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Abstract 

 

In a steady-state, naïve CD8
+
 T cells are kept in check to be quiescent in 

response to homeostatic cues such as self-ligands and cytokines while 

preserving a robust responsiveness to foreign antigens. Although such a 

steady-state quiescence involves multiple cell-intrinsic and -extrinsic 

regulators, an exact nature of the regulators and underlying mechanism of its 

regulation are still incompletely understood. Here, this study showed that the 

signal transducer and activator of transcription 1 (STAT1), a key transcription 

factor in the downstream of type I and II interferon receptor signaling, plays a 

cell-intrinsic role in regulating naïve CD8
+
 T cell responsiveness to low levels 

of tonic homeostatic cytokines. Thus, mice lacking STAT1 led to 

abnormalities in the composition and number of naïve and effector/memory 

CD8
+
 T cells, with an increase of CD44

hi
CD62L

lo
 cells and decrease in 

CD44
lo
CD62L

hi
 cells. The observed alterations were not due to dysregulation 

in thymic development but rather resulted from enhanced proliferative 

capacity of peripheral mature STAT1-deficient naïve CD8
+
 T cells in a cell-

intrinsic manner. The activated phenotype of CD8
+
 T cell in STAT1

-/-
 mice 

accumulates with aging resulting over 8-month-old STAT1 knockout mice had 

lympho-adenopathy and splenomegaly. 

In vitro analyses revealed that two key cytokines, interleukin (IL)-7 and type I 

interferon, serve as a major driver to induce abnormal proliferation of STAT1-

deficient but not wild-type CD8
+
 T cells depending on a pathway that is 



II 

sensitive to rapamycin treatment, indicating a role of the mammalian target of 

the rapamycin complex 1 (mTORC1) signaling. STAT1 deficiency leads to the 

phosphorylation of STAT4 followed by RagD transcription upon type I IFN, 

which has a synergistic effect (collaborated) with c-Myc controlled by IL-7. 

This mTORC1 activation was not PI3K-AKT dependent, but amino acid-

RagGTPase dependent mTORC1 activation supported by autophagy-derived 

intracellular amino acids. This continuous mTORC1 activation led to the 

damage on T cell quiescence resulting in the autoimmune disease. 

This study suggested that, under steady-state, naïve CD8
+
 T cells that are 

continuously exposed to homeostatic cytokines actively restrain their 

responsiveness to the “Goldilocks” levels – that is, not too strong to induce 

activation/proliferation and not too weak to lose a survival ability – 

presumably via blocking mTORC1 pathway, therefore maintaining a 

functional state of quiescence before encountering a cognate foreign antigen. 

 

Keywords : Naïve CD8
+
 T cell, STAT1, Quiescence, Homeostatic cytokines, 

mTORC1 signal, RagD 
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I. Literature review 

 

1. T cell homeostasis 

 

The living organisms always try to keep their homeostasis balancing against 

continuously changing environment. Especially, the immune system 

constantly maintains enormous repertoire of naïve lymphocyte pool to prepare 

for the unmet foreign pathogens. At the same time, it tightly controls the 

lymphocytes not to attack self-origin cells preventing autoimmune diseases. 

Through several stages of thymic positive and negative selection, a few 

survived naïve T cells come out from the thymus with diverse repertoire [1]. 

About one million newly selected naïve T cells are released every day from 

the thymus to periphery in the young mice. As mice get older and their 

thymus get smaller, the proportion and functionality of newly released naïve T 

cells become reduced [2] and the aged lymphoid tissue cannot support naïve T 

cell homeostasis at the periphery [3]. 

When pathogens break into the body, naïve T cells recognize the cognate 

foreign peptide-MHC molecule complex on the antigen-presenting cells with 

co-stimulatory molecules and cytokines, and then expand up to 10,000 folds 

within a week [4]. After being effector T cells, they vigorously produce a 

large amount of cytokines such as TNF-α or IFN-γ which induce the apoptosis 

of infected cells. After elimination of the pathogen, most of the effector T 



2 

cells would die due to the activation-induced cell death (AICD) and small 

number of them survives as memory T cells ready for re-infection [5]. 

Definition of homeostasis can be slightly different between naïve and memory 

T cells. Memory T cells maintain certain amount of pool with continuous 

homeostatic turnover (self-renewal) to prevent attack by the same pathogen. 

On the other hand, naïve T cell barely proliferates throughout the life-time [6], 

yet keeps its survival until they meet the cognate antigen, which is also called 

quiescence [7, 8]. Maintenance of the quiescence of naïve T cell is important 

in terms of balancing the number of total T cells and pool of various T cell 

receptor (TCR) repertoire because it is theoretically estimated that every 

single naïve T cells have one single, unique TCR sequence [9]. 

The factors for T cell homeostasis has been studied in various aspects using 

different techniques. One of the important and striking methods for studying T 

cell homeostasis is using lympho-depletion. When T cells from wild-type 

mice were adoptively transferred to the lympho-depleted mice by genetic 

modification or irradiation, they started proliferation until reached a certain 

number, which is called homeostatic proliferation (HP) or lymphopenia-

induced proliferation [8, 10]. Depending on which lympho-depleted mouse 

model to use, the proliferation patterns can be different. When the 

lymphocytes in host mice were acutely depleted, for example, by irradiation, 

the adoptively transferred T cells will undergo homeostatic proliferation. 

However, when one uses the chronic lympho-depleted mice like RAG 1-, 2-, 

TCR-deficient or nude mice as a host, the transferred polyclonal T cells, but 



3 

not monoclonal T cells will show two types of proliferation; one is 

homeostatic proliferation as aforementioned and the other is gut microbiota 

specific TCR-dependent proliferation [11, 12]. It has been suggested that the 

factors to induce proliferation in lymphopenic mice, especially for HP, are 

very close, if not the same, factors for T cell homeostasis, which makes it 

easier to study the T cell homeostasis. 

 

1.1. Homeostasis of naïve T cells 

 

Both of naïve and memory CD8
+
 T cells survive for a long time, but the 

factors for their homeostasis are quite different. Naïve CD8
+
 T cell primarily 

maintains its survival in IL-7 and self-peptide-MHC contact-dependent 

manner. When naïve CD8
+
 T cells are transferred into the IL-7 deficient mice 

[13] or MHC class I- or β2m-deficient (absent for self-peptide MHC) mice 

[14], the cells underwent apoptosis and no longer survived. Homeostatic 

proliferation of naïve CD8
+
 T cells in those host mice after irradiation was 

also extremely low. Throughout these new observations, some possible 

mechanisms for the role of IL-7 and self-peptide-MHC for T cell survival 

have been postulated. First, IL-7 can induce the expression of pro-survival 

molecules such as Bcl-2, Mcl-1 or Bcl-XL, which mainly contributes to the 

cell survival [15, 16]. Because continuous IL-7 signal can induce autocrine 

and paracrine IFN-γ production causing cell death, tonic, weak TCR signals 
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by self-peptide-MHC is required [16]. Self-peptide-MHC can inhibit the 

excessive IL-7 signaling suggesting that both IL-7 and tonic TCR are required 

for naïve T cell survival. 

In addition to the survival aspect, homeostasis of naïve CD8
+
 and CD4

+
 T 

cells has also been described that they barely proliferate keeping their status 

for lifelong, which is called, quiescence. Compared to memory T cells which 

would proliferate slowly to keep their number for lifelong, naïve T cells retain 

their cell cycle at G0 phase, yet they are not anergic. Naïve T cell quiescence 

was once thought to be a passive mechanism, meaning that there is no reason 

for naïve T cells to be activated in the steady-state condition. However, owing 

to the studies with various gene-deficient mice, quiescence is now proposed to 

be rather enforced against exogenous stimulants [7]. The major explanation 

for breakdown of quiescence is as follow; death of naïve T cell, uncontrolled 

cytokine responses, lowered threshold of TCR signals, and autoreactive TCR 

repertoire. Some molecules have been designated as regulators for quiescence, 

some of which are controlled by T cell intrinsically and the others works as 

extrinsic factors (Figure 1). 

Abnormal responsiveness to IL-7, a homeostatic cytokine can result in the 

disruption of homeostasis of naïve CD4
+
 and CD8

+
 T cells. Foxo1, a member 

of the forkhead box family, is known to control IL-7 receptor expression as a 

transcription factor. Foxo1-deficient T cells expressed significantly decreased 

level of IL-7 receptor followed by far less responsiveness to IL-7 with higher 

level of apoptosis [17, 18]. In the same vein, the negative regulator of foxo1, 
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foxp1-deficient T cells led to uncontrolled IL-7Rα up-regulation followed by 

abrupt proliferation and activation in response to basal level of IL-7 [19]. 

Hyper- or hypo-responsiveness of TCR signal to self-peptide-MHC can also 

be factors for disruption of quiescence in T cells. Tyrosine phosphatase 

PTPN2 or PTPN22 can keep the quiescence by controlling TCR intensity. 

When PTPN2 or PTPN22 are deleted from the naïve CD4
+
 and CD8

+
 T cells, 

they easily get activated by the weak agonist including self-antigen, and 

showed higher homeostatic proliferation rate, although the responses upon 

strong TCR stimulation were similar [20, 21]. 

Some of the factors are crucial for the cell survival by preventing the 

apoptotic molecules or by regulating intracellular metabolism. Schlafen-2 

keeps the homeostasis by maintaining the level of Bcl-2 inhibiting the 

intrinsic apoptosis of naïve CD4
+
 and CD8

+
 T cells [22]. The mTOR 

suppressor, Tsc1 knockout CD4
+
 and CD8

+
 T cells have excessive mTOR 

activation followed by increased apoptotic molecule, Bim [23]. KDEL 

receptor which is related to integrated stress response (ISR) also seems to act 

as a regulator of CD4
+
 and CD8

+
 T cell homeostasis [24]. 

Extrinsic factors also can disrupt T cell quiescence. Biased excessive 

development of IL-4-producing cells such as type 2 invariant NKT (iNKT) 

cells sometimes play a role as an extrinsic factor for spontaneous T cell 

activation [25]. KLF2- or Id3-deficiency also promotes the preferential thymic 

development of PLZF
+
 type 2 invariant NKT cells, which produce a large 
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amount of IL-4 promoting the up-regulation of CD44 in naïve CD8
+
 T cells 

[26]. Dysfunction of DCs which are important cell types for priming naïve T 

cells can sometimes damage the T cell homeostasis. DC-specific depletion of 

TBK1, the molecule which mediates IRF3 activation upon type I IFN, led to 

the activation of naïve T cells in the steady-state condition [27]. 

Most factors for naïve CD4
+
 T cell homeostasis are known to be overlapped 

with those for naïve CD8
+
 T cells because many of them are related to the 

common factors including IL-7 or TCR signal. Factors like Foxp1, Foxo1, 

Slfn2 play important roles in IL-7 signal in naïve CD4
+
 T cells as in CD8

+
 T 

cells [28]. It is worth noting that the contribution of self-peptide-MHC class II 

contact for naïve CD4
+
 T cell survival was once thought to be dispensable [29, 

30]. In the early studies of CD4
+
 T cell homeostasis, naïve CD4

+
 T cells have 

been suggested not to require the self-peptide-MHC contact for their 

homeostasis because the survival of transferred CD4
+
 T cells was not 

decreased in the I-Aβ
-/-

 mice. However, I-Aβ
-/-

 mice were later proven to 

express the compensatory type of MHC class II, AαEβ, which can presumably 

support the self-peptide-MHC contact [31]. The study with the mice lacking 

total component of MHC class II (both α and β chains) showed that naïve 

CD4
+
 T cell also requires the self-MHC class II contact for their homeostasis 

[32]. 

In addition, some factors have been shown to work exclusively in the CD4
+
 T 

cells. Nup210, one of the components in nuclear pore complexes which work 

as bridge between nucleus and cytoplasm, has been suggested as a factor for 
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CD4
+
 T cell homeostasis, but not for CD8

+
 T cells. Nup210 could control the 

self-peptide-MHC induced TCR signals in the CD4
+
 T cells regulating the 

expression of caveolin-2 and c-jun which suppressed the cell death [33]. T cell 

specific-conditional knockout of transcription factor Runx1 also showed the 

disrupted homeostasis only in the CD4
+
 T cells because they did not undergo 

proper T cell maturation, especially in the sialylation in α2, 3- and α2, 8-sialic 

acid linkage on surface glycan, followed by IgM and complement attack. 

However, this attack was not detected in the CD8
+
 T cells in which Runx3 

have the compensatory role [34]. STAT3, a major transcription factor for 

various cytokines including IL-6, was reported to control the homeostasis of 

naïve CD4
+
 T cells. STAT3-deficient CD4

+
 T cells showed decreased survival 

upon IL-6 or IL-21 signal implicating its role in suppressing apoptosis, which 

was not reported in CD8
+
 T cells [35]. 

