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ABSTRACT Human umbilical cord blood T lymphocytes
(CBTL) respond to primary allostimulation but they do not
proliferate upon rechallenge with alloantigen. Using PKH-26-
labeled cells created a proliferative block that was observed
only in CBTL that have divided during primary stimulation
(PKH-26%™) but not in unstimulated (PKH-26"¢"") CBTL.
CBTL’s secondary unresponsiveness resembles anergy and
can be overcome by treatment with phorbol myristate acetate
(PMA) and ionomycin or by high doses (50-100 units/ml) of
interleukin 2. Addition of interleukin 2 to the primary cultures
does not prevent the induction of secondary unresponsiveness.
Defective Ras activation is detected in PKH-26" CBTL
during secondary response to alloantigen or after antibody-
mediated T cell receptor stimulation whereas Ras is activated
and proliferation is induced in CBTL during primary alloan-
tigenic stimulation. Upon stimulation with PMA plus iono-
mycin, PMA plus alloantigen, but not alloantigen plus iono-
mycin, Ras is activated in PKH-26%" CBTL, and the block in
proliferation is overcome. Correction of PKH-26%" CBTL’s
proliferative defect correlates with PMA-induced Ras activa-
tion, suggesting a defect in the signaling pathway leading to
Ras. Ras-independent signals, necessary but not sufficient to
induce PKH-26%" CBTL proliferation, are provided by al-
loantigen exposure, as evident by the ability of PMA plus
alloantigen but not PMA alone to overcome the proliferative
block. Functional signal transduction through CD28 in PKH-
26%m CBTL is supported by detectable CD28-mediated PI-3
kinase activation after PKH-26%" CBTL’s exposure to alloan-
tigen or CD28 cross-linking. These results suggest that defec-
tive activation of Ras plays a key role in PKH-26/" CBTL’s
secondary unresponsiveness and point to a defect along the T
cell receptor rather than the CD28 signaling pathway.

The successful outcome of allogeneic bone marrow transplan-
tation is significantly limited by the risk of graft versus host
disease, which correlates with the number of mature T cells
present in the graft and with the degree of genetic disparity
between the donor and the host (1). Preliminary clinical data
on cord blood stem cell (CBSC) transplantation suggest a
reduced graft versus host disease-inducing potential, despite
the presence of large numbers of T cells in the grafts and the
use of partially HLA mismatched donors (2, 3). These intrigu-
ing observations have elicited many questions on the immu-
nological reactivity of umbilical CBSC grafts and the alloreac-
tive potential of cord blood T lymphocytes (CBTL). We have
shown that CBTL respond normally to primary allostimulation
(4) and that mitogen- or alloantigen-activated CBTL express
equivalent amounts of CD3, CD28, and CD25 as compared
with similarly activated peripheral blood T lymphocytes
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(PBTL) (5). In addition, CBTL switch from a mostly
CD45RA™ phenotype to a mostly CD45RO™ phenotype after
stimulation and culture (5). However, unlike PBTL, alloanti-
gen-primed CBTL are not induced to proliferate when restim-
ulated with the same or a third-party alloantigen, a phenom-
enon we refer to as secondary unresponsiveness (4). The
mechanism of secondary unresponsiveness is currently un-
known, and although suppressor cells and activation-induced
cell death have not been conclusively excluded, alloantigen-
induced anergy seems to be a more likely mechanism. Cur-
rently accepted models of anergy induction are consistent with
an abnormal T cell receptor (TCR)-mediated activation of
cytoplasmic protein tyrosine kinases and of the Ras/mitogen-
activated protein kinase pathway after T cell stimulation in the
presence of insufficient costimulatory signals (6, 7). The
secondary unresponsiveness induced by alloantigen exposure
in freshly isolated CBTL, however, is peculiar because it occurs
in spite of both TCR and costimulatory molecule activation. In
this report we present evidence indicating that defective Ras
activation is directly associated with secondary unresponsive-
ness.

