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Little is known regarding the functional effects of common auto-
immune susceptibility variants on human immune cells. The SNP
CT60 (rs3087243; A/G) located in the 3� UTR of the CTLA4 gene has
been associated with autoimmune diseases. We examined a cohort
of healthy individuals stratified by genotypes at CTLA4 to gain
insight into the functional effects of allelic variation on T cell
signaling. Using phospho-site-specific mAbs, we tested the hy-
pothesis that the CT60 genotype at CTLA4 is associated with
altered T cell antigen receptor (TCR) signaling in naive and/or
memory T cells. By normalizing for the extent of the initial TCR
signaling event at CD3�, we observed that the relative responsive-
ness to TCR stimulation as assessed by phosphorylation levels
of downstream signaling molecules was altered in naive
(CD4�CD45RAhigh) and memory (CD4�CD45RAlow) T cells obtained
from individuals with the disease-susceptibility allele at CTLA4.
Thus, allelic variation associated with autoimmune disease can
alter the signaling threshold of CD4� T cells. These experiments
provide a rational approach for the dissection of T cell-susceptibility
genes in autoimmune diseases.

genotype � human � T cell antigen receptor signaling � CTLA4 �
autoimmunity

The recent successful completion of several genome-wide asso-
ciation scans, together with the rapid advancement in high-

throughput genotyping technologies, have resulted in the discovery
of an ever-increasing number of genetic variants associated with
susceptibility to human autoimmune diseases (1–5). However,
because of the small genetic effects of these variants, compared with
the strong genetic effects seen in Mendelian diseases, the study of
genotypic variation in relation to phenotypes has been a substantial
challenge. One well validated region associated with susceptibility
to autoimmune disease harbors the CTLA4 gene on chromosome
2q33. An associated allele in this susceptibility region is the G allele
of the SNP CT60 (rs3087243; A/G) in the CTLA4 gene region,
which has been associated with risk to type 1 diabetes, Graves
disease, autoimmune hypothyroidism, systemic lupus erythemato-
sus, and Addison’s disease (6–10).

The expression of mRNA isoforms of CTLA4 has been investi-
gated in relation to CTLA4 genotype in healthy controls. Moreover,
the genotype-dependent difference in the expression of soluble
CTLA4 transcripts appears to be T cell-specific (6, 10). In the
nonobese diabetic (NOD) mouse, the orthologous CTLA4 region
also is associated with autoimmune diabetes, and, similar to hu-
mans, an allelic variant causes the increased expression of a major
splice isoform. In the NOD model, the isoform is ligand-
independent CTLA-4 (11) and results in strongly inhibited T cell
responses, as well as increased susceptibility to disease (12). To-
gether these investigations in both the experimental model and in
humans suggest that genetic variation in the CTLA4 gene region
may have an important effect on T cell function because of altered
T cell signaling.

Although CTLA4 is important in autoimmune disease suscepti-
bility, it is unknown how the autoimmune-associated allelic variant

mechanistically influences the fundamental outcomes of T cell
antigen receptor (TCR) engagement. A major difficulty of studying
the potential relationship between a given genotype and T cell
function has been the lack of high-throughput technologies in the
study of signaling pathways. Multiparameter flow-cytometric anal-
ysis of phosphorylated proteins associated with TCR signaling
allows both the processing of a large number of samples as well as
more global analyses of signaling pathways, while requiring small
numbers of cells (13). The ability to identify a small homogeneous
cell population within the large heterogeneous mixture of cell
populations found in human blood makes this technology partic-
ularly valuable in the field of immunogenetics.

