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A shared gene-expression signature
in innate-like lymphocytes

Summary: Innate and adaptive immunities are the two major arms of
the immune system, which rely on distinct cell types. These cells can be
distinguished not only by the source of diversity for non-self recognition,
of germline or somatic origin, but also by their localization and the
pattern and rates of response after encounter of antigenic triggers. In
addition, subsets of lymphocytes exist whose receptors require rearrange-
ment but result in semi-invariant structures with a high degree of self-
specificity. We hypothesized that these innate-like lymphocytes might
share a common gene transcription signature that relates them to classic
members of the innate immune system. This relationship was first
observed in agonist-induced CD8ao T cells in fetal/neonatal thymus.
We then asked whether this notion could be extended to other innate-
like lymphocytes, by comparison of gene expression profiles of innate-
like lymphocytes and closely paired adaptive system counterparts (NKT
versus CD4T, CD8aoT versus CD8aBT, and Bl versus B2). A statistically
significant ‘innate signature’ indeed was distilled. Particularly intriguing
was the high representation of interferon-inducible guanosine triphopha-
tases crucial for resistance against intracellular pathogens and of small G
proteins involved in intracellular vacuole maturation and trafficking.
Overall, this combined expression pattern can be designated as an innate
signature among lymphocytes.

Introduction

The innate/adaptive dichotomy is now a strong principle of
immunology, even if it is also clear that the boundaries are
blurred and that both systems considerably affect each other.
After a long dominance of interest in adaptive immunity (1, 2),
the discovery of somatically invariant receptors (e.g. the Toll-like
receptors) that trigger cell activation wupon recognition
of obligate microbial structures propelled a reawakening
of interest in the innate immune system (3). Employing
germline-encoded antigen receptors, innate immunity enables
quick cascades of cellular reactions against microbial invasion,
while adaptive immunity delivers a delayed but more specific
response, exploiting selective amplificaion of cell clones
displaying rearranged antigen receptors to achieve more effective
clearance of the pathogens. This categorization is underlined

by comparative immunology: the adaptive immune system



does not exist in living animals directly descending from
ancestors older than the cartilaginous fish (e.g. sharks); sub-
sequently, there was an extraordinary outbreak in the diversity
of the antigen receptor (sometimes referred to as the ‘immu-
nological big bang’) (4, 5). Comparative immunology initially
defined adaptive immunity by the presence of rearranged anti-
gen receptor genes (6), but more recent analyses have revealed
many potential similarities in the innate and adaptive immune
systems in terms of the diversity in antigen receptors and
adaptation to microbial challenges (7-9). It can be considered
that immune receptors vary and adapt to pathogens on two
different time scales: slowly, on an evolutionary clock
of Darwinian selection for the germline-encoded receptors
of macrophages, natural killer (NK), dendritic, or mast cells
and, rapidly, on the individual’s scale of clonal selection for the
somatically rearranged and mutated receptors of T and B
lymphocytes.

Constituents of the innate immune system, however, are
not defined solely by their lack of rearranged antigen recep-
tors. In fact, several characteristics of innate system cell types
distinguish them from cell types of the adaptive system: the
two have different tissue localization, and the former exhibit a
quicker response, more robust effector function, and absence
of memory (10-12). There is also an intriguing group of cells
whose phenotypic features place them at the border of the
innate and adaptive immune systems (reviewed in 13). These
‘innate-like’ lymphocytes include Bl cells, marginal zone B
cells, ¥0 T cells, NKT cells, and intestinal epithelial lympho-
cytes (IELs), including CD8oo cells. These cell types use
somatically rearranged receptors for antigen recognition, but
these receptors tend to be invariant, utilizing germline-
encoded elements to recognize simple molecular structures
from microbes and pathogens as well as self-antigens, such as
altered carbohydrates or lipids. Innate-like lymphocytes reside
mostly in tissues rather than in the secondary lymphoid
organs, constitutively express a memory phenotype
(CD45RO™), and unleash quick effector functions such as
instantaneous cytolysis and rapid cytokine, chemokine, and
antibody secretion (Fig. 1).

These are all characteristics of cells of the innate immune
system (11, 13-15). One might surmise, then, that these
common phenotypic characteristics might be underpinned
by common genomic characteristics, shared signatures of
gene expression. In this text, we review our recent analyses
in this area.

Genetic and genomic analyses are complementary
approaches to a comprehensive understanding of gene func-

tion in complex biological systems. The quasi-complete
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Fig. 1. Shared characteristics of innate-like lymphocytes.

determination of genome sequences for certain species pro-
vides a longitudinal map of the receptor and effector struc-
tures that might operate in their immune systems, while the
determination of gene expression patterns in individual cells
or groups of related cells brings an orthogonal perspective on
the extent to which this potential is actually utilized. The
global perspective offered by microarray data also affords
the possibility of analyzing the full complexity of gene reg-
ulatory networks and of identifying gene expression ‘signa-
tures’ shared by functionally related cell types (16). The gene
expression signature is a set of expressed genes that connects a
given biological process or differentiation states of cells to a
molecular reality represented at the mRNA expression level.
Once determined, the signature can be used to search the gene
expression profiles from different samples and identify char-
acters associated with the signature in other contexts.

