality cells from WT or 

Zfp335cKO samples, respectively .  
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Figure 16: #ÌÍÐÕÐÕÎɯÛÏÌɯȿÛÙÜÌɀɯ#-ƘɯÛÏàÔÖÊàÛÌɯ×Ö×ÜÓÈÛÐÖÕɯÈÛɯÛÏÌɯÚÐÕÎÓÌɯÊÌÓÓɯ

level   

(A) UMAP projection and identification of 10 clusters identified in full scRNA -

seq dataset. (B) UMAP colored by cell cycle phase. Blue or green identify actively cycling 

cells. (C) Frequency distributions for WT (n=6357) and Zfp335cKO (n=5392) cells across 

the ten clusters. (D) Dot plot of key cell type-defining genes. (E) Violin plots of positive 

selection signature genes in thymocytes (Mingueneau et al. 2013). (F) Representative 

gating for CD4 vs. CD8 expression on day 3 of OP9-DL1 cultures seeded with WT 

Thy1.1 retrovirus transduced (EV+) DN3 or DN4 cells or non -transduced (EV-) DN4 

cells. (GȺɯ1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯ3"1ϕɯÌß×ÙÌÚÚÐÖÕɯÈÔÖÕÎɯDN, DP, CD4SP or CD8SP cells from 

(F). Numbers indicate geometric MFI of TCRϕ expression. (F-G) Data representative of 

two ind ependent experiments.  
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We identified 10 unique cell clusters (Figure 16A-C). Five clusters were largely 

cycling cells (DN4_1-5; Figure 16A-B) uniquely expressing Ptcra (pre-3ϔ) and 

proliferation associated genes (Mki67, Cdk1) (Figure 16D), representing bona fide DN4 

cells. Three clusters (Mat_1-3) expressed high levels of Trac and Trbc1 transcripts (Figure 

16D). Two additional clusters ( gd17 and gd1ȺɯÖÍɯϖϗ T cells were identified. gd17 cells 

express high levels of Sox13, Rorc and Maf, features of ϖϗƕƛɯwhile  gd1 express Nkg7, 

Il2rb, S1pr1 and Il7r  associated with ÊàÛÖÛÖßÐÊɯϖϗɯ3ɯÊÌÓÓÚɯȹFigure 16D). Based on this 

clustering, Zfp335-deficiency led to substantial proportional increases and decreases in 

the ϖϗɯ3ɯÊÌÓÓ clusters and Mat_2 cluster relative to WT control , respectively (Figure 16C). 

Consistent with our bulk RNA -ÚÌØɯ ÞÌɯ ÍÖÜÕËɯ ÐÕÊÙÌÈÚÌËɯ (%-ϔɯ ÈÕËɯ (%-ϖ signaling 

activity  in 9Í×ƗƗƙÊ*.ɯ,ÈÛɯÈÕËɯÛÏÌɯϖϗɯ3ɯÊÌÓÓɯÊÓÜÚÛÌÙÚɯȹFigure 17A-B). 
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Figure 17: Loss of Zfp335 promotes increased type I and II interferon signaling 

in  ϖϗ and maturing  ϔϕ thymocytes  

Violin plots showing IFN -I (A) or IFNϖ (B) signaling scores for each cluster 

separated by genotype (WT is grey, Zfp335cKO is red). p-values shown are the adjusted 

p-values determined by Wilcoxon Ran k Sum tests between WT and Zfp335cKO cells 

within each cluster.     

 

We were surprised to find a large proportion of phe notypically defined DN4 

thymocytes expressing Trac transcripts and sought to define these populations.  
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Consistent with their lack of surface CD4 or CD8 t hese cells uniformly lacked Cd4, Cd8a 

and Cd8b1 transcripts (Figure 16D). We hypothesized that these cells may represent 

post-positive selection thymocytes that transiently down -regulated surface TCR, CD4 

and CD8 expression. Consistent with our hypothesis, we found these cells express high 

levels of Nr4a1, Cd69, Pdcd1, Egr1, Cd2, and Itm2a, signature genes of positive selection  

(Mingueneau et al., 2013) (Figure 16E). Based on this profile we define cells from these 

clusters as maturing ϔϕ T cells. Addi tionally, we found that Mat_2 cells lack expression 

of CD24 (Figure 16E) suggesting that this population may represent mature thymocytes  

explaining the selective reduction in proportions of these cells in Zfp335cKO samples. 

Importantly, most ceÓÓÚɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌɯÔÈÛÜÙÐÕÎɯϔϕɯÖÙɯϖϗ T cell clusters 

were non-cycling (Figure 16B), and therefore, not ȿtrueɀ DN4 cells. Retroviral 

transduction  depends on cell cycling (Miller et al., 1990). Therefore, we determined  

whether ȿtrueɀ DN4 cells could be separated from contaminating populations ex vivo 

with retroviruses. Virally transduced or non -transduced DN4 cells were placed in OP9-

DL1 culture . Non-transduced DN4 cells preferentially give rise to single -positive cells 

expressing high levels of surface TCR, whereas, transduced DN4 cells become DP 

(Figure 16F-G). Since OP9-DL1 cells are unable to support positive selection, we 

conclude that these non-transduced DN4 cells are post-positive selection cells 

transitioning to SP. Together, these results demonstrate that the phenotypically defined  
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DN4 compartment is heterogenous and establishes retroviral transduction as a method 

to isolate DN4 cells for in vitro  analysis. 

2.2.6 Ankle2 is a critical Zfp335-regulated gene required for survival 
of DN4 thymocytes 

Next, we focused our scRNA-seq analyses on determining the transcriptional 

ÊÏÈÕÎÌÚɯÐÕɯ#-ƘɯÊÌÓÓÚɯÙÌÚÜÓÛÐÕÎɯÍÙÖÔɯÓÖÚÚɯÖÍɯ9Í×ƗƗƙȭɯ,ÈÛÜÙÐÕÎɯϔϕɯÈÕËɯϖϗɯÊÌÓÓÚɯÞÌÙÌɯ

removed leaving only ȿÛÙÜÌɀɯDN4 cells. Based on recombination kinetics (Figure 8D-E) 

not all Zfp335cKO DN4 cells have undergone deletion. Zfp335 expression could not 

reliably delineate mutant from non -mutant cells due to low detection rate ( 8% of 

Zfp335cKO vs 17.7% of WT cells). To identify true mutant DN4 cells in our dataset , we 

assessed transcrip tion factor  activity  using gene set scores calculated for each cell based 

on the expression of the Zfp335 ChIP-seq target genes down -regulated in mutant DP 

cells (Figure 9J-K). Zfp335cKO cells exhibited a bimodal distribution for the ge ne set. 

