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ABSTRACT

Immune diversification helps protect the host against a myriad of pathogens. CD8+ T cells are 
essential adaptive immune cells that inhibit the spread of pathogens by inducing apoptosis 
in infected host cells, ultimately ensuring complete elimination of infectious pathogens and 
suppressing disease development. Accordingly, numerous studies have been conducted to 
elucidate the mechanisms underlying CD8+ T cell activation, proliferation, and differentiation 
into effector and memory cells, and to identify various intrinsic and extrinsic factors 
regulating these processes. The current knowledge accumulated through these studies has 
led to a huge breakthrough in understanding the existence of heterogeneity in CD8+ T cell 
populations during immune response and the principles underlying this heterogeneity. As 
the heterogeneity in effector/memory phases has been extensively reviewed elsewhere, in the 
current review, we focus on CD8+ T cells in a “naïve” state, introducing recent studies dealing 
with the heterogeneity of naive CD8+ T cells and discussing the factors that contribute to 
such heterogeneity. We also discuss how this heterogeneity contributes to establishing the 
immense complexity of antigen-specific CD8+ T cell response.
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INTRODUCTION

The potent cytotoxic effector function of CD8+ T cells is crucial for controlling pathogenic 
infection. This function requires Ag-specific activation, proliferation, and effector 
differentiation of naive CD8+ T cells, which are regulated by the coordinated expression 
of various transcription factors (TFs) and epigenetic regulators, ultimately leading to 
phenotypic and functional heterogeneity within Ag-specific CD8+ T cell populations in 
response to pathogenic infection (1-5).

Heterogeneity observed in effector populations is an important defensive feature that 
protects the host by effectively coping with potential threatening situations caused by 
numerous pathogenic infections (1,6). In the early stages after pathogenic infections, most 
conventional effector cells and a minority of memory precursor effector cells (MPECs) coexist 

Immune Netw. 2023 Feb;23(1):e2
https://doi.org/10.4110/in.2023.23.e2
pISSN 1598-2629·eISSN 2092-6685

Review Article Shaping Heterogeneity of Naive CD8+ 
T Cell Pools

Received: Dec 30, 2022
Revised: Feb 12, 2023
Accepted: Feb 12, 2023
Published online: Feb 22, 2023

*Correspondence to
Jae-Ho Cho
Medical Research Center for Combinatorial 
Tumor Immunotherapy, Department of 
Microbiology and Immunology, Chonnam 
National University Medical School, 264 
Seoyang-ro, Hwasun 58128, Korea.
Email: jh_cho@chonnam.ac.kr

Copyright © 2023. The Korean Association of 
Immunologists
This is an Open Access article distributed 
under the terms of the Creative Commons 
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/) 
which permits unrestricted non-commercial 
use, distribution, and reproduction in any 
medium, provided the original work is properly 
cited.

ORCID iDs
Sung-Woo Lee 
https://orcid.org/0000-0002-4326-5637
Gil-Woo Lee 
https://orcid.org/0000-0001-9801-3341
Hee-Ok Kim 
https://orcid.org/0000-0002-7007-7156
Jae-Ho Cho 
https://orcid.org/0000-0002-3081-7674

Conflict of Interest
The authors declare no potential conflicts of 
interest.

Sung-Woo Lee  1,2, Gil-Woo Lee  1,2, Hee-Ok Kim  3, Jae-Ho Cho  1,2,4,*

1 Medical Research Center for Combinatorial Tumor Immunotherapy, Department of Microbiology and 
Immunology, Chonnam National University Medical School, Hwasun 58128, Korea

2Immunotherapy Innovation Center, Chonnam National University Medical School, Hwasun 58128, Korea
3Selecxine Inc., Seoul 05855, Korea
4BioMedical Sciences Graduate Program, Chonnam National University Medical School, Hwasun 58128, Korea

http://crossmark.crossref.org/dialog/?doi=10.4110/in.2023.23.e2&domain=pdf&date_stamp=2023-02-22
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-4326-5637
https://orcid.org/0000-0002-4326-5637
https://orcid.org/0000-0001-9801-3341
https://orcid.org/0000-0001-9801-3341
https://orcid.org/0000-0002-7007-7156
https://orcid.org/0000-0002-7007-7156
https://orcid.org/0000-0002-3081-7674
https://orcid.org/0000-0002-3081-7674
https://orcid.org/0000-0002-4326-5637
https://orcid.org/0000-0001-9801-3341
https://orcid.org/0000-0002-7007-7156
https://orcid.org/0000-0002-3081-7674


Abbreviations 
DAMP, damage-associated molecular 
pattern; DC, dendritic cell; DEG, differentially 
expressed gene; hi, high expression; HP, 
homeostatic proliferation; LAP, latency-
associated peptide; lo, low expression; 
MP, memory-phenotype; MPEC, memory 
precursor effector cell; pMHC, peptide 
major histocompatibility complex; SLEC, 
short-lived effector cell; SLE, systemic lupus 
erythematosus; SLO, secondary lymphoid 
organ; TCM, central memory T; TEM, effector 
memory T; TF, transcription factor; TRM, 
resident memory T; VM, virtual memory; 
ZAP70, zeta chain-associated protein kinase 
70; γc, gamma chain.

Author Contributions
Conceptualization: Cho JH; Supervision: Cho 
JH; Writing - original draft: Lee SW, Cho JH; 
Writing - review & editing: Lee SW, Lee GW, 
Kim HO, Cho JH.

in the effector populations (7). While the majority of effector cells function as short-lived 
effector cells (SLECs) that disappear by apoptosis after pathogen clearance or, to a lesser 
extent, can differentiate into long-lived effector cells, MPEC detected in the effector phase 
differentiate into either central memory T (TCM) cells, which are distributed in secondary 
lymphoid organs (SLOs), or effector memory T (TEM) cells, which are circulating in peripheral 
tissues (8-11). In addition, resident memory T (TRM) cells, which reside persistently in 
peripheral tissues, and stem cell-like memory T cells, which are in a differentiated state much 
closer to naive cells, have also been added, complicating the heterogeneity of Ag-specific 
CD8+ T cell immune response (12,13).