In this vein, comparing gene expression profiles between
innate and adaptive immune system cell types might help to
highlight fundamental features of innate and adaptive immu-
nity. One might, for example, hypothesize that there are
commonalities between macrophages, neutrophils, dendritic
cells, and NK cells that set them apart from the classical,
adaptive, B lymphocytes, and T lymphocytes. This question
could be formulated as ‘Is there a gene expression signature
for innate immunity as a whole?’ In the experiments reviewed
here, we have analyzed gene expression signatures in a variety
of cell types but, in particular in innate-like lymphocytes, in
which an ‘innate signature’ might be easiest to distinguish, by

comparison with closely paired adaptive lymphocytes.

Expression of genes typical of the innate immune system
in agonist-induced CD8a cells

Our first observations on the presence of a particular signature
in innate-like cells arose during studies on T-cell differentiation
induced in reaggregation thymic organ cultures (17). This
experimental system started from ‘blocked’ double-positive

cells, isolated from transgenic mice whose combination of
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Fig. 2. Mature CD80. cells of other TCR specificities are elicited by their

cognate peptide. Unselected DPs from two different TCR-transgenic mice
[(A) class I-restricted OT-1 and (B) class II-restricted SCC7] were cultured in

T-cell receptor (TCR) and major histocompatibility complex
(MHC) precludes any positive selection. Addition of these pre-
cursors to alymphoid thymic rudiments, in which the proper
selecting molecules and peptides could be found, resulted in
highly synchronous differentiation of the input cells. Most
interestingly, when a strong agonist peptide was added in
titrated doses, CD8aot T cells arose from these cultures, as
illustrated in Fig. 2.

This induced differentiation was quite reminiscent of the
influence of agonist peptide recognition in the presence of
CD8aa cells in the male HY TCR-transgenic mouse (18-20).
As shown in Fig. 2, the appearance of CD8aa cells was inde-
pendent of the nominal MHC restriction of the transgenic
TCR, as the same behavior could be elicited in OT-I or AND

P> CD8o
RTOC with graded doses of the relevant agonist peptide (OVAp or MCCp,

respectively). The cultures were stained for CD4/CD8 or CD8a./CD8P after
4 days in culture.

transgenic thymocytes. Global gene expression profiles were
then determined to explore the characteristics of CD8oo T
cells, comparing their microarray profiles to those of more
conventional CD8™ cells elicited by peptides normally loaded
on the positively selecting MHC molecules or by much lower
doses of agonist peptides. As illustrated in Fig. 3, many of the
genes distinguishing these CD8aat T cells were genes typically
expressed in NK cells.

Upon closer examination, it became apparent that it was
not simply an NK signature that was showing up in these
comparisons but that the differentially expressed genes also
included transcripts more generally expressed in innate-like
cells: genes encoding the transcription factor Id2 or the signal
transducers DAP-12 and FceRy, whose broad role had been

Fig. 3. Genes most differentially expressed
in CD80. relative to CD8af} T cells.
Microarray analysis was used to compare genes
expressed in mature CD8aa versus CD8of3
single-positive T cells, in reaggregation fetal
thymic organ culture (essentially as in Fig. 2;
see 17). Genes are sorted according to their
differential expression in CD8aa T cells. Genes
highlighted in orange are typically expressed in
NK cells or in other cells of the innate immune

system.