To gain insight into the functional effects of CTLA4 allelic
variants on T cell signaling, we examined a cohort of healthy
individuals without self-reported symptoms of inflammatory dis-
ease stratified by their genetic variation in the CTLA4-susceptibility
region. Specifically, by using phospho-site-specific mAbs, we tested
the hypothesis that the autoimmune disease-associated allele at
CTLA4 alters phosphorylation responses downstream of the TCR
in naive and memory T cell subsets within human blood, which are
reported to have different overall phosphorylation patterns upon
TCR stimulation (14–18). Here we demonstrate that allelic varia-
tion found in autoimmune disease is associated with changes in the
signaling threshold of CD4� T cells. Although we cannot precisely
identify how noncoding allelic variation at CTLA4 biochemically
leads to altered immune function, these experiments provide a
rational approach for the mechanistic examination of genotype/
phenotype relationships in human inflammatory disease.

Results
Assay Development. Characterization of CD4�CD45RAhigh and
CD4�CD45RAlow T cells. We distinguished naive and memory CD4�

T cells by the presence of high levels or lack of CD45RA
expression, respectively (19, 20). We recognize that the absence
or presence of CD45RA does not precisely divide T cells into
memory and naive subsets (21, 22), and we also note that a small
percentage of contamination of either subset is possible. Nev-
ertheless, direct whole-blood staining demonstrated that the
CD4�CD45RAhigh T cells are CD45RO�, CCR7high, CD62Lhigh,
HLA-DR�, and CD25� (Fig. 1 A and B). Conversely, most
CD4�CD45RAlow T cells were CD45ROhigh, CCR7low and were
either low or high in CD62L expression. HLA-DR� and CD25�

cells were only found within the CD4�CD45RAlow subset. Thus,
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our analyses were based on subsets of ex vivo T cells highly
enriched for naive or memory populations of CD4� T cells.
Titration of anti-CD3 stimulation in whole-blood samples. In an attempt
to avoid experimental variation introduced by cell-purification
procedures, which may induce phosphorylation events in cells, we
opted to study TCR signaling in fresh whole blood. To determine
the sensitivity of the flow cytometry-based technology used in
whole blood, we performed titration experiments by stimulating
whole blood with different concentrations of a soluble anti-CD3
mAb (UCHT1 clone). TCR stimulation by cross-linking CD3 over
a range of anti-CD3 concentrations showed that 10 �g of anti-
CD3/ml whole blood is a saturating dose for both
CD4�CD45RAhigh and CD4�CD45RAlow T cells (Fig. 2). We also
show that the system is highly sensitive because an anti-CD3

concentration of 1 �g/ml of whole blood already shows induction of
phosphorylation above baseline at all markers studied. For all
following experiments, signaling was induced with 10 �g of anti-
CD3/ml of whole blood.
Kinetics of phosphorylation events after anti-CD3 stimulation. Having
determined the saturating dose of anti-CD3 stimulation for whole
blood, we then determined the kinetics of maximal phosphorylation
after anti-CD3 stimulation for each site of phosphorylation that we
targeted. To explore phosphorylation events distal to TCR activa-
tion, we selected six different tyrosine phosphorylation sites for
study: CD3� (pY142), LAT (pY171), LCK (pY505), ZAP70
(pY292), ZAP70 (pY319/Syk Y352), and SLP76 (pY128). We
measured each of these phosphorylation events at 0, 5, 15, and 30
min and followed changes in the level of phosphorylation over time,
as demonstrated in Fig. 3A by a representative set of histograms
showing raw cytometric data for SLP76 (pY128) over the 30-min
time course in one blood sample. Representative histograms of the
six phospho-site-specific Abs that we studied at the 5-min time point

Fig. 1. Phenotypic characteristics of naive CD4�CD45RAhigh and memory
CD4�CD45RAlow T cells. (A) CD4�CD45RAhigh T cells are CD45RO�. (B) Expression
difference of subset-identifying cell-surface markers between naive
CD4�CD45RAhigh and memory CD4�CD45RAlow T cells. Extracellular staining was
performedonwholebloodwithin30minofblooddonation.Theopenhistogram
represents data gated on CD4�CD45RAhigh T cells, and the shaded histogram
shows data gated on CD4�CD45RAlow T cells. A representative example is shown.
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Fig. 2. Induction of phosphorylation over a range of anti-CD3 concentrations.
Phosphorylation was induced by incubation of whole blood at 37°C for 5 min.
Titration results for both CD4�CD45RAhigh (filled squares) and CD4�CD45RAlow