Many studies have been conducted to elucidate the mechanisms that induce heterogeneity 
within the effector and memory cell populations (14-16). Our knowledge and understanding 
continue to expand as several important factors are identified, and their interactions and 
regulatory pathways are elucidated. In the early stages of an Ag-specific immune response, 
many different stimuli, such as TCR, costimulatory and coinhibitory molecules, and 
cytokines, as well as various contact signals derived from different anatomic locations 
within SLOs and/or different cell–cell interactions, are all potentially involved in forming 
heterogeneity in responding CD8+ T cell populations. As these factors inevitably lead to 
temporally and spatially random changes in a number of different combinations, many 
studies have focused on the priming and expansion phases of Ag-specific CD8+ T cell 
response to understand the underlying mechanisms of such heterogeneity, which has been 
intensively reviewed elsewhere (16-19).

Hence, in this review, we introduce recent studies dealing with interesting issues defining 
phenotypic and functional heterogeneity observed in “naive” CD8+ T cell populations under 
steady-state conditions. Based on the results from these studies, we will then discuss which 
changes can occur in naive CD8+ T cells, which factors cause these changes, and how these 
factors play a role and interact with each other. We also discuss how such heterogeneity 
observed in naive CD8+ T cells contributes to shaping diverse effector and memory T cell 
subpopulations after antigenic stimulation. Finally, we discuss the potential physiological 
basis of T cell-mediated immune diseases.

PHENOTYPIC HETEROGENEITY

Naive CD8+ T cells are generated in the thymus and continuously circulate SLOs through 
the blood and lymphatic systems. During peripheral maintenance, naive CD8+ T cells 
generally maintain a functional resting state for a long period without overt activation 
or cell division (20,21). Therefore, naive CD8+ T cells have long been recognized as a 
homogeneous population that is phenotypically and functionally relatively uniform in the 
G0 interphase, unless they are activated by exposure to a specific Ag (22,23). In fact, in most 
cases, the phenotype of naive CD8+ T cells appears homogeneous in terms of the expression 
of L-selectin (CD62L) and chemokine receptor CCR7, which are required for lymph node 
homing through high endothelial venules, and the cell-surface glycoprotein CD44, which is 
involved in cell–cell interactions, adhesion, and migration, and is closely related to the state 
of cellular activation (8,24). Based on these markers, naive CD8+ T cells in mice exhibit low 
expression (lo) level of CD44 (CD44lo) and high expression (hi) levels of CD62L and CCR7 
(CD62Lhi CCR7hi), which are distinct from the effector and memory populations of the CD44hi 
CD62Lhi or CD44hi CD62Llo phenotypes (22,23). Similarly, human naive CD8+ T cells can also 
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be distinguished using these markers, with the exception of CD45RA (and/or CD45RO), 
which exhibit the CD45RA+ CCR7+ (and also CD45RO− CD62L+) phenotype, from the effector 
and memory cells showing the CD45RA− CCR7+/− CD45RO+ CD62L+/− phenotype (8,25).

The above-mentioned phenotypic homogeneity of the naive CD8+ T cell population can be 
taken for granted considering the characteristics of these cells, which are kept in a constant 
resting state without exposure to specific stimulatory factors in a steady-state condition. 
However, several recent studies have reported a significant degree of heterogeneity in 
various surface proteins, and their expression levels exist in normal steady-state resting 
naive CD8+ T-cell populations in mice and humans (Fig. 1) (26-34). Notably, a subpopulation 
of naive CD8+ T cells exhibiting relatively high Ly6C and CXCR3 (CD183) expression levels 
was observed within the clearly defined CD44lo CD62Lhi naive pools of CD8+ T cells in the 
periphery (29,34,35). As these surface proteins are induced and upregulated in activated 
CD8+ T cells in a manner dependent on antigenic stimulations and thus are generally highly 
expressed in effector and memory cell populations, questions arise about this phenomenon: 
What are the stimuli that can drive the expression of such proteins in naive CD8+ T cells, and 
why are only certain subsets, but not all, of naive CD8+ T cells affected by the stimuli? What is 
the physiological significance of the existence of heterogeneous naive CD8+ T cells?

In addition to the surface proteins mentioned above, there were significant differences in 
the transcriptional profiles within the naive CD8+ T cell population (29,30,32,34,35). Of 
these, genes encoding TFs, such as T-BET and EOMES, are of particular interest because 
these TFs are relatively highly expressed in activated T cells or differentiated effector and 
memory T cells that have experienced antigenic stimulation. However, the fact that such 
differences were observed not only in mice housed under specific pathogen-free conditions 
(29,30,32,34,35) but also in mice housed under germ-free and even Ag-free conditions (34), 
where antigenic stimulations derived from pathogenic infections are completely absent, 
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Figure 1. Heterogeneity of naive CD8+ T cells and factors shaping the heterogeneity. (A) Phenotypic and functional heterogeneity can be observed in naive CD8+ 
T cell subsets exhibiting different levels of various surface molecules. These proteins are all functionally relevant for variety of T cell responses, including T cell 
survival and basal turn-over in a steady state (CD127 and GM1), as well as T cell activation/proliferation (CD5, CD8, CD45, and GM1) and migration into non-
lymphoid tissues (Ly6C and CD183) during antigenic stimulation. (B) Several factors contribute to shaping the heterogeneity of naive CD8+ T cells in a steady 
state, which includes tonic TCR signaling via self-ligand interactions (self-pMHC), homeostatic cytokines (IL-4, IL-7, IL-15, type I IFN, and TGF-β), as well as a 
certain age-associated cue.



completely rules out strong Ag-dependent TCR engagements, but rather emphasizes the 
role of homeostatic factors available under normal steady-state conditions. These potential 
homeostatic factors are discussed in detail below.