CD8aoT
versus Gene Affy ID Entrez ID Annotation
CD8oT
8.81 [Car2 92642_at 12349|Carbonic anhydrase |
8.73 |Cd244 95380_at 18106|Natural killer-cell receptor 2B4
7.44 |ldb2 93013_at 15902]Inhibitor of DNA binding 2
7.33 [Napsa 101972_at 16541 |Aspartic peptidase
7.16 |Kirbla 94772_at 17057|Killer cell lectin-like receptor
6.71 |FceR1g [162181_f at 14127|ITAM signaling
5.82 |Anxa2 100569_at 12306|Annexin A2
5.82 [Mdfic 102644 _at 16543|MyoD family inhibitor domain containing
5.61 |Serpina3g|102860_at 20715|Serine/cysteine proteinase inhibitor
5.35 |[Wbscr5 [161899 f at 56743|Williams-Beuren syndrome
5.30 |[Tbl1xr1 103889_at 81004 | Transducin (B)-like 1X-linked receptor 1
5.13 |Ccl5 98406_at 20304 |Chemokine (C-C motif) ligand 5
5.08 |Ahnak 160255_at 66395|AHNAK nucleoprotein (desmoyokin)
4.84 |EST 103090_at 56046
4.69 |Spock2 [104375_at 94214|Calcium ion binding
4.60 |Cxcr3 94173_at 12766|Chemokine (C-X-C motif) receptor 3
4.50 |Xdh 97950_at 22436|Xanthine dehydrogenase
4.41 |Kit 99956_at 16590| Transmembrane receptor tyrosine kinase
4.33 [Kirbic 93380_at 17059|Natural killer-cell-mediated cytotoxicity
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established in several knockout studies (21-25). Thus, a
strong signal triggered at the TCR level elicits two fundamen-
tal (and yet perhaps not unrelated) changes. First, the shutoff
of CD8f gene expression, in a single molecular switch, elimi-
nates the CD8af} coreceptor required for effective signaling
downstream of classical TCR-MHC class I molecule engage-
ments and brings out the CD8ao coreceptor, a TCR-
independent ligand for the non-classical class I molecule TL
(26). Second, a broader programmatic change activates a
panel of genes typical of the innate immune system, ranging
from cell-surface receptors to signaling molecules or tran-
scription factors, several of which are integral to the differ-
entiation and function of innate immune system cells: NK
receptors (NCRs), DAP12, FceRy, c-kit, etc. Most provocative
is the strong induction of Id2, a member of the inhibitor of
DNA-binding family and a key factor for NK and dendritic cell
development (24, 25). The Id2 overexpression in CD8aa cells
is accompanied by a downregulation of E2A, which has
exactly the opposite effect to Id2 on the NK-T cell balance
(27). Might Id2 and E2A be the direct downstream targets of

strong TCR engagement and control the other changes?

General differential gene expression profiles of innate-
like lymphocytes

We then sought to broaden these observations in CD8aa cells,
by asking whether transcripts typical of cells of the innate
immune system would be found in other innate-like lympho-
cytes and whether one might identify transcriptional features
shared between three innate-like cell types versus their paired
adaptive system counterparts. The following cell pairs were
then sorted: Bl lymphocytes (IgM"IgD™CD11b") were
sorted from peritoneal lavage cells, while conventional B2
lymphocytes (IgM™IgD™CD11b") were isolated from spleen
cell suspensions prepared from the same mice (Fig. 44, top
panels).

NKT cells were sorted from spleens as CD3"CD4"NK1.1*
cells, together with CD3*CD4*NK1.1™ conventional T cells
(Fig. 4A, middle panels). Total RNA was extracted from these
sorted populations and was used to probe microarrays (full
data are available upon request). In these comparisons, we
re-employed the data sets from conventional CD8afT or
agonist-induced CD8oT cells induced in fetal thymic organ
cultures. Typical cell isolations are reproduced in Fig. 4A (right
panels) for comparison. In several instances, the initial
microarray differences were verified on independent samples
by quantitative reverse transcriptase-polymerase chain reac-
tion (RT-PCR) (see below).

Yamagata et al - Expression signature in innate-like lymphocytes

The basic approach of the bioinformatic analyses was to
first identify for each pair the differentially expressed genes
and then to highlight elements conserved across the three
differentials. This procedure aimed to extract a set of genes
whose transcription was characterizing innate-like cell types
(hereafter simplified to ‘innate genes’) as opposed to loci
whose expression typified adaptive system cell types (‘adap-
tive genes’). A preliminary hierarchical clustering of the 1936
differentially expressed genes (filtered on a fold-change >1.5
in any two-way comparison) served to substantiate our
assumption that the innate (CD8aoT, NKT, and B1) versus
adaptive (CD8ofT, CD4T, and B2) cell pairs are ‘close but
distinct’ (Fig. 4B). The expression patterns of the two mem-
bers of each pair were more similar to each other than to
those of any other cell type, as evidenced by the dendogram
on the top (e.g. the NKT profile was closest to that of CD4* T
cells, those of Bl cells and B2 cells closest, etc.). Yet the
expression profiles also showed differentially expressed
genes within each pair. These differences are depicted on
the fold-change/expression plots of each of the three innate
versus adaptive pairs (Fig. 4C). Literature database searching
revealed that a sizeable number of the differentially expressed
genes corresponded to those expected to show divergent tran-
scription in these cell pairs (28-31), validating the relevance
and significance of these data (Given our stated purpose, to
distill particular gene expression programs and signatures, we
will not detail these individual differences any further here).
For a broad view of the magnitude of differential gene expres-
sion between the paired innate and adaptive cell types, we
plotted the number of loci whose transcription diverged
between the two members of each pair using the ‘Changes’
algorithm (32) (Fig. 4D). These plots show that significantly
more genes were overexpressed, as opposed to underexpressed,
in innate-like lymphocytes (red and blue lines, respectively;
compare with the black lines representing the number of
changes in the randomized control data set). This observation
suggests that innate lymphocytes actually have additional tran-
scriptional potentialities but not at the expense of downregulat-
ing other expressions programs (13, 28, 33).

