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Abstract: 

It is well established that lymphopenia induces the formation of the memory-phenotype T cells 

without the exposure to foreign antigens. More recently, the memory-phenotype antigen-

inexperienced memory T cells were described in lymphoreplete mice and called virtual 

memory T cells. In this review, we compare multiple aspects of the biology of lymphopenia-

induced memory T cells and virtual memory T cells, including cytokine requirements, the role 

of T-cell receptor specificity in the differentiation process, gene expression signature, and the 

immune response. Based on this comparison, we conclude that lymphopenia-induced memory 

T cells and virtual memory T cells most likely represent a single T-cell subset, for which we 

propose a term ‘homeostatic memory T cells’. 
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Introduction 

T cells play a major role in adaptive immune responses. Conventional αβT cells use their T-

cell antigen receptor (TCR) to recognize antigens, i.e., peptides derived from proteins of 

invading pathogens that are presented by antigen presenting cells. The hallmark of the immune 

protection by T cells is the clonal heterogeneity. Each T-cell clone expresses a unique TCR 

and recognizes a different set of antigens. Activation of the TCR induces rapid proliferation 

and differentiation into short-lived effector T cells and memory T cells which facilitate long-

term protection against the identical pathogen. Memory T cells can be distinguished from naïve 

T cells using specific surface markers such as CD44, which is expressed in memory, but not in 

naïve mouse T cells. 

However, the T-cell compartment contains memory-phenotype T cells that have not 

encountered their foreign cognate antigen previously (reviewed in [1]). Although these antigen-

inexperienced memory T cells (AIMT) were reported in both CD8+ and CD4+ compartments 

[2, 3], we are focusing exclusively on the CD8+ subset in this review. The classification of 

CD8+ AIMT cells has not been unified, yet. However, we divide them into three major subsets 

for the purpose of this review article. These are lymphopenia-induced memory (LIM) T cells 

[4, 5], peripherally induced virtual memory (VM) T cells [6], and innate memory T cells that 

are generated in the thymus [7, 8] (Figure 1). The aim of this review is to compare LIM T cells 

with VM T cells and to conclude whether or not these two populations represent a single T-

cell subset. 

Nomenclature of antigen-inexperienced memory-like T cells 

The nomenclature of antigen-inexperienced memory-like T cells is not fully established yet 

and the understanding of some terms slightly varies among different studies. Some 

nomenclature issues arose even during the peer-review of this article. For that reason, we are 

including a chapter that aims to clarify the usage of terms ‘innate memory’,’virtual memory’, 

and ‘HP memory’. 

In line with some previous studies [1, 9, 10], we use the term ‘innate memory T cells’ for the 

memory-phenotype T cells that are formed in the thymus. These T cells were described in 

Balb/c mice and in some genetically modified C57Bl/6 mouse strains [11-13]. In the early 

studies, these cells were called ‘innate CD8+ T cells’ [11, 14]. Later, these two terms were used 

interchangeably [15]. Some authors use the term ‘innate memory T cells’ in a broader sense 

that covers all AIMT cells [16-18].  
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Some authors [1, 6, 19] and we use the term ‘virtual memory T cells’ for the memory-

phenotype T cells formed at the periphery without encountering a foreign antigen. However, 

some authors use this term for antigen-inexperienced memory T cells which are specific for a 

given model antigen, irrespective of their thymic or peripheral origin [19, 20].  

‘HP memory’ T cells stand for homeostatic proliferation memory T cells. This term was used 

to describe memory-like T cells induced by lymphopenia [21-24]. Thus, we understand the 

term ‘HP memory T cells’ as a synonym for LIM T cells. 

