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Abstract

After the addition of a CD3monoclonal antibody to peripheral
T cells that have been previously stimulated with phytohe-
magglutinin, inositol phosphates are produced at a rapid rate
for 2 min and at a much slower rate thereafter. Stimulation of
CD5 allows CD3-mediated production of inositol phosphates
to be sustained at a brisk rate for > 20 min and augments the
initial CD3-mediated increase in inositol trisphosphate and re-
lease of intracellular Ca2+. Thus, perturbation of CD5 by
monoclonal antibody enhances the ability of the CD3-antigen
receptor complex to couple to the inositol phospholipid path-
way. This effect of CD5 is independent of any direct effect of
the CD5 monoclonal antibody on the levels of inositol phos-
phates. (J. Clin. Invest. 1990. 85:130-134.) CD5 * inositol
phosphates * T cell activation

Introduction

Antigen receptor (CD3/Ti)-induced hydrolysis of membrane
inositol phospholipids, leading to an increase in the concen-
tration of cytoplasmic free Ca2" ([Ca2+],) and to the activation
of protein kinase C, appears to play a prominent role in ini-
tiating the cellular responses of T cells to antigen (1, 2). Physio-
logical activation of CD3/Ti requires contact between a T cell
and an antigen-primed accessory cell, a situation that may
permit a variety of additional receptor-ligand interactions to
occur and participate in the activation process (3). Indeed,
studies using MAb have identified several cell-surface mole-
cules that are distinct from CD3/Ti but that augment CD3/
Ti-induced activation (reviewed in reference 4). Under appro-
priate conditions, MAbto certain of these putative accessory
molecules, such as CD2and CD28, can activate T cells in the
absence of CD3/Ti MAb, demonstrating that these molecules
can deliver primary activation signals (5, 6).

One accessory molecule, CD5 (T 1, Leu 1), is a 67-kD gly-
coprotein that is expressed on the surface of almost all T lym-
phocytes as well as a subset of B lymphocytes (7). Unlike CD2
and CD28, perturbation of CD5 by MAb has not been ob-
served to activate T cells (8, 9). CD5 MAb, however, can aug-
ment CD3/Ti-mediated production of IL-2 and proliferation
under conditions where perturbation of CD3/Ti alone elicits
submaximal responses. For example, highly purified periph-
eral T cells, which are not activated by CD3MAbimmobilized
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to Sepharose beads, produce IL-2 and proliferate when stimu-
lated by the combination of a CD5MAband the immobilized
CD3 MAb(8). Moreover, CD5 MAbcan potentiate CD3-in-
duced proliferation of previously activated T cells (9). The
natural ligand for CD5 has not been identified. Interestingly,
expression of CD5 has been recently shown to restore respon-
siveness to IL- 1 upon CD5-loss mutants of the T cell line
Jurkat (10). CD5, however, is clearly distinct from the recently
cloned receptor for IL- 1 (1 1). Moreover, optimal concentra-
tions of IL- 1 and CD5 MAbhave additive effects on T cell
activation, suggesting that these two stimuli regulate distinct
signaling pathways (9, 10).

The nature of the signal(s) delivered by CD5 MAb is not
known. When crosslinked, CD5 MAb, as well as MAbto a
number of other T cell molecules, can increase [Ca2+], (12).
CD5MAbcan also enhance CD3/Ti-mediated Ca>2 influx, an
effect that does not require crosslinking (12, 13). CD5, there-
fore, may either independently regulate a Ca2 influx mecha-
nism or influence signaling by CD3/Ti. In this communication
we present evidence to support the latter possibility. Weob-
serve that perturbation of CD5on highly purified peripheral T
cells, which in itself has no effect on the levels of inositol
phosphates (InsPs),' substantially augments CD3/Ti-mediated
production of InsPs. Stimulation of CD5 by MAb, therefore,
enhances the ability of CD3/Ti to trigger the hydrolysis of
inositol phospholipids.

Methods

MAb. MAb38.1 (anti-CD3; murine IgM), G19-4 (anti-CD3; murine
IgG 1), 10.2 (anti-CD5; murine IgG2a), 9.4 (anti-CD45; murine
IgG2a), and HIDE (anti-HLA class I; murine IgG2a) have been de-
scribed (8, 9, 14). These MAbwere purified from ascites by protein A
chromatography (10.2, 9.4, and HIDE), salt precipitation and DEAE
chromatography (G 19-4), or HPLC(38. 1) using a 3000 SWSpherogel
TSK column (Altex, San Ramon, CA).