(open triangles) T cells are shown. Baseline levels are indicated by the dotted line.
Donor-specific baseline levels are taken into account in the fold induction of
phosphorylation.
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Fig. 3. Time courses. (A) Histograms of raw flow-cytometric data gated on total
CD4� T cells. (B) Representative example of histograms showing the induction of
phosphorylation with 10 �g/ml of soluble anti-CD3 at 5 min (shaded histogram,
0 min; open histogram, 5 min). (C) Representative example of a time course of
pSLP76 phosphorylation. Mean values of three different healthy donors are
shown.
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demonstrate that each of these six Abs clearly identifies a popula-
tion of cells with phosphorylation events over the baseline levels
(Fig. 3B). Both the CD4�CD45RAhigh and CD4�CD45RAlow T
cell populations showed comparable kinetics (Fig. 3C). Thus, we
were able to establish a common sampling time at which to evaluate
all targeted tyrosine residues in both naive and memory T cells: A
5-min time point after whole-blood stimulation with 10 �g of
soluble anti-CD3/ml of whole blood provided the optimal sampling
point for the phosphorylation events studied here.
Naive and memory CD4� T cell populations differ in baseline phosphor-
ylation states. Given earlier observations of decreased tyrosine
phosphorylation upon TCR stimulation in memory T cells (14–18),
we first studied baseline phosphorylation levels of the six tyro-
sine residues in naive CD4�CD45RAhigh and memory
CD4�CD45RAlow T cells. For all 32 subjects in our study, we
collected the median fluorescence intensity for each of the six
phospho-site-specific Abs in each of the two populations at time 0.
We then compared the distribution of the median intensity values
at each site of phosphorylation by using a paired t test. These
analyses showed that, before stimulation, the extent of basal phos-
phorylation is significantly higher in ex vivo CD4�CD45RAlow

memory T cells than in ex vivo CD4�CD45RAhigh naive T cells at
all six sites of phosphorylation studied (P � 0.0005 for each of the
six tyrosine residues) (Table 1).
Increased overall tyrosine phosphorylation in memory CD4�CD45RAlow T
cells upon pCD3� normalization. Having shown that naive
CD4�CD45RAhigh T cells display significantly lower baseline phos-
phorylation levels at all investigated tyrosine residues, we then
examined the signaling events associated with TCR cross-linking
with anti-CD3 mAb. Comparing the induction of phosphorylation
in CD4�CD45RAhigh and CD4�CD45RAlow T cells 5 min after
anti-CD3 stimulation (Fig. 4A), the CD4�CD45RAlow subset ex-
hibited significantly less overall tyrosine phosphorylation, consis-
tent with data obtained by others (14–18). This finding was
apparent for all tyrosine residues examined, including the most
proximal TCR� residue (Fig. 4A).

We then developed an analytical model to control for the
strength of the initial stimulating signal through the TCR, which
may differ among individuals/time points examined because of
subtle differences in surface TCR expression. This transformation
normalized each median intensity value for a particular phosphor-
ylated protein by dividing it by the median intensity for CD3�
(pY142) and allows us to compare the efficiency of the signaling
cascade independent of alterations in the initial TCR stimulation
event. Fig. 4B displays the results of these analyses, which demon-
strate that the proportion of phosphorylated residues at the five
signaling molecules distal to CD3� (pY142) in the signaling cascade
is actually greater when normalized to initial CD3� (pY142)