 

 

Figure 1. Quiescence maintenance of naïve T cells. 
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1.2. Homeostasis of memory T cells 

 

After infection or vaccination, clonally expanded antigen-specific effector T 

cells undergo contraction phase leaving memory T cells. These memory T 

cells survive with continuous self-renewal, called homeostatic turnover, even 

without cognate antigen keeping their pool preparing for the re-infection. As 

mentioned above, the homeostasis of naïve T cell has similarities and 

differences compared to memory T cells. Memory CD8
+
 T cell does not 

require antigenic stimulation, MHC contact and not even TCR expression for 

their homeostasis [36, 37]. Their survival and functions were affected in the 

self-peptide-MHC-deficient conditions. Co-stimulatory molecule signaling 

through CD28 [38] or CD4
+
 T cell help [39] were also dispensable for its 

homeostasis. However, memory CD4
+
 or CD8

+
 T cells still require γc 

(common γ chain) cytokines, IL-7, which was also required for naïve T cell 

homeostasis, and especially, IL-15 through STAT5-c-Myc for their 

homeostasis [14, 40-44]. Other cytokines are less essential than IL-7 and IL-

15, but can support the memory T cell homeostasis. TGF-β was reported to 

modulate the sensitivity of memory T cell to IL-7 and IL-15 signaling [45]. 

Type I IFN-induced Eomes also contributed to the maintenance of memory 

phenotype T cells [46]. 



9 

Advances in the researches in metabolic analysis have proven that effector 

and memory T cells have different major metabolic sources, glycolysis and 

fatty acid oxidation, respectively [47]. Therefore, controlling those pathways 

can enhance the memory T cell generation and homeostasis. mTOR inhibition 

by rapamycin during effector phases enlarged memory T cell pool [48]. In the 

same context, AMPK, which restrains mTOR signaling, deficient memory T 

cell have impaired survival capacity [49], on the other hand, metformin, 

AMPK inducer enhances memory T cell reponses [50]. Recent study on the 

memory CD8
+
 T cells discovered that purinergic receptor P2RX7 which is a 

receptor for extracellular ATP plays an important role in the maintenance of 

memory T cells controlling the mitochondria and metabolism whereas it does 

not affect the effector phase [51]. Focusing on the generation and maintenance 

of memory T cell with up-coming issues such as epigenetics or metabolism 

will give us the insight for the strategy for better vaccine development and 

vaccination programs. 

 

2. JAK-STAT pathways in cytokine signaling 

 

2.1. General characteristics of STAT family 

 

Janus kinase (JAK) family and STAT family compromise the signaling 

cascade of cytokines and growth factor receptors from the cell surface to the 
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gene transcription in the nucleus. Although there are other signaling pathways 

such as NF-κB for TNF-α, MyD88 for interleukin (IL)-1 or SMAD family for 

transforming growth factor (TGF)-β, JAK-STAT pathway covers intracellular 

signaling of over 50 cytokines including interferons and various interleukins. 

After binding to their cognitive receptor dimers (IL-4, IL-7, IFN-γ etc.) or 

trimers (IL-2, IL-15 etc.), JAK proteins are recruited to the cytoplasmic 

domain of receptors and being phosphorylated. This allows the 

phosphorylation of receptor tail region and the recruitment of cytoplasmic 

STAT proteins. Activated JAK proteins, then phosphorylate STATs, which are 

dimerized and enter into the nucleus acting as transcription factors [52]. 

STAT family proteins consist of 7 members (STAT1, 2, 3, 4, 5A, 5B and 6) 

working as transcription factors. Their domains and structure include coiled-

coil region, DNA binding domain, Src homology 2 (SH2) domain, linker 

domain and transcriptional activation domain (TAD) [53]. The coiled-coil 

regions of STAT proteins are required for the cytokine receptor binding [54, 

55] and nuclear translocation for the transcription [56, 57]. DNA-binding 

domain, charge of binding to gene enhancer or promoter sites, is known to 

determine the specificity and different binding affinity to certain DNA 

sequence of each STAT protein, which contributes to different transcriptional 

activity [54]. SH2 domains are highly conserved in STAT proteins not only 

providing homo- and hetero-dimerization but also binding to the cytokine 

receptors [58]. TAD domain includes serine and tyrosine phosphorylation 

residue responsible for the target gene transcription. TAD domain also has a 
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role for specific binding to target gene promoter or enhancer although the 

additional explanations such as post-translational modification are still needed 

for fine-tuning of transcription because the binding of STAT proteins to a 

certain sequence is not exclusive [59]. 

It had long been appreciated that specific combination of STAT dimerization 

is responsible for the signaling transduction of various cytokines. For 

examples, STAT1 homodimer is responsible for the signaling of IFN-γ, and 

STAT3 homodimer is for IL-6 and IL-10. Likewise, STAT4 homodimer is for 

IL-12, STAT5 is for IL-2 and IL-7, and STAT6 is for IL-4. Since some of the 

cytokine receptor subunits are shared among cytokines, the intracellular 

signaling is also shared. Those cytokines give signaling through hetero-

dimerization of STAT proteins. STAT1-STAT2 heterodimer takes charge of 

signaling of type I IFNs (IFN-α and β) and STAT1-STAT3 for IL-27, STAT3-

STAT4 for IL-23, STAT1-STAT4 for IL-35. Although one cytokine is known 

to primarily give signal to representative STAT proteins, several studies have 

shown that one cytokine can also activate different types of STATs suggesting 

redundancy and pleiotropy. For examples, type I IFN activates STAT1-STAT2 

and less extends to STAT3 and STAT4, and IL-4 can induce the activation of 

STAT6 as well as STAT5 [60]. 

 

2.2. STAT1 signaling pathway and immune system 
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STAT1 is a well-known transcription factor for type I IFN (IFN-α and β) and 

IFN-γ signaling pathway. In response to type I IFN through IFN alpha 

receptor (IFNAR) 1 and 2, intracellular Tyk2-Jak1 signal is activated. Then, 

STAT1-STAT2 heterodimer with IRF9 forming interferon stimulating gene 

factor 3 (ISGF3) complex enters into the nucleus and activates genes 

containing shared DNA sequence AGTTTCNNTTTCNC/T called interferon-

sensitive response element (ISRE). ISGF3-dependent signaling is also known 

to be responsible for type III IFN signaling pathway. In contrast, STAT1 

homodimer binds to TTNCNNNAA, gamma-interferon activation site (GAS) 

in response to IFN-γ-JAK1/2 signal [61]. 

STAT1 has a strong relationship with immune system because it is an essential 

signaling molecule of type I and II IFNs for anti-bacterial, anti-viral and anti-

tumor responses. STAT1 signal axis appeared to be important in the 

suppression of tumor generation. One of the mechanisms is anti-angiogenesis 

effect of IFN-β suppressing pro-angiogenic molecule bFGF [62]. In addition, 

IFN-γ receptor-deficient (IFNGR1
-/-

) or STAT1-deficient (STAT1
-/-

) mice have 

higher incidence of tumor generation and susceptibility when injected with 

carcinogen or crossed with p53-deficient mice [63]. Especially, STAT1-

deficient mice are prone to breast cancer. It is likely that STAT1 suppresses 

the expression of oncoprotein ErbB2/neu, an epidermal growth factor receptor 

(EGFR) family supporting tumor cell growth [64]. 

Upon inflammation conditions, innate immune cells are rapidly responding to 

interferons. Macrophages (mostly M1) are front-line innate immune cells that 
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protect the host against the pathogens. They also have a role in the tissue 

homeostasis as well as a wound healing after the tissue damage by 

differentiation into M2 macrophage [65]. IFN-γ-STAT1 induced IRF1 

activation in macrophages is essential for the differentiation of M1 

macrophages competing with IL-4-induced STAT6 activation that suppresses 

IRF1. It has been suggested that IFN-γ and IL-4 suppresses each other 

epigenetically and transcriptionally modulating the polarization of 

macrophages [66-69]. It is well known that STAT1 induced target genes in 

macrophage are essential for the anti-bacterial, or anti-fungal immunity [70, 

71].  

Dendritic cells (DCs) are one of the major and professional antigen presenting 

cells bridging the innate and adaptive immunity. Type I IFN and STAT1-

STAT2 activation have been known to be an important in DC for cross-

presentation for CD8
+
 T cell activation [72]. Among in vivo murine DC 

subsets, CD8α
+
 DCs have been suggested as a potent antigen presenting cells 

for the CD8
+
 T cells. For CD8α

+
 DCs, but not for other innate cells such as 

macrophages or granulocytes, type I IFN-STAT1 axis is required for the cross-

presentation leading to the activation of CD8
+
 T cells and anti-tumor effect. 

Type I IFN receptor-deficient (IFNAR1
-/-

), STAT1
-/-

 or STAT2
-/-

 DCs are poor 

inducer of CD8
+
 T cell activation by cross-presentation compared to wild-type 

DCs [73-75]. 
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2.3. STAT1 signaling pathway in T cells 

 

The function of CD8
+
 T cells and STAT1 signaling are closely related in viral 

infection since both type I and II IFNs are highly produced, and CD8
+
 T cells 

are the main producer of IFN-γ and to kill the infected cells. In general, IFN-

STAT1 signaling defective T cells showed a poor immunogenicity against 

viral or bacterial infection suggesting that the activation of STAT1 leads to the 

production of effector cytokines against pathogens. Similarly, IFNGR1- or 

IFNAR1-deficient mice have far less number of antigen specific CD8
+
 T cells 

compared to wild-type in the LCMV [76] or murine gammaherpesvirus 68 

[77]. One of the reasons for lower number of T cell is that type I IFN supports 

the early expansion of CD8
+
 effector T cells, especially for the short-lived 

effector T cells (SLECs) after the viral infection [78]. One of other 

mechanisms is that STAT1 protects T cells from NK cell attack. STAT1- or 

IFNAR1-deficient T cells with low MHC class I expression can be easily 

attacked by activated NK cells in infection and/or inflammatory conditions 

because STAT1 is responsible for the induction of MHC class I [79, 80]. 

STAT1 has also been suggested as a modulator of antigen-specific CD8
+
 T 

cell responses in the viral infections. Pre-exposure of type I IFN to naïve T 

cells showed enhanced effector function and higher cytotoxicity upon TCR 

stimulation compared to those without IFN conditioning. P14 naïve CD8
+
 T 

cells from mice pre-inoculated with poly (I:C) had enhanced production of 

IFN-γ with higher level of eomesodermin (Eomes) and IRF4 after in vitro re-
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stimulation with cognate peptide gp33 [81]. Upon LCMV infection, STAT1 is 

activated in most of the host cells because of increased type I IFN. However, 

in case of antigen-specific effector T cells, STAT1 level was down-regulated 

by TCR stimulation and STAT4 was up-regulated by type I IFN, which allows 

vigorous proliferation [82]. It has also been suggested that STAT1-deficient 

CD8
+
 T cells have a higher survival and proliferation rate upon TCR 

stimulation at in vitro culture condition compared to wild-type due to faster 

degradation of CDK inhibitor, p27kip1 followed by higher CDK2 kinase 

activity [83].  

Differentiation into memory T cells in CD8
+
 T cells can also be modulated by 

STAT1 signaling pathway. Paracrine IFN-γ from CD8
+
 T cells through STAT1 

signaling via T cell - T cell interaction contributed to the differentiation of 

memory CD8
+
 T cells upon listeria infection [84]. IL-10 producing CD4

+
 or 

CD8
+
 T cells, which are important for the generation of long-live memory 

CD8
+
 T cell at contraction phase, after influenza infection were dependent on 

the type I IFN [85, 86]. Therefore, type I IFN has a resolution capacity under 

excessive inflammation condition after the viral infection. 

STAT1 in the CD4
+
 T cell has also been considered as a major transcription 

factor for their differentiation into Th1, but inhibiting Th17 differentiation, 

cells because it regulates the production of IFN-γ or induction of T-bet. 

STAT1
-/-

 CD4
+
 T cells showed a low T-bet expression upon IFN-γ when 

compared to wild-type followed by the reduced expression of IL-12 receptor 

resulting in the defect in Th1 differentiation [87]. IL-27 can also activate 
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STAT1 signaling pathway through the receptor, gp130 and IL-27Rα. IL-27 on 

naïve CD4
+
 T cells leads to the expression of T-bet and suppression of GATA-

3 supporting the differentiation to Th1 [88]. Not only the Th1 cells, but other 

cell types can be affected by STAT1 signals. In some reports, supplement of 

type I IFN during Tfh differentiation in vitro induces STAT1 binding to Bcl-6 

site followed by PD-1, CXCR5 and Bcl-6 expression which are the markers 

for Tfh cells [89]. 