Cells. Human PBMCwere obtained by either venipuncture or
leukophoresis of laboratory personnel, followed by Ficoll-Hypaque
density centrifugation. To obtain PHA-stimulated blasts, PBMCwere
partially depleted of adherent cells by a 30-min incubation on plastic at
37°C and then incubated in RPMI 1640 medium supplemented with
10% fetal bovine serum and 1 ,g/ml PHAat 37°C in 5%CO2in air. To
obtain a population of highly purified T cells, T cells were isolated
from PBMCby negative selection with magnetic bead immunoab-
sorption after the addition of saturating concentrations of MAb to
CDI 1, CD16, CD14, CD20, and HLADRas described (14). The cells
so obtained for these experiments were > 98%CD3+CD5+as assessed
by flow cytometry and contained < 0. 1%monocytes as determined by
nonspecific esterase staining (data not shown).

Proliferation assay. PHAblasts were washed and then cultured in
quadruplicate samples in flat-bottomed, 96-well microtiter plates at 5
X 10' cells/well in RPMI 1640 containing 10% heat-inactivated fetal
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bovine serum. Cell proliferation was measured after pulsing cells for
the final 6 h of 3-, 4-, and 5-d cultures with 1 gCi/well of [3H]thymidine
(6.7 Ci/mmol; NewEngland Nuclear, Boston, MA) as described (9).

Measurements of [3H]InsPs. Wefound that unstimulated T cells
incorporated [3H]inositol poorly unless incubated with [3H]inositol in
inositol-free medium with 10% heat-inactivated fetal bovine serum
that had been dialyzed against Hepes-buffered saline to remove free
inositol. Prolonged (> 24 h) incubation in this inositol-free medium,
however, adversely affected cellular viability (data not shown). To
achieve sufficient labeling of inositol phospholipids while avoiding
inositol depletion, adherent cell-depleted PBMCwere resuspended at
1-2 X 106 cells/ml in RPMI 1640 (containing 0.2 mMinositol) with
10% heat-inactivated fetal bovine serum (complete medium) supple-
mented with 1 gg/ml PHA and 20-50 gCi myo-2[3H]inositol (37
mBq/ml; NewEngland Nuclear). After incubation for 72 h at 370C in
5% CO2 in air, cells were washed three times and resuspended at 5
X 106 cells/ml in complete medium with 10 mMLiCl. After a 20-min
incubation at 370C, MAbwere added as indicated. The final concen-
trations of 10.2, 9.4, and HIDE were 10 ug/ml. 38.1 was added to 1
gg/ml, the optimal concentration for stimulating InsP production. At
the indicated time points cells were lysed with ice-cold 10% TCAand
the [3H]InsPs were extracted, separated by anion exchange chromatog-
raphy using Dowex 1-X8 100-200 mesh in formate form (Bio-Rad
Laboratories, Richmond, CA), and quantified as described (14).

Measurement of[Ca2"]i. [Ca2]i responses were measured in single
cells using indo-l (Molecular Probes, Eugene, OR) and a flow cytome-
ter (model 50 HH/2 150; Ortho Diagnostic Systems Inc., Westwood,
MA) as described (12).

Results

CD5MAbhave been reported to enhance CD3-mediated pro-
liferation of both resting and previously activated T cells (8, 9).
Consistent with these earlier observations, the CD5 MAb10.2
substantially augmented CD3-mediated incorporation of
[3H]thymidine into adherent cell-depleted human PBMCthat
had been previously stimulated with PHA(Fig. 1).

To determine the effects of CD5 MAb on CD3/Ti-me-
diated production of InsPs, we initially studied PHAblasts and
used an IgM MAbto CD3, 38.1, which was a more effective
CD3 agonist in terms of InsP production than the IgG CD3
MAbtested (G 19.4, 64.1.1, and OKT3; data not shown). The
addition of 38.1 led to a substantial increase in total [3H]InsPs
within [3H]inositol-labeled PHAblasts. In the presence of LiCl

Days After Stimulation

Figure 1. Perturbation of CD5 en-
hances CD3-mediated incorporation
of [3Hjthymidine into adherent cell-
depleted PBMCthat had been pre-
viously stimulated with PHA. PHA
blasts, prepared as described in
Methods, were washed and then incu-
bated for 3, 4, or 5 d in medium
alone (o), or stimulated with soluble
CD5 MAbalone (A), immobilized
CD3MAbalone (o), or the combina-
tion of soluble CD5MAband immo-
bilized CD3 MAb(-). Anti-CD5
(10.2) was added to a final concentra-
tion of I ug/ml; anti-CD3 (G19.4)
was immobilized on microtiter wells
at 20 ug/ml. Cells were cultured in
quadruplicate, and SE was < 18% of
the mean.

