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Abstract
Recent studies have shown that the transcriptional regulator PLZF controls the development of
essentially all of the innate-like features of invariant NKT cells. For example, PLZF-deficient
NKT cells do not acquire an “activated” phenotype nor do they acquire the capacity to secrete
multiple cytokines upon primary stimulation. The function of a subset of γδ T cells has now also
been shown to be dependent upon expression of PLZF. Furthermore, IL-4 produced by PLZF-
expressing cells causes some CD8 T cells to acquire innate-like features. Therefore, it is becoming
clear that PLZF has a broad impact on the immune response. Here we discuss the current
understanding of how expression of PLZF, the innate T cell determinant, is initiated during T cell
development.

Introduction
Nearly all hematopoietic cells mature in the bone marrow. In contrast, the cells destined to
be T cells leave the bone marrow as multipotent progenitors and home to the thymus where
signals from stromal cells are required for commitment to the T (cell) lineage [1]. Once
directed into the T lineage, the cells undergo a rigorous selection process that eliminates
more than 95% of the candidate T cells. Full maturation requires the expression of a T cell
receptor (TCR) that binds self-peptide:MHC complexes with sufficient affinity. At some
point during development, T cells are directed into one of several distinct T cell lineages
such as CD4 single positive (SP) ‘helper’ cells, CD8 SP ‘killer cells’, or CD4+CD25+

regulatory (Treg) cells. Commitment to these various lineages defines the specialized
functions of the cell, which is critical since each cell type plays an essential and distinct role
for host defense.

The innate-like, invariant Natural Killer T (NKT) cells are an excellent example of the type
of genetic programming that occurs during T cell development in the thymus. Early
development of NKT cells appears to be identical to conventional CD4 and CD8 T cells [2].
However, concurrent with positive selection, NKT cells are directed into a lineage that is
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clearly distinct from conventional T cells in several ways. Here we discuss some elements of
the transcriptional network that controls the development of this interesting subset of T cells.

PLZF: the innate T cell determinant
The BTB/POZ-ZF [Broad complex, Tramtrack, Bric à brac (BTB) or poxvirus and zinc
finger (POZ)-zinc finger] protein family of transcription factors has been found to control a
wide variety of biological processes [3]. BTB-zinc finger (BTB-ZF) family members are
defined by the presence of an N-terminal protein-protein interaction domain (BTB/POZ) and
C-terminal zinc finger domains [3]. Notably, several BTB-ZF genes have been shown to
play critical roles in the development or function of some cells of the hematopoietic system
[4–10]. Recent data has shown that the BTB-ZF transcription factor, PLZF (promyelocytic
leukemia zinc finger), is essential for the proper development of innate T cells [11,12].

Naïve, conventional T cells must go through activation-induced differentiation, followed by
secondary activation by the same or a similar antigen, prior to producing effector cytokines.
Therefore, it is days, if not weeks, before there is full participation of conventional T cells in
an immune response. In sharp contrast, NKT cells produce vast amounts of a multitude of
effector cytokines minutes after activation. Furthermore, they can simultaneously produce
both IL-4 and IFN-γ, a feature rarely found among conventional T cells [13]. NKT cells are
distinct from naïve T cells in that they constitutively express the activation markers CD44
and CD69. Indeed, acquisition of these markers is a sign of functional maturity in the
thymus. In addition to enhanced effector functions, NKT cells are also distinguished by their
uneven tissue distribution; mature cells accumulate in the thymus and liver, but are
relatively scarce in the lymph nodes. PLZF controls the development of all of these effector
functions and characteristics. In the absence of PLZF, NKT cells still develop, but
phenotypically and functionally are very similar to conventional naïve CD4 T cells [11,12]
(FIGURE 1).