Although phenotypic heterogeneity within the naive CD8+ T cell population was confirmed at 
both the protein (e.g., Ly6C and CXCR3) and transcript (e.g., Tbx21 and Eomes) levels, whether 
these cells are truly naive may be questionable. In this regard, a recent study showed that 
CD44hi memory-phenotype (MP) CD8+ T cells, which generally express much higher levels 
of Ly6C, CXCR3, T-BET, and EOMES, undergo several rounds of active proliferation when 
treated with IL-2, IL-7, or IL-15 in culture. However, this response was not observed in CD44lo 
naive CD8+ T cells, although some naive cells included a subset that exhibited relatively high 
levels of Ly6C and CXCR3 (as well as T-BET and EOMES) (34). Moreover, while CD44hi MP 
CD8+ T cells were able to produce very high levels of IFN-γ upon short-term stimulation 
with PMA and ionomycin in vitro, such strong IFN-γ production was not observed in CD44lo 
naive CD8+ T cells (34). Clearly, naive CD8+ T cells consist of phenotypically heterogeneous 
subpopulations that maintain “naivety” at least in their functionality (based on their weaker 
responsiveness relative to CD44hi MP cells in response to the above stimuli) and therefore 
are defined as a truly naive. Notably, the phenotypic heterogeneity observed in murine naive 
CD8+ T cells was confirmed in both polyclonal (from C57BL/6 mice) and monoclonal TCR 
populations (from 2C, P14, or OT-I TCR transgenic mice) (26,29,31,32,34). All these findings 
emphasize that the phenotypic heterogeneity of naive CD8+ T cells is a common phenomenon 
that may occur independently of the diversity and specificity of their TCR repertoire.

Unlike the binary expression patterns of surface proteins such as Ly6C and CD183 (29,34,35), 
most proteins on the surface of naive CD8+ T cells displayed a continuum unimodal 
expression patterns, with relatively small differences in expression levels across the entire 
naive population. Despite such subtle differences, however, these surface proteins may 
include ligand or receptor molecules that are either stimulatory or inhibitory for different 
cellular functions in response to various stimuli and/or homeostatic cues, and thus may play 
a role in shaping different functionalities for individual naive CD8+ T cell subpopulations 
that are phenotypically heterogeneous. These issues, addressed in several recent studies, are 
discussed in the next section.

FUNCTIONAL HETEROGENEITY

Under steady-state conditions, naive CD8+ T cells maintain a stable quiescent state for a long 
time without showing any signs of overt activation or division (20,21). The maintenance 
of such homeostasis is not obtained as a default or in a predetermined manner for every 
individual cell within the naive CD8+ T cell population, but it is instead tightly controlled by 
several sophisticated regulatory mechanisms (22,23,36). Subtle differences in the expression 
levels of various surface proteins affect homeostasis and function of the naive CD8+ T cell 
population (Fig. 1A). Of these proteins, interesting results have been observed for naive 
CD8+ T cell subsets that exhibit differential levels of CD5 expression (26,28-31,34,35). CD5 
is highly expressed in naive CD8+ T cells and its function is known as a negative regulator 
of TCR signaling (37). In addition, the amount of CD5 expression on naive CD8+ T cells is 
developmentally determined during thymic positive selection and is proportional to the 
overall strength of the TCR affinity for self-peptides bound to major histocompatibility 
complex molecules (self-peptide MHC [pMHC]) (38,39). Moreover, due to the “promiscuous” 
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nature of the positive selection of self-peptides, expression levels of CD5 on naive CD8+ T 
cells may also exhibit a certain degree of variability in both polyclonal and monoclonal TCR 
populations (40).

Interestingly, the functional differences according to the level of CD5 expression were 
significant, even with relatively small differences in their expression levels. For example, a 
study showed that upon in vitro exposure to IL-2 or IL-15, naive CD8+ T cells with relatively CD5hi 
induced much higher signaling response (based on phosphorylation of STAT5) than cells 
with CD5lo (26). Consistent with this phenomenon, CD5hi cells showed significantly higher 
proliferative response than CD5lo cells when cultured with IL-2, IL-7, or IL-15 (26,31,34,41). 
Similar functional differences were also explained using different stimuli, such as PMA alone 
or PMA and ionomycin. The results clearly showed that CD5hi cells had significantly higher 
PMA-induced ERK activation (based on ERK phosphorylation) and PMA/ionomycin-induced 
IL-2 production than CD5lo cells (28). Similarly, another study showed that when comparing 
several monoclonal TCR transgenic naive T cells with different levels of CD5, constitutive basal 
CD3ζ chain phosphorylation, which indicates TCR signaling sensitivity, gradually increased 
in proportion to the level of CD5 (27,28,31). Together, these results emphasize that there are 
significant differences in intracellular signaling and response outcomes to various stimuli 
depending on the level of CD5 expression, providing a conceptual basis for increasing the 
functional heterogeneity of the naive CD8+ T cell population.

In addition to CD5, functional differences depending on the different levels of CD8 
coreceptors in naive CD8+ T cells have also been reported (32). In this study, when treated 
with TCR stimulation (with anti-CD3 and -CD28) or PMA and ionomycin, CD8hi cells showed 
significantly enhanced activation profiles (based on upregulation of CD25 and CD69) as well 
as a proliferative response compared with CD8lo cells (32). Consistent with the response, 
higher levels of basal phosphorylation of zeta chain-associated protein kinase 70 (ZAP70) and 
ERK were also observed in CD8hi cells than CD8lo cells (32). Likewise, CD45, a surface protein 
with tyrosine phosphatase activity, is another example of a relationship between subtle 
differences in the expression levels of surface proteins and their divergent functionality 
(31,42). CD45 is highly expressed in naive CD8+ T cells and induces either the activation or 
inactivation of lymphocyte-specific protein tyrosine kinase by dephosphorylating 2 tyrosine 
residues, Y505 and Y394, respectively (43). Although CD45 has 2 opposing functions, the 
expression level of CD45 observed in normal steady-state T cell populations appears to act 
as a negative regulator of TCR signaling (42,44). In fact, a difference in the responsiveness 
to TCR (anti-CD3 and -CD28) stimulation was clearly observed in subsets of naive CD8+ T 
cells (derived from normal C57BL/6 mice) that have subtle differences in their CD45 levels; 
thus, significantly lower TCR-induced activation signaling (i.e., phosphorylation of ZAP70, 
phospholipase C gamma, ERK, and protein kinase B) and lower TCR-induced Ca2+ influx 
response were observed in CD45hi cells as compared with CD45lo cells (31).