MATERIALS AND METHODS

Antibodies. The following antibodies were used: OKT3
(mouse anti-human CD3), obtained from the America Type
Culture Collection; mouse IgG1 anti-human CD28 and mouse
IgG1 anti-human CD2 (BioSource International, Camarillo,
CA); Y13-259 rat anti-Ras antibody (Oncogene Research,
Cambridge, MA); and goat anti-mouse IgG serum (Sigma).

Cells. Human cord blood was obtained via heparinized
syringes from normal deliveries at Wishard Memorial Hospital
in Indianapolis, as approved by the Institutional Review Board
of the Indiana University School of Medicine. Heparinized
adult peripheral blood was obtained after informed consent
from healthy volunteer donors. Mononuclear cells were ob-
tained from all samples by centrifugation over Ficoll/Hypaque
(Pharmacia LKB) gradients. Purified T cells were obtained by
incubating 15-25 X 10° mononuclear cells with Lymphokwik-T
(One Lambda, Los Angeles) as previously described (4). Cell
purity was >90% CD3". For PKH-26 staining, cells were
prepared and stained according to the manufacturer’s instruc-
tions (Sigma).

Proliferation Assays. Primary mixed leukocyte cultures
(MLC) were established in 75-cm? tissue culture flasks with
10-20 X 10° responding PKH-26-labeled T cells and irradiated
(10,000 rad) stimulating allogeneic cells at a final density of 2 X
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106 cells/ml in complete medium consisting of RPMI 1640, 2
mM glutamine, 1 mM sodium pyruvate, and 50 pg/ml of
penicillin/streptomycin (GIBCO/BRL). All cultures were
supplemented with 10% (vol/vol) human AB serum (Sigma).
Flasks were incubated at 37°C in 5% CO,/95% air for 7-10
days. The lymphoblastoid cell line Sweig (kindly provided by
Janice Blum, Indiana University School of Medicine, India-
napolis) served as alloantigen. The responder to stimulator
ratiowas 1:1. At day 7-10 of primary culture, cells were washed
once in PBS and sorted into PKH-26%" and PKH-26P78"
populations by using a FACStar Plus cell sorter (Becton
Dickinson) (8). Viability was determined by trypan blue
exclusion. Secondary MLC were then generated with purified
PKH-26%" and PKH-26""%" cells. For stimulation experiments
performed with mAbs, cells were cultured at a final density of
1 X 106 cells/ml and stimulated with 10 pg/ml of antibody.
Goat anti-mouse IgG was added to the cultures to cross-link
anti-CD3 antibodies.

Detection of Guanine Nucleotides Bound to Ras. Detection
of GTP-bound Ras was performed following the protocol
described by Gibbs et al. (9). Briefly, CBTL and PBTL were
incubated with serum-free RPMI 1640 medium for 18 hr,
washed, and incubated for 4 hr with serum-free, phosphate-
minus RPMI 1640 medium (GIBCO/BRL) containing 0.5 nCi
of carrier-free 3?P-labeled orthophosphate (Amersham). Cells
were then stimulated for 15 min at 37°C and lysed with lysis
buffer containing 100 ug/ml of anti-Ras Y13-259 mAb.
Immunoprecipitations were performed in 1.5-ml microcentri-
fuge tubes with 150 ul of a 40% slurry of Sepharose CL-4B-
protein A (Pharmacia LKB) previously coupled with rabbit
anti-rat Ig (Sigma). Control immunoprecipitations were done
with Sepharose CL-4B. After 2 hr at 4°C, the immunocom-
plexes were washed with lysis buffer (without Y13-259 anti-
body) and resuspended in 200 ul of 1M KH,POy, pH 3.4, and
heated for 5 min at 90°C. The solution was clarified by
centrifugation, and 15 ul was spotted onto a sheet of polyeth-
ylene imine-cellulose (J.T. Baker). Chromatograms were then
developed with 1 M KH,POy, pH 3.4, and exposed to Kodak
XAR-2 film for 5-10 days at —70°C.