Ectopic expression of PLZF in conventional T cells results in the spontaneous acquisition of
memory/effector phenotypes and functions [14,15]. T cells in mice carrying a T cell-specific
PLZF transgene were, like NKT cells, found to be nearly all be CD44hi and CD62Llo

[14,15]. These cells also were found to produce large amounts of several cytokines upon
primary activation [15]. Overall, PLZF expression appears to be necessary, sufficient and
cell intrinsic for many of the salient features that characterize innate T cell function and
phenotype (FIGURE 1).

Recently, several labs reported that in addition to NKT cells, a subset of mouse γδ T cells
expresses high levels of PLZF [16–19]. These Vγ1+Vδ6.3+ T (γδ NKT) cells were also
shown to have the innate T cell capacity to co-express IFN-γ and IL-4 [16,18]. In
unpublished work, we have also found that PLZF is expressed at high levels in non-
invariant, CD1d-restricted T cells as well as in non-CD1d restricted innate T cells. Finally,
human NKT cells also express PLZF and, importantly, are dependent upon PLZF for their
development [11], and unpublished data D. B. Sant’Angelo). Therefore, rather than use a
conglomeration of multiple markers, we propose to simply define the innate T cell lineage as
“PLZF-expressing T cells”.

The influence of PLZF-expressing T cells on immune system function is
diverse

In addition to its cell intrinsic functions, PLZF has recently also been shown to affect the
functions of T cells in trans. (FIGURE 2). Several genetic mutations that influence TCR
signaling, such as Itk or SLP76, or targets of TCR signaling such as Id3, have been reported
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to cause the development of an innate-like CD8 T cell population (discussed further below).
Initially, the impact of these mutations on the development of these innate CD8 T cells has
been reported to be cell intrinsic [20]. For example, Itk-deficient bone marrow used to
reconstitute wild-type mice resulted in the development of innate CD8 T cells [20]. Two
recent studies, however, convincingly demonstrated that acquisition of the innate T cell
characteristics was not intrinsic [21,22], In these experiments, wild-type mice reconstituted
with a 50:50 mix of bone marrow carrying the mutation of interest along with wild-type
bone marrow. Unexpectedly, the wild-type CD8 T cells also acquired the innate T cell
phenotype. The culprit was found to be an expanded population of PLZF-expressing T cells
(mainly γδ NKT cells) that developed from the mutant bone marrow (FIGURE 2). The
PLZF-expressing cells were found to release low levels of IL-4 in the thymus, which was
captured by the IL-4R expressed by some CD8 T cells. These CD8 T cells upregulate
eomesodermin (eomes) expression, take on a memory phenotype and produce large amounts
of IFN-γ following primary activation. Interestingly, increased Eomes expression is not only
a characteristic of the phenotype, but actually appears to be required [23].

An increased frequency of PLZF expressing T cells explains another unusual phenotype that
has been reported (FIGURE 2). Although Itk-deficient T cells have a reduced capacity to
generate Th2 responses, the mice were shown to have increased germinal center activity and
increased serum IgE [24]. Recently, however, it was found that by eliminating the PLZF
expressing γδ T cells from the Itk-deficient mice by crossing to TCRδ−/− mice reduced the
both the serum IgE levels and the frequency of PNA+ B cells back to near wild type mouse
levels [17]. Therefore, PLZF-expressing T cells can, in trans, influence the B cell
compartment as well.

PLZF has also been reported to influence interferon-mediated innate immunity in mice [25].
In particular, a recent study suggested that NK cell function in PLZF-deficient mice is
altered [25]. Sensitive assays conducted in our laboratory have failed to detect PLZF in the
vast majority of NK cells. Therefore, it is possible that the interferon-mediated response is
also a “trans” effect of PLZF-expressing cells. Finally, Id3 deficient mice have been shown
to develop a Sjogren’s Syndrome-like disease autoimmune [26]. We speculate that this
disease might also be a consequence of the expanded PLZF-expressing T cells; either by
directly causing the disease or by their influence on other cells of the immune system.

