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ABSTRACT
Interleukin-2 (IL-2) is a cytokine centrally involved in the regulation of immune tolerance and activation by its effects on CD4+ T regulatory (Treg) cells
and cytotoxic effector lymphocytes,
respectively. Due to these properties
IL-2 immunotherapy has been used, as
low-dose IL-2, in the treatment of autoimmune and chronic-inflammatory
disorders; conversely, at high doses,
IL-2 has shown efficacy in a subset of
patients with metastatic cancer. Recent
advances have highlighted the possibility of using improved IL-2-based therapies, such IL-2-antibody complexes (IL2 complexes), able to selectively and
potently stimulate either Treg cells or
cytotoxic effector cells. This article discusses the properties and clinical implications of IL-2 and IL-2 complexes.
Background
Lymphocyte homeostasis and function
crucially depends on cytokine signals,
most notably common γ chain (γc) cytokines, which include interleukin-2
(IL-2), IL-4, IL-7, IL-9, IL-15, and
IL-21 (1). Of these cytokines, IL-2 is
special in being implicated in immune
tolerance and immune activation (2-4).
Many immune cells have been reported
to produce IL-2, including CD4+ helper T cells, CD8+ T cells, natural killer
(NK) cells, NKT cells, activated dendritic cells and mast cells (3). During
steady-state conditions, the main source
of the low background levels of IL-2
are CD4+ helper T cells, while following immune activation large amounts
of IL-2 are synthesised by both CD4+
helper and CD8+ T cells, with some
contribution also from the aforementioned other immune cells (3).
IL-2 acts on cells expressing either dimeric IL-2 receptors (IL-2R) consisting
of IL-2Rβ (CD122) and the γc (CD132)
or trimeric IL-2Rs made of CD122 and
γc plus the IL-2Rα subunit (also called
CD25), with trimeric IL-2Rs displaying a 10–100-fold higher affinity for
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IL-2 compared to dimeric IL-2Rs (5, 6).
Dimeric IL-2Rs are most prominent on
antigen-experienced (memory) CD8+ T
cells and NK cells, while trimeric IL2Rs are typically expressed at high levels by thymus-derived (‘natural’) CD4+
T regulatory (Treg) cells and recentlyactivated effector T cells and, at low
to very low levels, on other immune
(including group 2 innate lymphoid
cells) and non-immune cells (such as
endothelial cells, see next chapters) (3,
7, 8). Thus, low doses of IL-2, such as
steady-state homeostatic levels, necessitate the expression of high trimeric
IL-2R expression levels and appear to
mainly support the maintenance of Treg
cells (9, 10), which play a key role in
peripheral immune tolerance by restricting responses of (autoreactive) effector
CD4+ and CD8+ T cells. Conversely,
high doses of IL-2 are able to also activate dimeric IL-2Rs and by that virtue
strongly stimulate cytotoxic lymphocytes, including CD8+ T and NK cells,
in addition to activating Treg cells (11).
These observations highlight the somewhat opposed roles of IL-2 in activating and containing immune responses,
thereby regulating the ratio of effector
T cells to Treg cells (Teff:Treg ratio).
In immune pathologies, the lack of
therapeutics able to selectively boost
Treg cells has – at least until recently
– focused clinical management of patients with inflammatory and autoimmune diseases on the use of immunosuppressive agents targeting effector
T cells, thus somewhat correcting the
Teff:Treg ratio. However, this approach
comes with the disadvantage of suppressing both harmful and protective
immune responses. Likewise, the use
of high-dose IL-2 to stimulate effector
T cells against metastatic cancer has
shown some success but has also suffered from shortcomings, including the
concomitant stimulation of Treg cells
able to dampen anti-tumour immune
responses as well as the appearance of
IL-2-induced toxic adverse events.
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For several years, we have been studying modified IL-2 formulations for selective stimulation of either Treg cells
for the treatment of autoimmune disorders and graft-related immunopathology or preferential activation of cytotoxic lymphocytes for cancer immunotherapy. We have shown that so-called
IL-2-antibody complexes (briefly, IL-2
complexes), consisting of IL-2 conjugated to a particular anti-IL-2 monoclonal antibody (mAb), are able to selectively stimulate either CD4+ Treg cells
or CD8+ T and NK cells, depending on
the anti-IL-2 mAb used (3, 12-16), thus
leading to specific immune modulation
without immunosuppression.
CD4+ Treg cell-stimulating
IL-2 complexes
As mentioned before, CD4+ Treg cells
constitutively express high levels of
CD25 (7), which explains the high
sensitivity of Treg cells to IL-2 in vitro
and in vivo (9, 17-22). Thus, Treg cell
homeostasis depends on IL-2 signals
in vivo and animals and humans deficient in IL-2, CD25 or CD122 develop
systemic autoimmune disease owing to
a reduction in Treg cell numbers (2-4,
10, 22), highlighting the central role of
IL-2 in Treg cell development, survival
and function. IL-2 is also important in
Treg cells for the upregulation of CD25
and the maintenance of the signature
transcription factor forkhead box P3
(FoxP3), both for thymus-derived
(‘natural’) and peripherally-derived
(‘induced’) Treg cells (2, 3, 23-26).
As for humans, low-dose IL-2 immunotherapy was recently tested in patients
with chronic graft-versus-host disease
(GvHD) as well as in patients with
hepatitis C virus-induced cryoglobulinaemic vasculitis. These disorders are
associated with low Treg cell numbers
as assessed by circulating Treg cell
counts, thus resulting in an imbalance
of the Teff:Treg ratio, which has been
proposed to underly the immunopathology observed with these disorders
that are usually treated using immunosuppressive agents. The new studies
showed that low-dose IL-2 resulted in
an increase in peripheral blood Treg cell
counts, which in chronic GvHD was associated with disease improvement in

