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CD8 engagement with class I major histocompatibility antigens greatly enhances T-cell activation, but it is not clear 
how this is achieved. We address the question of whether or not the antibody-mediated ligation of CD8 alone induces 
transcriptional remodeling in a T-cell clone, using serial analysis of gene expression. Even though it fails to induce overt 
phenotypic changes, we find that CD8 ligation profoundly alters transcription in the T-cell clone, at a scale comparable 
to that induced by antibody-mediated ligation of CD3. The character of the resulting changes is distinct, however, with 
the net effect of CD8 ligation being substantially inhibitory. We speculate that ligating CD8 induces weak, T-cell receptor 
(TCR)-mediated inhibitory signals reminiscent of the effects of TCR antagonists. Our results imply that CD8 ligation 
alone is incapable of activating the T-cell clone because it fails to fully induce NFAT-dependent transcription. 
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Introduction

Understanding how different types of cell surface recep-
tors convey, to the interior of a cell, the information that a 
binding event has taken place at its surface remains among 
the most important problems in cell biology. Among the set 
of receptors involved in activating T cells, the co-recep-
tors, i.e. CD8 and CD4, are perhaps the most enigmatic. 
The importance of CD8 in cytotoxic T-cell activation is 
emphasized by the finding that CD8 enhances the antigen 
sensitivity of these cells by one million-fold or more [1]. 
Somewhat paradoxically, however, the affinity of the inter-
action of CD8 with its ligand on antigen-presenting cells, 
i.e. an MHC class I molecule, is among the lowest that have 
been described for protein interactions at the cell surface 
(Kd ~200 μM [2]). The affinity is so low, in fact, that it is 
not even clear whether it is capable of mediating the inde-
pendent binding of CD8 to MHC proteins at physiological 

expression levels [3]. Exactly how CD8 contributes to 
T-cell activation, therefore, constitutes something of a 
mystery. The observation that CD8α binds with relatively 
high affinity (10 μM) to the thymus leukemia antigen (TL), 
a non-classical MHC class I molecule [4,5], implies that 
CD8 might have intrinsic signaling activity. For some T-cell 
surface receptors, e.g. CD2 [6] and CD28 (referred to in 
[7]), whose ligation induces cellular responses, signaling 
is known to depend on the presence of the T-cell receptor 
(TCR) and its associated signaling apparatus. This suggests 
that these receptors somehow interact with the TCR and/or 
promote signaling through TCR-associated intracellular 
pathways, even in the absence of TCR ligands. We have 
considered the question of whether or not ligating CD8 
alone is capable of inducing any transcriptional remodel-
ing in T cells and, if so, whether these changes differ from 
those induced by ligation of the TCR complex.

Results and Discussion

We examined the signaling response in CD8+ clone 32 
T-cells, which have been shown to recognize the human 
immunodeficiency virus-1 pol A peptide ETAYFILKL in 
the context of MHC class I-A6802 [8]. Clone 32 was chosen 
because the resting transcriptome of these cells has already 
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been characterized at considerable depth and found to be 
similar to that of a sorted ex-vivo population of CD8+ T-cells 
[9]. Cross-linking of CD8 with the anti-CD8 antibody MF8 
failed to activate clone 32 T-cells, as judged by the general 
absence of large changes in the cell surface expression of 
a suite of cell surface markers, including CD69 and CD25 
(Supplementary information, Figure S1). This suggests that 
the cross-linking of CD8 induces very weak or no signaling, 
or that it induces signals that are inhibitory. 

To distinguish between these possibilities, we examined 
the transcriptome of anti-CD8 antibody-treated clone 32 T-
cells, and compared it with that of clone 32 T-cells activated 
via the TCR, using the anti-CD3 antibody, OKT3, as a sur-
rogate TCR ligand. Transcriptome analyses were based on 
data obtained using the serial analysis of gene expression 
(SAGE) method, which generates short, transcript-specific 
tags that can be sequenced in a high-throughput manner, 
allowing robust quantitative analyses of the transcriptional 
activities of cells and tissues [10]. Resting, anti-CD8 and 
anti-CD3 antibody-treated clone 32-derived SAGE librar-
ies were sequenced to similar depths (~70 000 tags), thus 
enabling unbiased comparisons of the three libraries. 