In Vitro Phosphatidylinositol-3’'-Kinase (PI-3K) Assay.
Measurement of CD28-associated PI-3K activity was per-
formed following the method described by Truitt et al. (10)
with minor modifications. Briefly, 5 X 10° cells were stimu-
lated with antibodies (10 wg/ml) for 15 min or with allogeneic
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cells for 30 min at 37°C and lysed with 1 ml of ice-cold lysis
buffer. Immunoprecipitation was performed with 5 pg of
anti-CD28 antibody, anti-CD3 antibody, or with goat anti-
mouse antibody as control, followed by overnight incubation
with Protein G-coupled Sepharose CL-4B (Sigma) at 4°C. The
immunoprecipitate was then resuspended in 50 ul of kinase
reaction buffer (10) containing 10 nCi of [y-32P]JATP and 10
png of phosphatidylinositol-biphosphate (PIP,) (Sigma) and
incubated for 10 min at 37°C. The organic phase was then
extracted with 1:1 chloroform/methanol (vol/vol) and dried
under vacuum, and the lipids were resolved by thin layer
chromatography on Si250-PA plates (J. T. Baker). The plates
were then exposed to Kodak-XAR film for 5-10 days at —70°C.

RESULTS

Secondary Unresponsiveness Is Due to an Intrinsic Prolif-
erative Defect Detectable Only in Successfully Primed CBTL.
Most of the data describing the proliferative response of CBTL
after allostimulation thus far have been obtained by using bulk
cultures. Even if CBTL are repurified at the end of primary
culture and replated in equal numbers, remarkable sample-
to-sample variability in the secondary stimulation experiments
may still result because of varying percentages of CBTL being
successfully primed during primary allostimulation. To over-
come this problem, freshly isolated CBTL were labeled with
PKH-26 and then cultured in the presence of irradiated human
allogeneic cells. At the end of a typical 7- to 10-day primary
allostimulation experiment, the majority of the cells are PKH-
26%m indicating that they have completed one or more cycles
of cell division, whereas a minority of cells, not successfully
stimulated, remain PKH-26"%" (Fig. 1). PKH-26%" and PKH-
26Prh CBTL (and similarly labeled PBTL as controls) were
subsequently sorted by FACS and plated separately in second-
ary stimulation experiments. Fig. 2 shows the secondary
proliferative responses of PKH-26-sorted CBTL and PBTL.
PKH-26%" CBTL, unlike PKH-26"%" CBTL and PKH-26%"
and PKH-26"%" PBTL, are unable to proliferate when rechal-
lenged with TCR-dependent stimuli, such as alloantigen or
CD3 plus CD28 cross-linking. Of note, cell surface expression
of CD3, CD28, and CD25 does not significantly differ between
PKH-26%" CBTL and PKH-26%" PBTL (data not shown).
That PKH-26"%" CBTL can be induced to proliferate in
secondary cultures whereas PKH-26%" CBTL cannot suggests
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Fic. 1. Flow cytometric analysis of CBTL after PKH-26 staining. CBTL were purified and stained with PKH-26 on day 0 of primary MLC. They
are identified as a homogeneously PKH-262"% population (A4). After allostimulation and culture for 7-10 days, a major population of PKH-26%"
CBTL is detectable, together with a residual minor population of PKH-26%" cells (B). PKH-26 staining was performed in all MLC experiments.
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that the proliferative block is not due to nonspecific soluble
factors produced by cells with suppressor activity in MLC but,
rather, to an intrinsic resistance to reactivation that develops
only in CBTL after a productive primary response to antigen.
To determine whether PKH-26%" CBTL’s unresponsiveness is
due to a proximal or distal transmembrane signaling defect,
