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Abstract
The purpose of these studies was to determine the minimal requirements to induce granzyme B,
cytotoxic granules and perforin-dependent lytic capacity. To our surprise, both IL-2 and IL-15
induced not only proliferation, but also profound granzyme B and lytic capacity from CD8+ T cells
in the absence of antigen or TCR-stimulation. Mouse splenocytes were incubated with mouse r-IL-2
or r-IL-15 for three days, tested by anti-CD3 redirected lysis and examined for intracellular granzyme
B and for T cell activation markers. With 10−8 M IL-2 or IL-15, there was excellent lytic activity at
1:1 effector to target ratios mediated by T cells from wild type but not from perforin-gene-ablated
mice, consistent with multiclonal activation. Lower interleukin concentrations induced less lytic
activity. Granzyme B was undetectable on day 0, and greatly elevated on day 3 in CD44hi CD8+ T
cells as detected by flow cytometry. Cytokines alone elevated the granzyme B as much as
concanavalin A combined with the cytokines. Some ex vivo CD8+ T cells were CD122+, as were the
cultured granzyme B+ cells, thus both populations had low affinity receptors for the interleukins.
Only some of the activated cells were proliferating as detected by CFSE labeling. When the cytokines
were withdrawn, the cells lost lytic activity within 24 hours and then within the next 24 hours, died.
Our results suggest that high concentrations of either IL-2 or IL-15 will activate the lytic capacity
and granzyme B expression of many T cells and that antigen recognition is not required.
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1. Introduction
T cells, removed from a naïve mouse, lack the granules necessary to kill target cells. It is an
unresolved issue how to activate the cytotoxic mechanisms of T killer lymphocytes. It is
generally assumed that activation of cytotoxicity requires two or more signals including one
initiated by antigen [1,2] and that bystander activation is rare [3]. Recently, Dr. Ann Kelso and
colleagues demonstrated that IL-2 regulates perforin and granzyme message independently of
its effects on cell growth [4]. In those studies, the T cells were TCR-stimulated1. In a
serendipitous experimental control, we observed that high IL-2 or high IL-15 without
antigen induced extremely high cytotoxicity. We monitored cytotoxicity with redirected lysis
rather than with antigenic target cells and thus detected multiclonal activation by both
cytokines. It is known that IL-2 or IL-15 will activate NK cells without receptor stimulation
[5,6]. IL-15 without antigen(s) activates cytotoxic capacity of human T cells with a memory-
associated phenotype and may also activate naïve human CD8+ T cells [7,8]. However, both
characterization of granzyme B induction and a direct comparison between IL-15 and IL-2 for
their ability to induce antigen-independent cytotoxic T cell activation were lacking until our
study.

Differences between the effects of IL-2 and IL-15 would be anticipated only at the low
concentrations at which these interleukins interact with different receptors. IL-2 and IL-15 are
T cell growth factors that support adaptive immune responses [9,10]. Both cytokines share a
pair of receptor subunits, the gamma chain common to several cytokine receptors (γc, CD132)
combined with the IL-2/15 beta receptor chain (IL-2Rβ, CD122) [11]. Binding of either IL-2
or IL-15, with Kd’s ~10−9 M [12,13,14], will activate this dimeric receptor to transmit
intracellular signals via the JAK1/3-STAT3/5 pathways [15,16,17]. There are substantial
numbers of these CD122/CD132 receptors on T cells and, at high concentrations (10−8 M) of
either IL-2 or IL-15, these receptors will be saturated. IL-2 and IL-15 each have specific high
affinity receptors (Kd ~ 10−11 M) that are formed when separate specific alpha receptor chains
combine into trimeric receptors with the CD122/CD132 pair [18,19]. The IL-2Rα chain (CD25)
in its trimer is thought to mediate subsequent signaling via the CD122/CD132 pair. T cell
activation with antigens induces high cell surface expression of CD25. Thus, with moderate
levels of IL-2 (10−10 M) and after antigen stimulation, many specific trimeric IL-2 receptors
can be activated. The situation is somewhat different for the IL-15α receptors. There are far
fewer of these IL-15α’s per T cell [20,21] and the intracellular signaling is less well defined.
These differences between high affinity receptors for IL-2 vs. IL-15 contribute to differential
T cell growth responses and might be expected to cause differences between the two cytokines
for induction of cytotoxicity.

For induction of cytotoxicity, which in our case is without antigen, we evaluated low interleukin
concentrations that would saturate only specific trimer receptors as well as higher
concentrations that would saturate the dimeric receptors. Engagement of the low affinity
dimeric receptors (by either interleukin) induced the most cytotoxic capacity. We use the word
‘capacity’ advisedly because, physiologically, in the absence of antigen, the capacity would
normally go unnoticed. We detected this capacity with anti-CD3 redirected lysis of P815 cells
and then extended our investigation to characterize intracellular levels of GrzB, the phenotype
of the multiclonally activated cells, and the stability of their induced lytic capacity.