Using a confidence interval of 99%, representations of 
the data as log scatter plots revealed that large changes in 
gene expression accompany receptor ligation by each an-
tibody (Figure 1A and 1B). In both cases, 400-500 SAGE 
tags increase in abundance as a proportion of the total set 
of tags following antibody treatment and even more tags 
decrease in abundance (Figure 1A and 1B). Similar num-
bers of tags are significantly over-represented in the resting 
clone 32 T cell-derived library versus libraries generated 
from distinct leukocyte lineages (e.g. a CD4+ T-cell; 561 
transcripts) or different tissues (e.g. cerebellum; 631 tran-
scripts) [9], emphasizing the scale of the remodeling that 
follows signaling by cell surface proteins. The number of 
tags (and therefore transcripts) affected was only slightly 
higher (by ~20%) for anti-CD3 treatment than for anti-CD8 
treatment, indicating that the breadth of the transcriptional 
response to signaling by CD8 is comparable in overall 
scale to that induced by signaling via the TCR. Somewhat 
unexpectedly, in both cases, substantially more transcripts 
(30-50%) are down-regulated than are up-regulated, imply-
ing that a large fraction of the activation response involves 
gene suppression. It should be noted that apparent up- or 
down-regulation of a given transcript in normalized SAGE 
libraries is a measure of a change in its abundance as a pro-
portion of the transcriptome, and therefore these numbers 
do not suggest that transcription is generally suppressed by 
antibody treatment. In fact, activated cells generally appear 
to transcribe many more RNA molecules than resting cells. 
For example, in this study, 2.84 and 6.7 μg of total RNA 
were extracted per million cells from resting and activated 

clone 32 cells, respectively. 
A measure of the similarity in the overall scale of the 

changes for a given pair of libraries is also given by simple 
Pearson correlation coefficients. These correlation coeffi-
cients are R=0.68 for the comparison of the libraries derived 
from resting and anti-CD8 antibody-treated clone 32 T-
cells, and R=0.56 for comparisons of the resting and anti-
CD3 antibody-treated libraries. This suggests that, although 
similar numbers of tags are significantly affected in each 
case, the transcriptional response of the cells to anti-CD8 
antibodies is somewhat weaker than its response to anti-
CD3 antibodies. The correlations for the resting clone 32 
library versus libraries derived from other cell types show 
larger overall differences: R~0.5 for the comparisons with 
a CD4+ T-cell-derived library and R~0.4 for the comparison 
with a cerebellum-derived library [9]. This contrasts with 
the similarities of, e.g., the library derived from clone 32 
cells versus another derived from natural killer cells, which 
differ by less than 200 significantly over-represented tags 
and for which the overall tag distributions are highly cor-
related (R~0.8), once again emphasizing the similarities 
between these two lineages [9]. 

