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Abstract

Interleukin-2 (IL-2) is recognized as a crucial cytokine for the proliferation, survival,
and expression of effector functions in activated T and NK cells. However, IL-2 is involved not
only in promoting effector T and NK cell functions but also in maintaining immune
homeostasis, as it is an essential cytokine for the survival, proliferation, and suppressive activity
of T regulatory (Treg) cells. This dual functionality makes IL.-2 a potential immunotherapeutic
drug for both cancer and autoimmune disease treatment, exploiting the differential expression
of IL-2 receptor (IL-2R) subunits between Treg and effector cells. However, the therapeutic use
of IL-2 is limited by its short half-life and significant dose-dependent adverse effects. To
address these challenges, recent innovations such as IL.-2/anti-IL-2 monoclonal antibody (mAb)
immunocomplexes (IL-2co), IL-2 muteins with a modified affinity for some IL-2R subunit(s),
and polymer-modified IL-2 have been developed. These advancements aim to refine the
therapeutic profile of IL-2, enhancing its selectivity, efficacy, and safety.

In this thesis, I present several original studies in which we explored both current and
new approaches to modify IL-2. Through molecular engineering and protein chemistry, we
developed various novel IL-2 formulations: a protein chimera called immunocytokine (IC)
where IL-2 is covalently linked to the light chain of the S4B6 mAb via a flexible (GlysSer)s
spacer (scIL-2/S4B6), an IL-2-poly(N-(2-hydroxypropyl)methacrylamide) (HPMA) conjugate,
and an engineered IL.-2-JES6 fusion protein called JY3 IC. These IL.-2 variants were assessed
in vitro and in vivo for their biological activity and therapeutic efficacy in models of
autoimmune disease and vaccination.

The scIL-2/S4B6 demonstrated increased stimulatory activity for activated CD8™ T cells
compared to traditional IL-2co in vivo, without the stoichiometric limitations or the potential
dissociation into free IL.-2 and anti-IL-2 mAb associated with the use of IL-2co. The IL-2-
poly(HPMA) conjugate demonstrated a dramatically improved pharmacokinetic profile
compared to free IL-2 and enhanced activity in expanding recently activated and memory CD8”*
T, NK, NKT, and Treg cells. This conjugate also effectively potentiated the T cell response
following peptide-based vaccination. The JY3 IC selectively stimulated Treg expansion and
offered superior disease control in a mouse colitis model, illustrating its potential over
noncovalently associated IL-2co. Mechanistic insights revealed differential IL-2R subunit
interactions with IL-2 bound to either S4B6 or JES6-1A12 anti-IL-2 mAbs, influencing the
balance between predominant stimulation of CD122%" effector T and NK cells or CD25%e®
Treg cells. However, safety concerns were highlighted by an increased sensitivity to LPS-
induced shock mediated by CD25-biased IL-2co, emphasizing the need for careful evaluation
of modified IL-2 therapies.

The engineered IL-2-based immunotherapeutics developed during this research offer
significant advantages over unmodified IL-2 in terms of efficacy and safety, paving the way for
more effective immunotherapeutic strategies. This work contributes novel insights into the
design of cytokine-based therapies and underscores the importance of carefully selected
receptor-targeting strategies in modulating immune responses for therapeutic benefit. The
findings from this thesis have important implications for the treatment of cancer and
autoimmune diseases, potentially extending to other therapeutic areas where the modulation of
the immune system and its responses are critical issues.



Abstrakt

Interleukin-2 (IL-2) je klicovy cytokin pro proliferaci, pieZiti a expresi efektorovych
funkci aktivovanych T a NK bunék. Zaroven je nezbytny pro udrzeni imunitni homeostaze,
protoze je esencialni pro preziti, proliferaci a supresorovou aktivitu T regula¢nich (Treg) bunék.
Tyto vlastnosti ¢ini z IL-2 vyznamné imunoterapeutikum pro 1lécbu rakoviny a autoimunitnich
chorob, jelikoZ rozdilna exprese podjednotek IL-2 receptoru (IL-2R) mezi efektorovymi a Treg
bunikkami umoznuje cileni biologické aktivity IL-2. Terapeutické vyuziti [L-2 je vSak omezeno
jeho kratkym polocasem v cirkulaci a zavaznymi vedlej$imi ucinky, které se vyskytuji pii
pouZiti vysokych davek potrebnych k dosazeni w¢innosti. Inovativni zpusoby, jak zlepsit
terapeuticky profil IL-2 a zvysit jeho selektivitu, ucinnost a bezpecnost, zahrnuji
imunokomplexy IL-2/anti-IL-2 monoklonalnich protilatek (mAb) (IL-2co), IL-2 muteiny s
modifikovanou afinitou k nékterym podjednotkam IL-2R a polymerem modifikovany IL.-2.

V této disertacni praci predstavuji nékolik ptivodnich studii, ve kterych jsme zkoumali
soucasné 1 nové piistupy v modifikaci IL.-2. Pomoci molekularniho mZenyrstvi a proteinoveé
chemie jsme vyvinuli tyto nové formy IL-2: proteinovou chiméru - imunocytokin (IC), kde je
IL-2 kovalentné vazan na lehky fetézec S4B6 mAb prostrednictvim flexibilni (GlysSer)s spojky
(scIL-2/S4B6); konjugat IL-2-poly(N-(2-hydroxypropyl)methakrylamid) (HPMA) a
modifikovany fizni protein IL-2-JES6, nazvany JY3 IC. Tyto nové varianty IL-2 byly
hodnoceny in vitro a in vivo pro jejich biologickou aktivitu a terapeutickou uc¢innost v modelech
autoimunitnich chorob a vakcinace.

Ve srovnani s tradi¢nimi IL-2co vykazoval scIL-2/S4B6 IC zvySenou stimulaéni
aktivitu pro aktivované CD8" T builky in vivo, aniz by byly pfitomny problémy spojené s
pouZitim asociovanych IL.-2co, jako jsou stechiometricka omezeni (piebytek IL-2 nebo anti-
IL-2 mAb) nebo moZna disociace na volny IL-2 a anti-IL-2 mAb. Konjugat IL-2-poly(HPMA)
mel oproti nemodifikovanému IL-2 vyrazné vylepseny farmakokineticky profil a zvySenou
biologickou aktivitu pro Cerstvé aktivované i pamétové CD8" T lymfocyty, NK, NKT a Treg
bunky. Tento konjugat navic efektivné zvySoval T bunéénou odpovéd’ po vakcinaci peptidem.
JY3 IC selektivné stimuloval expanzi Treg bunek, coZ se projevilo vyssi terapeutickou
ucinnosti, nez jakou disponovaly IL-2co, v modelu mysi kolitidy. Mechanistické studie odhalily
rozdilné interakce podjednotek IL-2R s IL-2 navazanym bud’ na S4B6, nebo JES6-1A12 anti-
IL-2 mAb; to ovliviiuje rovnovahu mezi pievladajici stimulaci CD122%eh efektorovych T a NK
bunék nebo CD25™¢" Treg bunék. U CD25-biased IL-2co se nam podaiilo odhalit, Ze zvysuji
citlivost k LPS-mediovanému Soku, coz znesnadnuje jejich klinické vyuziti a dale zdrazinuje
potiebu peclivého hodnoceni terapii vyuzivajicich modifikovany IL-2.

IL-2 mmunoterapeutika vyvinuta béhem tohoto vyzkumu nabizeji vyznamne vyhody
oproti nemodifikovanému IL-2 z hlediska u¢innosti a bezpe¢nosti, ¢imzZ se otevira cesta pro
efektivnéj$i imunoterapeutické strategie. Tato prace prinasi nové poznatky do navrhu
cytokinovych terapii a zdiraziuje vyznam peclivé vybranych receptor-cilenych strategii v
modulaci imunitnich odpovédi pro terapeuticky piinos. Zjisténi z této prace maji dulezité
dusledky pro lé¢bu nadorovych onemocnéni a autoimunitnich chorob, potencialné prenositelné
do dalSich terapeutickych oblasti, kde je kriticka modulace imunitniho systému a jeho
odpovedi.
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I. Introduction

Interleukin-2 (IL-2) 1s a key cytokine in the immune system, playing a central role in T
cell proliferation, differentiation, and survival. Beyond T cells, IL-2 influences a variety of
immune cells, connecting antigen recognition to a broad spectrum of cytokine-mediated effects,
including cellular proliferation, differentiation, and functional modulation. Understanding the
mechanisms behind IL-2 production and signaling is essential, as they play critical roles in
immune homeostasis, autoimmunity, and the efficacy of immunotherapies. The chapters that
follow describe the complexity of IL-2 production, exploring the diverse cellular sources
mvolved in its synthesis and the signaling pathways that regulate it. A comprehensive analysis
of the IL-2 receptor (IL-2R) will be presented, elucidating the biological effects of IL-2 on
various cell populations. Finally, the focus will shift to IL-2 immunotherapy, examining its
applications and potential in clinical settings.

I.1 The biology of IL.-2

I.1.1 T cell receptor signaling and IL-2 production

IL-2 1s an O-glycosylated, four-a-helix-bundle cytokine (Figure 1) primarily produced
by CD4" T lymphocytes, including naive, memory, and helper T (Th)1, following antigenic
stimulation. Additionally, activated CD8" T cells [1], B cells [2], and, to a lesser extent, other
nnate immune cells such as natural killer (NK) cells, NKT cells [3, 4], and group-3 innate
lymphoid cells (ILCs) in the small intestine and lungs [5, 6] produce IL-2. Under specific
conditions, activated dendritic cells (DCs; CD8a", CD8a~ DCs), Langerhans cells [7-9], and
murine mast cells [10], as well as human monocyte-derived and plasmacytoid DCs [11], may
be a source of small amounts of IL-2. The ability to produce IL-2 distinguishes effector T cells
from regulatory T (Treg) cells, as direct repression of /L2 by Foxp3 interacting with Runx1 and
NFAT prevents Treg cells from producing I1.-2 [12, 13].

Figure 1. Crystal structure of IL-2. Published in the Protein Data Bank (PDB: 1M47).

Under resting conditions, CD4" T cells are the primary source of constant but low levels
of IL-2. Upon activation, their IL-2 production rapidly increases. Low IL-2 secretion by
activated DCs has been shown to provide an early IL-2 source [9, 14], thereby supporting T-
cell stimulation. In parallel, activated T cells, including CD4" and CD8" T cells, start secreting
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large amounts of IL-2 for their own (autocrine) use and to stimulate in a paracrine fashion
neighboring IL-2 receptor-harboring cells [15, 16].

The induction of IL-2 production is tightly regulated at transcriptional and
posttranscriptional levels, primarily dependent on the activation of NF-kB and NFAT
transcription activators. In naive T lymphocytes, the engagement of the T cell receptor (TCR)
and co-stimulatory molecule CD28 within an immunological synapse triggers the formation of
multi-molecular signalosomes at both TCR and CD28. This leads to the generation of proximal
signaling, followed by the activation of multiple distal signaling cascades, such as Ca**—
calcineurin-NFAT, PKCO-IKK-NFkp, RasGRP1-Ras—ERK1/2-AP1, and PI3K-AKT-
mTOR, with the help of secondary messengers, enzymes, and various adaptor proteins (Figure
2).
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Figure 2. Signaling cascades following stimulation of the TCR and CD28, leading to IL.-2 transcription.
For details see the reference [17] in J Exp Med.

These signaling cascades finally bring out the diverse phenotypic effects, as they control
many aspects of T cell biology [18]. AP-1, NFxB, and NFAT transcription factors, in
cooperation with constitutive factors, promote the expression of the /L2 gene [19]. IL2
transcription occurs within 30 min after stimulation but is transient, declining to background
levels within 2448 h. Additionally, post-transcriptional regulatory mechanisms further restrict
IL-2 mRNA availability, which usually peaks 48 h after stimulation [20]. The turnover of IL-
2 mRNAs 1s mostly controlled by proteins interacting with an AU-rich cis-element (ARE) in
their 3"-untranslated region. Among these trans-acting factors are nuclear factor 90 (NF90) and
tristetraprolin. NF90 is activated by protein kinase (PK) B (best known as AKT) upon CD28
co-stimulation or by PK C upon restimulation with PMA, subsequently translocating from the
nucleus to the cytosol, where it binds to ARE and stabilizes IL-2 mRNA, thus allowing its
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translation [21]. In contrast, tristetraprolin, expressed in T lymphocytes following activation,
plays a crucial role in the rapid decay of IL-2 mRNAs, as its interaction with ARE promotes its
degradation [22, 23]. Additionally, IL-2 transcription is repressed in activated T cells by T-bet
and Blimp-1 [24-26]. Naive T cells lack the expression of Blimp-1, which is upregulated by
antigen- and IL-2-dependent signaling [27, 28]. Blimp-1 expression is particularly high in
chronically activated T cells, characterized by their inability to produce IL-2 [29]. Thus, Blimp-
1-mediated IL-2 repression represents a negative feedback loop to limit IL-2 receptor (IL-2R)
signaling and may represent a failsafe mechanism to limit IL-2-dependent responses
in situations where antigen, the primary inductive signal for I[L-2 and IL-2R, is not eliminated,
potentially avoiding catastrophic expansion of the antigen-reactive T cells. Altogether, these
transcriptional and post-transcriptional mechanisms collectively regulate the magnitude and
duration of IL-2 production by activated T cells.

Mouse and human IL-2 display significant cross-species activity, although there are
important differences. Human IL-2 (hIL-2) comprises 133 amino acids and has a molecular
weight of approximately 15.5 kDa, while mouse IL-2 (mIL-2) consists of 149 amino acids and
weighs about 16 kDa. Despite sharing only 56-57% sequence homology, hIL-2 effectively
stimulates the murine IL-2R. However, mIL-2 shows a limited ability to bind to the human IL-
2R [30]. This discrepancy is primarily due to differences in the N-terminal region of mIL-2,
which contains a poly-glutamine stretch, resulting in strain-specific heterogeneity [31].

I.1.2 IL-2 signaling
I1.1.2.1 Structure of the IL-2 receptor

Once secreted, IL-2 influences neighboring cells through autocrine and paracrine
signaling by binding to its receptor, IL-2R. This receptor is a hetero-complex composed of up
to three subunits: a (CD25), p (CD132), and the common y-chain (y., CD132). IL-2R subunits
B and y. can independently bind IL-2, though with low affinity (Kd: ~1078-10"7 M). Only the
intermediate-affinity dimeric By. IL-2R (Kd: ~107° M) and the high-affinity trimeric afy. IL-
2R (Kd: ~107" M) mediate signal transduction (Figure 3) [32].

Low affinity High affinity  Intermediate affinity
K,~108 M Ky~10-1"M Kg~10 M
IL-2Ra
IL-2Ra IL-2RB Ye IL-2RB Y.

o 4 | Y y Q}

\ F | A

oooood oo OO0000CK 1| KD0OOO00000
| 1

Trimeric receptor  Dimeric receptor

Figure 3. Three subunits of IL-2R. High-affinity IL.-2Rafy., intermediate affinity IL-2RBy., and low-
affinity IL.-2Ra., with receptor composition and Kg’s. Adapted from Cytokine Growth Factor Rev [33].
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The y. subunit, also known as CD132 (58—64 kDa), is vital for ligand binding and
signaling induced by y. cytokines. CD132, commonly found on most hematopoietic cells, acts
as a receptor subunit for cytokines IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21, which are
collectively known as the y. family of cytokines. Members of the y. cytokine family, including
IL-2, play distinct and nonredundant roles in the adaptive immune system, especially in the
development and differentiation of T lymphocytes. Deficiency in the y. gene causes X-linked
severe combined immunodeficiency (XSCID), highlighting its importance [34]. Thus, 7y
expression is essential for lymphocytes and is especially critical for T cells in both humans and
mice. Alternative splicing generates soluble y. chains; however, in the case of IL-2R, all
members produce soluble forms [35, 36]. A common feature shared among these soluble
receptors 1s that they retain affinity for their cognate cytokine ligands. Consequently, these
secreted proteins can either compete with membrane cytokine receptors for ligand binding or
sequester the cognate cytokine, thereby limiting its bioavailability [37].

The B subunit (CD122; 67-75 kDa) has a large intracellular domain (286 residues)
crucial for signal transduction. CD122 is constitutively expressed at various levels on T and
NK(T) lymphocytes, where it, together with CD132, plays an essential role in orchestrating
their development and differentiation [38-40]. While upregulated on naive T cells after antigen
activation, CD122 is most highly expressed on memory CD8" T and NK cells, emphasizing its
importance in acute and memory immune responses [39].

The o subunit (CD25; 55 kDa), sometimes called low-affinity IL-2R, 1s detected on
early thymocytes, absent on naive/memory T cells (particularly in mice, but detectable on a
minor fraction of human naive/memory T cells), transiently expressed on activated/effector T
lymphocytes, and constitutively expressed on Tregs [41, 42]. Antigens, mitogenic lectins, or
antibodies to the TCR trigger its expression. These signals also result in the secretion of IL-2,
which in turn can increase and prolong IL-2Ra expression, thus establishing a positive feedback
loop for high-affinity receptor expression [43]. Treg cells rely on high and constitutive IL-2Ra
expression to respond to very low IL-2 concentrations that are constantly available in vivo. In
the absence of IL-2Ra, mature Treg cells are absent, and mice die within 8-20 weeks of age
unless IL-2Ra-competent T regulatory cells are provided [44, 45]. The relatively high levels of
the high-affinity IL-2R on Treg cells are consistent with chronic autoantigen stimulation and
[L-2-dependent signals. Physiologically, the initial phase of an immune response functions to
activate Treg cells. Within hours of T-cell priming, IL-2-dependent STATS phosphorylation
occurs primarily in Foxp3™ Treg cells. In contrast, the antigen-specific T cells receive STATS
signals only after repeated antigen exposure or memory differentiation [46]. In addition to its
prominent expression by Treg cells and activated T cells, CD25 is expressed at low levels by
DCs and Langerhans cells in mice and by human DCs [47-50]. The highly inducible IL-2Ra
was initially characterized by its ability to promote high-affinity binding of IL-2 to the IL-2RPy.
[51-53]. Research has suggested that IL.-2Ra also helps to prolong IL-2 signaling, possibly
through mechanisms involving cell-surface reservoirs or receptor recycling [54-57]. These
properties may be relevant during the early stages of infection when lymphocytes express high
levels of IL-2Ra [58, 59]. However, these findings are primarily based on experimental data
and may involve model systems that don't completely mirror in vivo conditions. Soluble IL-
2Ra (sCD25) may also play an important role in regulating immune responses [60-65] as
soluble IL-2Ra has been detected in the serum of patients with systemic lupus erythematosus
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(SLE) [66-69], multiple sclerosis (MS) [70, 71], type I diabetes (T1D) [71] and various
neoplasms [72]. Although the exact role played by sCD25 is still unclear, recent work suggests
that sCD25 prevents IL-2 signaling by competing with membrane-bound CD25 for circulating
IL-2, and exacerbates experimental autoimmune encephalitis (EAE) by allowing aberrant Th17
responses [73].

The intermediate-affinity IL-2RPy. is almost undetectable on naive CD4" T cells, but
this receptor is present at low but significant levels on naive CD8" T cells and memory CD4*
T cells and at high levels on antigen-experienced (memory) CD8" T cells and NK cells. Cells
expressing high levels of the dimeric IL-2R are sensitive to exogenously administered IL-2, but
these cells are presumably unresponsive to the low physiological steady-state levels of IL-2
found in vivo [74].

Upon TCR stimulation, T cells transiently upregulate CD25 [58, 75, 76], thus expressing
now high-affinity trimeric IL-2Rofy.. Besides recently activated T cells, high levels of trimeric
IL-2Rs (precisely, high CD25 levels plus intermediate levels of dimeric IL-2RPy.) are
constitutively found on thymus-derived (“natural”) CD4" Foxp3™ Treg cells [77], whereas type
2 mnate lymphoid cells (ILC) have been reported to carry low to very low levels of trimeric IL-
2R (Figure 4) [78].
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Figure 4. IL-2 signaling is mediated by different IL.-2R configurations, which are expressed by various
immune cells. Adapted from Annu Rev Med [79].
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Within the myeloid compartment, monocytes typically display the intermediate-affinity
IL-2RBy. receptor, while DC subtypes can express all three IL-2R subunits [80-82], which
allows IL-2-mediated intrinsic regulation of themselves or, importantly, allows them to trans-
present the CD25/IL-2 complex to naive T cells [15]. In such a way activated DCs express
CD25 on their surface to trap and present T cell- or DC-derived IL-2 in frans to adjacent
antigen-specific naive T lymphocytes and NK cells that express IL-2RBy. [83, 84]. This trans-
presentation of IL-2 (Figure 5) has been shown to facilitate initial high-affinity IL-2 signaling
during early immune response, before the responding T cells start to express CD25 [9, 85], and
is consistent with the data showing that T cells [86, 87] and DCs [14, 85, 88] directionally
secrete IL-2 towards the T cell-DC interface. In this scenario, the local concentration of IL-2
within the particular microenvironment of the DC-T cell contact may facilitate CD25/1L-2
binding by DCs and frans-presentation to CD4™ T cells, despite the rapid on/off dissociation
rates and the low affinity of CD25 for IL-2. In agreement with this model, selective blockade
of CD25 on DCs by daclizumab, a humanized anti-CD25 mAb, prevents T cell expansion by
activated DCs [85]. It is possible that secretion of IL-2 by DCs in the synaptic cleft may provide
an efficient and previously unexpected additional signal for T-cells, including T effector cells
and Tregs [9].
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Figure 5. Trans-presentation of IL-2 by a DC that expresses IL.-2Ra to a T cell that expresses IL-2Ry..
Also, a cis presentation is shown. Adapted from Biomedicines [89].

Moreover, various nonhematopoietic cell types may harbor either (i) dimeric IL-2RBy.,
as this applies to intestinal epithelial cells [90, 91], dermal fibroblasts, or fibroblast-like
synoviocytes [92]; or (11) the high-affinity IL-2Rapy., as reported for endothelial cells [93, 94],
vascular smooth muscle cells [95], proximal tubular epithelial cells [96], or gingival fibroblasts
[97,98]. These CD25" cells probably contribute to the control of IL-2 homeostasis in peripheral
organs. Notably, IL-2R expression is documented in most hematological malignancies and also
in some non-lymphoid cancer cells, including malignant melanoma and carcinomas of the
kidney, head and neck, cervix, esophagus, and lung [72, 99].
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I.1.2.2 IL-2-induced signal transduction

The three IL-2R subunits are neither pre-formed as stable heterotrimers nor randomly
associated with the cell membrane but rather localize selectively within lipid rafts [100, 101].
This  colocalization facilitates IL-2R-dependent oligomerization and signaling.
Crystallographic studies of IL.-2 bound to the IL-2R provide molecular evidence supporting a
model where IL-2 drives the assembly of the high-affinity trimeric IL-2R (Figure 6). Initially,
IL-2 is captured by IL-2Ra through a large hydrophobic binding surface surrounded by a polar
periphery, resulting in a relatively weak interaction (Kd: ~ 1078 M) with rapid on-off binding
kinetics (~30 s). This IL-2Ra/IL-2 binary complex induces a conformational change in IL-2,
increasing its affinity for the IL-2R[ subunit and promoting the association between IL.-2 and
IL-2Rp through a distinct polar interaction. Notably, the extracellular domain of IL-2Ra does
not interact with IL-2Rp; instead, the binary complex of IL-2Ra/IL-2 appears to present IL.-2
to IL-2RP in cis. The ternary IL-2Ro/IL-2RB/IL-2 complex then recruits y. through a weak
interaction with IL-2 and a stronger interaction with IL-2Rf to produce a stable quaternary
high-affinity IL-2R/IL-2 complex. This quaternary complex has a fast IL-2 on-rate but a slow
off-rate, resulting in essentially irreversible IL-2 binding [102-104]. Following IL.-2 binding,
receptor-mediated endocytosis of the quaternary IL-2R/IL-2 complex limits IL-2 signal
transduction and the biological response to the IL-2. The complex is rapidly internalized (ti2 of
10-20 min), and IL.-2, CD122, and CD132 are subsequently degraded [105-108], while CD25
can be recycled to the cell surface [104, 108, 109].

IL-2RB —

Figure 6. Structure of the high-affinity IL-2R/IL-2 complex. A ribbon diagram depicting the crystal
structure of IL-2 with its trimeric receptor shows how the cytokine interacts with each of the three chains
of the receptor. Adapted from Sci Immunol [110].
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[L-2-induced heterodimerization of the IL-2RP and IL-2Ry. subunits brings their
cytoplasmic tails into close proximity, which activates Janus tyrosine kinase (JAK) 3 associated
with y., followed by JAKI activation associated with IL-2Rp [32, 111-115]. Subsequent
multiple tyrosine phosphorylation of the IL-2Rp chain provides a docking site for effector
molecules, recruiting various signal-transducing molecules to the cytoplasmic tail of the -
chain, including STATS, STAT3, the Shc-adaptor protein, Syk, and p56lck [52]. This leads to
the activation of three main signaling pathways: the JAK/STAT pathway, the PI3K/AKT
pathway, and the Ras/Raf/MAP kinase pathway (Figure 7). Activation of mTOR, p70S6K,
AKT, and ERK1/2 modulates the activity and de novo expression of numerous downstream
regulators involved in protein synthesis, autophagy, cell metabolism, survival, proliferation,
and differentiation [15, 51, 53, 116-120]. Concurrently, activated STATS determines the fate
of the cell by transactivating numerous target genes. While these three signaling cascades are
stimulated in effector T cells, it is important to note that the STATS pathway is predominantly
triggered in Tregs, as they fail to activate the PI3K-Akt pathway due to high expression of
PTEN [121-123].
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Figure 7. IL-2R signaling and modulation of T cell activity. For details, see the reference [17] in J Exp
Med.

In T lymphocytes, the STATS signaling pathway may induce the expression of a variety
of genes depending on the T cell subset. These genes encode for various cytokine receptors
including IL-2Ra and IL-2RP (positive feedback); IL-4Ra or IL-12RpB; diverse proteins
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mmvolved in cell proliferation and survival (e.g., PIM1, Myec, cyclins, and Bcl-2); effector
molecules such as granzyme B, CD178 (best known as Fas ligand); cytokines like IFN-y, TNF-
a, or IL-4; immune cell function regulators like the SOCS1/2 or the transcription factor Foxp3.
Moreover, IL-2-activated STATS represses the expression of specific genes such as /L7174 and
BCL6[124-129].

Interestingly, y. cytokines IL-2 and IL-135 are closely related, as they both signal through
the IL-2RPy. complex and activate the JAK/STAT, Ras/MAPK, and PI3K/Akt signaling
pathways. This leads to both common and contrasting roles of IL.-2 and IL-15 in T cell function
[15,52, 130, 131]. IL-2 and IL-15 share several functions, such as stimulating the proliferation
of various T cell subsets (e.g., activated CD4*, CD8", and yd subsets of T cells) [132, 133].
Both cytokines facilitate the induction of cytolytic activity of T cells, and they induce the
proliferation and immunoglobulin synthesis by B cells stimulated by anti-IgM or CD40 ligand
[134]. They also promote the generation, proliferation, and activation of NK cells. Despite these
shared functions, IL-2 and IL-15 have distinct differences, particularly in the homeostasis of

adaptive immune responses (Table 1).

Properties
Gene structure and location

Main site of synthesis

Mechanism of regulation
of expression

Mechanism of action

Receptor

Unique function

Features of mice deficient
in gene-encoding cytokine
or its private receptor o-
chain

IL-2
Four exons, chromosome 4q26

Activated CD4* and CD8" cells

Transcriptional regulation and
stabilization of mRNA

Secreted cytokine

Cis presentation to IL.2Ra,
IL-2/TL-15RPy. co-expressed

on activated T and B cells, trans-
presentation of II.-2Ra/IL-2 on the
surface of DCs to T cells
expressing IL-2/TL-15RPy.

Maintenance of Tregs and
elimination of self-reactive T cells
mediated by AICD to yield self-
tolerance

Marked enlargement of peripheral
Iymphoid organs, polyclonal
expansion of T and B cells
associated with autoimmune
disorders

IL-15
Eight exons, chromosome 4q31

Activated DCs and monocytes

Mainly post-transcriptional,
during translation, and
intracellular trafficking

Membrane-bound cytokine;
induces signaling in the context
of cell-cell contact in frans

IL-15Ra/IL-15 on the surface
of DCs and monocytes trans-
presented to NK cells and CD8"
memory T cells expressing
IL-2/TL-15R By

Maintenance of NK cells and
CD8"CD44"™ memory T cells to
provide a long-term immune
response to pathogens

Marked reduction in number of
NK, NKT gamma/delta and
CD8"CD44™ memory T cells

Table 1. Comparison of IL.-2 and IL-15. Adapted from Cancer Immunol Res. [118].
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IL-2 and IL-15 also bind their private a chains (IL-2Ra and IL-15Ra, respectively),
which are structurally related and may have arisen evolutionarily from gene duplication [135,
136]. While IL-2 1s predominantly a secreted cytokine that binds to high-affinity heterotrimeric
receptors, IL-15 1s a membrane-associated molecule that signals at an immunological synapse
between antigen-presenting cells and CD8 T or NK cells in #rans (Figure 8). IL-2 or IL-15
availability and expression of IL-2Ra and IL-15Ra ensure the binding of the appropriate
cytokine and therefore the specificity of the immune response [32, 136, 137].

dendritic cell

an @) 3

IL-15Ra:
B

IL-2/15Rp V| (¥C

IL-2/15Rp |

Activated NK, v/d
T and B cell and CD8 T-cell

Figure 8. Mode of interaction of IL.-2 and IT.-15 with their receptors. IL-2 and IL.-15 share the IL.-2/IL-
15RP and 7y, chains. Furthermore, the high-affinity forms of IL-2R and IL.-15R contain a third cytokine-
specific receptor o subunit, IL-2Ra or IL15-Ra. Adapted from Cancer Immunol Res. [118].

I.1.3 The role of IL-2 in the immune system homeostasis and activation

Originally 1dentified as a T cell growth factor [138], IL-2 plays a critical role in immune
response regulation and the maintenance of peripheral self-tolerance through its
immunostimulatory and immunoregulatory functions. This activity depends on the type of
target cell equipped with distinct IL-2R subunits, as well as the kinetics and amount of IL-2
produced. In essence, IL-2 is pivotal for activating and subsequently amplifying the T-cell
response following antigenic stimulation. However, prolonged IL-2 signaling eventually leads
to activation-induced cell death (AICD) [139]. Moreover, IL-2 is vital for maintaining self-
tolerance by promoting Treg cell development and homeostasis while limiting Th17 cell
polarization. Additionally, IL-2 affects a range of cellular targets, including nonhematopoietic
and innate immune cells, as detailed later.

I.1.3.1 IL-2 optimizes CD8" T-cell responses

IL-2 plays a pivotal role in influencing CD8" T cell response at every stage - this
includes primary expansion, contraction, memory generation, and secondary expansion. It
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regulates various aspects such as proliferation, survival, effector function, exhaustion, memory
formation, and the metabolic fitness of CD8™ T cells [140, 141]. While the initial expansion
phase can occur independently of IL-2 in vivo [58, 109], the presence of IL-2 significantly
enhances clonal expansion. Notably, autocrine IL-2 is crucial for the secondary expansion of
CD8" memory T cells [142].

The strength of TCR signaling is a key driver of memory CD8" T cell functional
characteristics and fitness. The extent to which naive CD8" T cells integrate TCR signals during
priming dictates their dependence on IL-2 for developing into fully functional memory cells.
These cells are characterized by their ability to rapidly reactivate (calcium signaling, cell
cycling) and expand during an antigen rechallenge. They also exhibit enhanced stemness
characteristics [143].

However, the strength and duration of IL-2 signaling during a primary immune response
direct naive CD8" T cells toward differentiating into either short-lived effector (SLEC) or long-
lived memory T cells [58, 141, 144, 145]. Suboptimal IL-2 signaling during priming leads to
reduced primary expansion and severely impaired secondary expansion. Conversely, prolonged
and strong IL-2 signaling results in the generation of short-lived, terminally differentiated
effector CD8" T cells, which express high levels of effector molecules like IFN-y and granzyme
B but produce low amounts of IL-2 [ 58, 141, 144, 146]. This differentiation process is mediated
by the transcriptional repressor Blimp-1, which promotes the SLEC and terminal effector fate
while directly repressing IL-2 transcription [27, 147].

Despite the potential to develop protective immunity without IL-2, optimal primary T-
cell responses are significantly shaped by IL-2R signaling. During acute infections, high
sustained levels of IL-2 rapidly up-regulate CD25, leading to an IL-2-driven expression of the
death receptor Fas and its ligand FasL in cytotoxic effector cells. This process triggers AICD
following pathogen clearance [141].

Moreover, the formation of functional, long-lived memory CD8" T cells necessitates
brief, yet potent, IL-2 signaling during antigen presentation by licensed DCs. Treg cells
modulate CD8" T cell responses by restricting both IL-2 production and consumption. This
modulation helps to prioritize the priming of high-affinity over low-affinity polyclonal CD8" T
cells, reduces the generation of short-lived effector CD8" T cells, and favors the formation of
memory T cells [58, 148, 149]. In contrast, depriving effector T cells of IL-2 by Treg cells is
fully dispensable for the suppression of IL-2R-sufficient CD4™ T cells, even though IL-2R
signaling 1s required [150].

1.1.3.2 IL-2 signals control CD4" T cell subsets

Similar to CD8" T cells, the strength of TCR signaling critically determines the fate of
naive CD4™ T cells, guiding their differentiation towards various T helper cell types, including
helper Th [151], follicular helper (Tth) [152], and T follicular regulatory (Tfr) CD4™ T cells
[153]. IL-2 signaling plays a crucial role in orchestrating these CD4" T cell fates [154, 155],
where strong IL-2 signals lead antigen-specific CD4" T cells to become short-lived terminally
differentiated effector T cells. In contrast, lower IL-2 signals promote their differentiation into
Tru or central memory T (Tewm) cells.
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L.1.3.2.1 IL-2 influences CD4" T helper cell polarization

As helper cells, CD4™ T cells carry out a variety of functions by differentiating into
specialized subpopulations upon antigen stimulation and cytokine signaling. These functional
subpopulations include Thl, Th2, Th17, Tth, and Treg cells.

IL-2 signaling specifically affects the differentiation of effector CD4" T cells into Thl
or Th2 cells, as depicted in Figure 9. Thl lymphocytes, which are critical for cellular immune
responses against intracellular pathogens and cancer cells, undergo polarization through IL-2-
mediated induction of IL-12 receptor B (IL-12Rp) expression in activated CD4" T cells. This
process, in conjunction with IL-12 from antigen-presenting cells (APCs), stimulates the
expression of the transcription factor T-Box21 (TBX21, commonly known as T-bet), promoting
Thl differentiation and type 1 cytokine production, such as IFN-y [156]. This regulatory
mechanism involves IL-2-induced activation of STAT5a and STATSb, which bind to the loci
of IL12RB2 and TBX21 genes. Additionally, IL-2 enhances Myc and HIF-1a expression, which
drives a transcriptional program supporting increased glycolysis in CD4" T cells [157].
Enhanced mTORC1 signaling by IL-2 further supports this metabolic shift, fostering Th1 cell
differentiation [158].
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Figure 9. IL-2 is important for effector T-cell differentiation. Shown is IL.-2-mediated induction of IT-
12R 2 to promote Thl cell differentiation, of IL-4Ra to promote Th2 cell differentiation, and of IL-2Ra
to promote Treg cell differentiation. Conversely, IL-2 represses the expression of gp130 (and IL-6Ra)
while inducing T-bet (not shown) to repress Th17 cell differentiation. IL-2 is also a repressor of Tth
differentiation based on its repression of Bcl-6 expression. Finally, IL.-2 promotes the differentiation,
expansion, and cytolytic activity of CD8" T cells. Adapted from Immunity [120].
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Conversely, Th2 lymphocytes, key to humoral immunity against extracellular pathogens
and allergic inflammation, are characterized by high expression of the transcription factor
GATA3 and significant production of IL.-4, IL-5, and IL-13 [159]. STATS also plays a crucial
role in IL-2-driven differentiation and tissue memory formation in Th2 cells. IL-2-induced
STATS activation upregulates the transcription of the IL-4Ra subunit, essential for initiating
Th2 polarization in naive CD4" T cells (Figure 9) [15]. Furthermore, STATSA enhances the
accessibility of the /L4 gene locus, promoting its transcription followed by Th2 cell polarization
[160]. IL-2 also affects the accessibility of the /L3 gene locus in Th2 cells [161, 162], and is
vital for the development of lung-resident, antigen-specific memory Th2 cells that mediate type
2 immune responses eventually leading to asthma and other pulmonary inflammations [163].

Interestingly, germinal center Tth cells produce a high amount of IL-2, which, in turn,
suppresses the differentiation of Tth cells (Figure 9) [164]. Under normal conditions, Tregs and
DCs can consume substantial amounts of IL-2, reducing its bioavailability around B cell
follicles, and thereby creating a supportive environment for Tth cell development [65]. Tth cells
can intrinsically diminish their responsiveness to high IL-2 levels through IL-6-induced STAT3
expression, which competes with IL-2-induced STATS signaling [164, 165].

1.1.3.2.2 IL-2 is crucial for the homeostasis of Treg cells

Treg cells, characterized by the expression of the transcription factor Foxp3, are integral
in dampening immune responses to both self and foreign antigens, thereby maintaining immune
tolerance [77]. IL-2 is vital for the homeostasis of Treg cells. This 1s evidenced by the
observation that mice congenitally deficient in IL-2, CD25, or CD122 develop systemic
autormmunity [109] similarly to Foxp3-deficient mice. Treg cells are notable for their high
surface expression of CD25, but they are unable to produce IL-2. Consequently, they depend
on extrinsic sources of IL-2, produced either by mature single-positive CD4" T cells in the
thymus or by naive CD4" and CD8" T cells in the peripheral immune system (Figure 10) [166-
168]. Due to their high CD25 expression, Treg cells consume IL-2, reducing its systemic
concentration and helping to regulate immune balance. Without sufficient IL.-2, the number of
Treg cells decreases, and effector T cell numbers increase, leading to an enhanced susceptibility
to autoimmune and inflammatory disorders.

IL-2, along with the transcription factor STATS - a key downstream target of JAK
kinases linked to IL-2R - is essential for inducing Foxp3 expression and facilitating the
differentiation of naturally occurring Treg cells in the thymus [45, 169-171]. Exposure to
normal background levels of IL-2 is critical for the survival and homeostasis of these naturally
occurring Treg cells [16, 166, 172]. Additionally, IL-2 signals enhance CD25 expression on
Treg cells and bolster their suppressive functions by maintaining elevated levels of Foxp3
expression [166, 173].

Furthermore, there is strong evidence indicating that peripheral conventional T cells can
develop into, or convert to, Foxp3* induced Treg cells, particularly in mucosal tissues such as
the gut and lungs [174]. These induced Treg cells are also highly reliant on IL-2 for their
generation (in synergy with TGF-p), as well as for their survival and continuous expression of
Foxp3 [175, 176]. Notably, in the gastrointestinal tract, IL-2 is critically required to sustain
these induced Treg cells, thus ensuring immunological homeostasis and maintaining oral
tolerance to dietary antigens. ILC3s in the small intestine are the primary producers of IL-2,
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triggered selectively by IL-1p from macrophages that sense microbiota through MYD88- and
NOD2-dependent pathways [5, 177].
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Figure 10. Model of peripheral Treg cell homeostasis. Focusing Treg and autoreactive T cells through
recognition of autoantigens on DCs places them in close proximity for the Treg cells to receive an IL-
2-dependent signal. This interaction promotes homeostatic proliferation and survival of Treg cells and
enhances aspects of their functional program. Treg cells that fail to receive TCR and/or IL-2 signaling
for an extended period of time undergo apoptosis. Thus, Treg cells adapt and are selectively maintained
by the presence of self-antigens and IL-2, partly dependent on the autoreactive T cells they suppress.
Adapted from Immunity [16].

1.1.3.2.3 IL-2 controls the reciprocal balance between Th17 cells and Foxp3* Treg cells

Th17 cells are characterized by their production of IL.-17 and the expression of the
transcription factor retinoic acid receptor-related orphan receptor-yt (RORyt). These cells are
found on mucosal surfaces, particularly in the lungs and gut, where they promote the activation
of pro-inflammatory danger signals. These signals are crucial for recruiting neutrophils and
enhancing the expression of anti-microbial factors [178]. IL-2 plays a suppressive role in Th17
differentiation by inhibiting their transcriptional programs through STATS5-mediated pathways,
which include the augmentation of T-bet expression (Figure 9) [156].

Furthermore, IL-2 signals are vital for maintaining the reciprocal balance between Th17
cells and Foxp3™ Treg cells. In scenarios where IL-2 signaling is absent, there is a notable
decline in Treg numbers, coupled with an increase of the Th17 cells. This imbalance leads to
an elevated susceptibility to autoimmune and inflammatory disorders [179]. Interestingly, once
Th17 cell-polarizing conditions are established, Treg cells can promote Th17 cell survival and
function (notably IL.-17 and IL-22 production), possibly by IL-2 consumption [180, 181].
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I.1.3.3 IL-2 regulates innate immune cells

IL-2 produced early by bacterially activated DCs plays a fundamental role in activating
NK cell-mediated immunity, enhancing both the proliferation and cytotoxicity of NK cells
[182-184]. Additionally, IL-2 stimulates the functional maturation and activation of monocyte-
derived DCs [81] and can support ongoing T cell activation by prompting plasmacytoid DCs to
release other cytokines, such as TNF-o and IL-4 [185]. IL-2, either alone or in combination
with other cytokines like TNF-a or IFN-y, can increase macrophage cytotoxicity. Recent
clinical studies indicate that IL-2 administration can substantially expand the type 1 DC
population, which confers enhanced anti-tumor response [186].

Furthermore, IL-2 appears to play a role in coordinating fibroblast and monocyte
responses in connective tissues, typically following activation by T lymphocytes [97, 98]. In
the inflamed synovium, IL-2 from activated T cells prompts fibroblast-like synoviocytes (FLSs)
to secrete MCP-1, thereby recruiting macrophages into the synovium and perpetuating
inflammation [53]. In pulmonary ILC2s, IL-2 is crucial not only for promoting cell survival and
proliferation but also acts as a cofactor in the production of type 2 cytokines such as IL-5 and
I-13[6].

1.1.3.4 Other cell targets of I1.-2

IL-2 promotes B cell proliferation, facilitates their maturation into plasma cells, and
enhances their capacity for immunoglobulin production [187-189]. Beyond its effects on
lymphocytes, IL-2's influence extends to non-immune cells. For example, the expression of IL-
2 receptors on intestinal epithelial cells establishes a dynamic pathway crucial for interactions
between intestinal epithelial cells and lymphocytes, underpinning the functionality of the
mucosal immune system [90, 91]. Additionally, IL-2 supports the survival and/or proliferation
of vascular smooth muscle cells in vivo, highlighting its diverse roles in both immune and non-
immune cell functions [95, 190].

I.2 Clinical applications of I1.-2

[L-2 plays an important role in immunotherapy due to its unique dual ability to potently
stimulate both T and NK cells on one side and Treg cells on the other. This dual functionality
offers versatile strategies for treating a wide range of immune-related disorders. The therapeutic
efficacy of IL-2 is critically dependent on maintaining a delicate balance between these
contrasting immune cell subsets, a concept that is central to the design of targeted IL.-2-based
immunotherapies.

In the context of autoimmune diseases, immunosuppressive low-dose IL-2 therapies are
tailored to selectively promote the expansion of CD25" Tregs over effector T (Teff) and NK
cells. This selective expansion exploits the differential expression patterns of IL-2R subunits
across these populations, a strategy depicted in Figure 11. Conversely, in cancer treatment,
immunostimulatory high-dose IL-2 therapies aim to enhance the activity of CD122" effector T
and NK cells. Such enhancement is crucial for mounting an effective anti-tumor response,
harnessing the body's immune system to combat malignancies effectively.
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Figure 11. IL-2 dose is the key factor responsible for its dominant effect on the immune system. Low
doses of IL-2 preferentially expand Treg cells. In addition to these cells, high doses of IL-2 also stimulate
CD122* Teff and NK cells to promote antitumor responses. Adapted from Sci Transl Med [191].

I.2.1 Cancer therapy
I.2.1.1 High-dose IL-2 monotherapy

The utilization of IL-2 in cancer treatment was motivated by its potential to enhance the
anti-tumor immune response, a concept that has been extensively explored in clinical settings
since the first trials in the 1980s. The clinical application of high-dose (HD) IL-2 has
demonstrated notable successes [192], particularly in renal cell carcinoma (RCC) and
metastatic melanoma, where 5-10% of patients achieved complete and durable responses [193-
197]. This success led to the approval of recombinant human IL.-2 (rthIL-2; Aldesleukin) by the
FDA as the first immunotherapy for metastatic RCC i 1992 and for melanoma in 1998 [198,
199], further sparking extensive research into the use of HD IL-2 for treating metastatic cancer,
either through HD bolus regimens or continuous infusions [194, 200, 201]. Patients with
metastatic melanoma or RCC were uniquely responsive to IL-2 administration, and except for
patients with advanced non-Hodgkin’s lymphomas, only rare responses were seen in patients
with other tumor types [202].

However, the administration of IL-2 poses significant challenges, requiring careful
consideration of dose and schedule to balance efficacy and toxicity. The short half-life of IL-2,
ranging between 10 and 85 minutes [203, 204] is one principal limitation of this therapy.
Consequently, maintaining effective therapeutic levels requires frequent dosing, complicating
treatment schedules, and patient compliance. Traditionally, IL-2 has been administered at high
doses (~ 2 million Units/kg/day) to maximize its immunostimulatory effects, typically
mvolving several cycles of treatment consisting of intravenous infusions twice daily for up to
five days, followed by a rest period [205]. This intense regimen aims to induce rapid and potent
immune activation; however, it necessitates careful selection of patients and their close
monitoring within specialized centers, where the treatment-related mortality rate remains below
1% [206-210]. The most severe adverse effects stem from the massive cytokine release
triggered by IL-2 [211] and from the off-target effects of IL-2 on endothelial cells [93, 94, 212,
213]. These collectively lead to a capillary leak syndrome characterized by hypotension,
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pulmonary edema, and multi-organ dysfunction, known as vascular leak syndrome (VLS)
[214]. Other common toxicities include fever, chills, and fatigue, which are generally
manageable but can significantly impact the patient's quality of life.

Moreover, HD IL-2 therapy promotes the expansion of Treg cells, which constantly
express high CD25 levels, necessary for high-affinity IL-2 binding and utilization of low IL-2
concentrations [118, 215-217]. Their expansion can paradoxically dampen the immune
responses it aims to enhance, as evidenced by the increased frequency of Foxp3™* Treg cells
observed 1n patients treated with HD rhIL.-2 [218-220]. Due to these factors, IL.-2 monotherapy
1s no longer considered the optimal standard treatment for metastatic RCC or melanoma.

1.2.1.2 Combination of IL-2 with other therapeutic approaches for the treatment of
cancer

1.2.1.2.1 IL-2 combined with cell-based therapies

Recent clinical efforts have focused on enhancing the efficacy of IL-2 therapy by
combining it with other anticancer immunotherapies. Initial strategies included combining HD
IL-2 with a lymphokine-activated killer (LAK) cell adoptive transfer, capitalizing on IL-2's role
to stimulate T and NK cells. However, these combinations only achieved a clinical response
rate of 20-35%, predominantly yielding transient responses in solid tumors [221-225]. A pivotal
randomized trial involving 181 patients with metastatic melanoma or renal cancer compared
IL-2 monotherapy against a combination with LAK cells, revealing that the antitumor effects
were primarily attributable to IL-2 alone. Subsequently, LAK cells were excluded from future
studies [226].

With the further development of cancer immunotherapy, highly personalized adoptive
cell therapy (ACT) has emerged as an important therapeutic strategy against cancer [227]. A
key advancement in ACT was the discovery that tumor-infiltrating lymphocytes (TILs) from
resected metastatic melanoma could develop specific immune responses against autologous
tumors when cultured with IL-2 [228, 229]. This insight facilitated the large-scale growth of
TILs [230, 231], culminating in the successful regression of established metastatic melanoma
[232]. Compared with other cancer immunotherapies which rely on the host's intrinsic
antitumor lymphocytes, ACT holds the advantages of sufficient quantities, modifiable
functions, and durable responses [233]. Numerous phase II trials reported promising outcomes,
with about a 50% clinical response rate and a 13% complete regression rate in metastatic
melanoma [234, 235]. Melanomas exhibit an average of ~300 exomic mutations, making them
more responsive to IL-2 and TIL therapy than most other solid tumors, which typically have 5
times less or even fewer mutations [236]. This mutation abundance increases the likelihood that
a processed peptide will strongly bind to a matching MHC molecule for tumor recognition by
T cells. Attempts to improve the antitumor effects of TIL therapy using highly selected CD8™
clones reactive to melanocyte differentiation antigens did not yield significant results in
melanoma, indicating that polyclonal TIL reactivity and possibly also CD4" T cells are
necessary for tumor rejection [237, 238].

Further mouse model studies elucidated the mechanisms behind successful ACT therapy
[239]. Lymphodepletion prior to cell transfer, achieved through chemotherapy or total body
irradiation (TBI), significantly enhances treatment efficacy by eliminating cells that compete
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with transferred T cells for cytokines such as IL-2, IL-7, and IL-15. This strategy not only
improves the persistence of donor lymphocytes but also boosts antitumor effects [240-246].
Host lymphocyte depletion also improves rhIl.-2 availability for donor T cells. Elevated IL-7
and IL-15 levels after lymphodepletion further enhance antitumor effects [247-253]. Other
mechanisms include reduced tumor burden, increased antigen-presenting cells, and release of
lipopolysaccharide (LPS) from the host microflora [239, 246, 254-258]. The National Cancer
Institute Surgery Branch saw response rates in metastatic melanoma patients rise from 15%
with IL-2 alone to 34% with ACT/TILs, 49% with ACT/TILs after lymphodepleting
chemotherapy [259], and 72% after maximum lymphodepletion including TBI (Figure 12)
[251]. Despite these advancements, studies indicate a plateau in the benefits of increasing
lymphodepletion, suggesting an optimal level that maximizes antitumor responses [260]. Due
to study challenges, changing patient populations, and evolving protocols, the optimal
lymphodepletion level for TIL therapy remains unclear. While IL-2-based TIL therapy is
promising, the differentiated phenotype of IL-2-expanded TILs can limit their persistence and
survival in vivo, compromising treatment benefits. Researchers are investigating other
cytokines like IL-7, IL-15, and IL-21 for TIL expansion to improve TIL quality [261].
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Figure 12. Objective response rates (using Response Evaluation Criteria in Solid Tumors) using various
forms of cancer immunotherapy for patients with metastatic melanoma treated in the Surgery Branch at
the National Cancer Institute. The years of these reports are shown on the bottom line of the figure.
NMA - nonmyeloablative chemotherapy consisting of cyclophosphamide and fludarabine before cell
transfer.

Beyond melanoma, the genetic engineering of lymphocytes has broadened the
applicability of adoptive cell therapy. By inserting genes for tumor-specific TCRs or chimeric
antigen receptors (CARs) into autologous lymphocytes cultured with IL-2, researchers have

29



expanded the range of treatable cancers [227, 234, 262-275]. IL-2 is crucial for in vitro
expanding CAR-T cells to clinically relevant numbers, enhancing their growth and cytotoxic
activity. Clinical trials targeting antigens like CEA, MART-1, gp100, NY-ESO-1, MAGE-A3,
and MAGE-A4 [276-283] have highlighted the diverse roles of IL-2 in these settings, although
the optimal conditions and cytokine support for CAR-T cell therapy continue to be refined.

1.2.1.2.2 IL-2 combined with chemotherapeutic agents

In the past two decades, researchers have extensively explored biochemotherapy (BCT),
which combines IL-2 with chemotherapeutic agents, particularly for treating patients with
metastatic melanoma [284]. A review of various inpatient regimens suggests a response rate of
approximately 50%, with 10% to 20% achieving complete responses and a median survival
time of 11-12 months. Despite these initially promising results in antitumor activity, BCT
regimens have not demonstrated statistically significant benefits in overall survival across
multiple randomized phase III trials.

Specifically, seven phase III trials have evaluated different BCT combinations [285-
291], with varied outcomes. Notably, only one single-institution study, which explored the
sequential administration of cisplatin, vinblastine, and dacarbazine (CVD) followed by IL-2
and IFN-o, reported an increase in overall survival; however, the statistical significance was
marginal. Furthermore, two meta-analyses, which together assessed 18 trials involving over
2,600 patients, compared BCT (including regimens with IFN-a, IL-2, or both) against
chemotherapy alone. These analyses reported higher response rates for BCT but found no
survival advantage [292, 293].

While BCT has led to slightly higher response rates and longer median progression-free
survival compared to CVD alone, it has not improved overall survival or resulted in durable
responses. Given the additional toxicity and complexity associated with BCT regimens, they
are not currently recommended for patients with metastatic melanoma. There is a pressing need
to explore new combinations of IL-2 with other chemotherapeutic agents to potentially identify
more effective treatment options.

1.2.1.2.3 IL-2 combined with targeted therapy

The advent of targeted therapy has revolutionized the treatment of cancer, notably
following the identification of BCR-ABL in leukemia and EGFR mutations in non-small-cell
lung cancer (NSCLC). Despite these advances, not all patients benefit from targeted therapies,
and many who initially respond eventually develop resistance to these inhibitors [294-296]. In
cases of advanced NSCLC, a disturbed balance in the IL-2/IL-2R system, characterized by
decreased IL-2 levels and increased concentrations of sCD235, has been associated with a poor
prognosis [297].

IL-2 has shown potential in restoring lymphocyte immune function against lung cancer,
suggesting that it could counteract some of the deficiencies seen in NSCLC patients [298].
Furthermore, EGFR tyrosine kinase inhibitors (TKIs), which block EGF-stimulated EGFR
autophosphorylation in tumor cells, have been found to modulate networks of pro-inflammatory
cytokines, thereby activating lymphocytic responses. This interaction suggests a possible
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synergistic effect between EGFR pathway inhibition and immune system modulation, which
could enhance tumor reduction [299, 300].

In a phase II clinical trial [301], 70 patients with advanced NSCLC were assigned to
receive either gefitinib (an EGFR inhibitor) alone or in combination with IL-2. The combination
group exhibited significantly higher overall response rates and an extended median overall
survival, while IL-2-related adverse events remained tolerable, and the treatment maintained a
favorable safety profile. Separately, a retrospective analysis evaluated the safety and efficacy
of HD IL-2 following TKI therapy in metastatic renal cell carcinoma [302], revealing clinical
benefits from this combination. These findings underscore the potential of IL-2 to boost the
efficacy of targeted inhibitors. More comprehensive research is required to ascertain the
effectiveness of combining IL.-2 with various targeted inhibitors, which could lead to more
refined and effective cancer treatment protocols.