The antigen-independent effects of IL-2 and IL-15 that we report here have both theoretical
and practical implications. The theoretical implication is that bystander cytotoxicity and
granzyme B can be induced in memory phenotype T cells without antigen if there are sufficient
cytokines. The practical implications affect IL-2 and IL-15 as therapeutic agents. IL-2 has been
used in several clinical trials for conditions ranging from cancer to AIDS, primarily to enhance
lymphocyte proliferation and function [22,23,24,25]. These trials may have produced
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unrecognized and significant side effects on T cell cytotoxic capacity and caused the
subsequent death of the activated memory cells upon cytokine withdrawal.

In this report, we have used exclusively murine cytokines with murine lymphocytes and
compared IL-2 and IL-15 concurrently. Both cytokines similarly induce cytotoxic capacity and
granzyme B in an antigen-independent process when their concentrations are sufficient to be
bound by the CD122/CD132 dimeric receptors. The induced cells included CD4+ T cells as
well as CD8+ T cells and both had the CD44hi phenotype after induction.

2. Materials and Methods
2.1 Animal Studies

The animal protocols for this study were approved by the University of Nevada Animal Use
Review Committee.

2.2 Cell Culture
Spleens were harvested from C57BL/6 mice (Jackson Labs or the NCI) and the cells cultured
at 5x105 cells/ml in 24 well plates (CoStar) with RPMI-1640 media (Sigma), 10% FBS
(HyClone), and 1% Pen-Strep (Sigma) with or without mouse recombinant (r-) IL-2 or IL-15
(PeProtech or eBiosciences). The specific activity of PeProtech r-IL-2 was 5x106 CTLL-2
growth units per mg protein and 8.6x1013 units/mole. The specific activity of PeProTech r-
IL-15 was 2x105 units CTLL-2 growth units per mg protein and 2.66x1012 units/mole.
Incubation was at 37°C with 5% CO2. Cytokine stimulated cultures received 10−8 M IL-2 or
IL-15 unless otherwise stated. Pfn−/− C57BL/6 mice were obtained from Jackson Labs. In some
experiments, the cells also received 2.5 ug/ml concanavalin A (Sigma).

2.3 Flow Cytometric Analysis
Cells were harvested and phenotyped with mAbs to the following mouse antigens: CD3e
(hamster IgG, clone 145-2C11), CD4 (rat IgG2b, clone GK1.5), CD8a (rat IgG2a, clone 53–
6.7), ICOS (hamster IgG, clone C398.4A)), NKG2D (rat IgG1, clone CX5), CD25 (rat IgG1,
clone PC61.5), CD28 (hamster IgG, clone 37.51), CD38 (rat IgG2a, clone 90), CD69 (hamster
IgG, clone H1.2F3), PD-1 (hamster IgG, clone J43), CD11a (rat IgG2a, clone M17/4), CD2
(rat IgG2b, clone RM2-5), NK1.1 (rat IgG2a, clone PK136), CD71 (rat IgG2a, clone R17217),
and anti-mouse/human CD44 (rat IgG2b, clone IM7). The fluorochromes included fluorescein
(FITC), R-fluorsphycoerythrin (PE), PE-cyanine 5 (PC5) and PE-cyanine 7 (PC7) as indicated
in the figures. After surface labeling, the cells were washed, fixed, and permeabilized (IntraPrep
Kit, Beckman Coulter, Fullerton, CA). Grz B was detected with PE anti-human Grz B mAb
(mouse IgG1, clone GB-12) that cross-reacts with mouse Grz B and fails to react with mouse
GrzB−/− T cells (data not shown). Samples were measured with a Beckman Coulter XL/MCL
flow Cytometer with optical filters to detect 525, 575, 670, and >740nm. The data were
analyzed with FlowJo software (Tree Star, Inc., Ashland, OR), including proliferation kinetics.
For histograms, the “relative cell number” ordinate value represents a scale normalized to 95%
as equal to the number of cells in the histogram channel with the most cells. Recovered cell
numbers were normalized to a known bead standard added to each tube (Polymer Laboratories,
9.2um diameter, Polymer Laboratories, Amherst, MA).

2.4 Proliferation Assay
Cells were treated with 2.5μM CSFE (Molecular Probes) for five minutes, washed and cultured
for 72 hours with or without cytokines. Harvested cells were labeled with antibodies and
assayed as described above.
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2.5 Cytotoxicity Assays
T cell lysis was redirected to the FcIgGR-bearing P815 cells with anti-mouse CD3 mAb
(hamster IgG, clone 145-2C11). P815 target cells were loaded with Na51CrO4 (Amersham
CJS4) and assays run in quadruplicate with 10,000 radio-labeled cells per well for 4 hours.
Specific release was calculated by the formula: % Specific Release = [(Experimental CPM) -
(Spontaneous Release)] / [(SDS Total Release) - (Spontaneous Release)]. Splenocyte: target
ratios were determined by taking aliquots of cells used for the lytic assay and performing
hemocytometer counts. CD8+ effector:target ratios were calculated by using the splenocyte
population and multiplying it by the fraction of CD3+CD8+ as determined by flow cytometry.
Comparison of the activities of different cytotoxic T cells was made by comparing lytic units
of activity per 109 effector cells, where 1 lytic unit is defined as the number of cells that will
kill half of the 10,000 targets in the 4 hour assay [26].