To address which categories of proteins (e.g. cell-surface
receptors, signaling molecules, transcription factors) were
overexpressed in innate-like lymphocytes, we filtered genes
that were overexpressed greater than twofold in innate cells
and sorted them into cell-component categories according to
gene ontology (GO) database annotations (Fig. 54).

While the overexpressed genes covered a broad spectrum of
cellular components, nearly half of them fell into the ‘integral to
membrane’

category. Frequent induction of integral to
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Fig. 4. Differential gene expression in innate-like lymphocytes
relative to their adaptative counterparts. (A) Flow cytometry profiles
prior sorting and postsorting of the cells analyzed in this study. (B)
Hierarchical clustering of the genes and cell populations, performed on
1936 differentially expressed genes. Red and green: relative expression
superior or inferior to the gene-wise mean. (C) Fold-change (log2)
versus expression plots for the three lymphocyte pairs. Each dot repre-
sents an individual gene. Red dots represent the genes whose differential

membrane molecules was statistically significant in all three
innate : adaptive cell type pairs (Pearson y” test), further sup-
porting the significance of the observations (experimental noise
would not be expected to be shared between data sets) (Fig. 5B).

Several reports have claimed that innate lymphocytes share
several characteristics with activated lymphocytes (29, 34).
Hence, the preferential expression of membrane-associated
molecules could be thought to reflect merely a general state
of activation rather than a specific feature of innate lympho-
cytes. Therefore, we took as additional comparators gene
expression data sets comparing naive and activated mature T
cells (both CD4" and CD8") (35, L. Nguyen and R. Obst,
unpublished data). As illustrated in Fig. 5C, only a subset of

56 Immunological Reviews 210/2006
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expression was expected from the literature, or from our own quantita-
tive RT-PCR analysis. Positive values indicate higher expression in innate
cells. (D) Changes plot representing fold-change (x-axis) and number of
genes for that fold-change (y-axis). More genes are overexpressed than
underexpressed (red and blue, respectively) in innate lymphocytes
compared with their adaptive counterparts. The black line represents the
same Changes calculation performed after populationwise randomization
of the data.

the genes overexpressed in the innate-like lymphocytes rela-
tive to their adaptive counterparts corresponded to genes
induced during cell activation/proliferation. In addition,
changes occurring during lymphocyte activation were predo-
minantly encoded nuclear proteins (cell-cycle control, trans-
cription factors), differing from the membrane proteins that

dominate the innate/adaptative comparison (Fig. 5B).

Coordinate view of the cell populations’ expression
profiles

We then attempted to utilize the global gene expression

profiles of the six populations to discern their relative
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relationships. The first approach was to use principal compo-
nent analysis (PCA), a mathematical dimensionality reduction
tool that incorporates and summarizes the information from
multiple categories (here cell types and genes) into a small
number of principal components (PCs). PCA has been used in
several instances to display microarray data (36, 37).

As illustrated in Fig. 64, the first two components, which
capture the two largest amounts of variability, reproduced the
relationship seen in the hierarchical dendogram of Fig. 4B,
with a tight positioning of the paired cell types. In contrast,
for the third largest variability axis PC3 (Fig. 6B), all innate-
like populations sorted together to the left of the graph and

the adaptive populations to the right, indicating that some of
the information in these data allows discrimination of innate-
like versus adaptive lymphocytes as groups.

While PCA can be powerful in sorting variability in the
data, it results in abstract values that are not intuitively con-
nected to biological reality. Hence, we sought to complement
this analysis by creating population-guided two-dimensional
plots [reference population plots (RPPs)]. With this techni-
que, a two-dimensional frame of reference is first created
using the expression values of sets of genes that distinguish
two reference populations in the data set (the x and y axes
being defined by the values for the genes overexpressed in
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Fig. 6. Principal component analysis. Principal component analysis
performed on 1936 differentially expressed genes, plotting each

one reference population relative to the other and vice versa).
Other populations are then positioned in this space according
to their aggregate expression of these distinguishing gene sets;
in other words, if x and y are the populations of reference,
other populations are positioned as a function of their ‘x-ness’
and ‘y-ness’. Here, we took advantage of multiple data sets
from various immunologically relevant populations available
from previous work in our laboratory (Hyatt et al., manuscript
submitted; see also http://ImmGen.org). Reference genes
were selected as those that best distinguish two reference
populations, x and y (e.g. the two extremes of the fold-change
distribution). Normalized expression values of these reference
genes in the populations to be analyzed were then used to
calculate the x- and y-coordinates for each population. As we
were searching for commonalities between innate-like cells
relative to their adaptive counterparts, this concept should
be recapitulated in the two-dimensional space by an
adaptive—innate vector that should be conserved across
CD8uaBT—CD8aT, CD4T—NKT, and B2—BI comparisons.
‘Conserved’ here refers to parallel or near-parallelism in the
direction of vectors in the defined geometric space.