Notably, in this study, CD45 expression level in naive CD8+ T cells was proportional to CD5 
expression level (31). Therefore, similar to CD45hi cells, CD5hi cells showed significantly lower 
TCR-induced response than CD5lo cells exhibiting the CD45lo phenotype (31). However, these 
differences were no longer observed when treated with a pharmacochemical inhibitor that 
interfered with CD45 phosphatase activity, emphasizing that CD45, but not CD5, expression 
was the direct cause of the observed functional differences (31). Nevertheless, it seems 
debatable to completely rule out the potential direct role of different CD5 levels as a negative 
regulator of TCR signaling, based on observations showing relatively higher responsiveness 
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to TCR stimulation in naive T cells from Cd5−/− mice than in those from wild-type control mice 
(28,37,45,46). However, unlike the results from these mutant mice, when the CD5 expression 
level was experimentally reduced in naive T cells by depriving of self-pMHC ligands, TCR-
induced response of these cells with reduced CD5 levels was muted rather than enhanced 
(47-50). Therefore, the negative regulatory function of CD5 is perhaps limited to tuning 
the strength of the self-TCR signal for developing thymocytes rather than for steady-state 
resting naive CD8+ T cells in the periphery. Further studies using a mutant mouse strain 
that is genetically modified for conditional CD5 deletion in peripheral naive CD8+ T cells are 
necessary to clarify this issue.

In addition to the surface proteins that affect TCR signaling, interesting results have been 
obtained for other surface proteins or components that may regulate cellular functions 
related to naive CD8+ T cell survival and homeostasis. One study showed that subtle 
differences in IL-7Rα (CD127) expression levels within naive CD8+ T cell populations could 
result in differences in their survival and turnover, associated with differential sensitivity in 
response to IL-7 (41). In another study, differences in the level of GM1, a sphingolipid found 
mostly in a specialized plasma membrane microdomain called lipid rafts, were observed in 
the naive CD8+ T cell population (26). When treated with different combinations of cytokines, 
such as IL-2, IL-7, IL-12, and IL-15 in vitro, GM1hi cells showed a relatively high proliferative 
response compared with GM1lo cells (26). As such, receptor proteins for homeostatic 
cytokines, such as IL-2Rβ (CD122 and also shared with IL-15), as well as proteins that regulate 
functions related to lymph node homing (e.g., CD62L and CCR7), cell–cell adhesion (e.g., 
LFA-1, CD44, and Ly6C), metabolite sensing (e.g., CD71 and CD73), and migration into 
non-lymphoid tissues (e.g., CD103 and CXCR3) are all expected to differ in their expression 
levels among naive CD8+ T cells. The fact that even subtle differences in the amount of these 
proteins can lead to a wide range of functional differences warrants further research on many 
other surface molecules that have not yet been studied and will lead to a broader and much 
better understanding of how naive CD8+ T cells shape functional heterogeneity.

FACTORS SHAPING NAIVE CD8+ T CELL HETEROGENEITY

Under normal steady-state conditions, naive CD8+ T cells must meet the requirements for 
long-term survival in a stable quiescent state without any overt reactivity in response to a 
homeostatic factor or self-Ag that is continuously exposed for a long period of time (Fig. 1B). 
In addition, while maintaining a quiescent state, naive CD8+ T cells need to maintain a state of 
functional fitness so that an immediate response can be induced when an Ag-specific immune 
response is initiated. Therefore, to meet these key requirements, naive CD8+ T cells must 
rigorously and precisely regulate signals derived from exposure to various homeostatic factors. 
Thus, we now discuss thymic or post-thymic hemostatic cues as important players, which have 
been addressed in many studies, and discuss how they contribute to shaping the heterogeneity 
of naive CD8+ T cell populations.

Self-Ags
Continuous TCR contact with self-Ags is essential for the survival of peripheral naive CD8+ T 
cells. Therefore, under steady-state conditions, naive CD8+ T cells circulate SLOs through the 
blood and lymph and constantly interact with self-pMHC present on the surface of stromal 
cells or Ag-presenting cells within SLOs. The specificity of self-Ags that induce a tonic 
survival signal for peripheral naive CD8+ T cells is the same as the specificity of positively 
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selecting self-pMHC for developing thymocytes (40,51). Thus, the strength of these self-
signals appears to vary among individual naive CD8+ T cells in the pool, depending on the 
intrinsic TCR affinity for self-pMHC.

Variable tonic self-reactivity for individual naive CD8+ cells is not only necessary as a 
homeostatic survival cue for these cells, but it is also highly likely to have a significant 
impact on generating heterogeneity in these cells under steady-state conditions (52). In 
fact, many studies discussed in the previous section support this hypothesis. In particular, 
phenomena associated with CD5 expression are of great importance, as the level of this 
protein is proportional to the intrinsic TCR self-reactivity for naive CD8+ T cells. One of 
these studies showed that the expression levels of Ly6C and CD183 in naive CD8+ T cells 
varied greatly depending on the level of CD5 expression (29,34); while all CD5lo cells were 
Ly6C− cells, CD5hi cells contained both Ly6C+ and Ly6C− cells. Moreover, CD5hi Ly6C+ cells, 
unlike CD5hi Ly6C− cells, can be further divided into CD183+ cells and CD183− cells depending 
on CD183 expression (34). Interestingly, these naive subsets substantially differed in their 
transcriptomic profiles, including genes related to activation and proliferation, as well as 
effector and memory differentiation (34), which is consistent with the results from several 
other studies comparing gene expression profiles between CD5lo cells and CD5hi cells (29,30). 
In line with these differential gene expression profiles, these subsets of naive CD8+ T cells 
showed significant functional differences, with the highest response of CD5hi Ly6C+ cells, 
intermediate response of CD5hi Ly6C− cells, and the lowest response of CD5lo Ly6C− cells 
observed in the ability to induce IFN-γ production in response to IL-12 and IL-18 exposure 
as well as IFN-γ and TNF production upon PMA and ionomycine stimulation (34). Similar 
functional distinction has also been observed in CD5lo and CD5hi subsets of naive CD4+ T cell 
population in mice and humans (53-56).