2.6 Assay for Granule Retention/Cell Survival
After culture for 72 hours as described, the cells were harvested and washed. Experimental
groups were held in new media for 2 hours before being recultured in fresh media with 10−8

M IL-15, 10−8 M IL-2 or without cytokine. Flow cytometry was used to detect the CD8+ T
cells and their intracellular Grz B content as described above.

2.7 Reproducibility and Statistics
Representative experiments are illustrated from at least three replicate experiments, with the
exception of the experiment depicted in Figure 5 which was done twice in its entirety. Standard
errors of the mean were calculated for cytotoxic assays and are indicated where appropriate.
Student’s t tests were applied to these assays to determine the significance of the results. In
cases where flow cytometry was used to determine the frequency of T cell subpopulations, the
means were calculated for three or more tubes in the same experiment as indicated. The flow
cytometric data were also subjected to Overton subtraction statistical analyses [27] to assess
frequency of antibody-positive cells in the populations.

3. Results
3.1 Selection of day 3 and 10−8 M concentrations of IL-15 or IL-2 as the conditions for
comparison of antigen-independent activation of T cell cytotoxic capacities

Given the differing proliferative units/ml between IL-15 and IL-2 at 10−8 M (860 u/ml and 27
u/ml respectively), we chose an early time of splenic cell culture, day 3, in order to minimize
potential differences induced by selective proliferation of particular T cell subsets. On day 3,
proliferation in cytokine-treated populations had just begun and later increased on days 4 and
5 (not illustrated). Anti-CD3 antibody redirected lysis of FcIgG-receptor-bearing P815 cells
was performed to monitor the cytotoxic capacity of all the T cells, regardless of antigen
specificity. IL-15 induced a strong antigen-independent cytotoxic capability at 10−8 M, as
illustrated by a dose dependent response in which 5 x 10−9 M IL-15 was nearly as effective
(Fig. 1A). A dose titration using IL-2 yielded a similar result with the highest cytotoxicity at
10−8 M IL-2 (Fig. 1B). To illustrate more effectively that 10−8 M IL-2 and IL-15 induced
comparable antigen-independent cytotoxicity, we expanded splenocytes concurrently in either
cytokine and found similar lytic activity (Fig. 1C). The high redirected cytotoxic activity at a
CD3+CD8+ T cell effector to target (E:T) ratio of 1:1 indicates a high frequency of killer cells
in the population and suggests activation of a large number of different T lymphocytes within
the original cell population. The activity without anti-CD3 antibody was tenfold less (based
on lytic units, not illustrated), indicating that the redirected lysis was T cell-dependent. Even
though there were CD3− CD16+ NK cells present in the 3 day cultures, the NK cells lacked
activity towards the P815 targets. It is possible that the lysis without anti-CD3 antibody was
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due to a subset of T cells with allogeneic cross reactivity, arising from the C57BL/6 effectors
(H2b) vs. P815 (H2d) targets. The dependence of 90% of the cytotoxicity on anti-CD3 antibody
was measured and observed in all the experiments reported in this paper. Furthermore, we
detected no anti-CD3 redirected lysis by splenocytes cultured from Pfn−/− mice (not
illustrated), indicating that we are monitoring only perforin-dependent cytotoxicity. The
concentrations of IL-2 and IL-15 that induced highest observed antigen-independent
cytotoxicity were sufficient to saturate the shared IL-2/15 receptor consisting of beta and
gamma chains (CD122-CD132).

3.2 Grz B is induced in CD8+ and CD4+ T lymphocytes by both cytokines without antigen
When analyzed directly ex vivo, murine T cells lack detectable Grz B (Fig. 2A & D), but both
CD8+ and CD4+ T cells can be induced without antigen to express Grz B (Fig. 2B and E). After
3 days in culture with 10−8 M IL-15 or IL-2, the CD8+ T cell population acquired high levels
of Grz B (MFI = ~50) relative to the control series receiving no cytokine (MFI = ~1) and relative
to the isotype control for intracellular anti-granzyme labeling (MFI = ~2.5) (Fig. 2A–C). We
estimated that 77.5% of the IL-15 treated CD8+ T cells were Grz B+ and 80% of the IL-2 treated
cells were Grz B+ using Overton subtraction statistical comparisons with the PE-isotype labeled
cells. A similar MFI for Grz B was induced when cells were also stimulated with con A and
cytokines, indicating that the antigen-independent Grz B had attained extremely high levels.
Con A stimulates granzyme B mRNA even better than allogeneic stimulation [28].
Approximately 30% of the CD8(−) T cells also developed a distinct Grz B+ population when
treated with either IL-15 or IL-2 (with MFIs ~90–100) relative to the culture without cytokine
(MFI = ~1) and to the isotype controls (MFI = ~1) (Fig. 3D–F). In the experiments illustrated,
the fourth antibody was to NK1.1, which we used as a concurrent label to establish that the
CD4+ and CD8+ T cells illustrated differed from NKT cells. In other experiments we used
direct staining for anti-CD4 and observed that >95% of the CD3+CD8(−) cells were
CD3+CD4+ and that ~25–30% of the CD4+ directly stained cells were positive for granzyme
B (data not illustrated).