AIMT cells and innate-like lymphocytes 

Thymic derived AIMT cell are called ‘innate memory T cells’ [1] and some authors even use 

the term ‘innate memory T cells’ for all AIMT cells [17, 18] to emphasize that the formation 

of AIMT cells is not an adaptive response to a foreign antigen. However, the AIMT cells are 

predominantly formed from conventional αβTCR T cells, which distinguishes them from the 

TCR-deficient innate lymphoid cells and γδT cells. Unlike, invariant or semi-invariant T cells 

like MAIT cells or iNKT cells, CD8+ LIM and VM T cells are restricted to canonical MHCI 

molecules [19, 25-27]. The antigenic specificity of thymic innate memory T cells is less 

understood, but a recent study identified AIMT cells specific for an LCMV antigen presented 

by a conventional MHCI molecule in Balb/c mice. Because the AIMT population in Balb/c 

mice is formed predominantly by innate memory T cells, it seems that innate memory T cells 

are, or at least overlap with, conventional αβT cells. 

Definition of LIM and VM T cells 

Experimentally-induced lymphopenia drives homeostatic proliferation of CD8+ T cells and 

their conversion into memory-phenotype T cells in mice [4, 5, 28]. LIM T cells resemble true 

antigen-experienced memory (TM) T cells by the expression of the typical memory markers 

[4, 5], by rapid production of IFNγ upon antigenic stimulation [5], and by a similar gene 

expression profile [27]. Interestingly, the homeostatic proliferation and memory phenotype 

seem to be tightly linked as only T cells that underwent a few division cycles acquire the 

memory phenotype [28]. Although this phenomenon has been studied for almost two decades, 

the physiological importance of LIM T cells is unclear, because the experimental setup for their 

generation usually involves an adoptive transfer of T cells into irradiated hosts or hosts with 

genetically compromised T-cell development (e.g. Rag-deficient strains). 
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VM T cells are memory-like T cells that occur in healthy non-manipulated lymphoreplete mice 

[6]. VM T cells might be specific to foreign antigens, although they have not been exposed to 

these antigens previously [6, 25]. Although the term “virtual memory” was originally 

developed to define only cells with known antigenic specificity [6, 25, 29], we prefer extending 

this term to cover a subset of phenotypically and functionally identical T cells induced by 

strong homeostatic signals from self-antigens, irrespective of their known or unknown TCR 

specificity to foreign antigens  [19]. 

It has been suggested that VM T cells are generated during natural neonatal period of 

lymphopenia [30, 31]. However, VM T cells can be generated from naïve T cells even in adult 

lymphoreplete mice [32]. Similarities between VM T cells and LIM T cells were noticed 

already in the seminal study describing VM T cellsfor the first time [6]. Because a substantial 

amount of data concerning AIMTs has accumulated in recent years, we aim to analyze the 

current evidence to elucidate whether LIM and VM T cells represent the identical subset. In 

the following chapters, we are going to review multiple aspects of LIM and VM T cells in a 

comparative manner. 

Role of cytokines and dendritic cells in the formation of LIM and VM T cells 

Both LIM and VM T cells are generated from naïve T cells at the immunological peripheral 

organs. One of the main factors for their generation and/or maintenance are specific cytokines. 

The presence of AIMT cells depends largely on IL-15 and partially on IL-4 in lymphoreplete 

C57Bl/6 mice [9, 31]. In Balb/c mice, IL-4 is more important than IL-15 [33, 34]. This 

discrepancy most likely reflects the fact that the AIMT population consists mostly of 

peripherally-induced VM T cells in C57Bl/6 mice, whereas Balb/c mice predominantly contain 

a thymic-derived innate memory subset [35]. Thus, it seems that IL-15 is the major cytokine 

involved in the formation and/or survival of peripherally-induced VM T cells, while IL-4 

supports the formation and/or survival of innate memory T cells. 

It has been shown that IL-7, but not IL-15 or IL-4, is essential for the homeostatic proliferation 

of naïve CD8+ T cells in lymphopenic mice [36, 37]. Accordingly, IL-7, but not IL-15, is 

required for the generation of the memory-phenotype T cells from naïve CD8+ T cells 

adoptively transferred into a newborn (naturally lymphopenic) host [30].  

