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ABSTRACT

Interleukin-2 (IL-2) plays a pivotal role in immunity, supporting both immunosuppressive as well as
immunostimulatory functions. This duality is partly mediated by cell-specific expression of IL-2
receptor (IL-2R) subunits, resulting in low- (IL-2Ra), intermediate- (IL-2RPy), or high-affinity IL-2R
(IL-2Rafy). Regulatory T cells (Tregs) Or group 2 innate lymphoid cells (ILC2s) with trimeric IL-2Rofy
thus can be activated at picomolar IL-2 concentrations, whereas resting T effector cells and natural
killer (NK) cells, lacking IL-2Ra, respond to higher IL-2 levels. The dual nature of IL-2 positions the
cytokine in critical immune pathways, making it valuable to boost or inhibit immune reactions for the
treatment of various pathologies including cancers or inflammatory diseases, respectively. However,
unresolved adverse effects, including skin rashes, limit the use of recombinant IL-2 (reclL-2) in the

clinics.

The objective of this thesis was to explore potential mechanisms contributing to reclL-2-induced
adverse effects, with a specific emphasis on skin rashes. First, to characterize reclL-2-induced skin
reactions, mice were intradermally injected with human recIL-2 (research paper 1), leading to mixed
type 2/type 17 immunity through increases in IL-4- and IL-13-producing ILC2s and IL-17-producing
dermal y3 T cells. While skin-specific reduction of IL-2Ra on Tregs Significantly increased immune cell
numbers, reducing IL-2Ra on all skin cells lowered immune cells in recIL-2-treated skin. These results
highlight the role of innate lymphoid immune cell subsets and IL-2Ra-expressing effector cells inducing
dermatitis upon reclL-2 injections. Second, to elucidate the regulation of IL-2R subunits on human
immune cell subsets, human peripheral blood mononuclear cells were continuously stimulated with
reclL-2 (research paper 2). High-dose recIL-2, usually applied during anti-cancer treatment,
significantly decreased IL-2R[ surface expression on T cell subsets with a corresponding reduction in
IL-2 and IL-15 signaling capacity — cytokines both signaling through IL-2RBy. In contrast, extracellular
IL-2RB was reduced but remained high on NK cells, thus not impairing IL-2R signaling. These cellular
responses are comparable to patients suffering from hypomorphic IL2RB mutations which present with
multiorgan autoimmunity including skin rashes. Within the T cell subsets investigated herein, CD4*
T cells and especially Trgs Seem to be more broadly impaired by high-dose reclL-2 compared to
CD8" T cells or y6 T, NKT, and NK cells as IL-2R surface abundance and signaling were decreased at
earlier time points which partly might be mediated by high IL-2Ra expression. Furthermore,
CD4* T cell subsets showed a slight reduction in IL-7 signaling which, like IL-2 and IL-15, is a central

factor for maintenance of T cells.

Overall, IL-2R subunits play central roles in inducing reclL-2-induced immune dysregulation,
possibly associated with adverse effects during therapy. While activated IL-2Ra" effector cells drive
skin inflammation during reclL-2 application, loss of IL-2Rf} surface expression upon high-dose reclL-2

stimulation seems to cell-specifically impair sensitivity towards cytokines crucial for T cell




maintenance, correlating with high IL-2Ra expression. Consequently, IL-2Ra could drive recIL-2-
induced adverse effects such as skin inflammation by directly activating effector cells and indirectly
impairing functionality of cells which could ultimately disturb immune balance in the skin. Aligning the
results provided here with clinical data might thus help to increase the safety of future recIL-2-based or

other therapies.




1 INTRODUCTION

1.1  Interleukin-2 — a cytokine with dual roles in immunity

In 1976, a new factor gained interest that induced T cell growth and survival — interleukin-2 (IL-2) was
discovered.! Nowadays, the diverse functions of the cytokine are known to go far beyond the expansion
of T cells. IL-2 is involved in immune homeostasis, activation and inhibition of immunity, T cell
differentiation, and plays a central role in immune tolerance. Due to these diverse characteristics, the
cytokine has great potential for immunomodulatory therapies.