TCR signaling in innate T cell development
In vitro and in vivo studies support a model whereby αβ/γδ lineage commitment is a result of
the relative strength of signal through the TCR. Signaling through the pre-TCR is thought to
be weak and potentiates the αβ T cell lineage [27,28]. The relatively strong signaling via the
γδ TCR, on the other hand, is thought to secure the γδ T cell fate by initiating a lineage-
restricted gene expression program [27,28]. Recent data from several labs, however, forces a
reevaluation of the data used to support this model [17–19,24,29,30]. In particular, these
studies have shown that mutations in proximal TCR signaling molecules such as LAT, Itk,
SLP76, or lack the transcription factor Id3 [29], a downstream target of TCR signals,
resulted in a dramatic and selective expansion of PLZF-expressing T cells [17–19,24,29,30].
These cells, which were found to be a rather obscure population of γδ NKT cells, are
functionally distinct from the majority of γδ T cells and all express a TCR composed of a
Vγ1 and Vδ6.3 gene segments (Figure 3).

The finding that there is an expansion of γδ T cells in signaling deficient mice has
necessitated some revisions of the strength of signal model for γδ T cell development.
Lauritsen and coworkers, for example, have suggested that the increase in γδ NKT cells in
the absence of Id3 is due to failed negative selection [30]. Some γδ T cells, they suggest,
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normally received an exceedingly strong TCR signal during development and, as a
consequence, are deleted [30]. A clear role for either positive or negative selection in γδ T
cell development is, however, unsubstantiated. We, and others, however, have not observed
obvious changes in the absolute numbers of other γδ T cell subsets in Id3-deficient mice
[18,19]. Therefore, if negative selection were playing a key role, it would follow that it must
be specific to the Vγ1Vδ6.3 γδ NKT cell subpopulation and not γδ T cells using other TCRs.

In a fairly direct test of the strength of signaling model for the expansion of γδ NKT cells,
we have generated double mutant mice that are deficient for PLZF and carry the
SLP76Y145F mutation (unpublished data). If the strength of TCR mediated signals were
controlling the development of the γδ NKT cells, the loss of PLZF, which is induced post
positive selection, would not be expected to impact the increased frequency of these cells.
We found, however, that in the absence of PLZF, the frequency of γδ NKT cells reverted
what is found in wild type mice. Therefore, PLZF controls the expansion, not the strength of
TCR signals (unpublished data).

It would appear, therefore, that the more salient question is how strength of TCR signaling
impacts the development of PLZF expressing T cells. The most obvious explanation, which
is that the nature of the TCR signal directly impacts the expression of PLZF, seems unlikely
for several reasons. First, the two major types of PLZF-expressing T cells respond
differently to alterations in the strength of TCR signals; αβ NKTs being reduced and γδ
NKT being increased [17,18,24,31]. Secondly, PLZF expression is not entirely restricted to
γδ NKT cells, as nearly 20% of Vγ1 SP and Vδ6.3 SP (most likely Vγ7+Vδ6.3+) express
PLZF, albeit at much lower level than found in αβ and γδ NKT cells [16,18]. Next, even
within the Vγ1Vδ6.3 γδ NKT cell subpopulation, not all cells express PLZF [16,18]. In the
spleen of wild type mice, PLZF is expressed in as low as ~35% to as high as ~60% of the γδ
NKT cells [16,18]. There also is a complete absence of PLZF-expressing γδ T cells among
intestinal intraepithelial lymphocytes, even among the Vγ1Vδ6.3 TCR population [16,18].
Additionally, sequencing efforts strongly suggest that, similar to the invariant nature of the
NKT TCR, these TCRs are identical to each other; even within the potentially variable
CDR3 segments [19]. Furthermore, even among Vγ1+Vδ6.3/6.4+ TCR transgenic
thymocytes, PLZF only appears to be induced in ~70% of the cells [16].