3.3 Grz B+ CD8+ T cells are also CD44hi CD122+ and may acquire granzyme B without cell
division

IL-15 is considered a “memory” cytokine, driving homeostatic replacement of memory
lymphocytes [29,30,31,32]. It is important to know whether naive as well as memory T cells
acquire granzyme B when cytokine-stimulated and also if the cells can respond without
dividing. To address this issue, we first monitored whether the responding cells had the
CD44hiCD122+ phenotype displayed by many antigen-specific memory cells and by CD8+ T
cells undergoing “homeostatic proliferation” in vivo independently of antigen. On day 3, the
Grz B+ CD8+ T cells and the Grz B+ CD8− (CD4+) T cells were CD44hi (Fig. 3A). Since the
CD44hi cells have the low affinity cytokine receptor and most of the naïve cells lack it (Fig
3B), and the cells are being exposed to 10−8 M concentrations of cytokines that would saturate
this receptor, it would be expected that the memory phenotype cells would be the responsive
T cells. Our data indicate that the responding cells look like memory phenotype cells though
the issue remains equivocal. Others have observed granzyme B induction in responses to IL-15
with human cells but the induction of granzyme B by IL-2 without antigen was unexpected.

A separate issue is whether the cytokines stimulate the Grz B+ cells to divide without antigen.
Acquisition of granzyme B without cell division could facilitate rapid activation of bystander
T cells in inflammatory situations with high cytokines but without cognate T cell antigens. We
used the dye CFSE to monitor the cell division, looking for twofold dilutions of dye inside the
cells as an indicator of each cell division. Considerable CFSE signal was lost upon
permeabilization of the cells to label for intracellular Grz B, so we relied upon the CD44hi

phenotype as a correlative indication for the Grz B+ cytotoxic cell population. Over 50% of
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the CD44hiCD8+ T cells were dividing (Fig 3C & D). It is difficult to estimate the number of
rounds of proliferation of the CD44hiCD8+ T cells because the unstimulated CD44hi T cells
had CFSE label that spanned almost a 10 fold range (indicated by the shaded cells in Fig 3D).
It is noteworthy that more than a third of the GrzB+CD44hi CD8+ T cells remained noncycling
on day 3 (Fig 3D), indicating that CD8+ T cells can be partially activated to express granzyme
B without being activated into cell division. Thus the cytokines alone induce responses that
can mimic or differ from antigen-driven proliferative responses.

The data also provide the means to compare the responses of CD8+ T cells with CD4+ T cells
to see if these 2 major types of T cells differ in their antigen-independent responses to IL-2
and IL-15. Some but not all of the CD8− [CD4+] CD44hi T cells were dividing (Fig 3D dashed
lines),. Thus, it would appear that CD4+ T cells can also be activated without antigen to become
cytotoxic and can do so without entering cell division. Overall, this series of experiments
indicates that T cells respond similarly to IL-2 or IL-15, and that the responding cells are
probably recruited from cells with the memory phenotype. The responses are multiclonal
expansion as opposed to outgrowth of a small number of lymphocyte clones.

Recently, attention has been drawn to differences between mitogenic potential and regulation
of growth by these two interleukins [33]. We, like the D. Cantrell laboratory, observed similar
mitogenesis at the start of culture. Our experimental design, with mouse cytokines (rather than
human) with mouse cells, without antigen, and at 3 days of tissue culture (Figure 3D) or 5 days
upon re-culture with fresh cytokines (Figure 5), rather than at days 8–10 without cytokine
replenishment, limits further comparisons of the long term effects of the two cytokines on
CD8+ T cell growth.

Taken together, these data support partial or full activation of T cells with the phenotype
consistent with memory cells to acquire massive quantities of cytotoxic granules in response
to either IL-2 or IL-15. Proliferation without addition of specific antigens is consistent with
previous reports for IL-15 and memory CD8+ T cells [34,35], but it is remarkable that
proliferation also occurred with IL-2 without specific antigen.

3.4 Antigen-independent culture with IL-15 or IL-2 induces phenotypic changes associated
with T cell activation

We assayed an array of activation and functional cell surface markers to create a phenotypic
picture of the cellular responses to IL-2 or IL-15. We monitored three molecules involved in
cytotoxic function, NKG2D, CD2, CD11a; three molecules involved in the initiation and
termination of immune responses, CD28, ICOS, PD-1; two molecules involved in T cell
proliferation, CD25, CD71; and two additional molecules, the activation molecule CD69 and
the ectoenzyme CD38. Table 1 provides a brief description and the function of each cell surface
protein. The antibodies to these proteins were labeled with PE. For reference, the nonspecific
binding of antibodies to antigen-negative cells had MFIs of ~ 1 (not illustrated).