These results indicate that anti-CD8 antibody treatment 
induces considerable transcriptional remodeling in clone 
32 T-cells, without substantially altering the expression of 
most of the surface markers tested by FACS (Supplemen-
tary information, Figure S1). The main exception is CD8, 
which is dramatically down-regulated at the cell surface. 
This is likely to be due to receptor internalization following 
antibody ligation. Smaller decreases in the abundance of 
surface CD3 and CD5 are also observed. This may be due 
to the weak direct or indirect association of these molecules 
with CD8 [11], as it is internalized, or it could represent 
‘real’ changes induced by signaling. We analyzed the SAGE 
data for evidence of transcriptional regulation of the genes 
encoding all the surface antigens tested by FACS (Supple-
mentary information, Figure S2). Unsurprisingly, given the 
well-documented, poor correlation between mRNA and 
protein expression levels [12], there are changes in the tran-
scription of some of these genes following anti-CD8 anti-
body treatment. In most cases, however, a ≤ 2-fold decrease 
in transcript level correlated well with very small reductions 
in surface expression, suggesting that mRNA levels have 
to decrease more substantially in order to become limiting. 
The transcription of four genes does not correlate well with 
the FACS data: CD3ε transcripts fall by ~5-fold on antibody 
treatment, whereas surface CD3 levels fall only margin-
ally (and this may only be due to protein internalization 
as discussed above); CD8α transcripts increase by ~5-fold 
despite the large fall in surface expression level; and CD45 
and CD122 transcript numbers increase by ~4- and ~5-
fold, respectively, without their protein expression levels 
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changing. The discrepancy in CD8 levels is, as discussed, 
explained by receptor internalization following ligation by 
antibody, which may override increases in transcription. 
The surface expression of the CD3/TCR complex is known 
to depend on the presence of all components; only CD3ε 
transcription decreases substantially in this instance, which 
might not be expression limiting. CD122 is also found in 
heterodimeric complexes with CD132 at the cell surface; 
so its levels may be limited by CD132 transcription. It 
is unclear why no change in CD45 surface expression is 
observed. Given the well-described, very high levels of 
CD45 protein expression [13], a further large increase in 
the expression of this protein at the cell surface may not be 
possible. Significantly, transcription of the genes encoding 
the activation markers CD25 and CD69 is not enhanced 
by anti-CD8 antibody treatment, in marked contrast to the 
effects of anti-CD3 antibody treatment (Supplementary 
information, Figure S2).

We also addressed whether or not, alongside the com-
parable quantitative gene expression changes that we have 
observed, there are qualitatively similar transcriptional 
changes, i.e. whether the same types of transcripts are up- 
or down-regulated, in response to anti-CD8 and anti-CD3 
antibody treatment. Pearson correlation analysis of the anti-
CD8 and anti-CD3 antibody-treated clone 32 T-cell-derived 
libraries revealed that, in terms of the scale of the global 
differences, the anti-CD8 and anti-CD3 antibody-treated 
cells are more similar to each other (R=0.72) than they are 
to the resting cells (R=0.68 and 0.56, respectively). None-
theless, there are large differences in the transcriptional 
responses of clone 32 to the two antibody treatments. 

Approximately 450 tags are significantly more abundant 
following anti-CD8 antibody treatment than after anti-CD3 
antibody treatment, and more than 500 are significantly less 
abundant (Figure 1C). Moreover, of the 1766 tags whose 
abundance is significantly increased or decreased in either 
the anti-CD8 or the anti-CD3 antibody-treated clone 32 
T-cell-derived SAGE libraries versus the resting clone 32 
T-cell-derived library, only one-third (i.e. 601) are shared. 
Of these shared tags, more than two-thirds (i.e. 430) are 
significantly less well represented in each library compared 
to the resting library at the 1% confidence level rather than 
over represented, suggesting that there is greater similarity 
between the antibody treatments in terms of their suppres-
sion of gene expression rather than its induction. 

Inspection of the tags in the SAGE libraries whose 
representation was significantly altered (p-value ≤ 0.01 
according to the Audic-Claverie (AC) test) by one or 
the other of the antibody treatments (Figure 2A) further 
emphasizes the finding that relatively few tags change 
abundance to similar extents in both libraries (such genes 
have the same color-coding in Figure 2A). Nevertheless, 
for most tags that vary in abundance, it is only the degree 
of over- or under-representation that changes: versus the 
resting clone 32 T-cell-derived library, relatively few tags 
are over-represented following treatment with one antibody 
and under-represented following treatment with the other 
(e.g., change from being yellow-coded to being blue-coded 
in Figure 2A, or vice versa). The only obvious exception 
is a set of tags (blue bars in the bracketed region of Figure 
2A) that are unchanged or over-represented after anti-
CD3 treatment and under-represented following anti-CD8 