1.2.1.2.4 IL-2 combined with peptide vaccines

IL-2 synergizes with cancer vaccines to enhance anti-tumor immunity, theoretically
offering a potent treatment strategy for malignancies [303]. When administered with vaccines
such as recombinant viruses, DNA, or peptide antigens, IL-2 can amplify the immune response
against tumors. In a pivotal phase II study, metastatic melanoma patients treated with HD IL-2
and the gpl00 peptide vaccine exhibited a significantly higher response rate than those
receiving IL-2 alone [304]. This finding was further corroborated by a subsequent phase III
trial, which reinforced the efficacy of the combination. In this trial, advanced melanoma patients
were randomly assigned to receive HD IL-2 alone or in combination with the gp100 vaccine
formulated with incomplete Freund's adjuvant (Montanide ISA-51). The combination group
demonstrated significantly improved overall clinical response, progression-free survival, and
overall survival compared to the IL-2 monotherapy group [305]. These studies underscore the
potential of IL-2 to enhance vaccine effectiveness in melanoma and demonstrate the promise
of rationally combining immunotherapeutic agents for treating metastatic cancer.

I.2.2 IL-2 combined with immune checkpoint inhibitors for the treatment
of cancer and chronic infections

Optimal immune responses require an antigen-specific signal generated by the TCR
triggering, together with a second co-stimulatory signal. An array of different co-stimulatory
and co-inhibitory receptors exists on T cells. Co-stimulatory receptors, which include CD28,
inducible T-cell co-stimulator (ICOS), OX40, 4-1BB, and glucocorticoid-induced TNFR-
related protein (GITR), provide critical positive second signals that promote and sustain T-cell
responses. However, there are also co-inhibitory receptors on T cells providing negative signals.
These include cytotoxic T-cell antigen 4 (CTLA-4), programmed death-1 (PD-1), B- and T-
lymphocyte attenuator (BTLA), T-cell immunoglobulin and mucin domain-containing
molecule-3 (TIM-3), T cell immunoreceptor with Ig and ITIM domains (TIGIT), and
lymphocyte activation gene 3 (LAG-3), which all downregulate immune responses [306]. The
balance between stimulatory and inhibitory signals is crucial to maximizing protective immune
responses while maintaining immunological tolerance and preventing autoimmunity. However,
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tumors can exploit these coinhibitory pathways (“checkpoints™), to establish an
immunosuppressive microenvironment, hindering their eradication [307-309].

CD28 1s a cell surface receptor for the proteins CD80 (B7-1) and CD86 (B7-2), and its
ligation provides co-stimulatory signals essential for T cell activation and survival. Although
CTLA-4 functions at the cell surface, it is predominantly localized within intracellular vesicles.
During T cell activation via the TCR and CD28, CTLA-4 is immediately transported to the
immunologic synapse [310]; and the intensity of TCR signaling correlates with the amount of
CTLA-4 transported [311]. Similar to CD28, CTLA-4 binds to B7-1 and B7-2 but with
significantly higher affinity (~ 10 times), allowing it to outcompete CD28 for these ligands.
This interaction leads to the dislocalization of PK C-6 and CARMAI scaffolding protein [312],
modulating the threshold of signals necessary for T cell cytokine production and proliferation,
thereby inhibiting T cell activation [312-314]. Furthermore, CTLA-4 ligation inhibits cell cycle
progression and the activity of transcription factors NF-xB, NF-AT, and AP-1 [315, 316].

Unlike effector T cells, Treg cells express CTLA-4 constitutively, which is important
for their suppressive functions [317]. One proposed mechanism of Treg cell-mediated control
of T cell responses involves the downregulation of B7 ligands on APCs, reducing CD28 co-
stimulation and thereby modulating effector T cell activity [318, 319]. Recent studies have also
demonstrated that enhanced CTLA-4 signaling promotes the generation of CD4"CD25 FoxP3*
and CD4"CD25 TGFB1" Tregs [320]. These coinhibitory signals play critical roles in limiting
the strength and duration of immune responses, curbing immune-mediated tissue damage,
regulating inflammation resolution, and maintaining tolerance to prevent autoimmunity [321].

This understanding has guided the clinical targeting of CTLA-4, culminating in the FDA
approval of Ipilimumab in 2011 for the treatment of advanced melanoma [322]. Although initial
animal studies suggested potential benefits from combining CTLA-4 blockade with IL-2
therapy [323], subsequent clinical evaluations have not shown significant advantages over
CTLA-4 blockade monotherapy [324, 325].

PD-1 1s a cell-surface receptor on T cells and other immune cells, which delivers
inhibitory signals upon ligation with PD-L1/2, impacting T cell survival, proliferation, cytokine
production, and cytotoxic functions [326]. This balance is crucial for managing T cell
activation, tolerance, and immunopathology [327, 328]. PD-1 expression is indicative of
“exhausted” T cells, a state often seen in T cells that have repeatedly (or for a prolonged time)
encountered antigen or reduced CD4" T cell help [329]. Such exhaustion, occurring in chronic
infections and cancer, leads to T cell dysfunction and suboptimal control of infections and
tumors [330-334]. PD-L1, the ligand for PD1, is notably expressed in several cancers [309],
and its engagement with PD-1 on effector T cells inhibits their anti-tumor activity [335, 336],
making PD-1 a prime target in the new generation of immune checkpoint therapy. The FDA
approvals of Nivolumab and Pembrolizumab for malignant melanoma [337, 338] further
underscore the critical role of PD-1 blockade.

Research has shown that up to half of the CD8" TILs co-express PD-1 and CTLA-4,
with these double-positive cells exhibiting significant functional exhaustion. Dual blockade of
these checkpoints has been shown to enhance T cell functions in cancer settings, as the effects
are not redundant [339-344]. However, studies indicate that PD-1 blockade often exhibits
greater anticancer activity and fewer immune-related adverse events compared to anti-CTLA-
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4 therapies such as Ipilimumab [337], which are associated with severe adverse effects like
colitis [345, 346].

With increasing interest in immune checkpoint inhibitors, IL-2 immunotherapy has
regained attention for its complementary mode of action. The strategy involves removing the
PD-1 inhibitory brake while simultaneously providing a positive signal for T cells through IL-
2R. While checkpoint inhibitors demonstrate limited efficacy in non-immunogenic and poorly
immune cell-infiltrated tumors, IL-2 might lower the threshold of required immunogenicity for
these tumors, making them more amenable to checkpoint inhibitor treatment through direct
stimulation [186]. Several ongoing clinical trials are exploring the combination of PD-1
blockade and IL-2 for various cancers [17, 79].

Moreover, combining IT.-2 with PD-1 blockade has shown promise in animal models of
chronic infection as it potently boosts virus-specific CD8" T cell responses and reduces viral
loads despite increased Treg cell counts [347]. This approach was highly effective in
reinvigorating exhausted T cells (Tex) during chronic infection [348]. Such synergistic effects
likely arise because IL-2 modifies the differentiation trajectory of these cells. Hashimoto ef al.
[348] demonstrated that in contrast to anti-PD-1 mAb monotherapy, PD-1 blockade combined
with IL-2 substantially alters the differentiation program of the PD-1"TCF17 stem-like CD8* T
cells, resulting in the generation of transcriptionally and epigenetically distinct and highly
functional effector CD8" T cells that resemble those seen after an acute viral infection. The
generation of these qualitatively superior CD8" T cells (“better effectors™) that mediate viral
control underlies the synergy between PD-1 blockade and IL-2 in chronic infection. Emerging
from the stem-like CD8" T cells after such combination therapy, these virus-specific “better
effectors” expressed increased levels of the high-affinity IL-2R, a feature not observed with
PD-1 blockade alone in chronic viral infection [348]. Moreover, PD-1"TCF1" stem-like CD8*
T cells, also referred to as precursors of exhausted CD8* T cells, are not fate-locked into the
exhaustion program and their differentiation trajectory can be changed by IL-2 signal. These
findings highlight the potential of combining IL-2 with PD-1 inhibitors to enhance T cell
responses and provide new treatment strategies for chronic infections and cancer, although

further research is necessary to fully understand the synergy between IL-2 and various
checkpoint inhibitors.

1.2.3 Low-dose IL-2 for the treatment of autoimmune diseases

Autoimmune diseases are characterized by the breakdown of immune tolerance and
excessive immune activity, often associated with defects in Treg cells contributing to these
pathophysiological mechanisms. Mice deficient in components of the IL-2/IL-2R pathway and
Foxp3-deficient mice develop excessive T-cell proliferation and autormmunity [349],
underscoring the crucial role of IL-2 in Treg cell maintenance and function. Notably, IL-2
maintains and increases Foxp3 expression in Tregs and expands the number of Foxp3™ Tregs in
both mice and humans [350].

Based on the selective stimulation of Treg cells with low levels of IL-2, which does not
activate CD4" or CD8" T cells, and their major role in maintaining immune tolerance and
suppressing inflammation [77], reestablishing Treg cell functions through the efficacy of low-
dose (LD) IL-2 administration has been proven effective. Initial studies demonstrated that LD
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IL-2 therapy reversed and prevented experimental T1D in mice [172, 351-354]. Furthermore,
LD IL-2 achieved disease control in mouse models of autoimmune diseases like Alzheimer's
disease [355], particularly with chronic administration or when used in combination with
glucocorticoids for graft-versus-host disease (GvHD) [356], Trypanosoma cruzi infection, and
rapamycin in skin transplantation [357].

The encouraging results from preclinical models led to clinical trials for chronic GvHD
and vasculitis related to hepatitis C infection [77, 358-365]. Further trials explored its potential
in treating T1D [366-368] and alopecia areata [369]. All these trials have confirmed the safety
and efficacy of LD ILL-2, with doses below 3 million IU/day being well tolerated and effective.
Notably, in all tested conditions, LD IL-2 increased circulating Tregs, leading to clinical
improvement.

In SLE, controlled clinical trials have demonstrated that LD IL-2 therapy not only
expands Tregs [370, 371] but also inhibits the generation of autoreactive Tth and Th17 cells,
thereby reducing disease severity [370, 372]. Other clinical studies have demonstrated similar
efficacy and safety in treating SLE [358, 373-375]. Moreover, LD IL-2 therapy has effectively
altered the ratio between Tth and Tfr cells in SLE patients, with the frequency of Tfr cells
markedly increased in patients’ periphery compared to the baseline level and those treated with
placebo [376]. Tfr cells are essential in regulating germinal center reaction, where excessive
self-reactive antibodies are selected and matured in autoimmunity. Therapeutic use of LD IL-2
thus provided a promising approach to improve autoantibody-induced disorders by restoring
abnormal germinal center response. However, balancing immune suppression and activation in
autoimmune patients 1s challenging due to the increased risk of infection with
immunosuppressive treatments [377, 378]. In fact, infection is one of the leading causes of the
mortality of SLE patients [379, 380]. Notably, a study of 665 SLE patients found that those
receiving LD IL-2 had a substantially lower rate of infection compared to those on conventional
therapy [381], indicating a potential benefit for autoimmune patients at high risk of infection.

Th17 cells, which produce large amounts of IL-17, are considered a pathogenic factor
in Sjégren's syndrome. Short-term LD IL-2 administration reversed the imbalance between
Th17 and Treg cells in patients [382], primarily by directly inhibiting Th17 cells rather than by
potentiating Tregs [383].

Furthermore, an open-label phase 1/2a clinical study demonstrated the safety and
efficacy of LD IL-2 therapy across multiple autoimmune diseases, including rheumatoid
arthritis (RA), Behget’s disease, ankylosing spondylitis, granulomatosis with polyangiitis and
autormmune hepatitis that were rarely investigated before, regarding the clinical benefits of LD
IL-2 treatment [374]. Another study of 888 RA patients revealed that LD IL-2 therapy tripled
Treg cell counts and significantly alleviated disease activity [384].

Administration of LD IL-2 for five days significantly increased Treg cells in patients
with dermatomyositis/polymyositis, leading to clinical improvement and better remission rates
[385]. In idiopathic inflammatory myopathies, 77.8% of patients under LD IL-2 therapy
reached the definition of improvement by the International Myositis Assessment and Clinical
Studies definition of improvement [386].

In the context of autoimmune hepatitis (AIH), a preclinical study in mice and a case
report in humans have shown that LD IL-2 not only increases systemic Treg cells but also
enhances their accumulation in the liver, which was associated with improved level of liver-
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specific alanine transaminase [387]. Correspondingly, a case report with two refractory ATH
patients receiving LD IL-2 therapy showed a safe and effective response with reduced liver
damage [388].

Ongoing clinical trials are further exploring the potential of LD IL-2 therapy in
inflammatory diseases such as ischemic heart disease, ulcerative colitis (UC), and Crohn's
disease [389]. A phase 1b/2a study in ischemic heart disease yielded encouraging results with
no significant adverse events [390]. Although limited, early results in UC patients show that
daily LD IL-2 injections significantly increased Treg cells in peripheral blood within 14 days.
In a humanized mouse colitis model, LD IL-2 expanded human Tregs and reduced experimental
colitis [391].

Due to its potent ability to expand Tregs in vivo, LD IL-2 therapy is also being tested in
patients with other diseases like subarachnoid hemorrhage injury [392], severe alopecia areata
[393], and myelodysplastic syndromes [394]. Currently, there are more than 20 registered
clinical trials of LD IL-2 therapy in patients with autoimmunity or beyond, with early results
demonstrating the profound safety and efficacy of LD IL-2 therapy. Overall, low-dose IL-2
therapy leveraging its potent ability to expand Tregs in vivo emerges as a promising approach
to restoring immune balance in a broad spectrum of autoimmune and inflammatory diseases,
and GvHD [360-362, 364, 367, 369, 370, 395]. Despite the differences in particular regiments,
patients typically receive 1,000,000 IU/day subcutaneously for 5-14 days, then once every 2
weeks for 6-9 months.

I.3. IL-2-based immunotherapeutics

IL-2 therapy has elicited significant clinical responses in a subset of cancer patients,
illustrating its potential as an effective treatment modality. However, its broader application is
considerably restricted due to severe dose-limiting toxicities. These adverse effects necessitate
extensive monitoring and comprehensive supportive care to mitigate risks to patients.
Additionally, HD IL-2 therapy may also activate Treg cells, which can suppress the immune
response to self-antigens, including certain tumor antigens, thereby undermining its efficacy.
While LD IL-2 has shown benefits in managing autoimmune diseases, it may also inadvertently
stimulate NK cells [376]. This 1s a significant issue, particularly over prolonged treatments,
complicating its use in autoimmune contexts. Moreover, a major limitation of IL-2 therapy is
its short half-life, necessitating frequent dosing to maintain effective therapeutic levels, which
complicates treatment schedules and challenges patient compliance. The heterogeneity among
patient responses further complicates the determination of an optimal dose, presenting a
significant barrier to standardizing IL-2 treatment protocols.

These limitations have spurred the development of improved IL-2 immunotherapeutics
designed to achieve better selectivity for specific immune cells and reduced toxicity [94]. A
pivotal advancement in this research was the elucidation of the crystal structure of IL-2 bound
to its trimeric receptor [102]. This discovery has facilitated the creation of new IL-2 analogs
that are tailored to target specific immune cells. These engineered products are designed either
to selectively activate Treg cells, helping to modulate the immune response in autoirmmune and
inflammatory disorders, or to enhance the responses of effector T cells, memory T cells, and
NK cells, thereby boosting their antitumor activity (Figure 13).
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Figure 13. Mechanisms of action of IL.-2-based immunotherapeutics for the treatment of cancer and
autoimmune diseases. (a) Cancer can be treated using IT.-2-based immunotherapeutics that target the
intermediate-affinity IL-2Rfy. receptor that is constitutively expressed on Teffs, memory T cells, and
NK cells, while (b) autoimmune diseases can be treated using agents that target the high-affinity IL-
2Rafy. receptor that is constitutively expressed on Tregs. Adapted from Annu Rev Med [79].

Some IL-2 immunotherapeutics have shown efficacy in preclinical models, leading to a
surge in clinical trials for improved IL-2-based agents in recent years (Figure 14). These studies
will determine whether novel IL-2 immunotherapeutics can harness the IL-2/IL-2R pathway as
effective therapies for autoimmunity and cancer, either alone or in combination with other
treatments.
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Figure 14. Registered clinical trials testing improved IT.-2-based immunotherapeutics. The top panel
displays trials in cancer and the bottom panel ftrials in autoimmune diseases. Adapted from
EBioMedicine [396].

1.3.1 IL-2 muteins with altered binding to the IL-2R

This strategy involves creating IL.-2 muteins (IL-2 molecules with introduced mutations
that alter the amino acid sequence but still bind to IL-2R), designed to exhibit altered affinities
for IL-2Ra, IL-2Rp, and/or IL-2Ry.. These IL-2 analogs produce varying signaling responses -
agonistic, mixed, or antagonistic - through the IL-2Rafy. and IL-2RPy. pathways. Such
differential signaling crucially influences the balance between Tregs and Teffs, a key aspect of
immune modulation.
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1.3.1.1 IL-2 muteins with reduced IL-2Ra binding or enhanced affinity for IL-2Rp

Researchers have developed several IL-2 muteins with decreased binding to IL-2Ra
and, in some cases, increased affinity for IL-2Rp. These modifications aim to preferentially
stimulate CD8" T cells (effector and memory ones) and NK cells without stimulating CD25"
Treg cells and endothelial cells. Such engineered variants have shown improved antitumor
efficacy and reduced toxicity in preclinical animal models [369-372], leading to their testing in
clinical trials (NCT05267626, NT02983045, NCT04855929).

Levin et al. introduced an IL.-2 variant termed “superkine” (also known as Super-2),
which exhibits enhanced affinity for IL-2Rp. Crystallographic studies of this molecule, both
alone and when complexed with its receptor, demonstrated that specific mutations (L80F,
R81D, L85V, 186V, and I92F) in the core of the cytokine stabilized IL-2, reducing the flexibility
of a C-helix in the IL-2R binding site. This stabilization fosters an optimal receptor-binding
conformation similar to that when IL-2 is bound to CD25, thereby mimicking its functional
effects and leading to ~ 200 times increased affinity for IL-2Rp. These changes lead to potent
STATS phosphorylation and vigorous T cell proliferation independent of CD25 presence. The
Super-2 substantially increases the proliferation of cytotoxic T cells in vivo, thereby improving
antitumor responses while minimizing Treg cell expansion and pulmonary edema [397].

Nemvaleukin alfa (Nemvaleukin, ALKS 4230), a fusion protein combining circularly
permuted IL-2 with IL-2Ra, 1s designed to target the intermediate-affinity IL-2Rpy. found on
CD8" T and NK cells. This selectivity reduces Treg cell expansion [398], enhancing the anti-
tumor immune response. In a murine model of small-cell lung cancer, the mouse variant of
Nemvaleukin significantly inhibited tumor growth and extended survival, effects that were
amplified when combined with chemotherapy. Tumor analysis showed an increase in tumor-
mfiltrating NK and CD8" T cells, indicative of a potent anti-tumor immune response, especially
when combined with chemotherapy [399]. Following these promising results, Nemvaleukin has
entered Phase I-III clinical trials, both as a monotherapy and in combination with checkpoint
inhibitors like Pembrolizumab or chemotherapy [400-402]. These studies underscore
Nemvaleukin's efficacy and tolerability, demonstrating sustained responses in patients with
diverse and advanced tumor types, thereby justifying further clinical investigation [402].

1.3.1.2 IL-2 muteins with improved binding to IL-2Rafy.

Another human IL-2 mutein denoted BAY 50-4798, was designed using site-directed
mutagenesis to contain a single mutation, N88R, in the IL-2/IL-2Rp interface. This mutation
ablated cytokine binding to IL-2Rp and weakened interactions to the IL-2R 3y, heterodimer by
five orders of magnitude, while maintaining the same affinity for IL-2Ra, resulting in >3,000-
fold greater selectivity in stimulating proliferation of T cells over NK cells compared to
wildtype IL-2 [403]. In preclinical studies, BAY 50-4798 induced the proliferation of activated
human T cells with a potency comparable to I1.-2 but caused less proliferation in NK cells and
reduced activation of secondary cytokine cascades [404]. Despite these promising results, at
concentrations where BAY 50-4798 demonstrated peak biological activity, it lost T cell
selectivity and induced pro-inflammatory cytokines [405]. In a follow-up study, AIC284
(renamed from BAY 50-4798) preferentially expanded Treg cells over CD4" effector T cells in
vivo while ameliorating clinical symptoms in EAE, a rodent model of MS [406]. BAY 50-4798
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underwent a Phase I clinical trial in patients with advanced melanoma and renal cell
carcinoma—both malignancies that respond to HD IL-2 therapy. While some clinical responses
were noted, BAY 50-4798 did not show a significant improvement over conventional IL.-2
therapy [407]. Currently, BAY 50-4798 is being tested in Phase II trials, both as a potential
adjunct to standard chemotherapy for various cancers and as a possible treatment for HIV
infection.

Concurrently, other research groups have focused on developing IL-2 muteins with
increased IL-2Ra binding. Fallon and colleagues reported an IL.-2 mutein that exhibits enhanced
endosomal recycling due to altered pH sensitivity between IL-2 and IL-2Ra [55]. Similarly,
Rao and others have created IL-2 muteins with increased affinity to IL-2Ra [408, 409]. Unlike
wild-type IL-2, these muteins persist longer on the cell surface, thus sustaining durable
signaling similar to IL-15 [410]. The clinical efficacy of these IL.-2 muteins, and the specific
conditions under which they might be effective, remain under investigation.

1.3.1.3 IL-2 muteins with antagonist activity

In addition to efforts aimed at enhancing or refining IL-2 signaling, significant work has
also been devoted to the development of IL-2 muteins that act as antagonists [411, 412]. For
example, Liu et al. [411] engineered an IL-2 antagonist that exhibits high affinity binding to IL-
2Ra while lacking binding to IL-2RBy.. These molecules are designed to selectively block high-
affinity IL-2 signaling pathways and could, for instance, be used to suppress Treg cell activity.
This approach represents a strategic redirection of IL-2 interactions to modulate the immune
system in a targeted manner. While mutant IL-2 molecules have promise, it is also worth
mentioning that Tsytsikov and others [413] reported natural variants of IL-2, generated by
alternative splicing, that may competitively inhibit full-length IL-2. The existence of these
natural variants further complicates the biological landscape of IL-2 signaling and suggests
additional layers of regulation that could be exploited therapeutically.

1.3.2 Modified IL-2 and IL.-2 muteins with improved half-life and
biological activity

1.3.2.1 IL-2 mutein fusion proteins

Like therr WT counterpart, IL.-2 muteins suffer from limited bioavailability in vivo. As
a remedy, they are frequently fused with a mAb or its Fc part or albumin [220, 414, 415]. One
of them is RO7049665 (Melredableukin alfa), a fusion protein that consists of a human IgGlk
fused to a hIL-2 mutein (point mutation N88D) with reduced binding to the intermediate affinity
IL-2R By, receptor. Although Melredableukin alfa preferentially expanded Treg cells but not
effector T cells in cynomolgus monkeys and humanized mice [416], Phase I and II clinical
studies testing its clinical benefit in ulcerative colitis and autoimmune hepatitis (NCT04790916,
NCT03943550) were terminated due to the lack of superior efficacy over standard treatment.

Another significant fusion mutein 1s MDNA11, with a higher binding affinity for IL-
2R and blocked IL-2Ra interaction. MDNAT1 is a fusion protein composed of mutated Super-
2 (with two additional changes: F42A and E62A) and human albumin, used to increase the
molecular size and improve the in vivo half-life. This long-acting superkine predominantly
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stimulates NK and naive CD8" T cells over Treg cells. MDNAII exhibits a favorable
pharmacodynamic profile, translating to strong therapeutic efficacy in preclinical tumor models
and robust, durable immune responses in non-human primates [417].

1.3.2.2 Pegylated IL-2

In addition to enhancing the specificity of IL-2, other strategies seek to improve the half-
life and biological activity of IL-2. Pegylation of recombinant proteins can improve half-life
[418-420], and pegylated IL-2 (PEG-IL-2) molecules have been generated with an increased
half-life, enhanced biological activity, and antitumor activity in comparison to non-pegylated
IL-2 [421-426]. Pegylated IL-2 has shown promising efficacy in clinical trials for metastatic
melanoma and renal cell carcinoma [427], indicating its potential as a potent
immunomodulator.

An added benefit of pegylation, besides increasing the half-life through increased
molecular weight, is the potential alteration of the IL-2 molecule to redirect its cellular target
specificity. Prodrug versions of rhIL-2, decorated with releasable PEG chains, allowed: (1) a
sustained release of the cytokine; (i1) a prolonged stimulation of the IL-2R signaling pathway;
and (ii1) a biased binding of IL-2 either to IL-2Ra/CD25 or IL-2RB/CD122, depending on the
sites of PEGylation [428]. For instance, NKTR-214 (Bempegaldesleukin, BEMPEG) is an
engineered Aldesleukin prodrug with six pegylated surface lysines which extends its half-life
and reduces its ability to bind to IL-2Ra. Thus, this molecule is therefore biased to the IL-2Rf3
(Figure 15) [428, 429]. When administered in vivo, the PEG chains slowly release, creating a
cascade of increasingly active IL-2 protein conjugates bearing fewer PEG chains [428]. Due to
its limited activation of the high-affinity trimeric IL-2Rafy. expressed on Tregs, NKTR-214
was predicted to induce only mild Treg cell expansion compared to the expansion and activation
of T and NK cells, which only express the intermediate affinity dimeric IL-2R. In early
preclinical studies, NKTR-214 monotherapy induced tumor regression accompanied by
preferential peripheral and intratumoral expansion of Teff over Tregs in various immunogenic
murine tumor models [423]. Mechanistically, intratumoral Treg depletion was mediated by
CDS8" Teff-associated cytokines IFN-y and TNF-o. Similar trends of peripheral and
intratumoral Treg and Teff dynamics together with tumor shrinkage and durable regression
were observed in a small cohort of patients treated with NKTR-214, and without causing serious
toxicity [430]. In adjuvant therapy, NKTR-214 combined with the PD-1 inhibitor Nivolumab
progressed to Phase III trials, showing prolonged survival in patients with completely resected
stage III/TV melanoma at high risk of recurrence [431]. However, a study combining NKTR-
214 with another PD-1 inhibitor, Pembrolizumab, did not meet its primary endpoints of
improved objective response rate and progression-free survival in metastatic melanoma. With
20 registered clinical trials NKTR-214 is the most studied IL-2-based compound, however, due
to a lack of efficacy reported in two phase 3 trials clinical development of NKTR-214 was
terminated in 2022 [432, 433]. Since October 2022, two other non-alpha IL-2 variants, NL-201
and Thor-707 (SAR444245) have been discontinued or deprioritized from clinical
development.
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Figure 15. Model demonstrating region of PEGylation sites at IL-2 interface with IL2Ra. NKTR-214
is IL-2 at its core (green), sites of PEGylation are depicted by red circles. The y. receptor is depicted in
pink, IL.2Rp in aqua blue and IL2Ra in dark blue. Adapted from [423].

Conversely, NKTR-358, a PEGylated IL-2 variant with a lower affinity for IL-2R[3
compared to IL-2Ra, preferentially stimulates Tregs over conventional T cells (Tconv). Initial
studies in murine and simian models of SLE and cutaneous hypersensitivity showed that
NKTR-358 could restore Treg cell function [434]. In humans, a Phase I study indicated that
NKTR-358 was well-tolerated, had a suitable pharmacokinetic profile allowing biweekly
dosing, and significantly increased CD25"¢" Tregs without affecting Tconv cells [435]. These
promising results support further clinical evaluation of NKTR-358 in SLE and other
inflammatory diseases. However, of the nine registered trials testing NKTR-358, only one
Phase I study (NCT03556007) reports clinical results. These results did not reveal any
significant treatment-related changes in the validated SLE Disease Activity Index or the counts
of affected joints in SLE patients. Nonetheless, a dose-dependent improvement in skin
manifestations, measured using the Cutaneous Lupus Erythematosus Disease Area and Severity
Index, was observed.

1.3.2.3 Targeted IL-2 and IL-2 muteins

To mitigate the toxicity associated with the systemic administration of HD IL-2, various
[L-2-based immunocytokines (IC)s have been developed. Some ICs consist of IL-2 fused to
antibodies targeting tumor-associated antigens (TAA) and such ICs have shown promising
results in preclinical models [436-441]. Once bound to the TAA, these IL-2-based ICs promote
the in situ recruitment and activation of NK and cytotoxic CD8" T cells. This recruitment
facilitates a shift in the tumor microenvironment towards a classical Thl anti-tumor immune
response, which 1s further supported by the interaction between NK cells and DCs.
Additionally, some tumor-targeted IL.-2-based ICs have been demonstrated to induce tumor cell
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killing through antibody-dependent cellular cytotoxicity (ADCC) via engagement of Fcy
receptors [442, 443].

Darleukin (L19IL2) is a fully human immunostimulatory product consisting of the
human L19 antibody fused to the rhIL.-2 (Figure 16). The fusion of IL-2 to the L19 antibody,
specific to the human fibronectin extra-domain B results in a tumor-targeted molecule, which
selectively localizes at the site of disease, while sparing healthy organs [444]. Darleukin, given
1.v. or intratumorally, shows strong anti-cancer activity, especially when combined with other
therapeutic modalities. Mechanistically, Darleukin activates tumor-specific T cells and NK
cells at the site of disease, 1.e. directly within the tumor mass. Darleukin has been tested in
numerous clinical studies (I-III) and numerous tumors (metastatic melanoma, various
carcinomas of the skin, etc.), both as monotherapy and in combination with other drugs [445].
Promising phase I results have been obtained especially when Darleukin was combined with
stereotactic ablative radiotherapy (SABR). In collaboration with the IMMUNOSABR
European Consortium, Darleukin is currently being studied in a phase II clinical trial in patients
with advanced non-small cell lung cancer in combination with SABR and anti-PD-1 therapy
[446].

Targeting
Antibody (L19)
Selective localization

on tumors

Immunomodulatory
payload

Figure 16. Darleukin (L19I1.2) consists of the humanized .19 mAb fused to the hIL-2. Adapted from
Philogen.com

ALT-801 1s another IC composed of an IL-2 linked to a single-chain TCR domain
recognizing amino acids 264—272 of human p53 antigen, thus shuttling IL.-2 to the tumor [447,
448]. Hul4.18-IL2 consists of two hIL-2 molecules fused to an anti-ganglioside GD2 mAb
[449-451] and DI-Leul6-I1.2 is a fusion protein of IL-2 and a CD20-targeting mAb [452]. All
these molecules advanced to clinical trials; however, they have either been completed,
terminated, or withdrawn, indicating that further clinical development has been suspended.
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Furthermore, the modulation of the tumor microenvironment (TME) can also be
achieved using IL-2-based ICs. A novel class of monomeric tumor-targeted IC in which a
single-engineered IL-2 variant (IL-2v) with abolished CD25 binding is fused to the C-terminus
of an antibody against the CEA has been described [442]. CEA-IL-2v demonstrated superior
safety, pharmacokinetics, and tumor targeting while lacking preferential induction of Treg cells
due to abolished CD25 binding. At the same time, this construct showed monovalency and high-
affinity tumor targeting as compared to classical IL-2-based ICs. Moreover, CEA-IL-2v retains
the capacity to activate and expand NK and CD8™ effector T cells through IL-2RByc in the
periphery and the TME. CEA-IL.2v treatment resulted in superior efficacy when administered
in combination with PD-L1 checkpoint blockade or with ADCC-competent antibodies, such as
trastuzumab and cetuximab [442].

However, targeting proteins expressed on the surface of tumor cells possesses several
limitations. These include the transient expression of TAAs, and rapid internalization and
degradation of ICs in the lysosomal compartment, all of which contribute to the failure to
achieve the expected therapeutic effect. Furthermore, the higher affinity of IL-2 for its receptor
compared to the antibody for its antigen may limit effective tumor targeting. Recent studies also
suggest that the efficacy and biodistribution of IL-2 variants may not adequately be attributed
solely to TAA targeting [453, 454]. Additionally, the systemic delivery of ICs may activate T
cells in both lymphoid and non-lymphoid tissues, contributing to severe toxicity and limited
anti-tumor efficacy.

IL-2RPyc-biased IL-2 agonists have also been directed to specific T cell subsets with
‘bispecific’ antibodies, referred to as cis-targeting, for example, to CD8" T cells or T cells
expressing PD-1 [455, 456]. These approaches are expected to increase the IL-2 effect within
the tumor microenvironment and/or bias IL-2 away from interaction with NK cells and Tregs.
CD8 cis-targeted IL-2 promoted robust effector T cell responses and potent antitumor immunity
[455] and drove potent antiviral response against hepatitis B virus [457]. A recent publication
indicates that cis-targeting of non-alpha IL-2 mutein to T-cells may bypass the requirement for
CD25 binding needed for the generation of better effectors [456]. In this way, a specific IL-2
delivery to CD8* PD1" T cells, which are found particularly in tumors, is ensured using a
chimeric molecule of anti-PD-1 mAb fused to IL-2 variants binding specifically to intermediate
affinity IL-2RBy.. Promising preclinical data [456, 458, 459] encouraged clinical trials with
immunocytokine PD1-IL2v, either alone or combined with Atezolizumab, in advanced tumors
(NCT04303858).

I.3.3 Complexes of IL-2 and anti-IL.-2 mAbs

Another strategy to reduce the limitations of IL-2 therapy involves complexing I.-2
with specific anti-IL-2 mAbs, creating IL-2/anti-IL-2 mAb complexes (IL-2co). These
complexes exhibit significantly enhanced biological activity in vivo [74]. Moreover, they
possess selective stimulatory activity for distinct IL-2-responsive immune cell subsets governed
by the clone of mAb used.
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1.3.3.1 CD122-biased IL-2co

Complexes formed by the S4B6 mAb (mlIL2-specific; IL-2/S4B6 henceforth) and
MABG602 (hIL-2-specific; IL-2/MAB602 henceforth) are CD122-biased. This IL-2co requires
only the IL-2RBy. to exert its biological activity and preferentially stimulates CD122%e! cell
populations, such as memory CD8* T and NK cells [94]. In mice, administration of IL-2/S4B6
has been shown to increase memory-phenotype (MP) CD8" T cell counts up to 100-fold and
significantly boost NK cell numbers by day 7 post-administration, primarily in the spleen and
lymph nodes, with only minimal increases in CD4" T cells or B cells [74, 460, 461].
Interestingly, IL-2/S4B6 complexes also stimulate Tregs, albeit to a lesser extent (<2-fold
increase), in a CD25-independent manner [74].

Krieg ef al. reported that severe pulmonary edema, a notable side effect of IL-2 therapy,
does not result from cytokine release by activated NK cells but rather from the direct interaction
of IL-2 with trimeric IL-2R on CD31" lung endothelial cells [94]. This adverse effect can be
mitigated either by using CD122-biased IL-2co or by employing blocking antibodies against
CD25 [94, 214].

Preclinical studies in melanoma-bearing mice revealed the superiority of IL-2/S4B6
over free IL-2 because: (i) the IL-2 interaction with IL-2Ro" endothelial cells was disrupted
and vascular leak syndrome was prevented; and (i1) naive IL-2Ry.” CD8" T and NK cells were
preferentially amplified over IL-2Rafy." Tregs. These complexes not only exhibit higher
antitumor activity but also show potential synergy with immune checkpoint inhibitors [94, 462,
463]. For instance, in an autochthonous lung adenocarcinoma model, combining IL.-2/MAB602
with anti-PD-1 mAb increased CD8™ T cell infiltration in the lung and controlled tumor growth.
Even in models resistant to checkpoint inhibitors, such as B16-OVA, combining IL.-2/MAB602
with either PD-1 or CTLA-4 pathway blockade could reverse resistance. These effects can be
attributed to reinvigorating exhausted intratumoral CD8™ T cells similar to those induced by
PD-1 + IL-2 combination therapy in chronic infection. Moreover, IL.-2/MAB602 combined
with anti-CTLA-4 mAb uniquely rescued NK cell antitumor function by modulating
intratumoral Treg cells. This demonstrates that combining IL-2/MAB602 with PD-1 or CTLA-
4 pathway blockade operates through different cellular mechanisms, suggesting a path toward
the rational design of combinatorial antitumor therapies [462]. In other studies, IL-2/S4B6
treatment prevented lethal toxoplasmosis through IL-12- and IL-18-dependent IFN-y
production by non-CD4 immune cells [464] and significantly reduced viral loads during
persistent virus infections [465].

To proceed toward clinical development, Arenas-Ramirez and colleagues [466]
developed a mAbD to hIL-2, named NARA1, which binds to the CD25-binding epitope in IL-2.
This prevents the association of IL-2 with CD25 and forms CD122-biased hIL-2/NARA1
complexes [466]. Compared to unbound hIL-2 and similarly to IL-2/S4B6 complexes, such
hIL-2/NARA1 complexes prolong the half-life of hIL-2 and preferentially activate CD122kieh
CD8" T and NK cells, while reducing the association with CD25-expressing Treg and
endothelial cells. This results in enhanced expansion of tumor-specific as well as other CD8* T
cells with robust IFN-y production and low levels of exhaustion markers (PD-1, LAG-3, TIM-
3), leading to superior CD8" T cell-mediated tumor control in several melanoma mouse models
[466].
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ANV419, a second-generation IL.-2co fusion protein of IL-2 fused to the anti-IL-2 mAb
NARALI [467], has entered Phase I/II clinical testing as a monotherapy or in combination with
anti-PD-1 or anti-CTLA-4 mAbs (clinical trials NCT04855929, NCT05578872). First-
generation IL-2 complexes, AU-007 and SLC-3010, where IL-2 is non-covalently complexed
to specific anti-IL.-2 mAbs are also in clinical development (clinical trials NCT05267626,
NCT05525247).

1.3.3.2 CD25-biased IL-2co

In contrast to CD122-biased complexes, CD25-biased IL-2co, utilizing mAbs such as
mouse JES6-1A12 (IL-2/JES6 henceforth) and human 5344, interact highly selectively with
cells expressing high levels of CD25 along with IL-2RPBy. [94]. This specificity effectively
excludes CD25™ cell populations that do not utilize IL-2/JES6 even if they express both CD122
and CD132, making these complexes highly selective for Treg cells and activated T cells [74].

This selective stimulation has significant implications: expanded Treg cells exhibit at
least similar suppressive activity compared to normal Treg cells [468]. The phenotype of
expanded Treg cells is characterized by a considerable, albeit transient, increase in molecules
critical for their suppressive potential, including CD25, ICOS, CTLA-4, and GITR.
Additionally, these IL-2co induce a mild transient rise in other markers like CD44, TGF-B,
ICAM-1, and PD-1, typically found on Treg cells. There is also a considerable build-up of IL-
10 mRNA production with a respective increase in the suppressive activity in vitro and with the
same transient character as is seen for the surface molecules [352].

Interestingly, a similar response is observed in recently activated CD8* T cells, which
upon TCR stimulation express CD25, making them receptive to IL-2/JES6. The expansion of
these cells can increase their count by more than three orders of magnitude within one week,
creating a robust population of memory phenotype CD8" T cells (CD44™e%CD122%") capable
of executing effector functions upon receiving a TCR signal [469]. Thus, CD25-biased IL-2co
are capable of inducing selective expansion of CD25"CD4" Tregs and recently activated T cells
much more efficiently than IL-2 administration alone [74, 94].

Létourneau and colleagues demonstrated that the in vivo activity of CD25-biased IL-
2co 1s heavily dependent on the presence of neonatal Fc receptor (FcRn), while the function of
CD122-biased IL-2co benefits from a prolonged half-life and reduced interaction with CD25
[463]. It has been observed that depleting CD8" T and NK cells extends the half-life of CD122-
biased IL-2co to approximate that of CD25-biased ones. This suggests that the rapid
consumption of IL-2 by dividing MP CD8" T and NK cells limits the half-life of CD122-biased
IL-2co to about 24 h. In contrast, CD25-biased IL-2co selectively binds to a smaller population
of CD25-expressing cells, primarily CD25*CD4* T cells, which results in a lifespan of
approximately 72 h. The differential consumption of these IL-2co provides insight into their
varying half-lives and FcRn dependency. This is supported by findings that the half-life of
CD25-biased IL-2co is significantly shorter in FcRn™~ mice, while the half-life of CD122-
biased IL-2co remains largely unchanged. Importantly, FcRn is known to play a crucial role in
the serum IgG half-life [470].

These observations underscore the potential of CD25-biased IL-2co as a strategic tool
for improving IL-2-based immunotherapies. By mimicking the biological effects of IL-2
monotherapy but at a targeted and lower concentration, these complexes could minimize the
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undesirable side effects associated with IL-2. The efficacy of IL-2/JES6 administration has been
confirmed in various preclinical models, including experimental autoimmune
encephalomyelitis [352], diabetes [357], allergy [471], and solid organ transplantation [357].
Additional studies have shown that IL-2/JES6 treatment can suppress collagen-induced arthritis
[472], promote long-term acceptance of islet allografts [352], attenuate atherosclerosis [473],
and reduce experimental myasthenia in mice [468], further advocating for its role in treating
autoimmune disorders.

Moreover, in a study by Diaz-de-Durana and colleagues [474], IL-2/JES6 treatment was
associated with increased pancreatic islet p-cell proliferation, indicating a possible role for IL-
2 immunotherapy in (-cell regeneration. However, the specific mechanisms underlying this
effect remain unclear, highlighting the need for further investigation into how IL-2/JES6 may
contribute to B-cell regeneration.

In preclinical studies, F5111.2, a first-generation clinical-grade pro-Treg anti-IL-2 mAb
complexed with rhIL-2, has shown effectiveness in inducing T1D remission in diabetic mice
and in reducing the severity of xenogeneic GvHD and EAE [475].
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II. Aims

The aims of this thesis are focused on making progress in the field of immunotherapy by
developing and evaluating the biological activities of innovative IL-2-based
immunotherapeutics with enhanced therapeutic profiles for the treatment of cancer and
autoimmune diseases. Specifically, this research focuses on overcoming the limitations
associated with native IL-2 therapy, such as its short half-life and dose-dependent adverse
effects, by designing and testing novel IL-2 formulations. Through a combination of molecular
engineering and protein chemistry, the thesis is aimed to:

1. Design and develop novel IL-2 formulations:

o IL-2-poly(HPMA) conjugate: an IL-2 modified with poly(N-(2-
hydroxypropyl)methacrylamide), designed to improve the pharmacokinetic
properties and biological activity of IL-2 in vivo.

o Immunocytokines:

1. scIL-2/S4B6 IC: a protein chimera where IL-2 is covalently linked to
the light chain of the S4B6 mAb via a flexible (GlysSer); spacer,
designed to increase the biological activity of IL-2 while minimalizing
limitations associated with IL.-2co (stoichiometry, possible dissociation
of IL-2co), and to selectively stimulate CD122%" cells.

2. JY3 IC: an engineered IL-2-JES6 protein chimera preserves the unique
mechanism of action of CD25-biased IL-2co without the well-known
limitations (stoichiometry, possible dissociation of IL.-2co), designed to
selectively stimulate Treg cell expansion and their suppressive activity.

2. Evaluate biological activity and therapeutic efficacy:
o Conduct comprehensive in vitro and in vivo assessments to determine the
biological activity of the developed IL.-2 variants.
o Test the therapeutic efficacy of these IL.-2 formulations in experimental models
of vaccination and autoimmune disease, examining their potential to enhance
immune responses and control disease progression.

3. Provide mechanistic insights:
o Explore the distinct interactions of IL-2R subunits with IL-2 bound to either
S4B6 or JES6-1A12 anti-IL-2 mAbs.
o Elucidate how these interactions affect the balance between the stimulation of
CD122%" effector T and NK cells and CD25"€" Treg cells, contributing to the
observed biological activities and therapeutic outcomes.

4. Address safety concerns of CD25-biased IL-2co:
o Investigate the unexpectedly powerful sensitization of mice to LPS-mediated
shock and mortality through CD25-biased IL-2co.
o Elucidate the mechanism of this extraordinarily strong sensitization and identify
the key cell subsets as well as the molecular mediators involved.
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ITI. Materials and methods

All further described methods were conducted using murine models. We utilized the
following mouse strains: inbred strains C57BL/6 (B6 henceforth), BALB/c; TCR transgenic
OT-I and OT-II on B6 background; congenic strain B6.SJL (Ly5.1); athymic CD1 nude
(Nu/Nu); mice deficient in particular gene IFN-y”~ (B6 background), and Ragl” (BALB/c
background). Both male and female mice aged between 8 and 16 weeks were used in the
experiments. Age- and sex-matched pairs of animals were used in the experimental groups. All
animals were bred in the animal facilities of the Institute of Molecular Biology or the Institute
of Physiology under Czech Republic laws. They were housed in individually ventilated cages
under specific pathogen-free conditions. Animal protocols were approved by the Czech
Academy of Sciences, Czech Republic.

The most common approach of the following studies was the execution of in vivo or ex
vivo experiments, followed by flow cytometry. Other in vivo approaches included survival
monitoring, body temperature measurements, or assessment of vascular leak syndrome in the
lungs. In vitro and ex vivo assays used during my PhD studies included ELISA, MACS-based
cell isolations, proliferation assays via [°H]-thymidine incorporation in vitro and via CTV or
CFSE labeling of purified cell subsets ex vivo, in vivo BrdU incorporation, ex vivo detection of
intracellular cytokines in immune cells with in vivo injection of Brefeldin A. Methods are
described in detail within the relevant publications. Methods not included in published papers
mvolve Treg suppression assays in vitro, isolation of bone marrow cells, isolation of peritoneal
macrophages, and phosphorylated STATS staining. Additionally, I optimized within my work
the protocols for 1) isolation of leukocytes from the liver, lungs, and peritoneal fluid, i1) isolation
of cells from bone marrow, and 111) isolation of monocytes and dendritic cells from the spleen.

The methods described herein enabled us to obtain some of the data presented in the
attached publications, but these methods are not described in sufficient detail within those
papers. While some experiments did not yield significant results, others contributed to my
participation in a manuscript entitled "Temporal optimization of CD25-biased IL-2 agonists
and immune checkpoint blockade leads to synergistic anti-cancer activity despite robust
regulatory T cell expansion" currently prepared for submission. This manuscript describes a
key role of timing for the antitumor efficacy of immune checkpoint blockade combined with
IL-2 agonist with selective stimulatory activity for CD25" T cells and the ability of this IL-2
agonist to overcome Treg cell-mediated suppression of CD8" T cells.

Isolation of bone marrow cells

Mice were sacrificed by cervical dislocation, and the abdomen and hind legs were
washed with 70% ethanol. An incision was made along the abdominal midline, and the skin
was peeled outward to expose the hind legs. All muscle tissue was removed from the femur
using scissors and cleaned with sterile gauze sprayed with 70% ethanol. Both femur ends were
cut off. A sterile 18G needle was used to pierce a hole in the bottom of a sterile 0.5 mL
Eppendorf tube. The 0.5 mL tube was placed into a 1.5 mL tube (with its cap removed)
containing 0.5 mL of RPMI media supplemented with 20 mM HEPES. The bones were placed
into the 0.5 mL tube. The Eppendorf tubes were centrifuged (500 x g, 15 min). Cells in the 1.5
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mL tube were passed through a 70 um cell strainer and washed with a complete RPMI medium.
The cells were counted and plated in a complete RPMI media.

Isolation of Liver Leukocytes

Mice were sacrificed by cervical dislocation, and the skin was washed using 70%
ethanol. An incision was made along the abdominal midline, and the skin was peeled outward
to expose the peritoneum, which was then incised. The liver, excluding the gall bladder, was
aseptically dissected and placed into a 60 mm Petri dish containing 6 mL of HANKS buffer.
The liver tissue was homogenized using the plunger of a 5 ml syringe and cell strainer (70 pum)
mesh. The resulting single-cell suspension was filtered through a sterile cell strainer into a 50
mL conical tube. This suspension was then transferred to a 15 mL conical tube, adding 2 mL of
HANKS buffer to rinse the 50 mL tube, making the total volume 8 mL. Subsequently, 4.5 mL
of 1sotonic Percoll and 125 pL of heparin were added to each 15 mL tube, achieving a final
Percoll concentration of 33 %. The tubes were centrifuged for 20 min at 400 x g at room
temperature. The supernatant, containing parenchymal cells, was carefully aspirated, leaving a
pellet composed of red blood cells (RBCs) and leukocytes. These cells were washed with 12
mL HANKS buffer and centrifuged at 226 x g for 5 min at 4°C. RBCs were lysed using 1X
ACK lysing buffer (5 mL/liver) and incubated at room temperature for 10 min. Lysis was
stopped by adding HANKS buffer containing 5 % FTS, followed by centrifugation at 226 x g
for 5 min at 4°C. After aspirating the supernatant, the pellet was resuspended i 1-10 ml of
RPMI medium. Finally, the cells were counted and analyzed using flow cytometry.

Isolation of lymphocytes from lungs

Mice were sacrificed by cervical dislocation, and the skin was washed using 70%
ethanol. An incision was made along the abdominal midline, and the skin was peeled outward
to expose the peritoneum, which was then incised. Lungs were aseptically dissected and placed
into a 60 mm Petri dish containing 6 mL. of HANKS buffer. The lungs were cut into small
pieces (~ 3 mm) and placed in MACS C tubes containing up to 5 mL of collagenase solution
with 1 mg/ml Collagenase IV. GentleMACS program LUNGS 1.1 was applied followed by
incubation at 37°C for 30 min. Collagenase IV was stopped by adding 1 mL of 50 mM EDTA
(pH 7) to each tube, and the mixture was left for 5 min. Subsequently, the GentleMACS
program LUNGS 2.1 was applied. The homogenized tissue was then strained through a 70 pm
cell strainer. Cells were spun for 10 min at 145 x g at 20°C and the supernatant was discarded.
ACK Lysing buffer, approximately 2-3 mL per lung, was added to each sample and incubated
for 10 min to lyse RBC. Lysis was stopped by adding a 10 times bigger volume of FACS buffer.
Cells were spun for 10 min at 145 x g at 4°C and the supernatant was discarded. Finally, 0.5-1
mL of the appropriate buffer was added to each tube to resuspend the cells for further analysis.

Isolation of peritoneal macrophages

The mice were euthanized, sprayed with 70% ethanol, and mounted on its back on the
styrofoam block. An incision was made along the abdominal midline, and the skin was peeled
outward to expose the peritoneum. 5 mL ice-cold PBS (with 3 % FBS) was injected into the
peritoneal cavity using a 27G needle. The needle was pushed slowly into the peritoneum, being
careful not to puncture any organs. After injection, the peritoneum was gently massaged to
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dislodge any attached cells into the PBS solution. A 25G needle, bevel up, attached to a 5 ml
syringe, was inserted into the peritoneum, and the fluid was collected while moving the tip of
the needle gently to avoid clogging by fat tissue or other organs. As much fluid as possible was
collected and deposited into tubes kept on ice after removing the needle from the syringe. An
incision was made in the inner skin of the peritoneum, and while holding up the skin with
forceps, a plastic Pasteur pipette was used to collect the remaining fluid from the cavity. The
sample was discarded if visible blood contamination was detected. The collected cell
suspension was spun at 226 X g for 8 min and the supernatant was discarded. The cells were
resuspended in the desired media or PBS.

Treg suppression assay

Round-bottom 96-well plates were coated with either tCD3 mAb (10 pg/ml) alone or
in combination with aCD28 mAb (10 pg/ml). The plates were incubated at 37°C for 3 h and
then thoroughly washed. B6 mice were euthanized, and their skin was washed with 70%
ethanol. An incision was made along the abdominal midline, and the skin was peeled outward
to expose the peritoneum. Single-cell suspensions were prepared from harvested lymph nodes
(inguinal, axillary, mandibular, brachial, mesenteric, and lumbar) and spleens. Tregs
(CD47CD25%) and Tconv (CD4" or CD8" T cells with naive phenotype) were isolated using
respective MACS kits on a MACS separator. The cells were counted, and their numbers were
adjusted in a T-cell culture medium (complete RPMI 1640 supplemented with antibiotics, 2-
Mercaptoethanol, and HEPES). Tregs and either naive CD4™ or CD8* T cells were then co-
cultured at various ratios in medmum only, with IL-2 or IL-2/JES6. The plates were incubated
at 37°C in 5% CO; for 72 h. Plates were pulsed with 0.1 pCi [*H]-thymidine/well for the last
16 h of incubation. The cultures were then harvested using a commercial cell harvester and
counts per minute were determined using a plastic scintillator and beta counter. Alternatively,
naive CD4" or CD8" T cells were stained with CTV before the assay setup and analyzed by
flow cytometry after 72 h of co-culture.

Phosphorylated STATS staining within the cells by the use of methanol permeabilization

Initially, the staining of cells for surface antigens was performed as described in
publications. Then, treated and untreated cells were fixed by adding 16% formaldehyde directly
into the culture medium to obtain a final concentration of 1.5% formaldehyde. Cells were
incubated in fixative for 10 min at room temperature and pelleted. The cells were then
permeabilized by resuspending with vigorous vortexing in 500 pl ice-cold MeOH per 10° cells
and incubated at 4°C for 20 min. Cells were washed twice in staining media (PBS containing
1% BSA) and then resuspended in staining media at 0.5-1 x 10° cells per 100 pl. The anti-
phosphorylated STATS (pY694)-PE antibody was diluted according to the manufacturer’s
recommendation. The volume in each tube was normalized using staining media so that the
final staining volume was 100 pL. The antibody master mix was added to each tube, and the
contents were mixed by pipetting up and down. The tubes were incubated for 30 min at room
temperature. The cells were thoroughly washed as described above and analyzed by flow
cytometry.
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IV. Results

The thesis is based on the following publications:
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2013; 17:8(5):871-6. (IF2013 = 5.356)
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2015; 11(9):1662-73. (IF2015 = 3.929)

Spangler J.B., Tomala J., Luca V.C., Jude K. M., Dong S., Ring A.M., Votavova P.,
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Votavova P. Salafsky J., Pande V.J., Kovar M, Bluestone J.A., Garcia K.C.:

Engineering a single-agent cytokine-antibody fusion that selectively expands
regulatory T cells for autoimmune disease therapy. J Immunol. 2018; 201(7): 2094-
2106. (IF2018 =4.718)

Tomala J., Weberova P.. Tomalova B., Jiraskova Zakostelska Z., Sivak L., Kovarova
J., Kovar M.: IL-2/JES6-1 mAb complexes dramatically increase sensitivity to LPS
through IFN-y production by CD25"Foxp3- T cells. eLife 2021; 10:e62432. (IF2021 =
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Other impacted publications (not included):

Votavova P.. Tomala J., Kovar M.: Increasing the biological activity of IL-2 and IL-15
through complexing with anti-IL-2 mAbs and IL-15Ra-Fe¢ chimera. Immunol Lett. 2014;
159(1-2):1-10. (IF2014 = 2.512)

I confirm that Petra Weberova, the author of this thesis, has contributed significantly to the
publications listed above. P. Weberova conducted most of the experimental work and
significantly confributed to the manuscript preparation in the case of her first-author
publication.

RNDr. Marek Kovar, Ph.D.
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IV.1  Chimera of IL-2 linked to light chain of anti-IL-2 mAb mimics IL-2/anti-IL-2
mAb complexes both structurally and functionally

Previous studies have demonstrated that IL-2/anti-IL-2 mAb IL-2co exhibits
significantly higher biological activity than free IL-2 in vivo. Building upon this, we engineered
a chimeric fusion protein that consists of IL-2 linked to the light chain of the anti-IL-2 mAb
S4B6 through a flexible oligopeptide spacer (GlyaSer)s, thus creating an IC. Such IC effectively
replicates the structure and function of the IL-2/S4B6 IL-2co while overcoming its inherent
limitations, such as the potential excess of IL-2 or anti-IL-2 mAb within the prepared IL-2co
and the possibility of dissociation to free IL-2 and antilL.-2 mAb, particularly at low
concentrations. We provided evidence that our IC maintains intramolecular interaction between
IL-2 and the S4B6 mAb binding site, similar to the native IL-2co. We also proved that our IC
stimulates the proliferation of activated OT-I CD8" T cells comparably to IL-2/S4B6 IL-2co in
vitro. Furthermore, in vivo studies showed that the IC induces a more pronounced expansion of
CFSE-labeled OT-I CD8* T cells activated by a low dose of SIINFEKL peptide than the
I1.-2/S4B6 IL-2co, highlighting its superior stimulatory activity.