Most of the studies on STAT1 in T cells were done with the infection or 

inflammatory disease conditions, however, it also has an important role in T 

cell development, homeostasis in the steady-state condition. Type I IFN has 

been observed in the thymus in an autoimmune regulator (AIRE)-dependent 

manner [90]. Both of IFNAR1
-/-

 mice and STAT1
-/-

 mice showed a decreased 

expression of AIRE in medullary thymic epithelial cells (mTEC) [91]. Type I 

IFN in thymus plays an important role for the development of late stage 

mature (M2) T cells suggesting the importance of STAT1 signaling in the T 

cell development [92]. Homeostatic type I IFN also contributes to the 

maintenance of naïve and memory-phenotype (MP, or virtual memory) CD8
+
 

T cells in the periphery. IFNAR1
-/-

 mice have far less proportion of Ly6C
+
 

naïve CD8
+
 T cells which are superior progenitor of effector T cells. 

[Unpublished, Ju] IFNAR1- or IRF9-deficient mice in SPF condition have 

less MP CD8
+
 T cells with less expression of Eomes suggesting the 

homeostatic role of type I IFN for MP cells in the steady-state condition [46]. 

Nonetheless, the significance of STAT1 can be different from type I or II IFN 
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signaling because it takes charge of broader range of gene expression as a 

transcription factor. Therefore, the role of STAT1 itself in T cell development 

or homeostasis should be completely elucidated. 

 

3. mTOR signaling and energy metabolism 

 

3.1. General characteristics of mTOR 

 

mTOR is a well-known serine/threonine kinase playing a major role in 

nutrient sensing and energy metabolism in mammalian cells. mTOR can 

contribute to the formation of two distinct complexes, one is mTOR complex 

1 (mTORC1) and the other mTORC2. They are composed of different 

components with distinct function. mTORC1 contains regulatory-associated 

protein of mTOR (RAPTOR), mammalian lethal with SEC13 protein 8 

(MLST8), PRAS40 and DEPTOR. Its activation is commonly represented by 

phosphorylation of ribosomal protein S6 or 4EBP-1. mTORC1 has been 

known to act as a sensor for nutrients or metabolites and to regulate the 

protein synthesis or cell proliferation. In contrast, the major component of 

mTORC2 is rapamycin-insensitive companion of mTOR (RICTOR), MLST8 

and stress-activated protein kinase interacting protein1 (SIN1), and the 

phosphorylation of serine residue of AKT is the marker for its activation. The 

role of mTORC2 has also been reported to regulate the cytoskeleton 
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generation or energy metabolism, especially related to the downstream 

signaling of growth factor or insulin receptors. Both of mTOR complexes 

have important roles in their functions but the mechanism of mTORC1 have 

been more well-studied [93, 94]. 

The activation of mTORC1 signaling can be achieved by various manners. 

One of the famous signaling pathways is the PI3K-AKT-dependent pathway. 

Numerous factors including nutrients, growth factors, cytokines or co-

stimulatory signaling such as CD28 can activate the PI3K and AKT followed 

by inhibition of mTOR suppressor, TSC1 and TSC2. Reduced TSC1/2 activity 

of inhibiting ras homolog enriched in brain (Rheb) protein eventually leads to 

mTORC1 activation [93]. Another mTORC1 activating pathway is amino 

acid-dependent pathway. The key players of amino acid-dependent mTORC1 

activation are Ras-related GTPase (Rag) protein families. With the enough 

supplement of amino acids, amino acid sensors such Sestrin for leucine, 

CASTOR1 for arginine and SAMTOR for methionine starts to dissociate from 

GATOR2 whose function was blocked by amino acid sensors. GATOR2 then 

allows the recruitment of mTORC1 to heterodimer of Rag A or B with Rag C 

or D followed by mTORC1 activation [95, 96]. A lot of mTOR components 

and their mode of action have been unveiled in the cell-line study, however, 

the function and mechanism of them in the immune cells should be more 

studied. 
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3.2. mTOR signaling in T cells 

 

mTOR signaling in T cells have also been focused by many researchers 

because mTOR plays a central role in energy metabolism in the mammalian 

cells. For example, TSC1, strong mTOR suppressors have a critical role in T 

cell maintenance. TSC1 knock-out mice have spontaneous and continuous 

mTOR activation in the steady-state condition leading to autoimmune 

diseases [23]. The type of mTOR complexes is also a major determinant for T 

cell fate. mTORC1 and mTORC2 have differential roles for the fate-decision 

of CD8
+
 T cell. Memory T cell generation is regulated by both of them, 

whereas effector T cells are influenced by mTORC1 only. The mTORC1 

positively regulates the glycolysis and down-regulates the oxidative 

phosphorylation, resulting in the enhanced effector function, but impaired 

memory response. In contrast, mTORC2 regulates AKT-Foxo1-Il-7Rα 

pathway which is more closely related to resting T cells [97]. Even in the 

same stage of CD8
+
 T cells, they have different sensitivity and responsiveness 

to mTOR signaling depending on the CD8 expression. When CD8
+
 T cell 

divided into two daughter cells, they have different metabolic capacity. CD8
hi
 

T cells have higher mTORC1 activity because they have more amino acid 

transporter resulting in more lysosome-mTOR co-localization than CD8
lo
 T 

cells do. This different metabolic status gave rise to different fate of two 

daughter cells : CD8
hi
 T cells produced more effector molecules, whereas 

CD8
lo
 T cells survived more into the memory phase [98]. 
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Some cytokines and its downstream signal STAT families are able to activate 

mTOR signaling pathway in various cell types in distinct situations. As 

mentioned before, IL-7 can give signal to IL-7Rα-AKT pathway which can 

further activate mTOR pathway [99]. IL-12 can be another candidate for 

mTORC1 activation. IL-12-induced STAT4 is known to be responsible for the 

activation of mTORC1 in the CD8
+
 T cells in the effector phase. IL-12 

sustained the phosphorylation of S6 which was induced by antigen stimulation 

with co-stimulatory signals. Inhibition of mTOR signal by rapamycin blocked 

STAT4 induced T-bet and promoted Eomes which enhanced memory T cell 

response [100]. However, the detailed mechanism on how STAT transcription 

factors can augment the mTOR related signaling pathway, and which stage of 

T cells are regulated by which type of cytokines remains unknown [101].  
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II. Introduction 

 

The contents herewith will be published elsewhere  

as a partial fulfillment of Yoon-Chul Kye‟s Ph.D. program 

 

Our immune system constantly maintains enormous repertoire of naïve 

lymphocytes to prepare for the unmet foreign pathogens. At the same time, it 

controls the lymphocytes not to attack host cells preventing potential 

autoimmune diseases. Millions of newly generated naïve T cells, selected not 

to attack self (negative selection) and to keep their potential to respond 

properly to foreign antigen (positive selection) [1], are released from the 

thymus to periphery. T cells maintain their survival sustaining their original 

state (naïve or memory) when there is no infection or inflammation [8]. 

For maintenance of their homeostasis, naive and memory T cells depend on 

different factors; naïve CD8
+
 T cells could survive when both IL-7 and self-

MHC contact are sufficient [15], but memory CD8
+
 T cells only require IL-7 

and IL-15 without any antigenic stimulation or MHC contact [14]. Memory 

CD8
+
 T cells keep the certain level of proliferation slowly maintaining their 

small number for lifelong, whereas naïve CD8
+
 T cells keep their cell cycle at 

G0 phase, and ready to be activated until meeting with the cognate antigen, 

called quiescence [6, 7]. If the quiescence of T cells is broken, they will 

undergo unnecessary activation followed by inflammation or autoimmune 
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disease. 

The studies on metabolic regulation of T cells have been focused for decades 

after the initial findings that modulation of mTOR [48] and AMPK [50] 

signaling can enhance the number and quality of memory T cells. Subsequent 

studies have demonstrated the importance of metabolism in T cell function. 

mTOR inhibition by rapamycin suppressed the IL-12-induced STAT4-T-bet 

pathway and increased Eomes expression enhancing memory T cell function 

[100]. Moreover, mTORC1 and mTORC2 was proven to act differential roles 

for the fate-decision of CD8 T cell, both of which are regulates memory T cell 

generation, whereas effector T cells was only influenced by mTORC1 [97]. 

Recent studies suggested that not only memory or effector T cells, but also 

naïve T cells can be affected by mTOR signaling [23]. 

Here this study focused on the signal transducer and activator of transcription 

1 (STAT1), which is a well-known transcription factor for type I- or II 

interferon (IFN)-dependent T cell activation. Especially, STAT1 in CD8
+
 T 

cells or NK cells are known to play a key role against viral infection [82, 102, 

103]. It is obvious that STAT1 deficient mice share many physiological results 

with type I IFN receptor (IFNAR1)-, IFN-γ receptor- (IFNGR1) deficient 

mice. For example, STAT1-and IFNAR1-knockout mice both have a subtle 

defect in the development of T cells at the late stage of maturation because of 

type I IFN-STAT1 axis deficiency [92]. They are fragile against infections 

because peripheral T cells are dysfunctional not only by reduced type I IFN-

induced proliferation at effector phase and cytolytic function or T-bet 
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expression but also by apoptosis caused by NK cell attack [77, 79-81]. 

However, many studies have shown that deficiency of STAT1 is not always 

same as type I IFN and/or IFN-γ signal deficiency. For example, because of 

its pleiotropic function, signaling to other cytokines such as IL-7 [104] or IL-

27 [88, 105] can be defective. STAT1, regardless of IFN signals, is suggested 

to regulate metabolism of cells by inhibition of mitochondria biogenesis in 

liver [106] or control PI3K and 4EBP-1 expression [107]. TCR signaling can 

also induce the serine phosphorylation of STAT1 without IFN mediated by 

Fyn kinase [108]. The role of STAT1 itself in the T cell, especially in the 

homeostasis, remains unveiled. This study reported the unexpected role of 

STAT1 in maintenance of quiescence of naïve T cells. 
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III. Materials and Methods 

 

1) Experimental animal breeding 

 

C57/BL/6 (B6), B6.SJL (Ly5.1) or B6.PL (Thy1.1) mice were obtained from 

POSTECH Biotech Center (PBC, Korea). STAT1
-/-

, OT-I, P14 TCR Tg mice, 

OT-I STAT1
-/-

, P14 STAT1
-/-

, TAP1
-/-

 mice were all on a B6 background and 

were obtained from Jackson laboratory. All mice were breed under specific 

pathogen-free conditions. Some mice were used at 8-12 weeks of ages, but 

other mice were breed until 6-8 months old. All experiments were done 

according to protocols approved by Animal Experimental and Ethic 

Committee at the Institute for Basic Science (Korea). 

 

2) Reagents 

 

Recombinant mouse IL-2, IL-4, IL-6, IL-7, IL-12, IL-15, IL-18, IL-21, TGF-β 

and IFN-γ were purchased from PeproTech. IFN-β was purchased from R&D 

systems. TLR3 agonist Poly(I:C) was purchased from Sigma Aldrich. mTOR 

inhibitor Rapamycin, AMPK inducer Metformin, AKT 1/2 inhibitor, were 

purchased from Sigma Aldrich. 
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3) Flow cytometry analysis 

 

Single cell suspensions from spleen and lymph nodes were prepared and 

stained for flow cytometry analysis for cell-surface markers in the PBS 

containing 2% FBS with the following fluorochrome-conjugated Abs to (from 

BD bioscience, eBioscience or Biolegends) : CD4, CD5, CD8α, CD44, 

CD62L, Thy1.1, Thy1.2, Ly5.1, Ly5.2 and B220. The intracellular staining 

was done with Transcription Factor staining kit (eBioscience) with the 

following Abs to: Eomes, T-bet (eBioscience). Flow cytometry samples were 

run using a LSR II or FACS CantoII (BD Bioscineces) and analyzed by 

FlowJo software (Tree Star). 

 

4) T cell purification 

 

Single cell suspensions from lymph nodes or spleen were stained with 

fluorochrome-conjugated Abs to CD8α, CD5 or CD44, and then sorted to 

obtain CD44
lo
 naïve CD8

+
 T cells using Astorius or Moflo-XDP (Beckman 

Coulter). Purity was routinely tested after cell sorting and was >99%. For 

proliferation analysis, cells were labelled with Cell Trace Violet (Thermo) at 

2.5 μM, 37°C for 10 min. 
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5) Generation of mixed bone marrow chimera 

 

Bone marrow cells were obtained from femur bones of wild-type congenic 

mice (Thy1.1/1.2) and STAT1
-/-

 (Thy1.2/1.2) mice. T cells and B cells were 

removed by MACS magnetic purification using anti-CD3 or anti-B220 

antibodies (eBioscience) conjugated with biotin. Cell mixture of wild-type 

and STAT1
-/-

 on the indicated ratio were transferred i.v. into lethally irradiated 

(960 cGy) wild-type congenic mice (Thy1.1/1.1). After 8 weeks, the mixed 

bone marrow chimera mice were sacrificed. 