this response was characterized by a rapid increase for 2 min,
followed by a much slower accumulation of [3H]InsPs (Fig. 2).
Because LiCl inhibits the breakdown of InsP1, this observation
suggests that the production of InsPs proceeded at a brisk rate
for the first 2 min after the addition of anti-CD3 and at a much
slower rate thereafter. The simultaneous addition of anti-CD3
and anti-CD5 (10.2) did not affect the initial rise in [3H]InsPs,
but after 2 min enhanced the rate of [3H]InsP accumulation
approximately threefold (Fig. 2). The levels of [3H]InsPs after
the simultaneous addition of anti-CD3 and anti-CD5 were
significantly greater at 10 and 15 min (P < 0.05 and < 0.01,
respectively, by paired t test) than those after the addition of
the CD3 MAbalone. The CD5 MAbhad a comparable en-
hancing effect on the [3H]InsP response to 64.1.1, an IgG2a
MAbto CD3 (data not shown).

The addition of anti-CD5 alone to PHAblasts led to small
but reproducible increases in total [3H]InsPs (Fig. 2). Small
increases in [3H]InsPs also occurred after the addition of two
control murine IgG2a MAb, 9.4 and HIDE, which recognize
CD45 and HLA class I molecules, respectively (data not
shown). Neither the anti-CD45 MAbnor the anti-HLA MAb,
however, augmented the CD3/Ti-mediated [3H]InsP response
(data not shown; see Table I). Therefore, the ability of anti-
CD5 to enhance the production of InsPs by CD3/Ti appears to
be specific. The changes in [3H]InsPs induced by the CD5
MAb alone, on the other hand, may be largely nonspecific
consequences of the addition of a murine IgG2a MAbreactive
with cell-surface determinants in this cellular system.

The ability of CD5 MAb to promote CD3/Ti-mediated
production of IL-2 and proliferation does not require the pres-
ence of accessory cells (8). To determine whether the effects of
anti-CD5 on the generation of InsPs are independent of non-T
cells, we studied highly purified (> 98% CD3+) T cells. The
addition of anti-CD5 alone to purified T cells caused no de-
tectable change in [3H]InsPs, even in the presence of LiCl (Fig.
3). Although the use of purified T cells eliminated the effect of
the anti-CD5 alone on InsPs, the CD5MAbretained its ability

400- Figure 2. The levels of
total [3H]InsPs over
time within PBMCin-
cubated in the absence

300 / of stimuli (o) or after
the addition of a CD3

ZP / T MAb(38.1) (-); a CD5

200-
MAb(10.2) (A); or anti-
CD3plus anti-CD5 (A).

4 Adherent cell-depleted
PBMCwere incubated
for 72 h in complete
medium containing
PHAand [3H]inositol,
washed, and then resus-
pended in medium with

15 10 mMLiCl. After a
Time (min) 20-mmn incubation

MAbwere added at t
= 0. Cells were lysed at the indicated time points and the extracted
[3H]InsPs were resolved and quantified as described (14). Shown are
the total [3H]InsPs (the sum of separately resolved [3HJInsPj, [3H]-
InsP2, and [3HJpnsP3) expressed as the percent of total [3H]InsPs in
the unstimulated cells at t = 0 (which was always > 450 cpm). Each
point represents the mean±SEMof four to six separate experiments.
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Table I. The Effect of Anti-CD5 on CD3/Ti-mediated Production
of InsPs within Resting Peripheral Blood T Cells

Total [tH]InsPs*

Pretreatmentt Unstimulated Anti-CD3

None 1,885±77 17,193±290
Anti-CD5 (10.2) 2,179±44 20,936+583
Anti-HLA class I (HIDE) 2,669±80 15,865+685

* Means and SE of triplicate cell samples. Each data point represents
the total [3H]InsPs in 107 cells.
* Highly purified peripheral T cells were incubated in inositol-free
medium supplemented with 20 ,Ci/ml of [3H]inositol. After 18 h
cells were washed, divided into aliquots of 1 07 cells, and incubated
for 20 min in medium containing 10 mMLiCl before the addition of
MAb. After a 10-min pretreatment with either medium alone, 10.2,
or HIDE, anti-CD3 (38.1) was added to selected samples. The reac-
tion was terminated 20 min after the addition of anti-CD3.