cells were treated with a combination of PMA and ionomycin,
which are known to activate mitogenic pathways by stimulation
of protein kinase C (PKC) and calcium-dependent messenger
systems (11). As shown in Fig. 2, PKH-264" CBTL can be
induced to proliferate by PMA plus ionomycin, indicating that
signaling pathways downstream of PKC (including Ras) and
the calcium messenger system are intact and functional.
Analysis of the Stimulatory Signals Able to Overcome
Secondary Unresponsiveness. T cell allostimulation, as studied
in MLC, requires complex molecular interactions with antigen-
presenting cells (12). Different families of membrane-bound
receptors and ligands, chief among which are TCR and CD28,
are engaged in the induction of T cell proliferation, which is a
hallmark of a productive alloresponse (13). Because this
complexity makes the delineation of the biochemical mecha-
nisms responsible for secondary unresponsiveness a difficult
task, we investigated the outcome of secondary stimulation of
alloantigen-primed CBTL by selective activation of distinct
signaling pathways. Alloantigen-primed PKH-264"* CBTL and
PKH-264" PBTL were initially plated in secondary cultures in
the presence of various combinations of stimulatory signals,
including alloantigen, anti-CD3, and anti-CD28 antibodies,
PMA, ionomycin, and interleukin 2 (IL-2) (at low or high
doses) (Fig. 3). As already shown in Fig. 2, anti-CD3 plus
anti-CD28 antibodies had no effect on PKH-264" CBTL,
whereas PMA + ionomycin induced vigorous proliferation.
The combination of alloantigen and PMA induced a prolifer-
ative response comparable to PMA plus ionomycin, whereas
alloantigen plus ionomycin had no effect. Addition of low
doses (5 units/ml) of IL-2, either alone or in combination with
anti-CD3 and anti-CD28, had no effect. On the other hand,
high-dose IL-2 (50-100 units/ml), in the presence or the
absence of alloantigen, stimulated PKH-264"" CBTL to pro-
liferate, indicating that IL-2-dependent mitogenic pathways
can still be activated in these cells if they are exposed to high
concentrations of IL-2 and that TCR signaling does not
provide a dominant negative signal. To determine whether
exposure to IL-2R common vy chain-activating cytokines could
block the induction of secondary unresponsiveness, similar to
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Fic. 3. Differences in the proliferative response to secondary
stimulation between alloantigen-primed PKH-264"" CBTL and PKH-
264im PBTL. Alloantigen-primed PKH-264"" CBTL do not proliferate
upon secondary stimulation with CD3 plus CD28 (CD3/CD28), even
in the presence of low-dose (5 units/ml) IL-2 (CD3/CD28/LD IL2).
Secondary stimulation with PMA plus ionomycin (PMA/Iono) or
PMA plus alloantigen (PMA/Allo) induces proliferation but not
stimulation with ionomycin plus alloantigen (Iono/Allo). High-dose
(50-100 units/ml) IL-2, either alone (HD IL2) or combined with
alloantigen (HD IL2/Allo), overcomes the secondary proliferative
block of PKH-264" CBTL. Experiments with low-dose IL-2 alone
(LD-IL2) and PMA alone (PMA) are also presented, showing that
neither can induce cell proliferation in PKH-26%" CBTL. Results
represent the mean of three different experiments. Each experiment
was performed in triplicate.

what has been described for anergy induction in human T cell
clones (14), we performed primary alloantigenic stimulation
experiments in the presence of exogenous IL-2 (10-100 units/
ml) and examined secondary alloresponses as described above.
PKH-26%" CBTL exposed to low- or high-dose IL-2 during
primary stimulation were still unresponsive to subsequent
alloantigenic challenge or to CD3 plus CD28 cross-linking
(data not shown).