Although initial studies suggested a central role of IL-2 in promoting effector functions, 1L-2
knockout models did not lead to the expected immunodeficient phenotype. Instead, 1127~ mice showed
lymphadenopathy, and severe autoimmunity and quickly died after birth.? Similar results were found for
mice treated with anti-1L-2 antibodies,® pointing towards a key role of the cytokine in mediating immune
tolerance. In IL-2-depleted mice and IL-2 and IL-2 receptor (IL-2R) knockout mice, the numbers of
regulatory T cells (Tregs) are significantly reduced, showing that IL-2 is crucial to developing and
maintaining Tregs Which prevent autoimmunity.® # On that note, IL-2 does not only support immune
tolerance by maintaining Tregs, it also directly induces suppressive functions of the immune cells,
independent of T cell receptor activation.’ In line with murine studies, cells from patients with
inflammatory diseases such as type 1 diabetes, rheumatoid arthritis, systemic lupus erythematosus, or
Crohn’s disease produce less IL-2 compared to cells from healthy volunteers,5 correlating with reduced

activation and numbers of Tregs.® ®

The dual roles of IL-2 — both inducing effector and regulatory functions — were further established
by simultaneously deleting Tregs and 1L-2: While mice lacking Tregs present with severe autoimmunity
and rapidly die after birth, additional knockout of 112 prolonged the lifespan of these mice,* indicating
that the function of IL-2 also includes induction of effector responses in vivo. Specifically, IL-2 supports
the differentiation of CD4* T cells into type 2 T helper (Tx2) cells,** and Tw9 cells,'? and aids in terminal
differentiation of CD8" T cells,*> 14 while inhibiting Tn17 generation.'® Besides adaptive cells, IL-2 can
impact the function of innate effector cells, inducing the production of cytokines such as interferon
(IFN)-y and tumor necrosis factor (TNF)-a, and cytotoxicity by natural killer (NK) cells, NK T (NKT)
cells, and y8 T cells.’®2° Furthermore, innate lymphoid cells (ILCs) as the innate counterparts of Ty cells
and especially group 2 ILCs (ILC2s), resembling T2 cells, are well-described to be directly activated

by IL-2, leading to proliferation and secretion of type 2 cytokines.?2®

Physiologically, activated T cells are well-known IL-2 producers, signaling in an autocrine and
paracrine manner. Under steady-state conditions, CD4* T cells are the major IL-2 source in most
secondary lymphoid tissues, necessary for Trgs development.?#6 However, in non-lymphoid organs

such as skin or gastrointestinal tract, ILCs have recently been identified as other main IL-2
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producers® 2" and murine studies showed that IL-2 produced by ILC3s and not T cells is necessary to
maintain intestinal Tregs.® Further IL-2 producers include, among others, dendritic cells, contributing to
the maintenance of T in certain organs®* % and aiding in T cell activation upon antigen presentation,?

B cells,?: 2 and mast cells.*°

How can one cytokine induce both immunosuppression and -activation? The most apparent
explanation is that Tegs constitutively express high levels of IL-2Ra (CD25), crucial to form the high-
affinity IL-2R (described below), while resting effector T cells (Tess) usually express the intermediate-
affinity IL-2R and only transiently induce expression of IL-2Ra upon activation. Expression of the high-
affinity IL-2R increases IL-2 affinity 100-fold compared to the intermediate-affinity IL-2R lacking
IL-2Ra, leading to a higher IL-2 sensitivity of Tregs compared to effector cells (Figure 1).3% 32 Besides
increased activation, the high-affinity IL-2R enables Teqs to capture and compete for IL-2 as part of their
inhibitory function, which limits bioavailability of the cytokine for — and, with that, activation of —
effector cells.®> 2 However, differential IL-2R expression does not seem to be the sole reason for dual
functions of IL-2 as T cell blasts with high IL-2Ra expression still show lower IL-2 sensitivity compared
to Tregs. 3 Rather, cell-specific differences in signaling cascades add to the differential function of I1L-2

in Tregs and effector cells.
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Figure 1: Extracellular and intracellular differences determine the dual functions of IL-2 in immunity. High expression
of trimeric high-affinity IL-2R on regulatory T cells (Tregs) enables binding of IL-2 even at low concentrations while resting
effector T cells (Tets), which usually express the dimeric intermediate-affinity IL-2R, are activated at higher I1L-2 levels. Upon
IL-2 binding, the signal transducer and activator of transcription 5 (STAT5) signaling pathway seems to be favored in Tregs.
Overall, expression of IL-2-dependent genes is 100-fold higher in Tregs compared to effector cells. PI3K: class |
phosphatidylinositol 3-kinase; MAPK: mitogen-activated protein kinase. Created with BioRender.com.