12 out of 23 and disease stabilisation
in the remainder of the treated patients
(27, 28), and in cryoglobulinaemic vasculitis resulted in improvement in 8 out
of 10 treated patients (29), whereas no
apparent stimulation of effector T cells
or severe side effects occurred (10).
With the use of Treg cell-selective IL-2
complexes, such as IL-2/JES6-1 complexes (12) or IL-2/5344 complexes
(14), IL-2 can be targeted in a very directed manner to CD25+ FoxP3+ Treg
cells. This selectivity stems from the
covering of the CD122/γc-binding site
of IL-2 by the anti-IL-2 mAb, thus allowing only cells expressing very high
levels of CD25, i.e. Treg cells under
steady-state conditions, to recognise
and compete for these IL-2 complexes,
as cells expressing only dimeric IL-2Rs
cannot utilise their CD122 anymore to
bind IL-2 in this form (3). Use of Treg
cell-expanding IL-2 complexes proved
to be beneficial for the treatment of
several mouse models of pathologic inflammation or autoimmunity, including
a T cell-mediated form of asthma (30),
autoimmune diabetes in non-obese diabetic mice (31), experimental autoimmune encephalomyelitis (13), experimental myasthenia (32), and collageninduced arthritis (33). Moreover, use
of a short course of Treg cell-specific
IL-2 complexes prior to transplantation induced long-term acceptance of
fully major histocompatibility complex
(MHC)-mismatched pancreatic islet
grafts in over 80% of recipient mice
(13). Based on these data, generation
and development of appropriate JES61-type anti-human IL-2 mAbs and IL-2
complexes could prove valuable for the
treatment of chronic inflammatory and
autoimmune disorders (3, 10, 34).
CD8+ and NK cell-stimulating
IL-2/mAb complexes
In contrast to low-dose IL-2, high-dose
IL-2 immunotherapy has been used
already since the early 1980s in the
treatment of cancer, leading to clinical
responses in 13–16% of patients with
metastatic melanoma and metastatic
renal cell carcinoma (35, 36), with as
much as 5–10% of these patients surviving for 20 years and more. Based
on these data, high-dose IL-2 treatment
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was recommended as a first-line therapy in certain stage IV melanoma patients (37). The rate of overall survival
could be improved by using combined
vaccination strategies or higher doses
of IL-2, the latter of which is hampered
by the development of dose-dependent
IL-2-induced side effects, termed vascular leak syndrome (VLS), which
resembles the clinical manifestations
of septic shock (34, 38, 39). Another
potential disadvantage of IL-2-based
cancer immunotherapy relates to the
property of IL-2 in promoting homeostasis and survival of Treg cells, which
are able to inhibit or dampen T cell responses to self-antigens, including tumour antigens (20, 40).
To counter these disadvantages, modified IL-2 formulations have been generated, including mutated IL-2 variants,
IL-2 fusion proteins and CD8+ T and
NK cell-directed IL-2 complexes (41).
We favour IL-2 complexes, as the binding of the mAb protects IL-2 from scavenger molecules and from interacting
with and damaging endothelial cells (3,
15); once IL-2 complexes have reached
their target cells (i.e. cytotoxic CD8+ T
cells and NK cells), unmodified IL-2
