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Innate and virtual memory T cells in man
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Abstract

A hallmark of the antigen-specific B and T lymphocytes of the adaptive immune system is their
capacity to “remember” pathogens long after they are first encountered, a property that forms the
basis for effective vaccine development. However, studies in mice have provided strong evidence
that some naive T cells can develop characteristics of memory T cells in the absence of foreign
antigen encounters. Such innate memory T cells may develop in response to lymphopenia or the
presence of high levels of the cytokine IL-4, and have also been identified in unmanipulated
animals, a phenomenal referred to as “virtual memory.” While the presence of innate memory T
cells in mice is now widely accepted, their presence in humans has not yet been fully validated. In
this issue of the European Journal of Immunology, Jacomet et al. [Eur. J. Immunol. 2015.
45:XXX-XXX] provide the best evidence to date for innate memory T cells in humans. These
findings may contribute significantly to our understanding of human immunity to microbial
pathogens and tumors.
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Immunologists have traditionally divided the immune system into innate and adaptive
branches. Innate immune cells express conserved receptors that bind molecular patterns
contained within a variety of microorganisms, whereas adaptive immune cells express
diverse antigen receptors that bind with pathogen-specific antigens. A critical component of
the adaptive immune system is its capacity to remember prior encounters with the same
antigen, a property referred to as immunological memory, which forms the basis for the
efficacy of vaccines. However, some cells don’t fit neatly within the typical innate or
adaptive immune cell designations. For example, natural killer (NK) cells, which are
considered part of the innate immune system, can develop long-lived and highly specific
memory to hapten-based contact antigens and diverse viral antigens (reviewed in [1]).
Conversely, several subsets of innate-like B and T lymphocytes have been identified that
express antigen-specific receptors, yet exhibit many characteristics of innate immune cells
such as a rapid response to antigenic stimulation and the absence of a recall response to
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cognate antigen (reviewed in [2]). Natural killer T (NKT) cells, a subset of T cells that
recognize glycolipid antigens bound with the MHC class I-related protein CD1d (reviewed
in [3]), belong to this family of innate B and T lymphocytes, which has also been referred to
as “inbetweeners” (reviewed in [4]). Yet another variation on this theme is that some naive
antigen-specific T cells, especially CD8" T cells, can acquire the characteristics and
functions of memory T cells in the absence of previous encounters with a foreign antigen
(for excellent reviews on this topic, see [5, 6]). Whereas such “innate memory” T cells can
be induced in response to alterations in the environment, they have also been identified in
mice under steady-state conditions, in which case they have been dubbed “virtual memory”
T cells [6-8]. Although the concept of innate memory T cells is now well established in
mice, whether an equivalent T-cell population exists in humans remains to be fully
validated. The paper by Jacomet et al. [9] in this issue of the European Journal of
Immunology provides the best evidence yet for the existence of innate memory T cells,
including virtual memory T cells, in humans.

Two general pathways for the generation of innate memory T cells in the absence of a
foreign antigen have been identified in mice. Adoptive transfer studies of naive donor T
cells into lymphopenic recipient animals demonstrated that the transferred cells not only
proliferated in the absence of antigen stimulation but also adopted surface markers such as
CD45R0, CD44, and CD122 (IL-2Rp), and functions such as rapid IFN-y secretion,
characteristic of memory T cells [6, 10, 11]. While some of these T cells recognized
commensal microorganisms and therefore are not innate memory T cells but “conventional”
or “true” memory T cells (Figure 1), others acquired this phenotype even when transferred
into germ-free lymphopenic animals [12]. These memory-phenotype CD8" T cells rapidly
produced IFN-y and became cytotoxic in response to TCR stimulation or innate cytokine
(IL-12 plus 1L-18) activation [12]. Lymphopenia-induced innate memory T-cell generation
was shown to be dependent on TCR signals resulting from binding with low affinity self-
peptide/MHC ligands, which may be qualitatively different from the high-affinity TCR
signals induced by foreign antigens [13]. This process also required factors such as IL-7,
which is thought to be a main driver of lymphopenia-induced T-cell proliferation [14], and
IL-15, which is thought to play a critical role in the maintenance of the memory phenotype
in CD8™ T cells [15] (Figure 1). IL-7 receptor (IL-7R) signaling promotes induction of the
T-box transcription factor 21 (T-bet) in these cells, which induces CD122 (a component of
the IL-15R) and thus sensitizes the cells to the effects of IL-15 to induce the T-box
transcription factor eomesodermin (Eomes) [16]. This results in a transcription factor
expression pattern very similar to that of conventional memory T cells. Lymphopenia may
be induced in certain infections or treatments that impair the immune system, but it is less
clear how such a situation would arise under normal physiological conditions. It has been
suggested, however, that the neonatal immune system in mice is characterized by partial
lymphopenia [17]. A significant population of memory phenotype T cells, which may
represent virtual memory T cells, has been observed in neonatal animals [7].

