










becoming singly CD25 positive. T cells that have been inhibited by
coculture with MM cells fail to up-regulate CD25 and remain ar-
rested at the CD69-positive stage. SEB-activated cells containing
normal monocytes had become largely CD25 positive by day 5
with few CD69-positive cells, but addition of U266 cells led to the
characteristic arrest of the T cells at the CD69-positive stage (Fig.
6, a andb). Activated monocytes reversed this inhibition by U266
cells, and the T cells moved to the CD692/CD251 stage and were
essentially indistinguishable from T cells activated without the ad-
dition of U266 (Fig. 6c). The protective effect of the monocytes
appeared to be mediated by IL-15, as addition of sIL-15Ra to the
cultures led to the T cells displaying the characteristic arrested
CD69-positive phenotype (Fig. 6d). Soluble IL-15Ra preabsorbed
with IL-15 was not effective at reversing the protective effect of
inflammatory monocytes, and T cells displayed normal activation
markers (results not shown). Thus, natural IL-15 from monocytes
was effective at maintaining T cell activation in the presence of
myeloma cells.

IL-15 restores the ability of T cells to respond to IL-2

As pretreatment with IL-15 had been shown to restore the ability
of T cells to phosphorylate STAT3 and STAT5 in response to IL-2,
the effects that this had on proliferation were examined. As both
IL-2 and IL-15 mediate T cell proliferation by up-regulating CD25
and IL-2 production, the ability of IL-15 to maintain T cell pro-
liferation may be due to IL-15-stimulated T cells having increased
sensitivity to IL-2. To test this hypothesis, PBMC were activated
with the addition of 10 ng IL-2 or 10 ng IL-15 during the initial
activation period, then restimulated with reducing concentrations
of IL-2 6 U266 cells. IL-2-pretreated T cells responded in a dose-
dependent manner to IL-2, with a plateau at 20–10 ng, whereas
IL-15-pretreated T cells maintained virtually identical proliferation
rates over the range tested (Fig. 7,a andb). This increased IL-2
sensitivity was significant in protecting against MM suppression,
with IL-15-pretreated cells able to respond well to IL-2, whereas
IL-2-pretreated cells showed poor proliferation (Fig. 7,a andb).

FIGURE 3. Effects of myeloma cells on the CD252 BDB2 cell line.
Relative phosphorylation of STAT3 (a) and STAT5 (b) in the BDB2 cell
line stimulated for 30 min with medium alone (C), 10 ng/ml IL-2; IL-2 and
U266 cells (1:5); or medium alone and U266 cells. IL-2 induces STAT3
phosphorylation, which is completely unaffected by addition of U266 cells.
In contrast, the strong induction of STAT5 by IL-2 is completely blocked
by U266 cells. Thus myeloma cells can block the phosphorylation of
STAT5 but not STAT3 in a CD252 T cell line.

FIGURE 4. The effects of myeloma
cells on primary T cell stimulation.a, The
percentage of CD31 cells expressing CD25
in PBMC stimulated with 2.5mg/ml Con A
1 10 ng/ml IL-2 or IL-156 U266 cells (1:5)
for 72 h, assessed by FACS analysis. Signif-
icantly greater numbers of IL-15-treated
CD31 cells express CD25 than IL-2-treated
cells (p, 0.001). Means6 SEM, three nor-
mal donors.b andc, Tritiated thymidine up-
take of PBMC stimulated with 2.5mg/ml
Con A for 72 h and supplemented with 10 ng
IL-2 or IL-15 6 tumor cells at a ratio of 1:5.
b, U266 cell line.c, Fresh BM tumor cells. In
both cases IL-2-cultured cells’ proliferation
is inhibited by the tumors, whereas that of
IL-15-cultured cells is not.
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T cell proliferation with samples from MM patients

MM patients have been reported to have defects in their T cells
such as increased susceptibility to apoptosis (reviewed in Ref. 25),
which may make observations on normal T cells less valid. There-
fore, peripheral blood T cells from patients in plateau phase of MM
were pretreated with IL-2 or IL-15 as before, and restimulated in
the presence of U266 cells. As with normal T cells, IL-15-treated
T cells were not inhibited in their proliferation, whereas IL-2-
treated T cells were significantly inhibited (Fig. 8a).