Secondary Unresponsiveness in PKH-26%" CBTL Is Asso-
ciated with Defective Activation of Ras. Based on the fact that
(i) treatment of T cells with PMA + ionomycin is known to
induce activation of Ras, (i) Ras is crucial for TCR-mediated
T cell proliferation, and (iiif) RAS activation has been shown
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FiG. 2. (B) Alloantigen-primed PKH-26%" CBTL (CB) do not proliferate after secondary stimulation with alloantigen or CD3 plus CD28
activation, whereas PKH-264" PBTL (PB) do. PKH-26"¢" CBTL and PKH-26"¢" PBTL, which were not successfully activated during primary
alloresponse, exhibit a vigorous proliferative response when rechallenged with alloantigen or CD3 plus CD28 activation (4). Treatment of
PKH-26%" CBTL with PMA and ionomycin overcomes the proliferative block (B). Results represent the mean of three different experiments. Each

experiment was performed in triplicate.
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to be defective in murine models of T cell anergy (15-17), we
examined Ras activation in PKH-26%" CBTL as compared
with PLH-26?%"" CBTL and similarly labeled PBTL. In the
experiment shown in Fig. 4, CB and PB T cells were stimulated
with alloantigen during the primary stimulation and with
anti-CD3 and anti-CD28 antibodies during the secondary
stimulation. This was done to avoid the use of large amounts
of antibodies during bulk primary cultures as well as to give
specific stimulation during the secondary culture. Similar
results were obtained when either alloantigen or antibodies
were used for both primary and secondary stimulation (data
not shown). As shown in Fig. 4, freshly isolated CBTL dem-
onstrated activation of Ras after primary allostimulation (CB
1° Allo), which paralleled the robust proliferative response
induced under the same conditions (4). Ras activation was also
seen when PKH-26?¢" CBTL (CB Bright) and PKH-26"8"
PBTL (PB Bright) were stimulated in secondary cultures with
anti-CD3 plus anti-CD28 antibodies or alloantigen (data not
shown), again in agreement with the proliferation assays
described in Fig. 2. The same was true for PKH-26%" PBTL
(PB Dim). PKH-264" CBTL (CB Dim), on the other hand, fail
to activate Ras when stimulated with anti-CD3 plus anti-CD28
antibodies, although they can be induced to activate Ras (Fig.
4) as well as proliferate (Fig. 2) by treatment with PMA and
ionomycin. This close correlation between Ras activation and
the ability to proliferate upon TCR-dependent stimulation
suggests that Ras is crucial for the proliferative alloresponse of
CBTL and that conditions leading to defective Ras activation
during secondary stimulation may result in secondary unre-
sponsiveness.

Role of TCR and CD28 Signaling in the Defective Activation
of Ras in PKH-26%™ CBTL. Ras activation in T cells is believed
to be mediated mainly through a TCR-dependent pathway,
although the coupling mechanism between the two currently is
not clear (18). It has also been shown that cross-talk between
the TCR and CD28 pathways exists and that CD28 signaling
may cause synergistic activation of Ras and some of its
downstream effectors, possibly through interactions with
adapter molecules such as Grb-2 (19). To determine whether
CD28-mediated signal transduction was intact in PKH-26%"
CBTL, CD28 signaling was examined by measuring the amount
of PI-3K enzymatic activity that could be coimmunoprecipi-
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FiG. 4. Alloantigen-primed PKH-26%" CBTL have defective Ras
activation after restimulation with CD3 plus CD28. Ras can be
activated in PKH-26%" CBTL by treatment with PMA plus ionomycin.
The ability of freshly isolated CBTL to activate Ras during primary
allostimulation is shown (CB 1° Allo), indicating that defective Ras
activation develops in PKH-264"" CBTL only after a primary prolif-
erative response. PKH-264" PBTL, PKH-26"¢"* CBTL, and PKH-
267"t PBTL show normal Ras activation. Similar results were ob-
tained when either alloantigen or antibodies were used for both
primary and secondary experiments (data not shown). Control IP,
immunoprecipitation with rat anti-mouse Ig.
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tated with anti-CD28 antibodies from alloantigen-primed
PKH-26%" CBTL after CD28 cross-linking. Although it is
unclear whether CD28-mediated costimulation depends on
PI3K binding and activation (20, 21), it has been shown that
signaling through CD28 results in PI3K binding and activation.
Therefore, PI3K activation can be used as a surrogate marker
for CD28-mediated signaling even if the dependence of various
CD28-mediated intracellular events on PI3K activation is still
under scrutiny and far from being conclusively sorted out (22).
Fig. 5 shows that CD28 immunoprecipitation after stimulation
of PKH-26%" CBTL and PKH-26%" PBTL with anti-CD28
antibodies (CB/CD28/CD28 and PB/CD28/CD28), followed
by in vitro P1-3 kinase assay, results in the detection of similar
amounts of PIP3. As a control, the same immunoprecipitation
and in vitro kinase experiments were performed after stimu-
lating cells with irrelevant (goat anti-mouse) antibodies (not
shown). To examine whether these findings were reproducible
in experimental conditions simulating a more physiological
antigen encounter, alloantigen-primed PKH-26%" CBTL and
PKH-26%" were exposed to irradiated allogeneic cells and
rapidly solubilized. CD28 immunoprecipitation was then per-
formed on the cell lysate (CB/Allo/CD28 and PB/Allo/
CD28) and was followed by in vitro kinase assays. Again, PIP3
was detectable in similar amounts. Control immunoprecipita-
tions with anti-CD3 antibodies yielded no detectable amount
of PIP3 (CB/Allo/CD3 and PB/Allo/CD3). Together with
the data on the proliferative effect of the combination of
alloantigen and PMA, these results strongly suggest that
CD28-mediated signaling can be efficiently activated in PKH-
26%m CBTL.