 

6) Homeostatic turnover and homeostatic proliferation 

 

For homeostatic turnover, naïve CD8
+
 T cells from lymph nodes of P14 

(Thy1.1/1.2) or P14STAT1
-/-

 (Thy1.2/1.2) were purified, stained with CTV 

and transferred to the wild-type lympho-replete mice (Thy1.1/1.1). After 12 

weeks, mice were sacrificed and donor cells were analyzed by flow cytometry. 

For homeostatic proliferation, naïve CD8
+
 T cells were purified as mentioned 

above and transferred to the sub-lethally irradiated (450cGy) lympho-depleted 

congenic mice (Thy1.1/1.1) or TAP1
-/-

 mice for analyzing the role of self-

ligands [109]. Mice were analyzed 7days after adoptive transfer. For some 

experiments, CD44
lo
 CD5

lo
 and CD5

hi
 naïve CD8

+
 T cells were obtained from 

wild-type (Thy1.1/1.2) and STAT1
-/-

 mice and transferred to the sub-lethally 
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irradiated lympho-depleted mice (Ly5.1/5.1). After 7 days, donor cells were 

analyzed by flow cytometry. Division index was calculated according to the 

FlowJo protocols [110]. 

 

7) Proliferation upon cytokines and/or TCR 

 

Purified naïve CD8
+
 T cells from B6 and STAT1

-/-
 mice as mentioned above 

were stained with CTV, and cultured with indicated dose of stimuli, including 

1-10 ngm/l of IL-7, 10 ng/ml of IFN-β, high dose of IL-7 (250 ng/ml). For 

TCR induced proliferation, soluble or plate-bound anti-CD3 antibody was 

used in the indicated dose. 

 

8) Western blot 

 

Purified naïve CD8
+
 T cells were stimulated with the indicated culture 

conditions, including IL-7 at 1-10 ng/ml, IFN-β at 10 ng/ml or soluble anti-

CD3 (1 μg/ml) [111], and washed with ice-cold PBS, and then lysed with 

RIPA buffer (Thermo) supplemented with protease/phosphatase cocktail 

(Thermo). Cell lysate supernatants were collected after centrifugation at 

10,000 x g, 4°C, 10 min. Supernatants with 5X sample buffer were resolved 

by 4-12% (Invitrogen), or 10% bis-tris SDS-polyacrylamide gel 
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electrophoresis, transferred to the nitrocellulose (Invitrogen) or methanol 

activated PVDF membrane (Bio-rad), blocked with 5% dry non-fat milk in 

Tris buffered saline (pH 7.4) containing 0.1% Tween-20 (TBST), and probed 

with the following Abs to (Abs were used at 1:1000 and purchased from Cell 

Signaling Technology unless otherwise described) : phosphor (p)-ERK, p-

PLCγ, p-ZAP70, p-STAT2, p-STAT3, p-STAT4, p-STAT5, p-S6K, p-S6, p-

4EBP-1, c-Myc, RagD (Novus biotechnology), or β-actin (Sigma-Aldrich). 

Blots were detected by ECL detection system according to the manufacturer‟s 

instructions (GE Healthcare).  

 

9) Chromatin Immuno-Precipitation (ChIP) assay 

 

ChIP assay was done according to the manufacturer‟s instructions (Cell 

Signaling Technology). In brief, naïve CD8
+
 T cells were purified from LN of 

P14 background wild-type and STAT1
-/-

 mice, and cultured with 1ng/ml of IL-

7 and 10ng/ml of IFN-β for 2days. Cells were fixed with 37% of 

formaldehyde, resuspended in the supplied ChIP buffer and lysed by 

sonication. Antibodies for STAT4, STAT5, or c-Myc were added to the ChIP 

sample followed by incubation of the samples overnight at 4°C with rotation. 

ChIP-grade Protein G magnetic beads were added to the samples and the 

tubes were placed in a Magnetic Separation Rack to isolate the antibody-

bound chromatins. Chromatins were eluted from the antibody/magnetic beads 
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by elution buffer at 65°C with vortexing and purified in the spin column. 

Real-time PCR was done with purified DNA and primers for the RagD 

promoter sites, which was predicted by promoter prediction by site. 

 

10) Confocal staining 

 

Purified naïve CD8
+
 T cells from wild-type and STAT1

-/-
 mice were cultured 

with 1 ng/ml of IL-7 and/or 10 ng/ml of IFN-β for 2-3 days. After the culture, 

2 X 10
5
 of T cells were washed twice with ice-cold PBS and placed on a poly-

L-lysine coated glass slide (Sigma-Aldrich) for 10min for adherence. For 

intracellular staining, cells were fixed with cold 4% paraformaldehyde in PBS, 

permeabilized with Perm/Fix buffer (eBioscience) for 20min and block with 1% 

bovine serum albumin (BSA) containing PBS for 15min. Cells were stained 

with rabbit anti-mouse mTOR, rabbit anti-mouse LC3B, rat anti-mouse 

LAMP2 for 45 min, washed twice, blocked, and then re-incubated with anti-

rabbit Alexa, anti-rat Alexa for 30min. The slides were then washed with PBS 

and mounted with ProLong Gold Antifade Reagent (Invitrogen) and analyzed 

under a Zeiss LSM 700 laser scanning confocal microscope (Carl Zeiss) [98]. 

 

11) Real-time RT-PCR 
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Purified naïve CD8
+
 T cells were cultured with 0-10 ng/ml of IL-7 and 0-10 

ng/ml of IFN-β, washed with PBS, lysed with Nucleozol (Macherey-Nagel) 

and stored at -80°C before the further steps. Isolation of mRNA was done 

according to the manufacturer‟s instruction. cDNA was synthesized with the 

M-MLV reverse transcriptase (Invitrogen), oligo dT (Bioneer). Real-time RT-

PCR is done with the SYBR Green PCR Master Mix using StepOnePlus Real-

Time PCR System (Applied Biosystems) with primers for as Table 1. 

 

Table 1. Real-time RT-PCR primers. 

Gene Forward (5‟ → 3‟) Reverse (5‟ → 3‟) 

c-Myc AGTGCTGCATGAGGAGACAC CTCGGGATGAAGATGAGCCC 

DEPTOR GATTGTTGGTGACGCAGTTG GCCATTGACAGAGACGACAA 

mLST8 CCAACCAGGCAGAACTCATT TAGCATCTGGGTCGATGTGA 

mTOR CCAGCGCTATGATGTGCTTA ATGGGTCCTGTCTCAACTGG 

PRAS40 TGCTCCTAGTCCACCACCTC GTGGCATCCTCATCCATCAT 

RagA AATCGTGTCTGGAAGCCATC GACAAACGCCTCAGGTCTTC 

RagB ACCTGGTTTTGAACCTGTGG AGTTCACGGCTCTCCACATC 

RagC GGGAAGAGAGCTTTGAACGA GGCTTTCAGACTTGGAGCAC 

RagD AGCTCCTTCGTCAACTTCCA GCCAGCGCTTCCATATAGTC 

RAPTOR GGTACAAGCAGAGCCTCGAC GACCCAGACCTCTCCATTCA 

SLC1A5 GGTCCAGCTTCTCTGTGAGG GGTGGCATCATTGAAGGAGT 

SLC38A9 CCATTGGGCTCTGCCTATAA CTGTTTTATGCCCCAAGGAA 

SLC3A2 GAGGACAGGCTTTTGATTGC ATTCAGTACGCTCCCCAGTG 

SLC7A5 CTGGCCATCATCATCTCCTT CAGGACATGACACCCAAGTG 
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12) Retroviral gene knock-down system 

 

Retroviral shRNA gene knock-down experiment was done with the LMP 

vectors (Open Biosystems) or LMN-ZsGreen-Neo vectors (Transomics). 

Vectors were transfected to the PlatE cells with Fugene HD and viral particle 

containing supernatants were collected. Purified naïve CD8
+
 T cells were 

culture with plate-bound anti-CD3 (5 μg/ml) + anti-CD28 (2 μg/ml) and IL-2 

(5 ng/ml) for 20h and transduced with retroviral supernatant with polybrene (8 

μg/ml). Cells were cultured with IL-7 (5 ng/ml) for 2 days for resting, labeled 

with CTV, cultured with IL-7 (1 ng/ml) + IFN-β (10 ng/ml) for 4 days, and 

analyzed with FACS Canto II (BD Biosciences). 

 

13) T cell transfer colitis model 

 

Single cell suspensions from LN of wild-type mice were stained with the 

fluorochrome-conjugated Abs to: CD4, CD44, CD62L and CD25. 

CD4
+
CD44

lo
CD62L

hi
CD25

-
 naïve CD4

+
 T cells were purified by FACS 

sorting as mentioned above. Purified naïve CD4
+
 T cells were transferred to 

the RAG1
-/-

 mice with purified naïve CD8
+
 T cells from wild-type or STAT1

-/-
 

mice [112]. Body weight was recorded routinely until day 40. For histological 

score and cell analysis, mice were sacrificed 7 days after the T cell transfer. 

Large intestine was fixed with 4% paraformaldehyde and embedded into 
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paraffin block for hematoxylin and eosin (H&E) staining. Histological score 

was measured by double-blind tests by experts. Cell analysis was done with 

the FACS LSR II (BD Biosciences). 

 

14) Statistical analysis 

 

Using Prism 7 (GraphPad), statistical differences were determined using T-test 

or one-way ANOVA with Tukey‟s test. Differences were considered 

significant at P < 0.05. 
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IV. Results 

 

STAT1-deficient mice have higher CD44
hi

 memory phenotype CD8
+
 

T cells in the steady-state condition 

 

To investigate the role of STAT1 in T cell development, T cell phenotype was 

analyzed in thymus of STAT1-deficient and wild type mice. The number of 

total thymocytes and each stage of thymocytes (CD4
-
CD8

-
 double negative, 

CD4
+
CD8

+
 double positive, CD4

+
CD8

-
 single or CD4

-
CD8

+
single positive T 

cells) were similar between wild-type and STAT1-deficient (STAT1
-/-

) mice 

implicating general thymic development was normal (Figure S1A). Next, 

phenotype of T cells was examined in peripheral lymphoid organs. The 

proportion of CD44
lo
 naive CD8

+
 T cells was slightly smaller in 8~16 weeks 

old STAT1
-/-

 mice, yet the absolute number was not significantly different. 

Thymic CD8
+
 single positive (SP) T cells also did not show the differences in 

the level of CD44 between wild-type and STAT1
-/-

 mice (Figure S1B).  

However, 17~24 weeks old STAT1
-/-

 mice showed significantly higher 

proportion and larger absolute number of CD44
hi
 memory phenotype CD8

+
 T 

cells with reduced CD44
lo
 naïve CD8

+
 T cells (Figure 2A, B) implicating this 

is accumulated phenotype in the periphery with aging. In the naïve CD8
+
 T 

cells in 8~16 weeks old mice, the intensity of CD44 (Figure 2C), but not other 

activation markers (Figure S1C), was 1.5-2-fold higher in STAT1
-/-

 T cells 

than that of wild-type, which was not observed in the IFNAR1
-/-

 or IFNAR1
-/-
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XIFNGR1
-/-

 mice (Figure S1D, E). Higher proportion of CD44
hi
 cells or 

higher level of CD44 can be explained by two possibilities; up-regulation of 

CD44 with proliferation or death of CD44
lo
 cells. The higher proportion of 

Ki67
+
 cells implicated the higher proliferation of STAT1

-/-
 T cells in the 

steady-state (Figure 2D). To support this possibility, wild-type and STAT1
-/-

 

mice were given BrdU in drinking water for 12 days. STAT1
-/-

 CD8
+
 T cells 

showed higher level of BrDU incorporation (Figure 2E, F, G) suggesting 

CD44 up-regulation is accompanied with the proliferation. 

T cell phenotype was also tested in monoclonal TCR transgenic mouse such 

as OT-I or P14 cross with STAT1
-/-

 mice (Figure S1F) and bone marrow 

chimera of P14 and P14STAT1
-/-

. They also have the enhanced level of CD44 

and Ki67
+
 CD8

+
 T cells implicating that spontaneous activation of CD8

+
 T 

cell of STAT1
-/-

 in the steady-state is not due to certain antigen specific TCR 

signaling. Collectively, STAT1
-/-

 mice showed a breakdown of T cell 

homeostasis that is worse in older mice with high level of proliferation 

implicating STAT1 acts as a negative regulator against the activation of naïve 

CD8
+
 T cells in the steady-state condition. 
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Figure 2. Changes of the proportion and number of memory phenotype 

(CD44
hi

) cells in STAT1
-/-

 mice. 