The binding of IL-2 can induce a variety of signaling cascades including activation of Janus
family kinases (JAKSs), leading to phosphorylation of signal transducer and activator of transcription
(STAT), mitogen-activated protein (MAP) kinase cascade, and class | phosphatidylinositol 3-kinase
(P13K) signaling.®* In Tregs, STAT5 signaling may be favored due to increased expression of phosphatase
and tensin homolog (PTEN), inhibiting PI3K signaling.®**=" This could partly account for increased
phosphorylation of STAT5 (pSTAT5) at concentrations 10 times lower than Tess or NK cells.®

Furthermore, Tregs have been shown to harbor increased activity of protein phosphatase 2A (PP2A)*




which boosts IL-2 signaling by removing inhibitory phosphorylations from IL-2R, leading to increased
PSTATS activation.® Overall, Tregs Were shown to induce IL-2-dependent genes at IL-2 concentrations
100-fold lower compared to CD4* memory T cells.®? Together, differences in intracellular signaling in

addition to differential receptor expression shape the dual functions of IL-2 in immunity (Figure 1).

1.1.1 Deficiencies in IL-2R subunits disturb the balance of the immune system

The IL-2R complex is composed of up to three subunits, IL-2Ra, IL-2Rf (CD122), and IL-2Ry
(CD132). All three subunits form the high-affinity IL-2Rafy which can bind IL-2 at picomolar
concentrations (Kd~10 pM) and is specific for IL-2.3° Within the IL-2R complex, IL-2Rp and IL-2Ry
represent the signaling subunits,*’ forming the intermediate-affinity dimeric IL-2RBy (Kd~1 nM) which
is shared by IL-15.#" IL-2Ry is also termed the common y chain (yc) as it is further shared by IL-4, IL-7,
IL-9, and 1L-21.2% Furthermore, IL-2Ra alone forms the low-affinity IL-2R which does not harbor

intracellular signaling capacity (Kd~10 nM).*

The binding of IL-2 to the IL-2R complex occurs in a stepwise process. Initially, IL-2 binds to
IL-2Ra, leading to a conformational change in IL-2 which increases the binding affinity of the cytokine
to IL-2RB.31 47 Further association with IL-2Ry initiates intracellular signaling.3! 4" 8 Besides activation
of signaling cascades, IL-2 binding also induces internalization of receptor subunits. While IL-2R and
IL-2Ry are degraded in endosomes, IL-2Ra and bound IL-2 can be recycled which leads to an

extracellular I1L-2 reservoir and can further increase the durability of IL-2 signaling (Figure 2).4% %

The expression of IL-2R subunits is cell-specifically regulated and further influenced by the
activation status of cells. NK cells are the cells with the highest IL-2Rp expression over CD4" and
CD8" T cells.?® 32 Resting Ters and NK cells, expressing the dimeric IL-2RPy, can therefore be activated
at high IL-2 concentrations (Figure 2).1% 325! Furthermore, besides Tregs, ILCs and especially 1LC2s
express IL-2Ra, which can thus be activated at low IL-2 concentrations (Figure 2).2% 2632 52 Resting
af and yd T cells and NK cells, as part of ILC1s, express low if any IL-2Ra but can induce expression
upon activation by antigen or high IL-2 doses, increasing IL-2 sensitivity.t® 6 5% 53 54 Eyrthermore,
dendritic cells have been shown to express the low-affinity monomeric IL-2Ra in the absence of IL-2R

expression which enables IL-2Ro* dendritic cells to sequester I1L-2 from Tegss.2% %
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Figure 2: IL-2R subunits are differentially regulated upon IL-2 binding. Of the three IL-2R subunits, IL-2Rp and IL-2Ry
are needed for intracellular signaling induced by IL-2. Cells expressing the intermediate-affinity dimeric IL-2RBy can be
activated at high IL-2 concentrations and additional IL-2Ra expression increases sensitivity towards low IL-2 concentrations.
Following IL-2 binding, the IL-2-1L-2R complexes are internalized, leading to endosomal degradation of IL-2Rf and IL-2Ry.
On the other hand, IL-2Ra, together with bound IL-2, is recycled to the cell surface, forming an extracellular IL-2 reservoir on
the respective cell. Adapted from Roser et al. (2024), in production.>® Created with BioRender.com.