phosphorylation in memory CD4�CD45RAlow T cells, compared
with naive CD4�CD45RAhigh T cells.
The ratio of CD4� naive:memory TCR signaling is a stable phenotype. To
investigate the effects of CTLA4 genotypes on TCR signaling, it was
important to select the most robust parameter for use in the
comparison of a large number of subjects. First, we evaluated
possible parameters on both the stability of the signaling phenotype
over time (i.e., whether an individual’s median intensity values for
the phosphoAbs fluctuates longitudinally) and the sensitivity to
variation in sample preparation and quantitation. Fixation, perme-
abilization, staining, and measurement on a flow cytometer may all
affect the median fluorescence intensity of any given marker. We
tested three donors in independent experiments performed 1
month apart. Although the raw values of TCR-induced protein
phosphorylation for the CD4� naive and memory subsets dif-
fered considerably when assessed 1 month apart, the ratio of
the sensitivity to CD3-mediated signaling when comparing
CD4�CD45RAhigh to CD4�CD45RAlow T cells remained constant
over time (Fig. 5). These data indicate that, at any given time point,
elevated or reduced T cell sensitivity to TCR signaling remains
comparable among naive and memory populations of CD4� T cells
(i.e., coordinate regulation in the two subsets). In addition, this ratio
is informative because it corrects for the fluctuation in median
intensity values that were observed in the earlier longitudinally
assessed samples, which are probably, to a large extent, because of
technical variance in our measurements. These data, which are
captured ex vivo from whole blood, (i) highlight the power of our
approach to characterize subtle differences in phosphorylation
states across a signaling pathway with minimal manipulation of
cells, and (ii) provide a rationale to analyze specific T cell sub-
populations in generating data for our analyses correlating immu-
nophenotype with genotype.

Table 1. Memory CD4�CD45RAlow T cells have a higher baseline
phosphorylation level than CD4�CD45RAhigh T cells

Variable

Mean difference between
CD4�CD45RAlow and

CD4�CD45RAhigh 95% CI P

pCD3� 0.44 0.29–0.58 7.3 � 10�7

pLAT 0.65 0.49–0.82 3.7 � 10�9

pLCK 0.80 0.69–0.91 8.9 � 10�16

pZAP70 (Y292) 2.17 1.84–2.50 2.6 � 10�14

pZAP (Y319) 0.80 0.62–0.97 1.7 � 10�10

pSLP76 0.57 0.28–0.86 3.8 � 10�4

Mean differences between naive CD45RAhigh and memory CD45RAlow sub-
sets are shown for CD4� T cells. Positive values indicate that the median
fluorescence intensity was higher in the CD45RAlow subset. P values were
obtained by paired t tests analyzing CD4�CD45RAhigh and CD4�CD45RAlow T
cells from 32 healthy blood donors.
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Fig. 4. Induction of phosphorylation in CD4�CD45RAhigh and CD4�CD45RAlow

T cells. (A) CD4�CD45RAhigh T cells show greater induction of phosphorylation
than CD4�CD45RAlow T cells, as shown by pCD3� phosphorylation. For all other
studied proteins, this pattern was statistically significant too, except for ZAP70
(Y319/Syk Y352). (B) Normalization to pCD3� reveals increased phosphorylation
in CD4�CD45RAlow T cells compared with CD4�CD45RAhigh T cells at all phospho-
sites studied. Phosphorylation is shown at 5 min with 10 �g of anti-CD3/ml blood.
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Genetic Analysis of TCR Signaling. We investigated the phosphopro-
tein ratios of pLCK, pLAT, pZAP70, and pSLP76 in CD4�

naive:memory T cells after TCR signaling as the primary response
variable for our analysis of the effect of the CTLA4 allelic variant
on TCR signaling. To control for the initial TCR signal, we
normalized this ratio to the pCD3� signal such that signal propa-
gation distal to the TCR could be studied. Any effect that selectively
influenced either the naive or memory subset would be seen as an
altered ratio of CD4� naive:memory TCR signaling. We analyzed
T cell signaling data based on the categorization of the cohort into
the three genotype classes: AA, AG, and GG. At ZAP70 (Y292),
donors with the susceptible G allele showed a greater (pCD3�
normalized) CD4� naive:memory signaling ratio (Fig. 6). Quanti-
tative trait analysis showed an association between the G allele and
increased phosphorylation ratios (P � 0.01). In a pairwise com-
parison of genotype classes, donors with the AA genotype differed
significantly from AG (P � 0.006) and GG (P � 0.01) donors (Fig.
6). The other ZAP70 (pY315/Syk pY352) and SLP76 (pY128)
residues followed similar, statistically significant trends. We note

that the association of the phosphorylation ratio was consistent
between the markers because the extent of phosphorylation among
these proteins is highly correlated [RZAP70(Y319) and ZAP70 (Y292)