P. Weberova’s contribution to this publication:

I was mnvolved in ELISA assays, in vitro cultures, and in vivo experiments with CFSE-labeled
OT-ICD8" cells, as well as in data acquisition and analysis. I also participated in the preparation
of the manuscript. Overall contribution ~ 15%.
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ABSTRACT: IL-2/anti-IL-2 mAb immunocomplexes were described to have dramatically
higher activity than free IL-2 in vivo. We designed protein chimera consisting of IL-2 linked to
light chain of anti-IL-2 mAb S4B6 through flexible oligopeptide spacer (Gly,Ser);. This protein
chimera mimics the structure of IL-2/S4B6 mAb immunocomplexes but eliminates general
disadvantages of immunocomplexes like possible excess of either IL-2 or anti-IL-2 mAb and
their dissociation to antibody and IL-2 at low concentrations. This novel kind of protein

sclL-2/S4B6

Y
T

dimeric IL-2R

chimera is characterized by an intramolecular interaction between IL-2 and binding site of

$4B6 mAb similarly as in IL-2/54B6 mAb immunocomplexes. Qur protein chimera has biological activity comparable to IL-2/
$4B6 mAb immunocomplexes in vitro, as shown by stimulation of proliferation of purified and activated OT-I1 CD8" T cells. The
protein chimera exerts higher stimulatory activity to drive expansion of purified CFSE-labeled OT-1 CD8" T cells activated by an
injection of a low dose of SIINFEKL peptide than IL-2/S4B6 mAb immunocomplexes in vivo.

The in vivo biological activity of IL-2 can be dramatically
increased by complexing IL-2 with certain anti-IL-2 mAb.'
Moreover, these IL-2 immunocomplexes have selective
stimulatory activity depending on the clone of anti-IL-2 mAb
used (Supplementary Figure 1). IL-2/S4B6 mAb immunocom-
plexes (henceforth, IL-2ic) are mh}y stimulatory for memory
CD8* T and NK cells (CD122"#" populations)."” They have
also moderate stimulatory activity for T, cells.> Conversely,
IL-2/JES6.1 mAb immunocomplexes have no effect on
CD122"8" cell populations, but they considerably expand Treg
cells (CD25"#" population)."* Interestingly, both IL-2
immunocomplexes are very potent in expanding recently
activated naive CD8" T cells in vivo,” and IL-2ic possess
significant antitumor activity.”

IL-2ic are prepared simply by mixing rmIL-2 and $S4B6 mAb
at molar ratio 2:1 (Figure 1A). In theory, this should lead to
formation of IL-2/antibody complexes without either protein
left (omitting the K,). However, it is likely that one protein will
be in small excess since it is very hard to exactly quantify and
handle S4B6 mAb and IL-2, especially when small batches of
IL-2ic are prepared (typically, 10—100 ug of IL-2 is complexed
for laboratory experiments). In order to make a more defined
structure, we designed chimeric protein of IL-2 and S4B6 mAb
(henceforth, scIL-2/S4B6) where the C-terminus of IL-2 is
linked via a flexible oligopeptide spacer to N-terminus of light
chain of S4B6 mAb (Figure 1B). IL-2 could not dissociate far
away from scIL-2/S4B6 like from IL-2ic where the interaction
between IL-2 and binding site of S4B6 mAb is interrupted
(Figure 1A,B). Instead, IL-2 stays in the vicinity of the binding
site of S4B6 mADb (the length of the spacer defines maximal
distance), and thereby, it is continuously available for
reassociation (Figure 1B). Although this difference between
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scIL-2/S4B6 and IL-2ic does not have probably any measurable
effect on biological activity at sufficiently high and stable
concentrations, it might play a significant role at low and
gradually decreasing concentrations, and thus, it could be the
factor making scIl-2/54B6 superior to IL-2ic in certain
situations, for example, in vivo. The structure of scIL-2/S4B6
is a novel one since fusion protein of cytokine linked to N-
terminus of light chain of respective anticytokine mAb has not
been, to our best knowledge, described so far. Chimeras where
IL-2 was linked to the C-terminus of the heavy chain of mAb
(Figure 10) recognizing tumor antigens were l'Ele‘tEd.ﬁ_B
Nevertheless, these protein chimeras were designed to deliver
IL-2 into tumor microenvironment and thereby induce
antitumor immunity. IL-2 is linked to mAb molecule, but at
very different sites, and there is not any binding interaction
between IL-2 and antibody. These chimeras thus do not mimic
cytokine /anticytokine mAb immunocomplexes at all. IL-2 was
also linked to the Fc part of the antibody (Figure 1D), the
structure known as immunocytokine, with the aim to prolong
the half-life of the cytokine in circulation.'°

The aim of this study was to design and produce scIL-2/
S4B6 as a recombinant protein. We wanted also to characterize
the protein we produced and to verify whether it contains
antibody and IL-2 within one protein molecule and possess
predicted molecular weight both in reducing and nonreducing
conditions. Further characterization of our protein chimera was
focused on proving that IL-2 in this chimera interacts with the
binding site of antibody in cis and thus showing that this
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Figure 1. Schematic chart showing approaches of how to increase the
biological activity of IL-2 in vivo. (A) IL-2 and anti-IL-2 mAb form
immunocomplexes, but these can also dissociate back to free IL-2 and
anti-IL-2 mAb. (B) Protein chimera mimicking IL-2 immunocom-
plexes. IL-2 can dissociate from its interaction with antibody; however,
these two structures are linked through a short flexible peptide linker,
and thus, it remains close to the binding site of the antibody,
increasing the probability of reassociation. (C) IL-2 fused to the C-
terminal part of heavy chains of selected mAb. (D) IL-2 linked to the
Fe-part of the antibody, a structure also called immunocytokine.

chimera structurally mimics IL-2/S4B6 mAb immunocom-
plexes. Finally, we decided to determine the biological activity
of our protein chimera and compare it with biological activity of
IL-2/S4B6 mAb immunocomplexes both in vitro and in vivo
and thus confirm that it mimics IL-2/54B6 mAb immunocom-
plexes also functionally.

Flexible oligopeptide linker of 15 amino acids (Gly,Ser); has
been used to link C-terminal amino acid of IL-2 to N-terminal
amino acid of x light chain of S4B6 mAb. Sequences encoding
this fusion polypeptide and heavy chain of S4B6 mAb were
cloned separately in two distinct expression vectors (Supple-
mentary Figure 2) and could be seen in Supplementary Figure
3. Cotransfection of CHO-S cells with both prepared
expression vectors should lead to production of scIL-2/S4B6.
Indeed, we detected a protein in the supernatant of
cotransfected CHO-S cells by our customized sandwich
ELISA calibrated with IL-2ic (Figure 2A), which reacted both
with antirat IgG2a mAb and anti-rk light chain mAb. Thus, we
decided to designate this produced protein as scIL-2/54B6, to
further characterize it and to confirm its structure and features.
The production of scIL-2/S4B6 by transiently cotransfected
CHO-S cells was considerably increased by valproic acid,""
approximately from 25 to 80 ng/mL of IL-2 equivalent (Figure
2B). We also established stabile transfected CHO-S clone
entitled 104/53 after two runs of single cell cloning and
selection process, which continuously produce scIL-2/S4B6
(Supplementary Figure 4). However, the production of
chimeric protein scIL-2/54B6 by 104/53 clone was quite low
(about 5—10 ng/mL), and we thus decided to use mainly
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Figure 2. In vitro characterization of supernatant of CHO-S cells
cotransfected with both expression vectors identifies a protein with
biochemical features predicted for scIL-2/S4B6. (A) IL-2 was mixed
with S4B6 mAb at a molar ratio 2:1, and resultant IL-2ic were used to
calibrate sandwich ELISA for detection of scIL-2/S4B6. (B)
Supernatant of CHO-S cells after cotransfection and 5 day cultivation
either without (no VA) or with 0.4 or 4 mmol valproic acid (VA) were
analyzed by ELISA calibrated as in panel A either undiluted or 10
times and 100 times diluted (black, gray, and empty bars, respectively).
(C) Western blot of S4B6 mAb (@) and 50 times concentrated and
extensively dialyzed supernatant of CHO-S cells cotransfected with
both expression vectors (J). The specificity of each antibody used for
detection is shown above each individual SDS-PAGE gel. Gels were
run under reductive conditions. (D) Western blot of $4B6 mAb (@),
25 times concentrated and extensively dialyzed supernatant of CHO-S
cells cotransfected with both expression vectors (O), and S0 times
concentrated and extensively dialyzed supernatant of clone 104/53
(O). The specificity of each antibody used for detection is shown
above each individual SDS-PAGE gel. Gels were run under
nonreductive conditions.

transient transfection as the source of scIL-2/54B6. Next, we
analyzed our produced scIL-2/S4B6 by Western blot. Super-
natants were concentrated 20—40 times on 100 kDa
membranes, extensively dialyzed against PBS and ran together
with $4B6 mAb on SDS-PAGE under reductive (Figure 2C)
and nonreductive conditions (Figure 2D). Nonreduced S4B6
mAb and scIL-2/54B6 gave bands of predicted M,, 150 and 190
kDa, respectively, when detected either with anti-rlgG2a mAb
or anti-rlgG polyclonal antibody. The same antibodies under
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reductive condition detected S4B6 mAb as 50 and 25 kDa
bands corresponding to heavy and light chains, respectively,
and scIl.-2/S4B6 as 50 and 45 kDa bands corresponding to
heavy and IL-2-linker-light chains, respectively. Anti-rk chain
mAb under reductive condition detected S4B6 mAb as single
band of 25 kDa and scIL-2/S4B6 as 45 kDa band.
Unexpectedly, anti-rk chain mAb also detected a 50 kDa
band. Notably, anti-mIL-2 mAb under reductive conditions
gave no signal in the case of S4B6 mAb, but a nice 45 kDa band
was detected in the case of scIL-2/S4B6. All these data
collectively show that the scIL-2/S4B6 we produce by
cotransfection of CHO-S cells with both prepared expression
plasmids has M,; of about 200 kDa and contains mIL-2, rx light
chain, and rIgG2a structures. Further, detection with anti-mIL-
2 mAb and anti-rx light chain mAb under reductive conditions
provides the identical band with M, of neither of these two
proteins but with M, corresponding to the sum of M, of these
two proteins. Since the produced scIL-2/S4B6 has all important
features as theoretically predicted, we thus conclude that this
protein is indeed scIl-2/54B6 as we designed it.

Further, we decided to prove that IL-2 is bound to the
binding site of $4B6 mAb in scIL-2/S4B6. Thus, we modified
our sandwich ELISA by using anti-mIL-2 mAb instead of anti-
x light chain mAb as the detection antibody. We used
biotinylated S4B6, JES6.1, JES6.5 anti-mIL-2 mAbs, and control
anti-IFNy mADb as detection antibodies. Antirat IgG2a mAb was
still used as catching antibody. When IL-2ic were analyzed in
such ELISA, the only detection mAb that provided positive
signal was JES6.1 (Figure 3A). It seems that IL-2 is significantly
washing out from IL-2ic during numerous washing steps in the
ELISA since only relatively high concentrations of IL-2ic (at
least 100 ng/mL) provided reasonably strong signal. IL-2ic are
not washed out from anti-IgG2a-coated wells since the same
catching antibody is used for detection of produced scIL-2/
S4B6 where we are able to detect much lower concentrations of
IL-2ic (1 ng/mL being usually the detection limit). Next, scIL-
2/S4B6 was bound to the wells coated with anti-rlgG2a mAb
and detected by selected mAb (Figure 3B). JES6.1 mAb
provided the highest signal, which is in concordance with the
fact that this mAb recognizes the epitope located oppositely to
the $4B6 mAb epitope. However, S4B6 mAb provided slightly
higher signal than control anti-mIFN-y mAb. This shows that
probably a very little fraction of scIL-2/54B6 is in conformation
where IL-2 is available to bind S4B6 in trans. A slightly higher
signal obtained with JES6.5H4 mAb reflects that JES6.5H4
mAb epitope is close, but not identical to, S4B6 mADb epitope,
and thereby, these two mAbs significantly compete with each
other in binding to IL-2. We also show that neither S4B6 mAb
nor JES6.5 mAb compete with binding of JES6.1 mAb to IL-2
in IL-2ic (Figure 3C) and in scIL-2/S4B6 (Figure 3D).

Finally, we determined the biological activity of scIL-2/S4B6
in vitro and in vivo. We found that scIL-2/S4B6 added in
titrated doses to naive CD8* T cells activated via TCR signal
potently stimulated their proliferation in vitro. The maximal
proliferation activity reached by scIL-2/S4B6 was the same as
that reached by IL-2ic (Figure 4A,B). Interestingly, calculated
concentrations of scIL-2/84B6 in supematants on the basis of
this assay corresponded very well to those determined by
sandwich ELISA calibrated with IL-2ic as shown in Figure 2A.
Thus, it seems that scIl.-2/S4B6 and IL-2ic possess very similar
biological activity in vitro (Figure 4C). To assess the biological
activity of scIL-2/84B6 in vivo, we employed adoptive transfer
of CFSE-labeled OT-I CD8" T cells into congeneic CD45.1
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Figure 3. IL-2 moiety binds to the binding site of antibody moiety in
scIL-2/S4B6 chimera, which structurally resembles IL-2/anti-IL-2
$4B6 mAb immunocomplexes. (A) IL-2ic were analyzed in a wide
range of concentrations by ELISA with anti-rlgG2a mAb as coating
antibody and S4Bé6, JES6.1, JES6.5H4, and anti-IFN-y as detection
mAbs. (B) IL-2ic, 50 times concentrated supernatant of clone 104/53
and 25 times concentrated supernatant from transient transfection
were analyzed by ELISA with anti-rIgG2a mAb as coating antibody
and with S4B6, JES6.1, JES6.5H4, and anti-IFN-y as detection mAbs
(dark gray, black, pale gray, and empty bars, respectively). The
background of the assay is shown for each detection mAb by the use of
PBS. (C) IL-2ic were analyzed by ELISA with anti-rlgG2a mAb as the
coating antibody and with JES6.1 as the detection mAb. Detection
with JES6.1 mAb was proceeded by incubation with S4B6, JES6.1,
JES6.5H4, and anti-IFN-y mAbs as competitive antibodies. (D) The
same assay as that in panel C, but 25 times concentrated supernatant
from transient transfection was used.

mice. Transferred T cells were activated by injection of a low
dose of SIINFEKL peptide, and either IL-2ic or scIL-2/S4B6
were used to stimulate their proliferation and expansion (Figure
4D). The same supernatant as above was used as a source of
scIL-2/54B6, and the dose was determined by both ELISA and
in vitro proliferation assay. Surprisingly, the results show that,
unlike in vitro, biological activity of scIL-2/S4B6 is higher than
IL-2ic in vivo (Figure 4D).
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Figure 4. Biological activity of scIL-2/S4B6 mimicking IL-2/54B6
immunocomplexes in vitro and in vivo. (A) CD8" T cells purified from
the spleen of OT-I transgeneic mice were cultured with 50 nM
SONFEKL peptide and different concentrations of IL-2ic. CTLA-4-Ig
protein chimera (2.5 pg/mL) was added to cultivated T cells to lower
proliferation background. Proliferation was determined by [*H]-
thymidine incorporation assay. (B) The same assay as that in panel A,
but 25 times concentrated supernatant from transient transfection was
used. (C) CD8* T cells purified from the spleen of OT-I trangeneic
mice were cultured with 50 nM SIINFEKL peptide and either with IL-
2ic or with supernatant from transient transfection. Control, anti-
CD122, and anti-IL-2 JES6.1 mAbs were added to cells on the
beginning of cultivation. CTLA-4-Ig protein chimera (2.5 pg/mL) was
added to cultivated T cells to lower proliferation background.
Proliferation was determined by [*H]-thymidine incorporation assay.
(D) CD8" T cells purified from spleen of OT-I transgeneic mice were
labeled with CFSE and adoptively transferred into LyS.1 mice. Next
day, all mice except controls were ip. injected with 2 nmol SINFEKL
peptide. IL-2ic and scIL-2/S4B6 were injected ip. the same day and
then 24 and 48 h later. Spleen cells were analyzed by flow cytometry
one day after the last dose. Numbers show expansion of transferred
CDS8* T cells relative to control.

B METHODS

Animals and Cell Lines. Transgenic OT-I, congeneic B6.SJL
(LyS.1), and C57BL/6 mice were bred and kept at the GMO facility of

the Institute of Molecular Genetics of ASCR, v.v.i. Mice were used at 9
to 15 weeks of age. All experiments were approved by the Animal
Welfare Committee at the Institute of Microbiology of ASCR, vv.i
CHO-S cell line was purchased from Invitrogen.

Monoclonal Antibodies and Other Reagents. The following
antimouse mAbs were used for experiments: aCD8-PerCP-CyS.5,
aCD45.2-APC, and aCD2S-PE (eBioscience) for flow cytometry
analysis; funtional grade alFN-y, aCD122, anti-IL-2 mAb JES6.1-A12,
anti-IL-2 mAb JES6.1.5H4 (eBioscience), anti-[L-2 mAb JES6.5H4-
biotin, and aIFN-y-biotin (eBioscience) for ELISA, proliferation assays,
and Western blot. Unconjugated anti-IL-2 mAb S4B6 was purchased
from Bioport. The following antirat mAbs were used for Western blot:
anti-k-biotin, anti-lgG2a (BD Biosciences), and polyclonal anti-IgG-
biotin (eBioscience). CTLA-4Ig fusion protein chimera was purchased
from BD Biosciences. Antibiotin-HRP and anti-IgG-HRP conjugates
were purchased from Cell Signaling Tech. Extravidin—peroxidase
conjugate was purchased from Sigma.

Biotinylation. Anti-IL-2 mAb JES6.1-A12 and S4B6 were
biotinylated by EZ-Link Sulfo-NHS-LC-Biotin (Pierce) according to
the standard protocol.

Preparation of Expression Vectors. Total RNA was isolated
from Mus musculus CS7BL/6 spleen cells stimulated for 24 h with
aCD3 (5 pg/mL) and aCD28 (20 pg/mL) mAb and then from Rattus
rattus S4B6 hybridoma cells using TRIZOL reagent (Gibco) according
to the manufacturer protocol. DNasel-treated total RNA (2 ug) were
reverse-transcribed using oligo(dT),, 5 and Superscript II Reverse
Transcriptase (Invitrogen) to cDNA and then used in PCR. Mouse IL-
2 ¢cDNA was amplified by primers F-IL2/R-IL2-SPACER, and light rx
chain ¢DNA was amplified by primers VKBI-SPACER/VKF MYS
using Platinum Taq DNA Polymerase (Invitrogen), resulting in
specific PCR products (Table 1). Both products were digested by
BamHI (Fermentas) and ligated in one fused fragment linked by a
30bp spacer. The fragment was digested by Kpnl/Xhol and cloned
into Kpnl/Xhol restriction site of pcDNA3.1(+)/HYGRO vector,
which was then transformed into TOP 10F’cells. Rat heavy chain
cDNA was amplified similarly to the light chain, yet by primers
VHBINEW RF/VHFRAT2A. The PCR product was digested with
HindIll/Kpnl and then ligated into HindIII/Kpnl digested pSecTagA/
ZEQ, which was then transformed into TOP 10F cells.

Transient Expression and Production of sclL-2/54Bé6.
Transient expression was carried out in CHO-S cells and mediated
by FuGene transfecting reagent (Promega) according to the standard
protocol in OptiMEM protein-free medium (Invitrogen). Cells were
cotransfected by two expression vectors containing IL-2- light chain
sequence and heavy chain, respectively. Transfectomas were grown in
OptiMEM protein-free medium with desired concentration of valproic
acid (R&D Systems), and supernatants were collected, dialyzed against
PBS, concentrated, and stored in —70 °C.

Establishing of Stable Transfectant. Stable transfectant clone
104/53 was made using the same reagents, media, and expression
vectors as in the transient transfection. CHO-S cells were first
transfected by an expression vector containing IL-2-x light chain
sequence with Hygromycin B selection cassette, followed by
cotransfection with an expression vector containg a heavy chain
sequence with Zeocin selection cassette. Stable clone was obtained out
of two subsequent single cell cloning and selection cycles with rising
concentrations of Hygromycin B (10—75 pg/mL) and Zeocin (5—25

Table 1
primer nucleotide sequence (5'—3') purpose restriction site
FIL2 GCAAGGTACCATGTACAGCATGCAGCTCGC L2 Kpnl
R-1L2-SPACER CAGGATCCTCCTCCTCCAGAACCTCCGCCACCTTGAGGGCTTGTTGAG BamHI
VKBI-SPACER GTGGATCCGGTGGCGGAGGTTCTGACATYCAGRTGACCCAGTCTC light & chain BamHI
VKE MYS GCCACTCGAGCtaACACTCATTCCTGTTG Xhol
VHBINEW RF GTGTAAGCTTCRAGGTGCARCTGCAGGAGTCTG heavy chain HindIll
VHFRAT2A GCAGGTACCTCATTTACCAGGAGAGTGGGAG Kpnl
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,ug/mL). Clones were screened for production of scIL-2/S4B6 by
ELISA, cryopreserved, and stored in —152 °C.

IL-2/S4B6 Immunocomplexes. These immunocomplexes™ were
prepared by adding rmIL-2 (Prospec) into a solution of anti-IL-2 mAb
S4B6 (both reagents in PBS) at a molar ratio 2:1. After a 15 min
incubation at RT, the immunocomplexes were diluted with PBS to the
desired concentration.

Surface Staining and Flow Cytometry Analysis. A single cell
suspension was prepared from harvested spleens of OT-I mice by
GentleMACS Dissociator (Miltenyi Biotech). After RBC lysis, cells
were resuspended in FACS buffer (PBS, 2% FCS, and 2 mmol
EDTA), blocked by 10% mouse serum for 30 min on ice, and stained
with fluorochrome-labeled mAbs for 30 min on ice in dark. Cells were
washed twice after each step in FACS buffer and fixed in 4%
paraformaldehyde prior to analysis. Flow cytometric analysis was
performed on LSRII (BD Biosciences) and data were analyzed using
FlowJo software (Tree Star).

ELISA. NUNC MaxiSorp 96-well flat-bottom plates were plated
with 5 ug/mL anti-IgG2a mAb and incubated overnight in 4 °C. Wells
were rinsed and then blocked with 1% gelatin in PBS (2 h, RT), and
samples were plated in a desired dilution or concentration, alone or in
the presence of competitive mAbs, along with blank (PBS) and titrated
IL-2/S4B6 as standard (2 h, RT, agitated). After rinsing, detection
antibodies were added in dilution buffer (PBS, 0.5% gelatin, 3% PEG
6000, and 0.1% Tween 20) in a concentration of 0.05 ug/mL (1.5 h,
RT), followed by rinsing and incubation with extravidin—peroxidase
conjugate (1 h, RT). After the last rinse, a plate was developed using
3,3',5,5 -tetramethylbenzidine (Sigma) for 10 min maximum, stopped
by 2 M H,SO,, and analyzed on Tecan Rainbow ELISA reader and
BIOLISA software (Tecan).

Proliferation Assay in Vitro. A single cell suspension was
prepared from the spleen of OT-I mice by GentleMACS Dissociator
(Miltenyi Biotech). After RBC lysis, cells were washed, centrifuged for
5 min at 300g, resuspended in fresh culture medium, and seeded into
Nunc 96-well flat-bottom plates in 0.2 mL volume and § X 10* cells/
mL density. SINFEKL peptide (50 nM) (MBL international), CTLA-
41g protein chimera (2.5 pg/mL), and either IL-2ic or supernatant
from transient transfection was added, together with control, anti-
CD122, and anti-IL-2 JES6.1 mAbs on the beginning of cultivation.
The plates were then cultured in 5% CO; for 72 h at 37 °C, and 18.5
kBq of [*H]-thymidine was added for the final 8 h of cultivation before
harvesting.

Western Blot. Cells (1—5 X 107) were washed twice with an ice-
cold Tris-buffered saline (TBS) with 1 M Na,VO, and centrifuged
(4000, 4 °C). Cells were then resuspended in extract buffer
composed of 1% Nonidet P-40 (Pierce), 1 mM Na,VO, 1 mM
EDTA, 2 mM EGTA, 10 mM NaF, 1 mM DTT, 5% Protease mix
(Sigma), 1 mM PMSF, and TBS at pH 7.4 and passed ten times
through a needle (25—30G). Cell lysates were centrifuged at 4000g (4
°C) and protein concentration in aspirated supernatants was
determined. 20 ug of protein was loaded per lane and run on SDS-
PAGE either under standard or denaturating conditions using 10%
polyacrylamide gel. Semidry blotting procedure with nitrocellulose
membrane was performed, and scIL-2/S4B6 was detected by one of
the primary antibodies (anti-rk-biotin, anti-rlgG-biotin, anti-rlgG2a, or
anti-mIL-2 JES6.5H4-biotin) together with a secondary antibody
(antibiotin-HRP or anti-mIgG-HRP).

Adoptive Transfer. Purified OT-I CD8" T cells (Ly5.2) were
labeled with CFSE and injected iv. into B6.SJL recipients (LyS.1) at 1
X 10° cells per mouse. The next day, the mice were injected ip. with
PBS, 4 nmol SIINFEKL peptide (MBL International), 4 nmol
SONFEKL peptide plus IL-2ic, or 4 nmol SIINFEKL peptide plus
scIL-2/S4B6 (40, 80, or 240 ng of IL-2 equiv). IL-2ic and scIL-2/S4B6
were injected 24 and 48 h later (total of 3 doses). Mice were sacrificed
24 h after the last dose, and spleens were harvested.

CFSE Labeling. Labeling of the cells with CFSE was carried out as

described elsewhere.
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IV.2  Novel IL-2-Poly(HPMA) Nanoconjugate Based Immunotherapy

This study introduces a novel approach by covalently attaching synthetic semitelechelic
polymers based on N-(2-hydroxypropyl)methacrylamide (HPMA) to IL-2 through aminolysis
of the e-amino groups within the lysine residues. The resultant IL-2-poly(HPMA) conjugate,
averaging 2-3 polymer chains per IL-2 molecule, exhibited reduced in vitro biological activity
compared to native IL-2 due to poly(HPMA) chains partially preventing the interaction with
IL-2R. However, this approach substantially increased the half-life of IL-2-poly(HPMA)
conjugate in circulation (~4 h for the conjugate compared to < 10 min for free IL.-2), which,
together with its partially CD122-biased activity, led to enhanced biological activity in vivo.
This conjugate significantly expanded memory CD8" T, NK, NKT, v T, and Treg cells.
Furthermore, the conjugate markedly potentiated the CD8" T cell response following peptide-
based vaccinations. These findings underscored the potential of polymer-modified IL-2 in
improving the therapeutic profile of cytokine-based treatments, providing a groundbreaking
proof-of-concept for polymer/protein modifications in enhancing their biological activity for
immunotherapy applications.

P. Weberova’s contribution to this publication:

All biological studies reported in this manuscript resulted from my work, including
experiments' design, execution, data analysis, and interpretation of results. I significantly
contributed to the preparation of the manuscript. Overall contribution ~ 60%.
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Interleukin-2 (IL-2) possesses a strong stimulatory activity for activated T and NK cells and it is an attractive molecule for
immunotherapy. Nevertheless, extremely short half-life and severe toxicities associated with high-dose |L-2 treatment are
serious and limiting drawbacks. In order to increase IL-2 half-life in vivo, we covalently conjugated synthetic semitelechelic
polymeric carrier based on N-(2-hydroxypropyl)methacrylamide (HPMA) to IL-2. Thus, we synthesized IL-2-poly(HPMA)
conjugate containing 2-3 polymer chains per IL-2 molecule in average. Such conjugate has lower biologic activity in
comparison to IL-2 in vitro. However, it exerts much higher activity than IL-2 in vivo as shown by expansion of memory
CD8" T, NK, NKT, ¥8T and Treg cells. Moreover, IL-2-poly(HPMA) extremely effectively potentiates CD8" T cell peptide-
based vaccination. IL-2-poly(HPMA) shows also much longer half-time in circulation than IL-2 (~4 h versus ~5 min).
Collectively, modification of IL-2 with poly(HPMA) chains dramatically improves its potency and pharmacologic features
in vivo, which have implications for immunotherapy. To our knowledge, this is the first proof-of-concept report of the use

of polymer/protein modification of IL-2 to obtain more pronounced biological activity.
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Immunostimulation.

N-(2-hydroxypropyl)Methacrylamide,

Poly(HPMA) Conjugate, CD8" T Cells, Vaccination,

INTRODUCTION

Interleukin-2 (IL-2) is a small glycoprotein produced by
activated T cells. IL-2 plays a crucial role in T cell-
mediated immune responses as it promotes proliferation
and survival of activated T cells and NK cells and it
induces expression of effector functions in these cells. This
cytokine further stimulates proliferation of memory CD8*
T cells and, to a lesser extent, also activated B cells.! IL-2
is thus a very attractive molecule for immunotherapy and
vaccination. However, due to its small molecular size, 1L-2
is rapidly cleared through the kidneys, where it is metabo-
lized completely.”* This results into limited bioavailability
and therefore low bioactivity of IL-2 when administered
as a recombinant protein.> Attempts to administer IL-2 in
high doses lead to many types of serious toxicities like
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vascular leak syndrome, severe pulmonary oedema® and
many others.”®

Increasing the molecular size of IL-2 may lead to
reduced renal clearance, thereby achieving prolonged
circulation.”'” IL-2 has been modified with synthetic
polymeric carrier polyethylene glycol (PEG) for the first
time more than 25 years ago. The IL-2-PEG conju-
gate was shown to have up to 20-fold increased plasma
half-life in comparison to IL-2 and IL-2-PEG was thus
considered as promising drug.” Although earlier studies
in animals® 121516 and humans''* suggested positive
effects in the treatment of various cancers, more recent
data, however, failed to clearly demonstrate an advantage
for IL-2-PEG in comparison to IL-2.!72° Other alternative
strategies such as fusion or conjugation of IL-2 to serum
proteins like albumin (Albuleukin)®' or I1gG** were also
employed and showed to be effective in terms of increas-
ing the bioavailability and also antitumor activity of IL-2.

PEG is the gold standard in the emerging field of
polymer-based drug delivery, although the situation regard-
ing PEGylated proteins is rather complicated. Since a vast

doi:10.1166/jbn.2015.2114 1662
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amount of clinical experience has been gained with PEGy-
lated products up to this time, not only benefits but possi-
ble side effects and complications have also been found.”
Among them, adverse effects in the body that can be pro-
voked by the PEG itself or by side products formed dur-
ing synthesis that lead to hypersensitivity are the most
frequent ones.”>>* Furthermore, PEG may possess anti-
genic and immunogenic properties as a haptene.”* With
all these potential drawbacks of PEGylated proteins in
mind, we focused on another well characterized, but chem-
ically significantly different synthetic polymeric carrier
based on N-(2-hydroxypropyl)methacrylamide (HPMA).
Poly(HPMA) is water-soluble and entirely biocompatible,
i.e., non-immunogenic polymer which is easily eliminated
from the body when chains up to 40 kDa are used.’*?
Importantly, when comparing immunogenicity of protein-
polymer conjugates, our laboratory showed that conjugates
containing PEG possess higher ability to provoke hosts
immunity than that ones with poly(HPMA).**=5 Superox-
ide dismutase (SOD), bovine seminal ribonuclese (BSR)
and a-chymotrypsin were conjugated to semitelechelic
poly(HPMA). The conjugation decreased the immuno-
genicity of conjugates, increased the temperature stability
of poly(HPMA)-SOD conjugates and proteolytic stability
of poly(HPMA)-BSR conjugates.*® ¥

In this study, we designed and synthesized an in
vivo superagonistic form of IL-2 through its modifica-
tion with well-defined polymeric carrier based on HPMA.
By covalent conjugation of semitelechelic poly(HPMA)
chains (MW~20 kDa) to IL-2 through aminolysis of
g-amine group in lysine residues, we synthesized IL-2-
poly(HPMA) conjugate containing in average 2-3 polymer
chains per IL-2 molecule and with relatively narrow size
distribution (~B = 1.9). We determined the biological
activity of IL-2-poly(HPMA) conjugate on activated CD8*
T and NK cells in vitro and on CD8' T, NK, NKT,
v6T and Treg cells in vivo and we demonstrate here
the benefits of this conjugate over unmodified IL-2. This
study was not focused to develop new form of IL-2 for
tumor immunotherapy, but rather much broadly to gen-
erally increase the biological activity and improve phar-
macological features of IL-2 in vivo and thus potentially
enable the use of this cytokine and, theoretically, also other
cytokines in various biomedical applications like vacci-
nation, immunodeficiency, and reconstitution of immune
system after BMT, etc.

MATERIALS AND METHODS

Chemicals

Methacryloy!l chloride, 1-aminopropan-2-ol, 4.4'-azobis
(4-cyanopentanoic  acid)  4,5-dihydro-thiazole-2-thiol,
N,N'-dicyclohexylcarbodiimide (DCC) were purched from
Sigma-Aldrich, Czech Republic. Mouse recombinant
interleukin-2 (IL-2) was purchased from ProSpec-Tany
TechnoGene Ltd. (Israel). All other chemicals and solvents
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were of analytical grade. The solvents were dried and
purified by conventional procedures and distilled before
use.

Synthesis of Monomer and Semitelechelic
Poly(HPMA)

N-(2-Hydroxypropyl)methacrylamide (HPMA) was syn-
thesized by a modified reaction of methacryloyl chloride
with 1-aminopropan-2-ol in dichloromethane in the pres-
ence of sodium carbonate.® Azo initiator 3,3'-azobis
(4-cyano-4-methyl-1-oxobutane-1.4-diyl)bis(thiazolidine-
2-thione) (ABIC-TT) was prepared by reaction of
4,4'-azobis (4-cyanopentanoic acid) with thiazolidine-2
thione in the presence of DCC in THF.* Semitelechelic
poly(HPMA) containing thiazolidine-2-thione reactive
group (polyHPMA-TT) at the polymer end chain was pre-
pared by radical solution polymerization of HPMA (0.5 g,
3.5 mmol) initiated with azo initiator ABIC-TT ( 0.228 g)
in DMSO (3.5 mL) in a sealed ampule under nitrogen
atmosphere at 60 °C for 6 h. Yield of polymerization was
0.299 g (59.8%) of polyHPMA-TT with molecular weight
24 kDa and polydispersity P =1.9.

Synthesis and Characterization of
IL-2-poly(HPMA) Conjugate

IL-2 (4 mg) was dissolved in PBS buffer pH 7.4 (0.8 mL),
cooled to 0 °C and then polyHPMA-TT (12 mg) was
added. Reaction mixture was stirred for 6 h and the pH =
8.2 was maintained by addition of sodium borate using
pH-stat. Polymer conjugate IL-2-poly(HPMA) was sepa-
rated from unbound polymer by size exclusion chromatog-
raphy (SEC) on AKTAexplorer equipped with Superpose
6 column and UV detector set to 280 nm using 0.3 M
sodium acetate buffer pH 6.5 as mobile phase. Fraction
containing IL-2-poly(HPMA) conjugate was concentrated
on Vivaspin with cut off 10 000 kDa, desalted using PD-10
column and lyophilized. The yield was 10 mg of IL-2-
poly(HPMA) conjugate with molecular weight Mw 62 300
and polydispersity B = 1.9.

Number-average molecular weight (Mn), weight-
average molecular weight (Mw), and polydispersity (D)
of poly(HPMA)-TT and IL-2-poly(HPMA) conjugate were
measured using SEC on a HPLC Shimadzu system
equipped with UV, an Optilab rEX differential refractome-
ter and multiangle light scattering DAWN 8 (Wyatt Tech-
nology, USA) detectors using Superose 6 column. The
0.3 M sodium acetate buffer pH 6.5 was used as mobile
phase.

The content of IL-2 in the IL-2-poly(HPMA) conju-
gate (59 wt%) was determined by amino acid analysis of
hydrolyzed conjugate (6 M HCI, 115 °C, 18 h in a sealed
ampule) on a reverse-phase column Chromolith HighRe-
sulution RP-18e, 100 x 4.6 mm (Merck, Germany) using
precolumn derivatization with phthalaldehyde (OPA) and
3-sulfanylpropanoic acid (excitation at 229 nm, emission at
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450 nm). Gradient elution with 10-100% of solvent B for
35 min at a flow rate of 1.0 mL/min was used (solvent A,
0.05 M sodium acetate buffer, pH 6.5; solvent B, 300 mL
of 0.17 M sodium acetate and 700 mL of methanol).

Mice

Female and male C57BL/6 mice were obtained from a
breeding colony at the Institute of Physiology (Academy
of Sciences of the Czech Republic, v.v.i., Prague, Czech
Republic). Transgenic OT-1 mice and B6.SJL (Ly5.1) mice
were bred and kept at the genetically modified organism
facility of the Institute of Molecular Genetics (Academy
of Sciences of the Czech Republic). The mice were used
at 9-15 wk of age. All experiments were approved by the
Animal Welfare Committee at the Institute of Microbiol-
ogy (Academy of Sciences of the Czech Republic, v.v.i.,
Prague, Czech Republic).

Cell Lines and mAbs

Murine YAC-1 cell line was purchased from Ameri-
can Type Culture Collection. The following anti-mouse
mAbs were used: CD3-eF450, CD4-APC (/allophy-
cocyanin), CD8-A700, CDS8-PerCP-Cy5.5, CD44-APC,
CD45.2-APC, Ly5.2-A700, DX5-PE, IFN-y-PE mAb,
1gG2b-PE, NK1.1-PerCP-Cy55, CD25-PE, Foxp3-PE, IL-
2 clone JES6-1A12 and IL-2 clone JES6.5H4, CDI122-
PE (eBioscience), CTLA-4-IgG mAb (BD Pharmingen).
CD25-APC and S4B6 mAb were provided by Drbal (Insti-
tute of Molecular Genetics, Academy of Sciences of the
Czech Republic, v.v.i., Prague, Czech Republic). Func-
tional grade purified blocking anti-mouse mAbs anti-CD25
(PC61.5) and anti-CD122 (Tm-bl) were purchased from
eBioscience.

Proliferation Assay In Vitro

Purified CD8% T cells were seeded into Nunc 96-well
flat-bottom plates in 0.2 ml volume and density of 2,5 x
10° cells/ml, cultured with 5 wg/ml soluble anti-CD3 and
1 pg/ml CTLA-4-IgG plus titrated amounts of free IL-
2 or IL-2-poly(HPMA) conjugate. The plates were then
cultured in 5% CO, for 72 h at 37 °C. A 18.5 kBq of
[*H]thymidine was added for the final 8 h of cultiva-
tion before harvesting. Purified NK cells were cultured at
1.25 x 10® cells/ml with IL-2 or IL-2-poly(HPMA) con-
jugate. The plates were cultured in 5% CO, for 72 h at
37 °C. A 18.5 kBq of [*H]thymidine was added for the
final 18 h of cultivation before harvesting.

Adoptive Transfer of OT-I Cells

Purified OT-I CD8* T cells (Ly5.2) were labeled with
CFSE and injected i.v. into B6.SJL recipients (Ly5.1) at
1,2 x 10 cells per mouse. Next day, the mice were injected
i.p. with PBS, SIINFEKL peptide (2 nmol, MBL Interna-
tional), SIINFEKL peptide plus polyinosinic-polycytidylic
acid (poly(I:C), 75 wg), IL-2-poly(HPMA) conjugate plus

J. Biomed. Nanotechnol. 11,1662—-1673, 2015

SIINFEKL peptide, or free IL-2 plus SIINFEKL peptide.
Detailed schedule of the treatment is indicated at each
experiment.

Staining for Surface and Intracellular Markers
Cells were resuspended in FACS buffer (PBS with 2%
FCS, 2 mmol EDTA and 0,05% sodium azide), blocked
by 10% mouse serum for 30 min on ice and stained with
fluorochrome labeled mAbs for 30 min on ice in the dark.
Cells were washed twice after each step in FACS buffer
and fixed in 4% paraformaldehyde before analysis. When
intracellular markers were stained. cells were addition-
ally incubated in Fixation Buffer (eBioscience) 30 min on
ice in the dark. Then washed twice in 1x Permeabilisa-
tion Buffer (eBioscience) and stained with fluorochrome
labeled mAbs for 30 min on ice in the dark. Cells were
washed three times in 1x Permeabilisation Buffer and
resuspended in FACS buffer before analysis. Labelling the
cells with CFSE was conducted as described elsewhere.*
Flow cytometric analysis was performed on LSRII (BD
Biosciences), and data were analyzed using FlowJo soft-
ware (Tree Star).

Measuring of Intracellular IFN-y Expression
Spleen cell suspensions from B6.SJL (Ly 5.1) mice were
seeded into Nunc 12-well flat-bottom plates in 2 ml vol-
ume and restimulated with 50 nM SIINFEKL peptide. The
plates were then cultured in 5% CO, for 6 h at 37 °C.
Brefeldin A (Sigma-Aldrich) was added for last 4 h of cul-
tivation at final concentration of 2,5 wg/ml. IFN-y-PE or
IgG2b-PE mAb (isotype control) were used in intracellular
staining followed by flow cytometric analysis.

Detection of Antigen-Specific T-Cells with
MHC-Dextramers

C57BL/6 mice were immunized i.p. with SIINFEKL pep-
tide (40 pg) plus poly(L:C) (75 pg) with or without the
IL-2-poly(HPMA) conjugate (4 pg of 1L-2) administered
i.p. on the same day and for next 3 consecutive days. Sec-
ond and third round of immunization was performed in the
same schedule and given with 10-day intervals between the
courses. Splenocytes were isolated 10 days after the third
immunisation and stained with the H-2Kb/SIINFEKL-PE
dextramers (Immudex) at 2 x 10° cells per tube accord-
ing to the manufacturer’s protocol. All samples were then
incubated for 30 min at 4 °C in the dark with CD3-FITC,
CD4-PerCP, and CD8-Horizon V500 mAb in conditions
recommended by the manufacturer (Immudex).

Kinetics of IL-2-Poly(HPMA) in Circulation

C57BL/6 mice were injected i.p. with free IL-2 (2 ug)
or IL-2-poly(HPMA) conjugate (2 pg of IL-2). Blood
from the mice was collected 3 min, 15, and 75 min
(for IL-2) and 3 min, 15 min, 1 h, 2, 4, 6, 8, 24
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and 48 hours (for IL-2-poly(HPMA)) after the injec-
tion and kept on ice. Tubes with blood were left for
30 min at 5 °C, and then repeatedly centrifuged (14
000 rpm, 10 min, 4 °C) to obtain blood sera. Serum
IL-2 concentrations were determined by standard sand-
wich ELISA with anti-mouse JES6.1A12 and anti-mouse
JES6.5H4-biotin mAbs. Detection was performed using
extravidin-HRP (Sigma) and 3.3".5.,5'-tetramethylbenzidine
as a substrate (TMB, Sigma). Absorbance was read for
each well with a microplate reader BIOLISA set to
450 nm.

Determination of the Maximum Tolerated DOSE
(MTD) of IL-2-Poly(HPMA) Conjugate

B6.SIL mice were injected i.p. with PBS or IL-2-
poly(HPMA) (1.25, 2.50 or 3.75 mg/kg of IL-2) on day 1.
Weight of each mouse (3 mice/group) was recorded prior
to injection (day 0) and each day for next 7 days. Survival
was evaluated on day 9. Next, B6.SJL mice were injected
i.p. with PBS or IL-2-poly(HPMA) daily for 5 consecutive
days (one dose 0.2, 0.3 or 0.4 mg/kg of IL-2) starting on
day 1. Weight of each mouse (5 mice/group) was recorded
prior to injection (day 0) and each day for next 9 days.
Survival was evaluated on day 13.

RESULTS

The semitelechelic polymer containing TT reactive groups
at the end of polymer chain (polyHPMA-TT) was pre-
pared by radical solution polymerization. The molecular
weight of polyHPMA-TT was controlled by concentration
of monomer, azo initiator ABIC-TT and polymerization
temperature. The amino groups from lysine residues of IL-
2 were reacted with semitelechelic polyHPMA-TT form-
ing the IL-2-polyHPMA conjugate in which the polymer
chains are attached to IL-2 via a single polymer end-chain
amide bond (Scheme 1). The conjugation reaction was car-
ried in buffer solution at pH = 8.2. At these conditions the
difference between the rate of aminolysis and hydrolysis
of polyHPMA-TT is significantly more pronounced and
aminolysis is prevailing.

The IL-2-polyHPMA conjugate was synthesized with
the aim to improve the biological activity and pharmaco-
logical features of IL-2 in vivo. However, we decided first
to determine the biological activity of IL-2-poly(HPMA)
in vitro and to compare it with unmodified IL-2. We
used the same batch of IL-2 both for conjugation to
poly(HPMA) and as the source of unmodified IL-2 just
to make sure that we are starting with the protein of the
identical biological activity.

Stimulatory Activity of IL-2-Poly(HPMA) for
Activated CD8* T and NK Cells In Vitro

Since IL-2 potently stimulates proliferation of activated T
cells and NK cells, we used purified CD8* T and NK cells
from B6 mice as an experimental system. We activated
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Scheme 1. Scheme showing a key steps in synthesis of IL-2-
poly(HPMA) conjugate. The box at bottom right corner of IL-2
shows the primary amino acid sequence of this cytokine with
lysines shown in red. £&-amino groups of lysine residues are
potentially modified with reactive semitelechelic poly(HPMA)
precursor (pPHPMA-TT).

CDS8* T cells by anti-CD3 mAb and we also added CTLA-
4-Ig to cultures to minimize the proliferation background,
i.e., the level of proliferation without IL-2, since CD8*
T cells upregulate expression of costimulatory molecule
CD86 upon TCR signalling. NK cells do not need any
stimulation to be responsive to IL-2. We found that IL-
2-poly(HPMA) conjugate was able to stimulate prolifer-
ation of both activated CD8% T and NK cells, albeit at
higher concentrations (~30-50 times) than IL-2 in vitro
(Figs. 1(A) and (D)).

Such decrease of in vitro biological activity probably
reflects the fact that modification of IL-2 molecule with
several poly(HPMA) chains could impede the interaction
with IL-2 receptor to some extent. To further investigate
this hypothesis, we determined the effect of blocking anti-
CD25 and anti-CD122 mAbs in cultures of activated CD8*
T (CD25"#") and NK (CD122"#") cells stimulated with IL-
2 and IL-2-poly(HPMA) conjugate. Both blocking mAbs
inhibited stimulatory activity of IL-2-poly(HPMA) conju-
gate more severely than that of IL-2, except of anti-CD122
mADb in NK cells where complete inhibition was achieved
both in IL-2 and IL-2-poly(HPMA) conjugate stimulated
cells (Figs. 1(B), (C), (E) and (F)). Thus, modification
of IL-2 with poly(HPMA) chains decreased the ability
of IL-2 to interact with its receptor subunits, particularly
with CD25, and leads to significantly lowered biological
activity in vitro.
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IL-2 covalently modified by poly(HPMA) is capable of stimulating proliferation of activated CD8* T cells and NK cells

in vitro. (A), Purified CD8* T cells were cultured at 5 x 10* cells per well with anti-CD3 mAb (5 pg/ml), CTLA-4-Ig (1 pg/ml) and
IL-2 or IL-2-poly(HPMA) conjugate. (B) and (C), Purified CD8* T cells were cultured at 6.6 x 10* cells per well under the same cell
conditions as in A plus 10 ug/ml anti-CD25 mAb or anti-CD122 mAb. (D), Purified NK cells were cultured at 2.5 x 10° cells per
well with IL-2 or IL-2-poly(HPMA) conjugate. (E) and (F), Purified NK cells were cultured at 2.5 x 10* cells per well with IL-2 or
IL-2-poly(HPMA) plus 10 pg/ml anti-CD25 mAb or anti-CD122 mAb. Data show mean levels + SD of [*H]thymidine incorporation
for triplicate cultures on day 3. Data are representative of at least two independent experiments with similar results.

IL-2-Poly(HPMA) Acts as an IL-2

Superagonist In Vivo

Next, we asked whether IL-2-poly(HPMA) conjugate
also possess a biological activity in vivo. We decided
to investigate the effect of IL-2-poly(HPMA) in com-
parison to IL-2 on several subsets of immunocom-
petent cells which are naturally responsive to IL-2
per se. Thus, we injected naive B6 mice with IL-
2 and equivalent dose of IL-2-poly(HPMA) daily for
four consecutive days and analyzed spleen cells by
flow cytometry one day after the last injection. IL-2-
poly(HPMA) conjugate was found to be far more potent
than IL-2 (Fig. 2(A)) in terms of expansion of mem-
ory CD8* T cells (CD3*CD8*CD44"¢"CD122""), NK
cells (CD3"NKI1.1"DX5%), NKT cells (CD3TNKI1.17),

J. Biomed. Nanotechnol. 11,1662-1673, 2015

y6 T cells (CD3*y8TCR*) and T regulatory cells
(CD4*Foxp3™*; henceforth Treg).

Memory CD8% T cells and NK cells had very high
relative counts in spleen of mice treated with IL-2-
poly(HPMA) conjugate, being about 25% and 15% of
all splenocytes, respectively (Fig. 2(B)). Dramatic expan-
sion of IL-2 responsive cell subsets was also reflected by
considerably increased spleen cellularity in mice treated
with IL-2-poly(HPMA) conjugate while spleen cellularity
in mice treated with IL-2 remained comparable to PBS
treated controls (Fig. 2(C)). Memory CD8" T, NK and
NKT cells increased their absolute numbers in mice treated
with IL-2-poly(HPMA) about 90-120 times relatively to
controls and 50-90 times relatively to IL-2 treated mice
(Fig. 2(D)). Absolute numbers of y8 T and Treg cells in
mice treated with IL-2-poly(HPMA) were increased about
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Figure 2. IL-2-poly(HPMA) conjugate potently drives expansion of memory CD8* T, NK, NKT, yé T, and Treg cells. B6.SJL mice
were injected i.p. with PBS (control), IL-2 (10 png) or IL-2-poly(HPMA) (10 ug of IL-2) daily for 4 days. Mice were euthanized
1 day after last injection and their spleen cells were analyzed. (A), Relative expansion of CD44*CD122" cell population within
CD3*CD8* cells (memory CD8* T cells; upper row), NK1.1*DX5* cell population within CD3- cells (NK cells; second row
from top), CD3*NK1.1* cell population within all splenocytes (NKT cells; middle row), CD3*y3TCR* cell population within all
splenocytes (yé T cells; second row from bottom) and CD4+Foxp3* cell population within all splenocytes (Treg cells; bottom
row). One representative mouse of 2 mice per each condition is shown. (B), Relative size of cell populations described above
in spleen. Average of 2 mice per condition=+SD is shown. (C), Spleen cellularity of mice treated as in (A). Average of 4 mice
per condition+SD is shown. (D), Total numbers of memory CD8* T, NK, NKT, yo6 T and Treg cells in spleen were calculated.
Relative expansion of these cell populations is given as a ratio calculated from their total numbers in each condition (PBS, IL-2
and IL-2-poly(HPMA) treatment). (E), B6.SJL mice were injected i.p. with PBS (control), IL-2 (2 ng) or IL-2-poly(HPMA) (2 ug of
IL-2) on day 1. Mononuclear cells (effectors; E) were isolated from spleens on day 6 and incubated with [*H]thymidine-labeled
target (T) YAC-1 cells at various E:T ratios for 4 h. Lysis of target YAC-1 cells by cytolytic effector cells was determined as loss
of radioactivity in the harvested cells relative to appropriate controls. Data are representative of two independent experiments
with similar results.

20-35 times relatively to controls as well as IL-2 treated  or IL-2 and analyzed cytolytic activity of mononuclear
mice (Fig. 2(D)). We also wanted to address the question  cells isolated from spleens of these mice by JAM assay
whether IL-2-poly(HPMA) is capable of increasing the on day 6. Indeed, cytolytic activity of mononuclear cells
NK cytolytic activity in spleen cells of treated mice. We from spleen was markedly increased by treatment with
injected B6 mice with single dose of IL-2-poly(HPMA)  IL-2-poly(HPMA) but only slight increase was observed
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after the treatment with IL-2 (Fig. 2(E)). Thus, based on
much higher stimulatory activity to expand naturally IL-
2 responsive immunocompetent cell populations, we can
conclude that IL-2-poly(HPMA) acts as IL-2 superagonist
in vivo.

IL-2-Poly(HPMA) Enormously Potentiates CD8+ T
Cell Response

We demonstrated above that IL-2-poly(HPMA) conjugate
possesses much higher stimulatory activity than IL-2 to
expand naturally IL-2 responsive immune cell subsets in
vivo. We further asked whether IL-2-poly(HPMA) has
also such a potent stimulatory activity for activated T
cells. Thus, we employed adoptive transfer of purified and
CFSE-labeled OT-1 CD8" T cells from Ly5.2" OT-I mice
into congeneic Ly5.1* mice. OT-I CD8" T cells were then
selectively activated by injection of SIINFEKL peptide one
day post transfer followed by daily treatment with TL-2-
poly(HPMA) conjugate or IL-2 for four days. The IL-2-
poly(HPMA) conjugate exhibited extremely high efficacy
to stimulate the proliferation (Fig. 3(A)) and expansion
(Fig. 3(B)) of activated OT-1 CD8* T cells, while TL-2
showed practically no activity even at 10 pug IL-2/dose.
Moreover, OT-I CD8* T cells expanded by injection
of SIINFEKL peptide plus IL-2-poly(HPMA) conjugate
showed high expression of CD25 as long as 5 days after
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Figure 3. IL-2-poly(HPMA) conjugate has dramatically
increased potential to expand activated CD8* T cells in com-
parison to IL-2 in vivo. Purified OT-| CD8* T cells (Ly5.2) were
labeled with CFSE and injected i.v. into congeneic B6.SJL
recipients (Ly5.1) at 1.2 x 10° cells per mouse on day 1. On
day 2, the mice were injected i.p. with PBS (control), SINFEKL
peptide (2 nmol) plus poly (I:C) (75 ng), SIINFEKL peptide
plus IL-2 (10 ng) or SIINFEKL peptide plus IL-2-poly(HPMA)
(1 pg or 10 pug of IL-2). IL-2 and IL-2-poly(HPMA) were
injected i.p. also on days 3, 4, and 5. (A), CFSE dilution, CD25
expression and expansion of Ly5.2*CD8* T cells relative to
control (bottom left corner of each dot plot) in spleen were
analyzed 1 day after last injection. One representative mouse
of 2 mice per each condition is shown. (B), Relative counts of
Ly5.2*CD8* cells in spleens of experimental mice. Average of
2 mice per condition+SD is shown. Data are representative
of at least two independent experiments with similar results.
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activation, whereas OT-I CD8" T cells expanded by injec-
tion of SIINFEKL peptide plus poly (I:C) were CD25""
(Fig. 3(A)).