A first example of an RPP display can be found in Fig. 74,
where populations were positioned relative to gene expression
values that distinguish splenic NK cells (NK.sp) and lymph
node CD4% T cells (CD4.In). As anticipated, the NK-cell
populations from two different mouse strains, NK.sp.BG and
NK.sp.ND, mapped close to each other, as did spleen and
lymph node CD4" T cells (all circled in gray). In addition,
we observed interesting positioning of CD8" mnaive, CD8"
activated, and CD8* memory cells, consistent with the notion
that activated effector CD8" T cells share characteristics with
NK cells (38, 39), and the intermediate nature of the CD8"
58
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population according to its score for components 1 and 2 (A), or
components 1 and 3 (B).

memory T cells (40). For the six populations of interest in the
present study, the two members of each pair were connected
by colored arrows in order to highlight the respective adapti-
ve—innate vectors (Fig. 7B). The directions of the three vec-
tors pointed from left to right, in the direction of maximum
NK-ness. While the
CD4.sp—CD4.NKT would display NK-ness, it was interesting
that CD8aBT—CD8aaT and B2—B1 vectors pointed in the
same direction, indicating that CD8aaT and Bl cells exhibit

one might have expected that

some degree of NK-ness relative to CD8afT and B2 cells,
respectively. As a control, the same RPP analysis was run
using immunologically irrelevant cells as references, on the
grounds that the liver-ness and muscle-ness of immune cell
populations is probably meaningless (Fig. 7C). One immedi-
ately notes a two-dimensional squashing of the positions of
the immunologically relevant cell populations (Fig. 7C, black
rectangle) relative to those of liver and muscle cells. In the
(Fig. 7D), the of the

immune cell populations were scattered, with the three

expanded rectangle locations
adaptive—innate vectors devoid of any shared directionality.
The relevance of the RPP profiles of Fig. 7B was also confirmed
by RPP plots with randomized data sets; here again, the
grouping of populations and the shared vector directionality
were lost (data not shown).

Several studies have suggested that innate-like cells share
some characteristics with the activated and memory states of
conventional lymphocytes (13, 17, 41—43). We explored this
concept with RPP by taking activated or memory versus naive
CD8™ T cells as RPP reference populations (Fig. 7E,F). All three
adaptive—innate vectors pointed to the right, indicating that
innate-like lymphocytes are more enriched in transcripts char-

acteristic of activated and memory cells. Interestingly, true
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innate cell types (NKs and DCs) also positioned close to
activated or memory CD8" T cells in these comparisons.

The RPP plot can also be used to reveal unknown character-
istics of innate lymphocytes. We have plotted CD4.ln versus
CD4.25 [the latter data set from CD4"CD25" regulatory T cells
(44)] to represent the ‘regulatory-ness’ in each cell type
(Fig. 7G). Interestingly, innate lymphocytes expressed more
of a regulatory signature than did their adaptive counterparts,
suggesting some degree of immune regulatory capacity in these
cells, as already known for NKT cells (45—47) and also recently
reported for CD8aaT cells (48). Quite unexpectedly, Bl cells
showed an even stronger regulatory signature than did
CD4*CD25" regulatory T cells. This brings to mind the
reported regulatory capacity of certain B-cell subsets (49, 50).
Thus, the RPPs emphasize the versatile nature of innate
lymphocytes — their NK-, activated-, memory-, and regulatory-
like nature — and suggest the existence of a common signature

shared by innate immune system players.

A shared innate signature distinguishes innate-like from
adaptive lymphocytes

The PCA and RPP analyses suggested the existence of gene
expression common to the three innate-like cell types. In
order to identify the primary genes underlying the common-
ality, we followed two different bioinformatic approaches. In
the first strategy, we simply selected genes differentially
expressed >1.5-fold in each innate-like/adaptative pair and
represented those shared between two or all three of the cell
types on Venn diagrams (Fig. 84). This procedure yielded 19
and five genes overexpressed and underexpressed, respec-
tively, in innate-like cell types. These numbers are greater
than would have occurred by chance as verified by using a
randomized data group generated by permutation of the

results: from the number of genes present on each list, one

Fig. 7. Innate-like populations share global characteristics with
innate NK cells. Reference population plots (RPPs) were constructed.
(A) Validation of the RPP taking NK-ness and CD4-ness on x- and y-axis,
respectively. NK-ness is defined by genes overexpressed (fold-change
>2) in spleen NK cells relative to CD4" lymph node T cells; CD4-ness is
defined by genes overexpressed in CD4 " cells in the same comparison.
Thus, the lower right corner represents full NK-ness with minimum
CD4-ness. The relative coordinates for each population are calculated for
these two traits and plotted on the two-dimensional panel. Similar
populations map close to one another, as indicated by the gray ellipses.
Transition of CD8" T cells after activation is indicated by the looping
arrow. (B) The three adaptive—innate-like pairings were connected by
colored arrows in the same plot. (C and D) Control RPP with liver and
muscle-specific genes; the tight grouping in (C) is expanded in (D).
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could expect between nine and 15 of them to be shared
between any two comparisons, and one or less between all
three (Fig. 84, right). CD8arT and either B1 or NKT cells also
showed numbers of shared overexpressed genes higher than
background levels (63 and 60, respectively). In contrast, the
B1/NKT overexpression and all of the innate underexpression
pairwise comparisons failed to show significant commonality.