IL-15 pretreatment was also effective in maintaining IL-2 and
mitogen-induced T cell proliferation when cultured with fresh BM
tumor cells. Resting T cells preincubated with IL-15 for 24 h be-
fore Con A 1 IL-2 stimulation were not inhibited by fresh BM
tumor cells, whereas proliferation of untreated cells was greatly
reduced (Fig. 8b).

Discussion
Suppression of host T cell responses to proinflammatory cytokines
such as IL-2 and IL-12 by TGFb is an immune escape mechanism
used by such diverse tumors as breast carcinoma, renal cell carci-
noma, Hodgkin’s disease, and MM (1–5). The effects that TGFb
has on the IL-2-induced phosphorylation of STAT3 and STAT5
have been subject to conflicting reports. Here we have shown that
TGFb from MM tumor cells is responsible for inhibition of both
STAT3 and STAT5 phosphorylation in response to IL-2, and that
only STAT3 appears to be necessary for T cells to maintain their
proliferative capacity. The suppression of intracellular signaling
and proliferation mediated by TGFb could be completely over-
come by treating T cells with IL-15. Moreover, IL-15 treatment
could restore the ability of T cells to resist TGFb-mediated sup-
pression of IL-2 responses.

It is well documented that MM cells and TGFb interrupt T cell
progression into the cell cycle and autocrine IL-2 pathway, and
that T cells cannot respond to exogenous IL-2 (1, 6–8, 19). The
exact mechanism of TGFb-induced suppression of IL-2 responses
is controversial. One murine study reported an inhibition of
STAT5 phosphorylation (6) (although this study used TGFb2),
whereas another found that both STAT3 and STAT5 were inhib-
ited (7). In a study of human T cells it was reported that STAT5
was unaffected by TGFb1 (8). Our results here, using a TGFb1-
producing tumor, show that both STAT3 and STAT5 phosphory-
lation in response to IL-2 are inhibited. The down-regulation of
both STAT3 and STAT5 phosphorylation by MM cells was di-
rectly attributable to TGFb production by the tumors as treatment
with LAP restored their phosphorylation, in accordance with our
previous findings on T cell proliferation (1). It is interesting to note
that our results agree with the (murine) observations of Han et al.
(7), who also used natural rather than rTGFb. TGFb is produced
as an inactive promolecule (conjugated to LAP, hence LAP is an
excellent TGFb-specific blocking agent), which is enzymatically
cleaved when released from the cell (20). rTGFb requires artificial
cleavage to form an active molecule. The rTGFb1 used in these
experiments was cleaved by acidification of the culture medium
containing the recombinant protein (manufacturer’s data). This

FIGURE 5. The effects of myeloma cells on T cell proliferation to IL-15
or IL-2. a, Activated T cells restimulated for 24 h with 10 ng/ml IL-2 or
IL-15 in the presence of the U266 or JIM1 cell lines (1:5). Both cell lines
significantly suppress IL-2 responses (p , 0.01 andp , 0.02, respectively) but
not IL-15 responses. Means6 SEM (n5 6). b, Activated T cells restimulated
for 24 h with 10 ng/ml IL-2 or IL-15 in the presence of 5 ng/ml TGFb1.
Although IL-2 responses are inhibited by TGFb1, IL-15 responses are not, and
show signs of synergy with TGFb1. Means6 SEM (n5 4).

FIGURE 6. Inflammatory monocytes protect T cells undergoing pri-
mary stimulation from suppression by U266 cells. Flow cytometric anal-
ysis of CD69/CD25 expression of PBMC activated with 5 ng/ml SEB for
5 days. Before stimulation, PBMC were reconstituted with either control
monocytes (aandb, stimulated with medium alone 24 h) or inflammatory
monocytes (candd, stimulated with SAC and IFN-g) as detailed inMa-
terials and Methods.a, SEB-activated cells display a typical activated phe-
notype with the majority expressing CD25 but not CD69.b, Identical cul-
tures containing U266 cells display an inhibited phenotype, with only
10.7% of cells reaching the CD25 single positive state, and many remain-
ing CD691. c, PBMC treated identically tob but with the addition of
inflammatory monocytes. T cells are not inhibited by the U266 cells and
activate normally with the vast majority becoming CD251. d, Identical
culture asc but with the addition of 140 ng/ml sIL-15Ra. The protective
effect of inflammatory monocytes observed inc is reversed, with only
11.4% of T cells reaching the CD251 stage. This suggests that the protec-
tive effect of inflammatory monocytes is mediated by IL-15. Representa-
tive plots of three separate experiments.
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may alter its secondary structures and could influence the appar-
ently different effects on STAT signaling between natural and
rTGFb.