Using established methods (Trang et al., 2015), cutoff values were determined  for the 

distribution  and cells falling below this threshold were considered true mutants ( Figure 

18A). Cutoffs were confirmed by differential expression analysis between WT and 

Zfp335cKO targets high or Zfp335cKO targets low cells. Compared to WT, Zfp335cKO 

targets low cells exhibited differential expression of 80 genes (60 down, 20 up; Figure 

18B) whereas Zfp335cKO targets high cells only exhibited differential  expression of 7 

genes (5 down, 2 up; Figure 18C).  
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Figure 18: scRNA-seØɯÐËÌÕÛÐÍÐÌÚɯȿÛÙÜÌɀɯ9Í×ƗƗƙɯÔÜÛÈÕÛɯ#-ƘɯÊÌÓÓÚ 

(A) Violin plot of gene set score for Zfp335 target genes down-regulated in 

mutant D P thymocytes (Figure 1L-M) and cutof f value used to identify ȿtrueɀ Zfp335 

mutant cells with low target score  (lower  box) and non-mutant cells (upper box) . 

Volcano plots of differentially expressed genes between Zfp335cKO targets low (B) or 

Zfp335cKO targets high (C) cells compared with WT control. (D) UMAP projections 

colored by cluster and separated by genotype for WT and true Zfp335 mutant DN4 cells. 

(E) Frequency of cells found within each cluster. UMAP projection (F) and quantification 

of cell cycle phase for each cluster (G). (H) Quantification of distribution of cell cycle 
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phase by genotype. (I) GO analysis of top 25 cluster defining genes for each cluster 

(dashed lines indicate significance cutoff of p<0.05 and FDR<0.05. (J) Violin plot of 

Reactome-Apoptosis gene signature for WT (grey ) or ȿtrueɀ mutant Zfp335cKO (red) 

DN4 cells. P-values determined by Wilcoxon Rank Sum test (B-"ȺɯÖÙɯ%ÐÚÊÏÌÙɀÚɯ$ßÈÊÛɯÛÌÚÛɯ

with Benjamini -Hochenberg correction (I). 

 

Zfp335cKO cells above the threshold were considered non-mutant, removed and 

the remaining cells were then reanalyzed identifying  8 unique clusters (Figure 18D). WT 

and mutant cells were distributed across each cluster. C1-3 were enriched for WT 

whereas C4 was almost entirely mutant cells ( Figure 18E). Despite regression of 

standard cell cycle-associated genes, clustering was largely dictated by cell cycle ( Figure 

18F-I). We observed no differences in cell cycle phase distributions between WT and 

mutant ( Figure 18H). Therefore, we chose to compare WT and mutant DN4 cells based 

on genotype (Figure 19A). Among the 60 down-regulated genes in mutant DN4 cells , 44 

are Zfp335 targets by ChIP-seq (Figure 9B)(Han et al., 2014). We hypothesized that 

reduced expression of one or more of these genes was responsible for the increased rates 

of apoptosis observed in mutant DN4 cells. Thus, we examined expression of the 12 

Zfp335 target genes with experimental evidence demonstrating a negative regulatory 

role in cell death (Figure 19C-D). Four exhibited reduced expression in mutant DN4 

thymocytes (Figure 19C). Examination of expression frequency identified  Ankle2 as 

having  the greatest reduction in percent of mutant cells expression (Figure 19E). 

Interestingly, pathway analysis did not sho w any enrichment for apoptosis among 

Zfp335cKO mutant cells (Figure 18J). 
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Figure 19: scRNA-seq identifies Ankle2 as a critical Zfp335 -regulated gene 

controlling survival of DN4 thymocytes  

(A) UMAP projection ÖÍɯ63ɯÈÕËɯȿÛÙÜÌɀɯ9Í×Ɨ35 mutant DN4 cells colored by 

genotype. Volcano plot of all different ially expressed Zfp335 target genes (B) or those 

experimentally shown negatively regulate apoptotic processes (C) between Zfp335 

mutant and WT cells. (D) Violin plots of anti -apoptotic Z fp335 target gene expression 

between Zfp335 mutant and WT DN4 cells. (E) Differential proportions of Zfp335 

mutant cells expressing anti-apoptotic genes from (C,D) compared to WT cells based on 

dropout -imputation . Representative gating (F) and quantification of apoptosis (G) or DP 

cell frequency (H) for EV or Ankle2 retrovir us transduced WT (n=10) or Zfp335cKO 
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(n=8) DN3 thymocytes cultured on OP9-DL1 cells for 3 days. (I) Zfp335 ChIP-seq track of 

Ankle2 locus in WT thymocytes (Zfp335-C or Zfp335-N antibodie s, GSE58293). Blue 

boxes indicate significant binding peaks. Correlati on between Ankle2 (J) or Bax (K) and 

Zfp335 expression in Scid.adh.2c2.SunTag CRISPRi cells expressing non-targeting (open 

squares, n=2) or Zfp335-targeting (closed circles, n=10) gRNAs. Data are compiled from 

one (A-E), two (J-K) or three (F-H) independen t experiments. P-values determined by 

Wilcoxon Rank Sum test (B-C), two-way ANOVA with post hoc 3ÜÒÌàɀÚɯÛÌÚÛɯÍÖÙɯÔÜÓÛÐ×ÓÌɯ

comparisons (G), rÌ×ÌÈÛÌËɯÔÌÈÚÜÙÌÚɯ -.5 ɯÞÐÛÏɯ2ÐËÈÒɀÚɯÛÌÚÛɯȹ'ȺɯÖr simple linear 

regression (J-K). Plots show mean ± sem. 

 

Ankle2 encodes an ER-restricted ankyrin repeat and LEM domain -containing 

protein  (Asencio et al., 2012). Ankle2 was recently identified as a critical  Zfp335-

regulated factor in  the establishment of the naïve T cell (Han et al., 2014). Therefore, we 

tested whether Ankle2 overexpression could rescue Zfp335cKO apoptosis. WT or 

Zfp335cKO DN3 thymocytes were transduced with EV or Ankle2 retrovirus  and 

cultured on OP9-DL1 cells. Importantly , Ankle2 overexpression was able to fully rescue 

Zfp335-deficient thymocytes from  increased rates of apoptosis (Figure 19F-G). 

Moreover , Ankle2 overexpression led to significantly increased proportions of DP cells 

among Zfp335cKO samples (Figure 19H) . 