Mutations in IL-2R subunits lead to a mix of inflammatory phenotypes and infections, further
highlighting the dual role of IL-2R signaling in immunity. IL2RG deficiencies lead to X-linked severe
combined immunodeficiency (X-SCID), most frequently associated with a drastic decrease or absence
of T and NK cells, while B cell numbers usually are unaltered (T-B*NK~ phenotype).>”>° Patients

suffering from X-SCID present with severe bacterial, viral, or fungal opportunistic infections. ¢

On the other hand, mutations in IL2RA or IL2RB manifest in immune dysregulation,
polyendocrinopathy, enteropathy, X-linked (IPEX)-like syndrome, characterized by inflammatory
organ manifestations, lymphoproliferation, memory phenotypes of T cell subsets, and chronic infections
which are dominated by cytomegalovirus and other herpesvirus infections.5>%* Patients with IL2RA
mutations show inflammatory infiltrates in several organs, leading to autoimmune-like phenotypes such
as dermatitis or enteropathy.®: ¢2 Furthermore, multiple cytokines such as IL-2, IL-4, IL-6, TNF-o, and
IFN-y are increased in these patients.®? 52 While IL-2 responsiveness is decreased, overall Treqg numbers
seem to be comparable to healthy subjects.®? 2 8 Autoimmune manifestations likely are induced by
decreased IL-2 consumption of IL-2Ra-deficient Trgs, leading to increased IL-2 levels which might
favor activation of effector cells.? This notion is supported by transfer experiments of IL-2Ra-

expressing Tregs into 112ra - mice, drastically reducing inflammatory phenotypes including IL-2 levels
and imbalanced CD4*:CD8" ratios.%




While various studies investigate mutations in IL-2Ra, only two reports are published
characterizing IL2RB mutations in depth. Similar to IL2RA mutations, IL2RB mutations present with
multi-organ inflammation in the skin and gut, among other organs.®® % Patients with hypomorphic
IL2RB mutations show increased levels of IL-2 and IL-15, however, due to the lack of IL-2Rp surface
expression, T cells do not respond to either of the cytokines in vitro. In contrast to IL-2Ra mutations,
Tregs are basically absent in patients with defective IL-2RpB, likely inducing autoimmune
manifestations.®® % While some phenotypes are reflected in 112rb”~ mouse models, including reduction
of Tregs and systemic inflammation, differences occur in organ manifestations compared to patients with

IL2RB mutations as no skin abnormalities or colitis were observed in mice.57: 68

Overall, IL-2R signaling is crucial to mounting effective immune responses on the one side while
maintaining immune tolerance on the other side. This dualism of IL-2 positions the cytokine at several
critical points in the immune system which is advantageous to boost or inhibit immune responses to

alleviate immune-mediated diseases.

1.1.2 Recombinant IL-2: An immunotherapy with adverse effects

The T cell-activating properties of IL-2 made it an interesting treatment option to boost effector immune
responses for anti-tumor therapy. In the 1990s, aldesleukin, a recombinant IL-2 (reclL-2) marketed as
Proleukin®, was among the pioneering immunotherapies approved by the FDA for the treatment of
metastatic melanoma and metastatic renal cell carcinoma. Aldesleukin is commonly applied in high
doses (600,000-720,000 1U/kg) every 8 h for a maximum of 14-15 doses in two cycles®® to activate Tesrs
and NK cells for anti-tumor activity. However, although survival rates are promising in patients who
respond to the treatment, objective response rates only are around 15%.7% ™* One reason for this is the
low half-life of reclL-2 of about 15 min due to renal clearance which limits optimal, continuous
activation of effector cells and, thus, anti-tumor responses.’? Furthermore, along with Tesrs and NK cells,
Tregs are activated and expanded during high-dose aldesleukin therapy which can inhibit anti-tumor
responses, therefore limiting therapeutic effects.”"> However, increasing reclL-2 doses to achieve
preferential activation of effector cells is prevented by dose-limiting toxicity, leading to severe systemic

adverse effects (Figure 3).

Common adverse effects during high-dose aldesleukin therapy include more general symptoms
such as fever, nausea, vomiting, or diarrhea.”® Furthermore, vascular-leak-syndrome frequently is
induced, characterized by increased permeability of endothelial cells and most likely resulting from the
myriad of cytokines secreted during high-dose recIL-2 therapy.®® Additionally, organ-specific
immunotoxicity occurs presenting as hepato- or cardiac toxicity, colitis, neurotoxicity, or cutaneous
toxicity manifested as skin rashes.®® These skin rashes might correlate with peripheral eosinophilia
induced during aldesleukin therapy,? " which could therefore resemble cutaneous drug reactions such
as drug reaction with eosinophilia and systemic symptoms (DRESS) syndrome.”® However,

pathophysiological mechanisms of DRESS, and specifically of reclL-2-induced adverse effects are still
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barely understood and while numerous studies have investigated adverse events such as vascular-leak-
syndrome, associated with failure of multiple organs,”° studies clarifying key mechanisms of reclL-2-

induced skin rashes are scarce.