Figure 1 Comparisons of resting and antibody-treated clone 32 SAGE libraries. For each 10-bp SAGE tag, its abundance 
per 100 000 tags in the libraries derived from anti-CD8 antibody-treated versus resting clone 32 cells (A), those derived from 
anti-CD3 antibody-treated versus resting clone 32 cells (B) or those derived from anti-CD8 antibody-treated versus anti-CD3 
antibody-treated clone 32 cells (C) is plotted on a logarithmic scale. Zero values are plotted as 1 tag per 100 000. The symbols 
(diamonds) representing each tag are coloured according to the statistical significance of the apparent differential abundance 
of the tag, calculated using the method of Audic and Claverie [11]. Red and blue symbols represent tags that are significantly 
more abundant in one of the two libraries being compared with p-values of < 1%, with the number of tags in each group given 
alongside.
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Figure 2 Comparison of transcripts whose expression in clone 32 is affected by anti-CD8 and anti-CD3 antibody treatments. 
Each line in the plots represents a unique SAGE tag sequence, colored according to the fold change in its relative abundance in 
the antibody-treated library indicated at the top of the column compared to that in the resting clone 32-derived library. Coloring 
is on a log base 2 scale, as shown in the key below panel C. Bracketed regions are referred to in the text. In (A), all 2 472 tags 
that are significantly differentially abundant in either comparison are listed, and sorted according to the fold change in abun-
dance in the anti-CD3 antibody-treated library compared to the resting cell-derived library. In (B), only the subset of those tags 
from (A) that have been assigned to a transcript encoding a protein of known function are included and they are sorted first by 
the functional class of this protein, then by the fold change in abundance in the library derived from anti-CD3 antibody-treated 
clone 32 cells versus those derived from resting clone 32 cells, as in (A). Codes used for the functional classes are as follows: 
SF, secreted factors; CS, cell surface molecules; S, cytoplasmic signaling molecules; T, transcriptional regulation; AP, antigen 
presentation; CC, cell cycle and survival; CT, cytoskeleton and vesicle transport; P, protein synthesis; and O, other function, 
including many metabolic enzymes and other housekeeping genes. (C and D) identify all the tags from (B) linked to secreted 
factors and proteins involved in transcriptional regulation, respectively. In these panels, the common abbreviation for the pro-
tein encoded by the transcript linked to the tag is given alongside. If a protein name appears twice, two SAGE tags associated 
with its transcript were significantly differentially expressed in one of the comparisons. The numerical values of the changes in 
abundance for all the SAGE tags used in this figure, together with their sequence and the description of all UniGene clusters 
automatically linked to them, are available in Supplementary information, Spreadsheet 1.
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treatment, thus revealing a somewhat suppressive effect of 
anti-CD8 antibody treatment. When the tags are ordered 
according to the putative functions of their associated tran-
scripts (Figure 2B-2D), it is clear that there are differences 
in the representation of tags corresponding to transcripts 
with obvious T-cell-associated functions, e.g. cell surface 
molecules, signaling molecules and secreted factors (Fig-
ure 2B-2C; Supplementary information, Figure S3 and 
Spreadsheet 1), as well as those linked with more generic 
functions, e.g. the category of “other known functions” 
(mainly housekeeping genes; Figure 2B; Supplementary 
information, Spreadsheet 1). 

Consideration of the tags whose abundances change sig-
nificantly and that correspond to genes of known function 
(Figure 2B-2D) yields three striking observations. First, 
there is very little induction of the expression of soluble 
effector molecules by anti-CD8 antibody treatment (Figure 
2C): only 4 of the 12 transcripts that are > 2-fold up-regu-
lated by anti-CD3 treatment are affected at all by anti-CD8 
antibody treatment. Second, a tag associated with TGFβ, 
which is generally linked with immunosuppressive effects 
[14], is > 3-fold over-represented in the library derived from 
anti-CD8 antibody-treated cells but unchanged in the library 
produced from anti-CD3 antibody-treated cells (Figure 2C). 
Third, a large number of tags associated with transcription 
and protein synthesis (bracketed regions in Figure 2B, but 
also see Figure 2D) have reduced abundance in the library 
derived from anti-CD8 antibody-treated cells but are not 
similarly affected by anti-CD3 treatment. Indeed, 69% and 
55%, respectively, of all the tags that are associated with 