Next, we sought to confirm that Ankle2 expression is directly regulated by 

Zfp335 in pre-T cells. Analysis of published ChIP -seq data showed Zfp335 binds the 

proximal  promoter of Ankle2 in thymo cytes (Figure 19I). Like Zfp335, Ankle2 is 

ubiquitously expressed throughout T  cell development (Mingueneau et al., 2013). To 

examine the relationship between Zfp335 and Ankle2 expression we utilize the DN4 -like 

mouse thymocyte cell line Scid.adh.2c2 (Carleton et al., 1999) for CRISPR-based 
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transcriptional inhibition (CRISPRi) studies  (Tanenbaum et al., 2014). These cells were 

transduced with retrovirus es expressing Zfp335 promoter -targeting gRNA and anti -

GCN4scFv-sfGFP-KRAB fusion construct. Zfp335-targeted cells exhibited reduced 

Ankle2 expression proportional to the efficiency of Zfp335 knock-down (KD)  (Figure 19J). 

Additionally, Zfp335KD resulted in  increased expression of Bax like  that observed in 

Zfp335cKO thymocytes (Fig. 19K). Together, these results demonstrate a direct 

relationship between Zfp335 and Ankle2 expression in developing T cells and suggest 

reduced Ankle2 expression resulting from loss of Zfp335 dr ives DN4 apoptosis in 

Zfp335cKO mice. 

2.2.7 Loss of Zfp335 disrupts nuclear envelope architecture and 
promotes cGAS/STING signaling 

Next, we sought to determine the mechanism driving this increase in cell death  

resulting from reduced Ankle2 expression. Ank le2 has previously been shown to control 

nuclear envelope (NE) reassembly and integrity  following mitosis through regulation of  

Barrier to A utointegration Factor 1 (Banf1 or Baf) phosphorylation  (Asencio et al., 2012). 

As previously reported (Kaufmann et al., 2016), disruption of ANKLE2 or BANF1 

expression in Hela cells led to severe disruptions in NE architecture (Figure 20A).  
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Figure 20: Disruption  of ANKLE2 or BANF1 expression leads to abnormal NE 

architecture in human cells  

(Left) Quantification of nuclei ci rcularity in Hela cells 48 hours after transfection 

with  non-targeting (NTC),  BANF1 or ANKLE2-targeting siRNA . (Right) Representative 

images of nuclear structure. Arrows indicate cells with abnormal nuclear structure. 

 

To determine if th is mechanism applies to Zfp335-deficient DN4 thymocytes we 

first examined the phosphor ylation statues of Baf. Consistent with reduc ed Ankle2 

expression we observed significant increases in Baf phosphorylation among Zfp335cKO 

DN4 thymocytes (Figure 21A-C). Next, we sought to determine if loss of Zfp335 results 

in alterations to the NE in vivo. Indeed, Zfp335cKO DN4 thymocytes exhibit significantly 

altered NE architecture characterized by diffuse Lamin B1 throughout the cytosol , 

reduced DAPI signal po ssibly the result of loss of nucleocytosoplasmic 

compartmentalization and  reduced nuclear sphericity  (Figure 21D-G). To test whether 

the observed NE defects result in loss of nucleocytoplasmic compartmentalization we 

measured the abundance of cytosolic dsDNA in WT or Zfp335 cKO thymocytes by 
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confocal microscopy. Consistent with altered NE architecture, we observed significantly 

increased abundance of cytoplasmic dsDNA in Z fp335cKO compared to WT thymocytes 

(Figure 21H-I). Together, these data confirm that loss of Zfp335 leads to significantly  

altered NE architecture and accumulation of cytoplasmic dsDNA  consistent with 

dysregulation of Ankle2/Baf -mediated NE reassembly and maintenance. 
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Figure 21: Loss of Zfp335 leads to Baf hyperphosp horylation  altered nuclear 

envelope architecture  and accumulation of cytosolic  

(A) Representative histograms and gating of Baf phosphorylation as measured 

by proximity  ligation  assay (PLA). Percent phosphoserine-Baf and geometric MFI in 

parenthises are shown. Phosphoserine-Lamin B1 PLA was used as positive control. 

Quantification of Baf phosphorylation based on geometric MFI (B) or percent positive 

cells (C). n=5 mice per genotype. (D) Representative immunofluorescence images of full 

cell thickness maximum intensity projections  (left) and profile plots (right) of nuclear 

envelope staining in ex vivo DN4 thymocytes. Profile plots are based on white lines 
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shown in merged i mages. Scale bars represent 10µm. Quantification of frequency of cells 

with high nuclear -associated Lamin B1 (E), mean DAPI pixel intensity (F) or mean 

nucleus sphericity (G) for ex vivo DN4 thymocytes.  (E,G) n=5 mice per genotype, (F) 

n=124 WT and n=490 Zfp335cKO. Representative images (H) and quantification (I) of 

cytoplasmic dsDNA in WT  (n=548 cells, 4 mice) or Zfp335cKO (n=268 cells, 6 mice) 

thymocytes following 3 days in OP9 -DL1 culture. Magenta arrow indicates OP9-DL1 

cell. P-values determined by Man n Whitney  U-test (B-F) or SÛÜËÌÕÛɀÚɯ3ɯÛÌÚÛɯȹG,I). Data 

shown are compiled from three (A-G) or two (I)  independent experiments. Plots show 

mean ± sem or mean and interquartile range (G, I). 

 

Accumulation of cytosolic DNA or exposure of nuclear contents to t he cytosol 

via NE disruption  have been shown to activate the cGAS/STING pathway  (Guey et al., 

2020; H. Ma et al., 2020). In T cells, cGAS/STING signaling generally result s in anti -

proliferative and pro -apoptotic eff ects (Cerboni et al., 2017; Gulen et al., 2017; Larkin et 

al., 2017; Wu et al., 2020). Therefore, we hypothesized that NE defects resulting from 

disruption of the Ankle2 -Banf1 pathway downstream of Zfp335 loss drive s 

cGAS/STING activation. Consistent with this hypothesis , GSEA revealed an enrichment 

for genes upregulated by T cells in response to STING signaling in both our bulk DP and 

single-cell DN4 datasets (Figure 22A-B). Additionally,  we found increased IRF3 activity 

among mutant  cells (Figure 22C). cGAS/STING-mediated death of mature T cells occurs 

in part, due to increased expression of pro-apoptotic Bcl2 family genes (Gulen et al., 