(A) Flow cytometry analysis of spleen in 8~16 weeks old and 17~24 weeks 
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old wild type and STAT1
-/-

 mice. (B) Frequency and absolute number of naïve 

(CD44
lo
) and MP (CD44

hi
) CD8

+
 T cells in 8~16 weeks old and 17~24weeks 

old wild-type and STAT1
-/-

 mice. (C) Relative expression of CD44 in the 

naïve and MP CD8
+
 T cells in wild-type and STAT1

-/-
 mice. Dotted line 

represents 1 in which the level of CD44 in wild-type and STAT1
-/-

 T cell are 

equal. (D) Proportion of Ki67
+
 cells in naïve and MP CD8

+
 T cells in WT and 

STAT1
-/-

 mice. (E) Schematic diagram of BrdU incorporation by drinking 

water. (F, G) BrDU incorporation of naïve and MP CD8
+
 T cells in WT and 

STAT1
-/-

 mice. The results are presented as the mean ± SEM. Significant 

difference using t-test compared with control is 
*
, P < 0.05; 

**
, P < 0.01; and 

****
, P < 0.0001. 
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Supplementary Figure 1. Thymic development of STAT1
-/-

 mice was 

normal and spontaneous activation was also observed in the STAT1
-/-

 

monoclonal TCR transgenic mice. 

(A) Thymic development of wild-type and STAT1
-/-

 mice. (B) CD44 level in 

the DP or CD8 SP T cells in the thymus. (C) Expression of CD3, CD5, CD8, 

TCRβ, CD122, CD127 of wild-type and STAT1
-/-

 naïve CD8
+
 T cells. (D) Dot 

plot of CD8
+
 T cell phenotype in wild-type, IFNAR

-/-
, IFNAR

-/-
XIFNGR

-/-
, 

STAT1
-/-

 mice. (E) Relative expression of CD44 of naïve CD8
+
 T cells in 

STAT1
-/-

, IFNAR
-/-

, IFNAR
-/-

XIFNGR
-/-

 mice. (F) CD44 expression of 

monoclonal TCR transgenic, P14 or OT-1 crossed with wild-type or STAT1
-/-
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mice. (G) CD44 expression of wild-type and STAT1
-/-

 CD8
+
 T cells in the 

mixed bone marrow chimera of P14 and P14 STAT1
-/-

 bone marrow. Ki67 

positive cells were analyzed in wild-type and STAT1
-/-

 CD8
+
 T cells. The 

results are presented as the mean ± SEM. Significant difference using t-test 

compared with control is 
*
, P < 0.05; 

**
, P < 0.01. 
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STAT1-deficient T cells have higher CD44 level in a cell-intrinsic 

manner. 

 

Next, in order to examine whether CD44 up-regulation in STAT1
-/-

 T cells is 

due to T cell intrinsic or extrinsic factors, mixed bone marrow chimera was 

generated using wild-type and STAT1
-/-

 bone-marrow (Figure 3A). The CD4
+
 

and CD8
+
 T cell development was normal in the mixed bone marrow chimera 

(Figure S2A, B). In the mixed bone marrow chimera, STAT1
-/-

 bone marrow-

derived T cells still showed much higher proportion of CD44
hi
 MP and lower 

CD44
lo
 cells (Figure 3B, C). The level of CD44 was elevated on CD44

lo
 cells 

from STAT1
-/-

 mice when compared that from wild-type (Figure 3D). Unequal 

ratio of chimera (WT:STAT1
-/-

 = 1:9 or 9:1) also showed that STAT1
-/-

 T cells 

still showed much higher level of CD44 compared to wild-type bone marrow 

derived T cells (Figure S2C). These data indicate that the activation in STAT1
-

/-
 CD8

+
 T cells in the steady-state is due to its intricacy. 

It was then examined whether STAT1
-/-

 CD44
lo
 naïve CD8

+
 T cells have faster 

homeostatic turnover rate than that of wild-type. To test the hypothesis, 

CD44-level-matched naïve CD8
+
 T cells were collected from P14 or 

P14STAT
-/-

 mice, CTV-labeled, and transferred the cell mixture to wild-type 

host (Figure 3E). P14STAT1
-/-

 naïve CD8
+
 T cells expanded much more at 12 

weeks than wild-type P14 T cells did. Furthermore, the expression level of 

CD44 (Figure 3F, G) was increased with the proliferation. Those findings 

indicate that STAT1
-/-

 T cells have a higher homeostatic turnover rate 
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accompanied by CD44 up-regulation. 

A large portion of researches on naïve T cell homeostasis has been done with 

lymphopenic mice, in which naive T cells proliferate vigorously, called 

“homeostatic proliferation (HP)”, within a week dependent on well-known 

factors, such as IL-7 and self-MHC ligands, which are also indispensable for 

T cell homeostasis [15, 16]. Naïve CD8
+
 T cells were isolated from different 

congenic P14 and P14STAT1
-/-

 mice and transferred the cell mixture to the 

sub-lethally irradiated lymphopenic mice (Figure 3H). Consistent with results 

in lympho-replete hosts, homeostatic proliferation in the lymphopenic 

condition was greater in the STAT1
-/-

 T cells (Figure 3I). Both homeostatic 

turnover and proliferation were higher in the STAT1-deficient conditions. 
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Figure 3. Cell-intrinsic regulation of high homeostatic turnover and 

proliferation rate in correlation with CD44 level in STAT1
-/-

 T cell. 

(A) Schematic diagram for the generation of BM chimera (WT : STAT1
-/-

 = 1 : 

1 ratio). (B) Contour plot of wild-type or STAT1
-/-

 BM derived CD8 T cells in 

lymph node (LN) and spleen (SPL). (C) Frequency and Absolute number of 

naïve and MP CD8
+
 T cells in a mixed BM chimera. (D) Expression of CD44 

in naïve and MP CD8
+
 T cells from mixed BM chimera in spleen of WT and 

STAT1
-/-

. (E) Schematic diagram for adoptive transfer of P14 and P14STAT1
-/-

 

naïve CD8
+
 T cells to lympho-replete host. (F) Proliferation of naïve CD8

+
 T 

cell from P14 and P14STAT1
-/-

 after 12weeks. (G) Expression of CD44 from 

P14 and P14STAT1
-/-

 CD8
+
 T cells pre- and post- transfer. (H) Schematic 

diagram for homeostatic proliferation of WT and STAT1
-/-

 naïve CD8
+
 T cells. 

(I) Division index and CD44 level of donor P14 and P14STAT1
-/-

 T cells 

7days after cell transfer in sub-lethally irradiated host. The results are 

presented as the mean ± SEM. Significant difference using t-test compared 

with control is 
*
, P < 0.05; 

**
, P < 0.01; and 

****
, P < 0.0001. 
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IL-7 and/or TCR signal are not the cause of higher homeostatic 

proliferation of STAT1
-/-

 T cells 

 

To confirm the sensitivity to the two major factors, IL-7 and self-peptide-

MHC, for naïve T cell homeostasis, the responsiveness of STAT1
-/-

 naïve T 

cells to IL-7 stimuli was first investigated. Proliferation of STAT1
-/-

 naïve T 

cells upon high dose of IL-7 (250 ng/ml) was less than that of wild-type 

(Figure 4A). In addition, phosphorylation of STAT5 in STAT1
-/-

 naïve T cells 

after 15 minute-stimulation of 10 ng/ml of IL-7 was similar to or weaker than 

that of wild-type T cells (Figure 4B) indicating IL-7 alone cannot be 

responsible for the greater homeostatic proliferation. Next, whether STAT1
-/-

 

T cells preferentially respond to TCR signaling was examined. Proliferation 

induced by strong TCR stimulation through plate-bound anti-CD3 antibody 

also suggested that STAT1
-/-

 T cells do not have any preference to TCR 

signaling (Figure 4C, Figure S3C). IL-2, anti-CD3 with anti-CD28, 

PMA/Ionomycin stimulation also showed similar proliferation in wild-type 

and STAT1
-/-

 naïve CD8
+
 T cells (Figure S3A, B). Upon exposure to soluble 

anti-CD3 for 5 to 30 minutes in order to mimic the weak self-MHC ligands, 

STAT1
-/-

 naïve CD8
+
 T cells did not show any better response in p-PLCγ, p-

ZAP70 or p-ERK to TCR signals (Figure 4D). In the same context, STAT1
-/-

 

naïve T cells did not have preferential proliferation upon soluble anti-CD3 

plus IL-7 (Figure 4E) indicating the combination of TCR and IL-7 signaling is 



45 

not the reason for faster homeostatic proliferation. These results were 

unexpected because many of the researches about naïve T cell homeostasis 

have explained it with the responsiveness to IL-7 or self-MHC ligands. 

CD5 level is one of the surrogate markers representing the affinity to self-

MHC ligand, and CD5
lo
 and CD5

hi
 naïve T cells are known to respond 

differently to TCR or cytokine stimulation [111, 113]. To test whether STAT1
-

/-
 mice have naïve T cells biased to CD5

hi
 T cells which are known to have 

relatively high homeostatic proliferation, CD5
lo
 and CD5

hi
 cells were purified 

from wild-type and STAT1
-/-

 mice and transferred to irradiated B6 host. Both 

in CD5
lo
 and CD5

hi
, STAT1

-/-
 naïve T cells have greater homeostatic 

proliferation capacity that wild-type (Figure S2D, E) suggesting greater 

homeostatic proliferation of STAT1
-/-

 T cell is not related to CD5 level. To 

validate this result, wild-type and STAT1
-/-

 naïve T cells were transferred to 

sub-lethally irradiated TAP1
-/-

 mice, which lack self-ligand loaded MHC class 

I [14, 109]. In the irradiated TAP1
-/-

 mouse, yet overall proliferation was low 

compared in wild-type irradiated host, STAT1
-/-

 naïve CD8
+
 T cells still 

expanded better than those of wild-type T cells (Figure S2F, G). These data 

indicated that the faster homeostatic proliferation of STAT1
-/-

 naïve T cells is 

not due to the self-MHC ligands. 
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Supplementary Figure 2. Higher homeostatic proliferation of STAT1
-/-

 

naïve CD8
+
 T cells in a self-peptide-MHC-independent manner. 

(A) Schematic diagram for generation of mixed bone marrow chimera of 

wild-type and STAT1
-/-

 bone marrow. (B) Proportion of CD4
-
CD8

-
 double 

negative (DN), CD4
+
CD8

-
, CD4 single positive (CD4SP), CD4

-
CD8

+
 CD8SP, 

CD4
+
CD8

+
 double positive (DP) cell in the thymus and spleen in the mixed 

bone marrow chimera. (C) Expression of CD44 of CD8
+
 T cells in the bone 

marrow chimera mixed in the ratio of WT:KO = 1:1, 1:9, 9:1. (D) Schematic 

diagram of WT and STAT1
-/-

 naïve CD5
lo
 and CD5

hi
 CD8

+
 T cells for 
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homeostatic proliferation. (E) Mixture of WT CD5
lo
 + STAT1

-/-
 CD5

lo
 and WT 

CD5
hi
 + ST1

-/-
 CD5

hi
 naïve CD8

+
 T cells before and after transfer. Proportion 

and absolute number of donor cells 7 days after transfer. (F) Schematic 

diagram of homeostatic proliferation of WT and STAT1
-/-

 naïve T cell in the 

sub-lethally irradiated TAP1
-/-

 mice. (G) CTV dilution of WT and STAT1
-/-

 T 

cells in the irradiated TAP1
-/-

 mice. Donor cell recovery and division index of 

WT and STAT1
-/-

 CD8
+
 T cells. The results are presented as the mean ± SEM. 

Significant difference using t-test compared with control is 
*
, P < 0.05; 

**
, P < 

0.01. 
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Type I IFN together with IL-7 induces proliferation of STAT1
-/-

 naïve 

CD8
+
 T cells, but not of wild-type T cells  

 

STAT proteins are known to have a role in a distinct cytokine signaling, yet 

also have redundancy among some cytokines. STAT1 can be phosphorylated 

by not only major STAT1-dependent cytokines like type I IFN or IFN-γ but 

also other cytokines such as IL-7 [104] and IL-27 [105]. To test if there is a 

different response of STAT1
-/-

 T cells on cytokine stimulation compared to 

wild-type, various cytokines were treated. Among them, IFN-β, but not IFN-γ, 

induced the greatest proliferation of STAT1
-/-

 naïve T cells whereas it did not 

trigger the proliferation in wild-type CD8
+
 T cells (Figure 4F, S3D). In 

consistent with in vivo result above, CD44 expression level was increased on 

STAT1
-/-

 CD8
+
 T cells treated with IFN-β (Figure S3F). Most, if not all, in 

vitro experiments dealing with naïve T cells required basal level of IL-7 as a 

survival factor. Therefore, there still is a possibility that IL-7 can contribute to 

the proliferation with IFN-β. To test this possibility, serially titrated dose of 

IL-7 with IFN-β were treated to STAT1
-/-

 naïve CD8
+
 T cells. The result 

showed that both certain level of IL-7 and IFN-β are required for the 

proliferation (Figure 4G). However, other cytokines did not show the 

synergistic effect with IFN-β (Figure S4E). Collectively, IFN-β with IL-7 can 

cause the proliferation of STAT1
-/-

 naïve CD8
+
 T cells but not of wild-type T 

cells without TCR signaling.  