2 �
0.58, P � 0.0001; RSLP76 and ZAP70 (Y292)

2 � 0.43, P � 0.0001;
RZAP70(Y319) and SLP76

2 � 0.79, P � 0.0001].
The observed association between CT60 genotype and the

signaling phenotype could be due to an effect of the CT60 variant
on the percentages of CD4�CD45RAhigh and CD4�CD45RAlow T
cells. However, when the percentages of CD4�CD45RAhigh and
CD4�CD45RAlow T cells were added as covariates in a regression
analysis, no effect on the association (P � 0.05) was observed.
Donor gender and age also did not affect this phenotype (P � 0.05).

To address the question of whether the amount of CTLA4 affects
TCR signaling, total CTLA-4 levels in CD4�CD45RAhigh and
CD4�CD45RAlow T cells ex vivo from 15 donors were measured
(three AA, eight AG, and five GG), and no genotypic differences
in expression were observed (data not shown). We also have
examined whether blocking of extracellular CTLA-4 influences
TCR signaling induced by CD3 cross-link. The addition of 10 �g of
anti-CTLA-4 (clone 14D3) per ml of whole blood before CD3
cross-link did not result in altered phosphorylation of any of the
tyrosine residues studied, compared with the addition of an irrel-
evant IgG or CD3 cross-link alone in three healthy subjects (data
not shown).

Discussion
Allelic variation in the CTLA4 gene region has been clearly
associated with risk for a number of autoimmune diseases, but the
functional consequences of this variant are largely unknown. Here
we present direct evidence for an association between this auto-
immune disease variant and proximal TCR signaling events. Ex-
pression of this variant is phenotypically associated with phosphor-
ylation changes for ZAP70 and SLP76 in CD4� T cells. We
hypothesize that this genotype is associated with a phenotype where
autoreactive T cells are stochastically more likely to become acti-
vated as a risk of developing autoimmune disease.

T cell phenotypes in relationship to the CTLA4 genotype at the
CT60 SNP have been previously examined. Expression of a soluble
mRNA isoform of CTLA4 relative to a full-length form is corre-
lated within healthy volunteers (10). Subjects with the susceptible
genotype at CT60 have less sCTLA4 mRNA than subjects with the
protective genotype. Atabani and colleagues (6) confirmed this
observation in their study of CTLA4 isoforms in purified T cells and
demonstrated an association of CT60 and sCTLA4 mRNA levels
with the frequency of CD4�CD25� regulatory T cells in healthy

ζ
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Fig. 5. The ratio of CD4�CD45RAhigh and CD4�CD45RAlow T cells is a stable
phenotype over time. (A) Note that a CD4�CD45RAhigh:low ratio of �1 indicates
that the induction of phosphorylation was greater in CD4�CD45RAhigh than in
CD4�CD45RAlow T cells. Whole blood was stimulated with 10 �g of soluble
anti-CD3 per milliliter of blood for 5 min at 37°C. These data are representative of
all other phosphomarkers studied. Median fluorescence at 5 min is shown, with
donor-specific background phosphorylation levels taken into account. (B) The
percentages of CD4�CD45RAhigh and CD4�CD45RAlow T cells remained constant.
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Fig. 6. CTLA4 genotype-dependent phosphorylation pattern. Subjects with the AG and GG CTLA4 genotype at rs3087243 show different signaling patterns
in CD4�CD45RAhigh and CD4�CD45RAlow T cells, compared with the AA genotype. Data were normalized to the pCD3� signal. Whole blood was stimulated for
5 min with 10 �g/ml soluble anti-CD3. Donor-specific baseline phosphorylation was accounted for. n(AA), 10; n(AG), 11; n(GG), 11.
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human volunteers. Importantly, the genotype-dependent differ-
ence in the expression of soluble CTLA4 transcripts may be T
cell-specific because it is not observed when steady-state CTLA4
mRNA from peripheral blood mononuclear cells, rather than
purified T cells, are studied (23). The orthologous CTLA4 region in
the mouse also is associated with autoimmune diabetes in the NOD
mouse. A SNP in exon 2 of the mouse gene causes the increased
expression of a major splice isoform, called ligand-independent
CTLA4 (11), and results in strongly inhibited T cell responses, as
well as increased susceptibility to disease (12). Together these
investigations in both experimental models and in humans suggest
that genetic variation in the CTLA4 gene may have an important
effect on T cell function because of altered T cell signaling.