2017). Like our findings from bulk RNA -seq (Figure 14A), we also observed increased 

expression of Bbc3 (PUMA), Pmaip1 (NOXA), Bcl2l11 (Bid) and Bax among Zfp335cKO 

DN4 cells in our scRNA -seq dataset (Figure 22D). In agreement with our bioinformatic 

analyses we observed significantly increased cGAMP levels (Figure 22E), 
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phosphorylation of STING, TBK1 and IRF3 in Zfp335cKO thymocytes (Figure 22F-G) as 

well as nuclear translocation of phosphorylated IRF3 (Figure 22H) . 
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Figure 22: Loss of Zfp335 promotes cGAS/STING signali ng in DN4 

thymocytes  
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GSEA enrichment plots for T cell-specific STING signaling gene signature in DP 

bulk ( A) or DN4 scRNA-seq data sets (B). (C) UMAP projection of IRF3 gene signature 

in WT or Zfp335 mutant DN4 thymocytes. ( D) Violin plots of pro -apoptotic  Bcl2 gene 

expression in WT or Zfp335 mutant DN4 thymocytes.  (E) Normalized cGAMP 

concentration for WT (n=3 mice) or Zfp335cKO (n=3 mice) thymocytes. Representative 

histograms (F) and quantification  (G) of phospho-STING, -TBK1, and -IRF3 in WT (n=4 

mice) or Zfp335cKO (n=6 mice) thymocytes followin g 3 days in OP9-DL1 culture.  WT 

thymocytes treated with 250µg/mL  cridanimod ( WT+CMA)  for 2 hours were used as a 

positive control.  (H) Representative images of phospho-IRF3 staining related to Figure 

6O-P. P-values determined by Mann Whitney U -test (E) or two -way ANOVA with 

2ÐËÈÒɀÚɯÛÌÚÛɯȹG). Data shown are compiled from one (A-D) OR two (E-H) independent 

experiments. Plots show mean ± sem. 

 

In addition to nuclear DNA, mitochondrial DNA (mtDNA) serves as a substrate 

for cGAS (Zierhut & Funabiki, 2020). mtDNA release requir es mitochondrial outer 

membrane permeabilization resulting in  mitochondrial membrane depolarization  

(McArthur et al., 2018). Examination of mitochondria showed  Zfp335cKO thymocytes 

exhibit normal mitochondrial membra ne potential and total mitochondrial mass ( Figure 

23A-C). Therefore, mtDNA release is unlikely to be driving cGAS/STING -mediated 

death following loss of Zfp335. Together, these data suggest that exposure of gDNA to 

cytosolic cGAS resulting from disrupted nucl ear envelope architecture is the most likely 

cause of cGAS/STING signaling resulting from Zf p335 deletion.  
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Figure 23: Loss of Zfp335 does not drive mi tochondrial membrane 

deplora ization  

Representative histograms (A) and compiled data for mitochondrial membrane 

potential ( B) or total mitochondrial mass ( C) in WT (n=8 (B) or n=6 (C)) or Zfp335cKO 

(n=8 (B) or n=6 (C)) thymocyte populations ex vivo. Numbers in histo grams indicate 

geometric MFI.  Plots show mean ± sem. Data were compiled from two ind ependent 

experiments. 

 

2.2.8 Disruption of Zfp335/Ankle2/Baf axis drives cGAS/STING-
dependent apoptosis of DN4 thymocytes 

Next, we sought to determine the functional importance of enhanced 

cGAS/STING signaling in T cell development follo wing loss of Zfp335. To test this, ȿtrueɀ 

DN4 cells were isolated by EV viral transduction  then placed in OP9-DL1 culture for 3 

days with  small molecule inhibitors of  cGAS (RU.521) (Vincent et al., 2017) or STING (H-

151) (Haag et al., 2018). Chemical inhibition of either cGAS or STING fully rescue d 

Zfp335cKO DN4 cells from death (Figure 24A-C). Additionally , Zfp335cKO mice 

receiving H-151 for 7 days exhibited significantly inc reased numbers of total thymocytes 

compared to vehicle controls (Figure 24D). Importantly, this increase in cellularity was 
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primarily due to increased DP numbers (Figure 24E-H). Due to the short duration of 

treatment, we conclude that the increase in DP cells among H-151-treated Zfp335cKO 

mice is the result of reduced cell death during the preceding  proliferative  DN4 stage.  

 

Figure 24: Chemical in hibition of cGAS /STING signaling rescues Zfp335 -

deficient thymocyte apoptosis  

(A) Schematic diagram of inhibitors (RU.521 or H -151) or agonists (CMA) used to study 

cGAS/STING-dependent apoptosis of DN4 thymocytes. Representative histograms (B) 

and quantification (C) of Annexin V -binding  for WT (n=5 mice) or Zfp335cKO (n=4 

mice) DN4 thymoct es treated with cGAS (RU.521) or STING (H-151) inhibitors or 

vehicle control and cultured on OP9-DL1 stromal cells for 3 days. Total thymocyte (D), 

DN, DP, CD4SP and CD8SP or DN1-DN4 cell numbers (E,F) or frequencies (G,H) for 

Zfp335cKO mice treated with H -151 (n=8 mice) or vehicle (n=6 mice) in vivo for 7 days. 

P-values determined by Mann Whitney U -test (D) or two -way ANOVA with post hoc 

3ÜÒÌàɀÚɯÛÌÚÛɯȹCȺɯÖÙɯ2ÐËÈÒɀÚɯÛÌÚÛɯȹE-H). Data shown are compiled from two (B-C) or five 

(D-H)  independent experiments. Plots show mean ± sem. 

 

cGAS/STING signaling is known to drive ty pe I interferon  (IFN-I) responses 

(Ishikawa et al., 2009) and mTOR activation  (Warner et al., 2017). While we did not 

observe altered transcriptional signatures associated with  mTOR activity  or IFN-I 

signaling in our DN4 scRNA -seq dataset (Figure 25A-B) the IFN-I signaling program 

was significantly enriched among Zfp335cKO DP thymocytes compared to control 
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(Figure 9L). To test the importance of these pathway s in Zfp335cKO cell death we 

performed OP9-DL1 cult ures in the presence of IFNAR-1 blocking antibody  or mTOR 

inhibit ing small molecules. Inhibition of either pathway  had no impact on rates of 

Zfp335cKO cell death (Figure 25C-E). Together these data support the conclusion that 

cGAS/STING signaling resulting from loss of Zfp335 drives apoptosis of DN4 

thymocytes independent of IFN -I and mTOR signaling . Instead, cell death is likely 

drive n by induction of pro -apoptot ic members of the Bcl2 family.  
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Figure 25: Increased rates of Zfp335cKO apoptosis is not dependent upon 

mTOR or Type I Interferon signaling.  