We first focus attention on the CD8+ T cells which were greater than 70% granzyme B positive
in Figs. 2 & 3. Three molecules involved in cytotoxic function, NKG2D, CD2, CD11a, were
markedly up regulated and the effects were indistinguishable between IL-15 and IL-2 (Fig.
4A–C). Thus molecules directly involved in cytotoxicity were simultaneously up regulated
together with Grz B. Molecules involved in the initiation and termination of immune responses,
CD28, ICOS, PD-1 had a variable pattern, with CD28 largely unchanged (Fig. 4D), and ICOS,
another co-stimulatory molecule, up regulated (Fig. 4E), while the programmed death
receptor-1 (PD-1, Fig. 4F) was largely unchanged, indicating that at day 3 these cells are
responsive to co-stimulation and also likely to survive. The IL-2 alpha receptor, CD25, was
elevated by both IL-15 and IL-2, but to a greater extent by IL-15 (Fig. 4G). This observation
means that there really was less CD25 on the surface of the IL-2 cultured cells because this
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particular anti-CD25 monoclonal antibody binds to IL-2R alpha even when IL-2 is already
bound to the receptor [36]. In the presence of IL-2, the CD25 IL-2R alpha receptor may be
cycling, removing the CD25 protein from the surface of the cell [37]. As expected, the
transferrin receptor CD71 was up regulated (Fig. 4H). Most of the cells had substantial
increases in CD69 (Fig. 4I). Changes in CD38 expression (Fig. 4J) indicate further changes in
the population responding to cytokines. CD122 levels were elevated by both IL-15 and IL-2
above ex vivo and untreated levels (Fig. 4K), though IL-15 induced higher levels than IL-2.
Thus the cytokines induced changes in ten different cell surface markers. For perspective,
antigen stimulation induced greater expression of CD25 [38], PD-1 [39] and CD38 [author
D.R., unpublished data].

Similar changes in the ten cell surface proteins illustrated in Fig. 4 occurred for the cytokine-
activated subset within the CD8(−) (CD4) T cells (not illustrated). Thus, CD8+ or CD4+ T cells
that were activated with either IL-2 or IL-15 without antigen undergo many changes in gene
expression consistent with the cytotoxic cell phenotype.

3.5 After cytokine removal, the cytokine-activated T cells lose their Grz B and cytotoxic
activity within 24 hours

Given the remarkable multiclonal activation of cytotoxicity, the memory phenotype of the
activated cells, and the documented need for IL-15 to maintain memory T cells in vivo, we
considered if IL-15-treated cells would selectively maintain cytotoxicity and/or survive after
cytokine withdrawal. To address this issue, we withdrew the cytokines from the cells and
monitored maintenance of cytotoxicity, retention of Grz B and cell survival. Cells were initially
cultured for 3 days with either 10−8 M of IL-15 or IL-2, harvested, washed, and briefly cultured
without cytokines and then re-cultured with or without additional cytokine. To assess the
cytotoxic capability of the T cells, we once again performed51Cr redirected release assays.
Cytotoxic activity was reduced within 24 hours after withdrawal of cytokine (day 4),
precipitously declining to the nominal levels of unstimulated cells (Fig. 5A). If either IL-2 or
IL-15 were replenished, cytotoxicity continued to increase above day 3 levels in both cultures
on days 4–5 (Fig. 5A).

Given that Grz B is a key protein in the cytotoxic process, we expected to see a Grz B expression
pattern similar to the observed cytotoxic profile. The Grz B MFI declined within 24 hours post-
withdrawal (day 4) to levels similar to the unstimulated control population (Fig. 5B) that lacked
granzyme B. The cells replenished with fresh IL-2 or IL-15 increased GrzB expression.

When treated with continual IL-2 or IL-15 stimulation, CD8+ T cell proliferation continued
(Fig. 5C). If either IL-15 or IL-2 was withdrawn, the cells survived for the 24 hours between
days 3–4, and then died by day 5. Activation by IL-15 failed to protect the activated cells from
death, indicating that exposure to high levels of this memory cytokine followed by withdrawal
can be toxic.

4. Discussion
In this paper, we documented and compared the antigen-independent induction of T cell
cytotoxicity by interleukins 2 and 15. Our novel discovery is that IL-2 as well as IL-15, when
delivered at receptor-saturating concentrations, induces antigen independent multiclonal
expansion and increases cytotoxic potential of splenic lymphocytes. While others have reported
IL-15-induced antigen-independent activation [56], we have advanced the study by directly
comparing granzyme B, cytotoxicity and a variety of indicators induced by IL-15 or IL-2 during
antigen-independent stimulation. Almost all splenic T cells that expressed CD122 at the time
of isolation, whether they were CD4+ or CD8+, appeared to respond in a polyclonal manner to
either cytokine and to acquire cytotoxic capacity. The induced cytotoxic capacity would

Tamang et al. Page 7

Cytokine. Author manuscript; available in PMC 2007 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



probably have gone unnoticed in assays using target cells with unique cognate antigens because
of the low frequency of T cells specific for individual antigens. However, the massive activation
of cytotoxicity was detectable by redirected lysis and paralleled by intracellular Grz B
expression. The polyclonal nature of the response was indicated by cytotoxicity at low (1:1)
effector to target ratios and by the high frequency of Grz B+ cells. The responses to the two
cytokines were similar in terms of molar dose-responses, frequencies of responding cells, and
the extent of the responses. Even the transient nature of the cytotoxic capacity, and the
subsequent death of cytotoxic cells, was similar for both cytokines. This comparison of the
antigen-independent effects of IL-2 and IL-15 has implications for T cell biology,
immunophysiology, immunopathology and immunotherapy.