can interact with and fully stimulate the
IL-2R and thus the effector cells (3, 15).
In our original work, we demonstrated
that the combination of recombinant
mouse IL-2 with a particular anti-mouse
IL-2 mAb (clones S4B6 or JES6-5H4)
led to the formation of IL-2 complexes,
which markedly enhanced the in vivo
activity of IL-2, thus leading to vigorous expansion of CD8+ T cells and NK
cells, while CD4+ CD25+ FoxP3+ Treg
cells were barely stimulated by this form
of IL-2 (12). This principle also applied
to other cytokines, including IL-4, IL-6,
IL-7 and IL-15 (42-46). Subsequently,
cytokine complexes using IL-2, IL-4,
IL-7 and IL-15 were assessed in different murine tumour models where IL-2
complexes appeared to show the most
favourable anti-tumour properties (15,
16, 41, 47). Most notably, IL-2 in the
form of IL-2 complexes was not only
more potent in stimulating CD8+ T cells
and NK cells but also caused significantly less adverse effects compared to
standard high-dose IL-2 (15). Accordingly, administration of IL-2 complexes
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to normal mice led to marked expansion
of endogenous CD8+ T and NK cells,
which exhibited potent anti-tumour responses against syngeneic B16F10 melanomas, growing either intradermally
or as pulmonary nodules following intravenous injection, as well as intradermal nodules of MC38 colon carcinoma
or LLC Lewis lung carcinoma (15, 16).
Use of IL-2 complexes at a low concentration of IL-2, i.e. 5,000 international
units (IU) per injection, generated an
anti-B16F10 response that was comparable to the therapeutic effect achieved
by using the highest tolerated dose of
conventional IL-2 immunotherapy, i.e.
200’000 IU per injection. However,
in contrast to 200,000 IU IL-2, which
caused significant toxicity (i.e. VLS),
such as prominent pulmonary oedema
and significant liver cell damage, IL-2
complexes at 5,000 IU caused only negligible side effects.
These improved therapeutic features of
IL-2 complexes stimulating CD8+ T and
NK cells are due to reversible modifications of IL-2 following anti-IL-2 mAb
binding, thus leading to the selective direction of IL-2 towards cells expressing
high levels of the intermediate-affinity
IL-2R consisting of CD122 and γc, but
do not depend on CD25 expression (3,
12, 14, 15, 34). The underlying mechanism appears to rely on the covering of
the CD25-binding epitope of IL-2 by
this type of anti-IL-2 mAb (3, 12, 14, 15,
34). Therefore, cells expressing high levels of CD25 and depending on CD25 for
their IL-2 binding, such as CD4+ CD25+
Treg cells and endothelial cells, do not
become efficiently stimulated by such
IL-2 complexes, thereby disfavouring
the establishment of an immunosuppressive environment and circumventing the
generation of endothelial cell damage
leading to VLS (3, 15, 22). Additionally,
IL-2 complexes show a roughly 20-40
times increased in vivo half-life compared to IL-2 (3, 14, 41), thereby providing a more even and sustained stimulation of IL-2R+ immune cells.
Collectively, based on preclinical data
IL-2 complexes show promising effects in several models of immunopathology and cancer, thus warranting
development of appropriate clinicalgrade IL-2 complexes.