Gene signature scores for Type I Interferon (A) or mTOR (B) signaling among 

WT (grey) or ȿtrueɀ mutant Zfp335cKO (red) DN4 thymocytes separated by cluster. (C) 

Frequency of Annexin V+ cells among total CD90+ thymocytes derived from DN3/4 cells 

cultured with  OP9-DL1 cells for 3 days in the presence (10µg/mL) or absence (0µg/mL ) 

IFNAR -1 blocking antibody. Frequency of Annexin V + among total CD90+ thymocytes 

derived  from DN3/4 cells cultured with OP9 -DL1 cells for 3 days in the presence of 0, 1, 

10, 100, or 1000nM Everolimus or Rapamycin from WT (D) o r Zfp335cKO mice (E). (C-E) 

n=5 WT or n=6 Zfp335cKO. Graphs show mean ± sem. Data are compiled from one (A,B) 

or two (C -E) independent experiments. 
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Next, we sought to determine the role of the Zfp335/Ankle2/Baf axis in 

suppressing the cGAS/STING-mediated apoptosis in DN4 cells. To test this, R26LSL-Cas9 

TcrdCreERT2 DN3/DN4 thymocytes  (B. Zhang et al., 2015) were transduced with 

retroviruses expressing Zfp335, Ankle2, or Banf1 (encoding Baf) and Mb21d1 (encoding 

cGAS) or Tmem173 (encoding STING)-targeting gRNAs o r non-targeting control gRNAs 

(NTG) then cultured for three days with OP9 -DL1 cells in the presence of 4-

hydroxytamoxifen . Consistent with conditional deletion, Cas9 targeting of Zfp335 lead 

to a substantial increase in DN4 apoptosis (Figure 20). Additiona lly, targeting of Ankle2 

or Banf1 similarly lead to increased DN4 apoptosis. Impor tantly, these increases in 

apoptosis were cGAS/STING-dependent (Figure 26). Similar results were observed 

when Cas9 expression was controlled by E8III -cre (Figure 27). Together, these results 

demonstrate that disruption of the Zfp335/Ankle2/Baf axis drives cGAS/STING-

mediated apoptosis of post-ϕ-selection DN4 thymocytes.  
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Figure 26: The Zfp335/Ankle2/Baf axis functions to suppress c GAS/STING -

mediated apoptosis  of DN4 thymocytes  

Quantification of rates of apoptosis by Annexin  V binding in TcrdCreERT2 

Rosa26LSL-Cas9/LSL-ZsGreen DN4 thymocytes  transduced with guide RNA expressing 

retroviruses targeting Zfp335, Ankle2 , or Baf and cGAS or STING or non-targeting 

controls (NTG) after 3 days in OP9-DL1 culture. P-values determined by One-Way 

AN OVA with post hoc Dunnettɀs test for multiple comparisons . Data are compiled from 

three independent experiments. Each point represents one biological replicate of three 

pooled mice. Plots show mean ± sem. 
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Figure 27: Cas9-mediated  Zfp335 deletion drives cG AS/STING -dependent 

DN4 apoptosis 

Representative gating (A) and quantification ( B) of Annexin V binding among 

DN4 cells from R26LSL-Cas9 E8III-cre DN3/4 thymocytes transduced with indicated gRNA -

expressing retroviruses and cultured  for three days on OP9-DL1 cells. n=3 mice for each 

dual gRNA transductio n. P-values calculated using One-6Èàɯ -.5 ɯÞÐÛÏɯ#ÜÕÕÌÛÛɀÚɯ

post hoc test. Plots show mean ± sem. Data are compiled from three independent 

experiments. 

 

2.2.9 DN4 thymocytes exhibit increased sensitivity to cGAS/STING-
mediated cell death 

Finally, we sought to determine whether sensitivity to cGAS/STING-driven cell 

death is a unique feature of Zfp335cKO DN4 cells or a mechanism of the DN4 stage. DN -

enriched WT thymocytes were treated with  the STING agonist cridanimod (CMA ) 

overnight then assayed for apoptosis. Interestingly , we found DN4 cells are uniquely 
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sensitive to STING-mediated apoptosis at low concentrations of STING agonist (Figure 

28A). However, increasing the STING  agonist concentration 10-fold  was sufficient to 

promote apoptosis of all thymocyte subsets (Figure 28B). Additionally, viability of 

Zfp335cKO Bcl2-Tg thymocytes was not impacted by CMA treatment  (Figure 28C) 

suggesting that induction of pro -apoptotic Bcl2 family members downstream of STING 

activation are necessary for apoptosis of DN4 thymocytes.  

We were surprised at the unique sensitivity of DN4 cells to cGAS/STING-

mediated apoptosis. We hypothesized that such a sensitivity may be due to the presence 

of TCR excision circles (TRECs) generated by V(D)J recombination at the preceding DN3 

stage which may be exposed to the cytosol during cell division , thereby, reducing the 

signaling threshold for STING -mediated cell death. To test this, we generated post-ϕ-

selection thymocytes from Rag2-/- mice by intraperi toneal injection of ϔ"#ƗϘɯÈÕÛÐÉÖËy. 

Following antibody treatment, thymocytes were harvested, subjected to STING agonist 

treatment ex vivo and assessed for  apoptosis. Consistent with our hypothesis, Rag-

deficient DN4 cells do not exhibit in creased sensitivity to STING-mediated cell death 

compared to vehicle control  (Figure 28D). Together, these data demonstrate that 

activation of the cGAS/STING pathway is a major contributor  to Zfp335cKO DN4 

apoptosis and that WT DN4 cells exhibit increased sensitivity  to cGAS/STING -mediated 

death, possibly a result of V(D)J recombination at the DN3 stage.  
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Figure 28: DN4 thymocytes exh ibit increase d sensiti vity to STING -mediated 

apoptosis. 

Quantification of WT thymocyte subset apoptosis following overni ght OP9-DL1 

culture in the pr esence of 25 (A) or 250µg/mL CMA.  (C) Quantification of apoptosis 

among Zfp335cKO Bcl2Tg thymocyte subset apoptosis following  overnight OP9-DL1 

culture in the presence of 25µg/mL CMA . (D) Quantification of Rag 2-/- thymocyte subset 

apoptosis following  overnight OP9-DL1 culture in the presence of 25µg/mL CMA . Post 

ϕ-selection Rag2-/- thymocytes were generated by in vivo treatment with ϔCD3Ϙ antibody 

via intraperitoneal injection. P-values determined using Two-Way AN OVA with post 

hoc Sidakɀs test for multiple comparisons.  Plots show mean ± sem. Data are compiled 

from two (A,B,D) or three (C) independent experiments. 

Altogether, our studies  reveal that loss of Zfp335 leads to defective T cell 

development resulting from  dysregulation of the Zfp335/Ankle2/Baf  axis ultimately 

driving  cGAS/STING-mediated DN4 cell death (Figure 29).   
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Figure 29: Schematic diagram of mechanism by wh ich Zfp335 promotes 

survival of DN4 thymocytes.  

Normally in WT DN4 thymocytes Zfp335 promotes expression of Ankle2 which , 

in turn , regulates the dephosphorylation of Baf following mit otic exit. 

Dephosphorylated Baf supports proper n uclear envelope architecture and inhibits cGAS 

promot ing survival and differentiation to DP. In the absence of Zfp335  (Zfp335cKO), 

Ank le2 expression is lost driving Baf hyper phosphorylat ion. Nuclear envelope integrity 

is lost exposing genomic DNA to cGAS driving downstream S TING signaling, induction 

of pro-apoptotic Bcl2 family genes and ultimately apoptosis.  