CD45 has tyrosine phosphatase activity and may modulate early
signaling in T cells by differential association with the TCR (24). It
is paradoxical that memory T cells exhibit rapid and robust re-
sponses to antigen at low-activation thresholds in the context of
decreased TCR-related tyrosine phosphorylation in both humans
(16) and mice (17). It has been proposed that these observations
may result from the ability of memory CD4� T cells to more
effectively process an activation signal downstream of the TCR (25).
Our data are consistent with this hypothesis and suggest that CD4�

memory T cells more efficiently couple initial TCR signals to
further downstream signals.

The relative responsiveness of the CD4�CD45RAhigh versus
CD4�CD45RAlow subsets to TCR signaling was altered in donors
with the susceptible G allele at CT60, whereas there was no
statistical difference between the AG and GG genotype classes,
indicating a dominant effect of the G allele. We note that only three
of the five tyrosines show a genotype association. The observation
that pLAT and pLCK did not show association with the G allele
may be because the pLAT and pLCK signals only showed minor
differences between CD4�CD45RAhigh and CD4�CD45RAlow T
cells with CD3� normalization (� � 0.09 and 0.03, respectively),
compared with those seen for pZAP70 (Y292), pZAP70 (Y319)/
Syk (Y352), and pSLP76 (Y128) (� � 0.14, 0.42, and 0.35, respec-
tively). However, an interesting alternative explanation may be that
the CT60 genotype at CTLA4 may have a more profound effect at
the less proximal TCR signaling events, including ZAP70 and
SLP76.

Both ZAP70 Y292 and ZAP70 Y315/Syk Y352 phosphorylation
patterns showed similar trends in the genotypic analysis, which was
of interest because Y292 has been reported to play a role in
attenuating the TCR signal and Y315 in the enhancement of
ZAP70 function (26–28). The downstream signaling consequences
of these two opposing regulatory effects of Y292 and Y315 is
unclear, made more difficult because the phosphorylation signal
obtained at Y315 also is capturing that of Syk Y352 because this
anti-ZAP70 Ab cross-reacts with the Syk Y352 residue.

The mechanism by which the autoimmune susceptibility allele of
CT60 at CTLA4 may cause an altered coordinate responsiveness of
CD4�CD45RAhigh and CD4�CD45RAlow T cells will be difficult to
dissect particularly because the mechanism for CTLA4 modulation
of T cell inhibition is as yet unknown. Lee and colleagues (29)
showed that CTLA4 is able to directly associate with the TCR�
chain and that this association resulted in � chain dephosphoryla-
tion. However, we do not propose that the level of CTLA4
expression, which may be indirectly related to the CT60 allele, is
associated with the altered responsiveness to TCR stimulation of
CD4�CD45RAhigh and CD4�CD45RAlow T cells because we have
not observed any significant differences in total CTLA-4 expression
in these two populations among a subset of subjects in the three
genotype classes (data not shown). This observation may not be
surprising because it is the mRNA species encoding a soluble
CTLA-4 isoform that has been associated with the CT60 allele (6,
10). Its measurement at the protein level is, as yet, not possible
because of the lack of suitable mAbs for this isoform.