References

1. ROCHMAN Y, SPOLSKI R, LEONARD WJ:
New insights into the regulation of T cells by
gamma(c) family cytokines. Nat Rev Immunol 2009; 9: 480-490.
2. MALEK TR, CASTRO I: Interleukin-2 receptor
signaling: at the interface between tolerance
and immunity. Immunity 2010; 33: 153-65.
3. BOYMAN O, SPRENT J: The role of interleukin-2 during homeostasis and activation of
the immune system. Nat Rev Immunol 2012;
12: 180-90.
4. LIAO W, LIN JX, LEONARD WJ: Interleukin-2
at the crossroads of effector responses, tolerance, and immunotherapy. Immunity 2013;
38: 13-25.
5. MINAMI Y, KONO T, MIYAZAKI T, TANIGUCHI T: The IL-2 receptor complex: its structure, function, and target genes. Annu Rev
Immunol 1993; 11: 245-68.
6. WALDMANN TA: The multi-subunit interleukin-2 receptor. Annu Rev Biochem 1989; 58:
875-911.
7. SAKAGUCHI S, SAKAGUCHI N, ASANO M,
ITOH M, TODA M: Immunologic self-tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25).
Breakdown of a single mechanism of selftolerance causes various autoimmune diseases. J Immunol 1995; 155: 1151-64.
8. ROEDIGER B, KYLE R, YIP KH et al.: Cutaneous immunosurveillance and regulation
of inflammation by group 2 innate lymphoid
cells. Nat Immunol 2013; 14: 564-73.
9. YU A, ZHU L, ALTMAN NH, MALEK TR:
A low interleukin-2 receptor signaling threshold supports the development and homeostasis of T regulatory cells. Immunity 2009; 30:
204-17.
10. KLATZMANN D, ABBAS AK: The promise of
low-dose interleukin-2 therapy for autoimmune and inflammatory diseases. Nat Rev
Immunol 2015; 15: 283-94.
11. BOYMAN O, KRIEG C, HOMANN D, SPRENT
J: Homeostatic maintenance of T cells and
natural killer cells. Cell Mol Life Sci 2012;
69: 1597-608.
12. BOYMAN O, KOVAR M, RUBINSTEIN MP,
SURH CD, SPRENT J: Selective stimulation
of T cell subsets with antibody-cytokine immune complexes. Science 2006; 311: 1924-7.
13. WEBSTER KE, WALTERS S, KOHLER RE et
al.: In vivo expansion of T eg cells with IL2-mAb complexes: induction of resistance
to EAE and long-term acceptance of islet allografts without immunosuppression. J Exp
Med 2009; 206: 751-60.
14. LETOURNEAU S, VAN LEEUWEN EM, KRIEG
C et al.: IL-2/anti-IL-2 antibody complexes
show strong biological activity by avoiding
interaction with IL-2 receptor {alpha} subunit CD25. Proc Natl Acad Sci USA 2010;
107: 2171-6.
15. KRIEG C, LETOURNEAU S, PANTALEO G,
BOYMAN O: Improved IL-2 immunotherapy
by selective stimulation of IL-2 receptors on
lymphocytes and endothelial cells. Proc Natl
Acad Sci USA 2010; 107: 11906-11.
16. LEVIN AM, BATES DL, RING AM et al.:
Exploiting a natural conformational switch to
engineer an interleukin-2 ‘superkine’. Nature
2012; 484: 529-33.