Homeostatic proliferation of naïve and TM CD8+ T cells is partially impaired in lymphopenic 

hosts depleted for CD11chigh dendritic cells [38]. Albeit not addressed by the authors [38], the 

tight connection between homeostatic proliferation and LIM formation [28] suggests that 
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CD11chigh dendritic cells might be essential for the formation of LIM T cells. CD8+ VM T-cell 

population is significantly reduced in Batf3-/- mice that lack CD8α+ DCs, which might be the 

main cell type that presents IL-15 [9]. 

Although LIM T cells depend mostly on IL-7, whereas VM T cells require IL-15, this apparent 

discrepancy does not necessarily mean that these two cell types represent distinct T-cell 

subsets. It is possible that the distinct requirements for particular cytokines reflect the different 

environments in which these memory-phenotype cells arise. While IL-7 might be crucial for 

the homeostatic expansion required for LIM T cell generation, IL-15 might be more important 

for the expansion and/or maintenance of VM T cells generated in lymphoreplete mice, where 

the IL-7 availability is limited. 

Receptors for IL-7 and for IL-15 both use the common γ-chain to trigger similar intracellular 

signaling pathways [39-42]. Although some differences between the signaling pathway 

triggered by IL-7 and IL-15 do exist [39-42], both cytokines might provide a similar 

differentiation signals to T cells. Likewise, although some gain-of-function studies (addition 

of the cytokine) or loss-of-function studies (deficiency of the receptor or cytokine) showed 

differential effects of IL-7 and IL-15 signals [41-43], these differences could be explained by 

differential levels of expression of these two receptors and/or differences in the availability of 

the cytokines, not necessarily by qualitative differences between IL-7 and IL-15-mediated 

signals [42]. Thus, it is unclear whether or not the induction of LIM T cells by IL-7 and the 

induction/maintenance of VM T cells by IL-15 might trigger unique differentiation programs 

in these subsets. 

Role of TCR 

Homeostatic signals from self-antigens (self-pMHCI) to T-cell receptors are required for the 

homeostatic proliferation of naïve CD8+ T cells and subsequent generation of CD8+ LIM T 

cells [44, 45]. Particular T-cell clones in a polyclonal population differ in their level of self-

reactivity. Although the self-reactivity (i.e., response to self-antigens) of a single T cell cannot 

be measured directly, levels of CD5 serve as a commonly used proxy for T-cell self-reactivity 

[46]. Based on the CD5 levels, it has been shown that T-cell clones with a relatively high level 

of self-reactivity undergo a significantly more robust homeostatic expansion and LIM 

formation than T-cell clones with a lower self-reactivity [47, 48]. 

Pilot studies suggested that the TCR specificity plays a role in the formation of VM T cells. In 

a TCR transgenic OT-I Rag+ population, VM T cells were more efficiently formed from clones 
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using endogenous TCRα than from those using only the transgenic OT-I receptor during aging 

[49]. One possible explanation of this observation is that the dominant OT-I T cells compete 

with each other for the homeostatic signals from a limited set of self-antigens, whereas the 

relatively rare clones with endogenous TCRα have unlimited access to self-antigens they 

recognize. Recently, it has been shown that CD5high naïve T cells more frequently differentiate 

into VM T cells upon an adoptive transfer to lymphoreplete hosts than CD5low T cells (ca. 30% 

vs. 5-10%) [32], suggesting a link between the strength of the homeostatic TCR signals from 

self-antigens and the VM formation. We have recently elucidated this question on a level of 

particular T-cell clones. Only highly self-reactive T-cell clones can differentiate into VM T 

cells, whereas less self-reactive T cells preserve their naïve phenotype [19]. 

Overall, the intensity of homeostatic TCR signals triggered by self-antigens is the key factor in 

the induction of the LIM and VM T cells. However, stronger homeostatic TCR signals are 

required for the generation of VM than for the generation of LIM memory T cells. Some T cell 

clones, including widely used OT-I T cells are very potent in the formation of LIM T cells [5, 

28], but they differentiate into VM memory T cells with a relatively low frequency [19]. Most 

likely, the availability of IL-7 and other cytokines during lymphopenia lowers the TCR 

signaling threshold for the acquisition of the memory phenotype. Indeed, it has been shown 

that excess IL-15 delivered via IL-15 complexes generates VM memory from clones with lower 

CD5 levels in the lymphoreplete mice [32]. Overall, these data imply the importance of 

homeostatic TCR interactions with self-antigens in the formation of LIM and VM T cells. 