It is difficult to conclude whether the major effect of the CT60
allele is to alter the threshold of activation of naive as compared
with memory T cells. The CT60 allele may affect the memory T cell
subset because these cells may be subject to greater regulation by
CTLA-4 (30) and thus potentially their isoforms. Moreover, al-
though autoreactive T cells are present in healthy subjects and those
with autoimmune disease, those circulating in individuals with
autoimmune disease are in an activated/memory state (31–33).
However, it is tempting to speculate that the CT60 allelic variant in
the CTLA4 region lowers the threshold of activation by naive,
CD4�CD45RAhigh T cells, allowing self-antigen reactive T cells to
enter into an activated state directly leading to autoimmune disease.

Although the CT60 variant may be used as a surrogate marker
to capture autoimmune susceptibility in the CTLA4 region (10), we
note that the true causal variant may be, as yet, unidentified. It is
possible that the susceptibility allele may not only have an effect on
CTLA4, but also on other genes in the region (such as an inducible
costimulator), as has been shown in the orthologous region of the
NOD mouse (11, 34).

In T cells obtained from peripheral blood of subjects with the
autoimmune disease systemic lupus erythematosus, defective ex-
pression and tyrosine phosphorylation of the TCR� chain has been
reported (35–37). The molecular mechanisms of expression and
phosphorylation defects in the TCR� chain may involve distinct
DNA sequences in the 3� UTR of the CD247 gene encoding TCR�.
The 3� UTR sequences have been proposed to lead to mRNA
stability and translation of an alternatively spliced form of TCR�
mRNA that is correlated with the TCR� defect (38, 39). We note
that these signaling phenotypes, including the one we have studied,
will be regulated by variation in not just a single gene, but will be
orchestrated by many genetic variants present in an individual. The
identification of these allelic variants will allow future studies to
dissect the relative roles of one or a combination of alleles on TCR
signaling.

Phosphorylation patterns have predominantly been analyzed by
in vitro kinase assay and antityrosine immunoblotting that used cell
lines or negative or positive selection procedures to purify specific
cell types and study certain isolated populations. Here we used
multicolor flow-cytometric technology to study phosphorylation
events at a single cell level. Polychromatic flow cytometry has been
successfully applied to complex cell populations in human periph-
eral blood (13, 40), murine immunological (41), and cancer cell
signaling studies (42). We show that this highly sensitive technology
allows the direct interrogation of fresh, unmanipulated ex vivo
samples, which are more reflective of in vivo immune profiles. In
addition, we believe that the study of the most proximal phenotype
to the genotypic variant of interest will increase the likelihood to
detect subtle differences dependent on the genotype. The ability to
study phosphorylation events at a single-cell level also may be
beneficial in the study of rare immune cell populations. Indeed, we
have already successfully applied our multiparameter flow cytom-
etry-based analysis to investigate signaling properties of certain
regulatory T cell populations in whole blood (L.M.M., D.E.A., C.
Baecher-Allan, and D.A.H., unpublished data).

In conclusion, we have used polychromatic flow cytometry to
investigate the immune phenotype associated with allelic variation
in the CTLA4 gene region. We find that the CT60 variant associated
with autoimmune disease alters the signaling pattern of CD4� T
cells, demonstrating a direct mechanistic link between the allelic
variation in the CTLA4-susceptibility region and T cell function.
Finally, these studies describe a platform for the rapid, precise, and
more comprehensive human genotype-to-phenotype investigations
required for understanding how allelic variation mediates human
inflammatory diseases.

Methods
Subjects. All human blood samples were obtained with informed
consent and according to the Institutional Ethics Review Board
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Protocols. The 32 healthy individuals of Caucasian origin used in
this study were without self-reported symptoms of inflammatory
disease and included 16 females and 16 males. The age range was
19–45 years, with a mean age of 29.7.

Blood Collection. All blood samples were collected in sterile 10-ml
lithium heparin Monoject tubes. Immediately upon blood collec-
tion, blood samples were put on ice and processed within 45 min of
collection to prevent artifactual increases in baseline phosphoryla-
tion levels.