In addition to lymphopenia-induced innate memory T cells, a population of memory
phenotype CD8* T cells has been identified in mice that appeared to develop in response to
the cytokine IL-4 (reviewed in [6]). This type of innate (virtual) memory CD8" T cell was
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abundant in certain mouse strains, such as BALB/c during steady-state conditions, and
required the presence of IL-4-producing cells expressing promyelocytic leukemia zinc finger
(PLZF), a transcription factor that is characteristically expressed by subsets of innate and
innate-like lymphocytes (Figure 1) [18]. Subsequent studies identified a critical role of NKT
cells for the generation of innate memory CD8" T cells in BALB/c mice, which was
consistent with the abundance of IL-4-producing NKT cells (called NKT2 cells) in these
animals, as compared with mouse strains such as C57BL/6 that harbor few NKT2 cells and
where IL-4-induced innate memory CD8* T cells are sparse [19], except when promoted by
the co-stimulatory receptor CD28 [20]. Current thinking holds that IL-4-induced memory T
cells may be generated both in the thymus and the periphery during steady-state conditions,
and that these cells may be induced in the periphery not only by NKT2 cells but also by
strong type 2 immune responses to microbial or environmental antigens [21]. Whether the
generation of these cells requires TCR-mediated signals remains to be determined. IL-4-
induced memory CD8* T cells express the transcription factor Eomes, but unlike
conventional and lymphopenia-induced memory CD8* T cells, these cells do not express T-
bet [8]. Like lymphopenia-induced memory CD8* T cells, IL-4-induced memory CD8* T
cells have the ability to rapidly produce IFN-v in response to TCR engagement or
inflammatory cytokines [18].

Studying innate memory T cells in mice is challenging because it is hard to exclude the
involvement of microbial, environmental or food antigens in their generation. This becomes
particularly problematic when looking for innate memory T cells in humans. One cellular
source that has provided a partial solution to this problem is tissues obtained from premature
births. Earlier studies provide evidence for memory-phenotype T cells in the spleen and cord
blood of human fetuses [22], and for memory-like CD8" T cells expressing NK-cell
receptors in full-term cord blood [23]. Additional studies identified a population of human
fetal CD8* thymocytes that expressed Eomes [24], as well as a population of thymic PLZF-
expressing cells [25]. Jacomet et al. [9] put several of these pieces of the puzzle together by
demonstrating that full-term human cord blood contains a sizeable population of CD8* T
cells that lack expression of CCR7, a chemokine receptor that enables cells to migrate to
lymph nodes, but co-express the memory T cell marker CD45R0O and the naive T cell
marker CD45RA. This surface marker expression profile is characteristic of memory T cells
with a terminal effector phenotype, often referred to as terminally differentiated effector
memory T cells (Tepmra, reviewed in [26]). These cells also expressed Eomes and the NK-
cell markers KIR (killer cell Ig-like receptor) and NKG2A. The KIR*NKG2A*Eomes*
memory-phenotype CD8* T cells produced IFN-y in response to stimulation with
inflammatory cytokines (IL-12 plus I1L-18) or nonspecific stimuli (PMA, phorbol myristate
acetate, plus ionomycin) [9]. The majority (60%) of these cells also expressed T-bet, which
is consistent with the possibility that many of them arise in response to partial lymphopenia
associated with the fetal or neonatal immune system in humans. Additionally, the presence
of these cells correlated well with expression of PLZF among NKT cells in cord blood,
which is consistent with a contribution of IL-4-producing, PLZF-expressing cells to their
generation. Regardless of their precise origin, however, these findings provide strong
evidence for the presence of innate memory T cells, especially virtual memory T cells, in
human cord blood.
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Avre innate memory T cells present in adult humans? Prior studies identified a subset of
CDS8™ T cells in human peripheral blood that express NK-cell receptors such as KIR [27-
29]. Jacomet et al. [9] further demonstrated that more than half of these adult peripheral cells
express Eomes and the majority (60%) of these cells also co-express T-bet. Akin to the
virtual memory T cells identified in cord blood, these cells exhibit a terminally differentiated
effector cell phenotype and respond to TCR or innate cytokine signals by producing IFN-y
[9]. These cells also exert NK cell-like cytolytic activity in an antibody-dependent manner
via the human low affinity Fc receptor CD16, and against MHC class I-deficient target cells.
These findings are thus consistent with the presence of innate memory CD8* T cells in adult
humans.