DISCUSSION

A large body of experimental evidence in laboratory animals
clearly indicates that specific immune tolerance can be induced
in neonatal T lymphocytes (23). Less direct evidence of such
predisposition is available in human T lymphocytes from
experiments showing a generic immaturity in cytotoxic activ-
ity, lymphokine production, and expression of activation mark-
ers (24, 25). More recently, defective IL-2 receptor vy chain and
CD40 ligand (CD40L) expression and/or function have been
reported in neonatal T cells by some (26, 27) but not all
investigators (28), and this was proposed as an explanation for
neonatal T cells’ reduced antigenic response and helper func-
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F1G. 5. In vitro P1-3K assay after secondary stimulation of alloan-
tigen-primed PKH-26%" CBTL and PKH-26¢" PBTL. Cells were
stimulated by CD28 cross-linking or with alloantigen and lysed, and
immunoprecipitation with anti-CD28 antibodies was performed. The
PI-3K activity of the immunoprecipitate was then measured as the
amount of radioactive PIP3 generated. Control immunoprecipitation
was performed with anti-CD3 antibodies.
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tion for B cells (27). Few of these studies, however, have clearly
established the molecular basis of well characterized functional
defects and investigated their relevance to the phenomenon of
neonatal tolerance induction, mainly because of the lack of a
convenient and reproducible model and the difficulty of
performing signaling assays with heterogeneous populations
and limited numbers of cells. To this regard, CBTL represent
a unique model of antigen-induced unresponsiveness that may
be relevant for the study of anergy and that may provide an
insight into the cellular and molecular interactions occurring
in vivo after CBSC transplantation. In this paper, we establish
a biochemical link between the altered response to alloantigen
observed in CBTL in vitro and the signaling machinery leading
to their activation and proliferation.

PKH-26 cell labeling and sorting allow the purification of
successfully alloantigen-primed CBTL from primary MLC and
the performance of cell culture and biochemical assays on
functionally homogeneous cell populations (as defined by
proliferation assays). Our data clearly indicate that the blunted
response originally observed after secondary allostimulation
of CBTL in bulk cultures (4) is not due to apoptosis or to
cellular or humoral factors with suppressive activity. This is
evident from the fact that PKH-26"%" CBTL isolated from the
same primary culture flasks as PKH-26%" CBTL respond
normally to secondary stimulation and from the ability of
PKH-26%" CBTL to respond in secondary cultures if provided
with adequate stimuli (PMA + lonomycin or high-dose IL-2).
In addition, viability in both PKH-264" and PKH-26""%"" cell
populations at the end of primary cultures is consistently
>90%. Conversely, the complete lack of response to secondary
stimulation observed by using homogeneous PKH-264"
CBTL, as opposed to the blunted response in bulk cultures, is
most likely a result of the elimination of the small residual
population of PKH-26%"" CBTL. Based on these findings, we
postulated that alloantigen-primed PKH-264" CBTL acquire
a defect in their signaling response to antigen, which results in
a block of cell proliferation upon further TCR-dependent
stimulation. We now provide experimental confirmation of
our hypothesis showing that the block is at the level of Ras
activation.