However, the TCR repertoires of polyclonal LIM and VM T cells might differ because of 

different cytokine availability and requirements for homeostatic TCR signals (Figure 2). 

Gene expression profile 

Both LIM and VM T cells express markers typical for TM T cells, including CD44, Ly6c, 

CD122, and CD62L [5, 6, 26]. Unfortunately, a direct comparison of gene expression profiles 

of VM T cells and LIM T cells has not been performed, yet. 

The global transcriptome profile of LIM T cells is very similar to the profile of TM T cells and 

the analysis did not identify any specific set of genes expressed or downregulated in LIM 

memory T cells in comparison to other T-cell subsets [27]. They found only a single gene 

specifically upregulated in LIM T cells in comparison to naïve, memory, and effector T cells, 

Drc1 (alias Ccdc164) [27]. Interestingly, our gene expression data revealed that VM T cells 

upregulate Drc1/Ccdc164 when compared to naïve and TM T cells, making this gene the only 
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known candidate marker of LIM and VM T cells (Figure 3)[19]. However, the evidence on the 

protein level is required to establish Drc1/Ccdc164 as a marker expressed uniquely in LIM and 

VM T cells. 

Although LIM T cells do not seem to have a large set of specifically downregulated and 

upregulated genes, they still show differences when compared to naïve or TM T cells 

separately. The most prominent example is low expression of CD49d (integrin α4, part of 

VLA4) in LIM T cells [26]. VM T cells also exhibit low levels of surface CD49d [6, 9]. A 

recent publication showed that NKG2D (alias Killer cell lectin-like receptor; Klrk1) 

discriminated VM T cells (NKG2D-) from TM T cells (NKG2D+) [18]. Our data also revealed 

a significantly lower expression of NKG2D/Klrk1 in VM T cells than in TM T cells (Figure 3) 

[19]. Accordingly, the earlier study focusing on LIM T cells did not identify an upregulation 

of NKG2D upon the transition from naïve to LIM T cells [27]. 

Overall, LIM and VM T cells exhibit similar expression pattern of three genes (Drc1, CD49d, 

and NKG2D/Klrk1), which can be used to distinguish LIM/VM T cells from TM T cells. 

LIM T cells and TM T cells show differential expression of some chemokines and chemokine 

receptors during infection [26]. Whereas activated LIM T cells expressed relatively high levels 

of Ccr7, Cxcr4, Cxcr7, Cxcr3, and Cxcr5, activated TM T cells expressed higher levels of Ccr9, 

Ltb4r2, Cxc3cr1, Ccr1, and Ccr8. Accordingly, our transcriptomic analysis of resting T cells 

showed that VM T cells express higher levels of Cxcr4 and Cxcr5, but lower levels of Ccr9, 

Cx3cr1, and Ccr1 than TM T cells [19]. Although it is difficult to compare gene expression 

data from activated [26] and resting T cells [19], these data indicate that LIM and VM memory 

T cells might have similar profiles of chemokine receptors. 

Although a direct comparison of the gene expression profiles of LIM and VM T cells has not 

been carried out, the available data suggest that the gene expression signatures of LIM and VM 

T cells are similar, if not identical. 

Immune response 

Both LIM and VM CD8+ T cells rapidly produce IFNγ after TCR stimulation in vitro [5, 19, 

25, 45]. VM T cells produce IFNγ after stimulation with IL-12/IL-18 cytokines in vitro [6], but 

this feature has not been addressed in LIM T cells. In vivo, LIM and VM T cells are more 

efficient than naïve T cells with the same specificity in protecting against pathogenic bacteria 

Listeria monocytogenes [23, 25, 26]. In addition, LIM T cells induce an efficient immune 
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response to implanted tumors in an antigen-dependent manner [4], which has not been 

addressed in VM T cells yet. 