protein synthesis or transcription factors and exhibit either 
a ≤ 2-fold change in abundance or an increase in abundance 
following anti-CD3 antibody treatment versus resting clone 
32 cells are reduced in abundance in the library derived 
from anti-CD8 antibody-treated cells. This compares to 
an average of only 27% for all the other categories. One 
explanation for this is that the anti-CD8 antibody induced 
the expression of factors that inhibit T-cell activation and, 
in particular, proliferation, which would otherwise require 
an increase in the rate of protein synthesis. In this context, 
it is interesting that tags corresponding to two molecules 
with well-defined roles in inhibiting T-cell activation, i.e. 
diacylglycerol kinase ζ [15] and casein kinase 1α [16], 
exhibit greater abundance in the library derived from 
anti-CD8 antibody-treated clone 32 cells versus the library 
produced from resting cells (an ~11-fold increase and a 
change from 0 to 7.7 tags per 100 000, respectively; Figure 
3). More modest changes accompanied anti-CD3 antibody 
treatment (an ~3-fold increase and a change from 0 to 4.8 
tags per 100 000, respectively; Figure 3).

Having shown that anti-CD8 antibody treatment induces 
substantial changes in gene transcription, the question 
arises as to how CD8 generates signals capable of achieving 
this. Our findings allow for either of two interesting pos-
sibilities. The first possibility is that CD8 may be capable 
of signaling entirely independently of the TCR. This seems 
rather unlikely, however, given that the signals induced 
by CD8 ligation are somewhat inhibitory, whereas it is 
known that, by binding to the same MHC protein, CD8 
greatly enhances coincident activating signaling by the 

Figure 3 Histogram showing total tag abundance for transcripts of interest in resting and antibody-treated clone 32-derived SAGE 
libraries. Normalized tag counts (i.e. tag numbers expressed as tags per 100 000) in the SAGE libraries derived from resting, 
anti-CD8 antibody-treated and anti-CD3 antibody-treated clone 32 cells, for all SAGE tags linked to all the known transcripts 
associated with the genes indicated, were summed and plotted on a linear scale. The total count for IFNγ associated tags in 
the anti-CD3 antibody-treated library was 196 tags per 100 000.
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TCR (reviewed in [17]). 
The second possibility is that CD8 signals indirectly via 

the TCR. It has been proposed that CD8 associates, at least 
weakly, with the TCR since CD3/TCR is co-immunopre-
cipitated with anti-CD8 antibodies [18]. How would this 
induce signaling? In situations of this type, anti-CD8 anti-
bodies would be expected to cross-link TCRs, increasing 
their local concentration versus antagonistic phosphatases, 
such as CD45, giving net signaling locally [19]. Since only 
a fraction of the TCRs are associated with CD8, it could 
be expected that the transcriptional changes thus induced, 
although weaker, would mirror those induced via the TCR 
directly. On the other hand, comparison of signaling by 
TCR agonists and antagonists suggests that signals of dif-
ferent strength transmitted via the same TCR can induce 
profoundly different outcomes [20, 21]. What we observe 
following anti-CD8 antibody treatment is transcriptional 
remodeling at the scale observed in response to signaling 
through the TCR, but without overt activation, a situa-
tion that parallels antagonist signaling in some respects. 
The induction of inhibitory factors such as diacylglycerol 
kinase ζ and casein kinase 1α, and the suppression of a 
subset of transcripts associated with protein synthesis, 
each suggest that a distinct inhibitory program is invoked 
by CD8 ligation.