to augment the InsP response to anti-CD3. As was observed
with adherent cell-depleted PBMC, the combination of anti-
CD3and anti-CD5, but not anti-CD3 alone, led to a continued
generation of total [3H]InsPs, and to a sustained rise in [3H]-
InsP, for > 20 min (Fig. 3, A and B). Moreover, when anti-
CD5was added several minutes before anti-CD3, there was an
enhancement of the peak increase in total [3H]InsP3 that oc-
cuffed 2 min after the addition of the CD3 MAb(Fig. 3 C).

The ability of anti-CD5 to enhance CD3/Ti-mediated pro-
duction of InsPs did not require prior treatment with PHAand
could be demonstrated using unstimulated, highly purified pe-
ripheral T cells that were labeled in inositol-free medium
(Table I). The effect of anti-CD5 on resting T cells, however,
was less than was observed with PHA-treated cells at the same
time point. Thus, the enhancing effect of anti-CD5 may be
more pronounced in preactivated cells than in resting cells, but
we cannot exclude the possibility that the InsP response in the
resting cells was distorted by prolonged inositol depletion. Of
interest, pretreatment of freshly isolated, indo- 1-loaded pe-
ripheral T cells with anti-CD5 led to a substantial increase in
CD3/Ti-induced release of Ca2, from intracellular stores, an
event that is thought to be mediated by Ins- 1,4,5-P3. Enhanced
intracellular Ca2+ mobilization was observed after the addition
of either suboptimal (Fig. 4 A) or optimal concentrations of
CD3 MAb(Fig. 4 B).

Discussion

Weshow here that the addition of a CD5MAbto peripheral T
lymphocytes substantially augments the ability of CD3/Ti
MAbto generate InsPs. After stimulation of CD3/Ti alone on
T cells that had been previously activated with PHA, we found
that the rate of InsP production slowed substantially after 2
min. This observation suggests one of two possibilities: (a) the
ability of CD3/Ti to activate phospholipase C has been atten-
uated 2 min after stimulation, or (b) inositol phospholipid
precursors have been depleted at this time point and are rate
limiting for the CD3/Ti-activated phospholipase C. Perturba-
tion of CD5, however, permits CD3/Ti-regulated generation of
InsPs to be sustained at a brisk rate for at least 20 min. More-
over, pretreatment of T cells with CD5 MAb enhances the
peak CD3/Ti-mediated increase in InsP3 and release of intra-
cellular Ca2 , which occur within 2 min of the addition of
CD3/Ti MAb. These enhancing effects of the CD5 MAbare
independent of any direct effect of the MAbitself on the levels
of InsPs. Therefore, perturbation of CD5 by MAb appears
either to promote the effective coupling of CD3/Ti to phos-
pholipase C or to increase the availability of inositol phospho-
lipid precursors.

The ability of CD5 MAb to enhance the generation of
InsPs by CD3/Ti appears to be an example of a relatively
unusual form of positive crosstalk between physically distinct
receptors. A similar potentiation of receptor-mediated produc-
tion of InsPs, however, has been described recently in fibro-
blasts after the addition of tyrosine kinase-activating growth
factors (15, 16). For example, the addition of insulin to Swiss
3T3 cells, which alone does not affect the levels of InsPs, aug-
ments bombesin-induced generation of InsPs (15). Moreover,
fibroblast growth factor and epidermal growth factor, neither
of which stimulates the production of InsPs, potentiate a-
thrombin-induced phosphoinositide breakdown in Chinese
hamster fibroblasts (16). Despite the similarity between these
observations and our studies of CD5, it is unlikely that a com-
mon, single mechanism accounts for potentiating effects of
growth factors and CD5, because analysis of the predicted
amino acid sequence of CD5 indicates that it is not a tyrosine
kinase (7, 17). Huang et al., however, have pointed out that the
sequence surrounding Tyr 429 of CD5 is similar to the auto-
phosphorylation site of the members of the c-src family and
have raised the possibility, as yet unproven, that CD5 may a
substrate for a tyrosine kinase ( 17).