S-56

17. PICCIRILLO CA, SHEVACH EM: Naturallyoccurring CD4+CD25+ immunoregulatory T
cells: central players in the arena of peripheral tolerance. Semin Immunol 2004; 16: 818.
18. THORNTON AM, DONOVAN EE, PICCIRILLO
CA, SHEVACH EM: Cutting edge: IL-2 is critically required for the in vitro activation of
CD4+CD25+ T cell suppressor function. J Immunol 2004; 172: 6519-23.
19. SETOGUCHI R, HORI S, TAKAHASHI T, SAKAGUCHI S: Homeostatic maintenance of
natural Foxp3(+) CD25(+) CD4(+) regulatory T
cells by interleukin (IL)-2 and induction of
autoimmune disease by IL-2 neutralization.
J Exp Med 2005 201: 723-35.
20. SAKAGUCHI S: Naturally arising Foxp3expressing CD25+CD4+ regulatory T cells in
immunological tolerance to self and non-self.
Nat Immunol 2005; 6: 345-52.
21. FONTENOT JD, RASMUSSEN JP, GAVIN MA,
RUDENSKY AY: A function for interleukin 2
in Foxp3-expressing regulatory T cells. Nat
Immunol 2005; 6: 1142-51.
22. LETOURNEAU S, KRIEG C, PANTALEO G,
BOYMAN O: IL-2- and CD25-dependent immunoregulatory mechanisms in the homeostasis of T-cell subsets. J Allergy Clin Immunol 2009; 123: 758-62.
23. BARRON L, DOOMS H, HOYER KK et al.:
Cutting edge: mechanisms of IL-2-dependent maintenance of functional regulatory T
cells. J Immunol 2010; 185: 6426-30.
24. RUBTSOV YP, NIEC RE, JOSEFOWICZ S et al.:
Stability of the regulatory T cell lineage in
vivo. Science 2010; 329: 1667-71.
25. SCHALLENBERG S, TSAI PY, RIEWALDT J,
KRETSCHMER K: Identification of an immediate Foxp3(-) precursor to Foxp3(+) regulatory T cells in peripheral lymphoid organs of
nonmanipulated mice. J Exp Med 2010; 207:
1393-407.
26. CHEN Q, KIM YC, LAURENCE A, PUNKOSDY
GA, SHEVACH EM: IL-2 controls the stability of Foxp3 expression in TGF-beta-induced
Foxp3+ T cells in vivo. J Immunol 2011; 186:
6329-37.
27. KORETH J, MATSUOKA K, KIM HT et al.:
Interleukin-2 and regulatory T cells in graftversus-host disease. N Engl J Med 2011; 365:
2055-66.
28. MATSUOKA K, KORETH J, KIM HT et al.:
Low-dose interleukin-2 therapy restores regulatory T cell homeostasis in patients with
chronic graft-versus-host disease. Sci Transl
Med 2013; 5: 179ra143.
29. SAADOUN D, ROSENZWAJG M, JOLY F et
al.: Regulatory T-cell responses to low-dose
interleukin-2 in HCV-induced vasculitis.
N Engl J Med 2011; 365: 2067-77.
30. WILSON MS, PESCE JT, RAMALINGAM TR,
THOMPSON RW, CHEEVER A, WYNN TA:
Suppression of murine allergic airway disease by IL-2:anti-IL-2 monoclonal antibodyinduced regulatory T cells. J Immunol 2008;
181: 6942-54.
31. TANG Q, ADAMS JY, PENARANDA C et al.:
Central role of defective interleukin-2 production in the triggering of islet autoimmune
destruction. Immunity 2008; 28: 687-97.
32. LIU R, ZHOU Q, LA CAVA A, CAMPAGNOLO
DI, VAN KAER L, SHI FD: Expansion of regu-

Modulation of T cell responses by IL-2 and IL-2 complexes / O. Boyman et al.