Both LIM and VM T cells exhibit the features of memory T cells including rapid IFNγ 

production and protection against Listeria infection. 

The function of LIM and VM T cells 

The physiological function of LIM and VM T cells is largely unclear. VM T cells show efficient 

clearance of Listeria infection on a per cell basis [25] and were proposed to be involved in the 

bystander immune protection [32]. Thus, the role of VM T cells might contribute to the 

competence of the immune system to clear pathogens. It is unclear, if the LIM formation is 

beneficial for the lymphopenic host. As lymphopenia in the adulthood is not a physiological 

condition, it is possible that LIM formation is not an evolutionary adaption, but only a 

coincidental consequence of the altered environment. 

LIM and VM T cells in humans 

Human naïve CD8+ T cells expand and acquire memory phenotype in lymphopenic humanized 

mice [50], suggesting that AIMT cells exist in humans. 

Recently, a population of a human T cells that exhibited features similar to murine VM CD8+ 

T cells has been described [32, 51]. This population expresses NK-receptors KIRs and/or 

NKG2A, high levels of Eomes, T-bet, and CD122 and rapidly produce of IFNγ after 

stimulation with IL-12/IL-18 or PMA/ionomycine [32, 51]. These cells are present in human 

cord blood, albeit at a relatively low frequency [32, 51].  Based on these features, White et al. 

proposed that these cells might be human virtual memory T cells [32]. The putative human VM 

cells accumulate during aging, which is similar to murine VM T cells [32, 52]. However, unlike 

murine VM T cells, these putative human VM cells express low levels of CD5. More 

importantly, these cells are negative for CD27 and CCR7 and positive for CD57 and CD45RA 

[32, 51], suggesting that these cells are terminally differentiated cells rather than central 

memory-phenotype T cells [53, 54]. Although these discrepancies indicate that these human 

and mouse T-cell populations might not correspond to each other, it is still possible that there 

are interspecies differences in the expression of particular surface markers. 

It has not been addressed whether these putative human VM T cells overlap with 

nonconventional innate-like lymphocyte subsets. Because the majority of CD8+ human blood 

T cell producing IFNγ upon stimulation with IL-12/IL-18 are mucosal-associated invariant T 
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(MAIT) cells, it is a question whether the putative human VM T cells are related to MAIT cells 

[55]. Although both the putative human VM T cells and CD8+ MAIT cells showed the homing 

preference to the liver [56], MAIT cells differ from the putative human VM T cells by being 

CD27+CD45RO+ [57]. Moreover, MAIT cells decrease with age [58, 59] whereas the putative 

VM T cells were reported to increase with age [1]. CD161 is a marker of MAIT cells, but is 

also expressed on some polyclonal CD8+ T cells (i.e., negative for the semi-invariant Vα7.2 

TCR) that produce IFNγ upon stimulation with IL-12/IL18 [60]. It would be interesting to 

address whether these CD161+ CD8+ Vα7.2- T cells are related to the putative VM T cells.  

Moreover, it is very difficult to address experimentally whether any human population of 

memory- or effector-phenotype cells was induced by foreign antigens. Thus, we cannot exclude 

that some putative human VM T cells in adult humans were derived from naïve T cells specific 

for pathogens or vaccines. For instance, chronic CMV infection induces a population of 

CD45RA+CD27-CD8+ T cells expressing some NK receptors [61, 62]. Thus, these cells 

resemble the putative VM T cells in some aspects. A possible experimental approach for the 

identification of human VM T cells should include a single-cell transcriptomic profiling 

coupled with the analysis of the TCR usage and analysis of the antigenic specificity. 