The identities of the genes overexpressed and underexpressed
in all three innate-like cell types are listed in Fig. 8B, and some
appear immediately relevant in the context of trafficking by or
signaling in innate immune cells. It is important to note that
these loci do not merely represent a collection of genes
characteristic of cell activation: only a fraction of them were
influenced by activation in conventional CD4" or CD8" T cells
(Fig. 8B, right).

At this stage, we felt it important to validate the significance
of the gene expression changes indicated by the microarray
data. Independent pools of cells were sorted, RNA was pre-
pared, and transcript levels of a number of the genes of the
innate signature were measured by quantitative RT-PCR. The
results, displayed in Fig. 8C, fully confirmed the microarray
data, showing a higher level of expression for the innate-like
member of the pair in each instance.

A complementary second approach to defining an innate
signature was based on gene ontology annotations. We rea-
soned that proteins with a shared function would not neces-
sarily be the same in all three innate-like cells but that a
common or related molecular process might be performed
by different members of the same family in different cells.
Hence, restricting the analysis to the commonly overexpressed
gene identities, as by filtering on common fold-change, might
overlook significant genes or functions. Therefore, we sought
the common molecular pathways overexpressed in the three
innate cell types, using GO annotations attached to the micro-

arrays. Genes that overexpressed >1.5-fold in any one of the

(E and F) Activation or memory character of innate lymphocytes was
assessed using expression profiles from naive, activated, or memory
CD8™ T cells as references. (G) ‘Regulatory’ character of innate-like
lymphocytes compared to their adaptive counterparts, using data sets
from CD4"CD25" regulatory T cells as reference. The populations shown
are: CD4.sp, CD4 T cell from spleen; CD4.In, CD4 T cells from lymph
node; CD4.NKT, NKT cell from spleen; CD8.nav, naive CD8 T cell;
CD8.act, activated CD8 T cell; CD8.mem, memory CD8 T cell; CD8aa.thy,
CD8oat thymocytes from FTOC; CD8ab.thy, CD8uf thymocytes from
FTOC; Bl.per, B-1 B cell from peritoneal cavity; B2.sp., B-2 B cell from
spleen; DC.In, dendritic cell from lymph node; NK.sp.ND, NK cell from
NOD mouse spleen; NK.sp.BG, NK cell from B6g7 mouse spleen, DP.thy,
CD4"CD8" double-positive thymocyte; CD4.25, CD4"CD25" regulatory
T cell.
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Fig. 8. A signature shared by innate-like lymphocytes identified
by expression fold-change. (A) Sets of genes overexpressed or
underexpressed (fold-change >1.5-fold) in innate-like lymphocytes
relative to their adaptive counterparts were selected and analyzed for
overlap. The numbers of shared genes are shown in the Venn

innate cell types were selected, and the corresponding GO
‘molecular function’ annotations were extracted. The union of
these GO terms, processed with GO-Surfer (51), was dis-
played as an ontology tree (Fig. 94), each dot representing a
functional GO term with its connections to other terms.
Within this framework, the significance of these occurrences
for each innate-like/adaptive combination was calculated

(velating the frequency with which it was relative to the

diagram. (B) Identities of 19 and five genes overexpressed and
underexpressed, respectively, in three innate lymphocytes are shown.
(C) Validation of the microarray data by quantitative RT-PCR,
performed on selected genes from the list. The expression of HPRT
gene is used as reference.

frequency of the GO attribute for the whole array, Fisher’s
exact test); we then identified those GO terms that were
significantly overrepresented in two or three of the innate-
like cells (using Fisher’s P-value <0.05 as a cutoff). These
commonalities are numbered and color coded on the tree of
Fig. 9A. Several of the terms directly relate to immunological
functions such as antigen binding, toxin activity, and anti-
microbial activity. The genes uncovered in this GO-based
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Fig. 9. A signature shared by innate-like lymphocytes identified
by gene ontology analysis. (A) Genes overexpressed (fold-change
>1.5-fold) in any of the three innate lymphocytes were combined,
and the corresponding GO ‘molecular function’ annotations were
displayed as hierarchical tree. Of 1380 GO terms existing for the
whole microarray, 449 terms appear in the tree. Terms that are
statistically overrepresented (P < 0.05, no correction for multiple
sampling) in two (orange) or three (red) innate cell types were

search did not overlap with those detected in the expression-
based filtering (Fig. 8B), indicating that the two approaches
are orthogonal and complementary.