Whereas the new study [9] provides the best evidence to date for the existence of innate
memory T cells in humans, the origin of these cells remains unclear. In humans it not
feasible at present to exclude the involvement of foreign antigens in the generation of T cells
with a memory phenotype. Another challenge is to determine the antigen-specificity of these
cells, a problem that in mice was typically addressed with TCR transgenic animals. In this
context, previous studies have found an expanded population of CD16-expressing effector
CD8™ T cells with NK cell-like functions in patients chronically infected with hepatitis C
virus [30]. Cells with a similar phenotype have been identified in the blood of healthy
donors and in patients with hyperlymphocytosis, and in cultures of Epstein-Barr virus-
specific cytotoxic T lymphocytes [31]. Whether these cells represent innate memory T cells
remains to be determined and will require further investigation of their phenotype,
transcription factor expression and origin.

What are the functions of innate memory T cells? Studies with lymphopenia- and IL-4-
induced memory CD8* T cells in mice have shown that these cells responded more strongly
than naive CD8" T cells with the same specificity, yet these cells were less effective than
foreign antigen-induced memory CD8* T cells with regard to their proliferative and
cytolytic capacity [6]. These cells were able to protect animals against infection by the
bacterial pathogen Listeria monocytogenes [32] and against tumors [33, 34], suggesting an
important contribution to host immunity. Furthermore, because these cells can respond
rapidly to innate cytokines such as IL-12 and IL-18, they might contribute to the
inflammatory milieu early during an immune response. Situations in humans where such
cells may be generated include the transient lymphopenia induced following certain
infections, severe autoimmunity, and various treatments such as chemotherapy,
radiotherapy, immunosuppressive drugs, and host conditioning regimens for adoptive
transfer of tumor-specific T cells. Thus, the memories captured by innate memory T cells
may contribute to a variety of immune responses and the success of several treatments.
Interestingly, recent studies have revealed that virtual memory CD8* T cells constitute the
majority of memory CD8" T cells in aged mice [35-37], which is consistent with the notion
that aging is associated with partial T cell lymphopenia (reviewed in [38]). It has been
demonstrated that as mice age, this virtual memory population becomes enriched in T cells
with high TCR avidity and fast rates of homeostatic proliferation [37]. It was further shown
that the impaired ability of these cells to proliferate and induce their effector functions as
compared with conventional memory T cells contributes to the decline of immune responses
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with aging [36]. These findings therefore suggest the possibility that accumulation of virtual
memory T cells contributes to the decline in immune function with advancing age.

The identification of innate and virtual memory T cells in humans will undoubtedly lead to
increased efforts to explore the origins and functions of these fascinating cells, with the
ultimate goal of harnessing them for prophylactic and therapeutic purposes.
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True memory

Innate memory:

- Induced memory
- Virtual memory

Innate (virtual)
memory

Pathways for the generation of distinct memory T-cell populations in mice and humans. (A)
Naive T lymphocytes in both mice and humans can differentiate into conventional, or “true”
memory T cells in response to foreign antigens. (B) Alternatively, naive T cells in mice can
adopt a memory phenotype independently of foreign antigens to become innate memory T
cells. Such cells may be induced following lymphopenia with the assistance of self-antigens
and cytokines such as IL-7 and IL-15 to become lymphopenia-induced memory T cells
(top), or in response to the cytokine IL-4 produced by PLZF* NKT cells to become 1L-4-
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induced memory T cells (bottom). Both of these alternative pathways of memory cell
generation may occur in response to alterations in the environment, called induced innate
memory, or under steady-state conditions, called virtual memory. (C) The new study from
Jacomet et al. [9] validates the presence of innate (predominantly virtual) memory T cells in
humans, which may be generated in response to either lymphopenia (top) or IL-4 (bottom).
Precise mechanisms for the generation of these cells in humans remain to be determined.
Differences in the expression of critical transcription factors between naive T cells and
distinct subsets of memory T cells are depicted.
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