Conclusion 

Based on our current knowledge of these two populations, we can conclude that peripherally 

induced VM T cells and LIM T cells most likely represent the identical cell type. They exhibit 

similar gene expression patterns and responses to antigens. Moreover, they are both induced 

by homeostatic TCR signals triggered by self-antigens and by common γ-chain cytokines. It 

seems that VM T cells are formed from relatively highly self-reactive T cells in lymphoreplete 

mice, whereas LIM T-cell generation is a more robust process induced by IL-7 mediated 

expansion and LIM conversion during lymphopenia. Overall, LIM T cells could be generated 

from relatively less self-reactive T cells than VM T cells. This probably leads to distinct TCR 

repertoires of VM T cells in lymphoreplete mice and LIM T cells in animals with 

experimentally induced lymphopenia. We cannot exclude the possibility that the dependence 

on different γ-chain cytokines primes substantial differences between LIM and VM T cells, but 

we could not find any direct evidence for this possibility in the literature. In accordance with 

the old scientific principle of Occam’s razor, we have a preference to adopt the less complex 

model out of 2 or more possible scenarios, until it is disproved by possible new evidence. The 

simplest scenario here is to consider LIM and VM T cells as a single subset. 
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We believe that this study will contribute to the streamlining of the nomenclature of T-cell 

subsets which is required for the general understanding of the T-cell diversity. We propose that 

LIM and VM T cells should adopt a common name that will cover this cell type independently 

of their route of origin (lymphopenia vs. lymphoreplete homeostasis) and will distinguish them 

from other cell types (e.g., innate memory, antigen-experienced memory). Because the term 

‘HP memory’ has often been used interchangeably with LIM (see above), we propose that the 

umbrella term for LIM and VM cells can be ‘homeostatic memory T cells’. The term 

‘homeostatic memory T cells’ has been used previously to describe LIM T cells [63], but has 

not been defined in the connection with lymphopenia as tightly as ‘HP memory T cells’. 
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Figure Legend 

 

Figure 1. Origin of antigen-inexperienced memory T cells 

Formation of innate memory, virtual memory, and lymphopenia-induced memory CD8+ T 

cells. 
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Figure 2. TCR repertoires in LIM and VM T cells 

Schematic representation of different T-cell fates based on their self-reactivity in lymphopenic 

and lymphoreplete conditions. In lymphoreplete mice, only peripheral CD8+ T cells with 

relatively high self-reactivity (but below the threshold for negative selection) can differentiate 

into virtual memory T cells. Availability of cytokines (e.g., IL-7, IL-15) under lymphopenia 

enables generation of LIM T cell from CD8+ T-cell clones with moderate self-reactivity. 
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Figure 3. Novel markers for antigen-inexperienced memory T cells 

Expression levels of Drc1/Ccdc164 and NKG2D/Klrk1 in naïve, TM, and VM T cells analyzed 

by deep RNA sequencing [19]. 
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Table 1. Summary of LIM, VM, and TM T cells 

Characteristics of mouse LIM T cells, VM T cells, and antigen-experienced central memory T 

cells based on references [9, 18, 19, 32, 36, 64]. 

 

  

  LIM T cells VM T cells Ag-experienced CM T 

cells 

Gene 

expression 

profile 

CD44+, CD122++, 

CD49dlow, 

Drc1/Ccdc164+, 

NKG2D/Klrk1- 

CD44+, CD122++, 

CD49dlow, 

Drc1/Ccdc164+, 

NKG2D/Klrk1- 

CD44+, CD122+, 

CD49d+, T-bet+, 

Eomes+, 

Drc1/Ccdc164-, 

NKG2D/Klrk1+ 

Key 

cytokines for 

formation 

IL-7   IL-15  IL-7, IL-15 and others 

Role of TCR Formed from highly 

self-reactive clones  

Formed from highly 

self-reactive clones 

Induced by cognate 

foreign antigens 

Immune 

response 

Rapid IFNg 

production, robust 

protection against 

infection  (Listeria) 

Rapid IFNg production, 

robust protection against 

infection (Listeria) 

Rapid IFNg production, 

robust protection 

against infection 

(Listeria, virus)  
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