Several clues in our data suggest that the failure to induce 
formation of an active NFAT transcription complex is at 
least part of the explanation for why CD8 ligation fails to 
activate the T-cell clone. First, casein kinase 1α, which 
phosphorylates NFAT4 and prevents its nuclear translo-
cation [16], appears to be upregulated to a greater extent 
by anti-CD8 treatment than by conventional activation. 
Second, whereas the abundance of the tag corresponding 
to the transcript encoding NF45 increased by ~5-fold fol-
lowing anti-CD3 treatment, it is unchanged by anti-CD8 
antibody treatment (Figures 2D and 3). NF45 (also known 
as ILF2) is a 45 kDa subunit of the NFAT complex known 
to be required for the induction of, among others, IL-2 
gene transcription [22]. The various splice forms of NF90 
(ILF3), which pairs with NF45 in the complex, are simi-
larly regulated by both antibody treatments (Figures 2D 
and 3), but the implications of this are unclear given that 
the activity of this constitutively expressed subunit is not 
thought to be regulated at the level of its own transcription 
but rather via its association with NF45 [23] and by nuclear 
export [24]. Finally, tags associated with several NFAT-
regulated genes that are over-represented in the anti-CD3 
antibody-treated library versus the resting library are either 
unaffected or have reduced abundance following anti-CD8 
antibody treatment (Figure 3). These include IL-2 (absent in 
the resting library and present at 1 and 5 tags per 100 000 
in the anti-CD8 and anti-CD3 antibody-treated libraries, 

respectively), GM-CSF (absent in the resting and anti-
CD8 antibody-treated libraries and present at 15 tags per 
100 000 in the anti-CD3 antibody-treated library), IFN-γ 
(increased by 13-fold following anti-CD3 antibody treat-
ment and decreased by 3-fold following anti-CD8 antibody 
treatment), CD25 (IL-2Rα; increased by 7-fold following 
anti-CD3 antibody treatment and decreased by 2-fold after 
anti-CD8 antibody treatment) and CD69 (increased by 3-
fold following anti-CD3 antibody treatment and decreased 
by 3-fold by anti-CD8 antibody treatment). We speculate 
that ligating CD8 alone induces weak signals with an in-
hibitory character reminiscent of the effects of antagonists 
[20, 21, 25], although the detailed nature of these signals 
must await further investigation.

Final question prompted by the unexpected breadth of 
the expression changes we see is to what extent are these 
changes part of a programmed signaling response or the 
result of stochastic effects on transcription? Recent studies 
of transcriptional remodeling in response to environmental 
stress suggest that it involves non-specific, global gene 
expression changes that affect a large fraction of the tran-
scriptome and are stochastic in nature, i.e. they are not re-
producible even when experimental conditions do not vary 
[26, 27]. In one study, only 10% of the changes observed 
were consistently reproducible [27]. However, this is not 
always the case [28], and the ratio of ‘neutral’ (stochastic) 
versus ‘adaptive’ (reproducible and functionally relevant) 
changes may depend on (1) the strength of the perturbation 
or (2) whether or not the cell has adapted to making that 
response through evolution, or both (discussed in [29]). 
It would be of great interest to determine whether similar 
effects accompany receptor signaling, thus explaining the 
large number of transcriptional changes we observe. It is not 
feasible to address this using SAGE, but microarray assays 
using multiple replicates could be expected to distinguish 
between adaptive and stochastic responses, by identifying 
reproducible changes.

In conclusion, our results highlight three aspects of 
anti-CD8 antibody-induced signaling in the CD8+ T-cell 
clone we have studied. First, even though it fails to induce 
detectable phenotypic changes, for example, by FACS 
analysis of cell surface markers, CD8 ligation with antibod-
ies profoundly alters transcription. Second, the scale of the 
transcriptional remodeling is comparable to that induced 
by anti-CD3 antibody treatment. Third, the character of the 
resulting changes is distinct, with our preliminary analysis 
suggesting that the effects of the anti-CD8 antibody are 
rather more inhibitory than those resulting from anti-CD3 
antibody-induced signaling. The degree to which stochas-
tic effects may exaggerate these differences is unclear, 
but CD8 is clearly very different from CD28, which is 
largely incapable of independent signaling in response to 
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reagents, such as non-superagonistic antibodies, used to 
mimic native ligands [30, 31]. When CD28 is induced to 
signal, i.e. by cross-linking it along with CD3, the large 
set of genes whose expression changes dramatically is 
essentially identical to that induced, albeit much more 
weakly, by anti-CD3 antibody treatment alone. Further 
work with other T-cell populations and alternative means 
of stimulating responses via CD8, with and without con-
comitant TCR ligation, will likely provide new insights into 
the mechanism and possible physiological significance of 
CD8-mediated signaling.