Signaling through CD25 appears to be critical for suppression of
STAT3 phosphorylation by tumor cells. The CD252BDB2 cells
phosphorylated STAT3 in response to IL-2, irrespective of the
presence of MM cells, whereas in CD251 cells STAT3 phosphor-
ylation was completely inhibited and the proliferation of the cells
was greatly reduced. This apparent role for STAT3 in proliferation
may explain previous findings that inhibition of STAT5 phosphor-
ylation does not reduce IL-2-induced proliferation in human T
cells (21). This is further confirmed by the finding that tumor cells
inhibited STAT5 phosphorylation in BDB2 cells although this was
insufficient to reduce proliferation of this cell line in response to
IL-2. STAT5 is thought to be responsible for up-regulation of
CD25 and IL-2 production (22), and as BDB2 cell lines do not
express either of these factors, this may explain why down-regu-
lation of STAT5 phosphorylation has no effect on these cells. Also,
human cells use IL-2-induced STAT5 phosphorylation as an anti-
apoptotic rather than proliferative signal (23) (in direct contrast to
mice, Ref. 24) again perhaps explaining why its inhibition does not
affect normal T cell or BDB2 proliferation. Finally, the BDB2 cell
line demonstrates that the IL-2/IL-15bgc intermediate affinity re-
ceptor is capable of signaling through both STAT3 and STAT5 in
response to IL-2, and to our knowledge this is a novel finding in
human cells. It is well established that the intermediate affinity
receptor can induce IL-2-dependent proliferation (24), but the sig-
naling differences were unelucidated. MM cells inhibit STAT3 and

STAT5 in high affinity receptor-bearing cells, but STAT5 not
STAT3 in BDB2 cells. Thus signaling in BDB2 cells appears to be
differentially controlled compared with high-affinity receptor-bear-
ing cells. Intermediate affinity receptors can dimerize in response
to IL-2, but only CD25 can make them oligomerize, a factor
thought to account for the differences in IL-2 response (25). The
results shown here suggest that there may be differences in recruit-
ment or activation of signal transduction molecules, and this will
require further investigation.

On the basis that T cells are deficient in their responses to IL-2
when cocultured with MM cells, and that this deficiency was
strongly associated with signaling through CD25 (i.e., CD252

cells were not suppressed), we examined the role of IL-15 in main-
taining T cell activation. Using IL-15, we were able to restore T
cell-proliferative and activation responses in the presence of MM
cells. In primary activation of resting T cells with mitogen, IL-15
restored proliferation and allowed progression through the auto-
crine IL-2 pathway, based on CD25/CD69 expression. Thus IL-15
overcame the “block” that MM cells place on activation of resting
T cells. This is almost certainly due to the ability of IL-15 to drive
T cells into the autocrine IL-2 pathway (15). In addition, we found
that IL-15-treated T cells were more sensitive to IL-2 than IL-2-
treated cells, a previously unreported finding. It is possible that as
IL-15 heightens IL-2 sensitivity, T cells are far more able to
progress through the autocrine IL-2 pathway even in the face of the

FIGURE 7. IL-15 treatment during T cell activation confers increased
sensitivity to subsequent IL-2 activation and resistance to myeloma-in-
duced suppression. Tritiated thymidine uptake by activated T cells incu-
bated with 10 ng/ml IL-2 (a) or 10 ng/ml IL-15 (b) during initial activation.
Cells preincubated with IL-2 respond to IL-2 in a dose-dependant manner,
and are inhibited by incubation with U266 cells, even at the highest doses
of IL-2. IL-15-preincubated cells respond with maximum proliferation at
103 lower IL-2 doses and resist U266-induced inhibition.