Interestingly, three of these overrepresented GO terms are
hierarchically related in the ontology. Numbers 4, 5, and 6
correspond to ‘guanyl nucleotide binding’ function, and
number 1 also has a related function. The corresponding
genes are summarized in Fig. 9B. They contain a surprisingly
high number of loci encoding interferon-inducible guanosine
triphosphatase (IFN-GTPase) family members, an emerging
family of proteins involved in newly recognized forms of
pathogen clearance (52, 53). The occurrence of this gene
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Gbp1 Gbp2 Gbp4

numbered. Nodes #1, 4, 5, and 6 represent ‘GTP-binding’ and
subclassified functions. (B) Lists of genes with function correspond-
ing to nodes 4, 5, and 6 that are overexpressed in each innate cell
type. The genes are color coded according to their subfamilies:
IFN-inducible GTPase (purple); Rab family (yellow); Sarl/Arf family
(orange); Rho family (green); RGK family (blue). (C) Confirmation
by quantitative RT-PCR for the IFN-inducible GTPase family genes in
the three innate-like versus adaptative lymphocyte pairs.

family is significant across all three pairwise comparisons
(P values: 0.0008, 0.015, and 0.014 for CD8aaT, NKT, and
B1, and the differential
expression was confirmed by quantitative RT-PCR (Fig. 9C).

respectively, Fisher’s exact test),

However, the relevance of the cellular process emerges more
from the expression profiles of a broader set of genes than
those encoding IFN-GTPases. Genes specifying members of
the Rab, Arf, and Rho families of small G proteins, which are
structurally and functionally related to IFN-GTPase, were also
overexpressed in innate-like lymphocytes (Fig. 9B). These
small G proteins are involved in intracellular vesicle/vacuole

transport, as are several IFN-GTPases (54). It is also worth
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Fig. 10. General validity of the innate versus adaptive signature. (A)
Genes identified by expression differential and GO analyses were
combined to create the ‘innate signature’ list. The gene names and
Entrez IDs are given. For Undefineds, affyIDs are provided. (B)
Reference gene plot was created using the 26 and five signature genes

pointing out that no genes encoding members of the Ras or
Ran family of the small G proteins appeared on the list, further
bolstering the specificity of induction of the small G proteins
(note that Gem and Rrad belong to the RGK family rather than
to the Ras family).

Broad significance of the innate signature

We then integrated the genes identified by the two bioinfor-
matic approaches into a joint innate signature; genes
identified by expression fold-change in Fig. 8B and those
shared in at least two innate cell types in the ontology-based
screen of Fig. 9B were combined (Fig. 104). The validity of
this list was tested in a population plot display, where the
gene sets distilled above were used to define ‘innate-ness’ and
‘adaptive-ness’ on the x- and y-axes, that is, the ordinate and
abscissa values derived from the expression of genes over-
expressed and underexpressed in innate-like lymphocytes,
respectively (Fig. 10B). As expected because they formed the
‘training set’ for this discrimination, innate-like lymphocytes
partitioned at the bottom right of the plot, distanced from
their adaptative counterparts on the top left. This segregation
extended to other conventional T- and B-cell populations,
which clustered in the upper left corner of the chart, while
true innate cells, e.g. NK cells and dendritic cells, clustered in
the opposite corner. Thus, the innate/adaptive distinction,
derived from the analysis of innate-like lymphocyte particula-
rities, extends more broadly to non-lymphoid innate cells.
The distinction between CD8oo and CD8uf thymocytes
was far less marked than between the Bl and B2 or NKT
and CD4T pairs (Fig. 10B). The former cell types corresponded

to very recently matured populations isolated from fetal

Innate axis 26 genes

from the list to define ‘innateness’ and ‘adaptiveness’. Coordinates for
various cell types were calculated as in Fig. 7. Innate-like and adaptive
lymphocytes partition on the lower right and upper left corners,
respectively, as indicated by the ellipses. Population descriptions were
as in Fig. 7.

thymic organ cultures, while the latter were purified from
peripheral lymphoid organs. The difference might thus reflect
an accentuation of the innate signature once cells colonize the
peripheral lymphoid organs. This notion was confirmed, in
preliminary analyses, by showing that the differences were
more marked when comparing gut CD8aot IELs with CD8af
lymph node cells (data not shown). Similarly, CD4"CD8"
double positive thymocytes (DP.thy) mapped to the “undiffer-
entiated’ lower left corner of Fig. 10B. This position is consis-
tent with the view that innate-like and adaptive T lymphocytes
mature from the same pool of DP thymocytes, which one
might expect to exhibit ‘unbifurcated’ characteristics. Finally,
activated and memory CD8" lymphocytes mapped to an inter-
mediate position, as did CD4"CD25" T regulatory cells
(CD4.25), consistent with the acquisition of innate-like char-

acteristics by activated lymphocytes already mentioned above.