The functional consequences of the effects of CD5MAbon

6- A 6 B 0.6- C Figure 3. Total [3H]InsPs (A), [3HJInsP,
(B), and [3H]InsP3 (C) within highly puri-
fied peripheral blood T cells incubated in

CO 4- 4- 0.A- the absence of stimuli (o) or after the addi-
X / . ^/ L \ tion of CD5 MAb(10.2) alone (sA); CD3

2 > 2 0.2- 1lMAb (38.1) alone (e); or anti-CD5 and
anti-CD3 (A). Purified (> 98% CD3+) T
cells were incubated for 72 h in complete

o io 20o 30 o ib io io o 10 20 30 - medium containing PHAand [3H]inositol,
washed, and resuspended in medium with

TIME IMINI 10 mMLiCl. After a 20-min incubation

anti-CD5 was added to selected cell sam-
ples at t = 0. At t = 10 min anti-CD3 was added to either untreated cells or CD5 MAb-treated cells. Aliquots containing 6 X 106 cells were

lysed at the indicated time points and the extracted [3H]InsPs were resolved and quantified as described (14).
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165 A Figure 4. The effect of pre-
treatment with CD5 MAbon
the ability of CD3 MAbto re-
lease Ca2" from the intracellu-

-. .......7 lar stores of indo- 1-loaded pe-
ripheral T cells. Freshly iso-
lated PBMCwere loaded with

+ 165 indo-l, resuspended in me-
/D ,' \ dium with 5 mMEGTAto

chelate extracellular Ca2" and
t. -, < to prevent Ca21 influx, and an-

100 - alyzed by flow cytometry as
1 2 3 4 5 described (8). A, Cells were

Time (min) stimulated at 1.5 min with
CD5 MAb(10.2) alone (dotted

line), with CD3 MAb(38.1) alone at a suboptimal concentration (0.1
jg/ml; solid line), or with anti-CD5 at -3 min followed by anti-CD3
(0.1 sg/ml) at 1.5 min (dashed line). B, Cells were stimulated with
anti-CD3 at an optimal concentration (1 jig/ml) either alone (solid
line) or after the addition of anti-CD5 at -3 min (dashed line).

CD3/Ti-mediated production of InsPs are uncertain and are
not addressed by this study. While these effects may explain
the ability of CD5 MAbto potentiate CD3/Ti-mediated pro-
duction of IL-2 and cell proliferation, it is certainly possible
that CD5also regulates additional activation pathways that are
independent of the inositol phospholipid system and that play
a critical role in T cell activation. Three points, however, war-
rant comment with regard to the possible importance of the
CD5-mediated effects on the generation of InsPs. First, sus-
tained CD3/Ti-mediated signaling is required to initiate the
production of IL-2 (reviewed in reference 3). Thus, the ability
of CD5MAbto permit CD3/Ti-mediated production of InsPs
to continue at a brisk rate for an extended period of time is
consistent with an effect on cellular activation. Second, in T
lymphocytes Ins-1,4,5-P3 appears to regulate the opening of
Ca2+ channels in the plasma membrane, as well as the release
of Ca2+ from intracellular stores (18, 19). An increase in the
level of Ins-1,4,5-P3, therefore, could explain the previously
reported ability of CD5 MAb to augment CD3/Ti-mediated
increases in [Ca2+], that require extracellular Ca2+ influx (12,
13). Ca2" influx, which enables the increase in [Ca2+], to be
sustained, has been implicated in the activation of IL-2 gene
expression (3, 19). In this study we were not able to achieve
sufficient labeling of cells with [3H]inositol to measure [3H]-
Ins- 1,4,5-P3 specifically by HPLCanion exchange chromatog-
raphy, but did observe a clear effect of anti-CD5 on the initial
CD3-induced increase in total InsP3. Finally, it should be re-
membered that diacylglycerol, an activator of the protein ki-
nase C family, is produced on an equimolar basis with InsPs
during the hydrolysis of inositol phospholipids (20). Therefore,
the substantial increase in the rate of production of InsPs
(threefold in Fig. 2) is associated with a large increase in pro-
duction of diacylglycerol and, accordingly, may be associated
with substantial effects on the activation of protein kinase C
isoforms.

In summary, we have shown that perturbation of CD5,
which alone does not affect the levels of InsPs, potentiates the
CD3/Ti-mediated generation of InsPs. This interaction be-
tween CD5and CD3/Ti indicates that CD5either regulates the
availability of inositol phospholipids or enhances the coupling
of CD3/Ti to phospholipase C. Further experiments will be
needed to distinguish between these two mechanisms, and to

determine whether this effect on CD3/Ti-mediated signaling
contributes to the ability of CD5 to augment T cell activation.
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