The role of Ras in T cell proliferation clearly has been
established by the work of others (15), and the importance of
the Ras/mitogen-activated protein kinase pathway in TCR
signaling is underscored by studies of this pathway in anergic
murine T cells (16, 17). To date, little information has been
available on the role of the Ras signaling pathway in anergic
human cells. Recently, preliminary studies have suggested that
TCR-dependent stimulation of human T cell clones in the
absence of costimulation, which induces anergy, results in the
preferential formation of a cbl-crkL-C3G complex and the
consequent activation of Rap-1, which functions as a down-
regulator of Ras, as opposed to a Shc-Grb2-SOS complex
detected in T cell clones that received both TCR stimulation
and full costimulation (29). However, direct demonstration of
an inhibitory effect of Rap-1 on Ras activation in the anergic
cells was not provided. The activation status of Ras in T cells
depends on a delicate balance between positive and negative
regulators, both of which potentially can be modulated by
TCR-mediated signals and synergistically affected by costimu-
latory signals mediated by CD28 (18). Although we do not
provide definitive evidence indicating which of the above
pathways is involved in the altered Ras activation observed in
PKH-26%" CBTL, the ability of PMA to complement alloan-
tigen as a proliferative stimulus for PKH-26%" CBTL and the
evidence of detectable signal transduction through CD28 in
these cells, as shown by PI-3 kinase activation, suggest that the
TCR signaling pathway leading to Ras activation, rather than
the CD28 pathway, is defective.

Although CBTL’s secondary unresponsiveness shows a close
resemblance to current anergy models, there are a number of
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important differences. In Schwartz’s classic in vifro anergy
model (27), anergy induction requires occupancy of TCR
(signal 1) in the absence of costimulation (signal 2). However,
CBTL'’s secondary unresponsiveness is clearly inducible in the
presence of both signals (delivered either by allogeneic cells or
by CD3 + CD28 cross-linking). Provision of additional co-
stimulation in the form of common vy chain IL-2R activation
(with IL-2), which has been shown to block anergy induction
in human T cell clones (14), does not prevent CBTL from
entering an unresponsive state. Altered signal transduction
through the TCR or CD28 during the primary response,
leading to an altered pattern of nonreceptor protein tyrosine
kinase activation, as described by others (7), cannot be ex-
cluded based on our current data. However, it is unclear which
role similar differences would have in the induction of sec-
ondary unresponsiveness because Ras and PI-3K activation
occurs normally in CBTL during primary allostimulation and
their primary proliferative response is indistinguishable from
that of PBTL in terms of kinetics, CD25 up-regulation, and cell
viability at the end of culture. It is likely that differences in
signal transduction during primary alloantigen stimulation
exist between CBTL and PBTL that are responsible for the
opposite functional outcome following secondary antigen en-
counter. Their nature and functional relevance, though, is
likely to be more easily determined when the specific signaling
mechanism leading to defective Ras activation upon secondary
stimulation is identified.

It is unclear at this time whether these findings bear any
relevance to the graft versus host disease-inducing potential of
CBSC grafts and whether secondary unresponsiveness devel-
ops in vivo after CBSC transplantation. Additional in vitro
experiments are necessary to determine whether the unre-
sponsive status is reversible or not and how prolonged it is.
Finally, further delineation of the functional status of CBTL in
vivo remains an important goal, which unfortunately is ham-
pered by the necessity for prolonged immunosuppression and
by the lack of a sensitive assay to follow the destiny of these
cells after transplant.
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