These results strongly support the notion that functional differences in naive CD8+ T cells 
are dependent on signals derived from TCR contact with self-pMHC. In fact, in a particular 
condition where self-pMHC is limiting or depleted, the higher responsiveness characteristically 
observed in CD5hi cells was either markedly decreased or completely abrogated (29,34). For 
example, Ly6C expression level in naive OT-I cells that were adoptively transferred into TAP-
deficient mice was significantly reduced compared with that in control wild-type mice (34). 
In addition, when the purified Ly6C− subsets of naive P14 (CD5lo relative to that of OT-I) and 
OT-I (CD5hi relative to that of P14) cells were adoptively co-transferred into C57BL/6 mice (no 
self-competition for OT-I TCR), the upregulation of Ly6C expression was much higher in OT-I 
cells than in P14 cells (34). Notably, when the same P14 and OT-I cells were adoptively co-
transferred into congenically different OT-I recipient mice, where donor OT-I cells compete 
with host-derived OT-I cells to limit self-pMHC ligands, upregulation of Ly6C expression in 
OT-I donor cells was markedly reduced, and the expression level of Ly6C in P14 donor cells was 
significantly increased (34).

Although these results highlight the importance of a post-thymic tonic self-TCR signal, the 
possible role of thymic self-signals may not be overlooked. Indeed, the above functional 
differences between CD5hi and CD5lo subsets from peripheral naive CD8+ T cells were also 
observed mostly, if not all, between the 2 subsets from CD24lo mature CD4−CD8+ single-
positive thymocytes (34), suggesting a role of a positively selecting thymic self-TCR signal. 
Further studies are needed to define the relative importance of both thymic and post-thymic 
self-TCR signals, which contribute to shaping the functional heterogeneity of peripheral 
naive CD8+ T cells.
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Cytokines
Naive CD8+ T cells are exposed to various homeostatic cytokines under steady-state 
conditions. Of these cytokines, the gamma chain (γc) family cytokines, such as IL-2, IL-4, 
IL-7, and IL-15, are well known to broadly affect peripheral naive CD8+ T cell homeostasis 
(21-23,36). In particular, IL-7, together with self-ligands, is a crucial factor for naive CD8+ T 
cell survival; therefore, such a continuous IL-7 signal may variably affect the phenotype and 
function of naive CD8+ T cells. These effects may be attributed to the differential expression 
of cytokine receptors in naive CD8+ T cells (41). However, a more general view seems to be 
that this effect is due to differences in intrinsic self-reactivity rather than cytokine receptor 
expression. Despite comparing 2 subsets showing equivalent levels of IL-2 and IL-7 receptors 
(i.e., IL-2Rβ and IL-7Rα, respectively), CD5hi cells showed stronger functional response to 
these cytokines than CD5lo cells (26). Therefore, it is important to consider that the effects 
of homeostatic cytokines on naive CD8+ T cells largely differ from one subset to another 
depending on the intrinsic self-reactivity of individual T cells.

Among the various homeostatic effects, IL-15 plays a role in generating and maintaining 
CD44hi CD122hi MP (also called virtual memory [VM] cells) CD8+ T cells (57,58). In one study, 
conversion from subsets of naive CD8+ T cells to VM cells was investigated using adoptive 
transfer experiments, in which normal C57BL/6 mice were intravenously injected with either 
the CD5lo or CD5hi subset of naive CD8+ T cells (30). After several weeks under these conditions, 
CD5hi donor cells generated a much higher proportion of VM cells than CD5lo donor cells (30). 
Therefore, these results support the prevailing notion that naive cells with relatively higher 
intrinsic self-reactivity, such as CD5hi cells, have, in general, higher sensitivity to cytokine 
IL-15 (26,30,59). Similarly, IL-7 is crucial for keeping naive CD8+ T cells alive and inducing 
their homeostatic turnover at a slower rate in steady-state lymphoreplete conditions. The later 
slow turnover, however, becomes much more intense in lymphopenic conditions, leading to 
lymphopenia-induced homeostatic proliferation (HP) with much faster kinetics (21,23,60). 
Notably, under these lymphopenic conditions, CD5hi cells exhibited a much faster and greater 
HP with enhanced conversion into the CD44hi CD122hi VM phenotype than CD5lo cells (26). 
Such lymphopenic environments may physiologically occur during the very early stages of the 
neonatal period (61), and it is assumed that IL-7 plays a role in generating certain degrees of 
phenotypic and functional heterogeneity in naive CD8+ T cell subpopulations, that is, CD5hi 
cells and CD5lo cells. In this respect, the increased expression level of CD122 (IL-2/IL-15Rβ) in 
CD5hi cells (relative to CD5lo cells), which is attributed to higher IL-7-driven HP, is expected to 
respond better to a tonic homeostatic signal derived from IL-2 and/or IL-15, thereby rendering 
CD5hi cells more heterogeneous in their phenotype and function. In fact, for peripheral naive 
CD8+ T cells, anti- and pro-apoptotic molecules, BCL2 and BIM, both of which are known to 
be induced by IL-7 signaling (62-64), are expressed at much higher levels in CD5hi cells than in 
CD5lo cells (41). Likewise, the level of the TF EOMES, whose expression is dependent on IL-15 
signaling, is also significantly higher in CD5hi cells than in CD5lo cells (29,30,34).