Expansion of activated T cells is a key process for
primary T cell response; however, the complete T cell
response should to be finalized by the establishment of
long-lived functional memory T cells which provide rapid
and efficient immune response in the case of second anti-
gen encounter. Thus, we asked whether activated CD8*
T cells massively expanded by IL-2-poly(HPMA) conju-
gate are able to establish memory CD8* T cells which
would persist in the organism for long time. We used the
same experimental system as above, i.e., adoptive transfer
of purified OT-1 CD8* T cells from Ly5.2" OT-I mice into
congeneic Ly5.1" mice and activation of transferred cells
by injection of SIINFEKL peptide. IL-2-poly(HPMA) con-
jugate or IL-2 was injected only once together with SIIN-
FEKL peptide, but at significantly higher dose (50 ug
IL-2) than in previous experiments. The reason was that
such schedule is much more convenient for the potential
use of IL-2-poly(HPMA) as adjuvant for boosting T cell-
based vaccination and we thus wanted to explore whether
this schedule of administration is effective. OT-1 CD8* T
cells expanded only slightly in mice treated with SIIN-
FEKL peptide plus IL-2 in comparison to mice treated
with peptide alone (~3 times) on day 4 post treatment
(Fig. 4(A)).

Nevertheless, OT-I CD8* T cells were able to form
long-lived cell population in mice treated with SIINFEKL
peptide plus IL-2 albeit the population was very tiny on
day 50. On the other hand, OT-I CD8™ T cells dramatically
expanded in mice treated with SIINFEKL peptide plus IL-
2-poly(HPMA) in comparison to mice treated with pep-
tide alone (more than 100 times) on day 4 post treatment.
Almost 10% of all splenocytes were OT-1 CD8* T cells on
day 4 and these cells formed very distinguishable popula-
tion of long-lived cells with phenotype of memory CD8* T
cells on day 50, i.e., most of them were CD44"ehCD122hsh
(Figs. 4(A) and (B)).

To elucidate whether memory OT-I CD8* T cells
formed in mice injected with SIINFEKL peptide plus
IL-2-poly(HPMA) conjugate are also functional in terms
of rapid expression of effector functions upon TCR sig-
nal, we isolated spleen cells from these mice on day
50, cultivated them with SIINFEKL peptide in vitro and
analyzed their intracellular expression of IFN-y by flow
cytometry. Indeed, nearly all memory OT-I CD8* T
cells isolated from mice treated with SIINFEKL peptide
plus IL-2-poly(HPMA) conjugate expressed high levels of
IEN-y upon stimulation with SIINFEKL peptide ex vivo
(Fig. 4(C)). Thus, we have shown that IL-2-poly(HPMA)
conjugate is extremely potent in driving the expansion
of antigen-activated CD8* T cells even if administered
only in one dose together with the antigen and that such
expanded CD8" T cells form robust population of func-
tional memory CD8+ T cells.

1668

66



Novel IL-2-Poly(HPMA)Nanoconjugate Based Immunotherapy Votavova et al.

0.05 0.01 1]

—y |

' ' ' ' peplide r o ’
@l
o= = : _ . .
Ol o 002 | [ 0.0 = [ 6.6 D

peptide | | | peptide + poly (1.C)
| + free IL-2 1 8 [ IL-2-poly(HPMA)
S - : 3 | - |
|

day 6 day 13 day 50 CD8+ Ly5.2- CD8+ Ly5.2+ 4 nmol peptide
t 0.02 [ ooz | 0 t a0l
| free IL-2  IL-2-poly(HPMA)
‘ , control T 0 95.3

=

| al

e ——— m— B Q|

|

CD44

1.01 29.4

([ as4 0.92 0.39 _ [ 8 g% -
‘ P i peplide i | ' |
| ' ' ! + IL-2-poly(HPMA) I | J | _
| >

b ~ H-2Kb/SIINFEKL

cDs

Ly52 o cDi22

Figure 4. Activated CD8* T cells expanded by the IL-2-poly(HPMA) conjugate establish a robust population of functional memory
cells. Purified OT-l CD8* T cells (Ly5.2) were injected i.v. into B6.SJL recipients (Ly5.1) on day 1. Mice were injected i.p. with
PBS (control), 4 nmol SIINFEKL peptide (peptide), SIINFEKL peptide plus IL-2 (50 ug), or SIINFEKL peptide plus IL-2-poly(HPMA)
conjugate (50 pg of IL-2) on day 2. (A), Counts of Ly5.2+ CD8* T cells relative to all splenocytes were assessed on days 6, 13 and
50 (upper part of each dot plot, in %). (B), Host and transferred CD8* T cells (left and right column, respectively) were stained
for CD44 and CD122 on day 50. (C), On day 50, spleen cells were stimulated by SIINFEKL peptide for 6 h ex vivo. Brefeldin A
was added for last 4 h, and expression of IFN-y was determined in Ly5.2*CD8* cells. (D), C57BL/6 mice were immunized i.p. with
SIINFEKL peptide (40 ug) plus poly(l:C) (75 ng) with or without the IL-2-poly(HPMA) conjugate (4 ug of IL-2) administered i.p. on
the same day and for next 3 consecutive days. Second and third round of immunization was performed in the same schedule
and given with 10-day intervals between the courses. Splenocytes were isolated 10 days after the third immunization and stained
with the H-2Kb/SIINFEKL-PE dextramers. Live CD3* cells are plotted. One representative mouse of 2 mice per each condition is
shown. Data are representative of at least two independent experiments with similar results.

Since previous experiments on stimulatory activity of has significantly higher molecular weight than IL-2, we
IL-2-poly(HPMA) conjugate were done using OT-I trans-  wanted to determine the half-life of IL-2-poly(HPMA) in
genic system, i.e., by using monoclonal CD8" T cells, circulation upon i.v. administration. Thus, we established
we decided to prove the potential of IL-2-poly(HPMA)  ELISA for detection of IL-2 and IL-2-poly(HPMA) in
to dramatically enhance CD8% T cell responses also  mouse serum with detection limit 0,004 ng IL-2/ml and
in polyclonal model, i.e., in B6 mice. We injected B6 0,006 ng IL-2/ml, respectively (see Material and Methods).
mice with SIINFEKL peptide plus poly I:C and either As expected, IL-2 was rapidly eliminated from the cir-
treated mice with IL-2-poly(HPMA) for four days or not. culation after i.v. administration (Fig. 5). We found just
This immunization was repeated twice with 10 day gap. very low concentration of IL-2 (60 ng/ml) in mouse serum
Spleen cells isolated from the mice 10 days after the  as early as 3 min after i.v. injection of 2 wg IL-2 and IL-2
last immunization were analyzed by flow cytometry and was undetectable in serum 75 min after the administration.
SIINFEKL-specific CD8% T cells were identified by H-  IL-2-poly(HPMA) conjugate was detected in serum even
2Kb/SIINFEKL-PE dextramers. Almost one third of CD8* 48 h after i.v. injection of 2 g IL-2 equivalent and with
T cells were SIINFEKL-specific in mice where immuniza-  concentration actually higher than that determined 15 min
tion with SIINFEKL peptide plus poly I:C was boosted by  after injection of IL-2. Moreover, there is a remarkably
IL-2-poly(HPMA) while very low counts of SIINFEKL-  high concentration of IL-2-poly(HPMA) in serum (almost
specific CD8* T cells were found in mice immunized 400 ng IL-2/ml) which is stable for at least 1 h post admin-
with SIINFEKL peptide plus poly I:C only (Fig. 4(D)).  istration. We determined the half-life of IL-2-poly(HPMA)
Thus, we clearly showed that very high potential of IL-  in circulation to be approximately 4 h. In other words,
2-poly(HPMA) conjugate to boost CD8* T cell immune  modification of IL-2 with poly(HPMA) chains prolonged
response is not limited to monoclonal OT-I experimental  the half-life of IL-2 in circulation nearly 50 times.
model but it works also in wild type B6 mice.

Maximal Tolerated DOSE of IL-2-Poly(HPMA)
IL-2-Poly(HPMA) Conjugate has much Longer Conjugate
Half-Life in Circulation than IL-2 Next, we decided to estimate the maximal tolerated dose
IL-2 is reported to be rapidly eliminated from the cir-  (MTD) of IL-2-poly(HPMA) to further characterize the
culation upon i.v. injection with elimination half-life  pharmacological features of this conjugate. We defined the
of 3 to 13 min.%3 Since IL-2-poly(HPMA) conjugate ~ MTD as highest possible dose which causes no mortality
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Figure 5. Short half-life of IL-2 in circulation upon i.v. admin-
istration is enormously extended when IL-2 is modified with
poly(HPMA). C57BL/6 mice were i.v. injected with IL-2 (2 ng) or
IL-2-poly(HPMA) conjugate (2 pg of IL-2). IL-2 concentrations
were determined in sera isolated 3, 15, and 75 min after IL-2
administration and 3 min, 15 min, 1, 2, 4, 6, 8, 24 and 48 h
after IL-2-poly(HPMA) administration. Concentration of IL-2 in
serum was determined by sandwich ELISA with anti-mouse
IL-2 mAb JES6.1A12 as capture antibody and anti-mouse IL-2
mAb JES6.5H4 labeled with biotin as detecting mAb. Data pre-
sented are average of 2 mice per each condition+SD. Data are
representative of three independent experiments with similar
results.

and weight loss not higher than 15%. Titrated doses
of IL-2-poly(HPMA) administered as single i.p. injec-
tion showed that MTD of the conjugate is approximately
3.75 mg IL-2/kg (Fig. 6(A)). Such dose corresponds to
about 75 wg IL-2 per mouse showing that we used IL-
2-poly(HPMA) still bellow MTD in experiments analyz-
ing the potential of the conjugate to boost CD8* T cell
immune response.

Finally, we determined the MTD of IL-2-poly(HPMA)
when given i.p. daily for 5 consecutive days. Of note, IL-
2-poly(HPMA) showed to be much more toxic when using
this administration schedule in comparison to single bolus
injection. MTD was found to be 0.2 mg IL-2/kg per dose,
i.e., cumulative total dose 1 mg IL-2/kg (Fig. 6(B)). Even
slightly higher dosage 0.3 mg IL-2/kg per dose, i.e., cumu-
lative total dose 1.5 mg IL-2/kg was lethal for 2 out of 5
experimental mice. This finding further supports the use of
IL-2-poly(HPMA) in single high dose as an adjuvant for
potentiation of T cell-based vaccines.

DISCUSSION

Cytokines are key immunomodulatory agents that shape
immune responses. Our growing understanding of the bio-
logical basis of immunity and of ways in which this can
potentially be affected ultimately led to the use of recom-
binant cytokines as a new approach to immunotherapy.
IL-2 has potent stimulatory effect on T and NK cells and
also some other cells of the immune system and IL-2
immunotherapy has been shown to be beneficial in a vari-
ety of clinical trials.*'** However, the major problem of
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Figure 6. Maximum tolerated dose of IL-2-poly(HPMA) after
i.p. administration of single dose or five daily doses. A, B6.SJL
mice were injected i.p. with IL-2-poly(HPMA) conjugate (1.25,
2.50 or 3.75 mg/kg of IL-2) on day 1. Body weight of each
mouse (3 mice per group) was recorded prior to injection
(day 0) and then daily up to day 8. B, B6.SJL mice were
injected i.p. with PBS (control) or IL-2-poly(HPMA) (one dose
0.2, 0.3 or 0.4 mg/kg of IL-2) on days 1, 2, 3, 4, and 5. Weight of
each mouse (5 mice per group) was recorded prior to injection
(day 0) and then daily up to day 13. Survival of mice in each
group is indicated in graph legend.

this immunotherapeutic approach is the toxicity of high
dosage IL-2 therapy and the resultant decrease in curative
effect with low doses of IL-2.7-4546

Conjugation of IL-2 to carrier molecules such as PEG
or albumin and thereby increasing the hydrodynamic
radius of IL-2, which leads to a decrease in renal elim-
ination, and thus increasing the half-life of IL-2 upon
parenteral administration, has revealed as a promising
approach.”* 2! We have explored an alternative strategy
of using poly(HPMA) as polymeric carrier for 1L-2 to
create a new drug with improved pharmacological prop-
erties. HPMA homopolymers and copolymers have been
proposed for a wide variety of biomedical applications.
Initially they were explored as biomaterials and then as
drug delivery systems; both hydrogels and polymer-drug
conjugates have been explored. The latter became a par-
ticular focus of attention.*”™ HPMA homopolymers and
copolymers are being currently explored in a diverse range
of applications including their proposed use as coatings for
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viruses™, promotion of sub-cellular organelle (mitochon-
drial) targeting,’'™' and as second-generation anticancer
conjugates containing combination therapy.* > Our deci-
sion to choose poly(HPMA) was based mainly on our
data indicating that proteins modified with HPMA polymer
are less immunogenic than proteins modified with PEG
polymer*** and that the activity of enzymes is not damp-
ened after their conjugation to HPMA copolymers.*

The in vitro results showed that IL-2-poly(HPMA) con-
jugate promotes the proliferation of activated CD8" T cells
and NK cells and it competes with blocking anti-CD25 and
anti-CD122 mAbs for binding to IL-2 receptor. In vitro,
the biological activity of IL-2-poly(HPMA) conjugate was
about 30-50 times lower than that of IL-2 which is, how-
ever, consistent with results obtained with PEG or albumin
protein conjugates.?'- 3 This probably reflects the fact that
modification of IL-2 molecule with several poly(HPMA)
chains could impede the interaction with IL-2 receptor to
some extent. However, the decreased in vitro potency of
IL-2-poly(HPMA) was far outweighed by the significant
increase in the half-life of circulating conjugate in vivo,
which yielded a greater biological activity in vivo.

The striking differences in the pharmacokinetic charac-
teristics of IL-2-poly(HPMA) and IL-2 is approximately
50-fold difference in the elimination half-life following
i.v. injection. As expected>?, IL-2 was rapidly cleared
from the blood upon i.v. administration. In contrast, IL-
2-poly(HPMA) had a much more prolonged circulation
in blood, with a remarkably high concentration which
was stable for at least 1 h post administration. This new
approach for developing long-acting IL-2 thus showed to
be more successful than that creating IL-2-PEG or human
IL-2-albumin fusion protein (Albuleukin).® !

So far, other studies have solely described the phar-
macokinetics of PEG- or albumin-modified IL-2 and
efficacy of the treatment in various tumor models in
vivo“),ll,IE,I6,I?,I‘9,2I,56,5? We are, to our kIlOWlCdgC, the
first group showing the data concerning the changes in bio-
logical attributes of IL-2 after modification with polymer
carrier. First of all, we found that the IL-2-poly(HPMA)
conjugate possesses extremely high stimulatory activity in
vivo as shown by strong expansion of memory CD8* T
cells, NK, NKT, y& T cells and T regulatory cells, i.e.,
cell subsets naturally responsive to IL-2. Actually, mem-
ory CD8* T cells and NK cells (CD122"" cells) showed
up to be even more sensitive to IL-2-poly(HPMA) con-
jugate than other cells which was reflected by their very
high relative counts in spleen of mice treated with IL-
2-poly(HPMA) conjugate. Such a high expansion of NK
cells could be useful in cancer immunotherapy, especially
in case of tumors that are known to express low levels
of MHC class 1. However, these expanded NK cells must
retain their cytolytic activity. Indeed, we found that NK
cell activity of spleen cells isolated from mice injected
with IL-2-poly(HPMA) conjugate, detected as killing of
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YAC-1 cells by JAM assay, was significantly higher than
those isolated from control mice or from mice injected
with the same dose of 1L-2.

The above mentioned ability of IL-2-poly(HPMA) con-
jugate to induce superior expansion of IL-2-responsive
cells could be beneficial in various immunotherapeutic
interventions. First of all, IL-2 administered as consolidat-
ing immunotherapeutic agent early after allogenic HSCT at
a time of minimal residual disease might reduce the relapse
rate and increase the immunocompetence status of these
patients. Exogenous IL-2 might thus lead to an enhance-
ment of the autologous GVL effect.® There are currently
several clinical trials just completed or still ongoing in the
allogeneic HSCT setting and it is believed that these will
define the use of IL-2 (e.g., http://ClinicalTrials.gov iden-
tifiers NCT00003962, and NCT00941928). In addition to
that, studies to identify antigen-nonspecific strategies for
enhancing immune reconstitution in individuals with HIV
infection include those focusing on the use of IL-2.%°

We further showed that IL-2-poly(HPMA) conjugate can
be used in vivo to strongly expand activated naive CD8"
T cells and that such expanded cells are able to form a
robust population of long-lived memory cells which are
functional in terms of effective IFN-y production upon
re-activation. Notably, this report is the first describing
the powerful stimulatory activity of a modified form of
IL-2, the IL-2-poly(HPMA) conjugate in this case, for acti-
vated naive CD8™ T cells. These results suggest that IL-
2-poly(HPMA) conjugate could be used to potently boost
CD8* T cell responses and thus it could significantly
improve vaccination protocols aimed to trigger responses
mediated by cytotoxic T lymphocytes (CTL). Indeed, we
further demonstrated that three immunizations with antigen
given together with IL-2-poly(HPMA) conjugate resulted
in markedly increased number of antigen-specific CD8*
T cells. Therefore, especially low immunogenic vaccines,
which are known to cause weak immunostimulation and
thus provide only low or short-lasting protection should
benefit from being coadministered with IL-2-poly(HPMA)
conjugate. Based on the above mentioned findings, we
assume that the use of IL-2-poly(HPMA) as an adjuvant
should receive a considerable attention. We also hypothe-
size that IL-2-poly(HPMA) conjugate would improve vac-
cination also in the case in which CD4" T cells or B cells
play the main role. However, this question remains to be
verified in appropriate experiments.

CONCLUSION

Our results show improved pharmacological features of
IL-2 covalently conjugated to poly(HPMA) carrier and
they also provide a detailed view of the superior biologic
activity of the IL-2-poly(HPMA) conjugate. To our knowl-
edge, this is the first proof-of-concept report of the use
of polymer/protein modification of IL-2 to obtain more
pronounced biological activity. We believe that our results
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provide a rationale for the use of IL-2-poly(HPMA) in
various immunological interventions.
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IV.3  Antibodies to Interleukin-2 elicit selective T cell subsets potentiation through
distinct conformational mechanisms

[L-2 mediates its effects by signaling through IL.-2RB:IL.-2Ry. heterodimers on cells that
express varying levels of IL-2Ra. The differential expression of IL-2Ra delineates cells into
high-expressing Treg cells and low-expressing effector cells. Utilizing anti-IL-2 mAbs, such as
JES6-1A12 (JES6) and S4B6, modulates this pathway to preferentially expand either Treg or
effector cells, respectively, presenting a targeted approach for therapeutic interventions. Our
research has revealed that JESG sterically blocks the interactions of IL-2 with IL-2Rp and
IL-2Ry, while simultaneously decreasing the affinity of IL-2 for IL-2Ra through an allosteric
mechanism, thereby selectively enhancing the potential of IL-2Ra™#® Treg cells to utilize such
IL-2co as high amounts of surface IL-2Ra were required to displace JES6 mAb by mass action.
IL-2/JES6 augments IL-2Ra expression, establishing a beneficial feedback loop for Treg cell
activation. In contrast, S4B6 selectively blocks the IL-2:IL-2Ra interaction and stabilizes the
IL-2:IL-2RP interaction by inducing an affinity-enhancing conformational change in IL-2.
Allosteric enhancement of IL-2:IL-2Rp interaction by S4B6 leads to increased stimulatory
activity that particularly favors IL-2RP™e® effector cells. These findings provide a detailed
molecular framework for the development of selectively enhancing therapeutic antibodies,
offering significant potential for precision immunotherapy.

P. Weberova’s contribution to this publication:

I participated in the experiments in vivo. I have assessed the expansion of various immune cell
subsets in response to IL-2, IL-2/S4B6, and IL-2/JES6 and levels of IL-2Ra expression in these
cells. Overall contribution ~ 10%.
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SUMMARY

Interleukin-2 (IL-2) is a pleiotropic cytokine that regulates immune cell homeostasis, and has been
used to treat a range of disorders such as cancer and autoimmune disease. IL-2 signals via
interleukin-2 receptor-f (IL-2Rp):IL-2Ry heterodimers on cells expressing high (regulatory T
cells, Treg) or low (effector cells) amounts of IL-2Ra (CD25). When complexed with IL-2,
certain anti-cytokine antibodies preferentially stimulate expansion of Treg (JES6-1) or effector
(S4B6) cells, offering a strategy for targeted disease therapy. We found that JES6-1 sterically
blocked the IL-2:TL-2Rp and IL-2:IL-2Ry interactions, but also allosterically lowered the
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IL-2:IL-2Ra affinity through a ‘triggered exchange’ mechanism favoring IL-2Ra! Treg cells,
creating a positive feedback loop for IL-2Ra™ cell activation. Conversely, S4B6 sterically blocked
the IL-2:IL-2Ra interaction, while also conformationally stabilizing the IL-2:IL-2Rf interaction,
thus stimulating all IL-2 responsive immune cells, particularly IL-2RB! effector cells. Our insights
provide a molecular blueprint for engineering selectively potentiating therapeutic antibodies.

JES6-1 Immunocomplex
IL-2 * IL-2R<_.-
% ..

JESB-1 IL-2Rp

INTRODUCTION

Interleukin (IL)-2 is a four-helix bundle cytokine that plays a critical role in immune cell
differentiation, growth, and activity. IL-2 signals through formation of either a high-affinity
quaternary complex with the interleukin-2 receptor-a (IL-2Ra, CD25), IL-2Rp, and IL-2Ry
chains (Kg~210 pM), or an intermediate-affinity ternary complex (Kg~1 nM) with only the
IL-2Rp and IL-2Ry chains (Boyman and Sprent, 2012; Liao et al., 2013). Consequently,
expression of the non-signaling IL-2Ra subunit regulates cytokine sensitivity. IL-2Ra. is
robustly expressed on regulatory T (Treg) cells but is virtually absent from naive effector
cells such as memory-phenotype (MP) CD8" T cells and natural killer (NK) cells, resulting
in differential responsiveness of these immune cell subsets to IL-2 (Fontenot et al., 20035;
Josefowicz et al., 2012; Malek and Bayer, 2004). Upon IL-2 complex formation,
intracellular Janus kinase (JAK) proteins constitutively associated with IL-2Rp and IL-2Ry
phosphorylate tyrosine residues in the receptor intracellular domains, which recruit and
activate signal transducer and activator of transcription (STAT)-5 to coordinate immune-
related gene expression programs (Malek, 2008). The IL-2 complex also signals secondarily
through the mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase
(PI3K) pathways (Malek, 2008; Taniguchi and Minami, 1993).

IL-2 exerts paradoxical effects on immune cell homeostasis, promoting activation and
proliferation of both immunostimulatory effector cells and immunosuppressive Treg cells
and its vital role in immune regulation has made IL-2 an attractive therapeutic target in a
range of immune-linked diseases, both to promote the immune response, as in cancer and
infectious disease, and to repress the immune response, as in autoimmune disorders and
graft versus host disease (Boyman and Sprent, 2012: Brusko et al., 2008; Liao et al., 2013;
Waldmann, 2006). However, the clinical performance of IL-2 has been limited by the
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multifarious nature of its activities, which can thwart efficacy and lead to toxicity or harmful
off-target effects (Boyman et al., 2006b; Rosenberg, 2012: Shevach, 2012). It would thus be
of tremendous therapeutic value to decouple the immunostimulatory and
immunosuppressive activities of IL-2 to cater to particular disease applications.

One strategy for selectively modulating the effects of IL-2 is development of cytokine-
directed antibodies that bias activity toward specific T cell subsets. Co-administration of
antibodies with IL-2 offers important therapeutic advantages such as prolonged in vivo half-
life due to Fc receptor interactions (Boyman et al., 2006b; Finkelman et al., 1993;
Letourneau et al., 2010). Boyman and colleagues established that immunocomplexes formed
by pre-association of two anti-mouse IL-2 (mIL-2) antibodies with the cytokine elicit
contrasting effects: mIL-2:JES6-1 immunocomplexes actively induce proliferation of
IL-2Ral cells, preferentially expanding Treg cells over effector cells, whereas mIL-2:S4B6
immunocomplexes stimulate proliferation of all immune cells, but particularly favor effector
cells (Boyman et al., 2006a) (Figure 1A). Subsequent work has validated a vast array of
therapeutic applications for these two antibodies: JES6-1 immunocomplexes promote graft
tolerance (Park et al., 2010; Webster et al., 2009) and show efficacy in preclinical models of
diabetes (Grinberg-Bleyer et al., 2010; Tang et al., 2008) and S4B6 immunocomplexes
exhibit potent anti-tumor activity (Jin et al., 2008; Verdeil et al., 2008) without inducing
toxicity (Krieg et al., 2010). Boyman and Sprent proposed that biased immunocomplex
activity results from antibody obstruction of specific epitopes on the cytokine, namely that
JES6-1 blocks only the IL-2Rp binding site on mIL-2 to disrupt interaction with IL-2Ral®
effector cells whereas S4B6 blocks the mIL-2Ra binding site on mIL-2 to prevent high-
affinity interactions with IL-2Ra™ Treg cells (Boyman and Sprent, 2012). However, in the
absence of structural or molecular characterization, the mechanistic basis for selective

cytokine potentiation remains speculative.

In this report, we have combined crystallographic, biophysical. and functional data to
elucidate the molecular rationale for antibody-induced bias of cytokine activity. We show
that JES6-1 and S4B6 exerted complex steric and allosteric effects on IL-2 to differentially
activate immune cell subsets based on their IL-2 receptor surface expression profiles and
that this biased activation was further propagated through transcriptional feedback. Our
findings provide a direct link between the molecular interactions of cytokine-antibody
complexes and their unique functional outcomes. These mechanistic insights into immune
cell subset-specific potentiation establish a paradigm for antibody-mediated modulation of
IL-2 behavior that will inform the design of enhanced cytokine-targeted therapeutics.

IL-2-targeted antibodies inhibit cytokine signaling to induce biased T cell subset
proliferation

To elucidate the molecular properties of JES6-1 and S4B6 that contribute to their functional
behavior, we probed antibody effects on mIL-2-induced signaling in IL-2Ra~ and IL-2Ra*
human YT-1 NK cells as a surrogate for their effects on IL-2Ral® versus IL-2Ra!™ immune
cell subsets. Cross-reactivity between mouse and human receptors (Figure S1A) enabled
interrogation of murine cytokine signaling on human cells, although its potency was reduced
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compared to the human cytokine due to its weaker affinity for the human IL-2 receptor
subunits. On IL-2Ra™ cells, JES6-1 abolished IL-2-mediated STATS activation. S4B6
slightly inhibited activation, which was unexpected but is rationalized by structural and
mechanistic experiments presented later in this report. On IL-2Ra* cells, both JES6-1 and
S4B6 greatly reduced IL-2 potency (Figure 1B). Importantly, IL-2 activity was greater on
IL-2Ra™ cells in the presence of JES6-1 and greater on IL-2Ra ™ cells in the presence of
S4B6, consistent with preferential activation of IL-2Ra™ Treg cells and IL-2Ral® effector
cells, respectively. STATS signaling modulation was independent of antibody bivalency, as
the single-chain variable fragment (scFv) of JES6-1 and the Fab fragment of S4B6 induced
the same qualitative effects as their corresponding antibodies, albeit with attenuated potency
(Figure S1B), presumably a consequence of the >25-fold higher apparent affinity of the
bivalent versus monovalent antibodies (Figure S1C).

In vitro IL-2Ra expression-based signaling blockade translated into in vive skewing of the
effector cell: Treg cell ratio. IL-2Ra! Treg cells were enriched three-fold following
mIL-2:JES6-1 immunocomplex injection into mice and. conversely, IL-2Ral® MP CD8* T
cells and NK cells were enriched five-fold following mIL-2:S4B6 immunocomplex injection
compared to unbound cytokine administration (Figure 1C).

JESG6-1 induces potentiation of Treg cell growth and inhibits autoimmune disease
progression in mice

As the effector cell bias induced by S4B6 has promising implications for cancer treatment
(Jin et al., 2008; Krieg et al., 2010; Verdeil et al., 2008), we sought to explore the
therapeutic potential of the Treg cell bias induced by JES6-1 in the context of autoimmunity
using a mouse model of inflammatory bowel disease (IBD). To this end, we assessed the
ability of mIL-2:JES6-1 complexes to prevent disease in the dextran sodium sulfate (DSS)
colitis model. Prior to DSS exposure, mice were treated with a vehicle control, a Treg cell-
depleting anti-mIL-2Ra antibody, or mIL-2:JES6-1 complexes, which enriched relative
Treg cell (IL-2R a*Foxp3™ cell) numbers ten-fold (Figure 1D). We also observed three-fold
enrichment of IL-2Ra*Foxp3™~ cells, consistent with previous reports that JES6-1-containing
immunocomplexes induce expansion of IL-2Ra-expressing activated T cells (Castro et al.,
2012: Tomala et al., 2009). One week after colitis induction, we observed that mIL-2:JES6-1
immunocomplex pretreatment yielded significant improvements in colon length and
histopathology and drastically reduced disease activity, with treated mice exhibiting similar
characteristics to those in which disease was not induced (Figure 1E.F). Notably, mice
treated with PBS exhibited nearly identical disease severity to Treg cell-depleted mice (anti-
mlIL-2Ra antibody cohort), indicating that in the absence of expansion, background amounts
of Treg cells in these mice provide no protective advantage. In combination with our
signaling and proliferation studies, this mouse model demonstrates the therapeutic utility of
selective immune cell subset stimulation.

miL-2:JES6-1 and miL-2:S4B6 complex structures reveal contrasting IL-2 receptor steric
competition properties

To study the biochemical and structural mechanisms underlying JES6-1 and S4B6 effects,
we isolated the variable region sequences of JES6-1 and S4B6 and expressed them in scFv
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and Fab formats. We separately determined the crystal structures of the mIL-2:scFv-JES6-1
and mIL-2:Fab-S4B6 complexes to resolutions of 2.8 and 2.2 A, respectively (Figure S2A.B
and Table S1). and compared them to the human IL-2 quaternary complex structure (Wang
et al., 2005) (Figure 2A.B). We observed that JES6-1 binds ventrally, or ‘underneath’ mIL-2
as it would be disposed in the signaling complex, between the IL-2Rp and IL-2Ry interfaces
on the cytokine, directly occluding both subunits. Conversely, S4B6 binds dorsally, or on
‘top” of mIL-2, directly occluding the IL-2Ra subunit (Figure 2C). JES6-1 makes extensive
contacts in the region between the A helix and the N-terminal end of the AB loop of mIL-2
through complementarity-determining regions (CDRs) 2 and 3 of the JES6-1 heavy chain
(HC) and CDRs 1 and 3 of the JES6-1 light chain (LC) (Figure S2C). In particular, mIL-2
residues Q36 and E37, which correspond to hIL-2 residues (Q22 and M23) essential to the
IL-2:1L-2Rp and IL-2:IL-2Ry interactions, respectively, engage in hydrogen bonds with
JES6-1 LC CDRs 1 and 3, illustrating the basis for steric competition between JES6-1 and
both the IL-2Rp and IL-2Ry subunits. In contrast, S4B6 primarily interacts with IL-2Ra-
binding residues in the B and C helices of mIL-2, through contacts with S4B6 HC CDR3
and LC CDRs 1 and 2 (Figure S2D). Our crystallographic findings are consistent with recent
epitope mapping studies performed for JES6-1 (Rojas et al., 2014) and S4B6 (Rojas et al.,
2013).

Anti-cytokine mAbs elicit allosteric effects on cytokine-receptor interactions

Our structural analysis also revealed allosteric effects of antibody binding on IL-2 complex
formation that are key to function. No structure of the mouse IL-2:IL-2Ra complex has yet
been determined to compare with the mIL-2:JES6-1 complex; however, the human
IL-2:IL-2Ra complex structure serves as an accurate model for comparison since human
and mouse IL-2 show a high degree of sequence and structural conservation in residues that
engage their receptors. Although there is no steric clash between JES6-1 and IL-2Ra (Figure
2B). key residues that contact IL-2Ra ‘switch’ conformations upon binding to JES6-1.
Superposition of the hIL-2:hIL.-2Ra and mIL-2:JES6-1 interfaces reveals a large-scale
remodeling of the AB loop in the respective complexes, with drastic changes in both side
chain and main chain positioning of residues important for both JES6-1 and receptor binding
(Figure 3). More specifically, two mIL-2 residues (K49 and R52) at the N-terminal end of
the AB loop that contact JES6-1 (Figure S2C) also mediate contacts between hIL-2 (residues
K35 and R38) and hIL-2Ra. JES6-1 binding distorts the entire AB loop of mIL-2,
repositioning K49 and K52 as well as K57 (hIL-2 residue K43) and Y59 (hIL-2 residue
Y45) from their presumed receptor-bound states as seen in the human complex. Potentially,
IL-2Ra engagement is initiated by interaction with residues K49 and R52 at the N-terminal
end of the AB loop that could, then, progressively ‘peel off” the cytokine from JES6-1 in a
zipper-like mechanism ultimately leading to dissociation of JES6-1 (Figure 3). Once JESG-1
dissociates, the IL-2Ra-bound cytokine is liberated to recruit IL-2Rp and IL-2Ry to form the
functional signaling complex. These allosteric changes cannot be explained by differences in
structure between the cytokine species, as the AB loop region of mIL-2 from the S4B6-
bound structure overlays closely (RMSD=0.771 A for S4B6 versus 3.15 A for JES6-1) with
receptor-bound hIL-2 (Figure S3). Moreover, the conformational flexibility in the AB loop
region contrasts with the close correlation between JES6-1-bound mIL-2 and receptor-bound
hIL-2 in other regions of the structures (RMSD=3.15 A for AB loops versus 0.729 A for
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remainder of structures). Thus JES6-1 capitalizes on the previously noted malleability of the
IL-2Ra binding site on IL-2 (Thanos et al., 2006; Thanos et al., 2003), and conformational
changes are confined locally to this region of the cytokine. We suggest that JES6-1 binding
to one site allosterically impairs IL-2Ra binding to a non-overlapping site, and this impaired
binding (i.e. lowered affinity for IL-2Ra) renders JES6-1-bound IL-2 selective for IL-2Ral
cells, which express sufficient IL-2Ra to displace the antibody by mass action and initiate
the exchange mechanism.

Overlaying the IL-2 receptor subunits with S4B6-bound mIL-2 clearly illustrates direct
occlusion of IL-2Ra binding by the antibody (Figure 2B), to the extent that S4B6 appears to
be a structural mimic of IL-2Ra. Comparison of the hIL-2:hIL.-2Ra and mIL-2:S4B6
interfaces portrays the striking similarity between these two interactions (Figure 4A). Both
the side chain and main chain positioning of the AB loop and B helix are highly conserved,
particularly for interacting residues that are shared between the structures. Here again, close
examination of the structural effects of S4B6 binding illuminates an unanticipated
conformational consequence of the antibody on IL-2 engagement of IL-2Rp. We previously
noted that human IL-2 undergoes a slight repositioning of the C helix following IL-2Ra
engagement (Wang et al., 2005) and showed that this structural change in the cytokine is
recapitulated by a variant of IL-2 (denoted super-2) that exhibits 200-fold higher affinity for
the TL-2Rf subunit than the wild-type cytokine (Levin et al., 2012). S4B6 engages IL-2 ina
similar manner to IL-2Ra., and we find that the antibody does indeed induce a shift in the C
helix compared to the unbound cytokine, coinciding with the structures of both IL-2Ra-
bound hIL-2 and super-2 (Figure 4B and Figure S4A). Thus S4B6 mediates steric blockade
but also, to a lesser extent, allosteric effects, eliciting structural changes distal from its
binding site that could impact IL-2Rp binding. Overlay of the IL-2Rp subunit from the hIL-2
quaternary complex with the S4B6-bound mIL-2 also reveals that the antibody may slightly
obstruct accessibility of IL-2Rp through a tangential steric clash between S4B6 LC CDRI1
and domain 1 of IL-2Rp (Figure S4B) which could partially mitigate the affinity-enhancing
effect of S4B6 binding on the IL-2:IL-2Rp interaction. S4B6-mediated blockade of IL-2Ra
binding together with stabilization of the IL-2Rp-binding conformation of IL-2 would be
expected to promote proliferation of all T and NK cells bearing IL-2R[3 and IL-2Ry,
particularly favoring IL-2RBM effector cells, consistent with the functional activity of this
antibody.

Anti-IL-2 antibodies exert distinct effects on IL-2 cytokine:receptor interactions

To rationalize our structural analysis in the context of biophysical measurements, we
displayed mIL-2 on the surface of yeast and characterized antibody-receptor competition.
Both JES6-1 and S4B6 potently blocked the mIL-2:mIL-2Ra interaction and JES6-1 also
blocked the mIL-2:mIL-2Rp interaction. S4B6 partially impaired the mIL-2:mIL-2Rf
interaction (Figure 5A.B), accounting for its mild inhibition of STATS signaling (Figure 1B,
top), which presumably results resulted from the steric clash between the antibody and
IL-2Rp (Figure S4B). Consistent with our structural findings, these competition studies
demonstrate that both antibodies impact cytokine engagement of the IL-2Ra and IL-2Rf
subunits.
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We probed the kinetics of mIL-2 interactions with its receptor chains in the absence or
presence of the JES6-1 and S4B6 antibodies using surface plasmon resonance (SPR). We
immobilized mIL-2Ra and then flowed over pre-incubated mIL-2:antibody complexes
containing a fixed mIL-2 concentration and variable concentrations of competitor antibody.
The two antibodies exhibited qualitatively different effects on binding: Whereas S4B6
completely abrogated binding of mIL-2, residual cytokine binding occurred in the presence
of JES6-1, even when it was in 40-fold excess over mIL-2 (Figure 5C), implying that mIL.-2
can simultaneously, but transiently, engage both JES6-1 and mIL-2Ra in an exchanging
intermediate state wherein JES6-1 ‘releases’ as mIL-2Ra engages a low-affinity binding
site. Upon JES6-1 dissociation, the mIL-2Ra. binding site on mIL-2 remodels into the high-
affinity state. Accordingly. kinetic profiles of JES6-1-modulated mIL-2:mIL-2Ra
interactions indicated that the antibody concurrently decreased the association rate (Kgy,) and
increases the dissociation rate (Kyf) of the mIL-2:mIL-2Ra complex (Figure S5A). In
contrast, S4B6 competes with IL-2Ra for binding to mIL-2 in a classical manner, in that
IL-2a has to disengage before S4B6 can access mIL-2: dissociation of IL-2Ra from mIL-2
is unaffected by S4B6 (Figure S5C). These distinct modes of IL-2Ra displacement by
JES6-1 and S4B6 reflect their unique structural properties and are essential to their
biological activities.

We also analyzed the mIL-2:mIL-2Rp interaction through SPR studies by immobilizing
mlIL-2Rp and flowing over immunocomplexes containing variable ratios of competitor
antibody to mIL-2. JES6-1 fully blocked mIL-2:mIL-2Rf interaction whereas S4B6-
conjugated mIL-2 bound to mIL-2Rp (Figure 5D). Kinetic profiles showed that JES6-1
eliminated binding without impacting ks, consistent with direct competitive inhibition
(Figure S5B), and S4B6 led to an increase in the molecular mass of bound analyte reflecting
mlIL-2Rp engagement of both the cytokine and antibody (Figure S5D).

We modified the topology of our binding studies, immobilizing either JES6-1 or S4B6,
saturating the antibody-coated surface with mIL-2, and subsequently measuring mIL-2Ra or
mIL-2Rp binding to the immobilized mIL-2:antibody complexes. mIL-2Ra did not bind to
the immobilized mIL-2:S4B6 immunocomplex (Figure SE and Figure S5I) but bound to the
mlIL-2:JES6-1 immunocomplex with 200-fold weaker affinity compared to its interaction
with mIL-2 alone (Figure 5E). The kinetic profile revealed a dramatic increase in the
mlIL-2Ra K¢ in the presence of JES6-1 (Figure SSE.G), reiterating the exchange between
receptor and antibody binding to the cytokine. Steric inhibition precluded binding of
mlIL-2Rp to the immobilized mIL-2:JES6-1 immunocomplex (Figure SF and Figure S5H)
but, interestingly, we observed 6-fold enhancement in the binding of mIL-2Rp to the
mlL-2:S4B6 immunocomplex compared to its binding to free mIL-2 (Figure 5F). This
affinity improvement was a net consequence of simultaneous decreases in K, and K¢ for
the mIL-2:mIL-2Rp interaction in the presence of S4B6 (Figure S5F.J). The kinetics of this
immunocomplex:mIL-2Rp interaction were rationalized by structural observations, as the
predicted clash between S4B6 and mIL-2Rp (Figure S4B) would presumably impede
accessibility of the receptor binding site on mIL-2, hampering K,,. However, this effect was
counteracted by the conformational change in the mIL-2 C helix induced by S4B6 binding
(Figure 4B), which improved complex stability and would be predicted to lower K 4.
Indeed, it was found that super-2 primarily achieves its IL-2R[ affinity enhancement relative
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to wild-type IL-2 by decreasing Kyg (Levin et al., 2012). Taken together, our competitive
binding studies validate the steric and allosteric effects of anti-IL-2 antibodies seen in the
crystal structures, which manifest as biased functional activities in vivo.

IL-2:JES6-1 immunocomplex signaling feeds back onto IL-2Ra expression to perpetuate
Treg cell proliferation

To further explore the mechanistic basis of the JES6-1-mediated Treg cell proliferation bias,
we directly compared proliferation and IL-2Ra expression in five immune cell subsets
following immunocomplex treatment. As anticipated, per cell IL-2Ra expression and the
proportion of IL-2Ra cells were substantially higher on Treg cells compared to effector
cells and other subsets (Figure 6A.B). Both IL-2Ra surface density and the percentage of
IL-2Ra™ cells in the Treg cell subset (Figure 6C) and all other subsets (Figure 6A.B)
increased in response to IL-2:JES6-1 immunocomplex treatment compared to mIL-2:S4B6
immunocomplex treatment or unbound mIL-2 treatment. However, the JES6-1-induced rise
in receptor expression only corresponded with increased cell proliferation in the Treg cell
subset, implying that a threshold amount of surface IL-2Ra is required to induce
proliferation in the presence of JES6-1 (Figure 6D.E). This finding resonates with our
proposed triggered release mechanism, wherein sufficient amounts of surface IL-2Ra are
required to displace JES6-1 by mass action. Elevation of IL-2Ra expression following
mlIL-2:JES6-1 treatment in turn heightens sensitivity to the immunocomplex, creating a
positive feedback loop that further biases immune cell homeostasis to favor IL-2Ra! Treg
cells (Figure S6A).

In the case of mIL-2:S4B6 treatment, we found that induced proliferation did not correlate
with surface IL-2Ra quantities, as the immunocomplex promotes proliferation of all IL.-2
responsive immune subsets, particularly IL-2Ral® but IL-2RB™ effector cell subsets (Figure
6A—E). This corroborates our proposed S4B6 mechanism of action, wherein steric blockade
renders IL-2 insensitive to IL-2Ra expression and allosteric enhancement of IL-2Rp binding
directs IL-2’s effects toward IL-2RBM effector cells (Figure S6B). Collectively, these subset
expansion and IL-2Ra profiling studies reveal an additional layer through which IL-2-
directed antibodies regulate immune homeostasis by altering transcriptional behavior.

DISCUSSION

Since the discovery that certain anti-IL-2 antibodies evoke selective immune cell
proliferation, there has been a great deal of interest in exploiting these molecules to treat
immune diseases. However, in order to harness their therapeutic potential, it is critical to
understand the mechanistic basis for their activities. Half-life extension alone cannot explain
their effects since different high-affinity IL-2 antibodies exhibit distinct potentiation
profiles. Therefore. we explored the atomic basis for their IL-2 interactions as a possible
explanation. It was previously thought that antibody selectivity was achieved by strict steric
blockade of specific epitopes on the cytokine (Boyman and Sprent, 2012), but we found the
mechanism to be more complex. Based on our collective structural and functional studies,
we propose that the mechanisms for selective immune cell subset potentiation by JES6-1
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and S4B6 are multi-layered, but ultimately rooted in the unique structural properties of each
antibody.

JES6-1 acted through a three-tiered mechanism that induced IL-2 to potently and
exclusively activate IL-2Ra™ cells, skewing the immune cell balance to favor Treg cells.
The first layer of IL-2 modulation involved extension of the cytokine’s in vivo half-life.
Complexing cytokines with antibodies has long been pursued as a strategy for enhancing
activity through prolonged persistence in the bloodstream (Finkelman et al., 1993) and Fc
receptor-mediated half-life extension has been previously shown to be necessary though not
sufficient for maximal activity of anti-IL-2 antibody immunocomplexes (Letourneau et al.,
2010). The second layer of the JES6-1 mechanism of action comprised the combined steric
and allosteric effects of antibody binding on the IL-2 structure. JES6-1 sterically blocked
binding of IL-2Rp and IL-2Ry and also allosterically impeded binding of IL-2Ra to the
cytokine. Allosteric disruption of the mIL-2:mIL-2Ra interaction conferred exquisite
sensitivity for Treg cells, as high amounts of IL-2Ra expression were required to overcome
this disruption to allow for IL-2 complex formation and signal activation. IL-2Ral® effector
cells were unresponsive to mIL-2:JES6-1 immunocomplex treatment since IL-2Rp and
IL-2Ry interactions with the cytokine were occluded and there were not sufficient quantities
of IL-2Ra to displace the antibody. The third layer of JES6-1 action consisted of IL-2Ra.
expression upregulation to create a positive feedback loop that perpetuated proliferation of
IL-2Ral cells. Increased IL-2Ra expression following mIL-2:JES6-1 treatment presumably
resulted from a coalescence of two effects: (1) Increased IL-2Ra transcription, which has
been shown to occur in response to IL-2 signaling (Depper et al., 1985), and (2) selective
proliferation of cells with particularly high surface densities of IL-2Ra. Elevated IL-2Ra
expression resulted in enhanced sensitivity to the mIL-2:JES6-1 immunocomplex, further
heightening selectivity for IL-2Ra™ Treg cell expansion.

An important component to the action of JES6-1 is its monovalent affinity for IL-2. The
mlIL-2:JES6-1 affinity is closely matched to that of the mIL-2:mIL-2Ra complex, allowing
the antibody to directly compete with the receptor for access to mIL-2. One can imagine that
a higher affinity antibody might bind too tightly to the cytokine and fail to let go and enable
IL-2 complex formation. Conversely, a lower affinity antibody might dissociate more
readily from the cytokine to allow interaction with IL-2Rp and IL-2Ry on all cell types,
diminishing the advantage JES6-1 affords Treg cells. The mIL-2:mIL-2Rp affinity is two
orders of magnitude weaker than that of the mIL-2:JES6-1 interaction, positioning the
antibody in an affinity ‘sweet spot’ that primes it for IL-2Ra™ Treg cell bias.

S4B6 also acted through a multiple-tiered mechanism to preferentially direct IL-2 toward
potentiation of effector cells. As with JES6-1, the first layer of S4B6-mediated IL-2
modification occurred through extension of in vive half-life (Letourneau et al., 2010).
However, as the functional consequences of S4B6 are unique to this antibody, increased
half-life alone cannot account for the biased potentiation it orchestrates. The second layer of
S4B6 action included the collection of steric and allosteric structural effects it exerts on
mlIL-2. S4B6 sterically occluded IL-2Ra binding and mildly obstructed IL-2Rp binding but
it also allosterically strengthened the mIL-2:mIL-2Rp interaction by inducing an affinity-
enhancing conformational change in mIL-2. The net result was that sensitivity to IL-2Ra
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expression was lost as S4B6-bound mIL-2 signals equivalently through the IL-2 ternary
complex on all IL-2 responsive immune cells, and susceptibility to IL-2 signaling was
governed by IL-2Rp expression. Allosteric enhancement of IL-2:IL-2Rp interaction by S4B6
led to increased stimulatory activity that particularly favored IL-2RBM effector cells. As it
has been established that IL-2 signaling induces IL-2Rp upregulation (Siegel et al., 1987), it
is enticing to speculate that, analogous to the JES6-1 immunocomplex, S4B6 exerts a third
layer of regulation on mIL-2 activity, initiating a positive feedback cycle for IL-2Rf
expression to further bias stimulation in favor of IL-2RB!M effector cells.

The complementary JES6-1 and S4B6 pair of IL-2-targeted antibodies serves as an
archetypal system for exploring the molecular mechanisms underlying selective immune cell
subset potentiation. Future work could expand upon our findings to design antibody variants
with altered affinities and receptor subunit competition propensities that accentuate immune
cell biasing effects. One could also envision applying our mechanistic insights to other
systems by evolving cytokine- or growth factor-directed antibodies with desired receptor
competitive properties. While JES6-1 and S4B6 have limited cross-reactivity with hIL-2 and
IL-2Ra expression in activated effector T cells is more pervasive in human versus mouse
tissues (Malek, 2008), the structural and biophysical studies we present illuminate a clear
engineering-based path to modify these antibodies so that they may exert analogous effects
on hIL-2 and serve as biased T cell subset-selective potentiating agents for a wide range of
immunotherapeutic objectives.

EXPERIMENTAL PROCEDURES

Protein expression and purification

Cell Lines

mlIL-2 was expressed in the periplasm of Escherichia coli cells. hIL-2 and the mouse and
human IL-2 receptor subunits were secreted from a baculovirus expression system.
Sequences for the JES6-1 and S4B6 antibodies were isolated from their respective
hybridoma cell lines and used to recombinantly express scFv and Fab fragments in a
baculovirus expression system. Details are provided in the Supplemental Experimental
Procedures.

Procedures for culturing YT-1 cells and sorting for IL-2Ra expression are described in the
Supplemental Experimental Procedures.

YT-1 cell STATS phosphorylation studies

YT-1 or IL-2Ra* YT-1 cells were stimulated with mIL-2, mIL-2:antibody
immunocomplexes, or mIL-2:antibody fragment complexes (2:1 molar ratio of antibody or
antibody fragment to mIL-2). STATS activation was analyzed via flow cytometry as
described previously (Ring et al., 2012). Details are provided in the Supplemental
Experimental Procedures.
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Immune cell subset proliferation and receptor expression studies

For relative effector cell: Treg cell proliferation studies (Figure 1C), C57BL/6 mice were
injected 7.p. with mIL-2 immunocomplexes (2:1 cytokine:antibody molar ratio) or free
mlIL-2 on days 1. 2. 3, and 4. For immune cell subset expansion and IL-2Ra. profiling
studies (Figures 6A—E), C57BL/6 mice were injected ip. with mIL-2 immunocomplexes or
free mIL-2 on days 1, 2, and 3. In both studies, mice were sacrificed on day 5 and spleens
were harvested, homogenized. and analyzed for surface and intracellular markers via flow
cytometry. Cells were profiled and average relative expansion of various immune cell
subsets compared to untreated control mice was determined for each cohort. Details are
described in the Supplemental Experimental Procedures.

Mouse dextran sodium sulfate (DSS)-induced colitis model

BALB/c mice were injected i.p. either daily for seven days with PBS, once on day 6 with
anti-mIL-2Ra antibody (EXBIO, clone PC61.5), or daily for seven days with mIL-2:JES6-1
immunocomplexes (2:1 cytokine:antibody molar ratio). On day 8, two mice per condition
were sacrificed to assess spleen Treg cell counts by flow cytometry. The remaining
pretreated mice from each cohort were administered 3% DSS (MP Biomedicals Inc.) in their
drinking water beginning on day 8 to induce colitis. On day 15, disease severity was
assessed by a clinical disease activity index (CDAI) and on day 16, mice were sacrificed for
colon measurement and histological analysis. See Supplemental Experimental Procedures
for details.

Yeast surface and SPR affinity titrations

hIL-2 and mIL-2 were displayed on the surface of yeast as described previously (Boder and
Wittrup, 1997; Rao et al., 2004). For SPR studies, biotinylated human and mouse IL-2
receptors or biotinylated anti-IL-2 antibodies were immobilized to streptavidin-coated chips
and binding of hIL-2 and mIL-2 was analyzed on a Biacore T100 instrument (GE
Healthcare). Protocol details are provided in the Supplemental Experimental Procedures.

Crystallization and data collection

Purified mIL-2 and JES6-1 scFv or mIL-2 and S4B6 Fab were complexed overnight at 4° C
in the presence of carboxypeptidases-A and B (Sigma), co-eluted over a Superdex-200 size-
exclusion chromatography column, and concentrated to >10 mg/mL. mIL-2:JES6-1 scFv
crystals were grown in sitting drops at 22° C from 0.1 M Bis-tris propane pH 6.4, 0.2 M
sodium citrate, and 19% PEG 3350 and flash frozen in liquid nitrogen, cryoprotected with
the addition of 25% 2-Methyl-2.4-pentanediol (Sigma). A 2.8 A dataset was collected at
beamline 8-2 at the Advanced Light Source. mIL-2:S4B6 Fab crystals were grown in sifting
drops at 22° C from 0.1 M Bis-tris propane pH 6.5, 0.2 M sodium fluoride, and 20% PEG
3350 and flash frozen in liquid nitrogen, cryoprotected with the addition of 25% glycerol
(Sigma). A 2.2 A dataset was collected at beamline 11-1 at the Stanford Synchrotron
Radiation Laboratory. Diffraction data were processed using HKL.2000. Crystallographic
data collection and refinement statistics are reported in Table S1.
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Structure determination and refinement

The mIL-2:JES6-1 scFv and mIL-2:S4B6 Fab complex structures were solved by molecular
replacement using PHASER (McCoy, 2007). For mIL-2, a one-to-one threaded model of
mlIL-2 to a human IL-2 structure (PDB ID 2B5I) generated in Phyre (Kelley and Sternberg,
2009) was used, and for the JES6-1 and S4B6 VH and VL domains, multiple-threaded
models obtained from the I-TASSER server (Roy et al., 2010; Zhang, 2008) were used.
Models of the S4B6 CHI1 and CL domains were obtained from the previously solved
structure of a rat Fab (PDB ID 1LK3). Iterative model rebuilding and refinement were
performed using the Phenix software (Adams et al., 2002) and COOT (Crystallographic
Object-Oriented Toolkit) (Emsley and Cowtan, 2004). For initial refinement, rigid body,
coordinate, and real-space refinement were used with individual atomic displacement
parameter refinement. Translation, libration, and screw-rotation refinement was added in
later iterations. Ramachandran and rotamer analysis were performed using MolProbity
(Davis et al., 2007). Electron density connected to N31 of the JES6-1 VH was modeled as an
N-linked GlcNAc, with a-1,6 and a-1,3 difucosylation of the proximal GlcNAc. Interacting
residues were identified using the protein interfaces, surfaces, and assemblies (PISA) service
at the European Bioinformatics Institute (Krissinel and Henrick, 2007). Structural figures
were created using PyMOL (DeLano, The PyMOL Molecular Graphics System, 2002).

Yeast surface and SPR antibody-receptor competitive IL-2 binding assays

For yeast surface competition studies, mIL-2-displaying yeast were incubated concurrently
with saturating concentrations of mIL-2Ra or mIL-2Rf and serial dilutions of unlabeled
competitor antibody and subsequently analyzed for receptor binding via flow cytometry.