Assessment of T Cell Receptor Signaling. Phosphorylation-state anal-
ysis was performed on human whole blood by using BD Phosflow
technology according to the manufacturer’s instructions (BD Bio-
sciences, San Diego, CA). Two milliliters of whole blood were
incubated with soluble anti-CD3 (UCHT1) mAb (BD Biosciences)
in 50-ml polypropylene Falcon (Cowley, UK) conical tubes kept on
ice for 15 min and washed with ice-cold PBS. After centrifugation,
supernatants were removed, and goat anti-mouse Ig for CD3
cross-linking was added. After incubation on ice for 15 min, tubes
were transferred to a 37°C water bath. After induction of phos-
phorylation at 37°C, cells were fixed using 10 ml of BD Phosflow
Lyse/Fix Buffer and permeabilized with 1 ml of ice-cold BD Perm
Buffer III (BD Biosciences) for 30 min on ice. Cells were washed
twice with 1% FBS/PBS and incubated with 10% mouse serum for
blocking for 20 min.

In the CTLA-4 blocking experiment, the previous protocol was
used, with the exception that, during incubation with anti-CD3
mAb, 10 �g of anti-CTLA4 (clone 14D3) per ml of whole blood or
an irrelevant IgG was added.

FACS Staining. For four-color cell surface and intracellular staining,
250,000 cells were stained with CD4-PerCP, CD3-APC, and two
phospho-site-specific mAbs conjugated with Alexa Fluor-488 or PE
(BD Biosciences): PE mouse anti-CD3� (CD247) (pY142, clone
K25–407.69), PE mouse anti-LAT (pY171, clone 158-1169), Alexa
Fluor 488 Mouse anti-Lck (pY505, clone 4/LCK-Y505), PE mouse
anti-ZAP70 (pY292), PE mouse anti-ZAP70 (pY319)/Syk (pY352,
clone 17A/P-ZAP70), and Alexa-Fluor 488 mouse anti-SLP-76
(pY128, clone J141–668.36.58). We note that the anti-ZAP70 Y319
Ab cross-reacts with Syk Y352 because of sequence homology.
Staining was performed at room temperature for 30 min, after

which cells were fixed by using a 1% paraformaldehyde/PBS
solution. All samples were acquired on a FACS Calibur (BD
Biosciences) by using CellQuest software within 12 h after staining.
The level of phosphorylation was measured by dividing the median
fluorescence intensity given by cells at 5 min by the background
median fluorescence intensity. Data were analyzed by using FlowJo
version 6.4.7 (TreeStar, Ashland, OR).

For extracellular staining as shown in Fig. 1, the following Abs
(all from BD Biosciences) were used: Alexa 700 anti-CD4 (clone
RPA-T4), APC anti-CD62L (clone Dreg 56), PerCP anti-HLA-DR
(clone L243), APC anti-CD25 (clone M-A241), FITC anti-
CD45RA (clone HI100), APC anti-CD45RA (clone HI100), FITC
anti-CD45RO (clone UCHL1), and PE anti-CCR7 (clone 3D12).
Whole blood was stained with the recommended amount of mAbs,
and RBC lysis was performed with BD FACS Lysing Solution (BD
Biosciences).

Staining for total CTLA-4 was performed by using PE anti-
CTLA-4 (clone BNI3) and the BD Cytofix/Cytoperm Fixation/
Permeabilization kit (BD Biosciences) according to the manufac-
turer’s instructions.

Genotyping of the rs3087243 (CT60) Variant at CTLA4. Genomic DNA
was extracted from whole blood by using the Puregene DNA
Purification Kit (Gentra Systems, Minneapolis, MN). All sam-
ples were genotyped in duplicate by using restriction fragment
length polymorphism (10) and TaqMan (Applied Biosystems,
Foster City, CA).

Statistical Analysis. Pairwise comparison of genotype classes was
performed by using Student’s t tests. Quantitative trait analysis was
performed by using the PLINK toolkit version 0.99r by S. Purcell
(http://pngn.mgh.harvard.edu/purcell/plink/).
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