In addition to IL-7 and IL-15, IL-4 can also affect naive CD8+ T cell homeostasis under normal 
steady-state conditions (65), although the effect is largely limited to a specific mouse strain 
such as BALB/c. The relatively high physiological levels of IL-4 in BALB/c mice are NKT 
cell-dependent, and this phenomenon greatly increases the proportion of CD44hi CD122hi 
VM cells over that of CD44lo naive CD8+ T cells (66-68). Notably, unlike BALB/c mice, despite 
little or no evidence of NKT cell-derived IL-4 production in C57BL/6 mice, the CD5hi subset of 
naive CD8+ T cells from normal C57BL/6 mice showed significantly higher mean fluorescence 
intensity of CD44 expression than that of the CD5lo subset (29). Whether this phenomenon 
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is due to the higher responsiveness of CD5hi cells to a trace amount of IL-4 in vivo remains 
unclear and warrants future studies on the homeostatic role of IL-4 in shaping naive CD8+ T 
cell heterogeneity.

The role of non-γc cytokines has recently been reported to act as homeostatic factors in naive 
CD8+ T cells. In particular, type I IFN, which is generally thought to be produced as a result of 
innate immune response after pathogenic infection, is of interest (69,70). Although the exact 
mechanism of type I IFN production under normal steady-state conditions remains elusive, 
this cytokine is thought to be produced in response to damage-associated molecular pattern 
(DAMP) signals derived from apoptotic cells during normal physiological processes (69,71,72). 
In fact, studies using a genetically modified mouse, which induces a luciferase reporter 
gene expression under the control of the type I IFN gene promoter, revealed that, among 
various organs analyzed, the thymus exhibited the highest levels of luciferase expression (73), 
suggesting a role for DAMP signals released from apoptotic thymocytes during the thymic 
selection process (74). The most direct and clear effect of tonic type I IFN signaling is its ability 
to induce Ly6C expression in naive CD8+ T cells (34,35). This expression was most prominent 
in CD5hi cells, but not in CD5lo cells, and was correlated with a higher responsiveness of 
CD5hi cells to type I IFN in vitro (based on enhanced type I IFN-induced STAT1 and STAT2 
phosphorylation) (34). This phenomenon was observed not only in peripheral naive CD8+ 
T cells, but also in CD8+ SP thymocytes (34). Therefore, tonic type I IFN signaling likely has 
a constant influence on naive CD8+ T cells throughout their lifespan. In fact, results from 
bulk RNA-sequencing analysis comparing the CD5hi and CD5lo subsets of naive CD8+ T cells 
showed that approximately 30% of differentially expressed genes (DEGs) overlapped with 
DEGs regulated by type I IFN in vitro, with significant enrichment of genes associated with T 
cell activation and proliferation (34). Therefore, differences in transcriptional profiles driven 
by tonic type I IFN signaling likely contribute to shaping the phenotypic and functional 
heterogeneity of naive CD8+ T cells. In particular, EOMES, which is highly expressed in CD5hi 
cells compared to CD5lo cells, was more prominent in the CD5hi Ly6C+ subset than in the CD5hi 
Ly6C− subset, which was in close agreement with the highest sensitivity of CD5hi Ly6C+ cells in 
response to type I IFN (34,75). With respect to the functional ability to induce IFN-γ upon IL-12 
and IL-18 treatment in vitro, CD5hi cells (and to a greater extent CD5hi Ly6C+ cells) that were 
deprived (either permanently or transiently) of tonic type I IFN signaling showed markedly 
reduced IL-12/IL-18-driven IFN-γ production (34). In line with these functional aspects, tonic 
type I IFN signaling is also likely to be involved in conditioning naive CD8+ T cells and allowing 
them to induce heterogeneous immune response upon pathogenic infection. This issue is 
discussed in the next section along with its physiological implications.

As another example of a non-γc homeostatic cytokine other than type I IFN, the role of 
TGF-β has been well demonstrated in CD8+ T cells (76,77). A mutant mouse strain with either 
T cell-specific deletion of TGF-βRII or dominant negative TGF-βRII results in autoimmune 
inflammatory diseases with altered T cell homeostasis and aberrant T cell activation (78-80). 
This finding highlights the importance of tonic TGF-β signaling as a key homeostatic 
regulator responsible for peripheral T cell tolerance. In addition to its regulatory role in T 
cell homeostasis, tonic TGF-β signaling plays a role in preconditioning naive CD8+ T cells 
to a steady state (81). Interestingly, TGF-β significantly affected the differentiation fate of 
naive CD8+ T cells into TRM cells after antigenic stimulation (81). In this study, whether tonic 
TGF-β signals differ in their sensitivity among different naive CD8+ T cell subpopulations was 
not addressed. Future studies will focus on defining the relationship between differential 
responsiveness to TGF-β depending on the intrinsic self-reactivity of individual naive CD8+ 
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T cell subsets (particularly between CD5lo and CD5hi cells) and TRM cell differentiation after 
pathogenic infection.

Other extrinsic factors
In addition to the aforementioned key homeostatic signals derived from various cytokines 
and TCR contacts with self-pMHC ligands, environmental factors can also contribute to 
the heterogeneity of naive CD8+ T cell populations. Of these, the differential developmental 
origin of naive CD8+ T cells was recently shown to affect their phenotype and function (82). 
In this study, differences in the developmental history of naive CD8+ T cells were tracked 
using a mouse model capable of “timestamping” fate mapping from one day of the neonatal 
period after birth until 2 months of the young adult period (82). Notably, the fetal layer of 
CD8+ T cells, unlike the adult layer of CD8+ T cells, appears to have an increased ability to 
differentiate into VM cells (82). These findings strongly suggest that naive CD8+ T cells are 
composed of phenotypically and functionally multiple layers of subpopulations, depending 
largely on their developmental origin.