50 

 

 

Figure 4. STAT1
-/-

 T cells vigorously proliferate upon IFN-β stimulation 

but not TCR or/and IL-7 signals. 

(A) Proliferation of naïve CD8
+
 T cells treated with high dose (250 ng/ml) of 

IL-7 for 5days. (B) Phosphorylation of STAT5 30 min after 1ng/ml of IL-7 

treatment. (C) Proliferation of wild-type or STAT1
-/-

 naïve CD8
+
 T cells after 

the stimulation with plate-bound CD3 (5 μg/ml) (D) Phosphorylation of PLC-

γ, ZAP70 and ERK after the treatment of soluble CD3 for 5, 15 and 30 

minutes to naïve CD8
+
 T cells from wild-type or STAT1

-/-
. (E) Proliferation of 
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naïve CD8
+
 T cells in the presence of IL-7 plus soluble CD3 (sCD3, 1 μg/ml) 

for 5 days. (F) Proliferation of wild-type and STAT1
-/-

 naïve CD8
+
 T cells 

treated with 10 ng/ml of IFN-β with IL-7 1ng/ml for 4 days. (G) Percentage of 

CTV diluted cells after IFN-β (0-10 ng/ml) with IL-7 (0.1-10 ng/ml). The 

results are presented as the mean ± SEM. Significant difference using t-test 

compared with control is 
*
, P < 0.05; 

***
, P < 0.001; and 

****
, P < 0.0001. 
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Supplementary Figure 3. Type I IFN with IL-7 induces higher 

proliferation of STAT1
-/-

 naïve CD8
+
 T cells compared to wild-type T cells. 

(A) Proliferation of wild-type and STAT1
-/-

 naïve CD8
+
 T cells with or 

without 1 μg/ml in vitro was analyzed after 7 days. (B) Proliferation upon 

plate-bound anti-CD3 antibody (pCD3, 5 μg/ml) + anti-CD28 antibody 

(pCD28, 2 μg/ml) or PMA (50 ng/ml) + Ionomycin (1 μg/ml) for 3days was 

analyzed. (C) Proliferation of P14 or P14STAT1
-/-

 naïve CD8
+
 T cells upon 

indicated dose of pCD3 were analyzed after 3 days. (D) CTV dilution of WT 

and STAT1
-/-

 naïve CD8
+
 T cells were analyzed 5 days after IFN-γ or IFN-β 

stimulation with IL-7. (E) STAT1
-/-

 naïve CD8
+
 T cells were cultured with 

IFN-β and IL-2, -7, -9, -15, or -21. (F) Expression of CD44 level of wild-type 

and STAT1
-/-

 naïve CD8
+
 T cells 4 days after IL-7 with/without IFN-β. (G) 

Construct of STAT1 full-length (fL) and truncated form. (H) CD8
+
 T cells 

from STAT1
-/-

 mice were transduced with RVKM retroviral vector for over-
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expression of STAT1 fL or truncated forms, rested with IL-7 for 1 day. Then, 

CTV-labelled T cells were cultured with IL-7 and IFN-β for 4 days. 
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To confirm the effect of IFN-β to STAT1
-/-

 naïve CD8
+
 T cells in vivo, TLR3 

ligand Poly(I:C) which is known to induce type I IFN were used [46]. 

Poly(I:C)-induced type I IFN triggered and enhanced the proliferation of 

STAT1
-/-

 naïve CD8
+
 T cells with CD44 up-regulation in lympho-replete 

(Figure 5A, B, C) and in lymphopenic (Figure 5D, E) host whereas no change 

was observed in wild-type naïve T cells. In addition, to confirm the role of 

type I IFN in the homeostatic proliferation, anti-IFNAR1 antibody was 

administrated to the irradiated host. Blockade of type I IFN signal 

significantly suppressed the homeostatic proliferation of STAT1
-/-

 naïve CD8
+
 

T cells but not of wild-type CD8
+
 T cells (Figure 5F, G). 

STAT1, as a transcription factor, consists of several functional domains. Over-

expression retroviral vector of full-length STAT1 (ST1 fL) and truncated 

STAT1 (ST1ΔT) missing transcription activation domain (TAD) were used to 

restore the expression in the STAT1
-/-

 CD8
+
 T cells (Figure 5H). When STAT1

-

/-
 CD8

+
 T cells recovered the full-length STAT1, the proliferation by poly (I:C) 

was reduced, while ST1ΔT failed to do so (Figure 5I) suggesting TAD region 

plays an important role in this phenomenon, which was also shown with the 

IL-7 and IFN-β in vitro. Collectively, these results demonstrated that 

synergistic effect of IL-7 and IFN-β leads to the higher proliferation of 

STAT1
-/-

 naïve CD8
+
 T cells, but not of wild-type. 
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Figure 5. STAT1-deficient T cell showed enhanced proliferation by poly 

(I:C) in a type I IFN-dependent manner. 
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(A) Schematic diagram for CTV-labeled naïve CD8
+
 T cells transferred into 

wild-type host treated with or without 50 μg of poly(I:C) by intraperitoneal 

(i.p.) injection. Six days later, (B) proliferation and (C) CD44 level of donor 

CD8
+
 naïve T cells in lymph nodes were examined. (D) Schematic diagram 

for CTV-labeled naïve CD8
+
 T cells transferred into sub-lethally irradiated 

wild-type host treated with or without 50 μg of poly(I:C) by i.p. Six days later, 

(E) proliferation of donor naïve CD8
+
 T cells in lymph nodes was examined. 

(F) Schematic diagram of homeostatic proliferation in irradiated host with or 

without anti-IFNAR antibody treatment by i.p. Seven days after the cell 

transfer, (G) proliferation of donor naïve CD8
+
 T cells in lymph nodes was 

examined. (H) Schematic diagram for the over-expression vector with full-

length or truncated STAT1 in STAT1
-/-

 CD8
+
 T cells. (I) Proliferation of donor 

CD8
+
 T cells at day 6 after i.p. injection of poly (I:C). Significant difference 

using t-test compared with control is 
*
, P < 0.05; 

**
, P < 0.01. 
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Type I IFN with IL-7 induces mTOR signal in STAT1
-/-

 naïve CD8
+
 

T cells 

 

Previous studies reported that STAT1 and STAT4 seemed to have competition 

against type I IFN upon viral infection in the CD8
+
 T cells [82] and NK cells 

[114]. Thus, the involvement of other STAT transcription factors was 

examined and found that phosphorylation of STAT4 and STAT5 can be 

induced by type I IFN and IL-7 respectively within 30 minutes regardless of 

the existence of STAT1 (Figure 6A). Surprisingly, when the culture time was 

extended to 96 hours, phosphorylated STAT4 retained only in the STAT1
-/-

 T 

cells, yet disappeared in wild-type T cells in a few hours (Figure 6B). Type I 

IFN-induced phosphorylation of STAT4 in STAT1
-/-

 T cells increased in a 

dose-dependent manner (Figure S4A). Above data raised the question on what 

kind of downstream signal under STAT4 pathway is involved in STAT1
-/-

 T 

cell proliferation. Among various inhibitors examined, rapamycin, the specific 

mTOR inhibitor, successfully blocked the proliferation of STAT1
-/-

 T cell 

proliferation in a dose-dependent manner, but not by other inhibitors (Figure 

6C, D). The mTOR signal has been known to play important roles not only in 

T cell activation by TCR signaling but also in naïve T cell quiescence. 

Therefore, whether mTOR signaling is activated in STAT1
-/-

 CD8
+
 T cells was 

examined by treatment of IL-7 and IFN-β. The kinetics of mTOR-related 

proteins were analyzed in wild-type and STAT1
-/-

 naïve CD8
+
 T cells treated 

with IL-7 and IFN-β. Phosphorylated S6 protein (p-S6) and its kinase (p-S6k), 
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and p-4EBP-1, the markers for mTORC1 signaling activation, were strongly 

induced in only STAT1
-/-

 naïve CD8
+
 T cells treated with IL-7 and IFN-β at as 

early as 48 hours (Figure 6B). Consistent with proliferation data, mTOR 

activation was only induced when both IL-7 and IFN-β are present (Figure 

S4B, C). PI3K-AKT-dependent pathway is one of the best well-known mTOR 

signaling pathways. mTORC1 and mTORC2 signaling are generally 

represented by AKT phosphorylation of threonine 308 and serine 473 residue, 

respectively. However, different from pS6 and pS6K data, both p-AKT 

Thr308 and Ser473 appeared much faster and stronger in the wild-type T cells 

after IFN-β treatment, implicating that, at least, the AKT signaling may not be 

directly coupled with mTORC1 activation of STAT1
-/-

 T cells treated with IL-

7 and IFN-β (Figure S4D, E, F). It is also supported by the result of AKT 

specific inhibitor, AKTi 1/2 treatment, which could not suppress the 

proliferation of STAT1
-/-

 T cells treated with IL-7 and IFN-β (Figure 6C). 

Another known pathway for mTOR activation is Rag GTPase complex-amino 

acid-dependent pathway [115]. To identify the essential genes for mTOR 

activation in STAT
-/-

 CD8
+
 T cells, the expression of a series of genes related 

to mTOR pathway was analyzed. Among them, mRNA level of RagC and D, 

the Rag GTPase complex genes, was highly increased in the STAT1
-/-

 CD8
+
 T 

cells by type I IFN, but not in wild-type (Figure 6E, F). Expression of RagD 

by IFN-β was also confirmed in the protein level, which showed a similar 

pattern with phosphorylation of STAT4 (Figure 6G). It is, however, still 

unknown whether RagD expression can be controlled by STAT transcription 
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factors. To find how RagD gene is induced by IFN-β, whether the 

transcription factors, STAT4 and STAT5 can bind to the promoter sites (-864, 

-337, -222) of RagD gene was examined. Results from chromatin immune-

precipitation (ChIP) assay showed that STAT4, but not STAT5, can bind to the 

promoter site of RagD regulating its transcription (Figure 6H). Furthermore, 

knock-down experiment using retroviral shRNA system suggested that STAT4 

is an essential component for the proliferation of STAT1
-/-

 CD8
+
 T cells upon 

IL-7 and IFN-β signaling (Figure 6I). STAT3 was also phosphorylated upon 

IFN-β in STAT1
-/-

 naïve CD8
+
 T cells but knock-down of STAT3 did not 

suppress the proliferation as much as that of STAT4 (Figure S4G, H). 
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Figure 6. STAT4-dependent mTORC1 activation in STAT1
-/-

 naïve CD8
+
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T cells treated with IL-7 and type I IFN. 

(A) Phosphorylation of STAT2, STAT4, STAT5 in wild-type and STAT1
-/-

 

naïve CD8
+
 T cells treated with IL-7 and IFN-β at indicated dose for 30 min. 

(B) Phosphorylation of STAT4, STAT5, S6K, S6, and 4-EBP-1 in WT and 

STAT1
-/-

 naïve CD8
+
 T cells treated with 1 ng/ml of IL-7 and 10 ng/ml of 

IFN-β for 5, 24, 48, 72, 96 hours. (C) Proliferation of wild-type and STAT1
-/-

 

naïve CD8
+
 T cells treated with 1ng/ml of IL-7 and 10ng/ml of IFN-β for 5 

days with or without indicated inhibitor for the first two days. (D) Dose-

dependent inhibition of proliferation by rapamycin in STAT1
-/-

 naïve CD8
+
 T 

cells treated with IL-7 and IFN-β. (E) Heat map of mTOR-related gene 

expression of naïve CD8
+
 T cells treated with or without IL7 and IFN-β for 24 

hours. (F) mRNA and (G) protein expression of RagD in wild-type and 

STAT1
-/-

 CD8
+
 T cells. (H) Binding of STAT4, STAT5 protein at RRAGD 

promoter region in WT and STAT1
-/-

 naïve CD8
+
 T cells treated with IL-7 and 

IFN-β for 2 days was analyzed by ChIP assay. (H) Proliferation of STAT4 

shRNA transduced STAT1
-/-

 CD8
+
 T cells treated with 1 ng/ml of IL-7 and 10 

ng/ml of IFN-β for 4days. The results are presented as the mean ± SEM. 