SPR-based competition studies were performed on a Biacore T100 instrument in two
different topologies. In one orientation, biotinylated mIl.-2Ra or mIL-2R[} was immobilized
to a streptavidin-coated chip and binding of pre-incubated complexes containing saturating
amounts of mIL-2 and serial dilutions of competitor antibody was evaluated. In the other
orientation, biotinylated antibodies JES6-1 or S4B6 were immobilized to a streptavidin-
coated chip, a saturating amount of mIL.-2 was then captured on the immobilized antibodies,
and binding of soluble mIL-2Ra or mIL-2Rp was evaluated. See Supplemental
Experimental Procedures for details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Anti-TL-2 antibodies bias cytokine signaling and functional outcomes
(A) Schematic of IL-2 cytokine-receptor quaternary complex formation (top) and regulatory

(Treg) versus effector (Eff) immune cell proliferation biases induced by mIL-2:JES6-1
(middle) and mIL-2:S4B6 (bottom) immunocomplexes. (B) STATS phosphorylation
response to mIL-2 or mIL-2:antibody immunocomplex treatment in IL-2Ra™ (top) or
IL-2Ra* (bottom) YT-1 human NK cells. Half-maximal effective concentrations (ECsgs) for
STATS activation are indicated. Data are representative of three independent experiments.
(C) C57BL/6 mouse spleen effector cell:Treg cell ratios following mIL-2 or
immunocomplex treatment. Data are representative of two independent experiments. (D)
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Treg cell expansion in BALB/c mouse spleens in response to anti-mIL-2Ra antibody (Ab)

g or mIL-2:JES6-1 treatment. Top plots display the percentage of CD4" cells that are

;:-" IL-2Ra™. Bottom plots show only CD47 cells and the percentages of Treg (IL-2Ra"FoxP31)
= cells and IL-2Ra*FoxP3~ cells are shown for each treatment condition. (E) Colon

istopathology of colitis-induce ¢ mice pretreated with anti-mIL-2Ra Ab or

% hi hol. f colitis-induced BALB/c mi d with anti-mIL-2Ra Ab

2 mlIL-2:JES6-1. (F) Evaluation of disease progression indicators for treated mice. *P<0.05 by
8 Student’s t-test (colon length) or Mann-Whitney U test (histological grade and disease
'§_' activity score). All error bars indicate SD. Also see Figure S1.
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Figure 2. mIL-2:JES6-1 and mIL-2:S4B6 complex structures reveal basis for competitive

binding between anti-IL-2 antibodies and IL-2 receptor

(A) Orthosteric views of the hIL-2 cytokine-receptor quaternary complex (PDB ID 2B5I)
comprised of hIL-2 (pink), IL-2Ra (cyan), IL-2Rp (navy). and IL-2Ry (gold). (B) Overlay
of the mIL-2:JES6-1 and mIL-2:S4B6 complex structures on the hIL-2 quaternary complex.
Both JES6-1-bound mIL-2 (dark gray) and S4B6-bound mIL-2 (light gray) are presented.

with the JES6-1 variable heavy (VH, blue) and light (VL, magenta) and the S4B6 VH

(orange) and VL (green) chains shown as surface representations. Crystallographic statistics

for mIL-2:antibody complexes are provided in Table S1. (C) “Top-down” (left) and
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“bottom-up” (right) views of JES6-1-bound mIL-2 (dark gray) and S4B6-bound mIL-2

g (light gray) with the predicted binding epitopes of IL-2Ra (cyan), IL-2Rp (navy), IL-2R
;:-" (gold), JES6-1 (blue), and S4B6 (orange) on the mIL-2 cytokine shaded. Residues shared
= between the mIL-2:antibody and the mITL-2:IL.-2Ra, mIL-2:IL-2Rp, or mIL-2:IL-2R
% interfaces are colored red. Venn diagrams at bottom indicate the relative extent of overlap
2 between the antibody and receptor epitopes. Also see Figure S2.
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Receptor-bound hiL-2
JESB-1-bound'mIL*2
'

|

Figure 3. JES6-1 allosterically obstructs IL-2Ra binding to IL-2 via epitope distortion
Overlay of the hIL-2 quaternary complex (PDB ID 2B5I) with the mIL-2:JES6-1 complex.

Surface depictions of the IL-2Ra (cyan), IL-2Rp (navy), and IL-2Ry (gold) subunits and the
JES6-1 antibody (blue) and cartoon representations of receptor-bound hIL-2 (pink) and
JES6-1-bound mIL-2 (red) are shown. An enlargement of the IL-2Ra binding site is
provided at right with key IL-2Ra-interacting residues in the hIL.-2 AB loop and the
corresponding JES6-1-bound mIL-2 residues labeled. Arrows highlight differences between
the structures. Also see Figure S3.
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Figure 4. S4B6 mimics the IL.-2Ra subunit, allosterically enhancing binding of IL-2Rp

(A) Overlay of hIL-2 (pink) bound to IL-2Ra. (cyan), IL-2Rf (navy), and IL-2Ry and mIL-2
(light gray) bound to S4B6 (orange) with detailed views of the hIL-2:hIl.-2Ra (left) and
mlL-2:S4B6 (right) interfaces in the AB loops and B helices of the cytokines juxtaposed at
right. Analogous human and mouse IL-2 residues implicated in both interactions are labeled.
(B) Superposition of cytokine orientations proximal to the IL-2Rp binding site for unbound
super-2 (PDB ID 3QB1, salmon), receptor-bound hIL-2 from the quaternary complex (PDB
ID 2B5I, pink), S4B6-bound mIL-2 (red). and unbound hIL.-2 (PDB ID 3INK, green). Also
see Figure S4.
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Figure 5. Anti-TL-2 antibodies and IL-2 receptor compete for cytokine binding

Yeast surface mIL-2 competition studies between anti-mIL-2 antibodies (Abs) and
saturating concentrations of mIL-2Ra (A) or mIL-2Rp (B) are shown (Error bars, SD). Data
are representative of three independent experiments. Half maximal inhibitory concentrations
(ICsps) of the antibodies are indicated. Equilibrium surface plasmon resonance titrations of
mlIL-2:antibody immunocomplex interactions with immobilized mIL-2Ra (C) or mIL-2Rp
(D) and mIL-2Ra (E) or mIL-2Rp (F) interactions with unbound mIL-2 compared to
interactions with immobilized mIL-2:antibody immunocomplexes are presented. Also see
Figure S5.
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Figure 6. mIL-2:JES6-1 immunocomplex induces increased IL-2Ra expression to create a
positive feedback loop favoring IL-2Ral cenl signaling

(A) IL-2Ra expression quantification (mean fluorescence intensity, MFI) for five immune
cell subsets (Treg, MP CD8* T, NK. NKT, and Y4 TCR) in BALB/c mouse spleens
following treatment with mIL-2 or mIL-2:antibody immunocomplex. (B) Percentage of
IL-2Ra™ cells within each immune cell subset in treated mouse spleens. (C) IL-2Ra,
expression histograms for Treg cells isolated from treated mouse spleens. Representative
plots from one mouse per cohort are presented. (D) Relative cell expansion (transparent
thick bars) and IL-2Ra. expression quantification (solid thin bars) in treated mouse spleens.
Responses for each treatment cohort are normalized to those of untreated control mice for
each cell subset. (E) Relative cell expansion (tfransparent thick bars) and IL-2Ra™ cell
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percentage (solid thin bars) in treated mouse spleens, normalized as in (D). Error bars
indicate SD. Data are representative of two independent experiments.
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Figure S1, Related to Figure 1: Human and mouse IL-2 receptor subunits cross-
react, anti-IL-2 antibodies and antibody fragments induce similar signaling effects,
and bivalent affinities of anti-IL-2 antibodies are >25-fold tighter than their
respective monovalent affinities. (A) Surface plasmon resonance (SPR) equilibrium
titrations of mouse or human IL-2Ra., IL-2Rp, or IL-2Ry subunits binding to either the
mouse or human IL-2 cytokine. Fitted equilibrium dissociation constant (K4) values are
presented below, assuming first-order binding interactions. Note the formidable cross-
species reactivity for both the IL-2/IL-2Ro. and hIL-2/IL-2Rf interactions. IL-2Ry does
not bind IL-2 independently, but rather requires cooperativity with the IL-2Rp subunit.
(B) STATS phosphorylation response to either unbound mIL-2, mIL-2 pre-bound to the
JES6-1 scFv, and mIL-2 pre-bound to the full JES6-1 antibody (Ab, left) or to unbound
mlIL-2, mIL-2 pre-bound to the S4B6 Fab, and mIL-2 pre-bound to the full S4B6
antibody (right) in IL-2Ra’ (top) or IL-2Ra’ (bottom) YT-1 human NK cells. Data are
representative of three independent experiments. Fitted half maximal effective
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concentrations (ECsps) for each treatment condition are tabulated below. Note that
antibody fragments exert the same effects on IL-2 signaling as do the full antibodies, but
with attenuated potency due to their reduced affinities for the cytokine. (C) SPR
equilibrium titrations of mIl.-2 and hIL-2 binding to immobilized JES6-1 or S4B6
antibodies (top) and equilibrium titrations of bivalent JES6-1 and S4B6 antibodies
binding to yeast surface-displayed mIL-2 and hIL-2 (bottom). Computed equilibrium
dissociation constant (Ky) values are provided in the table below, assuming first-order
binding interactions. Note that the mIL-2 affinities of the monovalent antibodies are >25-
fold weaker than those of their bivalent counterparts. Also, hIL-2 has limited cross-
reactivity with S4B6 and no cross-reactivity with JES6-1. All error bars represent SD.
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Figure S2, Related to Figure 2: JES6-1 and S4B6 engage mlIL-2 with distinct
binding topologies and form extensive interaction interfaces with the cytokine. (A)
Crystal structure of mIL-2 (dark gray) bound to the scFv fragment of JES6-1 with the
variable heavy (VH, blue) and light (VL, magenta) chains indicated. (B) Crystal structure
of mIL-2 (light gray) bound to the S4B6 Fab with the VH (orange), VL (green), constant
heavy 1 (CHI1, orange), and constant light (CL, green) chains denoted. (C)-(D) Detailed
views of the mIL-2/JES6-1 (C) and mIL-2/S4B6 (D) interfaces (colored as in panels (A)
and (B), respectively), with key interacting residues on the cytokine and antibody shown
as sticks. The mIL-2/JES6-1 interface primarily comprises the mIL.-2 A helix and AB
loop and heavy chain (HC) complementarity determining region (CDR)-2, light chain
(LC) CDRI1, and LC CDR3 of JES6-1, whereas the mIL.-2/S4B6 interface is localized to
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the mIL-2 B and C helices and HC CDR3 and LC CDRI1 of S4B6. Black dashes represent
hydrogen bonds and salt bridges. A coordinated water molecule is shown in brown.
Crystallographic statistics for mIL-2/antibody complexes are provided in Table S1.
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Figure S3, Related to Figure 3: JES6-1 allosterically distorts the IL-2 structure
proximal to the IL-2Ra binding site. JES6-1-bound mIL-2 (red), receptor-bound hIL-2
from the quaternary complex (PDB ID 2B5I, pink), and S4B6-bound mIL-2 (light gray)
are aligned. Surface representations of IL-2Ra (cyan), IL-2Rp (navy), and IL-2Ry (gold)
are provided for context. A detailed view of the main chains for the three aligned
cytokines near the IL-2Ra binding site is presented at right. Note that the structures
overlay well in all regions of the cytokine with the exception of the IL-2Ra-interacting
AB loop, where the JES6-1-bound cytokine diverges drastically from the receptor-bound
hIL-2, which overlays closely with the S4B6-bound mIL-2. JES6-1-induced distortion of
the AB loop disrupts binding of IL-2Ra in the presence of the antibody.

103



S87/S102
NES/N10.

\
N\
3

Figure S4, Related to Figure 4: The IL-2/IL-2Rf interface is highly conserved
between receptor-bound and S4B6-bound IL-2 but a steric clash impairs the IL-
2/IL-2Rp interaction in the presence of antibody. (A) S4B6-bound mIL-2 (light gray)
and receptor-bound hIL-2 from the quaternary complex structure (PDB 2B5I, pink) are
overlaid with surface renderings of the IL-2Ra (cyan), IL-2Rf (navy), and IL-2Ry (gold)
subunits shown for context. Critical hIL-2 residues involved in the hIL-2/IL-2Rf3
interaction are labeled, as are their mIL-2 counterparts in the S4B6-bound structure. Note
the similarity between the antibody-bound and receptor-bound cytokine structures in the
vicinity of the IL-2Rp binding site (the A and C helices of the cytokine). (B) Overlay of
the mIL-2/S4B6 and hIL-2 quaternary complex structures, colored as in (A), with surface
representations of the S4B6 variable heavy (VH, orange) and light (VL, green) chains
also shown. The predicted clash between the S4B6 LC CDR1 and domain 1 of IL-2Rf is
indicated with a red dashed line. This unfavorable interaction is predicted to hinder IL-
2/IL-2Rf} association when the S4B6 antibody is bound to the cytokine.
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Figure S5, Related to Figure 5: Kinetic characterization illustrates anti-IL-2
antibody effects on IL-2 cytokine-receptor interactions. SPR kinetic profiles for
soluble mIL-2/JES6-1 immunocomplex interactions with immobilized mIL-2Ra. (A) and
mIL-2Rf (B) and soluble IL-2/S4B6 immunocomplex interactions with immobilized
mlIL-2Ra (C) and mIL-2Rf (D) are presented. Individual curves in panels (A)-(D)
represent unique antibody (Ab):receptor ratios. Note the fundamental differences in the
JES6-1- and S4B6-bound cytokine interactions with the receptor subunits: mIL-2 exhibits
an increased mIL-2Ra dissociation rate with increasing JES6-1:mlIL-2 ratios whereas
mlIL-2 loses binding to mIL-2Ra. when S4B6:mlIL-2 ratios exceed 0.4:1, and mIL-2
binding to mIL-2Rf is drastically reduced between JES6-1:mIL-2 ratios of 0.13:1 and
0.32:1 whereas mIL-2 simultaneously binds mIL-2Rf3 and S4B6. SPR kinetic profiles for
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mlIL-2 interactions with immobilized mIL-2Ra (E) or mIL-2Rp (F), soluble mIL-2Ra.
(G) or mIL-2Rp (H) interactions with immobilized mIL-2/JES6-1 immunocomplex, and
soluble mIL-2Ra (I) or mIL-2Rf (J) interactions with immobilized mIL-2/S4B6
immunocomplex are also shown. Individual curves in panels (E)-(J) represent unique
concentrations of the soluble species. JES6-1 accelerates the dissociation rate of the mIL-
2/mIL-2Ro.  complex whereas S4B6 blocks mlIL-2/mIL-2Ra complex formation
altogether and JES6-1 abrogates mIL-2/mIL-2Rp binding whereas S4B6 slows both the
association and dissociation rates of the mIL-2/mIL-2Rf3 complex.
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Figure S6. Proposed structure-based mechanistic model rationalizes biased immune
cell proliferation responses to anti-IL-2 antibodies. (A) On IL-2Ra™ Treg cells (left),
the IL-2Ra subunit displaces the JES6-1 antibody from mIL-2 to allow for formation of
the high-affinity IL.-2 quaternary complex. Signal activation and preferential stimulation
of IL-2Ra™ cells leads to IL-2Ro. upregulation, creating a positive feedback loop for IL-
2Ro. expression that heightens cytokine sensitivity. On IL-2Ro™® effector cells (right),
JES6-1-bound mlIL-2 is sterically obstructed from binding to the IL-2Rp and IL-2Ry
subunits and thus cannot form a functional signaling complex. (B) On IL-2Ra™ Treg cells
(left), S4B6-bound mlIL-2 i1s sterically obstructed from binding to the IL-2Ra subunit but
1s primed for binding to the IL-2Rp subunit and forms the IL-2 ternary complex. On IL-
2R0" effector cells (right), S4B6-bound mIL-2 also forms the IL-2 ternary complex.
Thus, S4B6-bound mIL-2 stimulates growth of both IL-2Ra™ and IL-2Ra™ cells, and
immunocomplex sensitivity is determined by IL-2Rf expression, favoring potentiation of
IL-2RB™ effector cells.
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mlL-2/JES6-1 scFv

mllL-2/S4B6 Fab

Data Collection

Space Group P3121 P212121

Cell Dimensions (a, b, ¢ [A]) 99.0,99.0, 198.7 43.08, 77.56, 169.04
(o, B,y [°D 90.0, 90.0, 120.0 90.0, 90.0, 90.0

Resolution (A) 49.67-2.82 (2.92-2.82)" |57.15-2.19 (2.27-2.19)

Riﬂg_e 0.101 (0.580) [0.107 (1.468)

I/ 12.3(1.7) 12.11 (1.26)

Completeness (%) 09.0 (81.8) 99.0 (96.0)

Redundancy 2.4(1.9) 6.5 (6.3)

Refinement Statistics

Resolution range (A)

48.04-2.83 (2.93-2.83)

57.15-2.19 (2.27-2.19)

R, . reflections (F > 0) 27531 (2519) 29457 (2835)
R, reflections 1359 (128) 1475 (143)
R . 0.1694 (0.2301) [0.2032 (0.3278)
R, . 0.2041 (0.3202) |0.2316 (0.3496)
[Atoms
Protein 5668 4227
Ligand-ion 76 6
Water 81 223
B-factors
Protein 63.58 54.67
Ligand-ion 106.76 58.50
Water 49.02 49.01
RMSD
Bond-lengths (A) 0.005 0.008
Bond-angles (°) 0.86 1.19
Ramachandran favored (outliers) %  [98.0 (0.14) 99.0 (0.0)

Table S1, Related to Figure 2: Crystallographic statistics for mlIL-2/antibody
complexes Data collection and refinement statistics are provided for solution of the
crystal structures of the mIL-2/JES6-1 single-chain variable fragment (scFv) and mIL-
2/S4B6 Fab complexes. “Values in parentheses are for highest-resolution shell.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Protein expression and purification. The sequence encoding hexahistidine-tagged mIL-
2 (amino acids 1-149) was cloned into the pMal vector with an N-terminal maltose-
binding protein (MBP) followed by a 3C protease site. mIL-2 was expressed in the
periplasm of BL21(DE3) Escherichia coli cells by 20 h induction at 22° C with 1 mM
1sopropyl B-d-thiogalactopyranoside (IPTG). Protein in the periplasmic compartment was
1solated by osmotic shock and purified by nickel-nitrilotriacetic acid (Ni-NTA) (Qiagen)
affinity chromatography. Purity was improved through size-exclusion chromatography on
a Superdex-75 column (GE Healthcare) in HEPES-buffered saline (HBS) (150 mM NaCl
i 10 mM HEPES pH 7.3). For crystallization, a truncated version of mIL.-2 (amino acids

27-149) was used, eliminating the N-terminal poly-glutamine sequence.

hIL-2 (amino acids 1-133), hIL-2Ro. ectodomain (amino acids 1-217), hIL-2Rf
ectodomain (amino acids 1-214), hIL-2Ry ectodomain (amino acids 1-232), mIL-2Ra.
ectodomain (amino acids 1-213), mIL-2Rf ectodomain (amino acids 1-215), and mIL-
2Ry ectodomain (amino acids 34-233) were secreted and purified using a baculovirus
expression system, as previously described (Wang et al., 2005). All proteins were

purified to >98% homogeneity with a Superdex 200 sizing column (GE Healthcare)

equilibrated in HBS.

For biotinylated protein expression, human or mouse IL-2 receptor subunits with C-

terminal biotin acceptor peptides (BAP)-LNDIFEAQKIEWHE were expressed and

purified via Ni-NTA affinity chromatography and then biotinylated with the soluble BirA
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ligase enzyme in 0.5 mM Bicine pH 8.3, 100 mM ATP, 100 mM magnesium acetate, and
500 mM biotin (Sigma). Excess biotin was removed by size exclusion chromatography

on a Superdex 200 column equilibrated in HBS.

The JES6-1 hybridoma cell line (Abrams et al., 1992) was kindly provided by Onur
Boyman and the S4B6 hybridoma cell line (Zurawski et al., 1986) (commercially
available as ATCC clone HB-10968) was obtained. The variable heavy (VH) and light
(VL) chains of both JES6-1 and S4B6 were cloned out of their respective hybridoma cell
lines by isolating and reverse transcribing DNA and subsequently extracting the variable
chains via PCR using conserved rat IgG2A framework and constant domain primers for
the HC and conserved rat kappa framework and constant domain primers for the LC, as
described previously (Dubel et al., 1994). Antibody variable domain framework and CDR
regions were delineated using the International Immunogenetics Information System
(IMGT) V-QUEST tool (Brochet et al., 2008; Giudicelli et al., 2011). For JES6-1 scFv
expression, the identified antibody VH and VL domains separated by a (Gly,sSer); linker
were cloned into the pAcGP67A vector for transfection. For S4B6 Fab expression, the
identified VH followed by the rat IgG2A constant heavy 1 (CH1) domain and the
identified VL domain followed by the rat kappa constant light (CL) domain were
separately cloned into the pAcGP67A plasmid containing 3C protease-cleavable basic
and acidic leucine zippers, respectively, for high-fidelity pairing of the Fab chains, as
detailed previously (Bankovich et al., 2007; Chang et al., 1994). The S4B6 Fab HC and
LC constructs were transfected independently and their corresponding viruses were co-

titrated to determine optimal infection ratios for equivalent expression of the two chains.
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Insect cell secretion and purification of the JES6-1 scFv and the S4B6 Fab proceeded as
described for IL-2 cytokine and receptor subunits. The S4B6 Fab was treated with 3C to

remove the leucine zippers prior to FPLC purification.

Full-length JES6-1 antibody was purchased commercially (eBioscience) and full-length
S4B6 antibody, secreted and purified from the publicly available hybridoma cell line, was
generously provided by Onur Boyman. For surface plasmon resonance (SPR) studies,
antibodies were biotinylated using the EZ-Link Sulfo-NHS-LC-Biotinylation kit (Pierce)

according to the manufacturer’s protocol.

Cell Lines. Unmodified YT-1 (Yodoi et al., 1985) and IL-2Ra.” YT-1 human natural
killer cells (Kuziel et al., 1993) were cultured in RPMI complete medium (RPMI 1640
medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, minimum non-
essential amino acids, sodium pyruvate, 25 mM HEPES, and penicillin-streptomycin

[Gibco]) and maintained at 37° C in a humidified atmosphere with 5% CO,.

The subpopulation of YT-1 cells expressing IL-2Ra was purified via magnetic selection
as detailed previously (Ring et al., 2012). Ten million unsorted IL-2Ro.” YT-1 cells were
washed with FACS buffer (phosphate-buffered saline [PBS] pH 7.2 containing 0.1%
bovine serum albumin) and incubated in FACS buffer with PE-conjugated anti-human
IL-2Ra antibody (Biolegend, clone BC96) for 2 hr at 4° C. PE-labeled IL-2Ra" cells
were then conjugated to paramagnetic microbeads coated with an anti-PE IgG for 20 min

at 4° C, washed once with cold FACS buffer, and sorted on an LS MACS separation
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column (Milteny1 Biotec) according to the manufacturer’s protocol. Purified eluted cells
were re-suspended and grown in RPMI complete medium. Enrichment of IL-2Ra. cells
was evaluated using an Accuri C6 flow cytometer (BD Biosciences) and persistence of

I[L-2Ra. expression was monitored by PE-conjugated anti-human IL-2Ro antibody

labeling and flow cytometric analysis of sorted IL-2Ra” YT-1 cells.

YT-1 cell STATS phosphorylation studies. Approximately 2x10° YT-1 or IL-2Rat’
YT-1 cells were plated in each well of a 96-well plate and re-suspended in RPMI
complete medium containing serial dilutions of mIL-2, mlL-2/antibody
immunocomplexes, or mIL-2/antibody fragment complexes. Complexes were formed by
incubating a 2:1 molar ratio of antibody or antibody fragment to mIL-2 for 30 min at
room temperature. Cells were stimulated for 15 min at 37° C and immediately fixed by
addition of formaldehyde to 1.5% and incubation for 10 min at room temperature.
Permeabilization of cells was achieved by resuspension in ice-cold 100% methanol for 30
min at 4° C. The fixed and permeabilized cells were washed twice with FACS buffer and
incubated with Alexa Fluor® 488-conjugated anti-STATS pY694 (BD Biosciences)
diluted in FACS buffer for 2 hr at room temperature. Cells were then washed twice in
FACS buffer and MFI was determined on an Accuri C6 flow cytometer. Dose-response
curves were fitted to a logistic model and half-maximal effective concentrations (ECss)
were calculated using GraphPad Prism data analysis software after subtraction of the MFI
of unstimulated cells and normalization to the maximum signal intensity. Experiments

were conducted in triplicate and performed three times with similar results.
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Immune cell subset proliferation and receptor expression studies. For relative Eff:T,.,
proliferation studies (Figure 1C), C57BL/6 mice (6 per cohort) were injected ip. with
mlIL-2 immunocomplexes (prepared by pre-incubating 2 pg miIL-2 (Peprotech) with
S4B6 or JES6-1 in a 2:1 cytokine:antibody molar ratio in PBS) or 10 pg of free mIL-2 on
days 1, 2, 3, and 4. Mice were sacrificed on day 5 by cervical dislocation and spleens
were harvested. Single-cell suspensions were prepared by homogenization (GentleMACS
Dissociator, Miltenyi Biotec). Cells were resuspended in PBE buffer (PBS with 2.5%
fetal calf serum [FCS], 2.5 mmol EDTA), blocked with 10% C57BL/6 mouse serum for
30 min on ice, and subsequently stained for 30 min on ice with fluorophore-conjugated
anti-mouse monoclonal antibodies (mAbs) for phenotyping of: T,,s (CD3"CD4'IL-
2Ra"Foxp3™) - eFluor 450®-conjugated anti-CD3 (eBioscience, clone 17A2), PerCP-
conjugated anti-CD4 (BD Biosciences, clone RM4-5), and APC-conjugated anti-IL-2Ra.
(eBioscience, clone PC61.5) mAbs; memory phenotype (MP) CD8" T cells
(CD3'CDS8'CD447IL-2RB") - eFluor 450®-conjugated anti-CD3, PerCP-CyS5.5-
conjugated anti-CD8 (eBioscience, clone 53-7.62), APC-conjugated anti-CD44
(eBioscience, clone IM7), and PE-conjugated anti-IL-2Rf (eBioscience, clone 5H4)
mAbs; and NK cells (CD3'CD49b"NK1.1%) - eFluor 450®-conjugated anti-CD3, FITC-
conjugated anti-CD49b (eBioscience, clone DXS5), and APC-conjugated anti-NKI1.1
(eBioscience, clone PK136) mAbs. Cells were then washed twice with PBE buffer and
fixed in Fixation/Permeabilization Buffer (BD Biosciences) for 1 hr on ice. After two
washes in Permeabilization Buffer (BD Biosciences), cells were stained with PE-
conjugated anti-mouse/rat Foxp3 mAb (eBioscience, clone FIK-16s) for 30 min on ice.

Two final washes were conducted in Permeabilization Buffer and cells were resuspended
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in PBE buffer for flow cytometric analysis on an LSRII (BD Biosciences). Data were
analyzed using FlowJo software (Tree Star). The experiment was performed twice with
similar results. Average ratios of the relative expansion of the indicated subsets are

plotted.

For immune cell subset expansion and IL-2Ra profiling studies (Figures 6A-E),
C57BL/6 mice (3 or 4 per cohort) were injected ip. with mIL-2 immunocomplexes
(prepared by pre-incubating 2 pg mIL-2 with S4B6 or JES6-1 in a 2:1 cytokine:antibody
molar ratio in PBS) or 10 pg of free mIL-2 on days 1, 2, and 3. Mice were sacrificed on
day 5 by cervical dislocation and spleens were harvested, homogenized, and analyzed by
flow cytometry as described for relative Eff:T,., proliferation studies. Five immune cell
subsets were distinguished and profiled for IL-2Ra expression using the following
fluorophore-conjugated anti-mouse mAbs: T,..s (CD3"CD4 Foxp3") - V500 Horizon®-
conjugated anti-CD3 (BD Biosciences, clone 500A2), PerCP-conjugated anti-CD4, PE-
conjugated anti-mouse/rat Foxp3 (eBioscience, clone FJK-16s), and APC-conjugated
anti-IL-2Ra. mAbs; MP CD8™ T cells (CD3"CD8"CD44TL-2Rf") - V500 Horizon®-
conjugated anti-CD3, PerCP-Cy5.5-conjugated anti-CDS8, APC-conjugated anti-CD44,
PE-conjugated anti-IL-2Rf3, and eFluor 450®-conjugated anti-IL-2Ra. (eBioscience,
clone PC61.5) mAbs; NK (CD3'CD49b"CD161") and NKT cells (CD3"CD49b"CD161")
- V500 Horizon®-conjugated anti-CD3, PE-conjugated anti-CD49b (eBioscience, clone
DXS5), APC-conjugated anti-CD161 (eBioscience, clone PK136), and eFluor 450®-
conjugated anti-IL-2Ro. mAbs; and y& TCR cells (CD3'CD49bydTCR") - V500

Horizon®-conjugated anti-CD3, PE-conjugated anti-CD49b, PE-conjugated anti-yd TCR
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(eBioscience, clone GL3), and APC-conjugated anti-IL-2Ra mAbs. The experiment was
performed twice with similar results. Average relative expansion compared to untreated
control mice was determined for each cohort. Histograms show IL-2Ra expression

profiles for one representative mouse out of 3 or 4 per cohort.

Mouse dextran sodium sulfate (DSS)-induced colitis model. BALB/c mice (six per
condition) were injected i.p. either daily for seven days with PBS, once on day 6 with 150
mg anti-mIL-2Ra antibody (EXBIO, clone PC61.5), or daily for seven days with mIL-
2/JES6-1 immunocomplexes (prepared by pre-incubating 1.5 pg mIL-2 with JES6-1 in a
2:1 molar ratio in PBS). On day 8, two mice per condition were sacrificed by cervical
dislocation to assess spleen T, cell counts by flow cytometry. Spleen harvesting,
homogenization, and T,, marker analysis (CD3, CD4, IL-2Ra, and Foxp3) were
performed as described for in vivo immune cell proliferation and receptor expression

studies. Representative dot plots from one mouse per condition are shown.

The remaining four pretreated mice from each cohort were administered 3% DSS (MP
Biomedicals Inc.) in their drinking water beginning on day 8 to induce colitis. On day 15,
disease severity was assessed by a clinical disease activity index. CDAI was
calculated on day 15 as described previously (Cooper et al., 1993), using the following
parameters: body weight decrease (0= no change to 4 = >20% change):; stool consistency
(0 = solid to 4 = liquid stools that stick to the anus); and bleeding (0 = none to 4 = gross
bleeding). Scores for each parameter were summed and divided by three to determine

CDAIL On day 16, mice were sacrificed and their entire colons were removed (from
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cecum to anus). Colon length was measured and shortening was used as an indirect
marker of inflammation. Histological scoring of paraffin-embedded and hematoxylin and
eosin-stained transversal colon sections was implemented in a blinded manner using a
weighted score, ranging from 0 (no signs of inflammation) to 3 (severe inflammation).
The final histological score was calculated as the mean score from 4 independently
analyzed sections from each sample. One representative section from each condition is
shown. The “no disease” cohort refers to an untreated group of mice in which colitis was
not induced. Statistical significance was determined by either Student’s 7-test (colon

length) or by Mann-Whitney U test (histological grade and disease activity score).

Yeast surface and SPR affinity titrations. For yeast studies, full-length human and
mouse IL-2 were cloned into the pCT302 vector and presented on the surface of yeast as
described previously (Boder and Wittrup, 1997; Rao et al., 2004). Yeast displaying hIL-2
and mIL-2 were icubated in FACS buffer containing serial dilutions of the full-length
S4B6 or JES6-1 antibodies for 2 hr at room temperature. Cells were then washed and
incubated for 20 min at 4° C with PE-conjugated anti-Rat IgG2A antibody (eBioscience,
clone R2A-21B2) diluted in FACS buffer. After a final wash, cells were analyzed for
antibody binding using an Accuri C6 flow cytometer. Background-subtracted and
normalized binding curves were fitted to a first-order binding model and equilibrium
dissociation constants (Kgs) were determined using GraphPad Prism. Studies were

performed in triplicate and reproduced three times with similar results.

116



For SPR studies, biotinylated human and mouse IL-2Ra, IL-2Rf3, and IL-2Ry receptors
or biotinylated anti-IL-2 antibodies were immobilized to streptavidin-coated chips for
analysis on a Biacore T100 instrument (GE Healthcare). An irrelevant biotinylated
protein was immobilized in the reference channel to subtract non-specific binding. Less
than 100 response units (RU) of each ligand was immobilized to minimize mass transfer
effects. Serial dilutions of human or mouse IL.-2 were flowed over the immobilized
ligands for 60 s and dissociation was measured for 240 s. Surface regeneration for all
interactions was conducted using 15 s exposure to 1 M MgCl, in 10 mM sodium acetate
pH 5.5, with the exception of the mlIL-2/antibody interactions, for which surface
generation was implemented using 15 s exposure to 1 M MgCl, in 10 mM sodium acetate
pH 4.5. Experiments were carried out in HBS-P+ buffer (GE Healthcare) supplemented
with 0.2% bovine serum albumin (BSA) at 25 °C and all binding studies were performed
at a flow rate of 30 ulL/min to prevent analyte rebinding. Data was visualized and
processed using the Biacore T100 evaluation software version 2.0 (GE Healthcare).
Equilibrium titration curve fitting and determination of Ky values was implemented using

GraphPad Prism assuming all binding interactions to be first order.

Yeast surface and SPR antibody-receptor competitive IL-2 binding assays. For yeast
competition studies, approximately 2x10° mIL-2-displaying yeast per well were plated in
a 96-well plate and washed with FACS buffer. Yeast cells were incubated with saturating
concentrations of biotinylated mIL-2Ra (100 nM) or mIL-2Rp (2 uM) and serial

dilutions of unlabeled competitor antibody (either an isotype control [rat IgG 2A kappa

antibody, eBioscience clone eBR2A], S4B6, or JES6-1) in FACS buffer for 2 hr at room
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temperature. Cells were then washed and stained with fluorophore-conjugated
streptavidin diluted in FACS buffer for 20 min at 4° C. Cells were washed again and
assessed for mllL-2 receptor subunit binding on an Accuri C6 flow cytometer.
Background-subtracted fluorescent signal as a fraction of receptor subunit binding in the
absence of competitor was plotted. Curves were fitted to a logistic model and half
maximal inhibitory concentrations (ICsos) were computed using GraphPad Prism. Assays

were performed in triplicate and repeated three times with consistent results.

SPR-based competition studies were performed in two different topologies. In the first
series of studies, biotinylated mIL-2Ra or mIL-2R3 was immobilized to a streptavidin-
coated chip. Saturating amounts of mIL-2 (100 nM for mIL-2Ra. studies and 2 uM for
mIL-2Rf studies) were pre-incubated with serial dilutions of competitor antibody (either
isotype control antibody, JES6-1, or S4B6) for 30 min at room temperature. The various
ratios of cytokine/antibody immunocomplexes were then flowed over the receptor-coated
chip and both equilibrium binding and interaction dynamics were visualized using the
Biacore T100 evaluation software. Equilibrium binding curves were fitted using
GraphPad Prism, assuming a first-order model for all interactions with the exception of
the mIL-2+S4B6 interaction on immobilized IL-2Ra, which was instead fitted to a
cooperative binding model. In the second series of studies, the orientation was reversed
such that biotinylated antibodies JES6-1 or S4B6 were immobilized. A saturating amount
of mIL-2 (100 nM) was then captured on the immobilized antibodies and serial dilutions
of soluble mIL-2Ra. or mIL-2Rp were immediately flowed over to quantify binding to

the chip-bound mlIL-2/antibody immunocomplexes. Equilibrium and kinetic binding

118



curves were generated in the Biacore T100 evaluation software, with the binding
sensogram of mIL-2 in the absence of soluble receptor subtracted from each profile.
Equilibrium titration curve fits and Ky values were calculated using GraphPad Prism,
assuming first-order binding interactions. Binding profiles for soluble receptor
interactions with antibody-complexed mIL-2 were compared to those of the unbound
mlIL-2 binding to immobilized mIL-2Ra. or mIL-2Rf, detailed under SPR affinity
titrations. For both series of SPR competitive binding studies, immobilization, buffer,

flow, regeneration, and analysis conditions were as described for SPR affinity titrations.
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IV.4 Engineering a single-agent cytokine-antibody fusion that selectively expands
regulatory T cells for autoimmune disease therapy

The selective stimulatory activity of IL-2/JES6 for Treg cells makes it an enticing
candidate for the treatment of autoimmune diseases in humans, but clinical administration of
IL-2co, i.e. mixture of IL-2 and anti-IL.-2 mAb at a molar ratio 2:1, is complicated by logistical
challenges in drug formulation including optimization of the dosing ratio and instability of the
cytokine/antibody complex. Addressing these challenges, our study introduces a structure-
guided engineered fusion of IL-2 with the JES6-1A12 mAb. However, to enable
CD25-mediated triggered exchange of IL-2, it was mnecessary to lower the affinity of
JES6-1A12 mAb to IL-2 by about 6-fold through two point mutations (Y41A+Y101A)
mtroduced into the binding site of the VL domain of the antibody. The resulting JY3 IC
maintains the crucial cytokine exchange property of the parental IL-2/JES6 IL-2co, selectively
promoting Treg cell expansion, and exhibiting superior disease control to the non-covalent
IL-2/JES6 complex in a murine model of colitis. This breakthrough provides a foundational
engineering blueprint to overcome significant obstacles associated with implementation of
IL-2co for clinical application in human diseases.

P. Weberova’s contribution to this publication:

I performed several experiments in vivo. I assessed the expansion of various immune cell
subsets in response to IL-2/JES6 complexes, IL-2/JES6 IC, or its affinity-mutated forms, and
participated in adoptive T cell transfer experiments. Overall contribution ~ 10 %.
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Interleukin-2 (IL-2) has been used to treat diseases ranging from cancer to autoimmune disorders,
but its concurrent immunostimulatory and immunosuppressive effects hinder efficacy. IL-2
orchestrates immune cell function through activation of a high-affinity heterotrimeric receptor
(comprised of IL-2 receptor-a. [IL-2Ra], IL-2Rf, and common y [y.]). IL-2Ra., which is highly
expressed on regulatory T (TReg) cells regulates IL-2 sensitivity. Previous studies have shown that
complexation of IL-2 with the JES6-1 antibody preferentially biases cytokine activity toward Treg
cells through a unique mechanism whereby IL-2 is exchanged from the antibody to IL-2Ra..
However, clinical adoption of a mixed antibody-cytokine complex regimen is limited by
stoichiometry and stability concerns. Here, through structure-guided design, we engineered a
single agent fusion of the IL-2 cytokine and JES6—1 antibody that, despite being covalently linked,
preserves IL-2 exchange, selectively stimulating TReg expansion, and exhibiting superior disease
control to the mixed IL-2/JES6—1 complex in a mouse colitis model. These studies provide an
engineering blueprint for resolving a major barrier to the implementation of functionally similar
IL-2/antibody complexes for treatment of human disease.

INTRODUCTION

Interleukin-2 (IL-2) is a pleiotropic cytokine that orchestrates the proliferation, survival, and
function of both immune effector cells and regulatory T (Tgreg) cells to maintain immune
homeostasis. IL-2 signals through activation of either a high-affinity (~100 pM)
heterotrimeric receptor (composed of IL-2 receptor-a. [IL-2Ra], IL-2Rf, and the shared
common gamma [y,]) or an intermediate-affinity (~1 nM) heterodimeric receptor
(composed of only the IL-2R and -y, chains) (1-3). Consequently, IL-2 sensitivity is
dictated by the non-signaling IL-2Ra. chain, which is abundantly expressed on the surface of
TReg cells, but virtually absent from naive immune effector cells (z.e. natural killer [NK]
cells and memory phenotype [MP] CD8* T cells) (1, 2, 4). Formation of the IL-2 cytokine-
receptor complex leads to activation of intracellular Janus kinase (JAK) proteins, which are
constitutively associated with IL-2Rf and .. JAK proteins phosphorylate key tyrosine
residues in the receptor intracellular domains, leading to recruitment and activation of signal
transducer and activator of transcription (STAT)-5 to effect immune-related gene expression
and regulate functional outcomes (1, 5, 6).

Due to its essential role in the differentiation and growth of Tgeg cells, the IL-2 cytokine has
been extensively characterized in pre-clinical models to treat a range of autoimmune
diseases, including diabetes and multiple sclerosis. These models have underlined the need
to administer low doses of the cytokine to take advantage of the enhanced IL-2 sensitivity of
TReg over effector cells (7, 8). More recently, proof-of-concept clinical trials backed by
mechanistic studies have demonstrated that low-dose IL-2 therapy specifically activates and
expands Tgeg cells to ameliorate autoimmune pathologies (9—11). However, careful dose
titration is required for these studies and the off-target activation of effector cells
(particularly activated cells with upregulated IL-2Ra expression) remains of concern.

Boyman and colleagues demonstrated that treating mice with complexes of IL-2 with the
anti-IL-2 antibody JES6—1 biases cytokine activity toward TReg cells to orchestrate an
immunosuppressive response (12), offering an exciting opportunity for targeted autoimmune
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disease therapy (13). Subsequent work has demonstrated that IL-2/JES6—1 complexes
prevent development of autoimmune diseases (14—17) and promote graft tolerance (18, 19)
in mice. We recently determined the molecular structure of the IL-2/JES6—1 complex to
elucidate the mechanistic basis for its selective stimulation of Tgeg over effector cells. JES6—
1 sterically obstructs IL-2 interaction with the IL-2Rp and vy, subunits to block signaling on
IL-2Ral®¥ effector cells, but also undergoes a unique allosteric exchange mechanism with
the TL-2Ra. subunit, wherein surface-expressed IL-2Ra. displaces the JES6—1 antibody and
liberates the cytokine to signal through the high-affinity heterotrimeric receptor on
[L-2RaHigh TReg cells (Fig. 1a). This phenomenon occurs because key residues in the IL-2
AB interhelical loop engage the JES6-1 antibody and the IL-2Ra subunit in distinct
orientations; thus, IL-2-antibody and IL-2-receptor binding are mutually exclusive, leading
to bidirectional exchange. Activation of the IL-2 signaling pathway on IL-2Ra &b cells
further upregulates IL-2Ra. expression to create a positive feedback loop that exquisitely
favors Treg expansion (17).

The immunosuppressive effects of IL-2/JES6—1 complexes make them enticing candidates
for autoimmune disease treatment in humans, but clinical administration of mixed IL-2/
antibody complexes is complicated by logistical challenges in drug formulation including
optimization of the dosing ratio and instability of the cytokine/antibody complex. Previously.,
IL-2 has been covalently linked to an anti-IL-2 antibody to enhance its iz vivo half-life and
stability (20). However, this approach is incompatible with the allosteric exchange
mechanism enacted by the IL-2/JES6—1 complex as tethering IL-2 to the JES6—1 antibody
greatly enhances the apparent antibody-cytokine affinity, obstructing the triggered release
that is essential for Treg bias. To overcome this obstacle to therapeutic development, we
utilized a structure-based engineering strategy to design a single-agent IL-2/JES6—1 fusion
that preserves antibody-receptor exchange. Through modulation of the cytokine-antibody
affinity, we successfully recapitulated the selective Tgeg potentiation elicited by mixed IL-2/
JES6-1 complex treatment and we demonstrated that our engineered cytokine-antibody
fusion controlled autoimmune disease better than the mixed complex in an induced mouse
model of colitis. Collectively, our biophysical and functional studies present a mechanism-
driven biomolecular engineering approach that enables the therapeutic translation of a
cytokine-antibody complex, and that can readily be adapted to other systems for a range of
immune disease applications.

MATERIALS AND METHODS

Protein expression and purification.

The sequence encoding hexahistidine-tagged mouse IL-2 (mIL-2, amino acids 1-149) was
cloned into the pMal vector with an N-terminal maltose-binding protein (MBP) followed by
a 3C protease site. mIL-2 was expressed in the periplasm of BL21(DE3) Escherichia coli
cells by 20 h induction at 22°C with 1 mM isopropyl p-d-thiogalactopyranoside (IPTG).
Protein in the periplasmic compartment was isolated by osmotic shock and purified by
nickel-nitrilotriacetic acid (Ni-NTA) (Qiagen) affinity chromatography. Purity was improved
via size-exclusion chromatography on a Superdex-75 column (GE Healthcare) in HEPES-
buffered saline (HBS, 150 mM NaCl in 10 mM HEPES pH 7.3).
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mlIL-2Ra (amino acids 1-213) ectodomain, mIT.-2RP ectodomain (amino acids 1-215), and
my. ectodomain (amino acids 34-233) were secreted and purified using a baculovirus
expression system, as previously described (3). All proteins were purified to >98%
homogeneity with a Superdex 200 sizing column (GE Healthcare) equilibrated in HBS.
Purity was verified by SDS-PAGE analysis.

Recombinant JES6—1 antibody and immunocytokine and mutants thereof were co-expressed
using the previously described BacMam technique (21) adapted for 293F human embryonic
kidney cells (Thermo Life Technologies). For JES6-1 antibody and variants thereof, the
JES6-1 variable heavy (Vy) chain followed by the rat immunoglobulin (IgG) 2a constant
domains was cloned into the pVLADG vector with a C-terminal hexahistidine tag. The
JES6-1 variable light (Vr) chain followed by the rat kappa light chain constant domain was
separately cloned into the pVLADG vector with with a C-terminal hexahistidine tag. For
immunocytokine constructs, mIL-2 was cloned N-terminal fo the Vi, domain of the light
chain construct, spaced by a (Gly4Ser), linker. Heavy and light chain constructs were
separately transfected into Spodoprera fiugiperda insect (SF9) cells as previously described
(21) and the resulting viral supernatants were used to infect 293F cells (Thermo Life
Technologies) in the presence of 10 mM sodium butyrate (Sigma). Heavy and light chain
viruses were co-titrated to determine optimal infection ratios for equivalent expression of the
two chains. Infected 293F cells were harvested after 72 hours and secreted protein was
captured from the supernatant via Ni-NTA (Qiagen) affinity chromatography. Proteins were
further purified to >98% homogeneity with a Superdex 200 sizing column (GE Healthcare)
equilibrated in HBS, and purity was confirmed by SDS-PAGE analysis. Rat IgG2a isotype
control antibody (Clone eBR2a) was purchased commercially (eBioscience).

For expression of biotinylated mouse IL-2 and mouse IL-2 receptor subunits, proteins
containing a C-terminal biotin acceptor peptide (BAP)-LNDIFEAQKIEWHE were
expressed and purified via Ni-NTA affinity chromatography and then biotinylated with the
soluble BirA ligase enzyme in 0.5 mM Bicine pH 8.3, 100 mM ATP, 100 mM magnesium
acetate, and 500 mM biotin (Sigma). Excess biotin was removed by size exclusion
chromatography on a Superdex 200 column equilibrated in HBS. Antibodies and
immunocytokines were biotinylated using the EZ-Link Sulfo-NHS-LC-Biotinylation kit
(Pierce) according to the manufacturer’s protocol.

Unmodified YT-1 (22) and IL-2Rat YT-1 human natural killer cells (23) were cultured in
RPMI complete medium (RPMI 1640 medium supplemented with 10% fetal bovine serum,
2 mM L-glutamine, minimum non-essential amino acids, sodium pyruvate, 25 mM HEPES,
and penicillin-streptomycin [Gibco]) and maintained at 37°C in a humidified atmosphere
with 5% CO;.

The subpopulation of YT-1 cells expressing IL-2Ra was purified via magnetic selection as
described previously (24). Ten million unsorted IL-2Ra* YT-1 cells were washed with
FACS buffer (phosphate-buffered saline [PBS] pH 7.2 containing 0.1% bovine serum
albumin) and incubated in FACS buffer with PE-conjugated anti-human IL-2Ra. antibody
(Biolegend, clone BC96) for 2 hr at 4°C. PE-labeled IL-2Ra* cells were then incubated with
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paramagnetic microbeads coated with an anti-PE IgG for 20 min at 4° C, washed once with
cold FACS buffer, and sorted on an LS MACS separation column (Miltenyi Biotec)
according to the manufacturer’s protocol. Purified eluted cells were re-suspended and grown
in RPMI complete medium. Enrichment of IL-2Ra* cells was evaluated using an Accuri C6
flow cytometer (BD Biosciences) and persistence of IL-2Ra expression was monitored by
PE-conjugated anti-human IL-2Ra antibody labeling and flow cytometric analysis of sorted
IL-2Ra™ YT-1 cells.

Second harmonic generation antibody-receptor exchange studies.

For cytokine labeling, hexahistidine-tagged mIL-2 was exchanged into labeling buffer (50
mM HEPES pH 8.2, 150 mM NaCl) with a 0.5 mL, 7000 molecular weight cut-off Zeba™
Spin Desalting Column (Thermo). A five-fold molar excess of lysine-reactive (succinimidyl
ester chemistry) second harmonic-active dye SHG1-SE (25) (Biodesy. Inc.) was added to the
protein. The reaction proceeded on ice for 5 min and was then stopped by removal of
unreacted SHG1-SE by buffer exchange into HBS with a 0.5 mL, 7000 molecular weight
cut-off Zeba™ Spin Desalting Column (Thermo). The reacted protein was centrifuged at
16,000=g at 4 °C for 20 minutes to pellet any precipitate and the supernatant was analyzed
by UV-Vis spectroscopy. The degree of labeling was determined to be 1 (dye:protein
stoichiometry).

For target immobilization, Ni-NTA lipid-containing small unilamellar vesicles (SUVs) were
generated in tris-buffered saline (TBS, pH 7.6) from the Ni-NTA Bilayer Surface reagent
(Biodesy. Inc) according to the manufacturer’s protocol. Supported lipid bilayers were
formed by fusion of the Ni-NTA SUVs on the glass surface of a 384-well Biodesy Delta
plate. The formed bilayer was washed into HBS. SHG1-SE labeled hexahistidine-tagged
mlIL-2 was added to each well at 500 nM final concentration (20 uL well volume). The
protein was allowed to attach to the surface through the Ni-NTA:Hexahistidine-tag
interaction overnight at 4°C. The plate was then equilibrated to room temperature for 30 min
and unbound protein was washed out. Following 20 min incubation at room temperature, the
plate was transferred to the Biodesy Delta for data collection.

To assess JES6—1 exchange. 500 nM IL-2Ra. was injected at time ~0 and second harmonic
generation (SHG) signal was monitfored for 10 minutes. Two-fold serial dilutions of JES6—1
antibody ranging from 2 uM to 31 nM in assay buffer containing 500 nM IL-2Ra (to keep
the receptor concentration constant) were injected and percent SHG signal change (ASHG)
was tracked for 10 min. To assess IL-2Ra exchange. 500 nM JES6—1 was injected at time
=0 and SHG signal was monitored for 10 minutes. Two-fold serial dilutions of IL-2Ra.
ranging from 32 pM to 0.5 pM in assay buffer containing 500 nM JES6—1 (to keep the
antibody concentration constant) were injected and ASHG was tracked for 10 min. The
percent change in SHG intensity was calculated as (SHGg-SHGg)/SHGpg * 100, where
SHGg is the SHG signal at £0 and SHGg is the SHG signal at each time point post-
injection.
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Molecular dynamics simulations.

Atomistic molecular dynamics simulations of mIL-2 were performed using the Gromacs
5.0.4 package (26) with the Amber99SB-ILDN force field (27) and the TIP3P water model
(28). Initial conformations were obtained from the crystal structures of the mIL-2:JES6—1
scFv (PDB ID 4YQX), mIL-2:S4B6 Fab (PDB ID 4YUE), and hIL-2:hIL.-2Ra (PDB ID:
1792) complexes, with the binding partner omitted. The Modeller 9.14 package (29) was
used to mutate the hIL-2 conformation to the mouse sequence and to build
crystallographically-unresolved loops, with five predicted configurations for each crystal
structure. Starting conformations of mIL-2 were positioned in a dodecahedron box with a
minimum of 10 A between the protein’s surface and the edge of the box. The protein was
solvated with approximately 8400 water molecules; five sodium ions were added to
neutralize the charge. Energy minimization was performed using a steepest descent
algorithm. and solvent was equilibrated for 500 ps at 300 K and 1 bar with the positions of
the protein atoms held fixed. Production simulations were performed using a 2 fs timestep,
with trajectory lengths of 150 ns and an aggregate simulation time of 19.4 ps. Constant
temperature and pressure were maintained by applying a velocity-rescaling thermostat (30)
and a Parrinello-Rahman barostat (31). Bonds were constrained using the LINCS algorithm
(32). and electrostatic interactions were treated with the particle mesh Ewald method (33).
Adaptive sampling was performed by reseeding simulations from poorly sampled regions of
the mIL-2 conformational landscape; conformations in these regions were identified by
time-structure independent component analysis (34), an unbiased method to determine the
slowest degrees of conformational freedom.

A Markov State model (MSM) with a lag-time of 5 ns was constructed from the simulation
data using the MSMBuilder 2.8.2 package (35). Similar to prior analysis of IL-2 simulations
(24). conformations were clustered into 50 states using a hybrid k-centers k-medoids
algorithm. with distances between all pairs of conformations determined from the root mean
square deviation (RMSD) of the backbone atom positions. A representative trajectory of the
predicted equilibrium dynamics was constructed using kinetic Monte Carlo sampling of the
MSM transition probability matrix. Inter-residue distances, dihedral angles, and RMSD were
computed using MDTraj 1.7.2 (36).

Surface plasmon resonance studies.

For IL-2 affinity titration studies, biotinylated mouse IL-2Ra and IL-2Rf receptors,
biotinylated JES6—1 antibody mutants, or biotinylated JES6—1 IC mutants were immobilized
to streptavidin-coated chips for analysis on a Biacore T100 instrument (GE Healthcare). An
irrelevant biotinylated protein was immobilized in the reference channel to subtract non-
specific binding. Less than 100 response units (RU) of each ligand was immobilized to
minimize mass transfer effects. Three-fold serial dilutions of mIL-2 were flowed over the
immobilized ligands for 60 s and dissociation was measured for 240 s. Surface regeneration
for all interactions was conducted using 15 s exposure to 1 M MgCl, in 10 mM sodium
acetate pH 5.5.

For immunocytokine receptor exchange studies, biotinylated mIL.-2Ra or mIL-2Rf

receptors were immobilized to streptavidin-coated chips for analysis on a Biacore T100
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instrument (GE Healthcare). An irrelevant biotinylated protein was immobilized in the
reference channel to subtract non-specific binding. Less than 100 response units (RU) of
each ligand was immobilized to minimize mass transfer effects. Three-fold serial dilutions
of mIL-2 or JES6-1 IC mutants were flowed over the immobilized ligands for 60 s and
dissociation was measured for 240 s. Surface regeneration for all interactions was conducted
using 15 s exposure to 1 M MgCl, in 10 mM sodium acetate pH 5.5.

SPR experiments were carried out in HBS-P+ buffer (GE Healthcare) supplemented with
0.2% bovine serum albumin (BSA) at 25°C and all binding studies were performed at a flow
rate of 50 pL/min to prevent analyte rebinding. Data was visualized and processed using the
Biacore T100 evaluation software version 2.0 (GE Healthcare). Equilibrium titration curve
fitting and equilibrium binding dissociation (Kp) value determination was implemented
using GraphPad Prism assuming all binding interactions to be first order.

YT-1 cell STAT5 phosphorylation studies.