Materials and Methods

CD8+ T-cell clone 32 and SAGE library construction
All SAGE libraries were produced from RNA extracted from 

clone 32, a cytotoxic T-cell clone specific for the HIV-1 Pol pep-
tide ETAYFILKL presented in the context of HLA A68. Clone 32 
production [8] and generation of the SAGE library from resting 
clone 32 cells [9] have been described previously. The anti-CD8 
antibody-treated clone 32 SAGE library was produced according 
to the standard protocol using the I-SAGE kit (Invitrogen, Paisley, 
UK) from RNA extracted from clone 32 cells treated with 5 µg/ml 
of MF8 anti-CD8 antibody (obtained in the form of ascites from the 
Third Leukocyte Typing Workshop [32]) in solution for 48 h. The 
standard SAGE tag library derived from anti-CD3 antibody-treated 
cells was computationally generated from a LongSAGE library 
produced according to the protocol provided with the LongSAGE 
kit (Invitrogen) from 10.9 µg of total RNA extracted from clone 32 
cells treated with 30 ng/ml of OKT3 anti-CD3 antibody (eBiosci-
ences, San Diego, CA) attached to Dynalbeads (Invitrogen), for 24 
h. The final SAGE libraries consisted of 63 270, 78 290 and 83 556 
conventional (10 base) SAGE tags for the resting, MF8 antibody-
treated and OKT3 antibody-treated clone 32 cells, respectively. The 
high purity of the cells used for production of the resting clone 32 
library has been demonstrated [9] and no additional cells were added 
in the course of either antibody treatment.

Analysis of SAGE sequences
The SAGE 2000 program (obtained from Dr K Kinzler, Johns 

Hopkins University) was used to extract ditags from the concatamer 
sequences, exclude duplicate ditags (which are likely to have arisen 
from PCR bias) and produce a list of unique SAGE tag sequences 
together with their frequency of observation, referred to here as the 
“tag count”. Inter-library comparisons were performed as previously 
described [9]. The Audic-Claverie (AC) test [33] was used for as-
sessing the significance of observed differences in tag abundance 
between pairs of libraries. However, due to software limitations, the 
AC test could not be used for tags occurring more than 140 times 
in the two libraries. For these tags the χ2 2×2 test is expected to be 
most accurate [34] and was used. SAGE tags of interest (i.e. all tags 
whose abundance was significantly different between two libraries at 
the 1% level) were linked to the SAGEmap Tag to UniGene Mapper 
[35] and SAGE Genie [36] to identify the potential transcripts from 
which the tags are likely to have derived. The transcript matches were 
then manually curated as follows: apparent Unigene [37] matches 
were checked to ensure that the tag did not match only a single EST, 
only 5′ ESTs (i.e. the tag was not truly at the 3′-most NlaIII site), 

ESTs which had been incorrectly clustered or those that appeared to 
contain single-base errors compared to the “true transcript” (i.e. the 
sequence represented by the mRNAs and the majority of ESTs in 
the cluster). Once transcripts had been confidently matched to tags, 
their functions were categorized based on their Unigene descriptions, 
Locuslink and RefSeq [38] entries where available and, where neces-
sary, information from the literature. 

Statistical comparisons of SAGE libraries
The SAGE library from activated CD4+ T-cells was obtained 

from the University of Tokyo (www.prevent.m.u-tokyo.ac.jp/sage.
html) and the library from cerebellum was obtained from CGAP 
[39] via SAGEmap [35]. Pearson correlation coefficients, which 
were used for overall comparisons of all the normalized tag abun-
dances between libraries, were calculated using SPSS 11.0 (SPSS 
Inc., Chicago, IL).
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