 

2.3 Discussion 

In this study, we identify Zfp335 as a critical transcription fa ctor regulating early 

T cell development within the thymus . Specifically,  it functions to  promot e survival of 

proliferating cells following ϕ-selection. Conditional deletion of Zfp335 led to severe 

reductions in all T cell populations beginning at the DN4 stage of development. 

Mechanistically, we show that reduced expression of the Zfp335-regulated gene Ankle2 
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and the resulting  disruption of the Zfp335/Ankle2/Baf pathway controlling NE  

architecture drives cGAS/STING-dependent DN4 cell apoptosis.  

Our stud ies highlight the necessity of sustained Zfp335 and Ankle2 expression to 

promote DN4 survival and support proper T cell development. Zfp335 is ubiquitously 

expressed throughout T cell development. Therefore, it is likely that Zfp335 plays 

numerous roles throughout thymopoie sis. In addition to supporting DN4 survival we 

show that it is also required for terminal thymocyte maturation. Based on the 

mechanism uncovered in our work and the high degree of functional similarity b etween 

DN4 and DN2 cells it is likely that loss of Zf p335 at the DN1 stage or earlier may block T 

cell development at the DN2 stage. Such a hypothesis is support by a recent study which  

found that mice carrying a human disease associated STING mutation (V154M) exhibit 

severe T lymphopenia likely due to increased rates of early thymic progenitor apoptosis  

(Bouis et al., 2019). However, to test this hypothesis alternative means of Zfp335 deletion 

will need to be utilize d. 

Our studies provide the first comprehensive assessment of the heterogeneity 

within the DN4 thymocyte compartment at the single cell level. Surprisingly, 

phenotypically defined DN4 cells consist of cycling cells expressing pre -Tϔ which 

ÙÌ×ÙÌÚÌÕÛɯȿÛÙÜÌɀɯ#-ƘɯÊÌÓÓÚɯÈÕËɯÔÈÛÜÙÌɯÖÙɯÔÈÛÜring ϔϕ and ϖϗɯ3ɯÊÌÓÓÚȭɯPositive selection 

of DP thymocytes induces a slight, transient down -regulation of CD4 and CD8 (Lucas & 

Germain, 1996), however, the maturing ϔϕ cells identified in our datas et completely lack 
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both protein and mRNA expression. The cells we identified expressing TCRϔ transcripts 

exhibited expression patterns consistent with positive selection  (Mingueneau et al., 2013) 

and therefore, are likely post positive -selection cells which have transiently lost surface 

expression of TCR, CD4 and CD8. Alternatively, these cells may have undergone 

positive selection without ever expressing CD4 or CD8. Regardless, these maturing cells 

may represent a novel developmental path within the thymus . However, more detailed 

studies will be needed to fully characterize these cells and determine if they represent a 

unique lineage or simply a rare differentiation path that can be ta ken by any positively 

selected cell.  

Han et al. recently identified a hypomorph allele of Zfp335 (Zfp335bloto) as the 

causative mutation leading to reduced total peripheral T cells and an almost complete 

absence of naïve T cells (Han et al., 2014). They found Ankle2 to be a critical Zfp335 -

regulated gene controlling late stages of thymic  T cell maturation . However, the 

mechanism by which Ankle2 regulates maturation, and the establishment of the naïve T 

cell compartment remains unclear. The lack of apparent developmental defects in 

Zfp335blt/blt mice during early T cell development is likely due to their use of a 

hypomorph allele instead of a cond itional knock out as Zfp335blt/blt mice exhibited normal 

expression of Ankle2 during the DN4 stage.  

We have shown that Zfp335 is at least partially regulated by E protein activity in 

developing T cells. E proteins play numerous indispensable roles throug hout 
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organismal development, including  T cell development (Agata et al., 2007; Engel & 

Murre, 2001, 2004; Jia et al., 2008; Jones-Mason et al., 2012; Petersson et al., 2002; Roy et 

al., 2018; Wang et al., 2006; Wojciechowski et al., 2007). However, due to widespread 

binding throughout t he genome, the roles for transcriptional networks established by E 

proteins remain incompletely understood  (Roy et al., 2018). Our studies identify Zfp335 

as a novel transcription factor downstream of E proteins cri tical to T cell development. 

To date, studies of T cell-intrinsic roles for cGAS/STING pathway have largely 

focused on activation via synthetic STING agonists  (Gulen et al., 2017; Larkin et al., 2017; 

Wu et al., 2020) or expression of constitutive gain -of-function  STING mutations  (Cerboni 

et al., 2017). These studies have primarily  focused on roles of this pathway in mature 

peripheral T cells. To our knowledge, this is the fi rst report of a physiological role for 

cGAS/STING in T cell development. Additionally, our identification of the 

Zfp335/Ankle2/Baf axis as key in repression of cGAS is the first transcriptional pathway 

identified which functions to prevent cGAS activation by self -DNA .  

Baf was recently identified as a key inhibitor of cGAS  sensing of self-DNA 

through competitive binding  (Guey et al., 2020). The ability of Baf to bind DNA is 

dependent upon its dephosphorylation which has been shown to be controlled by 

Ankle2 during  mitotic exit  (Asencio et al., 2012). Therefore, we propose the following 

mechanism by which loss of Zfp335 drives cGAS/STING-mediated apoptosis of DN4 

thymocytes. Loss of Zfp335 results in impaired Ankle2 exp ression which in turn leads to 
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the failure of Baf dephosphorylation during division. Baf hyperphosphorylation leads to 

improper NE reassembly and can drive spontaneous NE rupture exposing nuclear DNA 

to the cytosol allowing unrestricted cGAS activation  and STING -mediated apoptosis. 