Significant difference using t-test compared with control is 
*
, P < 0.05; 

***
, P < 

0.001; and 
****

, P < 0.0001.
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Supplementary Figure 4. mTORC1 activation in the STAT1
-/-

 naïve CD8
+
 

T cells was dependent on both IL-7 and IFN-β signaling. 

(A) Phosphorylation of STAT2, 4, 5 at 12 hours with indicated doses of IL-7 

and IFN-β. (B) Phosphorylation of S6 protein in naïve CD8
+
 T cells from 
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wild-type and STAT1
-/-

 mice at 24, 48 hours with indicated doses of IL-7 and 

IFN-β. (C) Phosphorylation of S6 in P14 or P14STAT1
-/-

 naïve CD8
+
 T cells at 

48hour with indicated doses of IL-7 and IFN-β. (D) Phosphorylation of AKT-

Thr308, ERK, S6, AKT-Ser473, p38 in naïve CD8
+
 T cells from wild-type or 

STAT1
-/-

 mice with 1 ng/ml of IL-7 and 10 ng/ml of IFN-β at indicated time 

point. (E) Phosphorylation of AKT-Thr308, AKT-Ser473, S6 in naïve CD8
+
 T 

cells from P14 or P14STAT1
-/-

 mice at 24 hours with indicated doses. (F) 

Immunoblotting of phosphor-STAT4,5, AKT-Thr308, S6 and RagD protein in 

wild-type or STAT1
-/-

 naïve CD8
+
 T cells at 24 hours. (G) Phosphorylation of 

STAT3 in the naïve CD8
+
 T cells with indicated doses of IL-7 and IFN-β. (H) 

Chromatin immunoprecipitation (ChIP) assay with anti-STAT3 antibody 

binding to the RRAGD promoter sites. Proliferation of STAT1
-/-

 CD8
+
 T cells 

transduced with retroviral vector for shRNA of STAT3 after IL-7 and IFN-β 

treatment. The results are presented as the mean ± SEM. Significant difference 

using t-test compared with control is 
*
, P < 0.05. 
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Lysosome derived intracellular amino acid supports mTOR 

activation 

 

The results showed that mTOR activation cannot be obtained solely by IFN-β 

in STAT1
-/-

 T cells, but the cooperation of IL-7 is required (Figure S4C). C-

Myc, a pro-proliferative gene, was induced by IL-7 in both wild-type and 

STAT1
-/-

 T cells confirmed by mRNA (Figure 7A) and protein level (Figure 

7B). Knock-down of c-Myc gene expression with retroviral shRNA 

significantly suppressed the proliferation of STAT1
-/-

 T cells treated with IL-7 

and IFN-β (Figure 7C). Some studies have suggested that mTOR and c-Myc 

have a positive feedback to each other. To confirm the c-Myc or RagD 

expression was initially triggered by mTOR activation or vice versa, their 

expression followed by rapamycin treatment was examined. The results 

showed that the phosphorylation of STAT4, STAT5 and the expression of c-

Myc and RagD still maintained even after the mTOR inhibition suggesting 

that c-Myc and RagD are the upstream signaling molecules to mTOR signal 

(Figure 7D). These results suggested that both IFN-β-induced STAT4-RagD 

and IL-7-induced c-Myc signaling are critical for the activation of mTOR in 

STAT1
-/-

 T cells. 

Rag GTPase complex is known to recruit mTOR complex to the lysosome for 

the amino acids (glutamine and/or arginine)-mediated for mTOR activation 

[116]. The results from naïve STAT1
-/-

 T cells treated with IL-7 and IFN-β 

showed a co-localization of mTOR and lysosome protein LAMP-2 (Figure 7E, 
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F). Rag GTPase dependent-mTOR activation requires amino acid for the 

binding of Rag and mTOR. However, naïve CD8
+
 T cells are not very good 

consumer of extracellular amino acids, so whether there is another mechanism 

like autophagy for providing intracellular amino acids for mTOR activation 

was tested. It is generally known that mTOR suppresses the autophagy, 

however, under certain condition, mTOR activation can be accompanied by 

autophagy forming TOR-autophagy spatial coupling compartment, also called 

TASCC [117]. Whether IL-7 and IFN-β treatment in STAT1
-/-

 T cells resulted 

in autophagy induction was next examined. Confocal data showed the 

induction of autophagy by LC3 co-localization to the mTOR-lysosome 

complex (Figure 7G). Inhibitors for proteasomal or lysosomal degradation 

such as NH4Cl, Leupeptin, MG132 (Figure 7H, I) or shRNA of LC3 (Figure 

7J) also caused a reduction of proliferation implicating that autophagy-derived 

amino acid supply is critical for the mTOR activation of STAT1
-/-

 T cells 

treated with IL-7 and IFN-β. Collectively, IL-7 plus IFN-β induced autophagy 

in STAT1
-/-

 CD8
+
 T cells providing intracellular amino acids followed by Rag 

GTPase-dependent mTOR activation. 
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Figure 7. C-Myc and lysosome activity is essential for the proliferation of 

STAT1
-/-

 CD8
+
 T cells treated with IL-7 and IFN-β. 

(A) mRNA and (B) protein expression of c-Myc in WT and STAT1
-/-

 CD8
+
 T 

cells treated with IL-7 and/or IFN-β. (C) Proliferation of c-Myc shRNA 
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transduced STAT1
-/-

 CD8
+
 T cells treated with 1 ng/ml of IL-7 and 10 ng/ml 

of IFN-β for 4 days. (D) Phosphorylation of STAT4, STAT5, S6 and 

expression of c-Myc, RagD wild-type and STAT1
-/-

 CD8
+
 T cells treated with 

IL-7 + IFN-β in the presence or absence of rapamycin. (E, F) Co-localization 

of mTOR and LAMP in naïve CD8
+
 T cells treated with IL-7 (1 ng/ml) with 

or without IFN-β (10 ng/ml) for 72 hours. Significant differences using one-

way ANOVA followed by Tukey‟s multiple comparison test are shown with 

letter „a‟ and „b‟ (P < 0.05). (G) Co-localization of mTOR, LAMP and LC3 in 

naïve CD8
+
 T cells treated with IL-7 in the presence or absence of IFN-β for 

72 hours. (H) Immunoblotting of phospho-STAT4, S6 and RagD in CD8
+
 T 

cells treated with MG132, NH4Cl, and leupeptin. (I) Proliferation in STAT1
-/-

 

CD8
+
 T cells treated with IL-7 and IFN-β by indicated inhibitor. (J) 

Proliferation of STAT1
-/-

 T cells transduced with LC3 shRNA, and then 

treated with IL-7 + IFN-β for 4 days. The results are presented as the 

mean ± SEM. Significant difference using t-test compared with control is 
*
, P 

< 0.05; 
**

, P < 0.01; and 
****

, P < 0.0001.  
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STAT1
-/-

 CD8
+
 T cells enhanced autoimmune disease 

 

Failure of keeping the quiescence of T cells can often lead to the autoimmune 

disease, because of inevitable T cell activation without cognate antigenic 

stimulation. To explore this possibility, the old STAT1
-/-

 mice was analyzed 

because gradual increase of T cell activation with age was seen before (Figure 

2A). STAT1
-/-

 mice over 8 months old had much enlarged spleen and lymph 

nodes compared to the same aged wild-type mice (Figure 8A). The number of 

lymphocytes was much higher in the spleen and lymph nodes from STAT1
-/-

 

mice compared to that of wild-type, but it was not due to the regulatory T cell 

deficiency (Figure 8B, S7A). The autoimmune-prone status of STAT
-/-

 naïve T 

cells was tested using T cell transfer colitis model. Naïve CD4
+
 T cells from 

wild-type mice were purified and transferred together with naïve CD8
+
 T cells 

from wild-type or STAT1
-/-

 mice to RAG1-deficient mice (Figure 8C). The 

number of CD4
+
 T cell and production of IFN-γ in CD4

+
 T cells were 

significantly higher in the STAT1
-/-

 CD8
+
 T cell-transferred mice (Figure S6B, 

C). After several weeks, STAT1
-/-

 CD8
+
 T cell-transferred RAG1

-/-
 mice 

showed more severe weight loss and less survival rate (Figure 8D). 

Histological analysis of large intestine showed a severe damage in STAT
-/-

 

CD8
+
 T cell-transferred mice (Figure 8D). These results indicate that STAT1 

deficiency causes uncontrolled chronic expansion of lymphocytes followed by 

splenomegaly and lymph-adenopathy even at the steady-state and exaggerates 

the autoimmune disease in the inflammatory conditions.  
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Figure 8. STAT1
-/-

 T cells are prone to autoimmune diseases. 

(A) Enlarged spleen and lymph nodes of over 8 months old STAT1
-/-

 mice. (B) 

Spleen weight, number of total lymphocytes, CD8
+
 and CD4

+
 T cells, B cells 

and Foxp3
+
 regulatory T cells in spleen from old WT and STAT1

-/-
 mice. (C) 

Schematic diagram of T cell induced colitis model. (D) Histology and 

histological score of colitis-induced mice. (E) Survival rate and body weight 

changes in RAG1
-/-

 mice received wild-type CD4
+
 T cells together with wild-

type or STAT1
-/-

 CD8
+
 T cells. The results are presented as the mean ± SEM. 

Significant difference using t-test compared with control is 
*
, P < 0.05; 

**
, P < 

0.01; 
***

, P < 0.001; and 
****

, P < 0.0001. 
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Supplementary Figure 5. Phenotypic analysis of T cells in the old STAT1
-/-

 

mice or RAG1
-/-

 colitis mice model. 

(A) The number of lymphocytes, CD8
+
 T cells, CD4

+
 T cells, B cells, and 

Foxp3
+
 Treg cells were analyzed in the lymph node of 8 months old STAT1

-/-
 

mice. (B) Cell proportion and number of donor CD4
+
 or CD8

+
 T cells in the 

RAG1
-/-

 colitis model. (C) Cytokine production of donor CD4
+
 or CD8

+
 T 

cells in the colitis model was analyzed with intracellular staining. The results 

are presented as the mean ± SEM. Significant difference using t-test compared 

with control is 
*
, P < 0.05; 

***
, P < 0.001. 
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VI. Discussion 

 

The present study showed an importance of STAT1 in the naïve T cell 

homeostasis. The role of STAT1 in T cells in the activation conditions such as 

viral infection has been well-documented previously [70, 102, 114]. However, 

the role of STAT1 in naïve CD8
+
 T cells in the steady-state conditions has not 

been studied because major cytokines for STAT1 activation, IFN-γ and type I 

IFN, are thought to be produced in the infection and inflammatory conditions. 

Still, there have been reports that type I IFN can exist even in the steady-state 

conditions [90]. It was surprising that STAT1
-/-

 mice had an activated naïve 

CD8
+
 T cell phenotype with increased CD44 level and higher proportion of 

MP cells, whereas type I IFN and IFN-γ receptor deficient mouse showed 

normal naïve T cell phenotypes (Figure S1 D, E). In addition, 8-month-old 

STAT1
-/-

 mice had distinctively big lymph nodes and spleen (Figure 8A). This 

study found that the type I IFN signaling was redirected to the activation of 

STAT4, which was synergized with IL-7, leading to excessive mTORC1 

activation when STAT1 is deficient. Collectively, this study suggested that the 

STAT1
-/-

 mice have intrinsically uncontrolled activation in naïve CD8
+
 T cells 

as they get older leading to autoimmune diseases implicating STAT1 keeps the 

quiescent state of naïve CD8
+
 T cells. 

Several studies on the naïve T cells have reported various factors for 

maintenance of the quiescence. Some of the factors such as foxo1 or foxp1 are 

related to the modulation of IL-7 response and IL-7 receptor expression. IL-7 
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signal in the naïve T cells is strictly controlled by its receptor regulation via 

localization and transcriptional function of foxo1 [18, 19]. However, this 

study found that STAT1
-/-

 naïve CD8
+
 T cells treated with IL-7 have similar 

IL-7 receptor expression and foxo1-mediated IL-7 receptor down-regulation 

when compared with wild type control (Data not shown). In addition, STAT1
-/-

 

naïve CD8
+
 T cells treated with IL-7 alone showed a poor phosphorylation of 

STAT5, c-Myc induction, or proliferation. These results clearly demonstrated 

that spontaneous T cell activation in STAT1-deficient condition was not 

caused by hyper-responsiveness to IL-7. Still, IL-7 was required for the 

mTORC1 activation of STAT1
-/-

 naïve CD8
+
 T cells with IFN-β synergistically. 