33.

34.

35.

36.

latory T cells via IL-2/anti-IL-2 mAb complexes suppresses experimental myasthenia.
Eur J Immunol 2010; 40: 1577-89.
LEE SY, CHO ML, OH HJ et al.: Interleukin-2/
anti-interleukin-2 monoclonal antibody immune complex suppresses collagen-induced
arthritis in mice by fortifying interleukin-2/
STAT5 signalling pathways. Immunology
2012; 137: 305-16.
BOYMAN O, SURH CD, SPRENT J: Potential use of IL-2/anti-IL-2 antibody immune
complexes for the treatment of cancer and
autoimmune disease. Expert Opin Biol Ther
2006; 6: 1323-31.
SMITH FO, DOWNEY SG, KLAPPER JA et al.:
Treatment of metastatic melanoma using interleukin-2 alone or in conjunction with vaccines. Clin Cancer Res 2008; 14: 5610-8.
KLAPPER JA, DOWNEY SG, SMITH FO et al.:
High-dose interleukin-2 for the treatment of
metastatic renal cell carcinoma: a retrospective analysis of response and survival in
patients treated in the surgery branch at the
National Cancer Institute between 1986 and
2006. Cancer 2008; 113: 293-301.

37. KAUFMAN HL, KIRKWOOD JM, HODI FS et
al.: The Society for Immunotherapy of Cancer consensus statement on tumour immunotherapy for the treatment of cutaneous melanoma. Nat Rev Clin Oncol 2013; 10: 588-98.
38. ATKINS MB, LOTZE MT, DUTCHER JP et al.:
High-dose recombinant interleukin 2 therapy
for patients with metastatic melanoma: analysis of 270 patients treated between 1985 and
1993. J Clin Oncol 1999; 17: 2105-16.
39. EPSTEIN AL, MIZOKAMI MM, LI J, HU P,
KHAWLI LA: Identification of a protein fragment of interleukin 2 responsible for vasopermeability. J Natl Cancer Inst 2003; 95: 741-9.
40. ANTONY PA, RESTIFO NP: CD4+CD25+ T
regulatory cells, immunotherapy of cancer,
and interleukin-2. J Immunother 2005; 28:
120-8.
41. ROSALIA RA, ARENAS-RMIREZ N, BOUCHAUD G, RAEBER ME, BOYMAN O: Use of
enhanced interleukin-2 formulations for improved immunotherapy against cancer. Curr
Opin Chem Biol 2014; 23: 39-46.
42. KLEIN B, BRAILLY H: Cytokine-binding
proteins: stimulating antagonists. Immunol

S-57

Today 1995; 16: 216-20.
43. SATO TA, WIDMER MB, FINKELMAN FD et
al.: Recombinant soluble murine IL-4 receptor can inhibit or enhance IgE responses in
vivo. J Immunol 1993; 150: 2717-23.
44. FINKELMAN FD, MADDEN KB, MORRIS
SC et al.: Anti-cytokine antibodies as carrier proteins. Prolongation of in vivo effects
of exogenous cytokines by injection of cytokine-anti-cytokine antibody complexes.
J Immunol 1993; 151: 1235-44.
45. BOYMAN O, RAMSEY C, KIM DM, SPRENT J,
SURH CD: IL-7/anti-IL-7 mAb complexes restore T cell development and induce homeostatic T cell expansion without lymphopenia.
J Immunol 2008; 180: 7265-75.
46. RUBINSTEIN MP, KOVAR M, PURTON JF et
al.: Converting IL-15 to a superagonist by
binding to soluble IL-15R{alpha}. Proc Natl
Acad Sci USA 2006; 103: 9166-71.
47. VERDEIL G, MARQUARDT K, SURH CD,
SHERMAN LA: Adjuvants targeting innate
and adaptive immunity synergize to enhance
tumor immunotherapy. Proc Natl Acad Sci
USA 2008; 105: 16683-8.