A  surprising finding of our study was the unique sensitivity of DN4 thymocytes  

to cGAS/STING-mediated apoptosis. We did not observe significant increases in cell 

death among any other population of thymocytes following  low -dose ex vivo STING 

activation.  However, 10-fold higher STING agonist concentrations led to significant 

increases in cell death across all thymocyte subsets. This sensitivity was efficiently 

abrogated upon Bcl2 overexpression, suggesting a dominant role of pro-apoptoti c 

members of this protein family in driving cell death. Interestingly, we found that 

preventing  V(D)J recombination via deletion of Rag2 was sufficient to protect DN4 cells 

from STING -mediated cell death suggesting that V(D)J recombination may play a role in 

this unique sensitivity to cGAS/STING signaling. A reasonable explanation for our 

finding is that TRECs generated by V(D)J recombination may become localized to the 

cytoplasm upon cell division at the DN4 stage, ther eby providing activating signa ls for 

cGAS. This cGAS activity in turn may lower the signaling threshold for STING -

mediated cell death. However, this does not explain the lack of DP cell sensitivity to 

STING agonist which undergo repeated rounds of VJ recombination. We propose that 

the apparent lack of sensitivity to STING signaling among DP cells is due to loss of 

cGAS and STING expression during the DN -DP transition  (Immgen Data). Should this 
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be true, it is reasonable to hypothesize that the down regulation of cGAS and STING 

expression is necessary to facilitate survival of DP thymocytes. Alternatively, the lack of 

cell division ËÜÙÐÕÎɯ3ɯÊÌÓÓɯËÌÝÌÓÖ×ÔÌÕÛɯÉÌÎÐÕÕÐÕÎɯÈÛɯ3"1ϔɯÙÌÊÖÔÉÐÕation may prevent 

exposure of DP-derived TRECs to the cytosol. In either case, further study of this 

phenomena is warranted.  

Consistent with studies of cGAS/STING signaling in mature T cells  (Cerboni et 

al., 2017; Wu et al., 2020), we found cGAS/STING-mediated apoptosis in DN4 cells is 

independent of IFN -I signaling. In terestingly, we found that Zfp335 -deficient DP and 

DN4-like maturing T  cells exhibit increased IFN-I signaling activity compared to 

controls. Similar transcriptional activity was previously observed in Zfp335bloto mice (Han 

et al., 2014). While tonic IFN -I signaling  is critical to normal T cell development  (Xing et 

al., 2016), enhanced signaling has been shown to severely impair thymopoies is (Lin et 

al., 1998). The mechanism by which Zfp335 and Ankle2 regulate terminal T cell 

maturation in the thymus  is unclear. However, it is possible that enhanced IFN-I 

signaling resulting from cGAS/STING activation may contribute to this defect.   

Interestingly, in humans, ANKLE2 is a target of Zika virus protein NS4A which 

antagonizes its activity ultimately leading to microcephaly (Link  et al., 2019). Humans 

carrying homozygous or compound heterozygous mutations in either ZNF335 or 

ANKLE2 exhibit severe microcephaly like that  characteristic of Zika patients  (Yamamoto 

et al., 2014; Yang et al., 2012). Recent studies have demonstrated a critical role for central 
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nervous system immune cells in regulating neuronal stem cell maintenance and 

differentiation. Specifically, microglia play a key role in this process  (Matsui & Mori, 

2018; Ribeiro Xavier et al., 2015; Shigemoto-Mogami et al., 2014). Under conditions 

which stimulate cGAS activity, microglia and other CNS immune cells preferentially 

undergo apoptosis (Reinert et al., 2021). Based on the mechanism revealed in this study 

it is possible that microcephaly resulting from Zika infection or loss of ZNF335 or 

ANKLE2 may be driven by cGAS/STING -dependent apoptosis of neuronal progenitors 

and/ or CNS immune cells. Should our me chanism extend to neuronal progenitors or 

CNS immune cells it may be possible to pharmaceutically prevent microcephaly in these 

specific instances by inhibition of the cGAS/STING pathway. However, further research 

will be required to determine  the viabilit y of such a therapeutic approach.  

Beyond CNS development the mechanism uncovered through or studies may 

apply to more diverse biological phenomena. Mutations  in BAF have previously been 

shown to drive Nestor-Guil lermo Progeria Syndrome, a disease associated with severe 

pre-mature aging which typically manifest after 2+ years of life  (Puente et al., 2011). 

Interestingly, accumulation of cytosolic DNA is associated with cellular aging and 

senescence with cGAS/STING imp licated in these outcomes (Paul et al., 2021). Whether 

the accumulation of cytosolic dsDNA and cGAS/STING activ ity is a cause or result of 

the aging process is an open question and further study warranted. Additional ly, 

mutations in genes associated with the regulation of nuclear envelope structure and 
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maintenance (Frost et al., 2016) as well as cGAS/STING (Fryer et al., 2021) have been 

associated with progression of neurodegenÌÙÈÛÐÝÌɯËÐÚÌÈÚÌÚɯÚÜÊÏɯÈÚɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌ 

(Sliter et al., 2018) and prion -mediated neurodegeneration (Nazmi et al., 2019). 

Therefore, exploration of the role for the Zfp335/Ankle2/Baf  pathway uncovered in this 

study may reveal novel pathways regulating , and potential therapeutic targets to 

mitigate , neurodegeneration and cellular aging.  
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3. Zfp335 controls the development, maturation, and 
differentiation of invariant NKT cells and conventional 
Ŭɓ T cells 

3.1 Introduction 

The establishment of a robust and diverse peripheral T cell pool requir es proper 

regulation of a complex series of transcriptional  changes throughout thymic 

development. T cell development culminates w ith the generation of a large number of 

conventional CD 4+ or CD8+ T cells and a relatively small number of unconventional T 

cells with innate -like pro perties. Among these unconventional T cells, invariant natur al 

killer T (iNKT) cells are the most abundant.  

iNKT  cells are a specialÐáÌËɯÚÜÉÚÌÛɯÖÍɯϔϕɯ3ɯÊÌÓÓÚɯÐÔÉÜÌËɯÞÐÛÏɯÐÕÕÈÛÌ-like effector 

functions  (Imai et al., 1986; Koseki et al., 1989). iNKT cells develop within the thymus 

and unlikÌɯÊÖÕÝÌÕÛÐÖÕÈÓɯϔϕɯ3ɯÊÌÓÓÚɯÛÏÌÐÙɯÚÌÓÌÊÛÐÖÕɯÈÕËɯËÐÍÍÌÙÌÕÛÐÈÛion are tightly linked . 

That is, developmental selection simultaneously drives effector differentiation.  Li ke 

conventional T cells, iNKT cell development is defined by surface protein phenotype  

and can be broken down into four stages, stage 0-3. Upon agonist selection of DP 

thymocytes expressing the canonical Vϔ14-Jϔ18 iNKT TCR (in mice) via CD1d 

molecules expressed by neighboring thymocytes cells commit to the iNKT lineage . 

Committe d progenitors express surface CD24, lack CD44 or NK1.1 expression, and are 

known as stage 0 iNKT cells (Benlagha et al., 2002). Stage 0 is characterized by a brief 

phase of proliferation which functions to expand the pool of committe d iNKT cell 
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progenitors  (Benlagha et al., 2002; Dose et al., 2009). Following the brie f phase of 

proliferation iNKT cells lose surface CD24 expression defining  stage 1. Next, they 

upregulate CD44 expression (stage 2) followed by NK1.1 (stage 3) (Benlagha et al., 2002). 

This linear model of development was ori ginally believe d to apply to all iNKT cells . 