IFN-β is generally known to be produced in the infection or inflammatory 

conditions, but some reports suggested that it can be produced even in the 

steady-state condition, mainly in the thymus but also in the spleen, liver or 

intestine by epithelial cells [90]. 

Factors like PTPN2 [21], PTPN22 [20] or Themis [118] have also been 

suggested as factors for controlling TCR sensitivity in T cell quiescence, and 

loss of those factors led to TCR hyper-sensitivity to self-peptide-MHC. 

However, STAT1
-/-

 naïve CD8
+
 T cells showed poor responses in the induction 

of phosphor-ERK or proliferation upon TCR stimulation (Figure 3A). 

Furthermore, homeostatic proliferation of STAT1
-/-

 T cells in the TAP1
-/-

 host 

was still higher than wild-type T cells and P14 or OT-I TCR monoclonal 

transgenic mice crossed with STAT1
-/-

 also had a high level of CD44 (Figure 

S1G) supporting the concept that specific TCR stimulation is not the reason 
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for quiescence escape. 

Recent studies have also proposed that loss of KLF2 or ID3 leads to the 

excessive development of PLZF
+
 invariant NKT or γδT cell producing IL-4 

which could disrupt the naïve CD8
+
 T cell quiescence as extrinsic factors [26]. 

However, the mixed bone marrow chimera of wild-type and STAT1
-/-

 in which 

they share the environment for T cell development or homeostasis showed 

that STAT1
-/-

 T cells have an intrinsic problem in their homeostasis. Still, the 

sensitivity and responsiveness to the same level of IL-4 in the wild-type and 

STAT1
-/-

 T cells can be different so it should be further investigated. 

Excessive activation of mTOR signaling has been reported to damage the 

quiescence of immune cells. Loss of TSC1 or 2, the negative regulators of 

mTOR complex, can cause the spontaneous mTORC1 activation of T cells 

and macrophages. TSC1
-/-

 CD8
+
 T cells showed CD44

hi
 activated phenotype 

and had hyper-responsiveness to the TCR stimulation with highly enhanced 

metabolic state [23]. When compared with naïve T cells that have a strong 

restriction for mTOR activation, MP cells have higher basal level of mTOR 

activation which is correlated with the higher homeostatic turnover rate (Data 

not shown). IFN-β together with IL-7 stimulation in STAT1
-/-

 T cells, unlike 

wild-type T cells, provoked phosphorylation of mTOR related protein S6 and 

4EBP-1, yet the level of RICTOR, RAPTOR, TSC1 or TSC2 was not changed.  

When STAT1 is deficient, this study found that type I IFN can induce 

unexpected continuous phosphorylation of STAT4 which can eventually 
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activate mTORC1 signaling when supplemented with IL-7. It was striking 

because STAT1 is believed as a major transcription factor for type I IFN 

signaling, so STAT1 deficient T cell was expected not to respond to type I IFN. 

Ironically, however, it leads to the vigorous proliferation of STAT1
-/-

 T cells. 

Even though similar IFNAR1 expression was confirmed in STAT1
-/-

 T cells 

compared to wild-type (data not shown), the down-stream signaling such as 

JAK kinase should be more investigated. STAT4 is reported to activate the 

mTORC1 signaling when stimulated with IL-12 in the effector T cells [100, 

101], however, the mechanism of how STAT can regulate mTORC1 signaling 

is poorly understood. Especially, the interaction between STAT4 and 

mTORC1 signaling in naïve or MP T cells has not been reported yet. This 

paper found that transcription factor STAT4 takes in charge of the expression 

of RagD, which is one of the components for amino acid-dependent mTORC1 

activation. 

As aforementioned, the possibility of the PI3K-AKT signaling, the best and 

well-known mTORC1 pathway was tested. AKT, especially serine 

phosphorylated AKT that is related to mTORC2 signaling, was reported to be 

activated by type I IFN supporting the translation of the interferon-stimulated 

genes [119]. In the line with previous reports, this study also found that type I 

IFN can induce the AKT phosphorylation. However, in this study, mTORC1 

activation did not seem to be dependent on AKT pathway. AKT threonine and 

serine phosphorylation were much faster and stronger in the wild-type than in 

the STAT1
-/-

CD8
+
 T cells implicating STAT1 positively regulates the AKT 
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signals, but not mTORC1. The level of pS6 was much stronger in the STAT1
-/-

 

T cells despite much weaker AKT activation. Thus, at least the initiation of 

mTORC1 pathway in STAT
-/-

 naïve CD8
+
 T cells by IL-7 and IFN-β cannot be 

explained by AKT-mTORC1 pathway even though they used the AKT 

positive feedback signaling for further activation. Furthermore, the 

proliferation of STAT1
-/-

 CD8
+
 T cells was not reduced much AKT is block by 

inhibitor. Thus, it raises questions how mTORC1 signaling can be enhanced in 

STAT1
-/-

 CD8
+
 T cells by IL-7 and type I IFN. This study found that STAT4 

potentiates mTOR signaling not by conventional PI3K-AKT signaling but by 

Rag GTPase-amino acid signaling leading naïve T cells to MP cells [115]. 

However, type I IFN induced-STAT4 alone could not induce mTORC1 

signaling in STAT1
-/-

 naïve T cells, but they also required IL-7. C-Myc is 

known to control the metabolism and the cell growth of the various cells [120]. 

For CD8
+
 T cells, c-Myc has been known to control the metabolism in the 

activation stage [43, 121]. TCR signaling strongly induces the c-Myc 

expression followed by glucose metabolism and glutaminolysis. Especially, 

glutaiminolysis pathway has a crosstalk with mTORC1 signaling resulting in 

the positive feedback [121, 122]. In addition, it has been reported that γc 

cytokines can induce the expression of c-Myc because STAT5 can bind to the 

super-enhancer region of c-Myc [123]. This study also suggested that c-Myc 

expression by IL-7 was essential for mTORC1 activation synergized with type 

I IFN-STAT4 signaling pathway in STAT1
-/-

 T cells, whereas type I IFN 

seemed to suppress c-Myc expression in wild-type T cells, which was in the 
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same line with previous reports suggesting STAT1 suppressed c-Myc 

expression [124, 125]. 

For activation of Rag GTPase-amino acid-dependent mTORC1 pathway, it 

requires sufficient amino acid such as glutamine and leucine. However, 

different from activated T cells, naïve T cells do not consume a lot of amino 

acids and not require amino acids for their survival. Furthermore, IL-7 could 

not efficiently increase the level of amino acid transporters such as CD98 

(data not shown), which were reported to increase in effector T cells [121]. 

Thus, there should be another source of amino acids for mTORC1 activation 

in the STAT1
-/-

 T cells upon IL-7 and type I IFN stimulation. This study 

suggested that autophagy is one of the possible suppliers for amino acids. 

Generally, mTORC1 signaling is known to suppress the autophagy, however, 

some reports showed that autophagy-derived amino acid can promote the 

mTORC1 pathway under certain condition [117, 126]. This study also 

suggested cytokine stimulation induces autophagy from the early time point in 

the STAT1
-/-

 T cells. In addition, confocal microscopy data showed that LC3 

puncture is co-localized with the lysosome and mTORC1 implicating the 

autophagy can supply the amino acid for binding of RagGTPase and 

mTORC1 followed by activation. LC3 gene knock-down confirmed that 

autophagy formation is required for the mTORC1 pathway in STAT1
-/-

 T cells. 

This study showed that type I IFN induces most distinguished mTORC1 

signaling in STAT1
-/-

 T cells compared to wild-type. Although type I IFN is 

not much expected to exist in the steady-state the previous reports have shown 
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that there is homeostatic level of type I IFN in the steady-state and plays a 

role in the development and homeostasis of T cells. This study also proved the 

importance of the STAT1 against tonic signaling of type I IFN for naïve CD8
+
 

T cells in the homeostatic condition preventing uncontrolled activation. The 

present study implicates STAT1 keeps naïve T cells quiescence against 

homeostatic cytokines that can induce STAT4-mTORC1 activation (Figure 9). 

 

Figure 9. STAT1 keeps the quiescence of naïve CD8
+
 T cells. 

STAT1
-/-

 naïve CD8
+
 T cells redirects type I IFN signal to the STAT4 pathway 

followed by expression of RagD that is one of the major component of 

mTORC1 signaling. RagD synergizes with c-Myc which was induced by IL-7 

leading to the mTORC1 activation resulting in the loss of quiescence in naïve 

CD8
+
 T cells.   
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VII. Summary in Korean 

 

염증이나 질병이 없는 정상 상태(steady-state condition)에서 항

원을 경험한 적이 없는 나이브(naïve) CD8+ T 세포는 특이적 인지

를 하는 항원을 만나기 전까지 항상성과 생존을 유지하고 있다. 나

이브 T 세포의 항상성은 기억(memory) T 세포의 항상성과는 조금 

다른 의미를 갖는다. 계속적인 분열로 그 수를 유지하는 기억 T 세

포와는 다르게 나이브 T 세포는 일생 동안 거의 분열을 하지 않는

다. 하지만 기능 불능(anergy)이나 고갈(exhaustion)과는 다르게 

특이적인 항원을 만나면 수천 배 이상 분열할 준비가 되어 있는, 이

른바 휴면(quiescence) 상태로 항상성을 유지하고 있다.  이러한 

나이브 T 세포의 항상성 유지에 중요하다고 알려진 요인에는 자가 

항원(self-ligands), IL-7 등의 다양한 사이토카인(cytokine)과 

foxo1 등의 몇몇 전사 인자(transcription factor)가 알려져 있으나 

그 외의 요인에 대해서는 아직 밝혀지지 않은 부분이 많다. 

본 연구에서는 사이토카인에 중요 역할을 하는 전사 인자인 STAT 

family 단백질 중 type I, II 인터페론의 신호전달을 담당하는 

STAT1 전사 인자에 주목하여 연구를 진행하였다. STAT1 전사인

자는 감염 혹은 염증 시에 주로 분비되는 사이토카인인 인터페론 α, 

β(type I), 그리고 γ (type II)의 신호전달을 담당하므로 거의 모든 
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연구가 감염이나 염증 상황에서 연구되었다. 하지만 최근 연구들은 

이러한 인터페론이 정상 상태에서도 체내에 존재하며, T 세포의 발

달과 기능에 영향을 준다는 것을 밝혀내었고, 이와 함께 나이브 T 

세포에서의 STAT1 전사 인자의 역할도 부각되었다. 따라서 본 연

구에서는 STAT1 전사 인자가 나이브 T 세포의 항상성에 미치는 

영향을 밝혀내고자 STAT1 유전자가 결여된 마우스를 이용한 실험

을 진행하였다. 

STAT1 전사 인자가 결여된 마우스에서의 CD8+ T세포의 분포를 

확인하였을 때, CD44lo인 나이브 T 세포가 감소하고 CD44hi인 활

성/메모리 T 세포가 증가하였음을 확인하였다. 이는 흉선 발달 과

정이 아닌 말초(periphery)에서의 조절 이상에 의해 나타났으며, 

나이에 따라서 누적되어 8개월 이상 된 STAT1 결손 마우스에서는 

림프와 비장의 비대증도 관찰되었다. STAT1이 결여된 나이브 T 

세포의 비정상적 활성과 분열은 세포 내인적으로 나타나는 것임을 

골수 혼합 키메라(Mixed bone marrow chimera) 실험을 통해 알 

수 있었으며, 그 요인은 type I 인터페론과 IL-7의 시너지 효과임

을 밝혔다. 

STAT1이 결여된 T 세포에 대한 IL-7과 type I 인터페론의 자극

은 mTORC1 단백질의 활성화에 따른 S6 등의 인산화를 일으켜, T 

세포 수용체(T cell receptor, TCR) 자극이 없어도 나이브 T 세포 
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분열을 유도할 수 있었다. STAT1 신호전달의 주요 사이토카인인 

type I 인터페론은 STAT1이 결여된 상황에서는 STAT1이 아닌 

다른 신호전달 기전을 이용하여 STAT4의 활성화를 통해 

mTORC1 복합체의 구성요소인 RagD 단백질의 발현을 유도하였으

며, 이는 IL-7에 의해 유도된 c-Myc 전사 인자와 함께 아미노산 

의존적 mTORC1 활성화를 일으키는 것임을 알 수 있었다. 

이러한 일련의 작용 기전을 바탕으로 STAT1이 결여된 나이브 

CD8+ T 세포는 이러한 비정상적 활성과 분열로 인해 정상 CD8+ 

T 세포에 비해서 염증성 장 질환을 더욱 악화시켰으며, 이를 통해 

본 연구에서는 나이브 T 세포의 휴면 상태를 유지하는 데 있어서 

STAT1의 역할이 중요하다는 것을 밝혔다. 
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