Approximately 2x10° YT-1 or IL-2Ra™ YT-1 cells were plated in each well of a 96-well
plate and re-suspended in RPMI complete medium containing serial dilutions of mIL-2,
mlIL-2/antibody complexes, JES6—1 IC, or JES6—1 IC mutants. Complexes were formed by
incubating a 1:1 molar ratio of antibody or antibody fragment to mIL-2 for 30 min at room
temperature. Cells were stimulated for 15 min at 37°C and immediately fixed by addition of
formaldehyde to 1.5% and 10 min incubation at room temperature. Permeabilization of cells
was achieved by resuspension in ice-cold 100% methanol for 30 min at 4°C. Fixed and
permeabilized cells were washed twice with FACS buffer (phosphate-buffered saline [PBS]
PH 7.2 containing 0.1% bovine serum albumin) and incubated with Alexa Fluor® 647-
conjugated anti-STATS pY694 (BD Biosciences) diluted in FACS buffer for 2 hr at room
temperature. Cells were then washed twice in FACS buffer and MFI was determined on a
CytoFLEX flow cytometer (Beckman-Coulter). Dose-response curves were fitted to a
logistic model and half-maximal effective concentrations (ECsqs) were calculated using
GraphPad Prism data analysis software after subtraction of the mean fluorescence intensity
(MFTI) of unstimulated cells and normalization to the maximum signal intensity. Experiments
were conducted in triplicate and performed three times with similar results.

Immune cell subset proliferation studies.

For relative TReg:CDSJU’CDﬁt+ T cell proliferation studies, 12 weeks old C57BL/6 mice (3
per cohort) or NOD mice (4 per cohort) were injected £p. with PBS, mixed IL-2/JES6—1
complex (prepared by pre-incubating 1.5 pg mIL-2 [eBioscience] with 6 pg JES6-1 [2:1
cytokine:antibody molar ratio] in PBS for 30 mins). or 6 pug of the indicated JES6—1 IC
mutants on days 1, 2, 3 and 4. Mice were sacrificed on day 5 by cervical dislocation and
spleens were harvested. Single-cell suspensions were prepared by mechanical
homogenization and absolute count of splenocytes was assessed for each spleen by
automated cell counter (Vicell, Beckman Coulter). Cells were resuspended in PBS and
subsequently stained for 30 min on ice with fluorophore-conjugated anti-mouse monoclonal
antibodies (mAbs) for phenotyping of Tgeg (CD4*IL-2Ra"Foxp3™) or CD8" effector T cells
(CDS8") using BV605-conjugated anti-CD4 (Biolegend, clone RM4-5), PeCy7-conjugated
anti-IL-2Ra (eBioscience, clone PC61.5), PerCP-Cy5.5-conjugated anti-CD8 (eBioscience,

J Immunol. Author manuscript; available in PMC 2019 October 01.

129



1duosnuepy Joyiny 1duosnuepy Joyiny 1diosnuey Joyiny

1diosnuepy Joyiny

Spangler et al.

Page 8

clone 53—6.72), and mAbs. Fixable Blue Dead Cell Stain Kit (Life Techonologies) was used
to assess live cells. Cells were then washed twice with FACS buffer (1% BSA. 1% Sodium
Azide) and fixed in Foxp3 Transcription Factor Fixation/Permeabilization Buffer
(eBioscience) for 30 mins on ice. After two washes in Permeabilization Buffer
(eBioscience), TRreg cells were stained with FITC-conjugated anti-mouse/rat Foxp3 mAb
(eBioscience, clone FIK-16s) for 1 hour on ice. Two final washes were conducted in
Permeabilization Buffer and cells were resuspended in FACS buffer for flow cytometric
analysis on an LSRII (BD Biosciences). Data were analyzed using FlowJo X software (Tree
Star). Ratios of the absolute numbers of Treg cells to either CDS8* effector T cells or total
CD4* T cells are presented. Statistical significance was determined by two-tailed unpaired
Student’s #test. Experiments were performed three times with similar results.

Adoptive T cell transfer studies.

OT-I Ly 5.1" mice (3 per cohort) were sacrificed by cervical dislocation and lymph nodes
(head, axillary, inquinal and mesenteric) were harvested. Single-cell suspensions were
prepared by homogenization (GentleMACS Dissociator, Miltenyi Biotec) and CD8" effector
T cells were negatively sorted on AutoMACS (Miltenyi Biotec). Isolated CD8" T cells were
labeled with carboxyfluorescein succinimidyl ester (CFSE) and injected 1 v: into C57BL/6
mice (Ly 5.2) (1x10° cells/mouse). Mice were then treated 7,p. on day 1 with PBS or with 2
nmol SIINFEKL peptide alone or in combination with 75 pg polyI:C7. 7.5 pg mIL-2 plus 30
ng Rat IgG2a isotype control antibody (BioXcell., Clone 2A3), mixed mIL-2/JES6-1
complex (formed by pre-incubating 7.5 ng mIL-2 [Peprotech] with 30 pg JES6-1 [2:1
cytokine:antibody molar ratio] in PBS for 15 min), or 30 pg JY3 immunocytokine. On day 2,
3, and 4, mice were treated with the same doses of mIL-2 plus Rat IgG2a isotype control
antibody, mixed mIL-2/JES6—1 complex. or JY3 immunocytokine. Mice were sacrificed on
day 5 by cervical dislocation and spleens were harvested, homogenized, and analyzed by
flow cytometry as described for Immune cell subset proliferation studies. Four immune
populations were distinguished and profiled for IL-2Ra. expression using the following
fluorophore-conjugated anti-mouse mAbs: adoptively transferred CD8* T cells - V500
Horizon®-conjugated anti-CD3 (BD Biosciences, clone 500A2), PerCP-Cy5.5-conjugated
anti-CD8 (eBioscience, clone 53—6.72), APC-conjugated anti-CD45.1 (eBioscience, clone
A20), and eFluor 450®-conjugated anti-IL-2Ra., Tgeps (CD37CD4 Foxp3™) - V500
Horizon®-conjugated anti-CD3 (BD Biosciences, clone 500A2), PerCP-conjugated anti-
CD4 (BD Biosciences, clone RM4-5), PE-conjugated anti-mouse/rat Foxp3 (eBioscience,
clone FJK-16s), and APC-conjugated anti-IL-2Ra mAbs (eBioscience, clone PC61.5); MP
CD8* T cells (CD3*CD8*CD44*IL-2RB™) - V500 Horizon®-conjugated anti-CD3, PerCP-
Cy5.5-conjugated anti-CDS8 (eBioscience, clone 53—6.72), APC-conjugated anti-CD44
(eBioscience, clone IM7), PE-conjugated anti-IL-2Rf (eBioscience, clone 5H4), and eFluor
450®-conjugated anti-IL-2Ra (eBioscience, clone PC61.5) mAbs; and NK cells

(CD3 CD49btCD161) - V500 Horizon®-conjugated anti-CD3, PE-conjugated anti-CD49b
(eBioscience, clone DX5), APC-conjugated anti-CD161 (eBioscience, clone PK136), and
eFluor 450®-conjugated anti-IL-2Ra mAbs. Fixable Viability Dye eFluor™ 780
(eBioscience) was used to assess live cells. Data were analyzed using FlowJo X software
(Tree Star). Relative number of cells and mean fluorescence intensity (MFI) of IL-2Ra. are
presented for each cohort in all four immune cell subsets. Statistical significance was
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determined by two-tailed unpaired Student’s #test. The experiment was performed three
times with similar results.

Mouse dextran sodium sulfate (DSS)-induced colitis model.

BALB/c mice (6 per cohort) were injected 1 p. daily for seven days with PBS, 7.5 ng mIL-2
plus 30 pg isotype control antibody (BioXcell, clone 2A3), mixed mIL-2/JES6—1 complex
(formed by pre-incubating 7.5 pg mIL-2 [Peprotech] with 30 pg JES6-1 [2:1
cytokine:antibody molar ratio] in PBS for 15 min), or 30 pg JY3 immunocytokine.
Beginning on day 8, mice were administered 3% DSS (molecular weight=40000, MP
Biomedicals Inc.) in their drinking water to induce colitis. On day 15, body weight was
recorded and disease severity was assessed using clinical disease activity index, as described
previously (4, 37). On day 16, mice were sacrificed and entire colons were removed (from
cecum to anus). Colon length was measured and shortening was used as an indirect marker
of pathological inflammation. Statistical significance was determined by one-way ANOVA +
Dunnett’s multiple comparison post-test. The experiment was performed two times with
similar results.

RESULTS

IL-2 undergoes bidirectional exchange between the JES6-1 antibody and the IL-2Ra
receptor subunit.

The aforementioned allosteric exchange mechanism allows for displacement of JES6-1 in
the cytokine/antibody complex by the surface-bound IL-2Ra receptor subunit (Fig. 1a). This
mechanism was supported by structural and surface plasmon resonance (SPR)-based studies
(17). To demonstrate the bidirectionality of the antibody-receptor exchange mechanism, we
interrogated the capacity of both antibody and receptor to engage bound mouse IL-2
complexes. To this end, we used a second-harmonic generation (SHG) detection platform,
which was previously used to detect conformational changes in proteins in time and space
(25, 38, 39). IL-2 was labeled with a second-harmonic-active dye and immobilized to a
surface. The tethered cytokine was then saturated with either mouse IL-2Ra (Fig. 1b, fop)
or JES6-1 (Fig. 1b, bottom). Subsequently, various concentrations of soluble JES6—1 (Fig.
1b, fop) or IL-2Ra (Fig. 1b, boftom) were added and changes in SHG signal, indicative of
modulations in average tilt angles of the dye particles conjugated to IL-2, were quantified. In
both topologies, dose-dependent conformational changes were observed in IL-2 upon adding
soluble protein to the immobilized complex, demonstrating the bidirectional exchange
between antibody and receptor engagement of the cytokine.

To further corroborate the allosteric exchange mechanism, we performed molecular
dynamics simulations to study the distinct conformational states of IL-2 when bound to the
JES6-1 antibody versus the IL-2Ra. receptor, as well as the transition between these states.
IL-2. and in particular the IL-2Ra-binding epitope of the cytokine, is known to exhibit
extensive conformational flexibility (40—42). We constructed an atomically-detailed Markov
State model (MSM) of the conformational landscape of free IL-2. The equilibrium dynamics
captured by the MSM predicted that IL-2 stably adopts a JES6—1-bound conformation even
in the absence of antibody but occasionally relaxes to a distinct metastable state that
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resembles the IL-2Ra.-bound conformation (Fig. 1c, Supplemental Video 1). The antibody-
bound and receptor-bound states of the cytokine diverge significantly with respect to root
mean square deviation (RMSD), inter-residue distances, and residue-specific dihedral angles
in all three interhelical loops (Fig. 1¢). The transition from the JES6—1-bound to the
IL-2Ra-bound states involves significant conformational rearrangements and, in particular,
destabilization of a salt bridge and a hydrogen bond in the AB and BC loops, respectively,
that appear to rigidify these regions (Fig. 1c, red and orange). These changes coincide with
the loss of a cation-pi interaction between the B helix and the beta strand of the CD region,
accompanied by increased flexibility of the latter (Fig. 1c, green). Inspection of the primary
transition path with higher temporal resolution suggests that loss of loop rigidity occurs in
sequential fashion. Deformation of the BC loop, which interacts with IL-2Ra., is predicted to
precede destabilization of the AB loop, which engages IL-2Ra at its C-terminal end and
JES6-1 at its N-terminal end (Fig. 1d). Such a stepwise transition may facilitate allosteric
exchange between the JES6—1 antibody and IL-2Ra subunit (17). Taken together, our
biophysical and computational studies offer mechanistic insight into the antibody-receptor
exchange that drives the Tgeg cell bias induced by stimulation with the mixed IL-2/JES6-1
complex.

Design of a single-agent cytokine-antibody fusion.

To stabilize the IL-2/JES6—1 complex with an eye toward translation, we fused the IL-2
cytokine to the full-length JES6—1 antibody, tethering IT.-2 to the N-terminal end of the light
chain via a flexible (Gly4Ser), linker (Fig. 2a). Based on the IL-2/JES6—1 complex structure
(17), the C-terminus of IL-2 is predicted to be 19.9 A from the N-terminus of the JES6-1
light chain (Supplemental Fig. 1a). Our cytokine/antibody construction (hereafter denoted
the JES6—1 immunocytokine [IC]) was designed to allow for intramolecular cytokine
engagement. Interaction between IL-2 and JES6—1 within the immunocytokine was
confirmed by SPR-based titrations of the IL-2Ra subunit. Whereas untethered IL-2 binds
the IL-2Ra. subunit with an equilibrium dissociation constant (Kp) of 9.8 nM, JES6-1 IC
has a 30-fold weaker IL-2Ra affinity (Kp=290 nM) (Fig. 2b), reflective of cytokine
sequestering by the tethered antibody.

The IL-2-JES6-1 affinity (Kp=5.6 nM) is similar to the IL-2-IL-2Ra affinity (Kp=9.8 nM)
and significantly stronger than the IL-2-IL-2Rp affinity (Kp=7.4 pM) (Supplemental Fig.
1b). Thus, effective exchange of the IL-2 cytokine between the JES6—1 antibody and the
IL-2Ra. subunit is observed when the affinities are closely matched. We hypothesized that
tethering IL-2 to the JES6—1 antibody would enhance the apparent cytokine-antibody
affinity due to avidity effects, and this increased cytokine-antibody affinity would in turn
weaken IL-2-IL-2Ra interaction in the context of the IC. We speculated that changes in the
antibody-cytokine affinity and, by consequence, the IC-IL-2Ra affinity, would impact on the
exchange mechanism in a biphasic manner. If the affinity of the IL-2-JES6—1 complex was
greatly reduced, the antibody would fall off constitutively, leading to the cytokine to behave
the same as the naked IL-2 and activate both IL-2Ra ieh TReg and IL-2Ral®¥ effector cells,
thus erasing the robust Tgreg cell IL-2 signaling bias conferred by JES6-1 (Supplemental Fig.
1¢c). Conversely, if the affinity of the IL-2-JES6—1 complex was significantly increased, to
the limit of an irreversible interaction. the antibody would never be displaced by IL-2Ra.,
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ablating the exchange mechanism and precluding cytokine activity on both Tgeg and effector
cells (Supplemental Fig. 1¢). Consequently, there exists an optimal IL-2-antibody affinity to
maximize Tgreg over effector cell expansion, and substantial enhancement of the IL-2-
antibody affinity through immunocytokine construction could push this affinity outside of
the optimal range.

Parent IL-2-JES6-1 immunocytokine exhibits reduced activation of IL-2RaHigh cells and
does not promote Treg €Xpansion in vivo.

To examine the functional consequences of antibody-cytokine tethering on cell subset-
selective activity, we tested activation of two genotypically matched cell lines based on the
YT-1 human NK lineage that differ only in their expression of the IL-2Ra subunit (23), as a
surrogate for stimulation of IL-2RaHigh TReg cells compared to IL-2Ral®W effector cells.
IL-2 exhibited over 30-fold more potent activation (as measured by STATS phosphorylation)
on IL-2Ra* cells compared to IL-2Ra~ cells, as was expected due to the higher affinity of
the heterotrimeric versus the heterodimeric IL-2 receptor complex. The mixed IL-2/JES6—1
complex induced weaker activation of both cell lines but, importantly, showed more
pronounced obstruction of signaling on IL-2Ra~ compared to IL-2Ra* cells, rationalizing
the complex’s IL-2Ra High TReg bias. JES6-1 IC did not activate [L-2Ra" cells and induced
much weaker activation of IL-2Ra. " cells compared to the mixed complex, consistent with
its impaired interaction with the IL-2Ra subunit (Fig. 2c). We explored how this differential
1In vifro signaling would translate into 7z vivo immune cell subset bias. Administration of
IL-2 alone to non-obese diabetic (NOD) mice did not induce an increase in TRreg relative to
CDS8* effector T cell abundance, but treatment with IL-2/JES6-1 complex doubled the
TRf,g:CDSJr T cell ratio. However, this increase was completely absent for JES6-1 IC,
indicating that stabilization of the IL-2-antibody affinity had disrupted the exchange
mechanism, ablating cytokine activity on both Tgeg and effector cells (Fig. 2d, Supplemental
Fig. 1c). Accordingly, enrichment of Tgreg in the total CD4" T cell population was observed
following treatment with IL-2/TES6—1 complex treatment but not JES6—1 IC (Supplemental
Fig. 1d).

Affinity mutant immunocytokines demonstrate improved exchange and elicit biased IL-2Ra
* cell activation.

To rescue the TReg-biased activity of the immunocytokine, we used crystallographic insights
to rationally design a panel of eight single-point alanine mutants of the JES6—1 antibody. We
selected four variable heavy (Vg) and four variable light (V1) chain residues at the cytokine/
antibody interface, intentionally avoiding residues proximal to the IL-2Ra chain to
circumvent disruption of the allosteric exchange mechanism (Fig. 3a). We formatted each
alanine mutant as a full-length antibody and characterized binding to the IL-2 cytokine via
SPR titrations. All mutants with the exception of R62A decreased the antibody-cytokine
affinity, with a maximum affinity impairment of 89-fold relative to the parent JES6—1
antibody (Fig. 3b and Table I).

To probe the effects of reduced cytokine/antibody affinity on IL-2Ra exchange, we
reformatted each of the alanine mutants as IC fusions and measured the binding of these
soluble IC variants to immobilized IL-2Ra. using SPR. Each of the eight IC mutants tested
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exhibited increased receptor affinity compared to the parent JES6-1 IC, indicative of
improved exchange due to enhanced antibody displacement. The most pronounced affinity
improvement was observed for the Y41A IC mutant, which had a 2.2-fold tighter affinity for
IL-2Ra than JES6-1 IC (Fig. 3c, fop and Table I). Notably, neither the parent JES6—1 IC nor
any of the mutant IC constructs bound the immobilized IL-2R subunit, indicating that
JES6-1-mediated blockade of the IL-2R remained intact for our engineered IC mutants
(Fig. 3c. botfom).

We predicted that improved antibody displacement by the IL-2Ra subunit would potentiate
mutant JES6-1 IC activity on IL-2Ra* cells and, indeed, we observed that many of our
immunocytokine mutants enhanced STATS signaling on IL-2Ra* YT-1 cells relative to the
parent JES6—1 IC. Three IC mutants (S34A, Y41A, and Y101A) recovered the extent of
STATS signaling induced by the mixed IL-2/JES6—1 complex (Fig. 3d. fop). None of the
engineered IC mutants activated IL-2Ra™ YT-1 cells, consistent with the behavior of the
mixed complex (Fig. 3d, bottom). Our JES6—1 IC mutant cellular activation assays also
offered insight into the relationships between affinity, exchange. and functional response.
We hypothesized that activity would correlate with affinity in a biphasic manner
(Supplemental Fig. 1c), and our data support this postulate (Fig. 3e¢). However, additional
structural factors appear to contribute to signaling output, as is evidenced by the much
greater potency of activation induced by JES6—1 IC mutants with alanine substitutions in the
Vi, versus the Vi domain. Since the cytokine was linked to the JES6—1 light chain, heavy
chain mutants disrupt the cytokine/antibody interface further from the tether and we would
thus expect function to be more dramatically affected for Vi versus Vi, mutants.
Accordingly, the Vg mutants generally impair affinity to a greater extent than do Vi, mutants
(Fig. 3b, Table I). The discrepancy between Vg and Vi, JES6—1 IC mutant constructs is even
more apparent when comparing IL-2Ra™ cell activity to exchange (as determined by
IL-2Ra affinity). Although activity correlates with exchange within the JES6-1 IC VT,
mutants, the JES6-1 IC Vi mutants all elicit weak stimulation of IL-2Ra* cells,
independent of their IL-2Ra. exchange propensities (Fig. 31).

Multi-site immunocytokine mutants exhibit enhanced IL-2Ra exchange, cellular activation,
and in vivo Treg-biased expansion.

Based on our three most active single-point mutant JES6—1 IC constructs (the Vi, domain
mutants S34A, Y41A, and Y101A) (Fig. 3d), we designed three double-alanine mutant IC
constructs and one triple-alanine JES6—1 IC mutant construct to enhance IL-2Ra
exchanging capacity and IL-2Ra." cell-selective signaling. All multi-residue mutant IC
constructs potentiated IL-2Ra. exchange compared to the parent JES6—1 IC, with the most
actively-exchanging mutants (Y41A+Y101A and S34A+Y101A) exhibiting a 2.6-fold
IL-2Ra affinity enhancement relative to the parent JES6-1 IC (Fig. 4a, fop, Table II).
Several of the multi-residue mutants (including Y41A+Y101A) also bound to immobilized
IL-2RP due to the weakened cytokine-antibody interaction, but all IC mutants bound weaker
to IL-2R than to IL-2Ra and had lower IL-2R affinities than the free IL-2 cytokine (Fig.
4a, boffom). Signaling activity of the multi-residue IC mutants on IL-2Ra™ YT-1 cells
correlated directly with IL-2Ra exchange; all mutants activated IL-2Ra* cells more potently
than the parent JES6—1 IC and three of the four constructs had greater activity than the
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mixed IL-2/JES6—1 complex (Fig. 4b. fop). The Y41A+Y101A and S34+Y101A mutants
were again the most active and none of the mutants triggered appreciable activation of
IL-2Ra~ YT-1 cells (Fig. 4b, bottom).

Guided by our cellular activation results, we chose to further characterize the Y41A+Y101A
mutant, which has a 5.6-fold weaker cytokine-antibody affinity than the unmodified JES6—1
(Fig. 4c). and the S34A+Y101A mutant, which had a 1.9-fold weaker cytokine-antibody
affinity than the parent JES6—1 (Supplemental Fig. 2a). We assessed the ability of the Y41A
+Y101A IC mutant to expand immune cell subset populations in C57BL/6 mice and found
that, in contrast with JES6-1 IC, Y41A+Y101A IC induced preferential Treg Versus CDS8*
effector T cell expansion to the same extent as the mixed IL-2/JES6—1 complex (Fig. 4d and
Supplemental Fig. 3a), indicating that reducing cytokine-antibody affinity had restored
biased activity on IL-2Ra il cells. Consistent results were observed for the TReg Versus
CD4* T cell ratio (Supplemental Fig. 3b), confirming specific expansion of TReg by the
Y41A+Y101A IC variant. IC behavior in vivo was found to be highly sensitive to affinity
and structural modifications, as the S34A+Y101A IC mutant did not elicit biased Treg
expansion (Supplemental Figs. 2b and 3). despite its similar exchange (Fig. 4a) and
signaling (Fig 4b) properties to the Y41A+Y101A IC mutant iz vitro. Further studies
demonstrated that the Y41A+Y101A IC mutant (hereafter denoted JY3 IC) effected
preferential Treg OVer CD8" effector T cell growth in a dose-dependent manner in C57BL/6
(Supplemental Fig. 2¢) and NOD mice (Supplemental Fig. 2e). Moreover, JY3 treatment
upregulated IL-2Ra expression on Tgreg cells to a much greater extent than the mixed IL-2/
JES6-1 complex (Supplemental Figs. 2d and 2f). IC formulation also had benefits in
enhancing maximum tolerated dose of the IL-2 cytokine compared to the mixed complex, as
administration of a 7.4 ug dose of IL-2 in mixed complex format was lethal to NOD mice
(3/4 mice died). but an equivalent dose of the JY3 IC (30 pg) was well tolerated (0/4 mice
died). This suggests that tethering the cytokine to the antibody may mitigate toxicity relative
to the mixed complex, presumably through increased complex stability, which reduces off-
target effects elicited by free IL-2.

Engineered immunocytokine induces cell subset-specific expansion in an adoptive T cell
transfer model.

Given that JY3 IC selectively expanded IL-2Ra€h cells in a mixed immune population, we
wondered whether our construct would be able to precisely control immune cell subset
populations in an adoptive T cell transfer model. We purified and CFSE-labeled CD8* T
cells from OT-I mice, transferred the cells into congenic B6 mice, and treated recipient mice
with a low dose of the SIINFEKL peptide plus various IL-2-antibody regimens for analysis
of recipient immune cell expansion (Fig. 5a). Peptide stimulation with or without poly-L-
lysine and IL-2 co-administration with an isotype control antibody failed to expand
adoptively transferred activated CD8™ T cells, whereas the mixed IL-2/JES6—1 complex
induced robust proliferation of transferred cells, and JY3 IC further enhanced this expansion
at equivalent doses (Fig. 5b). An identical trend was observed for IL-2Ra expression on
transferred CD8* T cells, with higher surface levels of IL-2Ra elicited by JY3 IC versus
IL-2/JES6—1 complex treatment (Supplemental Fig. 4a).
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Characterization of recipient mouse T cell subsets supported our hypothesis that Y3 IC
biases IL-2 activity to IL-2RaHigh TReg cells over IL-2Ral®¥ naive effector cells. No TReg
cell expansion was induced by IL-2/isotype control antibody treatment, but we observed an
increase in Treg cell number following IL-2/JES6-1 complex treatment and an even more
profound increase following JY3 IC treatment (Fig. 5c). In contrast, IL-2/isotype control
antibody treatment expanded both MP CD8™ T cells and NK cells, whereas neither IL-2/
JES6-1 complex nor JY3 IC promoted proliferation of these effector subsets (Fig. 5d. e).
IL-2/JES6-1 complex also upregulated IL-2Ra expression on Tgreg and MP CD8+ T cells,
although not on NK cells, and JY3 IC increased surface IL-2Ra levels on Treg and MP
CDS8* T cells to a greater extent than the complex and also robustly upregulated IL-2Ra on
NK cells (Supplemental Fig. 4b-d). Overall, our adoptive transfer studies establish that Y3
IC specifically targets IL-2 activity to IL-2Ra 8! immune cell subsets, and that it promotes
more robust expansion and receptor upregulation on these subsets compared to the mixed
IL-2/JES6—-1 complex.

Engineered immunocytokine prevents the development of autoimmune disease in mice.

To explore the therapeutic potential of our engineered IC mutant, we compared the efficacy
of IY3 IC to the mixed IL-2/JES6—1 complex in a dextran sodium sulfate (DSS)-induced
colitis model. Mice were pre-treated with PBS, IL-2 with an isotype control antibody, IL-2/
JES6-1 complex, or JY3 IC for seven consecutive days and disease was induced beginning
on day 8 (Fig. 6a). One week post-colitis induction, as compared to IL-2/isotype control
antibody-treated mice. IL-2/JES6—1 complex-treated mice exhibited significant reductions in
disease severity. including attenuated weight loss, increased colon length, and lower disease
activity index (Fig. 6b—d), consistent with previous findings (17). Y3 IC further enhanced
autoimmune disease prevention. with more pronounced improvements in weight loss, colon
length, and disease activity score compared to the IL-2/JES6—1 complex (Fig. 6b—d). These
results suggest that the JY3 IC could have therapeutic advantages to the mixed cytokine-
antibody complex beyond the logistical considerations of stability and ease of formulation.

DISCUSSION

There is a growing interest in the development of antibody-cytokine fusions
(immunocytokines) to empower cytokines as drugs (43). Whereas cytokines have short in
vivo half-lives (often less than five minutes) and thus require frequent dosing (44—46),
antibodies benefit from prolonged serum persistence due to neonatal Fc receptor-mediated
recycling (47, 48). In addition, fusion to surface antigen-binding antibodies can allow for
targeted cytokine delivery tailored to particular disease indications (43, 49-54). However,
clinical development of targeted immunocytokines is hampered by the high potency of
cytokines, which nullifies the effect of the targeting antibody and leads to toxicity through
indiscriminate activation of all cytokine-response immune cell subsets (55-57). To
circumvent the issue of potency, recent efforts have focused on reducing cytokine-receptor
affinity through directed mutagenesis of the cytokine (58, 59). but cytokine modification
may alter functional activity and also raises concerns about immunogenicity.
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Here, we describe a novel use of immunocytokines to ‘shield’ a cytokine from non-
specifically engaging immune cells and instead target it preferentially to Tgeg cells based on
surface receptor expression levels. Our approach relies entirely on antibody engineering,
thus obviating the need for cytokine manipulation and keeping both cytokine-receptor
affinity and cytokine activity intact. Furthermore, our strategy completely eliminates off-
target effects by fully sequestering the cytokine rather than simply lowering its receptor
interaction affinity. Although the allosteric receptor-antibody exchange mechanism we
describe is specific to the IL-2/JES6—1 system, the structure-based design principles we used
to engineer an effective single-agent cytokine-antibody fusion can be extended to other
ligand-antibody interactions for exclusive targeting of soluble factors to specific cell subsets
of interest.

Our engineering workflow offered new insight into the relationship between antibody-
cytokine affinity and signaling activity in the context of allosteric exchange. Previous studies
have elucidated correlations between cytokine-receptor affinity and signaling activity (60—
65). A systematic study of the interplay between cytokine-receptor complex stability and
membrane-proximal signaling for the IL-13/IL-13Ra1/IL-4Ra complex revealed that
cytokine activity correlated directly with cytokine-receptor affinity only outside of a
‘buffering region,” an affinity regime within 100-fold (in either direction) of the wild-type
interaction affinity wherein cytokine activity was insensitive to affinity changes (65). The
complexities of activity-affinity relationships in other systems led us to speculate that the
antibody-cytokine affinity in the IL-2/JES6—1 single-agent fusion could also exhibit non-
linear behavior. Furthermore, since the exchange mechanism depends on the relative
strengths of cytokine interaction between the IL-2Ra. receptor subunit and the JES6—1
antibody, we would expect the activity of the immunocytokine on various cell subsets to

depend strongly on binding parameters.

We predicted biphasic behavior of the IL-2Raigh cell (Ze. TReg cell) activity bias of our
engineered JES6—1 mutants with respect to their IL-2 affinities: at very low affinities the
antibody would constitutively dissociate, resulting in unbiased activation of all IL-2-
responsive cells, and at very high affinities, the antibody would never dissociate, obstructing
activity on all cell subsets (Supplemental Fig. 1¢). By modulating the affinity of the IL.-2/
antibody interaction over nearly two orders of magnitude (Fig. 1b, Table I), we aimed to
probe the window of antibody-cytokine affinity ‘tunability’ for optimization of preferential
TReg cell expansion. As illustrated in Fig. 3e, we indeed observed a biphasic activity curve
as IL-2 affinity was varied, although the tuning range was found to be surprisingly narrow.
JES6-1 mutants with up to a 2.2-fold decrease in IL-2 affinity compared to the parent
antibody exhibited improved Tgeg selectivity, but no improvements were observed for
mutants with IL-2 affinities that were reduced by 10-fold or more (Fig. 3e, Table II).

Other factors such as structural considerations also apparently contribute to the activity of IC
mutants. For instance, the E60A and H100A mutants have similar affinities for IL-2. but
diverge significantly in their activation potencies (Fig. 3e). The E60A mutation is in the Vg
domain whereas the H100A mutation is in the Vi, domain, suggesting that the location of the
interface disruption with respect to chain affects IC activity. Consistent with this
observation, Vi, mutants exhibit uniformly stronger signaling activity on IL-2Ra* cells than
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do Vg mutants. This phenomenon could also be impacted by the topology of the fusion
itself, as the greater proximity to tethered IL-2 for Vi, compared to Vg may render the Vp,
interface more robust against affinity disruption. The dramatic (>10-fold) affinity losses
observed with 3/4 Vi mutants compared with only 1/4 Vi, mutants support the influence of
topological factors on IC mutant activity (Table II). Further complicating the affinity-activity
relationship is the lack of correlation between biased signal activation in vitro and selective
cell subset expansion zn1 vivo. Although the S34A+Y101A and Y41A+Y101A (JY3) IC
mutants behaved similarly with respect to STATS signaling on IL-2Rat and IL-2Ra.~ cells,
there was a clear discrepancy in their iz vivo promotion of IL-2Ra il versus IL-2RaloW
cell growth (Fig. 3d and Supplemental Fig. 2b).

From a therapeutic development standpoint, the IC format has clear advantages over mixed
complex administration as it eliminates dosing ratio considerations and concerns about the
free cytokine inducing off-target effects and toxicities or undergoing rapid clearance from
the bloodstream (43, 46). However, we unexpectedly found that our engineered IC elicited
greater IL-2Ra™18! cell expansion in an adoptive T cell transfer model (Fig. 4) and
prevented DSS-induced colitis more effectively than the mixed complex (Fig. 5), even
though the two formats induced similar Tre, to effector cell expansion ratios (Figs. 4d and
Supplemental Figs. 2c, 2e, and 3). One possibility for the superior phenotypic behavior of
the engineered IC could be that it is positioned more optimally on the biphasic Treg to
effector cell activity curve based on its altered antibody-cytokine affinity (Supplemental Fig.
1¢). Alternatively, the more extensive IL-2Ra upregulation induced by JY3 IC versus the
mixed complex (Supplemental Figs. 2d and 2f) may present an advantage for the
immunocytokine by fueling the transcriptional feedback loop that perpetuates IL-2 signaling
(17). Regardless of rationale, the enhanced behavior of Y3 IC over the mixed complex
provides an immediately useful reagent for expanding Tgeg cells to combat autoimmune
disease. and the structure-guided engineering strategy we used to develop this construct will
inform the design of other mechanism-driven therapeutic immunocytokines. With a growing
number of anti-cytokine antibodies in development, including those against IL-2, —4, —6. —7,
and —15 (66), our novel approach can be readily extended to a broad range of cytokine-
receptor systems for disease-relevant applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Unique antibody-receptor exchange mechanism underlies TReg bias of mixed IL.-2/
JES6-1 complex.
(a) Schematic of the mechanistic rationale for IL-2/JES6—1 complex-mediated selective

potentiation of Treg cells. The JES6-1 antibody (shown in single-chain format) sterically
obstructs IL-2 engagement of the IL-2RB and -y, subunits, preventing activation of
IL-2Ral®W effector cells (/eff). However, allosteric exchange between JES6-1 and the
IL-2Ra subunit allows for exclusive signaling on IL-2Rafish TRegs. biasing toward an
immunosuppressive response (r1ghf). (b) IL-2 was immobilized and 500 nM IL-2Ra (fop)
or 500 nM JES6-1 antibody (bottom) was injected at time 0 min. After 10 minutes, various
concentrations of JES6—1 antibody ranging from 31 nM to 2 pM (fop) or various
concentrations of IL-2Ra. ranging from 0.5 pM to 32 uM (bottom) were added and second-
harmonic generation signal change (ASHG) was monitored. Exchange schemes are shown at
left. (¢) Molecular structure of the IL-2 cytokine bound to JES6—1 (PDB ID 4YQX) (17)
overlaid with the IL-2Ra subunit from the IL-2 cytokine-receptor quaternary complex
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structure (PDB ID 2B5I) (3). highlighting the AB (red). BC (orange). and CD (green)
interhelical loops of the cytokine (fop). Molecular dynamics simulations of free IL-2 were
conducted starting from the cytokine’s conformations in the crystallographic structures of
IL-2 bound to the JES6—1 and S4B6 antibodies and the IL-2Ra subunit. Root mean square
deviation (RMSD), dihedral angles, and inter-residue distances for the interhelical loops and
flanking residues are plotted for a representative transition between the JES6—1-bound and
IL-2Ra-bound states (bottom). (d) Overlay of three representative simulated conformations
each from the JES6-1-bound state, the intermediate states, and the IL-2Ra.-bound state of
IL-2 that form the primary transition path, with interhelical regions colored as in (c).
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Figure 2. IL-2/JES6-1 immunocytokine fusion fails to recapitulate TReg-promoting activity of
the mixed antibody-cytokine complex.

(a) Schematic of the IL-2/JES6—1 single-chain immunocytokine (IC) fusion with the C-
terminus of the cytokine tethered to the N-terminus of the antibody light chain via a
(Gly4Ser), flexible linker. (b) Equilibrium surface plasmon resonance titrations of soluble
IL-2 (gray) or JES6—1 IC (blue) binding to immobilized IL-2Ra.. Fitted equilibrium
dissociation constants (Kp) are indicated. (¢) STATS phosphorylation response (mean =
S.D.) of IL-2Ra.™ (fop) or IL-2Ra.~ (botfom) YT-1 human NK cells stimulated with IL-2,
IL-2/JES6-1 complex, or JES6-1 IC. (d) Ratio of Tgeg t0 CDS8* effector T cell abundance in
spleens harvested from non-obese diabetic (NOD) mice (174 per cohort) treated with PBS,
IL-2. IL-2/JES6-1 complex, or JES6—1 IC for four consecutive days. Data represents mean
+ s.d. Statistical significance was determined by two-tailed unpaired Student’s ~test. The
experiment was performed three times with similar results.
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Figure 3. Disruption of antibody-cytokine affinity enhances immunocytokine activity on IL-2Ra
+
cells.

(a) Crystallographic structure of the IL-2/JES6—1 interface (PDB ID 4YQX) (17) with
interfacial antibody residues that were mutated to alanine highlighted in yellow (heavy
chain) or green (light chain). Human IL-2Ra. is overlaid from the IL-2 cytokine-receptor
quaternary complex structure for reference (PDB ID 2B5I) (3). (b) Equilibrium surface
plasmon resonance titrations of soluble IL-2 binding to immobilized JES6—1 or the indicated
antibody variants. (¢) Equilibrium surface plasmon resonance titrations of soluble IL-2,
JES6-1 IC, or JES6-1 IC mutants binding to immobilized IL-2Ra (fop) or IL-2RB
(bottom). (d) STATS phosphorylation response of IL-2Ra* (fop) or IL-2Ra~ (bottom) YT-1
human NK cells treated with IL-2, JES6—1 IC, or JES6—1 IC mutants. Data represent mean +
s.d. (e) Comparison of the STATS phosphorylation activity of the indicated JES6—1 IC
variants (% IL-2-induced signal at 1.2 uM concentration) versus IL-2 affinity of their
corresponding antibodies. Activity of the IL-2/JES6—1 complex is indicated by the dashed
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blue line. Data represent mean =+ s.d. (f) Comparison of the STATS phosphorylation activity
of the indicated JES6—1 IC variants (% IL-2-induced signal at 1.2 pM concentration) to their
IL-2Ra affinities (representative of their exchanging propensities). Activity of the IL-2/
JES6-1 complex is indicated by the dashed blue line. Data represent mean + s.d. Heavy
chain mutations are colored yellow and light chain mutations are colored green throughout

the figure.
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Figure 4. Engineered double mutant immunocytokine recovers TReg-biased activity of the IL-2/
JES6-1 complex.

(a) Equilibrium surface plasmon resonance titrations of soluble IL-2, JES6—1 IC, or double/
triple mutant JES6-1 IC mutants binding to immobilized IL-2Ra (fop) or IL-2RB (bottom).
(b) STATS5 phosphorylation response of IL-2Ra* (fop) or IL-2Ra™ (bottom) YT-1 human
NK cells treated with IL-2, JES6—1 IC, or double/triple mutant JES6—1 IC mutants. Data
represent mean + s.d. (¢) Equilibrium surface plasmon resonance titrations of soluble IL-2
binding immobilized JES6—1 antibody (light blue) or the IY3 antibody variant (red). (d)
Ratio of Tgeg t0 CDS8* effector T cell abundance in spleens harvested from C57BL/6 mice
(173 per cohort) treated with PBS, IL-2/JES6—1 complex, JES6—1 IC, or the Y41A+Y101A
IC mutant for four consecutive days, as determined by flow cytometry analysis. Data
represent mean + s.d. Statistical significance was determined by two-tailed unpaired
Student’s #test. The experiment was performed three times with similar results.
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Figure 5. Engineered immunocytokine selectively potentiates the growth of activated adoptively
transferred CDS™ T cells while boosting immunosuppression in the recipient.

(a) Schematic of the adoptive transfer procedure. CD8" T cells were purified from OT-I/Ly
5.1 mice and adoptively transferred into C57BL/6 mice (Ly 5.2) (z/4 per cohort), which
were then stimulated by SIINFEKL peptide and subjected to the indicated treatments for
four consecutive days. Mice were sacrificed 48 hours after the final injection and relative
expansion was quantified via flow cytometry for the adoptively transferred (AT) CD8' T
cells (b) and the recipient Tgreg cells (c), MP CDS8" T cells (d), and NK cells (e). Data
represent mean =+ s.d. Statistical significance was determined by two-tailed unpaired
Student’s #test. The experiment was performed three times with similar results.
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Figure 6. Engineered immunocytokine reduces disease severity in a mouse model of colitis.
(a) Schematic of the mouse colitis study. BALB/c mice (z=6 per cohort) were treated once

daily for 7 days with PBS, IL-2 plus a control antibody, IL-2/JES6—1 complex, or JY3 IC.
Beginning on day 8, mice were subjected to 3% DSS in their drinking water to induce
colitis. Weight loss (b) and disease activity index (c) were assessed on day 15. Mice were
sacrificed on day 16 and colon length (d) was measured. Data represent mean = s.d.
Statistical significance by one-way ANOVA + Dunnett’s multiple comparison post-test is
indicated. The experiment was performed twice with similar results.
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The JES6-1 antibody chains on which the mutations are located are indicated in parentheses.

Table I.

Page 29

Cytokine affinity and receptor exchange properties of engineered JES6-1 antibody and

immunocytokine point mutants.

Construct Kp of IL-2/Antibody Complex (nM) | Kp of IL-2Ra/IC Complex (nM)
JES6-1 5.6 290
D35A (Vi) 500 230
D38A (Vi) 200 260
E60A (Vg) 56 210
R62A (Vy) 43 190
S34A (VD) 6.5 170
Y41A (VD) 6.4 130
HI100A (V1) 62 240
Y101A (V1) 12 140
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Table Il
Receptor exchange properties of engineered JES6-1 antibody and immunocytokine multi-

site mutants.

All mutations are located on the JES6—1 variable light chain.

Construct Kp of IL-2Ra/IC Complex (nM)
JES6-1 220
S34A+Y41A 210
S34A+Y101A 82
Y41A+Y101A 82
S34A+Y41A+Y101A 130
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Supplemental Figure 1. Design of a single-chain cytokine-antibody fusion linking IL-2 and JES6-
1. (a) Crystallographic structure of the IL-2/JES6-1 complex (PDB ID 4YQX) (17) with the
distance annotated between the C-terminal residue of IL-2 (red) and the N-terminal residue of the
JES6-1 VL domain (green). The JES6-1 antibody is shown as a single-chain variable construct
(scFv). (b) Equilibrium surface plasmon resonance titrations of soluble IL-2 binding to
immobilized IL-2Ra (cyan), IL-2Rf (navy), or JES6-1 (light blue). Fitted equilibrium dissociation
constants (Kp) are indicated. (¢) Hypothetical plot of the Tg., to effector cell expansion ratio versus
IL-2-antibody affinity in the framework of the JES6-1 allosteric exchange mechanism. If the
cytokine-antibody affinity is very low, the cytokine will constitutively dissociate from the
antibody, resulting in non-specific activation of both Tg., and effector immune cells. However, if
the cytokine-antibody affinity is very high, the antibody cannot be displaced by IL.-2Rc, blocking
IL-2 activity on both Tg., and effector cells. The affinity of the JES6-1 antibody allows for
receptor-antibody exchange to induce biased Tgr., expansion, whereas the increased affinity of
JES6-1 IC precludes its stimulation of Tg., proliferation. (d) Ratio of T to total CD4" T cell
abundance in spleens harvested from non-obese diabetic (NOD) mice (#=4 per cohort) treated with
PBS, IL-2, IL-2/JES6-1 complex, or JES6-1 IC for four consecutive days, as determined by flow
cytometry analysis. Data represents mean + s.d. Statistical significance was determined by two-
tailed unpaired Student’s z-test. The experiment was performed three times with similar results.
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Supplemental Figure 2. Engineered immunocytokines stimulate biased Tg., potentiation and
upregulate IL-2Rct expression in mice. (a) Equilibrium surface plasmon resonance titrations of the
soluble IL-2 interaction with immobilized JES6-1 antibody (light blue) or the S34A+Y101A
antibody variant (purple). (b) Ratio of Tg., to CD8" effector T cell abundance in spleens harvested
from C57BL/6 mice (n=3 per cohort) treated with PBS, IL-2/JES6-1 complex, JES6-1 IC, or the
S34A+Y101A IC mutant, as determined by flow cytometry analysis. Data represent mean + s.d.
Statistical significance was determined by two-tailed unpaired Student’s #-test. The experiment
was performed three times with similar results. (¢) - (f) The ratio of T, cells to CD8" effector T
cells (c¢) and (e) and the mean fluorescence intensity (MFI) of IL-2Rct in Tgeg cells (d) and (f)
harvested from the spleens of C57BL/6 (¢) - (d) (»=3 per cohort) or non-obese diabetic (NOD) (e)
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- (f) (n=4 per cohort) mice administered PBS or the indicated concentrations of IL-2/JES6-1
complex or JY3 IC for four consecutive days. Data represent mean + s.d. Note that the IL-2/JES6-
1 complex dose was restricted to 5 pg for NOD mice because 3/4 animals that were administered

30 pg of the IL-2/JES6-1 complex died during the course of the experiment. Experiments were
performed three times with similar results.
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Supplemental Figure 3. Immunocytokine selectively potentiates Tge, cell over CDS™ T cell
proliferation. (a) Flow cytometry plots of IL-2Rc. expression versus Foxp3 (leff) on CD4™" cells
and CD8 expression (right) in spleen cells harvested from C57BL/6 mice treated with PBS, IL-
2/JES6-1 complex, JES6-1 IC, Y34A+Y101A IC, or S41A+Y101A IC for four consecutive days.
One representative plot from three replicate mice per condition is shown. The experiment was
performed three times with similar results. (b) Ratio of Tg.g to total CD4" T cell abundance in
spleens harvested from C57BL/6 mice (n=3 per cohort) treated with PBS, IL-2/JES6-1 complex,
JES6-1 IC, or the Y41A+Y101A IC mutant for four consecutive days, as determined by flow
cytometry analysis. Data represents mean + s.d. Statistical significance was determined by two-
tailed unpaired Student’s z-test. The experiment was performed three times with similar results.
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Supplemental Figure 4. JY3 IC increases expression of IL-2Ra on immune cells in a model of
adoptive CD8" T cell transfer. CD8" T cells were purified from OT-I/Ly 5.1 mice and adoptively
transferred into B6 mice (Ly 5.2) (n=3 per cohort), which were then stimulated by SIINFEKL
peptide and subjected to the indicated treatments for four consecutive days. Mice were sacrificed
48 hours after the final injection and mean fluorescence intensity (MFI) of surface-expressed IL-
2R was quantified via flow cytometry for the adoptively transferred (AT) CD8" T cells (a) and
the recipient T, cells (b), MP CDS8" T cells (c), and NK cells (d). Data represent mean + s.d.
Statistical significance was determined by two-tailed unpaired Student’s #-test. The experiment
was performed three times with similar results.
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IV.S 1IL-2/JES6-1 mAb complexes dramatically increase sensitivity to LPS through
IFN-y production by CD25"Foxp3- T cells

IL-2/JES6 complexes, highly selectively stimulating and expanding CD25" Treg cells,
have shown considerable promise in the treatment of autoimmune diseases. However, our
findings highlight a significant safety concern since IL-2/JES6 dramatically increases
sensitivity to LPS-mediated shock in C57BL/6 mice. This increased susceptibility is linked to
the production of IFN-y by newly emerging populations of CD25"Foxp3-CD4" and
CD25"Foxp3CDS8™ T cells, particularly found in the liver. Importantly, increased sensitivity to
LPS is absent in IFN-y-deficient and nude mice, indicating a dependency on endogenous
IFN-y and T cells. Additionally, in the blood and spleen, IL-2/JES6 treatment elevates
CDI11b"CD14" cells with induced CD25 expression and increased TNF-o production in
response to LPS. These findings necessitate a reconsideration of the safety profiles of IL-2/JES6
and similar immunotherapeutic strategies, suggesting that while they hold therapeutic potential,
a detailed investigation of their impact on immune function and inflammatory response is
necessary. The insights from this study elucidate the complex immune modulation by
IL-2/JES6 and show us an interesting connection between IL-2 stimulatory activity and
sensitivity to LPS.

P. Weberova’s contribution to this publication:

The majority of data used in this manuscript resulted from my work or the work of my colleague
Jakub Tomala, including the execution of experiments, data analysis, and interpretation of
results. I also contributed to the preparation of the manuscript. Overall contribution ~ 25 %.
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IL-2/JES6-1 mAb complexes dramatically
increase sensitivity to LPS through IFN-y
production by CD25*Foxp3 T cells

Jakub Tomala', Petra Weberova', Barbora Tomalova',
Zuzana Jiraskova Zakostelska?, Ladislav Sivak', Jirina Kovarova', Marek Kovar'*

'Laboratory of Tumor Immunology, Institute of Microbiology, Czech Academy of
Sciences, Prague, Czech Republic; Laboratory of Cellular and Molecular Inmunology,
Institute of Microbiology, Czech Academy of Sciences, Prague, Czech Republic

Abstract Complexes of IL-2 and JES6-1 mAb (IL-2/JES6) provide strong sustained IL-2 signal
selective for CD25* cells and thus they potently expand T, cells. IL-2/JESé are effective in the
treatment of autoimmune diseases and in protecting against rejection of pancreatic islet allografts.
However, we found that IL-2/JES6 also dramatically increase sensitivity to LPS-mediated shock in
C57BL/6 mice. We demonstrate here that this phenomenon is dependent on endogenous IFN-y and
T cells, as it is not manifested in IFN-y deficient and nude mice, respectively. Administration of IL-2/
JESé6 leads to the emergence of CD25*Foxp3-CD4* and CD25*Foxp3-CD8" T cells producing IFN-y
in various organs, particularly in the liver. IL-2/JESé6 also increase counts of CD11b*CD14* cells in
the blood and the spleen with higher sensitivity to LPS in terms of TNF-a production and induce
expression of CD25 in these cells. These findings indicate safety issue for potential use of IL-2/JES6
or similar IL-2-like immunotherapeutics.

Editor's evaluation

Tomala et al., describes the ability of IL-2/JES6-1 mAb complexes to increase mouse sensitivity to
LPS challenge. The authors present data to suggest this is due to IFN-y production by CD25*Foxp3-
T cells. The manuscript has identified an interesting phenomenon as a result of IL-2/JES6-1 complex
administration. These data may provide novel avenues for future therapeutic intervention in autoim-
mune disease.

Introduction
IL-2 is a crucial cytokine for activation, expansion, and expression of effector functions of T and NK
cells as well as for homeostasis of regulatory T (T, cells (Boyman and Sprent, 2012; Liao et al.,
2013; Malelk and Castro, 2010). IL-2 exerts its biological activities through binding to either a dimeric
receptor composed of IL-2RP (CD122) and common cytokine receptor gamma chain (y, CD132) or
to a trimeric receptor composed of a dimeric one with the addition of IL-2Ra (CD25) (Minami et al.,
1993; Waldmann, 1989). CD25 is not involved in signal transduction, but increases the affinity of the
trimeric receptor for IL-2 by about 100-fold (Minami et al., 1993; Waldmann, 1989). The dimeric
receptor (K4 ~1 nM) is mostly found on memory CD8" T and NK cells, whilst the trimeric receptor
(Kq ~10 pM) is typically expressed at high levels by T, cells, recently activated T cells and ILC2s
(Boyman and Sprent, 2012; Roediger et al., 2013; Sakaguchi et al., 1995).

IL-2 was the firstimmunotherapy approved for the treatment of metastatic renal cell carcinoma and
malignant melanoma in the early 1990s (Atkins et al., 1999; Klapper et al., 2008), having induced
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an overall response in 15-17% of patients with these cancers including 5-10% durable complete
remissions (Atkins et al., 1999; Klapper et al., 2008). However, an extremely short half-life (Donohue
and Rosenberg, 1983) and serious side toxicities associated with high-dose IL-2 treatment are the
major drawbacks. Moreover, IL-2 treatment leads to expansion of T, cells which can dampen effector
T cell activity against tumors (Berendt and North, 1980). Indeed, it has been shown that long-term,
low-dose IL-2 therapy preferentially stimulates T, cells due to their constitutive high expression of
trimeric IL-2R and can be used for treatment of autoimmune diseases and delaying allograft rejection
(Klatzmann and Abbas, 2015; Yu et al., 2009). However, due to significant limitations of IL-2, strong
attempts have been made to improve IL-2-based therapy. One of the most promising approaches is to
employ complexes of IL-2 and certain anti-IL-2 mAbs. It has been demonstrated that these complexes
not only markedly prolong the half-life of parenterally administered IL-2 (from minutes to hours) but
they also exert selective stimulatory activity for different immune cell populations depending on the
mAb used (Boyman et al., 2006; Tomala et al., 2009). Complexes of murine IL-2 and S4B6 mAb (IL-2/
S4B6 henceforth) were shown to potently stimulate memory CD8" T and NK cells, whilst complexes
of murine IL-2 and JES6-1 mAb (IL-2/JESé henceforth) highly selectively expand T, cells (Boyman
et al., 2006; Spangler et al., 2015; Tomala et al., 2009). Selectivity of IL-2/JESé6 for cells expressing
the high-affinity IL-2R is governed by the fact that the binding site for JES6-1 mAb and CD122/CD132
in the IL-2 molecule, almost completely overlap. IL-2/JESé is thus not able to bind to IL-2R and induce
signaling per se. However, CD25 can engage IL-2 bound to JES6-1 mAb, particularly when expressed
at high levels, and progressively ‘peel off’ the cytokine from the antibody in a zipper-like mechanism,
ultimately leading to dissociation of JES6-1 mAb. Once JES6-1 mAb dissociates, the CD25-bound
IL-2 is liberated to recruit CD122/CD132 to form the functional signaling complex (Spangler et al.,
2015). Selectivity of IL-2/JES6 for CD25" cells results in their high efficacy to expand T, cells in vivo
and makes them an attractive immunotherapeutic. It has been shown that IL-2/JESé could be used for
treatment of various autoimmune diseases (Izquierdo et al., 2018; Liu et al., 2011; Webster et al.,
2009; Wilson et al., 2008) and to facilitate long-term acceptance of allografts without the need for
immunosuppression (Webster et al., 2009). A single-chain format of IL-2/JESé was produced with a
mutated JES6-1 mAb-binding site, termed JY3, which affected the affinity for IL-2. This proved to be
effective in selective expansion of T, cells and in the model of autoimmune colitis (Spangler et al.,
2018). Furthermore, there is a report describing the development of fully human mAb binding human
IL-2 with the capacity to selectively expand T, cells in vivo when complexed with human IL-2 (Trotta
et al., 2018).

It has been shown that T, cells expanded by IL-2/JESé produce IL-10 and TGF-B (Webster et al.,
2009). We therefore decided to explore the possibility that IL-2/JES6 are able to protect against LPS-
induced toxicity. Interestingly, we found that short-term pre-treatment (three daily doses) with IL-2/
JES6 dramatically increases sensitivity of C56BL/6 mice to LPS-induced shock and mortality. Thus, we
decided to further investigate this phenomenon and to uncover the mechanism responsible for IL-2
signal-mediated LPS hyperreactivity.