Changes in the homeostasis of naive CD8+ T cells with age have also been demonstrated 
(83,84). In particular, aging causes a decrease in the naive T cell compartment due to a 
decrease in thymic output, which in turn increases homeostatic turnover of the existing naive 
pools, resulting in their conversion and thus a gradual increase in the proportion of effector 
and MP cells (85,86). Thus, naive CD8+ T cells from aged mice appear to be in a functionally 
senescent state, probably due to prolonged exposure to various homeostatic factors, which 
induce a persistent low-grade stimulatory signal in an age-associated altered environment 
and repeated turnover (87). Further investigation of the phenotypic and functional differences 
between young and aged naive CD8+ T cells will help elucidate the mechanisms underlying 
age-related phenomena. In addition, differences in tissue compartmentalization (e.g., SLOs, 
blood, vs. mucosal-associated lymphoid tissues), anatomic location within SLOs (e.g., T cell 
zone vs. interfollicular spaces), interacting cell types, and dwell times (e.g., with dendritic 
cells [DCs] vs. fibroblastic reticular cells) are all potential environmental factors that affect 
naive CD8+ T cell response to homeostatic cues. In the future, all these variable spatiotemporal 
changes in the environment, where naive CD8+ T cells circulate and are exposed to various 
homeostatic factors, such as self-Ags, cytokines, chemokines, and metabolites, will need to be 
carefully evaluated to better understand naive CD8+ T cell heterogeneity.

PHYSIOLOGICAL IMPLICATIONS FOR IMMUNITY AND 
DISEASES
The fact that naive CD8+ T cells are phenotypically and functionally heterogeneous is 
especially important in terms of the efficiency and complexity of adaptive immunity. A single 
Ag-specific naive CD8+ T cell can differentiate into divergent subsets of effector and memory 
cells following antigenic stimulation (19,52). These results highlight that such heterogeneity 
in Ag-specific CD8+ T cell response is randomly formed during an immune response in a 
stochastic manner, which involves different types and/or strengths of stimuli, cytokines, or 
asymmetric cell division. However, as mentioned above, many homeostatic factors can affect 
naive CD8+ T cells at the transcriptional and epigenetic levels, perhaps pre-conditioning 
them to undergo a unique pattern of activation and differentiation upon Ag encounter. For 
example, under homeostatic conditions, tonic type I IFN signals can condition naive CD8+ T 
cells (especially the CD5hi Ly6C+ subset) with a transcriptional signature related to activation 
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and proliferation (34,35). Upon LCMV infection, Ag-specific expansion of CD5hi naive 
cells was increased compared with CD5lo naive cells, and differentiation into SLEC (CD127− 
KLRG1+) and effector memory (TEM: CD44hi CD62Llo) cells was also greatly increased (34). 
Conversely, CD5lo naive cells showed enhanced differentiation into MPEC (CD127+ KLRG1−) 
and central memory (TCM: CD44hi CD62Lhi) cells (34). Notably, CD5hi cells that were deprived 
of type I IFN signaling for up to 7–10 days resulted a significant reduction in effector cell 
expansion as well as marked enhancement in MPEC/TCM differentiation after LCMV infection 
(34). These data indicate that type I IFN has a stable persistent effect on naive CD8+ T cells, 
allowing them to undergo better expansion and SLEC/TEM differentiation after Ag encounter.

In addition to type I IFN, naive CD8+ T cell conditioning by TGF-β has also been reported, 
showing that naive CD8+ T cells are epigenetically conditioned by continuous exposure 
to active TGF-β in lymph nodes (81). Under normal steady-state conditions, TGF-β is 
expressed abundantly in most tissues in its latent form by binding non-covalently to the 
latency-associated peptide (LAP) to confer latency. The cytokine becomes biologically active 
only when LAP binds to members of the αV class of integrins expressed on hematopoietic 
and non-hematopoietic cells, which promotes the release of active TGF-β. As such, it may 
precondition naive CD8+ T cells for epithelial TRM cell differentiation upon skin vaccination 
(81). In this study, TGF-β activation by αV integrin-expressing migratory DCs was crucial for 
naive CD8+ T cell preconditioning (81). Although a possible difference in the relative strength 
of such DC-T cell interactions was not evaluated in this study, TGF-β conditioning by DCs 
was shown to be MHC-dependent (81). Therefore, the effect of TGF-β may vary depending 
on the intrinsic TCR affinity for self-pMHC ligands (i.e., the difference between CD5lo and 
CD5hi cells); further studies are needed to confirm this hypothesis. Similarly, whether the 
aforementioned type I IFN conditioning also depends on the interaction with DCs and acts 
together with TGF-β will also be an interesting point to be further addressed.

The differentiation fate of naive CD8+ T cells could be imprinted differently depending on their 
developmental origin (82). Mechanistically, the fetal layer of CD8+ T cells showed a unique 
transcriptional profile, chromatin landscape, rapid proliferation, and SLEC differentiation 
response after pathogenic infection compared with the adult layer of CD8+ T cells (82). A 
similar phenomenon was observed in human neonatal T cells, which may be due to the 
relatively high frequency of recent thymic emigrants. In particular, IL-8, which is highly 
produced in neonatal naive T cells, has a pro-inflammatory function, and promotes naive 
T cell proliferation and differentiation into IFN-γ-producing Th1 cells (88). In addition, 
compared with human adult naive CD8+ T cells, neonatal naive CD8+ T cells exhibit a unique 
property to undergo continuous cell division, produce antimicrobial peptides and reactive 
oxygen species, and have a unique gene expression profile with high TLR3 and TLR5 
expression levels (89). Moreover, human neonatal naive T cells appear to be more sensitive 
to innate stimuli than are adult naive T cells. It is not clear whether these phenomena are 
due to seemingly immature immune environments in the early stages of the neonatal period, 
including the type and/or level of homeostatic factors that may change during immune system 
development. Collectively, together with type I IFN and TGF-β, such environmental changes 
confer significant phenotypic and functional heterogeneity to naive CD8+ T cell pools at the 
transcriptional and even epigenetic levels, providing a crucial mechanistic insight into the 
generation of huge diversity and complexity of Ag-specific T cell immune response.