Overall, we believe that these observations are inconsistent with expected results based a
simple strength of TCR signaling model. In summary, we argue that these data suggest that
signals generated from the TCR alone cannot induce PLZF expression. Therefore, other
undefined signals likely are necessary for the development of PLZF-expressing innate T
cells.

If not TCR signals, then what does control innate T cell development?
αβ NKT cells are selected on CD1d expressed on double positive (DP) thymocytes [32].
More recent data showed that αβ NKT cells also require homotypic interactions with SLAM
family receptors on DP cells [33,34]. The requirement for SLAM mediated signaling was
made evident by previous work that showed that the adaptor molecule SAP was essential for
NKT cell development [35,36]. Previous studies also had shown that in the absence of the
Src kinase Fyn, which is known to interact with SAP, also resulted in a severe block in αβ
NKT cell development [37–39]. FACS analysis and qRT-PCR analysis of early stage αβ
NKT cells from SAP-and Fyn-deficient mice, however, showed that PLZF expression could
occur independently of these molecules [12,15]. Furthermore, in the absence of SAP or Fyn,
γδ NKT cells develop and express PLZF, although PLZF levels are reduced in the absence
of SAP [16,18]. As mentioned earlier, ectopic PLZF expression in conventional T cell
results in a gain of NKT cell-like functionality [14,15]. Importantly, the ability of PLZF to
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endow cells with these properties is also independent of SAP and Fyn [15]. Altogether,
although these data suggest some differential requirements for SAP and Fyn in αβ- and γδ
NKT cells for development, they eliminate the possibility that this pathway is essential for
PLZF expression.

ThPOK, another BTB-ZF transcription factor, has clearly been shown to be necessary and
sufficient for the differentiation of αβ CD4 T cells [5]. Recent studies have also defined a
role for ThPOK in innate T cell development [18,40–42]. Surprisingly, ThPOK expression
was found in all αβ NKT cells, and utilizing ThPOK reporter mice, it was shown that the
transcription factor had a heterogeneous expression pattern in γδ T cell populations
[18,40,41]. PLZF-expressing γδ NKT cells, however, like αβ NKT cells were found to
express high levels of ThPOK; levels that were equivalent to what was found in
conventional CD4 T cells [18]. Interestingly, a portion of αβ NKT cells and nearly all of the
γδ NKT cells do not express CD4, clearly indicating that ThPOK does not carry out the
same function in innate T cells as it does in conventional T cells [18] (Figure 4).

In the absence of functional ThPOK, defects in the differentiation and function of both αβ-
and γδ NKT cells were apparent [18,40]. First, in the absence of ThPOK both cell types now
had a substantial percentage of cells that expressed CD8. More interestingly, both cell types
also lost the capacity to produce IL-4 upon primary activation. This loss of function,
however, might be a consequence of reduced PLZF expression, at least in the γδ NKT cells
(Figure 4).

It is interesting that there is a dramatic increase CD4+ γδ NKT cells in TCR signaling
mutant-and Id3-deficient mice [17–19,24]. While ThPOK expression is apparent in CD4-
negative αβ-and γδ NKT cells, the increased frequency of CD4+ γδ NKT cells in these mice
are suggestive of an increase in ThPOK activity. Notably, Park and coworkers reported a
decrease in ThPOK mRNA in γδ T cells from Id3-deficient mice [41]. It is tempting to
speculate that PLZF and ThPOK cooperate to control some aspects of NKT cell
development. While it is clear that ThPOK has an important role in innate T cell
development, experiments are needed to directly define how ThPOK impacts the
development of these unique cell types.