Results
IL-2/JES6, but Not IL-2/S4B6, dramatically increase sensitivity to LPS

We asked whether selective expansion of T, cells via treatment with IL-2/JES6 could lead to protec-
tion from the toxic effect of LPS. To answer this we injected C56BL/6 mice with three daily doses of
IL-2/JES6 (1.5 pg IL-2/dose) and challenged these mice with LPS 48 h after the last dose of IL-2/JES6
(Figure 1A). We titrated LPS dosing in previous experiments in order to determine the maximum non-
lethal dose (MNLD), that is, the highest dose that causes significant toxic effect but no mortality. Since
we found that toxicity of LPS varies from batch to batch even if ordered as identical product from the
same commercial supplier, we isolated a large batch of LPS from S. typhymurium LT2, S-strain (see
Materials and methods) and used it throughout the whole study. We determined that the MNLD of
our LPS was ~200 pg/mice in C56BL/6 mice. Control C56BL/6 mice developed hypothermia starting
about 4-6 h after LPS challenge (100% of MNLD) and peaking after approximately 24 h. However, all
mice recovered over the next 2 d. Mice injected with a low dose of LPS (10% of MNLD) developed
only negligible hypothermia 8 h after LPS injection and fully recovered within 24 h. Contrary to that,
the same low dose of LPS induced extremely rapid onset of progressively worsening hypothermia
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Figure 1. IL-2/JES6 dramatically increase sensitivity to LPS-induced shock and mortality. (A) Schedule of sensitization of mice to LPS through
administration of IL-2/JESé used throughout the study, unless stated otherwise. (B) C56BL/6 mice were treated with IL-2/JES6 as shown in A. Control
mice were treated with sterile PBS. The dose of injected LPS is shown in % of maximum non-lethal dose, henceforth (MNLD; 100% ~ 200 pg LPS/mice).
(C) C56BL/6 mice were treated with IL-2/JES6 and LPS (10% of MNLD) was injected 1-6 d after the last dose of IL-2/JES6. (D) C56BL/6 mice were treated
with complexes of IL-2 and 54Bé mAb (IL-2/54Bé) followed by LPS challenge (100 or 50% of MNLD) using the same schedule as in A. (E) C56BL/6 mice
were treated as in A with PBS (Control), IL-2/JES6 or IL-2/54B6 complexes. Mice were euthanized 0 min post administration of titrated doses of LPS
and their individual sera were collected. Concentration of TNF-ot in the serum was determined by ELISA. Each bar represents one individual mouse+
SD (n = 3 technical replicates). (F) C56BL/6é mice were treated as in A with PBS (Control), IL-2/JESé or IL-2/S4Bé complexes, but not challenged with
LPS. Mice were euthanized 2 d after the last dose of complexes and their spleen cells were cultivated in titrated concentrations of LPS for 16 h in vitro.
Concentrations of TNF-ot and IFN-y in the supermnatant were determined by ELISA. Each point represents pool of three individual mouse = SD (n =

3 technical replicates). All experiments were done at least twice with similar results; n = 47 technical replicates (B-D). Data were analysed using an
unpaired two-tailed Student's t-test. Significant differences to control are shown (* p £ 0.05; ** p < 0.01).

The online version of this article includes the following source data and figure supplement(s) for figure 1:
Source data 1. Source data for Figure 1, panels B-F.

Figure supplement 1. Nitrite significantly reduces toxicity of LPS in mice pretreated with IL-2/JES6.
Figure supplement 1—source data 1. Source data for Figure 1—figure supplement 1.

Figure supplement 2. IL-2/JESé induce more severe lung oedema in comparison to IL-2/S4Bé.

Figure supplement 2—source data 1. Source data for Figure 1—figure supplement 2.

when mice were pretreated with IL-2/JES6 and the mice usually died within 8-24 h (Figure 1B). Next,
we decided to determine the kinetics of sensitization to LPS by IL-2/JESé. Mice pretreated with IL-2/
JESé6 as in Figure 1A were challenged at different time points after IL-2/JES6 treatment with low dose
of LPS (10% of MNLD). Figure 1C shows that LPS caused 100% mortality when injected up to 2 d post
IL-2/JES6 treatment and 40% mortality when injected 3 d after that. Significant hypothermia, but no
mortality was seen when LPS was injected 4 d post IL-2/JESé. No sensitization to LPS was found when
LPS was injected 6 d post IL-2/JES6. These data shows that IL-2/JESé dramatically increase sensitivity
to LPS in C56BL/6 mice and that this increased sensitivity lasts about 4 d post IL-2/JES6 treatment.

We also wanted to know whether IL-2/S4B6 sensitize C56BL/6 mice to LPS. Mice pretreated with IL-2/
S4B6 using the same schedule as in Figure 1A, showed only decent sensitization to LPS as challenge
with relatively high dose of LPS (50% of MNLD) induced hypothermia but no mortality (Figure 1D).
Thus, IL-2 complexes with selective stimulatory activity for CD25"s" cells, but not those which stim-
ulate predominantly CD122"9" cell populations, dramatically increase sensitivity to LPS. Accordingly,
TNF-a levels in sera of mice pretreated with IL-2/JES6 were significantly higher in comparison to sera
from mice pretreated with IL-2/S4Bé6 after LPS challenge (Figure 1E). Furthermore, splenocytes from
IL-2/JES6 pretreated mice produced much higher amounts of TNF-a and IFN-y than those from IL-2/
S4B6 pretreated mice when cultivated in the presence of LPS in vitro (Figure 1F).
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Figure 2. Strong sustained IL-2 signal and not solely IL-2/JESS, increases sensitivity to LPS; IL-2/JES6-mediated sensitivity to LPS could be completely
blocked by aCD25 mAb. (A) C56BL/6 mice were treated with rmlL-2 (35 pg/dose) according to the schedule shown in Figure 1A and challenged with
LPS (50% of MNLD). (B) C56BL/6 mice were treated with IL-2 covalently bound to the polymeric carrier based on poly(HPMA) using the same schedule
as in Figure 1A and subsequently challenged with titrated doses of LPS. (C) C56BL/6 mice were injected simultaneously with LPS and either IL-2/JES6
or IL-2/54B6 complexes (1.5 or 0.5 or 0.15 pg IL-2/dose) in one i.p. injection. Dosage of LPS is shown in % of MNLD above each graph. Control mice
were injected with the same dose of LPS only. (D) C56BL/6 mice were injected with IL-2/JESé and then challenged with LPS (10% of MNLD) as shown

in Figure 1A. Some mice were also injected with either «CD25 or aCD4 mAb (250 pg/mouse i.p.) 4 h prior to the first injection of IL-2/JESé as shown
below in the graphs. Mice were euthanized 4 h after the LPS challenge and concentrations of TNF-ot and IL-12 were determined by ELISA. Each bar
represents one individual mouse+ SD (n = 3 technical replicates). (E) C56BL/é mice were treated with IL-2/JES6 and subsequently challenged with LPS as
shown in Figure TA. Some mice were also injected with either ©CD25 or aCD4 mAb (250 pg per mouse i.p.) 4 h prior to the first injection of IL-2/JESé.

All experiments were done at least twice with similar results; n = 46 technical replicates. Data were analysed using an unpaired two-tailed Student’s
t-test. Significant differences to control are shown (* p < 0.05; ** p < 0.01).

The online version of this article includes the following source data for figure 2:

Source data 1. Source data for Figure 2, panels A-E.

Both durability of IL-2 signal and its selectivity for CD25"<" cells are
necessary to induce high sensitivity to LPS

Next, we asked whether IL-2 alone is also able to measurably increase the sensitivity of C56BL/6 mice
to LPS. We pretreated mice with high IL-2 dosage (35 pg/dose, i.e., more than 20-times higher
compared to IL-2/JES6) and challenged them with LPS using the same schedule as in Figure TA. We
found that mice pretreated with IL-2 developed more profound hypothermia than controls, however,
no mortality was recorded (Figure 2A). Thus, IL-2 alone can produce a slight increase in sensitivity to
LPS when a high dosage is used. We decided to test whether IL-2 bound to a biocompatible polymeric
carrier based on poly(N-(2-propyl)methacrylamide) would be more effective in sensitization to LPS.
The rationale here is that IL-2 bound to this polymeric carrier has a significantly prolonged half-life in
circulation (3—4 h, i.e., similar to IL-2 complexes) thus providing a more sustained IL-2 signal but with
no selectivity for CD25"s" cells (Votavova et al.,, 2015). Indeed, IL-2 bound to a polymeric carrier
sensitized C56BL/6 mice to LPS substantially more effectively than IL-2. The LPS challenge with 50% of
MNLD caused more severe hypothermia and 50% mortality (Figure 2B). These data demonstrate that
durability of the IL-2 signal plays a remarkable role in sensitization to LPS via IL-2. However, sensitivity
to LPS induced by IL-2 bound to the polymeric carrier is still much weaker in comparison to IL-2/JES6,
showing that selectivity for CD25"s" cells is also important. We injected LPS 48 h after the last dose
of IL-2 complexes in our sensitization experiments. Therefore, it is highly unlikely that there was still a
biologically active concentration of these complexes at the time of LPS administration since the half-
life of IL-2 complexes was determined to be several hours. However, to exclude the possibility that
increased sensitivity to LPS is caused by the presence of IL-2 complexes at the time of LPS injection,
that is, that LPS and IL-2 complexes acts together at the same time, we injected C56BL/6 mice with
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either IL-2/JESé or IL-2/S4B6 and simultaneously challenged them with LPS (10% or 35% of MNLD,
respectively). Simultaneous co-administration of IL-2 complexes and LPS did not increase toxicity of
LPS, as seen in Figure 2C. These data show that it is important the IL-2/JESé to be present before LPS
administration rather than at the time of administration in order to induce LPS hyperreactivity. Thus,
IL-2/JES6 either act on cells that are able to directly respond to LPS making them hyperresponsive, or
they activate some immune cell subset(s), which in turn mediates LPS hyperreactivity, for example, via
production of some effector molecule(s).

Since high expression of CD25 is a prerequisite for the ability to utilize IL-2/JES6, we decided to
test whether blocking of CD25 abrogates sensitization to LPS by IL-2/JES6. Indeed, administration of
anti-CD25 mAb completely diminished sensitization to LPS by IL-2/JES6 measured by both TNF-a or
IL-12 serum levels (Figure 2D) and hypothermia plus mortality (Figure 2E). Notably, administration
of anti-CD4 mAb had no effect, although CD25"9" cells are mostly T, cells in naive unprimed mice
(Figure 2D and E). This show that CD4" T cells, including T, cells, do not play an irreplaceable role
in the studied phenomenon.

IL-2/JES6 increase counts of CD11b*CD14* cells and their
responsiveness to LPS

Our next set of experiments aimed to deduce how IL-2/JESé affect LPS-responding myeloid cells,
particularly CD11b*CD14* cells. We found that treatment of C56BL/6 mice with IL-2/JES6 (as in
Figure 1A) increased relative counts of CD11b*CD14" cells in the spleen and blood (Figure 3A and
B) as well as absolute counts of these cells in the spleen (Figure 3C). We also found that treat-
ment with IL-2/JES6 expands myeloid cells in general. IL-2/JES6 expanded significantly granulo-
cytes, eosinophils and DCs and elevated, though not significantly, relative counts of monocytes and
macrophages (Figure 3—figure supplement 1). Of note, treatment with IL-2/JESé increased MHC
Il expression on monocytes and macrophages (Figure 3—figure supplement 2). The proliferation
of myeloid cells driven by IL-2/JESé was further confirmed by BrdU incorporation (Figure 3—figure
supplement 3). IL-2/JESé also remarkably increased responsiveness of CD11b*CD14* cells from the
spleen (Figure 2D and E) and blood (Figure 3F and G) to LPS in term of TNF-a production. More-
over, we found that IL-2/JES6 increased expression of CD25 in CD11b*CD14* cells from the spleen
and liver (Figure 3H, I) thus enabling these cells to effectively utilize IL-2/JES6. These data collec-
tively show that treatment with IL-2/JESé increases both the counts of LPS-responsive myeloid cells
in various body compartments and their responsiveness to LPS. We asked a question whether this
increased responsiveness of myeloid cells to LPS was due to the increased expression of TLR4. Thus,
we analyzed TlIr4 expression in spleen cells via quantitative RT-PCR and in various myeloid cell subsets
via flow cytometry. Treatment with IL-2/JESé did not affect the TIrd expression in splenocytes on
mRNA level (Figure 3—figure supplement 4). No statistically significant difference in TLR4 level upon
IL-2/JES6 treatment in comparison to control was found in CD11b*Ly6G Ly6C"s" cells. Surprisingly,
IL-2/JES6 treatment decently but statistically significantly decreased TLR4 levels in CD11b*Ly6G* cells
and CD11b*Ly6G Lyb6C" " cells (Figure 3—figure supplement 5). IL-2/JES6 thus did not increased the
sensitivity to LPS via increased expression of TLR4.

T cells and IFN-y are essential for sensitization to LPS by IL-2/JES6

IFN-y is known to activate myeloid cells, particularly monocytes and macrophages, to more vigorously
respond to TLR ligands including LPS. Thus, we decided to compare sensitization to LPS by IL-2/
JES in C56BL/6 mice and BALB/c mice. C56BL/6 mice are described as a strand with sufficient IFN-y
production while BALB/c mice are poor producers. We determined levels of various cytokines in sera
of C56BL/6 and BALB/c mice pretreated with IL-2/JESé at different time points after LPS challenge.
Levels of TNF-a, IFN-y, IL-1B, IL-12, and IL-6 were much higher in sera of C56BL/6 mice pretreated
with IL-2/JESé in comparison with controls, despite the fact that control mice were challenged with
10-times higher doses of LPS. Contrary to this, levels of the above mentioned cytokines were compa-
rable in sera of control and IL-2/JESé pretreated BALB/c mice (Figure 4A). Furthermore, BALB/c
mice pretreated with IL-2/JES6 showed much milder sensitization to LPS in term of hypothermia and
mortality than C56BL/6 mice (Figure 4B). These data show that the endogenous production of IFN-y
upon IL-2/JES6 administration probably plays a crucial role in sensitization to LPS. To confirm a key
role of IFN-y directly, we injected C56BL/6 mice with anti-IFN-y mAb prior to IL-2/JES6 pretreatment
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Figure 3. IL-2/JES6 increases counts of CD11b*CD14* cells and their responsiveness to LPS in terms of TNF-o production. C56BL/6 mice were treated
with IL-2/JES6 or IL-2/54B6 as shown in Figure 1A. The relative number of CD11b*CD14* cells was determined by flow cytometry in blood and spleen
2 d after the last dose of IL-2 complexes. Dot plots showing one representative mouse (A) and a bar graph showing the mean = SD in the experimental
groups (B) are shown. (C) Absolute numbers of CD11b*CD14* cells in the spleen of mice from the same experiment as shown in A and B. C56BL/6 mice
were treated with IL-2/JESé or IL-2/54B6 as shown in Figure 1A. Spleen cells were cultivated ex vivo with LPS for 2 h and TNF-ot production in
CD11b*CD14* cells was determined by flow cytometry. Dot plots showing one representative mouse (D) and a bar graph showing the mean + SD in
experimental groups (E) are shown. A similar experiment to the one shown in D and E was done using the blood of C56BL/6 mice treated with IL-2/JES6
or IL-2/54B6. TNF-a production in CD11b* cells is shown in one representative mouse (F) and in a bar graph showing the mean = SD in experimental
groups (G). (H) C56BL/6 mice were treated with IL-2/JES6 or IL-2/S4B6 as shown in Figure TA. Flow cytometry analysis of spleen and liver cells was
used to evaluate CD25 expression in CD11b*CD14* cells. Dot plots showing one representative mouse (H) and a bar graph showing mean = SD in
experimental groups (I) are presented. All experiments were done at least twice with similar results; n = 3-10 technical replicates. Data were analysed
using an unpaired two-tailed Student's t-test. Significant differences to control are shown (*,°,+ p £0.05; °° p < 0.01; ***, °*° p < 0.001).

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Source data for Figure 3, panels B, C, E, G, and |.

Figure supplement 1. IL-2/JESé expands various subsets of myeloid cells in the spleen.

Figure supplement 1—source data 1. Source data for Figure 3—figure supplement 1, panels A-G.

Figure supplement 2. IL-2/JESé6 increase MHC |l expression in monocyte/macrophage population in the spleen.

Figure supplement 2—source data 1. Source data for Figure 3—figure supplement 2, panels A-D.

Figure supplement 3. IL-2/JES6 promote proliferation and expansion of myeloid cells in dose-dependent manner in the spleen.
Figure supplement 3—source data 1. Source data for Figure 3—figure supplement 3, panel A.

Figure supplement 4. The expression of TLR4 in splenocytes of C57BL/6 mice is not affected by the treatment with IL-2/JES6 or IL-2/S4B6.
Figure supplement 4—source data 1. Source data for Figure 3—figure supplement 4.

Figure supplement 5. IL-2/JES6 do not increase the level of TLR4 in myeloid cells in the spleen.

Figure supplement 5—source data 1. Source data for Figure 3—figure supplement 5, panels B, D and F.

Figure supplement 6. IL-2/JESé6 increase counts of CD45+ and CD11b + CD14+ cells in the liver.

Figure supplement 6—source data 1. Source data for Figure 3—figure supplement 6, panels A-C.

Figure supplement 7. IL-2/JESé increase counts of CD45+ and CD11b + CD14+ cells in the lungs.

Figure supplement 7—source data 1. Source data for Figure 3—figure supplement 7, panels A-C.
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Figure 4. Sensitization to LPS via IL-2/JESé requires endogenous IFN-y production and is T cell-dependent. (A) C56BL/6 and BALB/c mice were

treated with IL-2/JES6 and challenged with LPS (10% of MNLD) as shown in Figure TA. Control mice were treated with PBS and challenged with LPS
(100% of MNLD). Mice were euthanized at selected time points and their individual sera were collected. Concentrations of cytokines in the serum were
determined by ELISA. Each experimental point represents the mean of two mice = SD (n = 2 technical replicates). (B) BALB/c mice were treated with IL-
2/JES6 and challenged with titrated doses of LPS as shown in Figure TA. (C) C56BL/6 mice were treated with IL-2/JES6 and challenged with LPS (10 or
50% of MNLD) as shown in Figure TA. Some mice were also injected with anti-IFN-y mAb (clFN-y; 250 pg/mice i.p.) 4 h prior to the first injection of IL-2/
JESé. (D) Nu/Nu mice were treated with IL-2/JES6 and challenged with titrated doses of LPS as shown in Figure 1A. (E) Two groups of Nu/Nu mice were
adoptively transferred (AT) with 2 x 10° CD4*CD25* T cells from C56BL/6 mice pretreated with IL-2/JES6 as shown in Figure 1A. One group of AT mice
and one group of normal Nu/Nu mice were treated with IL-2/JES6 as shown in Figure 1A. All groups including Nu/Nu mice without AT and IL-2/JES6
treatment (Control) were challenged with LPS (50% of MNLD). C56BL/6 mice were injected with one titrated dose of IL-2/JES6 or with PBS (Control).
Mice were injected i.p. with BrdU 4 h after injection of IL-2/JESé and put on drinking water with BrdU. Mice were euthanized 48 h after the injection of IL-
2/JES6 and their CD4* and CD8* T cells (F and G, respectively) from the spleen were analysed by flow cytometry. One representative mouse out of two
for each condition is shown. All experiments were done at least twice with similar results; n = 2-5 technical replicates (B-G). Data were analysed using an
unpaired two-tailed Student's t-test. Significant differences to control are shown (* p £ 0.05; ** p < 0.01).

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Source data for Figure 4, panels A-E.

Figure supplement 1. TLR4 signalling in T cells is dispensable for inducing LPS hypersensitivity by IL-2/JES6.

Figure supplement 1—source data 1. Source data for Figure 4—figure supplement 1.

Figure supplement 2. Anti-IFN-y mAb protects from sensitization to LPS more effectively when administered before treatment with [L-2/JESé.

Figure supplement 2—source data 1. Source data for Figure 4—figure supplement 2, panel B.

and LPS challenge. Indeed, anti-IFN-y mAb markedly diminished sensitization to LPS by IL-2/JES6
(Figure 4C). Hence, we conclude that endogenous production of IFN-y is a prerequisite for strong
sensitization to LPS via [L-2/JESé.

Next, we asked which cells are key IFN-y producers upon IL-2/JES6 administration. Since T cells
are the most prominent IFN-y producers, we decided to test sensitization to LPS by IL-2/JESé in
athymic Nu/Nu mice lacking T cells. We found that IL-2/JES6 almost do not sensitize Nu/Nu mice to
LPS (Figure 4D). On the other hand, Nu/Nu mice with adoptively transferred CD4*CD25* T cells from
C56BL/6 mice injected with IL-2/JES6 showed very high sensitization to LPS upon IL-2/JES6 treatment
(Figure 4E). These data show that IL-2/JESé6 is able to induce IFN-y production in T cells even in
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the absence of TCR signal except that provided by self-MHC molecules. TLR4 expression on T cells
seems to be irrelevant for their ability to sensitize the mice to LPS since Rag1” mice with adoptively
transferred T cells from Myd88" mice, that is with severely impaired TLR4 downstream signaling,
showed profound LPS sensitivity upon treatment with IL-2/JES6 (Figure 4—figure supplement 1).
The key question is therefore, which T cell subset(s) produces IFN-y upon IL-2/JESé treatment? The
ability to utilize IL-2/JESé strictly requires CD25 expression and the only T cells expressing CD25 in
naive unprimed mice are T, cells. However, T, cells are considered as a T cell subset with no ability
to produce IFN-y under normal conditions. Nevertheless, we found that administration of IL-2/JES6
potently expanded CD25*Foxp3™ T cells in both CD4* and CD8" subsets and that these cells prolif-
erate more vigorously in response to IL-2/JESé6 than T, cells (Figure 4F and G).

IL-2/JES6 drive expansion of CD25*Foxp3 T cells producing IFN-y in
lymphoid as well as non-lymphoid tissues

We focused on CD25'Foxp3CD4* and CD8* T cells robustly expanded in the spleen of mice treated
with IL-2/JESé. Since these cells resemble by their phenotype activated T cells, we presumed that these
cells could be a key producers of IFN-y in IL-2/JES6 treated mice causing the increased sensitivity to
LPS. Thus, we decided to investigate whether these cells were expanded also in other organs except
of spleen and whether they produced IFN-y. Interestingly, we found that treatment of C56BL/6 mice
with IL-2/JESé led to the induction of these cells in both lymphoid tissues (spleen) as well as in non-
lymphoid tissues (liver and lungs; Figure 5A and B). Relative counts of CD25*Foxp3-CD4* and CD8*
T cells were particularly high in the liver where they typically represented about 6% and 10% of
CD4* and CD8* T cells, respectively. We asked whether these CD25*Foxp3-CD4* and CD8"* T cells
are able to produce IFN-y upon IL-2/JES6 administration in vivo. To answer this, C56BL/6 mice were
treated with IL-2/JESé as in Figure 1A and brefeldin A was injected 2 h after the last dose of IL-2/
JESé6 to enable the detection of IFN-y production in various T cell subsets intracellularly. We proved
that CD25'Foxp3CD4* and CD8* T cells in spleen, liver, and lungs produced IFN-y (Figure 5C and
D). Again, relative counts of these cells producing IFN-y were especially high in the liver and gener-
ally higher in the CD8* subset in comparison to the CD4* subset. Notably, T, cells in the liver of
C56BL/6 mice treated with IL-2/JES6 also produced IFN-y showing that T, cells may surprisingly
participate in sensitization to LPS. IL-2/S4Bé almost did not induce CD25*Foxp3'CD4* and CD8* T
cells in any tissue studied. This agrees with the previous finding that IL-2/S4Bé sensitize to LPS only
very decently.

Production of IFN-y by antigen-activated or IL-2/JES6-stimulated T cells
drives LPS hyperreactivity

Previous experiments showed that IL-2/JESé give rise to CD25*Foxp3- T cells producing IFN-y in
various tissues which in turn leads to LPS hyperreactivity. We asked whether antigen-activated T
cells, when present in sufficient numbers, were also able to induce LPS hyperreactivity since they also
produce IFN-y. Thus, we adoptively transferred CD8* OT-l and CD4* OT-Il T cells into C56BL/6 mice
and activated them with respective ovalbumin-derived peptides plus polyl:C. CD8* OT-l and CD4*
OT-I T cells significantly expanded and altogether made up 12-13% of all T cells in the spleen on
day 3 post priming (Figure 6A and B). C56BL/6 mice with primed adoptively transferred T cells
showed significant sensitivity to LPS in comparison to C56BL/é mice with unprimed adoptively trans-
ferred T cells (Figure 6C). Importantly, injection of anti-IFN-y mAb abrogated sensitization to LPS in
C56BL/6 mice with primed adoptively transferred T cells. C56BL/6 mice without adoptively trans-
ferred CD8* OT-l and CD4* OT-I T cells and immunized with OVA plus polyl:C showed no increased
sensitivity to LPS (Figure 6—figure supplement 1).

Finally, we used IFN-y deficient mice (IFN-y") to prove that IFN-y is the key factor mediating LPS
hyperreactivity upon IL-2/JES6 administration. IFN-y”- mice pretreated with IL-2/JES6 showed sensi-
tivity to LPS comparable to that of those not pretreated. IFN-y sufficient C56BL/6 mice pretreated
with IL-2/JES6 showed dramatically increased sensitivity to LPS (Figure 6D and E). Altogether, we
conclude that IL-2/JESé6 give rise to CD25*Foxp3CD4* and CD8* T cells producing IFN-y in various
tissues, particularly in liver. IL-2/JES6 also expand LPS responsive CD11b*CD14* myeloid cells and
increase expression of CD25 in these cells. IFN-y later acts on these myeloid cells and increases their
responsiveness to LPS (Figure 6F).
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Figure 5. IL-2/JES6 expands CD25*Foxp3T cells in both CD4* and CD8* subsets which produces IFN-y in various tissues. (A) C56BL/6 mice were
treated with IL-2/JESé or IL-2/S4Bé as shown in Figure 1A. Mice were i.p. injected with 150 pg/mouse of brefeldin A 2 h after the last dose of IL-2/JES6
and euthanized 12 h after the injection of brefeldin A. CD4* and CD8* T cells from spleen, liver, and lung were analysed by flow cytometry for CD25
and Foxp3 expression. Dot plots showing one representative mouse (A) and a bar graph showing mean + SD in experimental groups (B) are presented.

Figure 5 continued on next page
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Figure 5 continued

Intracellular production of IFN-y in different subpopulations of T cells as shown in A, was determined. Dot plots showing one representative mouse

(C) and a bar graph showing mean + SD in experimental groups (D) are presented. Analysis of T cells from spleen and liver was carried out in the same
experiment, but analysis of T cells from the lungs was done in a separate experiment. All experiments were done at least twice with similar results; n = 3
technical replicates. Data were analysed using an unpaired two-tailed Student’s t-test. Significant differences to control are shown (* p < 0.05).

The online version of this article includes the following source data for figure 5:

Source data 1. Source data for Figure 5, panels B and D.

Discussion

It has previously been shown that IL-2/JES6 immunocomplexes potently expand T, cells in vivo and
that they can be used for treatment of various autoimmune diseases (Liu et al., 2011; Webster et al.,
2009; Wilson et al., 2008). However, our results clearly demonstrate that these immunocomplexes
also dramatically increase sensitivity to LPS. The key mechanism is the production of IFN-y since
administration of anti-IFN-y mAb as well as the use of IFN-y” mice abrogates the sensitization. This
resembles the so-called Schwartzman-like shock reaction, an experimental model of lethal systemic
inflammatory reaction induced by LPS injection. It is induced by two consecutive, rather low doses of
LPS (preparatory and provocative ones) and occurrence of the reaction requires very exact dosage
and careful timing (Heremans et al., 1990). The first LPS injection is given into the footpad, followed
after 24 h by an i.v. dose. Administration of anti-IFN-y mAb was found to completely prevent the
reaction. Thus, a preparatory dose of LPS induces production of IFN-y which consequently sensitizes
immune cells to be hyperresponsive to a provocative dose of LPS. Contrary to the Schwartzman-like
shock reaction, IL-2/JESé is responsible for inducing the production of IFN-y and for sensitization
to LPS in our experimental system. Administration of anti-IFN-y mAb before IL-2/JES6 treatment
could, however, have two effects: it could prevent sensitization of immune cells to LPS or it could
protect against the toxic effect of a massive production of IFN-y upon LPS injection since IgG has a
relatively long half-life (Vieira and Rajewsky, 1988). Thus, we compared the effect of anti-IFN-y mAb
administered either before pretreatment with IL-2/JESé or after it, that is, shortly before LPS chal-
lenge (4 h). Anti-IFN-y mAb had higher protective effect when injected before IL-2/JES6 pretreatment
(Figure 4—figure supplement 2) further confirming the key role of IL-2/JESé-induced IFN-y produc-
tion for sensitization to LPS.

The key question was: which cells produce IFN-y upon treatment with IL-2/JES6? IFN-y is normally
produced by effector T cells after their activation and expansion. It requires a TCR signal and is signifi-
cantly augmented by the presence of IL-12 and IL-18 (Berg et al., 2002; Li et al., 2005; Nakanishi,
2018). However, IL-2 was shown to be also able to promote IFN-y production, but usually in activated
T cells, that is, upon TCR signaling (Boyman and Sprent, 2012; Cousens et al., 1995). Here, we
show that a strong sustained IL-2 signal provided by IL-2/JESé is able to induce production of IFN-y
in T cells in vivo even in the absence of a TCR signal, except that provided by self-MHC molecules.
Contact with self-MHC class | and Il molecules (low affinity interaction) is known to play an important
role in homeostasis of naive CD8* and CD4" T cells, respectively (Kieper et al., 2004; Sprent and
Surh, 2011), but should not endow these cells with the capacity to express effector functions like
IFN-y production (Kieper et al., 2004). We saw the highest relative counts of IFN-y-producing T cells
in CD25*Foxp CD4* and CD8* populations. Nevertheless, CD4*CD25*Foxp* T, cells also produced
IFN-y in IL-2/JESé6-treated mice, particularly in liver (Figure 5C and D). One simple explanation could
be that the strong sustained IL-2 signal provided by IL-2/JESé also induces production of IFN-y in T
cells. However, we speculate that the IFN-y produced by CD25*FoxpCD4* and CD8" cells may be a
trigger for IFN-y production in T, cells since it was shown previously that T, cells can be converted
into IFN-y-producing cells, especially in a strongly pro-inflammatory milieu (Koenecke et al., 2012)
and/or in the presence of IFN-y (Wood and Sawitzki, 2006). On the other hand, T, cells seems to
be dispensable for sensitization to LPS via IL-2/JESé as administration of anti-CD4 mAb had no effect
(Figure 2D). This shows that CD8" T cells can substitute CD4* T cells in the process of sensitization,
however, complete absence of T cells abolishes it (Figure 4D).

It has been shown that treatment with nitrite (NO,), an important biological NO reservoir in vascu-
lature and tissues, significantly attenuates hypothermia, tissue infarction and mortality in a mouse
shock model induced by a lethal TNF-at or LPS challenge (Cauwels et al., 2009). We therefore asked
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Figure 6. IFN-y produced by activated antigen-specific T cells or by T cells stimulated with IL-2/JESé, is a crucial mediator of LPS hyperreactivity.
Purified CD8* and CD4* T cells from OT-I/Ly5.1 and OT-1I/Ly5.1 mice (2 and 4 x 10° /mouse respectively), were adoptively transferred (AT) to

C56BL/6 mice. One day later, mice were i.p. injected with PBS (Control), with both OT-I and OT-ll specific peptides plus polyl:C (75 pg/mice) or with the
latter plus alFN-y mAb (250 pg). Expansion of AT T cells was determined 3 d post stimulation by flow cytometry. Dot plots showing one representative
Figure 6 continued on next page
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mouse (A) out of two mice analysed by flow cytometry and a bar graph showing mean + SD (B) are presented. (C) Three groups of C56BL/6 mice
described above and one control group (no AT) were challenged with LPS (50% of MNLD). (D) IFN-y” and normal C56BL/6 mice (IFN-y*"*) were treated
with IL-2/JESé and challenged with LPS (50% of MNLD) as shown in Figure TA. IFN-y” C56BL/6 mice challenged with the same dose of LPS were used
as the control. (E) Data pooled from three independent experiments (n = 13-16 technical replicates) described in D showing body temperature of mice
8 h after LPS challenge. (F) Scheme showing the proposed mechanism of how IL-2/JESé induces LPS hyperreactivity. Experiments A-D were done at
least twice with similar results; n = 2-6 technical replicates. Data were analysed using unpaired two-tailed Student's t-test. Significant differences to
control are shown (* p < 0.05; *** p < 0.001).

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Source data for Figure 6, panels B-E.

Figure supplement 1. Immunization with ovalbumin plus poly I:C does not increase sensitivity to LPS.

Figure supplement 1—source data 1. Source data for Figure 6—figure supplement 1.

whether nitrite could protect, at least to some extent, IL-2/JES6 pretreated mice challenged with
LPS, since we observed very high serum levels of TNF-a in these mice (Figure 1E). Indeed, nitrite
was considerably effective in lowering hypothermia and mortality (Figure 1—figure supplement 1)
showing that a massive production of TNF-a is a dominant pathogenic factor responsible for rapid
onset of hypothermia in IL-2/JESé sensitized mice challenged with LPS. Pathogenic effects that occur
later on are mediated by other cytokines, particularly by IFN-y. This is supported by the fact that
serum levels of TNF-a peak very early (1-2 h) post LPS challenge while serum levels of IFN-y peak
around 6 h (Figure 4A).

Treatment with IL-2/JES6 not only affected T cell populations but to our surprise also affected
some myeloid cell populations, particularly CD11b*CD14* cells (monocytes/macrophages). Although
IL-2 is a pleiotropic cytokine, it has stimulatory activity mostly for cells of lymphoid origin, especially
for T recently activated T, memory CD8* T, and NK cells (Boyman et al., 2010; Malek, 2008;
Sharma and Das, 2018; Yu et al., 2000). Increased counts of CD11b*CD14"* cells in response to
IL-2/JES6 are thus intriguing. We tested the hypothesis that T cells upon stimulation with IL-2/JES6
do not produce GM-CSF but no production of this cytokine was found. However, there is a report
showing that clonogenic common lymphoid progenitor (CLP), a bone marrow-resident cell that gives
rise exclusively to lymphocytes, can be redirected to the myeloid lineage by stimulation through an
exogenously expressed IL-2 receptor (Kondo et al., 2000). Authors suggest that CLPs and pro-T
cells may have a latent granulocyte/monocyte lineage differentiation program that can be initiated by
signaling through the reconstituted IL-2 receptor. We hypothesize that a strong IL-2 signal provided
by IL-2/JES6 may lead to a similar effect. Nevertheless, this hypothesis requires that at least a fraction
of CLPs express complete trimeric IL-2R at some stage of their development. Even low expression
levels should be sufficient since it has been previously shown that IL-2/JES6 feeds back onto CD25
expression (Spangler et al., 2015).

An interesting feature of IL-2/JES6 treatment is the increased counts of CD45" cells (i.e. any haema-
topoietic cells, except erythrocytes) in the liver (Figure 3—figure supplement 6). This increase was
found both in the T cell population (see later) as well as in CD11b*CD14"* cells (Figure 3—figure
supplement 6B and C). A decent increase in counts of CD11b*CD14* cells was also found in the lungs
(Figure 3—figure supplement 7). We believe that accumulation of these cells in liver and lungs might
significantly contribute to the pathological effects seen after LPS challenge in IL-2/JES6 pretreated
mice, since these cells are likely to be sensitized to LPS via IFN-y produced by CD25* T cells. This
is not the case with IL-2/S4B6 pretreatment as there are much fewer IFN-y-producing CD25* T cells
(Figure 5). Further, treatment with IL-2/JESé per se induces more severe lung oedema in comparison
to treatment with IL-2/S4B6, which could contribute to the morbidity and mortality after LPS challenge
to some extent (Figure 1—figure supplement 2).

We injected both IL-2/JESé and LPS into mice via i.p. injections. There is a population of macro-
phages in the peritoneal cavity (Cassado et al., 2015) and therefore we asked whether these cells
might contribute to the LPS sensitivity. However, adoptive transfer of peritoneal exudate cells from
mice i.p. injected with IL-2/JESé did not increase sensitivity to LPS in adoptively transferred mice.
Moreover, i.v. administration of IL-2/JES6 leads to the same level of LPS sensitivity in comparison to
i.p. administration. Therefore, we can rule out the idea that peritoneal macrophages play an important
role.
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We found significantly increased counts of T cells in the liver of mice treated with IL-2/JESé or IL-2/
S4Bé6 (Figure 5A). We do not know the mechanism of T cell accumulation in the liver upon treatment
with either IL-2 complexes, however, we can speculate that IL-2 complexes (M,, ~190 kDa) are easily
accessible in the liver interstitium due to the massive fenestration of capillaries in this organ (DeLeve,
2015). It seems that the liver and secondary lymphoid organs are the sites where increased numbers
of CD11b*CD14" and IFN-y-producing T cells colocalize upon IL-2/JESé treatment, and this feature

governs LPS hyperresponsiveness.

Materials and methods

Key resources table

Reagent type
(species) or

Source or reference Identifiers

Additional information

resource Designation
Anti-mouse CD3-eFluor 450 Cat#: 48-0032-82;

Antibody (clone: 17A2; rat monoclonal)  eBioscience RRID:AB_1272193 Flow Cytometry: (dilution 1:30)
Anti-mouse CD8a-PerCP-
Cyanineb.5 (clone: 53-6.7; rat Cat#: 45-0081-82;

Antibody monoclonal) eBioscience RRID:AB_1107004 Flow Cytometry: (dilution 1:100)
Anti-mouse CD11b-Alexa
Fluor 700 (clone: M1/70; rat Cat#: 56-0112-82;

Antibody monoclonal) eBioscience RRID:AB_1107004 Flow Cytometry: (dilution 1:300)
Anti-mouse CD11b-eFluord50 Cat#: 48-0112-82;

Antibody (clone: M1/70; rat monoclonal) eBioscience RRID:AB_1582236 Flow Cytometry: (dilution 1:500)
Anti-mouse CD14-FITC (clone: Cat#: 11-0141-85;

Antibody Sa2-8; rat monoclonal) eBioscience RRID:AB_464950 Flow Cytometry: (dilution 1:20)
Anti-mouse CD25-APC (clone: Cat#: 17-0251-82;

Antibody PC61.5; rat monoclonal) eBioscience RRID:AB_469366 Flow Cytometry: (dilution 1:500)
Anti-mouse CD25-eFluor 450 Cat#: 48-0251-82;

Antibody (clone: PC61.5; rat monoclonal) eBioscience RRID:AB_10671550 Flow Cytometry: (dilution 1:400)
Anti-mouse CD45.1-
APC (clone: A20; mouse Cat#: 17-0453-82;

Antibody monoclonal) eBioscience RRID:AB_4469398 Flow Cytometry: (dilution 1:200)
Anti-mouse Ly-6C-APC-
eFluor 780 (clone: HK1.4; rat Cat#; 47-5932-82;

Antibody monoclonal) eBioscience RRID:AB_2573992 Flow Cytometry: (dilution 1:200)
Anti-mouse MHC Class Il (I-A/I-
E)-FITC (clone: M5/114.15.2; rat Cat#: 11-5321-82;

Antibody monoclonal) eBioscience RRID:AB_465232 Flow Cytometry: (dilution 1:300)
Anti-mouse CD45.1-eFluor
450 (clone: A20; mouse Cat#: 48-0453-82;

Antibody monoclonal) eBioscience RRID:AB_1272189 Flow Cytometry: (dilution 1:200)
Anti-mouse CD45/B220-
Horizont V500 (clone: RA3-6B2; Cat#: 561226;

Antibody rat monoclonal) BD Biosciences RRID:AB_10563%10 Flow Cytometry: (dilution 1:100)
Anti-mouse CD3e-Horizont
V500 (clone: 500A2; Syrian Cat#: 560771;

Antibody hamster monoclonal) BD Biosciences RRID:AB_1937314 Flow Cytometry: (dilution 1:30)
Anti-mouse CD4-Horizont V500 Cat#: 560782;

Antibody (clone: RM4.5; rat monoclonal) BD Biosciences RRID:AB_1937327 Flow Cytometry: (dilution 1:400)
Anti-mouse CD4-PerCP (clone: Cat#: 553052;

Antibody RM4-5; rat monoclonal) BD Biosciences RRID:AB_394587 Flow Cytometry: (dilution 1:200)
Anti-mouse CD8a-V500 (clone: Cat#: 560776;

Antibody 53-6.7; rat monoclonal) BD Biosciences RRID:AB_1937317 Flow Cytometry: (dilution 1:80)

Continued on next page
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Anti-mouse Ly-6G-Alexa

Fluor 700 (clone: 1A8; rat Cat#: 561236;
Antibody monoclonal) BD Biosciences RRID:AB_10611860 Flow Cytometry: (dilution 1:80)
Anti-mouse Siglec-F-PE (clone: Cat#: 562068;
Antibody E50-2440; rat monoclonal) BD Biosciences RRID:AB_394341 Flow Cytometry: (dilution 1:100)
Anti-mouse TLR4-APC (clone: Cat#: 145406;
Antibody SA15-21; rat monoclonal) BioLegend RRID:AB_2562503 Flow Cytometry: (dilution 1:300)
Anti-mouse TNF alpha-
PE (clone: MP&-XT22; rat Cat#: 12-7321-82;
Antibody monoclonal) eBioscience RRID:AB_46619% Flow Cytometry: (dilution 0.35 pL/test)
Anti-FOXP3-PE (clone: Cat#: 12-5773-82;
Antibody FJK/16 s; rat monoclonal) eBioscience RRID:AB_465936 Flow Cytometry: (dilution 1 plL/test)
Anti-mouse IFN gamma-
PE (clone: XMG1.2; rat Cat#: 12-7311-82;
Antibody monoclonal) eBioscience RRID:AB_466193 Flow Cytometry: (dilution 0.35 pL/test)
Anti-mouse CD16/32 (clone: Cat#: 14-0161-86;
Antibody 03; rat monoclonal) eBioscience RRID:AB_467135 Flow Cytometry: (dilution 0.5 pg/test)
Anti-mouse IFN gamma (clone: Cat#: BEOOS5; In vivo IFN gamma neutralization (dose:
Antibody XMG1.2; rat monoclonal) BioXCell RRID:AB_11076%94 250 pg/mouse)
Anti-mouse IL-2 (clone: JES6- Cat#: BE0D43; In vivo IL-2 receptor stimulation as a complex
Antibody 1A12; rat monoclonal) BioXCell RRID:AB_1107702 with IL-2 (dose: 1.5 pg /mouse)
Anti-mouse IL-2 (clone: S4B&-1; Cat#: BEOD43-1; In vivo IL-2 receptor stimulation as a complex
Antibody rat monoclonal) BioXCell RRID:AB_1107705 with IL-2 (dose: 1.5 pg /mouse)
Anti-mouse CD4 (clone: GK1.5; Cat#: BEODD3-1; In vivo CD4* T cell depletion (dose: 50 pg /
Antibody rat monoclonal) BioXCell RRID:AB_1107636 mouse)
Anti-mouse CD25 (clone: Cat#: BE0012; In vivo regulatory T cell depletion (dose:
Antibody PC41.5; rat monoclonal) BioXCell RRID:AB_1107619 50 pg /mouse)
Sequence-based
Reagent Casc3for Sigma-Aldrich 5 TTCGAGGTGTGCCTAACCA-3
Sequence-based
Reagent Casc3rev Sigma-Aldrich 5-GCTTAGCTCGACCACTCTGG-3
Sequence-based
Reagent Hépdfor Sigma-Aldrich 5-GGATTGTGTTTAAGAATCGGG-3’
Sequence-based
Reagent Hépdrev Sigma-Aldrich 5-AGTAGGCGTCTTGCTC-3
Sequence-based
Reagent Tirdfor Sigma-Aldrich 5-GATCATGGCACTGTTCTTCTC-3
Sequence-based
Reagent Tirdrev Sigma-Aldrich 5-CACACCTGGATAAATCCAGC-3
Strain, Strain
Background Gift from Dr. H.
(Salmonella Nikaido (University of
Typhymuriurm) LT2 (S-strain) California, Berkeley) LPS isolation
Institute of
Microbiology and
Strain, Strain Institute of Physiology
Background (Mus of the Czech
musculus; Female) BALB/c (H-2d) Academy of Sciences

Continued on next page
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Strain, Strain
Background (Mus
musculus; Male)

C57BL/6 (H-2b)

Institute of
Microbiology and

Institute of Physiology

of the Czech
Academy of Sciences

Strain, Strain
Background (Mus
musculus; Female)

CD1 nude mice (Nu/Nu)

Animal facility of
Masaryk University,
Czech Republic

Institute of
Strain, Strain Microbiology of the
Background (Mus Transgenic OVA-specific T cells Czech Academy of
musculus, C57BL/6 J) (OT-I) mice Sciences

Institute of
Strain, Strain Microbiology of the
Background (Mus Transgenic OVA-specific T cells Czech Academy of
musculus, C57BL/6é J) (OT-II) mice Sciences

Institute of
Strain, Strain Microbiology of the
Background (Mus Czech Academy of
musculus; C57BL/6 J) IFN gamma deficient (Ifng”)  Sciences

Strain, Strain
Background (Mus

musculus; C57BL/6 J)

MyD88 deficient (Myd88")

Institute of Molecular

Genetics of the Czech

Academy of Sciences

Strain, Strain
Background (Mus

musculus; C57BL/6 J)

Rag1 deficient (Rag1”)

Institute of Molecular

Genetics of the Czech

Academy of Sciences

Institute of
Strain, Strain Microbiology of the
Background (Mus Czech Academy of
musculus, C57BL/6 J) B&.SJL (Ly5.1) Sciences
Peptide,
Recombinant Protein Recombinant Murine IL-2 PeproTech Cat#: 21212 Purified from E. coli
Commercial Assay ~ Mouse TNF-alpha DuoSet
or Kit ELISA R&D Systems Cat#: DY410
Commercial Assay Mouse IFN-gamma DuoSet
or Kit ELISA R&D Systems Cat#: DY485
Commercial Assay ~ Mouse IL-1 beta/IL-1F2 DuoSet
or Kit ELISA R&D Systems Cat#: DY401
Commercial Assay
or Kit Mouse IL-12 p70 DuoSet ELISA R&D Systems Cat#: DY419
Commercial Assay
or Kit Mouse IL-6 DuoSet ELISA R&D Systems Cat#: DY406
Chemical
Compound, Drug Brefeldin A Sigma-Aldrich Cat#: B7651 150 pg/mouse
Software, Algorithm  FlowJo Tree Star RRID: SCR_008520
Software, Algorithm  GraphPad Prism GraphPad Software RRID: SCR_002798

Thermo Fisher

Other ACK Lysing Buffer Scientific Cat#: A1049201 Red blood cell lysis
Sigma-Aldrich
Other Collagenase D (Roche) Cat#: 11088858001 1 mg/mL

Continued on next page
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Other

Foxp3/ Transcription Factor
Fixation/Permeabilization
Concentrate and Diluent eBioscience Cat#: 00-5521-00

Other

Polyinosinic-polycytidylic acid
potassium salt (Poly I:C) Sigma-Aldrich Cat#: P9582 75 pg/mouse

Other

5-Bromo-2"-deoxyuridine Sigma-Aldrich

(BrdU)

(Roche) Cat#: 10280879001 0.5 pg/mouse i.p., 0.8 mg/mL p.o.

Other

Thermo Fisher

TRIzol Reagent Scientific (Invitrogen) Cat#: 15596026

Other

Thermo Fisher

TURBO DNase Scientific Cat#: AM2238

Other

SuperScript IV Reverse Thermo Fisher

Transcriptase

Scientific Cat#: 18090010

Mice

BALB/c (H-2d) and C57BL/6 (H-2b) mice were obtained from a breeding colony at the Institute of
Microbiology or Institute of Physiology of the Czech Academy of Sciences (Prague, Czech Republic).
Athymic CD1 nude mice (Nu/Nu) were acquired from the animal facility of Masaryk University (Brno,
Czech Republic). Transgenic OT-l and OT-ll mice, Ifng”, Myd88’ and Rag1’ mice and B6.SJL (Ly5.1)
mice were bred and kept at mouse facilities at the Institute of Molecular Genetics or the Institute
of Microbiology of the Czech Academy of Sciences (Prague, Czech Republic). Mice were used at
9-15 weeks of age.

Monoclonal antibodies (MAbs)

The following anti-mouse mAbs were used for surface staining during flow cytometry: CD3-eFluor
450, CD8-PerCP-Cy5.5, CD11b-AlexaFluor 700, CD11b-eFluor 450, CD14-FITC, CD25-APC, CD25-
eFluor 450, CD45.1-APC, Ly6C-APC-eFluor 780, I-A/E-FITC (eBioscience, San Diego, CA, USA),
CD45.1-eFluor 450, CD45R-Horizont V500, CD3-Horizont V500, CD4-Horizont V500, CD4-PerCP,
CD8-Horizont V500, Ly6G-AlexaFluor 700, Siglec F-PE (BD Biosciences, San Jose, California, USA) and
TLR4-APC (BioLegend, San Diego, Ca, USA). For intracellular staining, the following anti-mouse mAbs
were used: TNFo-PE, Foxp3- and IFNy-PE (eBioscience; San Diego, California, USA). Fe-block (anti-
CD16/CD32 mAbs; eBioscience, San Diego, California, USA) was used both in surface and intracel-
lular staining. For ELISA, matched anti-mouse capture mAb and biotinylated detection mAb against
TNF-a, IFN-y, IL-1B, IL-12 and IL-6 were used (R&D System, Minneapolis, Minnesota, USA). Blocking
anti-mouse CD25 (PC61.5), CD4 (GK1.5) and anti-IFN-y (XMG1.2) mAbs, as well as anti-mIL-2 mAbs
for preparing IL-2 complexes (S4B6, JES6-1A12), were obtained from BioXcell (Lebanon, New Hamp-
shire, USA).

IL-2/JES6-1 and IL-2/S4B6 complexes

Complexes were prepared by mixing recombinant mouse IL-2 (Peprotech, Cranbury, New Jersey,
USA) with anti-IL-2 mAb S4Bé or JES6-1A12 (both reagents were in PBS) at molar ratio 2:1. After
15 min (min) incubation at room temperature, the complexes were diluted with PBS to the desired
concentration before application.

Isolation of LPS

Bacterial culture (S. typhymurium LT2, S-strain; a kind gift from Dr. H. Nikaido, University of California,
Berkeley, USA) was first cultivated on agar (Nutrient agar nr.2, HiMedia Laboratories, Mumbai, India)
in a petri dish and then transferred to an Erlenmayer flask with liquid media (150 ml, MRS Broth,
Oxoid, Hampshire, UK). The bacterial culture was cultivated at 37 °C for up to 24 h (h) in order to reach
the exponential growth phase according to measured OD ( ~ 5 x 108/ml bacteria). Next, it was trans-
ferred to the solid substrate (12 g Nutrient agar nr.2, 3.5 g agar, 15 g glucose, 300 ml water) in 2 | glass
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cultivation bottles by Roux (4 ml inoculum/bottle). Bottles were cultured for 24 h at 37 °C. Bottles were
washed with PBS and bacteria were removed from the surface of the substrate with a glass rod. The
acquired suspension was filtered through the gauze, and bacteria were killed with 2% phenol (Sigma-
Aldrich, St. Louis, Missouri, USA) in ethanol (96%; Lachner, Neratovice, Czech Republic) and deionized
water at room temperature. Viability of the bacteria was tested by plating on a new agar petri dish
(Nutrient agar nr.2, HiMedia Laboratories, Mumbai, India). Bacteria were sequentially centrifuged at
4600 and 16,000 rpm (room temperature, 20 min). They were washed once with PBS followed by a
triple wash with deionized water to remove salts and phenol before they underwent lyophilization in
order to get dry matter. Crude LPS was acquired from dry matter by fractionation. This was achieved
by the addition of preheated phenol and deionized water at 68 °C (water bath) for 15 min while stir-
ring constantly (20 g of dry matter + 350 ml deionized water and 350 ml 90% phenol). After incuba-
tion, the sample was cooled down to 4 °C and sequentially centrifuged at 4600 rpm and 16,000 rpm
(4 °C, 20 min). The water phase (top part) was removed and stored whilst the pellet was subjected to
a second round of fractionation. Water phases from both separations were pooled, shaken with dieth-
ylether (600 ml; Lachner, Neratovice, Czech Republic) and left overnight at 4 °C, followed by repeated
dialysis of the water phase for 3-5 days (d) in a huge excess of deionized water. The whole process of
crude LPS isolation was finalized by lyophilization. To achieve this, 0.76 g of crude LPS was dissolved in
50 ml of deionized water and cooled down to 4 °C. Next, 150 ml of ice-cold methanol (Lachner, Nera-
tovice, Czech Republic) and 1.5 ml 20% MgCl, (Sigma-Aldrich, St. Louis, Missouri, USA) were added
and it was left stirring overnight. The following day, the solution was centrifuged at 5000 rpm (4 °C,
20 min) and the pellet was resuspended again in 50 ml of deionized water and cooled down to 4 °C.
After this, 150 ml of ice-cold methanol was added and it was left stirring overnight. On the following
day, the same procedure was repeated and the pellet was resuspended in 20 ml of deionized water.
Pure LPS was finally lyophilized.

LPS challenge in vivo

Mice were treated i.p. with IL-2/JES6-1 or IL-2/S4B6 complexes daily for 3 d (1.5 pg IL-2/mouse in
250 pl) as shown in Figure 1A, unless stated otherwise. After 48 h, mice were i.p. injected with LPS.
Control mice were injected with the same volume of sterile PBS (250 pl). The dose of injected LPS is
shown in % of maximum non-lethal dose (MNLD; 100% MNLD ~ 200, 35 and 35 ug LPS in C57BL/6,
BALB/c and Nu/Nu mice, respectively), that is the highest possible dose which causes significant toxic
effect, but no mortality. Body temperature (measured by stylus in the throat) and survival of mice were
recorded.

Preparation of single-cell suspension for flow cytometry

For spleen cells, animals were sacrificed by cervical dislocation and spleens were harvested and
homogenized by GentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, North Rhine-
Westphalia, Germany). After red blood cell lysis (ACK lysing buffer, Gibco, Gaithersburg, Maryland,
USA), cells were strained twice to remove clumps (70 pm BD Falcon strainer, Corning, New York, New
York, USA, followed by 30 pm CellTrics strainer, Sysmex, Norderstedt, Germany) and resuspended in
FACS buffer (PBS, 2% FCS, 2 mmol EDTA). For peripheral blood cells, mice were exsanguinated via
carotid excision into the heparinized Eppendorf tubes. Whole blood was lysed twice with ACK Lysing
buffer, strained once (30 um, Sysmex Norderstedt, Germany) and resuspended in FACS buffer. Lungs
and livers were injected with Colagenase D solution (1 mg/ml, Roche, Basel, Switzerland), incubated
for 30 min at 37 °C, homogenized by GentleMACS Dissociator and further processed like the spleen
cells.

Staining for surface markers

Cells were blocked by 10% mouse serum and/or Fc block for 30 min on ice and stained with
fluorochrome-labelled mAbs recognizing selected surface markers for 30 min on ice in the dark. After
each step, cells were washed twice in FACS buffer and fixed with Foxp3 Fixation/Permeabilization
buffer (eBiosciences, San Diego, California, USA) for 30 min on ice in the dark before analysis. Flow

cytometric analysis was performed on LSRII (BD Biosciences, San Jose, California, USA) and data were
analysed using FlowJo X software (Tree Star, Inc, Ashland, Oregon, USA).
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Staining for intracellular markers

After staining of surface antigens, fluorochrome-labelled mAbs recognizing intracellular markers were
added and cells were incubated for 30 min on ice in the dark. Washing was performed twice with
Fixation/Permeabilization buffer (eBiosciences, San Diego, California, USA). Cells were resuspended
in FACS buffer before analysis. Analysis was performed as described above.