The implications for T cell biology demonstrate that cytotoxicity can be induced without
antigen engagement of the TCR. Cytokine levels sufficient to stimulate via the CD122/CD132
dimeric receptor induced cytotoxic granules. The marginal effects at concentrations in which
the cytokines would have to bind to specific alpha-receptors to be effective, and the upper range
of the dose-response, strongly suggest that it is primarily the CD122/CD132 dimers that
transduce the signals for granule formation as opposed to the TCR. Further, we found that
CD122 was expressed by the responding lymphocyte population. This CD122 expression was
observed for both the CD8+ and CD8(−) T responding lymphocyte populations. The signals
that induced Grz B usually also induced T cell division, though some cytokine-induced
cytotoxic cells failed to divide. For historical perspective, it has been noted in a different context
that high IL-2 induced multiclonal activation. When high IL-2 was used for tissue culture
induction of antigen-specific responses, “non-specific T killer cell activity” appeared and the
non-specific cells were maintained in the cultures [57]. Here we clarify the issue and indicate
that these non-specific killers probably resulted from antigen-independent multiclonal
activation of lymphocytes.

The immunophysiology of antigen-independent cytokine-induced cytotoxicity is difficult to
assess. It is uncertain how often large amounts of IL-2 or IL-15 are readily available in vivo.
IL-2 is vectorially secreted by CD4+ T helper cells [58,59], suggesting that exposure is
normally carefully regulated. However, because IL-2 is a secreted protein, localized excesses
are possible. Excess IL-15 in the periphery is very unlikely since little IL-15 is made and what
is produced is bound and trans-presented by the dendritic cells and monocytes that synthesize
it [60]. Trans-presentation of IL-15 involves focusing small amounts of IL-15 on the membrane
of the dendritic cells and allowing low numbers of receptors per IL-15-receiving T cell to
respond. The functional relationship between low amounts of IL-15 presented on dendritic
cells and the high concentrations of soluble IL-15 we used is unclear. Thus, if antigen-
independent induction of cytotoxicity occurs physiologically for bystander cells, it is much
more likely to be in response to IL-2 than IL-15 simply because the bystander cells are more
likely to find IL-2 in the periphery than IL-15.

The antigen-independent activation of cytotoxic capacity may contribute to immunopathology.
Indeed, IL-2 can be found in circulating blood during diseases [61,62,63,64]. Furthermore, if
T cells were trapped in an environment of high local cytokines, these T cells could acquire
cytotoxic capacity. It would still require ligation of their T cell receptors for antigen before
these T cells mediated damage. In theory, a T cell could be cytokine-induced in one location
and then mediate cytotoxicity in another location. Our study suggests that the time frame for
movement from the site of induction to the site of antigen must be less than 24 hours.
Additionally, high IL-15 might cause pathology similar to the damage observed when
dysregulated IL-15 in the gut exacerbates celiac disease by upregulation of human NKG2D
(as we report here for mice) to cause TCR-independent cytotoxicity [65].
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IL-2 has been used for immunotherapy with some success but, for multiple reasons, clinicians
might hope for improved responses with IL-15 [66]. Unfortunately for immunotherapy, our
results suggest that high IL-15 may cause some of the same problems that IL-2 does. In vivo
murine studies have shown that IL-2 and IL-15 both have similar anti-tumor effects, even tumor
free survival was not achieved [67], which supports efficacy. IL-2 affects many lymphocytes
including B cells and causes significant systemic toxicity at high concentrations. In vitro
stimulation with antigen and IL-2 of cytotoxic T cells destined for adoptive transfer results in
subsequent death when IL-2 is withdrawn in vivo [68]. One might have hoped that this death
upon cytokine withdrawal would have been less with IL-15, but in our in vitro experiments,
death appeared just as widespread upon IL-15 cytokine withdrawal. In vivo administration of
rIL-15 to mice has already been demonstrated to induce Grz B in memory phenotype T cells
without the re-introduction of antigen [69], which suggests IL-15 efficacy. However, the
antigen-independent death may occur in vivo upon cytokine withdrawal and present a new
threat in that high concentrations of either cytokine could first activate and then kill memory
T cells. We recommend that the survival of antigen-specific CD8 memory cells be monitored
in vivo in rodents after high IL-2 or IL-15 treatment to assess potential ablation of memory
cytotoxic T cells.