Although toxicity and poor efficacy initially led to a drawback of recIL-2 therapy, nowadays over
40 IL-2-derived products are being investigated in preclinical and clinical trials,®® highlighting the
potential of the cytokine for immunotherapy. Besides anti-cancer therapy, the dual roles of 1L-2, either
boosting or diminishing inflammatory responses, expand the therapeutic application to treat
inflammatory diseases such as autoimmunity. In these therapies, low-dose reclL-2 aims to specifically
expand and activate Tregs, eXpressing the high-affinity IL-2R.8” The resulting anti-inflammatory response
is favorable in inflammatory conditions such as chronic graft-versus-host disease, type 1 diabetes, and
systemic lupus erythematosus, among others.8-°! However, the therapeutic window for low-dose
immunosuppressing reclL-2 therapy is small due to the risk of activating effector cells, especially

NK cells, which might diminish therapeutic efficacy (Figure 3).8 %193

' N\
. . therapeutic window therapeutic window
. . low-dose reciL-2 high-dose reclL-2
— | |

 reclL-2 therapy

IL-2 concentration
immunostimulation

Treg Stimulation window
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\ J

Figure 3: Limitations of low- and high-dose reclL-2 therapies. The immunosuppressive capacity of low-dose reclL-2
therapy is limited due to the risk of activating effector cells such as CD8* T or NK cells, leading to a narrow therapeutic
window. High doses of reclL-2 for anti-cancer therapy, however, bear the potential of being ineffective due to simultaneous
activation of Tregs While inducing immunotoxicity at increasing doses. New IL-2-derived products aim to tackle these caveats
by increasing specificity and half-life, leading to higher efficacy while preventing adverse effects. Adapted from Roser et al.
(2024), in production.®® Created with BioRender.com.

To overcome narrow therapeutic windows, toxicities, and lack of efficacy, new reclL-2 molecules
are being developed, aiming to increase half-life in vivo and to activate target cells more
specifically (Figure 3). Strategies include modifying the IL-2 molecule to favor binding to one IL-2R
complex, e.g. by increasing binding specificity to IL-2R while reducing affinity to IL-2Ra-expressing

cells, thus reducing undesired activation of Tgs While concomitantly increasing activation of effector




lymphocytes for tumor therapy.®* % Furthermore, to increase stability, reclL-2 molecules might be
coupled to structures such as polyethylene glycol (PEG), allowing slow release of active reclL-2,

therefore gradually increasing bioavailability over time.% %7

One prominent product optimized for anti-tumor therapy using PEGylation is bempegaldesleukin
(NKTR-214), for which PEG chains were introduced at the IL-2Ro binding side of reclL-2
(aldesleukin), thus reducing binding to IL-2Rapy-expressing cells such as Tregs.*® % This favors binding
to and activation of IL-2RBy* effector cells which induces anti-tumor efficacy in mice and humans while
simultaneously increasing in vivo stability over unmodified aldesleukin.®® ® However, although
phase 1/2 studies with NKTR-214 as a combinational treatment with a checkpoint inhibitor initially
seemed promising,'® phase 3 studies and all further clinical development has been stopped due to
insufficient efficacy, possibly due to induction of endogenous IL-2 leading to Trq activation,i0% 102
Furthermore, while adverse effects such as hypotension, indicative for vascular-leak-syndrome, are
significantly reduced compared to unmodified aldesleukin, several drug-related adverse events occur in
NKTR-214 mono- and combinational therapy and, of those, skin rash was one of the most commonly
reported toxicities (54% and 39% upon monotherapy and combinational therapy, respectively).®® 100
While usually not life-threatening, skin rashes and other cutaneous adverse drug reactions (CADRS)
including pruritus represent a substantial factor to negatively impact overall well-being of patients which
might hamper therapeutic efficacy due to termination of treatment.%® This highlights the need to
understand mechanisms leading to the development of reclL-2-induced skin rashes to minimize or even

prevent onset of this adverse effect in future IL-2-based therapies.