RT-qPCR analysis

RNA from splenocytes was isolated using TRIzol reagent (Invitrogen, USA) regarding to the manu-
facturer’s protocol. One pg RNA treated with DNAse | (Turbo DNAse; Thermo Fisher Scientific, USA)
was reverse-transcribed using the Oligo(dT)12-18 primer and Superscript IV Reverse Transcriptase
(Life Technologies, Carlsbad, CA, USA). To select suitable housekeeping genes, the gene expres-
sion stability was assessed using RefFinder (https://www.heartcure.com.au/reffinder/). Evaluation of
amplification efficiency was performed by dilution series of cDNA. gPCR (CFX96 TouchTM, Bio-Rad)
was performed to determine the changes in the mRNA levels of TLR4. The cycling parameters were
as follows: 4 min at 94 °C, 35 cycles of 10 s at 94 °C, 25 s at 58 °C, and a final extension for 7 min at
72 °C. Gene expression changes were calculated according to the 2-AACT (Livak) method. Two refer-
ence genes (Casc3, Hépd) were selected as the most stable internal controls for the normalization of
the TIrd4 gene expression. The fold change in the mRNA level was related to the change in the settled
controls. All parameters were determined in duplicates. Primers used:

Name Sequence (5™- 3 Target

Casc3for TTCGAGGTGTGCCTAACCA

Casc3rev  GCTTAGCTCGACCACTCTGG Casc3

Hépdfor ~ GGATTGTGTTTAAGAATCGGG
Hépdrev  AGTAGGCGTCTTGCTC Hépd

Tlrdfor GATCATGGCACTGTTCTTCTC

Tlrdrev CACACCTGGATAAATCCAGC Tir4

Casc3: cancer susceptibility candidate gene 3; Hépd: Hexose-6-phosphate dehydrogenase; Tir4:
Toll-like receptor 4.

Adoptive transfer of OT- CD8* T cells, OT-1l CD4* T cells, CD4*CD25* T
cells and CD3* T cells

MACS-separated (negative selection, AutoMACS, Miltenyi Biotec, Bergisch Gladbach, North Rhine-
Westphalia, Germany) OT-1 CD8" T and OT-Il CD4* cells (both Ly5.1*) were injected i.v. into C57BL/6
(Ly5.2%) mice via tail vein. C57BL/6 mice were injected i.p. with PBS, OT-l plus OT-ll peptides (10 and
50 ug/mouse, respectively; MBL International, Woburn, Massachusetts, USA; or Genscript, Piscataway,
New Jersey, USA, respectively) plus polyl:C (75 pg/mouse; Sigma-Aldrich, St. Louis, Missouri, USA) or
with the latter plus alFN-y mAb (250 pg/mouse; XMG1.2; BioXcell, Lebanon, New Hampshire, USA).
Mice were either sacrificed 3 days post priming and spleen cells were analyzed by flow cytometry for
expansion of adoptively transferred cells or challenged with LPS. CD4*CD25* T cells were purified by
MACS (negative selection for CD4* T cells and positive selection for CD25" cells) from C56BL/6 mice
treated with IL-2/JESé as shown in Figure 1A (2 days after the last dose of IL-2/JESé). CD4*CD25* T
cells were injected i.v. into Nu/Nu mice via tail vein. Next, Nu/Nu mice were treated with IL-2/JES6
and challenged with LPS as in Figure 1A. CD3" T cells were purified by MACS (negative selection)
from MyD88-" mice treated with IL-2/JES6 as shown in Figure 1A (2 days after the last dose of IL-2/
JES6). CD3* T cells were injected i.v. into Rag1” mice via tail vein. Next, Rag1” mice were treated with
IL-2/JES6 and challenged with LPS as in Figure TA.

Immunization with ovalbumin
C57BL/6 mice were i.p. injected with ovalbumin (OVA, 0.5 mg/mouse, Warthington, New Jersey, USA)
plus polyl:C (75 pg/mouse) on day 0. Mice were i.p. challenged with LPS on day 4.
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BrdU incorporation assay in vivo

C57BL/6 mice were i.p. injected with titrated doses of IL-2/JES6 or with PBS. After 4 h, mice were
injected i.p. with 0.5 pg of BrdU (Sigma-Aldrich, St. Louis, Missouri, USA) in 50 pl PBS. At the same time,
mice were given 0.8 mg/ml BrdU in their drinking water. BrdU solution was prepared in sterile water,
protected from light exposure and changed daily. Mice were sacrificed 48 h later and spleens were
harvested. Single cell suspensions were prepared as described above. BrdU staining was performed
in similar fashion to staining of intracellular antigens with two additional steps following fixation with
Fixation/Permeabilization buffer (eBiosciences, San Diego, California, USA). First, cells were treated
with BD Cytofix/Cytoperm Plus buffer (BD Biosciences, San Jose, California, USA) for 10 min on ice.
Second, cells were treated with DNAse (BD Biosciences, San Jose, California, USA) for 1 h at 37 °C.
Fluorochrome-labelled mAbs were added together with anti-BrdU mAb (BD Biosciences, San Jose,
California, USA) and cells were incubated for 30 min on ice in the dark. Washing, resuspending of cells
and subsequent analysis was performed as described above.

Detection of IFN-y production in vivo

C57BL/6 mice were i.p. injected with IL-2/JES6-1, IL-2/S4B6 or PBS (Control) as in Figure TA. Each
mouse was i.p. injected with 150 pg of brefeldin A (Sigma-Aldrich, St. Louis, Missouri, USA) 2 h after
the last dose. Mice were sacrificed 12 h after injection of brefeldin A. Spleens, livers, and lungs were
harvested for subsequent flow cytometry analysis performed as described above.

Detection of cytokines in serum

C57BL/6 and BALB/c mice were treated with IL-2/JESé and challenged with LPS (10% of MNLD) as
shown in Figure TA. Control mice were treated with sterile PBS and challenged with LPS (100% of
MNLD). Mice were euthanized by exsanguination via carotid excision at 2, 3, 4, 6, and 8 h after the LPS
challenge and their sera were collected. Levels of TNF-q, IL-1B, IL-12, and IL-6 (R&D System, Minne-
apolis, Minnesota, USA) following manufacturer’s protocol.

Determination of vascular leak syndrome (VLS) in the lungs

C57BL/6 mice were treated with IL-2/JESé, IL-2/S4B6 or PBS (Control) as shown in the Figure TA.
Mice were euthanized 1 day after the last dose and their lungs were harvested. Pulmonary wet weight
was determined by weighting lungs before and after lyophilization overnight at 58 °C under vacuum.

Statistical analysis

All experiments were done at least twice with similar results; n = 2-16 technical replicates. Statistical
analysis was performed using GraphPad Prism (GraphPad Software, San Diego, California, USA). The
difference between groups was analysed by unpaired two-tailed Student's t-test. The confidence level
was 95%. Differences with *,°,+ p < 0.05; **, °° p < 0.01; ***, °°° p < 0.001 were considered as statis-
tically significant.
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Figure 1 - Figure Supplement 1. Nitrite significantly reduces the toxicity of LPS in mice
pretreated with IL-2/JES6.

C56BL/6 mice were treated with IL-2/JES6 and challenged with LPS (10% of MNLD) as
shown in Figure 1A. One group of mice was 1.p. injected with sodium nitrate (NaNO2; 1.5
mg/kg in 250 pl) 1 h before the LPS challenge. Control mice were challenged with LPS (100%
of MNLD) only. Four mice per group were used. Data were analyzed using an unpaired two-
tailed Student’s t-test. Significant differences to control are shown (* p <0.05).
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Figure 1 - Figure Supplement 2. IL-2/JES6 induces more severe lung edema in comparison
to IL.-2/S4B6.

C56BL/6 mice were treated with IL-2/JES6 or IL-2/S4B6 as shown in Figure 1A. Mice were
euthanized 1 d after the last dose of IL-2 complexes and their lungs were harvested. Pulmonary
wet weight was determined by weighing lungs before and after lyophilization overnight at 58
°C under vacuum. Six mice per group were used. Data were analyzed using an unpaired two-
tailed Student’s t-test. Significant differences to control are shown (* p <0.05; ** p <0.01).
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Figure 3 - Figure Supplement 1. IL-2/JES6 expands various subsets of myeloid cells in the
spleen.

C56BL/6 mice were treated with IL-2/JES6 or IL-2/S4B6 as shown in Figure 1A. Mice were
euthanized 2 d after the last dose of IL-2 complexes and their spleens were harvested and
analyzed by flow cytometry. Relative counts of myeloid cells in general (A), granulocytes (B),
monocytes/macrophages (C, D), eosinophils (E), and dendritic cells (F, G) are shown. Six mice
per group were used. Data were analyzed using an unpaired two-tailed Student’s t-test.
Significant differences are shown (* p <0.05; ** p <0.01; *** p <0.001).
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Figure 3 - Figure Supplement 2. IL-2/JES6 increases MHC II expression in the
monocyte/macrophage population in the spleen.

C56BL/6 mice were treated with IL-2/JES6 or IL-2/S4B6 as shown in Figure 1A. Mice were
euthanized 2 d after the last dose of IL-2 complexes and their spleens were harvested and
analyzed by flow cytometry. The percentage of MHC II positive cells (A, B) and relative MHC
II expression level (C, D) are shown. Six mice per group were used. Data were analyzed using
an unpaired two-tailed Student’s t-test. Significant differences are shown (* p < 0.05; ** p <
0.01; *** p <0.001).
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Figure 3 - Figure Supplement 3. IL-2/JES6 promotes the proliferation and expansion of
myeloid cells in a dose-dependent manner in the spleen.

C56BL/6 mice were treated with a titrated single dose of IL-2/JES6. Mice were 1.p. injected
with BrdU 4 h after administration of IL-2/JES and put on drinking water with BrdU. Mice
were euthanized 2 d after administration of IL-2/JES6 and their spleens were harvested and
analyzed by flow cytometry. Relative counts (A) and BrdU incorporation (B) of F4/80 positive
and negative myeloid cells are shown. Two mice per group were used. Data were analyzed
using one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test.
Significant differences are shown (* p <0.05; ** p <0.01; *** p <0.001).
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Figure 3 - Figure Supplement 4. The expression of TLR4 in splenocytes of CS7BL/6 mice
is not affected by the treatment with IL-2/JES6 or IL-2/S4B6.

C56BL/6 mice were treated with IL-2/JES6 or IL-2/S4B6 as shown in Figure 1A. Mice were
euthanized on day five and mRNA was isolated from harvested spleen cells. Relative expression
of Tlr4 was normalized to two reference genes (Casc3, H6pd). Data were analyzed using an
unpaired two-tailed Student’s t-test. Data is presented as mean + SD of six mice per group.
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Figure 3—Figure Supplement S. IL-2/JES6 does not increase the level of TLR4 in myeloid
cells in the spleen.

C56BL/6 mice were treated with IL-2/JES6 or IL-2/S4B6 as shown in Figure 1A. Mice were
euthanized 2 d after the last dose of IL-2 complexes and their spleens were harvested. Spleen
cells were stained for surface markers (including TLR4), fixed, permeabilized, stained again
for TLR4, and analyzed by flow cytometry. Histograms showing one representative mouse (A,
C, and E; blue line: isotype control mAb, red line: anti-TLR4 mAb) and graphs showing average
+ SD in experimental groups (B, D, and F) are presented. Six (control, IL-2/JES6) or five (IL-
2/S4B6) mice per group were used. Data were analyzed using an unpaired two-tailed Student’s
t-test. Significant differences are shown (* p <0.05; ** p <0.01; *** p <0.001).
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Figure 3 - Figure Supplement 6. IL-2/JES6 increases the counts of CD45" and CD11b"*
CD14" cells in the liver.

C56BL/6 mice were treated with IL-2/JES6 or IL-2/S4B6 as shown in Figure 1A. Mice were
euthanized 2 d after the last dose of IL-2 complexes and their livers were harvested. The relative
number of CD45+ cells in the liver (A), CD11b+ CD14+ cells within CD45+ cells in the liver
(B), and CD11b+ CD14+ cells in the liver (C) were determined by flow cytometry. Dot plots
showing one representative mouse (A and B) and a bar graph showing average + SD in
experimental groups (B—C) are presented. Three mice per group were used.
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Figure 3 - Figure Supplement 7. IL-2/JES6 increases the counts of CD45" and CD11b"
CD14" cells in the lungs.

C56BL/6 mice were treated with IL-2/JES6 or IL-2/S4B6 as shown in Figure 1A. Mice were
euthanized 2 d after the last dose of IL-2 complexes and their lungs were harvested. The relative
number of CD45+ cells in the lungs (A), CD11b+ CD14+ cells within CD45+ cells in the lungs
(B), and CD11b+ CD14+ cells in the lungs (C) were determined by flow cytometry. Dot plots
showing one representative mouse (A and B) and a bar graph showing average + SD in
experimental groups (B—C) are presented. Three mice per group were used.
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Figure 4 - Figure Supplement 1. TLR4 signaling in T cells is dispensable for inducing LPS
hypersensitivity by IL-2/JES6.

Two groups of Ragl-/- mice were adoptively transferred (AT) with 5.6 x 106 T cells (CD3+
cells sorted by MACS using negative selection) from MyD88-/- mice pretreated with IL-2/JES6
as shown in Figure 1A. One group of AT mice and one group of normal Ragl-/- mice were
treated with IL-2/JES6 as shown in Figure 1A. All experimental groups including Ragl-/- mice
without AT and IL-2/JES6 treatment (Control) were challenged with LPS (50% of MNLD).
Four mice per group were used. Data were analyzed using an unpaired two-tailed Student’s t-
test. Significant differences to control are shown (* p <0.05).
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Figure 4 - Figure Supplement 2. Anti-IFN-y mAb protects from sensitization to LPS more
effectively when administered before treatment with IL-2/JES6.

(A) Schedule of sensitization of mice to LPS by IL-2/JES6 and administration of anti-IFN-y
mAD (aIFN-y; 250 pg/mice 1.p.). Anti-IFN-y mAb was injected either 4 h before the first dose
of IL-2/JES6 (blue arrow) or 4 h before the LPS challenge (green arrow). (B) C56BL/6 mice
were treated with IL-2/JES6 and challenged with LPS (10% and 50% of MNLD for control and
mice injected with anti-IFN-y mADb, respectively) as shown in A. Four mice per group were
used. Data were analyzed using an unpaired two-tailed Student’s t-test.
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Figure 6 - Figure Supplement 1. Immunization with ovalbumin plus poly I:C does not
increase sensitivity to LPS.

C56BL/6 mice were treated with IL-2/JES6 and challenged with LPS (50% of MNLD) as
shown in Figure 1A. Another group of C56BL/6 mice was immunized with ovalbumin (OVA;
0.5 mg/mice 1.p) plus poly I:C (75 pg/mice 1.p.) on day one and challenged with LPS (50% of
MNLD) on day 5. The control group was challenged with the same dose of LPS only. Five mice
per group were used. Data were analyzed using an unpaired two-tailed Student’s t-test.
Significant differences to control are shown (* p <0.05; ** p <0.01).
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V. Discussion

IL-2 is a fundamental cytokine in T cell biology, having a profound role in the
development, proliferation, and survival of various T cell subsets. Its capacity to support the
proliferation and survival of activated T cells and their differentiation into effector T cells while
maintaining regulatory T cell numbers and their suppressive activity highlights its dual role in
immune regulation. These immunostimulatory and immunosuppressive actions make IL-2 a
promising target for treating immune-related diseases, including cancer and autoimmune
disorders. The success of IL.-2-based immunotherapies crucially depends on finely tuning this
balance to harness its therapeutic potential effectively.

One of the primary challenges with IL-2 therapy is its rapid renal clearance, due to its
small molecular size [204, 476, 477], which results in a short half-life and low bioavailability
of this parenterally administered recombinant protein [478]. High-dose administrations,
intended to overcome this limitation, often lead to severe toxicities, such as vascular leak
syndrome and severe pulmonary edema, caused by direct activation of CD25" endothelial cells
[94, 208, 479, 480]. Moreover, IL-2 stimulates Treg cells which may dampen the antitumor
immunity. These challenges have necessitated the development of modified IL-2 variants and
novel delivery systems to optimize therapeutic outcomes while minimizing adverse effects. For
instance, IL-2 muteins with reduced CD25 binding favor the expansion of effector T cells and
NK cells, making them promising candidates for cancer immunotherapy.

To address some of these issues, strategies to increase the molecular size of IL-2, thereby
reducing renal clearance and prolonging its circulation time in the bloodstream, have been
explored [424, 481]. A notable approach involves polymer modification, specifically
PEGylation. Initial studies confirmed the antitumor activity of IL-2-PEG conjugate in various
cancers [422, 424, 482-486]. However, subsequent comparisons to native IL-2 revealed no
significant advantages [426, 427, 487, 488], and adverse reactions to PEG or its byproducts,
including hypersensitivity, have been noted [489-494]. Our laboratory has pursued an
alternative strategy using poly(HPMA), a synthetic, non-immunogenic polymer [495, 496]. The
design, architecture, and structural properties of poly(HPMA) make it a versatile system for the
synthesis of polymeric conjugates for biomedical applications. We also took advantage of the
fact that poly(HPMA)-modified proteins exhibit lower immunogenicity and better
biocompatibility when compared to their PEGylated counterparts [497, 498]. Therefore, our
research [472] has pioneered the development of IL-2 modified with several chains of
poly(HPMA). The resulting IL-2-poly(HPMA) conjugate demonstrated significantly increased
biological activity in vivo. Moreover, compared to IL-2-PEG, IL-2-poly(HPMA) conjugate
showed more biased activity towards CD122M8" cells, as the modification of IL-2 with
poly(HPMA) chains decreased the ability of IL-2 to interact with CD25. Remarkably, IL.-2-
poly(HPMA) conjugate demonstrated a significantly enhanced ability to stimulate IL-2
responsive immune cells over free IL-2 in vivo. Moreover, this conjugate has shown potential
for various immunological applications beyond cancer therapy, such as vaccination and immune
system reconstitution after bone marrow transplantation. However, our study was not focused
on developing a new form of IL-2 for tumor immunotherapy, but rather broadly to generally
increase the biological activity and improve pharmacological features of IL-2 in vivo and thus
potentially enable the use of this cytokine and, theoretically, also other cytokines in various
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biomedical applications. Nevertheless, our development predated NKTR-214, a related IL-2-
PEG prodrug designed to enhance CD8" T cell and NK cell activation while minimizing Treg
cell expansion [428]. Despite initial promise, NKTR-214 faced challenges in clinical trials due
to its toxicity profile and rather unimpressive efficacy, leading to its eventual discontinuation
[432, 433]. Although research suggests that poly(HPMA) could be a promising alternative for
PEG in biomedical applications [499-503 ], we can only speculate that modification of IL-2 with
poly(HPMA) will result in any advantage over unmodified IL-2 in cancer therapy. Although
numerous HPMA-drug conjugates have reached Phase I and/or Phase II clinical evaluations,
no product has yet been successfully brought to the market. Thus, further research is required
to develop poly(HPMA)-drug conjugates as successful cancer therapeutics [504, 505].

The development of anti-IL-2 mAbs represents a significant breakthrough in
immunotherapy, with profound implications for the treatment of cancer and autoimmune
diseases. Originally developed to neutralize endogenous IL-2 and inhibit its activity, these
mAbs were soon found to form immunocomplexes with IL-2 that substantially potentiate the
stimulatory activity of IL-2 in vivo. Moreover, IL-2co exhibits unique biological activities based
on the specificity of the given clone of anti-IL-2 mAb [74]. These IL-2co alter the selectivity
of IL-2, enabling more specific activation of particular T-cell subsets. For instance, CD25-
biased IL-2co skew IL-2 activity towards the expansion of Treg cells, which can be beneficial
for treating autoimmune diseases. Conversely, CD122-biased IL-2co preferentially promotes
effector T and NK cell expansion, which have been harnessed to enhance anti-tumor responses.

Two studies have provided further insight into the molecular interactions of mIL-2 with
anti-IL-2 mAbs, specifically S4B6, JES6-5H4 [506], and JES6-1A12 [507]. The first study
[506] identified key epitopes involved in the binding of mIL-2 to its respective anti-IL-2 mAbs,
S4B6 and JES6-5H4. Data analysis using the phage-display method showed that S4B6 and
JES6-5H4 mAbs share a significant overlap in critical residues in the IL-2 molecule to which
they bind, resulting in similar biological effects of respective IL-2co [74]. This overlap occurs
at the CD25/IL-2 interface thus providing an explanation of previous functional studies on the
molecular level [463]. Our study [508] provided a novel tool for IL-2-based immunotherapy by
introducing so far undescribed protein chimera scIL-2/S4B6, i.e., a new IC structure, where IL-
2 was covalently linked to a light chain of S4B6 anti-IL-2 mAb via a flexible oligopeptide
(GlysSer)s spacer. This design addressed concerns associated with the potential use of IL-2co
in human medicine, namely stoichiometry and stability. Thus, through this novel class of ICs,
we provided a general principle on designing an IL-2-based immunotherapeutics that mimics
the IL-2co structurally and functionally but without the most significant drawbacks. This study
also offers a structural basis for understanding the mechanism of IL.-2co, together with other
published data collectively suggesting that S4B6 and JES6-5H4 mAbs impede the binding of
IL.-2 to CD25.

Rojas ef al. [507] identified a unique cluster of residues in the IL-2 molecule recognized
by JES6-1A12 mAb, distinct from those recognized by S4B6 or JES6-5H4 mAbs. Our report
[509] provided X-ray crystallography data showing that S4B6 mAb completely blocks IL-
2/CD25 interaction due to the overlap of the epitopes in the IL-2 molecule responsible for
binding to CD25 and S4B6 mAb. Moreover, the binding of S4B6 mAb to IL-2 also induces a
conformational change in the IL-2 molecule thereby increasing its affinity to CD122. This
unique feature further increases the selectivity of IL-2/S4B6 to stimulate CD122™b cells, such
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as memory CD8" T and NK cells. Interestingly, this S4B6 mAb-induced structural shift mimics
the effect of CD25. It 1s a very unique situation where the binding of artificial protein (S4B6
mAD) to IL-2 results in the same change of the IL.-2 conformation as the binding of the natural
receptor (CD25). Overlaying the epitopes responsible for the binding of IL-2R subunits with
S4B6 mAb-bound IL-2 clearly illustrated the direct occlusion of CD25 binding by the S4B6
mAb. The comparison also highlights a striking similarity between the interfaces of hIL-
2/hCD25 and mIL.-2/S4B6 mAb.

JES6-1A12 mAb recognizes an epitope in mIL-2 that is involved in the interaction with
both IL-2Rp and y.. Thus, IL-2 bound to this mAb is not able to interact with signaling IL-2R
subunits. Moreover, this mAb also allosterically impedes the IL.-2/CD25 interaction. However,
the interaction between IL-2 and JES6-1A12 mAb could be replaced by CD25 through a so-
called "trigger exchange" mechanism, favoring CD25™¢" cells such as Treg cells or activated T
cells as they express sufficiently high levels of CD25 to displace the mAb [509]. Activation of
the IL-2 signaling pathway in CD25™#" cells further upregulates CD25 expression to create a
positive feedback loop that favors CD25™8® cell expansion [509] through the IL-2/JES6
complex, further highlighting superior selectivity of this IL-2co for CD25%2® cells such as Treg
cell population. In summary, we elucidated here the mechanism of how IL-2co formed by JES6-
1A12 and S4B6 mAbs interact with IL-2R and differentially stimulate various IL-2 responsive
mmmune cell subsets based on their IL-2 receptor surface expression profiles. Moreover, this
biased stimulation is further enhanced by transcriptional feedback in the case of IL-2/JES6.
This work further enabled structure-based engineering of a single agent fusion of the IL-2 and
JES6-1A12 mADb (JY3 IC, described in our next paper [510]). This IC preserves the CD25-
antibody exchange mechanism of IL-2 delivery despite IL-2 being covalently linked to the
antibody. J'Y3 IC “shields™ a cytokine from non-specifically engaging immune cells and instead
targets it preferentially to Treg cells based on their high surface CD25 expression levels. This
offers a more sophisticated mode of selective IL-2 delivery than direct mutagenesis of the
cytokine reducing its receptor affinity [403, 434], which may also alter functional activity and
raise concerns about immunogenicity. Moreover, this approach overcomes logistical challenges
in drug formulation such as the instability of the cytokine/antibody complex. ICs based on
muteins derived from JES6-1A12 mAb with different affinities for IL-2 selectively target IL-2
activity to CD25™8® immune cell subsets. In turn, such ICs significantly upregulate CD25 on
activated CD8" T cells and Tregs, creating an amplification loop and resulting in the superior
expansion of these subsets compared to that induced by IL-2/JES6 complex. Moreover,
pretreatment with JY3 IC prevents the development of autoimmune disease in a dextran sodium
sulfate (DSS)-induced colitis model with a higher efficacy than the IL-2/JES6 complex.
Although JY3 IC induces CD25 upregulation on MP CD8™ T cells and surprisingly on NK cells,
it did not affect the expansion of these populations. Human CD56™ NK cells express low levels
of CD25 yet show good pSTATS responses to lower IL-2 concentrations, albeit responses that
are not as robust as those by Tregs [511]. Although not tested, we can only speculate, that
significantly increased CD25 levels on NK cells will render these cells more responsive to JY3
IC, which could subsequently enhance their cytotoxicity and effector cytokine production [182,
511, 512], thus making them potentially harmful [513-515]. However, given that Treg cells
restrain NK cell cytotoxicity by limiting the availability of IL-2 [516] and that JY3 IC-induced
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Treg cells express much higher amounts of CD25 than NK cells, the concerns are probably not
justified if relevant therapeutic doses of JY3 IC are used to expand Treg cells.

Despite significant progress in optimizing IL-2 therapy for cancer treatment, the current
data 1s almost entirely from preclinical models. While there is a consensus that IL-2 or its
delivery methods must be modified for successful clinical use, opinions differ on the best
approach. Until recently, the goal of IL-2 cancer immunotherapy has been to reduce its toxic
effects by directing signaling to the intermediate-affinity IL-2RPy., thereby selectively
stimulating effector CD8" T cells and NK cells but not CD25" Tregs or endothelial cells. This
has been achieved by reducing IL-2 interaction with CD25 through various methods, including
complexing with CDI122-biased mAbs, fusion to soluble CD25, selective polymer
modifications, or engineering muteins with low or no CD25 binding activity. These approaches
have been successful in mouse models, leading to selective expansion of effector CD8" T cells
with minimal Treg cell stimulation, resulting in effective anti-tumor responses and limited
toxicity.

Numerous preclinical studies have demonstrated the efficacy of CD122-biased IL-2co
in multiple murine cancer models including B16F10 melanoma [94, 469, 517, 518], pancreatic
cancer model [519], BCL1 leukemia [469, 518], TRAMP-C1 sarcoma [520], LM8 mouse
osteosarcoma [521], and orthotopic bladder cancer [522]. However, these studies also indicate
that the antitumor activity of CD122-biased IL-2co can be significantly improved in
combination therapies.

In clinical settings, the antitumor effects of HD IL-2 therapy have been surpassed by
more effective immune checkpoint inhibitors (ICIs), particularly those targeting the PD-1/PD-
L1 pathway. While blockade of PD-1 and CTLA-4 with ICIs has shown responses in up to 60%
of patients [523], there is still a need to understand the mechanisms driving resistance to these
agents. Recent studies have highlighted the importance of CD8" T cell stemness in chronic viral
infection and cancer [456, 524-528]. These antigen-experienced stem-like CD8" T cells express
both the TCF-1 transcription factor and the checkpoint receptor PD-1 and have self-renewal
capacity in response to viral or tumor antigens. The PD-1"TCF-1" CD8" T cells act as a reservoir
that can continually produce TCF-1" effector T cells exhibiting cytotoxic functions. The
expansion and differentiation of these PD-1"TCF-1" stem-like CD8" T cells into effector T cells
1s critical for the success of immunotherapies based on PD-1 blockade [524, 526, 529, 530].
Interestingly, PD-1 blockade alone acts on stem-like T cells to expand a population of transitory
effector cells, but it eventually leads to the accumulation of Tex [456, 531]. Tex cells developed
in response to chronic antigen exposure in tumors, infections, and autoimmune diseases [532,
533] tend to lose their proliferative capacity and effector functions and eventually die via
apoptosis. Despite that these cells develop to prevent harmful immune responses [534] they
pose significant challenges for disease therapy. Tex cells exhibit unique characteristics, notably
the co-expression of multiple inhibitory receptors (e.g. PD1, CTLA-4, LAG3, TIM-3, BTLA,
TIGIT) and functional impairment [535-540]. Their exhaustion stages include the early loss of
IL-2 production [329], intermediate loss of TNF-a, and advanced loss of IFN-y and granzyme
B expression [541].

Interestingly, combining IT.-2 with PD-1 blockade triggers an alternative differentiation
pathway from stem-like cells to a distinct subset of highly proliferative and cytotoxic CD8" T
cells, or “better effectors” [347, 348, 456]. This unique subset of cytotoxic T cells is
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characterized by increased expression of genes encoding cytotoxic molecules (Granzyme A and
B), adhesion molecules, receptors for proinflammatory cytokines and chemokines (IL-18R,
IFNGR, and CCRS), transcription factors (TBET/Tbx21), interferon-response genes, NK
receptors (NKG2D), and proinflammatory S100 proteins [542]. Better effectors induced by the
combination of IL-2 plus PD-1 blockade in murine intratumoral and splenic CD8* T cells
possess superior antitumor and antiviral cytotoxic capacity [348, 456, 459]. IL-2 binding to
CD25 i1s essential for triggering this alternative differentiation pathway and expanding better
effectors with distinct transcriptional and epigenetic profiles [348]. Collectively, these data
provide a clue as to why NKTR-214, engineered to have reduced or masked ability to engage
with CD2S5 failed in large, well-controlled clinical trials. It is noteworthy that the ability of both
the IL-2/S4B6 or the scIL-2-S4B6 chimera to stimulate CD25" cells is rather limited due to
their previously described characteristics.

In light of these recent findings, interest in IL-2 therapy is now shifting to methods that
mildly reduce, rather than abolish, strong signaling in activated and effector CD8" T cells, i.e.,
by preserving IL-2 binding to CD25 but reducing interaction with CD122 [543] or y. [528].
Surprisingly, better immune responses occurred with a partial IL-2 agonist, H9T, which has
increased binding affinity for CD122 and reduced binding to v., leading to decreased STATS
phosphorylation but not ERK [528]. H9T-expanded T cells showed markedly reduced
expression of exhaustion markers (including PD-1 and TIM-3), and reduced levels of perforin,
granzyme B, and IFN-y when compared to those stimulated by native IL-2 or “super-2”. In
addition, HOT treatment sustained the expression of TCF-1 and promoted mitochondrial fitness,
thereby facilitating the maintenance of a stem-cell-like state. The authors provided data
showing that in H9T-expanded CDS8" T cells, glycolysis was reduced compared with those
expanded by IL-2 or “super-2”, as evidenced by reduced glucose uptake, lower levels of acetate
and a lower rate of basal extracellular acidification. Moreover, inhibiting glycolysis increased
the expression of CD62L and TCF-1, consistent with the notion that restricting glycolysis
promotes T cell stemness and T cell memory generation. The expression of a constitutively
active form of STATS in T cells enhanced glycolysis, promoted T cell exhaustion, and
suppressed T cell stemness, thus highlighting that STATS signaling contributes to the functional
differences between IL-2 and the IL-2 variant H9T. Importantly, TCR-transgenic and CAR-
modified CD8" T cells that were expanded with HOT induced robust anti-tumor activity in vivo
in mouse models of melanoma and acute lymphoblastic leukemia [528].

The importance of IL-2/CD25 interaction for effective IL-2 antitumor activity is further
highlighted by studies showing that both wild-type IL-2 and IL-2R Byc-attenuated agonists with
intact CD25 binding can effectively expand tumor-specific CD8" T cells (TSTs) and exhibit
better antitumor efficacy and safety than their "non-CD25" counterparts [543]. This study
further shows that at least a part of TSTs from mice and human tumors co-express elevated
CD25 and PD-1. Therefore, these TSTs are susceptible to stimulation by CD25-biased IL-2
agonists, especially in combination with PD-1 blockade. Moreover, CD25-biased IL-2 agonists
elevate the CD8" Teff cell-to-Treg cell ratio in tumors, but not in the periphery, to promote
antitumor efficacy. In multiple mouse models, CD25-biased, but not non-CD25 agonists,
restore the IL-2 signature and synergize with PD-1 blockade to eradicate large established
tumors. Notably, this study also shows that the antitumor efficacy of PD-1 blockade is highly
dependent on the activation of PD-1"CD25*CD8* TILs through autocrine I1.-2-CD25 signaling.
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The proposed model of autocrine IL-2-CD25 signaling in mediating the antitumor activity of
PD-1 blockade is that it stimulates PD-1" TST cells to secrete IL-2, which activates the
autocrine IL-2-STATS signaling pathway via high-affinity receptors. This leads to the secretion
of effector molecules, such as [FN-y, TNF-a, and GZMB, which may kill tumor cells [543].
Another study confirms that robust IL-2-dependent antitumor immunotherapy requires
targeting the high-affinity IL-2R on tumor-specific CD8" T cells [544]. Collectively, these data
underscore the highly important function of CD25 in IL-2-based immunotherapy and provide
rationales for evaluating CD25-biased agonists in cancer immunotherapy.

These findings raise the question of whether under PD-1 blockade these PD-
1"CD25°CD8* TILs can be expanded with CD25-biased IL-2co, i.e., in parallel with Tregs.
This approach may fail, because the CD25™#" Tregs also utilize IL-2co, thus lower IL-2co
availability for PD-17"CD25*CD8* TILs. Moreover, Treg cell activity can impede effector T cell
expansion. However, our recent (unpublished) data show that CD25-biased IL.-2co synergizes
with immune checkpoint blockade in cancer immunotherapy despite robust Treg cell
expansion. Proper timing is crucial, as IL-2/JES6 administered after immune checkpoint
blockade, but not vice versa, leads to profound antitumor effects. Mechanistically, CD25-biased
IL-2co potently and selectively stimulates the expansion of CD8" TST cells and enhances their
effector functions in a CD25-dependent manner, overcoming Treg cell-mediated suppression.
These findings therefore support the use of CD25-biased IL-2/JES6 in combination with ICIs
for cancer immunotherapy.

Of note, in a model of chronic LCMV infection, the transcriptional profiles of CD8* T
cells induced by IL-2 alone or in combination with anti-PD-1 antibody are largely similar,
which suggests that the differentiation of CD8" T cells into better effectors is induced by the
IL-2 signal rather than by PD-1 blockade [348]. Additionally, CD25-biased IL-2co increases
the frequency of GZMB*NGK2D™ cells (corresponding to the better effector T cells) among
splenic and tumor-infiltrating CD8" T cells, however only after immunogenic chemotherapy
[545], suggesting that only antigen-stimulated CD8" T cells form better effectors. Collectively,
these reports explain why high-dose treatment with unmodified IL-2 has the significant
advantage of eliciting potent effector CD8" T cell responses [543], despite also causing
dangerous toxicity.

Additionally, a new approach using PD1-IL2v fusion protein for IL-2 therapy shows
great promise. Here, IL-2 mutein, which is not able to interact with CD25, is fused to anti-PD-
1 mAD to present IL-2 to IL-RBy. on PD-17 T cells in cis. Interestingly, binding of the PD1-
IL.2v to PD-1 and IL-2RPy. on the same cell leads to an alternative differentiation of PD-1*TCF-
1+ stem-like CD8" T cells into better effectors, rather than exhausted T cells in models of both
chronic infection and cancer and provides superior therapeutic efficacy [456, 459]. By contrast,
PD-1- or PD-L1-blocking mAbs alone, or their combination with clinically relevant doses of
IL-2v with abolished CD25 binding, do not induce this unique subset of better effector T cells
and instead lead to the accumulation of terminally differentiated exhausted T cells [456]. This
implies that strong binding of IL-2 to its receptor, mediated either through the intact IL-2:CD25
interaction or through the anchoring of IL-2v to PD-1 in cis, is required for generating better
effectors. Therefore, it once again supports the hypothesis that cancer treatment using a
combination of CD122-biased IL.-2co and the PD1-PD-L1 pathway blockade would likely be
less effective.
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These findings provide the basis for developing a new generation of PD-1-targeted IL-
2 agonists that strongly activate IL-2 signaling exclusively in PD-17" T cells in cis, offering
enhanced therapeutic potential for treating cancer and chronic infections. Through selective
stimulation of PD-17 T cells, i.e. antigen-experienced T cells, this method could also potentiate
the anti-tumor activity of other y. cytokines, notably IL-15. Indeed, impressive results have
recently been reported for fusion proteins consisting of anti-PD-1 mAb and IL-15 [546, 547].
A key advantage of tethering cytokines to T cells via anti-PD-1 mAb for cancer immunotherapy
1s that the cytokines might be effective in very low concentrations, thereby avoiding toxicity.

It 1s becoming apparent that there is a fundamental functional difference between the
targeted delivery of engineered IL-2 to antigen-experienced cells that are PD-1* and just
engineering IL-2 with modified affinity for its receptor subunits on all cells. The former
approach increases selectivity for antigen-experienced T cell populations, while the latter
increases signaling potency on many cells irrespective of their antigen experience and is only
regulated by the expression profile of IL-2R and general responsiveness of various lymphocytes
to IL-2 signal. In addition to biological design, optimizing the dose and duration of exposure
for a particular IL-2 variant may be necessary for clinical success.

Another interesting option is an engineered orthogonal (ortho) pair IL-2:IL2R 3, where
cytokine and receptor interact specifically with each other but not with their natural counterparts
[548]. This approach enables selective targeting of engineered CAR T cells in vifro and in vivo,
with limited off-target effects and negligible toxicity. OrthoIL-2 pairs were effective in
preclinical mouse cancer models of CAR T cell therapy and may represent a synthetic approach
to enhancing the antitumor efficacy of engineered cells [549, 550]. In a broader context, these
data highlight the potential of combining an orthogonal cytokine approach with T cell-based
immunotherapies to augment the antitumor efficacy of engineered T cells.

It seems that the above discussed results diminish the importance of CD122-biased IL-
2co in cancer therapy. However, these IL-2co, which potently expand NK cells, could be applied
to treat MHC I low or negative tumors where CD8" T cells are inefficient [551]. Moreover,
CD122-biased IL-2co or ICs could also expand existing recently activated antigen-specific T
cells to control chronic infection or malignant cells. Although the capacity of IL-2/S4B6 or
other CD122-biased ICs to expand activated CD8 T cells is somewhat lower in comparison to
CD25-biased IL-co or ICS after antigen encounter, i.e., at a stage when the cells are CD25™, it
improves at later stages when the cells downregulate CD25 along with upregulation of CD122
[552]. Central memory populations, which express higher levels of CD122 than naive or
activated T cells, preferentially expand following I1.-2/S4B6 treatment, unlike effector memory
T cell populations that expand less vigorously. Recent observations have indicated that central
memory T cells generally provide better antitumor and antiviral immunity, due to a much more
dramatic expansion in the absolute number of cytotoxic T cells following adoptive transfer
[553-555]. The timing and understanding of the responding T cell populations will be critical
for the successful application of CD122-biased IL-2co therapy. We hypothesize that CD122-
biased IL-2co or ICs may be beneficial for immunotherapy particularly when applied in later
stages of T cell response if at least some memory-phenotype CD122Met CD8* T cells are
formed.

A deeper understanding of the mechanisms regulating T cell exhaustion and the
underlying molecular pathways can improve the current T cell-based immunotherapies in
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people with cancer. Studies pointed out NFAT, XBP1, and TOX being the three main
transcription factors regulating T cell exhaustion [556-560]. Recent findings suggest that the
molecular mechanisms regulating the exhaustion of T cells, which were thought to be common
in infection and cancer despite obvious differences in their microenvironments, actually differ.
Tillé et al. [561] demonstrated that NFATS, highly expressed in exhausted CD8" T cells in
chronic infections and tumors, is selectively activated in the hyperosmolar tumor
microenvironment, promoting T cell exhaustion. In contrast, this group showed that NFATS
does not induce exhaustion during chronic infections. Moreover, a report by Liu ef al. [562]
demonstrated that IT-2 1s critical for the generation of Tex cells in many types of tumors in mice
and humans, identifying IL-2 as a novel inducer of T-cell exhaustion. Interestingly, at the early
stage of tumor growth, CD8" T cells were activated by autocrine IL-2 and inhibited tumor
growth. However, as tumors became larger, CD8" T cells produced less IL-2 and became
exhausted by the CD4" T cell-produced IL-2. At present, it is unknown why IL-2 production is
shifted from CD8" to CD4™ T cells during tumor progression. Sustained intratumoral CD4" T
cell production of IL-2 led to the persistent activation of STAT5 in CD8" T cells, which in turn
induced strong expression of tryptophan hydroxylase 1, thus catalyzing the conversion to
tryptophan to 5-hydroxytryptophan (5-HTP). 5-HTP subsequently activated AhR nuclear
translocation, causing a coordinated upregulation of inhibitory receptors and downregulation
of cytokine and effector-molecule expression, thereby rendering T cells dysfunctional in the
tumor microenvironment. Together with the fact that IL-2R signaling also increases the
mTORC1 mediated glycolysis in effector CD8" T cells rather than memory CD8* T cells [33],
and that enhanced glycolysis promotes T cell exhaustion and suppresses T cell stemness [528],
this pieces of evidence collectively demonstrate a double-edged role of IL-2 in regulating
tumor-specific CD8" T cells. Correspondingly, another report showed that signaling via IL-2R[3,
a receptor chain shared by IL-2 and IL-15, drives the differentiation of CD8" Tex rather than
memory CD8" T cells during chronic infection, further emphasizing that IL.-2 determines T cell
fate in a context-dependent fashion [563].

In clinical settings, the efficacy of IL-2-based therapies may depend on multiple factors,
including tumor size, microenvironment, tumor mutation burden [564], presence of tertiary
lymphoid structures in the tumor [565], the differentiation state of TILs [566], and timing of
IL-2 administration. The actual clinical significance of IL-2-mediated effects on Tregs seems
not to be as important since the specific IL-2 variants sufficiently expand tumor-specific CD8"
T cells and/or restore the functionality of the exhausted tumor-specific CD8" T cell pool,
particularly within the tumor microenvironment. However, an intense and more detailed
investigation is necessary to clarify this important issue. Despite the paucity of clinical data,
recent progress with IL-2-based therapy to augment checkpoint blockade therapeutic efficacy
1s impressive, and many clinical trials are underway. The toxicity of IL-2 therapy remains a
challenge, but new techniques to focus IL-2 selectively on PD-1" T cells may mitigate this issue.
There are many opportunities to be explored in the clinic that go beyond a combination of the
novel IL.-2-based molecules with immune checkpoint inhibitors, for example, combinations
with other cytokines, cell therapies, and bispecific CD3 or NK cell engagers.

As described earlier, LD IL-2 therapy selectively stimulating the high-affinity IL-2R
expressing Treg cells has shown promise for the treatment of autoimmune diseases in numerous
clinical trials. However, the effects of LD IL-2 therapy can significantly vary depending on the
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type of autoimmune disease (e.g., organ-specific versus systemic autoimmunity), the number
of elicited Tregs, and the immunocompetent state of the patient. Additionally, the selectivity of
LD IL-2 for Tregs compared to effector T cells may be also highly dependent on the disease or
organ system involved.

An important question is how many Treg cells should be elicited by LD IL-2 treatment
to avoid severe immunosuppression in patients with autoimmunity. The paradox here is that
while the goal is to control excessive immunity in autoimmune patients, therapies that induce
immunosuppression might increase the risk of opportunistic infections or malignancies, posing
significant risks for these patients. IL-2 supports the cytotoxic function of CD8* T and NK cells
against infections or cancer, and LD IL-2 therapy might maintain this capacity to induce
immune tolerance without severe immunosuppression, potentially outcompeting other CD25-
biased IL.-2 variants in treating autoimmune patients. However, new data suggests that although
LD IL-2 therapy can induce competent immunity towards infections when treating
autoimmunity, this balance has to be cautiously monitored as IL-2 treatment might exacerbate
immunopathology mediated by strongly activated CD8" T cells [381]. This evidence suggests
that though rare in clinical practice, extra caution is needed when administrating LD IL-2
therapy to those susceptible to systemic or severe infection. This is particularly important during
global pandemics like COVID-19, where autoimmune patients might have a higher risk of
severe infection.

An increasing number of studies focus on novel IL-2-based therapies across a wide
range of diseases, contributing to the rapid expansion in the field of immunotherapy. The
development of new molecules aims to improve ease of administration, tolerability, and the
differential induction of Tregs without activating autoreactive effector T cells. However,
drawing a general conclusion about the ideal form of modified IL-2 for treating autoimmunity,
graft rejection, or GVHD is currently challenging. NKTR-358 has shown promising efficacy
and safety in clinical trials, as described in detail earlier. However, CD25-biased IL-2co and
ICs represent a superior way of IL-2 delivery selectively to Tregs due to their exclusive
mechanisms of action, translating to higher efficacy over LD IL-2 in many preclinical models.

Toxicity following IL-2 administration is at least by significant part attributed to the
direct action of IL-2 on CD25" endothelial cells in the lungs, brain, and liver [93, 94, 567].
Depletion of T cell subsets during HD IL-2 treatment reduces the toxicity of IL-2 therapy in the
immune system of a humanized mouse model, highlighting the central role of T cells. Moreover,
inflammation elicited by HD IL-2 administration may cause Treg dysfunction [568], leading
to generalized T cell activation and bystander damage to the gut. Interestingly, IL-2 toxicity is
also induced by selective depletion or inhibition of Treg cell functions after LD IL-2 therapy
and 1t 1s ameliorated in HD IL-2-treated humanized mice receiving the PIM-1 kinase mhibitor,
which preserves Treg suppressive function [568]. These findings collectively show that Treg
cells play a significant role in controlling IL-2 toxicity.

Considering these findings, avoiding toxicity during IL-2 therapy may depend on
preserving significant Treg function. IL-2 muteins with reduced CD25-binding activity
generally have some capacity to expand Tregs in addition to effector CD8* T cells. Therefore,
it will be interesting to see whether variants of IL-2 with residual Treg-stimulating function
show limited toxicity in clinical trials. Krieg et al. demonstrated that high doses of CD25-biased
IL-2/JES6 induce toxicity despite increased Treg numbers [94], suggesting a threshold amount
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of IL-2 or IL-2-activated effector cells that Tregs can control and thus limit the toxicity.
Moreover, a comparison of CD122-biased and CD25-biased IL-2co at the same IL-2 dose
showed that CD122-biased IL-2co dramatically boosted NK and CDS8" cell numbers and
induced relatively mild pulmonary edema, while CD25-biased IL-2co caused minimal
expansion of these cells but induced more severe pulmonary edema and significant pulmonary
changes on histological examination, along with a significant drop in hemoglobin oxygen
saturation [94].

While the impacts of systemic IL-2co administration are well-defined in the spleen,
lungs, and peripheral lymph nodes, the response of immune cells in the gut and gut-associated
lymphoid tissues (GALT) to IL-2co is not well characterized. This 1s particularly important,
given that one of the well-known side effects of HD IL-2 treatment in cancer patients is severe
gastrointestinal symptoms [479]. Therefore, understanding how IL-2 signaling affects
leukocyte populations in the gut and GALT under steady-state conditions is crucial. A recent
report describes that CD122-biased IL-2co causes an acute decrease in Peyer's Patches (PP)
cellularity due to selective apoptosis of multiple B-cell subsets. However, PP B cells recover
within two weeks after cessation of IL-2co administration, indicating that the treatment does
not permanently disrupt PP B cell homeostasis or the supporting PP architecture [569]. These
results should be considered when interpreting results from mouse models using CD122-biased
IL-2co or ICs.

Surprisingly, data from our laboratory show that CD122-biased IL-2co is much more
toxic than CD25-biased IL-2co. The toxicity of CD122-biased IL-2co likely reflects its lower
selectivity, leading to the stimulation of a broader spectrum of immune cells, namely various
subsets of T and NK cells, resulting in massive effector cytokine production (“cytokine storm™)
[469]. We repeatedly observe that mice suffer from toxicity and die earlier from IL-2/S4B6-
induced overactivation of immune cells than from IL-2/JES6-induced vascular syndrome and
associated pulmonary edema. This discrepancy might result from the fact that our parameters
for assessing toxicity only include weight loss, mortality, and pulmonary edema, which 1s
probably insufficient and should be improved.

Since CD25-biased IL-2co is highly selective for Treg and activated T cells, a significant
obstacle in treating autoimmune diseases is that activated pathogenic CD25" T cells may
respond to the complex, ultimately enhancing disease activity. Several studies support this
notion. In NOD mice, diabetes onset is preceded by circulating autoreactive T cells, some of
which express CD25. A one-week treatment of pre-diabetic NOD mice with IL-2/JES6 led to a
marked increase in CD25 expression on Treg cells and both CD4" and CD8" T cells.
Additionally, a substantial expansion of NK cells was observed in lymph nodes, spleen, and
within islet infiltrate. Unfortunately, this regimen accelerated diabetes and death in pre-diabetic
mice. Conversely, treatment with IL-2/JES6 at a much lower (~ 10-times) dosage promoted
Treg survival and protected mice from diabetes with minimal effects on non-Treg cells [351],
suggesting that low-dose IL-2/JES6 should be used to stimulate and expand Treg cells
selectively. In a mouse multiple sclerosis model, IL-2/JES6 administration after EAE onset
resulted in accelerated EAE progression [352]. Similarly, in virus-induced joint inflammation
models, IL-2/JES6 administration led to a massive expansion of virus-specific effector T cells,
which aggravated joint pathology [570]. This suggests that active virus infection can alter the
response pattern of IL-2/JES6 complexes, promoting pro-inflammatory rather than anti-
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inflammatory T cells, further cautioning its use as a therapeutic agent. The therapeutic use of
CD25-biased IL-2co and ICs in clinics will likely require combination therapy with
immunosuppressive drugs such as rapamycin, which blocks IL-2-mediated stimulation of
activated T cells but not Tregs [571].

Our study raised another safety concern with CD25-biased IL-2co [572]. We found that
short-term pretreatment with IL-2/JES6 dramatically increases sensitivity to LPS-induced
shock and mortality. IL-2/JES6 administration led to the emergence of CD25"Foxp3~ T cells
producing IFN-y, particularly in the liver, with higher relative counts in the CD8" T cell subset.
Additionally, IL-2/JES6 expanded LPS-responsive CD11b"CD14" myeloid cells and increased
their CD25 expression. IFN-y then acted on these myeloid cells further increasing their
responsiveness to LPS. A fraction of liver-resident Treg cells also produced IFN-y after IL-
2/JES6 treatment, indicating that Treg cells may participate in sensitization to LPS. This aligns
with a recent report showing that liver resident Treg cells display increased expression of genes
associated with effector T cell phenotype (IFNG, IL1B) compared to splenic Foxp3* Tregs
[573]. This data indicates that strong sustained CD25-biased IL.-2 signal provided by IL-2/JES6
(and potentially CD25-biased ICs) can induce CD25 expression on T cells and IFN-y production
in those CD25" T cells, even without a TCR signal other than that provided by self-MHC
molecules. This has significant implications for safety issues of immunotherapy through CD25-
biased IL-2-based immunotherapeutics.

Yu et al. [574] demonstrated that although in vitro activated T cells express substantially
higher levels of CD25, and CD122 subunits than Tregs, their IL-2-dependent pSTATS response
requires higher IL-2 levels than Tregs. Therefore, because activated T cells are intrinsically less
responsive to low doses of IL-2, other factors besides IL-2R levels probably contribute to
unique Treg responsiveness to low-dose IL-2. Three conditions that selectively support the
activation and function of human Tregs to limited IL-2 amounts include enhanced pSTATS
activation, decreased negative signaling (likely mediated by PP2A), and integration of proximal
IL-2R signals to amplify CD25 expression [574]. These conditions ensure that human Tregs
selectively and effectively respond to low IL-2 concentrations. We can speculate that affinity
mutants of JY3 IC could be an interesting option to overcome the abovementioned issues related
to IL-2/JES6 therapy, but this remains to be investigated.
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VI. Conclusions

Aim 1:
O

Aim 2:

Aim 3:
O

Design and develop novel IL-2 formulations

IL-2-poly(HPMA) conjugate: The development of the IL-2-poly(HPMA) conjugate
successfully addressed the limitations of native IL-2, primarily by significantly
improving its pharmacokinetic properties. The conjugate exhibited a considerably
prolonged half-life in circulation (~ 4 h compared to less than 10 min for free IL-2),
which, together with its more biased activity towards CD122%" cells, enhanced its
biological activity in vivo.

Immunocytokines:

e scIl-2/S4B6 IC: The scll-2/S4B6 IC mimicked the IL-2/S4B6 mAb
immunocomplexes both structurally and functionally. The single-chain
molecular design overcame the inherent limitations of IL-2co and we confirmed
that the intramolecular interaction between IL-2 and the S4B6 mAb binding site
was preserved.

e JY3 IC: The JY3 IC maintained the unique IL-2/JES6 IL-2co mechanism of
action while addressing its limitations, such as stoichiometry and potential
dissociation. However, to enable CD25-mediated triggered exchange of IL-2, it
was necessary to lower the affinity of JES6-1A12 mAb to IL-2 by approximately
sixfold through mutations introduced into the binding site of the antibody's V1,
domain.

Evaluate biological activity and therapeutic efficacy

The IL-2-poly(HPMA) conjugate exhibited reduced biological activity compared to IL-
2 in vitro. However, it expanded recently activated and memory CD8" T, NK, NKT, y3
T, and Treg cells much more potently than IL-2 in vivo. This conjugate also effectively
potentiated T cell response to peptide-based vaccination, thereby supporting its potential
as an effective immunotherapeutic agent.

The scIL-2/S4B6 IC showed comparable in vitro activity and superior in vivo
stimulatory activity compared to IL-2/S4B6 IL-2co, promoting the expansion of
activated CD8" T cells more effectively than the IL-2/S4B6.

The JY3 IC induced STATS signaling to a similar extent as IL-2/JES6 IL-2co in vitro.
However, JY3 IC selectively stimulated Treg cell expansion in vivo, demonstrating
superior disease control compared to the IL-2/JES6 in a murine model of colitis. This
highlights its potential for treating autoimmune diseases.

Provide mechanistic insights

We found that S4B6 mAb completely blocks IL.-2/CD25 interaction and increases the
affinity of IL-2 for CD122, thus further increasing selective stimulatory activity for
CD122Meb cells such as memory CD8" T and NK cells. Compared to that, JES6-1A12
mAD prevents IL-2 from interacting with CD122 and CD132 while allowing CD25 to
displace the mAD, selectively stimulating CD25™¢" cells like Treg and activated T cells
and creating a positive feedback loop for their expansion.
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Aim 4: Address safety concerns of CD25-biased IL-2co

o Our study highlighted a significant safety concern with the IL-2/JES6 IL-2co that
dramatically increased sensitivity to LPS-mediated shock and mortality. This was linked
to IFN-y production by CD25"Foxp3- T cells, particularly in the liver and lungs, and
increased TNF-a production in an expanded population of CD11b"CD14" cells in the
blood and spleen upon LPS stimulation. These findings underscore the need for a
detailed investigation into the immune modulation and inflammatory responses induced
by CD25-biased IL-2co and similar immunotherapeutic strategies.

This thesis achieved its aims by developing novel IL-2 formulations, demonstrating their
enhanced pharmacokinetic and therapeutic profiles, and providing mechanistic insights into
their biological activities. The research also addressed critical safety concerns, providing a
comprehensive evaluation of these innovative IL-2-based immunotherapeutics for the treatment
of cancer and autoimmune diseases. These findings significantly contribute to the field of IL-
2-based immunotherapy, providing a foundation for future clinical applications and the
development of safer and more effective immunotherapeutic agents.
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