The alternative pathway for T cell development: thymocyte-thymocyte
selected T cells express PLZF

It is clear from the previous two sections that the induction of PLZF in innate T cells
requires new transcriptional networks that are intertwined with potentially novel signaling
pathways. Presently, there is no clear resolution to the question of how PLZF is induced.
Clues to this problem should come from the interesting selection pathway required for NKT
cell development that requires interactions with CD1d expressed by DP thymocytes. The
interaction with DP thymocytes is obligatory; forced expression of CD1d on thymic
epithelial cells does not support NKT cell development [43,44]. In contrast, the development
of CD4 T cells was long believed to require unique interactions with thymic epithelial cells.
Again, these interactions appeared to be obligatory since MHC class II expressing non-
thymic derived epithelial cells were shown to be unable to support T cell development [45].
This concept was, at least partially, refuted by studies showing that MHC class II expression
on both mouse [46,47] and human thymocytes [48] was sufficient to support the
development of CD4 T cells. Therefore, in mice and humans, there is an alternative pathway
for the selection of CD4 T cells.

The phenotype of T-CD4 T cells (CD4 T cells selected via thymocyte-thymocyte
interactions) immediately suggested that these cells were somehow distinct from E-CD4 T
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cells (CD4 T cells selected via thymic epithelial cells). In particular, the T-CD4 T cells
tended to have an activated phenotype (CD44hi), lower TCR levels and the capacity to
produce cytokines upon primary activation [46,47]. The discovery that a subset of T-CD4 T
cells were induced to express high levels of PLZF offered a least a partial explanation for
the phenotype and function of these cells [48]. More importantly, these cells provided a
second clear example of the need for the alternative pathway to induce PLZF expression.
Intriguingly, however, only some (~30%) of the T-CD4 T cells are induced to express
PLZF. We expect that the differences between the signals received by these two cell
populations will be very informative.

But what about the PLZF-expressing γδ NKT cells? Do these cells also require interactions
with specific immune cells to induce PLZF expression? In Figure 5, we suggest several
possibilities. First, PLZF-expressing γδ T cells, like αβ NKT cells and T-CD4 T cells, might
require a DP stage of development, while non-PLZF expressing γδ T cells develop directly
from double negative (DN) thymocytes (Figure 5A). Although our published work shows
that γδ NKT cells develop and express PLZF in TCRβ-deficient mice [18,49], these mice do
still have DP thymocytes, but instead express γδ TCRs. These data would suggest that if γδ
NKT cells require a DP stage of development, it likely is somewhat distinct from what is
required for αβ NKT cell development. A second idea is that both PLZF-expressing and
non-expressing γδ T cells arise from the DN stage, but the precursor cells are in some way
distinct. Intriguingly, PLZF expression can be detected at fairly high levels in a subset of
DN2a thymocytes (Figure 5B). It is possible, therefore, that expression of PLZF in a
precursor cell type “sets the stage” for later development into a PLZF-expressing lineage.
Since at this time we cannot discriminate between DN and DP pathways, we must also
consider that both are in play and, therefore, signaling required for γδ NKT cells
development can occur at either stage (Figure 5C). Overall, we believe that comparison of
the developmental requirements for each of these lymphocyte subsets will be of great help in
uncovering the signals that induce PLZF expression.

Concluding Remarks
Overall, it is has become clear that the BTB-ZF family of transcriptional regulators is
necessary for fundamental steps during immune system development and function. Our
findings show that PLZF has a specific, non-redundant and essential function for the
development of a complete immune system. PLZF is an extraordinarily powerful
transcription factor. Data shows that the phenotype and function of any T lymphocyte that
expresses or is forced to express PLZF is dramatically altered. These findings suggest that
PLZF might be useful therapeutically to enhance T cell responses, for example, against
tumors. On the other hand, aberrant expression of PLZF in nominally self-reactive T cells
may lead to autoimmunity. There is a growing appreciation that numerically minor subsets
of T cells can potently modulate immune responses. In particular, the fast and robust
response of innate T cells has led to a series of clinical trials designed both to enhance
immunity against cancer and to dampen immunity against self. The discovery that PLZF
controls the function of these T cell responses should provide new insight into how to
control and manipulate this lineage of cells.
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Figure 2.
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Figure 3.
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Figure 4.
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