FIGURE 8. IL-15 pretreatment protects IL-2 responses in MM patient
samples.a, Restimulation of activated T cells expressed as inhibition of
tritiated thymidine uptake after 24 h. PBMC from three patients were in-
cubated with either 10 ng/ml IL-2 or IL-15 during initial activation, and
restimulated with 10 ng/ml IL-26 U266 cells (1:5). The proliferation of
cells to IL-2 was greatly inhibited if they had been precultured with IL-2,
but IL-15-treated cells proliferated normally.b, Primary proliferation.
PBMC from healthy donors were preincubated with medium alone or 10
ng/ml IL-15 for 24 h before washing and stimulation with Con A 2.5mg/ml
plus either 10 ng/ml IL-2 or 10 ng/ml IL-15. Proliferation of cells not given
IL-15 treatment was inhibited by fresh BM tumor cells (1:5) but was un-
affected in those pretreated with IL-15. Note that cells pretreated with
IL-15 do not respond to further IL-15 stimulus in agreement with (13, 14).
Tritiated thymidine uptake (expressed as mean cpm6 SEM, n 5 4).
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TGFb-producing MM cells, which are lowering their capacity to
make IL-2 (6).

rIL-15 was protective at a standard dose of 10 ng/ml, but “phys-
iological” levels of natural cytokine were also effective. Mono-
cytes treated with SAC (or LPS)/IFN-g produce IL-15 (13), and
such cells were capable of driving T cells through normal activa-
tion in the presence of MM cells, whereas untreated monocytes did
not. Activated monocytes produce other proinflammatory media-
tors such as IL-12 (26); however, the protective effect was com-
pletely attributable to IL-15, as sIL-15Ra blocked any rescue.

When the capacity of activated T cells to proliferate to IL-2 or
IL-15 in the presence of MM cells or rTGFb1 was assessed, IL-
15-treated cells were completely unaffected, whereas T cells were
unable to respond to IL-2. Indeed, rTGFb1 appeared to be syner-
gistic with IL-15 in driving T cell proliferation. IL-15-treated cells’
phosphorylation of STAT3 and STAT5 was identical with or with-
out tumor cells present, whereas IL-2-treated cells were unable to
phosphorylate STAT3 or STAT5. Thus, when IL-15 protects T
cells from MM-induced inhibition the cytokine maintains STAT3
and STAT5 phosphorylation. The finding that IL-15-induced pro-
liferation is not inhibited by TGFb is novel. TGFb has been re-
ported to inhibit IL-15-induced IFN-g production in T cells (27),
but the intracellular events that control this have yet to be eluci-
dated. As induction of IFN-g by IL-12 (8) is STAT4 mediated, and
TGFb does not apparently affect phosphorylation of STAT4 (8), it
is possible that TGFb does not interfere with this mechanism in T
cells.

T cells pretreated with IL-15 responded with maximum prolif-
eration to IL-2 concentrations one-tenth that required to achieve
the same proliferative rates in IL-2-pretreated cells, indicating an
increased longevity and sensitivity of IL-2 response. This trans-
lated into an ability to proliferate and phosphorylate STAT3 in the
presence of tumor cells. Significantly, T cells from MM patients
could also respond to IL-2 in the presence of MM cells when
pretreated with IL-15. IL-15 induces similar CD25 expression lev-
els to IL-2, but may increase IL-2 production by T cells (25).
Therefore, the increased sensitivity of T cells to IL-2 seen here
may be due to increased endogenous IL-2 expression by the T
cells, resulting in a magnified response to IL-2, as the rate of pro-
liferation in the autocrine IL-2 pathway is dependent on the total
amount of IL-2 available to T cells (28). This explanation may be
at odds with the finding that adding increased doses of IL-2 does
not overcome tumor suppression, and may indicate that another
mechanism is in operation.

In the setting of tumor and HIV immunotherapy, IL-15 provides
hope that where T cell responses to IL-2 are inefficient or defective
they can be reactivated (29, 30). However, administration of IL-15
to patients is potentially risky, as IL-15 is implicated in the patho-
genesis of autoimmune diseases such as rheumatoid arthritis (31),
and in the case of MM, potentially could act as a tumor cell sur-
vival factor (32, 33). Therefore, the finding here that IL-15-treated
T cells regained the ability to respond to IL-2 in the presence of
tumor cells is significant. It raises the possibility that T cells treated
ex vivo with IL-15 could be administered to patients and retain
responses to IL-2, which can be administered clinically. As the
production of TGFb by tumor cells is a common means of immune
suppression, the findings of this study may be applicable to T cell
therapies in a variety of malignancies.
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