This study used mouse lymphocytes with mouse interleukins 2 and 15. Human cytokines used
with mouse cells are considerably less potent [70]. The potency of homologous cytokines raises
new caveats for use of high concentrations of either of these cytokines in vivo for human
immunotherapy due to (1) polyclonal activation of T lymphocyte cytotoxicity and (2) potential
polyclonal deletion of memory T cells upon cytokine withdrawal.
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Figure 1. Culture with IL-15 or IL-2, without antigen, induced cytotoxic capacity in T cells
Mouse splenocytes were cultured with IL-15, IL-2 or no cytokine for 3 days. Cytotoxicity was
assayed by anti-CD3 antibody-redirected lysis against51Cr-P815 targets. The abscissa indicates
the effector CD3+ T cell to target cell ratios (potential E:T) as indicated, on a log10 scale. (A)
and (B) Dose titrations of either IL-2 or IL-15. Antigen-independent cytotoxic activity was
optimal at 10−8 M concentrations and readily detectable at E:T ratios of 1:1. Additional assays
without anti-CD3 antibody (not illustrated) demonstrated ~10 fold less cytotoxic activity by
lytic units, indicating that most of the activity illustrated represents TCR-dependent cell
responses. (A) and (B) depict independent experiments, while (C) illustrates a single,
representative experiment that indicates that IL-2 or IL-15 induce similar cytotoxic potentials.
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Figure 2. Both IL-2 and IL-15 induced Grz B in T cells
Both CD8+ and CD8(−) T cells (>95% CD4+ cells) were induced to express granzyme B.
Splenocytes were cultured alone or with 10−8 M IL-2 or IL-15 for three days. On days 0 and
3, the cells were surface-labeled with FITC-anti NK1.1, PE-Cy5 anti-CD3 and PE-Cy7 anti-
CD8, then fixed and permeabilized and reacted with PE anti-Grz B or PE-isotype. The
histograms are displayed with relative cell numbers (see Methods). (A) CD8+ T cells possessed
little or no Grz B on day 0. (B) Grz B levels of CD8+ T cells increased greatly with cytokine
treatment. Both IL-2 and IL-15 induced similar levels of granule formation based on Grz B
expression. Both cytokine-treated populations were highly positive, with a day 3 MFI of 52
for IL-15 and 54 for IL-2. Approximately 80% of both the IL-2 treated and IL-15 treated CD8
T cells were positive for Grz B by Overton subtraction. (C) Isotype staining of the CD8+ T
cells demonstrated minimal non-specific binding of antibody. (D) The CD3+CD8(−)(CD4) T
cells also had no detectable Grz B ex vivo, a condition identical to the CD8+ cells (part A).
(E) Approximately 40% of the surviving CD8(−) (CD4) T cells became Grz B+ by day 3 in
response to either IL-2 and IL-15, suggesting that a subpopulation of CD4+ T cells responds.
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MFIs of the Grz B-positive CD4+ T populations were 88 for IL-15 and 102 for IL-2, similar
to the MFIs of Grz B-staining of CD8+ T cells in (B). (F) Isotype staining of the CD8(−)

population indicates little, if any, nonspecific antibody reaction. Taken together, these data
demonstrate that IL-2 and IL-15 induce cytotoxic capability in a large number of T cells in the
absence of antigen.
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Figure 3. The Grz B+ T cells were CD44hi with elevated CD122 and some cells were non-
proliferating
Splenocytes were cultured as in Figure 2. The cells were surface-labeled with FITC-anti CD44,
PE-Cy5 anti-CD3 and PE-Cy7 anti-CD8, then fixed and permeabilized and reacted with PE
anti-Grz B or PE-isotype. CD3+ gated cells were analyzed as indicated in A-D. (A) Grz B and
CD44. (i) Grz B+CD8+ T cells induced with IL-15 possessed elevated levels of CD44, a marker
associated with memory cells. On day 3, double positive Grz B+ CD44+ T cells represented
74.4% of the CD8+ T cells, as indicated by the circled population. (ii) A similar fraction of Grz
B+CD44+ T cells was observed for cells treated with IL-2. (iii) Cells not cultured in cytokine
lacked Grz B and had fewer CD44hi cells. The PE-isotype controls for intracellular staining
(not illustrated) were similar to the cells cultured without cytokine. (iv – vi) The CD8(−) T cells
demonstrated a pattern similar to the CD8+ population, with cytokine treatment increasing the
CD44hi cells and inducing Grz B within the CD44hi population. The responding Grz B+ subset
was smaller for the CD8(−) T cells than for the CD8+ T cells. The CD8(−) cells were also
NK1.1(−), not illustrated. (B) Activated CD44hi cells and CD122 expression. Splenocytes on
day 0 or after three days were analyzed for CD44 and CD122 (the common IL-2/15 beta
receptor). (i – ii) On day 0, there are few cells with high side scatter. Most (more than 72.9%)
of the IL-15 treated T cells had high side scatter on day 3 (iii – iv). The circled cells within
figures B i – iv indicate the gates of the CD44hi or CD44low cells that were analyzed for CD122.
The bottom row (v – viii) shows CD122 expression of the circled cells of the plots just above.
The MFI of autofluoresce for in the FITC/CD122 channel was ~0.4 for all unstained cells. (v
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– vi) The CD44hi subset of freshly isolated T cells was CD122hi, while that of the CD44low