However, several years after this discovery it was realized that fully differentiated 

effector iNKT cell subsets could be identified across stages 1-3 with a bias in  staging 

between different  subsets. Like conventional T cells, iNKT effector subsets are defined 

by expression of lineage-defining tr anscription factors. NKT1, NKT2, or NK17 cells 

express T-bethi PLZFlow , T-bet- PLZFhi, or PLZFint ROR tɹ+, respectively. NKT1 are 

exclusively found in stage 3, NKT2 consist of stage 1 and stage 2, and NKT17 are 

uniformly s tage 2 (Lee et al., 2013). More recently with the advent of sin gle-cell 

genomics technologies, it has become apparent that NKT cell developmental progression 

is associated with loss of alternative effector potential and acquisition of effector identi ty 

as cells exit the developmental trajectory (Baranek et al., 2020). 

While TCR-mediated antigen recognition was initially recognized as the key 

event in selection and differentiation of iNKT cells it has become clear that other signals 

are also necessary. In particular, the roles for signaling through SLAM family receptors 

(SFR) (Lu et al., 2019) and IL-15R (Ohteki et al., 1997), in addit ion to several 

transcriptional regulators, such as Zbtb16 (PLZF) (O'Hagan et al., 2015; Savage et al., 

2008), Egr1/2/3 (O'Hagan et al., 2015; Seiler et al., 2012), NOTCH  (Oh et al., 2015; Tanaka 
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et al., 2006), E proteins (D'Cruz et al., 2010) and Id2/3 (Roy et al., 2018) among others, are 

well documented  (Shissler & Webb, 2019). The combination of signal transduction and 

transcription factor activity establish es the necessary genomic and transcript ional 

contexts required for proper effector differentia tion.  

E protein activity , particul arly  that of HEB, is essential for the development of 

iNKT cells. Absence of HEB prevents iNKT cell development due to reduced ROR tɹ and 

Bcl-xL expression and failure to recombine the necessary Vϔ14-Jϔ18 TCR common to 

iNKT cells . Ectopic expression of Bcl-xL or iNKT TCR was sufficient to p arti ally rescue 

iNKT cell development  (D'Cruz et al., 2010).  Consistent with this finding, genetic 

ablation of the E protein inhibitor s Id3 and Id2 driv es expansion of iNKT cells due to 

increased frequency of Vϔ14-Jϔ18 TCR rearrangments (Verykokakis et al., 2013). Thus, 

to date the described role for E proteins in iNKT cell development is restricted to 

supporting survival to the p oint of selection. However, it remains unc lear if E protein 

activity -driven transcriptiona l networks p lay additional roles following selection .  

In conventional T cells, E proteins are required for proper effector differentiation . 

The absence of E proteins drives CD8 T cells from a terminal effector to a memory 

phenotype (Omilusik et al., 2018). Interestingly, excessive E protein activity in Id3 -

deficient naïve T cells drives the spontaneous developmental  acquisition of a 

differentiat ed, effector-memory phenotype (Miyazaki et al., 2011). However, the absence 

of Id2 or Id3 proteins precludes the generation of short-lived or  long-lived memory T 
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cells, respectively (Yang et al., 2011). Therefore, the opposing activities of E and Id 

proteins function s to maintain a balance required for proper T cell differentiation . 

However, t he specific mechanisms by which Id  and E proteins achieve this balance and 

the down stream transcriptional netw orks controlling differentiation are largely 

unknown.  

Unli ke conventional T cells, iNKT cells often undergo effector differentiation 

developmentally within the thymus.  The transcriptional programmin g of effector 

differentiation for both types of T cells is largely shared. We recently uncovered a 

uniqu e role for the E protein target transcription factor Zfp335 in early stages of T cell 

development  which function s to promote DN4 thymocyte survival by s uppressing 

cGAS/STING activity (Chapter 2). Through these studies we found that loss of Zfp335 

also prevents proper T cell maturation and differentiation  through a survival -

independent mechanism.  

In this study , we set out to determine the role for Zfp335 in conventional T cell 

and iNKT cell develop ment and differentiation. We show that loss of Zfp335 prior to , or 

immediate ly following , iNKT selection and commit ment severely impair s development 

due to death of Stage 0 cells and blocks effector differentiation.  In conventional T cells, 

loss of Zfp335 prevents CD4 T cell differentiation and promotes developmental 

acquisition of T-bet expression in CD8 T cells.  
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3.2 Results 

3.2.1 Zfp335, an E protein target, is required for iNKT cell 
development 

E proteins play indispensable roles for  the development and function o f iNKT 

cells (D'Cruz et al., 2014; J. Li et al., 2013; Roy et al., 2018). While the imp ortance of E 

proteins is known it remains unclear exactly how E pr otein drive  iNKT cell 

development. Zfp335 is a direct target of E protein activity in developing T  cells (Figure 

A-B). Therefore, we asked whether this E protein targ et is required for the development 

iNKT cells. As in our previous stud ies of the role for Zfp335 in DN4 thymocytes, we 

examined thymic development  of iNKT cells in Zfp335fl/flE8III-cre (Zfp335cKO) mice. 

Consistent with impaired con ventional T cell developm ent we observed significantly 

reduced numbers of thymic iNKT cells in Zfp335cKO mice  (Figure 30A-C). Zfp335-

deficient mice display increased stage 0, reduced stage 2, and normal stage 1 and 3 iNKT 

frequencies (Figure 30D). The reduction in iNKT cell numbers is first evident at Stage 2 

of development  (Figure 30E).  
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Figure 30: Loss of Zfp335 severely impairs iNKT cell development  

(A) Representative gating for developmental stagin g of thymic iNKT cells ; pre-

gated on CD90+ live single ts. Frequency (B) and total numbers (C) of thymi c iNKT cells  

in WT (n=24) or Zfp335fl/fl  E8III -cre (n=26) mice. Frequency (D) and total numbers of stage 

0 ɬ stage 3 iNKT cells in WT (n=10) or Zfp335cKO (n=14) mice. Data are compiled from 

eight (B-C) or X (D-E) independent experiments. P-values determined by Mann -Whit ney 

U-Test (B-C) or Two Way  ANOVA with  post-hoc Sidakɀs test (D-E). Plots show mean ± 

sem. 

Since the numbers of iNKT cells identified in Zfp335 -deficient thymuses were 

very small we next valida ted that these cells were, in fact iNKT cells. We examined 

TCRϔ repertoire sequencing data derived from DP or CD 4SP thymocytes looking for the 

canonical CDR3 sequence (CVVGDRGSALGRLHF)  shared by all type I iNKT cells. 

While reduced in frequency the canonical iNKT CDR 3 rearrangement was found in both 

DP and CD4SP thymocytes from Zf p335cKO mice (Figure 31A-B).  














































































































































































































