The innate signature

Here, we sought to exploit data sets of gene transcript profiles
to identify gene expression signatures that were common to
innate-like lymphocytes and to distinguish them from their
close cousins of the adaptative immune system. Indeed, sta-
tistically significant gene sets were revealed by complemen-
tary bioinformatic analyses, and these were shared by more
stereotyped members of the innate immune system, such as
NK or dendritic cells. The identification of the innate signa-
ture relied on two complementary bioinformatic tools,
searching directly for shared expression differences and also
for functional families identified through GO annotations.
Each approach is imperfect: with expression filtering, experi-
mental variation will eliminate genes that did not meet the
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fold-change threshold set between the three population pairs,
and functions that rely on close homologs in a multigene
family will also be missed. GO-based identification relies on
statistically overrepresented gene families and will eliminate
single genes, those only identified by GO terms that occur
frequently overall, or those that fall within the gaps of the
incomplete GO annotation.

Several conclusions emerge from the existence of a signa-
ture common to innate-like lymphocytes. Firstly, these obser-
vations confirm the notion that innate immune system cells
are distinguished by more than the simple absence of recom-
bination activating gene (RAG)-mediated rearrangement of
antigen receptor genes (11, 13). Indeed, it is interesting that
the characteristic signature entails primarily genes over-
expressed in innate-like cells. Thus, these cells have supple-
mentary capabilities and are not just ‘poor relatives’ of
adaptive cells. (Admittedly, the differentiation stages analyzed
here concerned essentially mature cells and therefore missed
the transcripts directly linked to DNA rearrangement in imma-
ture precursors, such as RAG or TdT). Secondly, this signature
provides a new annotation for genomic analyses of microarray
data sets. Such information stands to be particularly informa-
tive in genomic analyses of hematopoietic tissues, where
microarray data have proven instrumental in classifying dis-
ease subsets and predicting prognosis (55, 56). Lastly, the
innate signature reported here is an interesting source of
candidate genes to explore in dissecting fundamental func-
tions or characteristics unique to innate immune system cell
types. As detailed below, mutation studies of some of these
genes have demonstrated their direct roles in the homeostasis

and function of innate cell types.

A commonly upregulated molecular pathway in innate
immune cells

An intriguing gene family was highlighted in this study. The
IFN-GTPase family is the newly discovered GTPase family,
whose impact on mammalian host defense was only very
recently demonstrated, particularly in the context of intracel-
lular bacteria and protozoa (57-59). This family comprises
four subgroups: the p47 family, p65 guanylate-binding pro-
tein (GBP) family, Mx family, and the very large inducible
GTPases. Each subgroup has a distinct scope in its antipatho-
genic effect. The p47 family defends against vacuolarized
bacterial, viral, and protozoan pathogens, whereas the GBP

and Mx families show mainly antiviral activities (52, 53).
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These GTPases are normally expressed at low levels, but
after infection, they accumulate to high levels in nearly all
hematopoietic and non-hematopoietic tissues (58, 60, 61) in
an IFN-dependent manner (60, 62). Here, we documented
overexpression of IFN-GTPases in all innate-like lymphocytes.
Moreover, we observed higher expression of GBP and Mx
family genes in other innate immune system population
such as dendritic cells and NK cells. One might argue that
the higher levels of IFN-GTPase expression in innate cells
merely reflects higher IFN concentrations in the tissue(s)
they derive from. However, this explanation seems unlikely,
because CD8aaT/CD8aBT and NKT/CDA4T cells were pre-
pared from the same organs (fetal thymic organ cultures for
one pair, spleens for the other). There was also some cell-type
specificity to the expression of the IFN-GTPases; for instance,
the GBP family seemed restricted to Bl cells, a finding not
readily compatible with a generalized triggering of the IFN
pathway.

Knockout studies of the IFN-GTPase have demonstrated
the involvement of these genes in innate immune-mediated
(57-59).

However, the mechanism of action of the IFN-GTPases in

clearance of intracellular bacteria and protozoa

the resistance to such pathogens is not yet clearly understood.
GTPases of the p47 family are known to be transported to
pathogen-containing phagosomes/vacuoles after infection,
where they modulate the maturation of these subcellular
structures (52, 53); targeting of Gbp2 to intracellular vesicle-
like structures has also been reported (63). In this context, the
parallel induction of Rho/Rab/Arf family members as part of
the innate signature is quite congruent, as these small G
proteins are involved in intracellular vacuole transportations
and cytoskeletal reorganizations (54), and there is precedence
for such GTPases to have a proactive role in bactericidal
processes, in particular, the Rab proteins (52, 64—66). The
significance of these molecular pathways in innate-like lym-
phocytes remains to be elucidated, but one might speculate
that they represent a new type of intracellular recognition
system, detecting ‘altered self or ‘foreign non-self’ in the
contents of phagocytic vesicles (53, 67). The endocytic and
intracellular trafficking machinery is one of the most ancient
cellular systems, extending back to amoebae, and one that
would require aggressive monitoring against pathogen inva-
sion. It is perhaps the evolutionary remnants of such a primi-
tive system that we are detecting as an innate signature in

rodents of today.
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