cells lacked CD122. (vii – viii) The trend continued to day 3 in the cytokine-treated groups,
with the CD44hi T cells expressing CD122. The CD122 MFI of the CD44low cells was similar
to negative controls, indicating that CD122 was undetectable. (C) Cell division and CD44.
Splenocytes were labeled on day 0 with CFSE to track cell division. We used cell surface
CD44hi expression as a surrogate marker for Grz B since the intracellular CFSE labeling was
greatly diminished when cells were permeabilized for intracellular Grz B staining. On day 3,
cells were surface-labeled with PE-Cy5 anti-CD3 and PE-Cy7 anti-CD8, and PE anti-CD44.
(C i–iii, CD8+ T cells ) (i) Approximately 66% of the CD8 T cells activated with IL-15 were
dividing (calculated from the 45.7% CD44hi CFSElow cells included within the 69.3% of all
cells that were CD44hi). Similar calculations indicated that 55% of the CD8 T cells activated
with IL-2 (ii) were dividing. (iii) Without cytokine, only 23.9% of the cells on day 3 were
CD44hi. Similar cytokine effects were observed in the CD8(−) population (C iv–vi). The
proliferating cell populations treated with either IL-15 (iv) or IL-2 (v) were CD44hi, and higher
than the unstimulated control cells (vi). IL-2 and IL-15 induced expansion of only the
CD44+ T cells. There were more CD44+ CD8− T cells in this experiment than in the experiment
illustrated in A. (D) Many but not all memory-phenotype CD44hi CD8+ or CD8− (CD4+) T
cells proliferated after 3 days, as detected by CFSE staining. The histograms represent the data
from the experiment displayed in (C). (i–ii) The shaded bar illustrates unstimulated cells on
day 3 that were not proliferating.
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Figure 4. Most of the cytokine-treated CD8+ T cells acquired an activated phenotype and up
regulated several cell surface proteins that promote cytotoxicity
Splenocytes were cultured with no cytokine or 10−8 M IL-2 or IL-15. After three days, the cells
were labeled with FITC-anti-CD8, PE-Cy5 anti-CD3 and PE-antibodies to the antigens
indicated. The CD3+CD8+ T cells were gated and the PE-signals are illustrated. Three color
(−1) PE channel controls had an MFI of 0.6 and PE isotype controls had an MFI of ~ 1 (not
illustrated). The ex vivo levels are shaded and the day 3 values are indicated in color. Most of
the CD8+ cells also acquired high forward and side scatter after culture (not illustrated). The
data are representative of two or more experiments. (A–C) Cell surface proteins NKG2D, CD2
and CD11a were increased equally by either cytokine. (D) CD28 expression was maintained
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at ex vivo levels by cytokine treatment. (E) ICOS expression increased after culture with
cytokines. (F) PD-1 levels were essentially unchanged. (G) IL-15 cultured cells expressed more
cell surface CD25 than cells cultured with IL-2. (H) CD71 expression was elevated by IL-2
and IL-15 in the majority of cells. A CD71ultra-bright subset present ex vivo was lost after culture
without cytokine stimulation. (I) IL-2 and IL-15 induced increased CD69 expression. (J) CD38
expression is maintained by IL-2 and by IL-15 compared to the cells cultured without cytokines.
(K) CD122 increased in response to IL-2 and IL-15, though IL-15 was the more potent
stimulator.
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Figure 5. After cytokine withdrawal, cytokine-activated CD8+ T cells survived for 24 hours but
lost their cytotoxic capacity and Grz B
Splenocytes were initially cultured for 3 days with IL-2, IL-15, or no cytokine. On day 3, the
cells were washed and re-cultured with renewed cytokine or without cytokine. At day 3, the
withdrawal of cytokine from cells is indicated by the arrow and by the closed symbols with
solid lines. The dashed lines represent the cells re-cultured with new media and cytokine. Cells
were stained and Grz B MFI determined as in figure 2. Cytotoxicity was determined as in
Figure 1 and is expressed in lytic unit (LU) per 109 splenocytes. We monitored viable cell
recovery (by forward and side scatter, and confirmed by exclusion of propidium iodide) using
internal calibration beads added as flow standards to quantify the relative number of viable
CD3+CD8+ T cells after cytokine withdrawal. (A) Cells deprived of cytokine lost most of their
lytic capability within 24 hours. (B) Grz B, as indicated by MFI values, was also lost within
24 hours after cytokine withdrawal. Replenishing cytokine results in a general increase in Grz
B. (C) For 24 hours after cytokine withdrawal, the CD3+CD8+ T cells remained viable and in
similar in numbers to before cytokine withdrawal. If given cytokine they continued to grow
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for 24 hours. After another 24 hours, the cytokine-deprived T cells had died and disintegrated
within the cultures. The cells re-cultured with cytokines remained viable. Taken together, these
data indicate that the T cells lose cytotoxicity well before they die.
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Table 1
Cell surface proteins tracked in figure 4 and their functions.

Marker Function
Molecules involved in cytotoxicity:
NKG2D Lectin-like cytotoxicity-activating receptor of activated CD8+ T cells and NK cells [40,41].
CD2 Adhesion molecule involved in T cell immune synapse formation [42,43].
CD11a Adhesion molecule involved in T and NK cell immune synapses, also known as LFA-1 [44,45].
Molecules involved in the initiation and termination of immune responses:
CD28 Costimulatory receptor for B7-1 and B7-2 involved in many T cell- dependent processes [46,47].
ICOS Costimulatory molecule of the CD28 family [48,49].
PD-1 (CD279) Molecule of the CD28 family that binds B7-H1 (CD274) and is involved in negative regulation of lymphocytes [50,51].
Molecules involved in cell proliferation:
CD25 Inducible IL-2 receptor alpha chain [52].
CD71 Transferrin receptor that mediates cellular mechanisms for iron uptake, indicator of active metabolism [53].
Additional molecules:
CD69 Activation marker, involved in immunoregulation and mediates some cytotoxic functions [54].
CD38 Ectoenzyme with ADP ribosyl cyclase activity, adhesion molecule, activation marker [55], may be involved in NK-mediated

cytotoxicity.
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