The fact that the homeostatic factors mentioned above are the main driving forces leading to 
the formation of naive CD8+ T cell heterogeneity requires the premise that these cells must 
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be kept in check without causing uncontrolled abnormal activation by these homeostatic 
factors. Therefore, naive CD8+ T cells are likely to tolerate a certain threshold of physiological 
cues necessary for creating heterogeneity while maintaining a quiescent state in a normal 
homeostatic environment (90). In fact, a number of cell-intrinsic regulators, including TFs, 
such as FOXP1, FOXO1, and RUNX1, as well as non-TF proteins, such as PELI, PTPN2, and 
PTPN22, which are necessary for maintaining naive T cell quiescence, have been identified 
(91-93). In the absence of these regulators, naive T cells appear to lose tolerance to certain 
physiological amounts of homeostatic factors, spontaneously activate and proliferate, and 
ultimately lose their “naivety” and convert into cells with effector/memory-like properties. 
For example, a study showed that naive CD8+ T cells lacking FOXP1 lose the ability to regulate 
IL-7Rα (CD127) gene expression, resulting in persistently high levels of CD127 on naive CD8+ 
T cells, thereby causing hyper-responsiveness even to tonic physiological levels of IL-7 and 
massive proliferation accompanied by enhanced differentiation into effector/memory-like 
cells (94). Likewise, another study showed that naive CD8+ T cells lacking STAT1 failed to 
regulate the STAT4-driven lysosomal mTOR activation pathway induced by tonic type I IFN 
signaling, thereby losing naivety with aberrant cell proliferation and acquisition of effector/
memory-like cell phenotypes (95). Another recent study also showed that naive CD4+ T cells 
that lack the V-domain Ig suppressor of T cell activation exhibit uncontrolled responsiveness 
to tonic self-ligands, thereby losing their quiescence with an elevated transition into effector/
memory-like cells (96). Unrestrained T cell homeostasis resulting from either the lack 
of various regulators or improper homeostatic signals is associated with T cell-mediated 
autoimmune or inflammatory diseases, such as systemic lupus erythematosus (SLE), 
experimental autoimmune encephalomyelitis, inflammatory bowel disease, and graft-versus-
host disease (91,96,97).

The immune-mediated pathologic outcome associated with the failure in naive T cell 
homeostasis has also been observed in humans. Naive T cells from patients with SLE 
and Sjogren’s syndrome exhibit DNA methylation patterns associated with activation and 
differentiation (98). Likewise, β-cell Ag-specific naive T cells from children with a propensity 
to develop β-cell autoimmunity exhibit partially active and differentiated (especially Th1, 
Th17, and Tfh) properties compared with those from healthy controls (99). Notably, these 
properties could be found even in infancy, long before the onset of autoimmune disease 
(100). Whether the phenomena observed in human naive T cells can be attributed to either 
failure of quiescence control in naive T cells or an atypical feature of a particular immune 
environment remains unclear. Moreover, whether this applies to other types of diseases, 
such as inflammation, chronic pathogenic infection, and cancer, is not fully understood. 
Nevertheless, these studies strongly suggest that individual naive T cell subsets have a unique 
epigenetic landscape that can change upon exposure to various homeostatic environmental 
cues, eventually affecting their differentiation fates and disease development.

Thus, it is important for naive T cells in a steady state to maintain an appropriate balance 
between quiescence and cellular changes (at the transcriptional and epigenetic levels) in 
response to continuous exposure to various homeostatic factors. However, when this balance 
is disturbed, naive T cells may exhibit unrestrained and excessive reactivity to a normally 
weak homeostatic signal, thereby resulting in inflammatory and autoimmune diseases. In 
the future, it will be interesting to study whether and how this balance is regulated differently 
among individual subpopulations of heterogeneous naive T cell pools. Elucidating the 
precise mechanisms underlying these phenomena will provide a better understanding of the 
development of various immune diseases associated with abnormal T cell homeostasis.
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CONCLUDING REMARKS

Until recently, naive T cells were generally recognized as a phenotypically and functionally 
homogeneous population. The importance of naive T cells has been primarily limited to the 
enormous TCR repertoire diversity; thus, studies have focused on how such diverse naive 
T cells are maintained, and which factors are involved in their homeostasis. Therefore, the 
potential heterogeneity of the naive T cell population has not been a major consideration in 
the effort to understand diverse and complex Ag-specific T cell immune response. Indeed, 
studies showing that a single Ag-specific naive T cell can differentiate into various effector 
and memory T cell subsets after antigenic stimulation have cast doubt on the assumption that 
individual naive T cells possess unique differentiation properties. However, accumulating 
evidence indicates that naive T cells are not a homogeneous population but a phenotypically 
and functionally heterogeneous population, and that this heterogeneity can be formed 
through interactions with various homeostatic cues. Importantly, these interactions in a 
steady state contribute not only to creating heterogeneity, but also to preconditioning naive 
T cell pools either transcriptionally or epigenetically, rendering each cell predisposed to 
be distinct in terms of activation, proliferation, and differentiation properties, ultimately 
shaping the diversity and complexity of Ag-specific T cell immune response (Fig. 2). 
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Figure 2. Schematic of how heterogeneity of naive CD8+ T cells is formed and its physiological implications. Naive CD8+ T cell heterogeneity can be formed by various 
factors derived from thymic developmental and peripheral homeostatic phases, which creates immense diversity and complexity of T cell immune responses. For 
example, the relatively low (CD5lo) or high (CD5hi) intrinsic self-reactivity of naive CD8+ T cell subsets shows enhanced MPEC and SLEC skewing, respectively. For 
SLEC skewing of CD5hi subsets (especially for Ly6C+ subset), preconditioning of tonic type I IFN is crucial. Likewise, tonic TGF-β preconditioning plays a role in TRM 
differentiation. Developmental origin (adult layer vs. fetal layer TN) of naive CD8+ T cells is also associated with shaping the fate of effector differentiation. 
TN, naive T.



Considering the heterogeneous nature of naive T cells, comparative studies in different 
immune contexts (e.g., acute or chronic infections, autoimmunity, and cancer) will greatly 
expand our understanding of the physiological significance of naive T cell heterogeneity in 
immunity development and pathogenesis.
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