1.2  ReclL-2-induced skin rash — an adverse effect with unknown mechanisms

In the initial years of high-dose aldesleukin therapy, skin rashes frequently developed a few days after
the onset of therapy, affecting up to 72% of patients.'®® Among the most frequent cutaneous reactions
described for aldesleukin therapy are erythematous rashes and diffuse macular erythemas, often
accompanied by pruritus.1297 Initially localized on proximal extremities, head, or back of patients,
these skin rashes might spread and can become more generalized.04-106. 108110 gyally, rashes resolve

after stopping reclL-2 therapy but might rapidly reoccur once treatment is continued. 0% 106, 108, 111

Histological analyses of biopsies from patients suffering from skin rashes during high-dose
aldesleukin therapy show thickening of the epidermis, necrosis of keratinocytes, and prominent cell
infiltrates in perivascular location.’%* 1% These infiltrates predominantly are characterized as
mononuclear cells, which mostly seem to be composed of CD3* T cells, while NK cells, B cells, and
macrophages are less frequent.1%41%.112 CD4* T cells predominate over CD8* T cells and some of these
CD4" T cells are positive for IL-2Rq,0% 104.106. 113 g ggesting activated Tess Or Tregs. The occurrence of
granulocytes, namely eosinophils, and neutrophils, further characterizes the mixed inflammatory
infiltrates in skin rashes during aldesleukin therapy.’” 151 Another hallmark is the increased

expression of adhesion molecules including endothelial-leukocyte adhesion molecule-1 (ELAM-1),
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vascular cell adhesion protein-1 (VCAM-1), and especially intercellular adhesion molecule-1

(ICAM-1), expressed on keratinocytes and stromal, endothelial, and mononuclear cells,10% 104114, 115

Although immune cells seem to play a central role in inducing skin damage and, consequently,
skin rashes during aldesleukin therapy, molecular and cellular key mechanisms leading to the adverse
effect are still unknown. This might in part be due to the lack of more recent reports, phenotyping
biopsies from patients in depth. The following sections focus on two mechanisms that might contribute
to inducing skin rashes during reclL-2 therapies. However, due to the pleiotropic effects of IL-2 and
because mechanisms of reclL-2-induced skin rashes have only scarcely been investigated in current
literature, other mechanisms such as sensitization reactions or activation of further cells might be

involved in inducing the adverse effect during reclL-2 therapies.

1.2.1 ReclL-2-induced skin rashes: A type 2-driven adverse effect?

Given clinical reports identifying mixed inflammatory infiltrates in biopsies of patients affected by skin
rashes, it stands to reason that these infiltrates are crucial to induce dermatologic complications.
Accumulation of mononuclear cells in the skin during high-dose aldesleukin therapy might partly be
mediated by the local proliferation of lymphocytes in response to aldesleukin. In this regard, T cells and
ILC2s from the skin proliferate in response to reclL-2 without antigen stimulation.?* 16 Subsequent to
IL-2 activation, ILC2s are known to secrete type 2 cytokines IL-5 and IL-13 which could induce local
inflammation in the skin.?-% In line with this, in the skin of Rag™ mice, lacking T and B cells, ILC2s
were specifically activated upon injection of an antibody-coupled reclL-2 construct, leading to
dermatitis in half of the mice.?! Furthermore, IL-5-producing ILC2s are reported to be crucial for
reclL-2-induced peripheral eosinophilia as another common adverse effect during reclL-2 therapy,?
thus underlining the relevance of ILC2s in reclL-2-induced adverse effects. On the other hand, antigen-
independent activation of T cells leading to e.g. cytokine secretion or other effector functions is only
reported in response to cytokine mixturest!’ 18 but not towards sole IL-2 stimulation and, thus, the

impact of T cells on reclL-2-induced skin rash is unclear.

Besides lymphoid cells, mast cells are reported to be increased in skin rashes of aldesleukin-
treated patients'® and, similarly, mast cells appeared to be activated in dermatitis sections of reclL-2-
treated Rag™ mice.?* Mast cells and ILC2s specifically interact in the skin and activation of mast cells
possibly is induced through direct interaction with reclL-2-activated ILC2s such as proposed for atopic
dermatitis,? 1*° further suggesting type 2-driven immunity underlying reclL-2-induced skin rashes.
Possible mast cell activation might initiate a positive feedback loop through the secretion of leukotrienes

or prostaglandins, which could further enhance the activation of ILC2s (Figure 4).120-122

Following activation of immune cells in the skin, especially ILC2s and mast cells, recruitment of
cells from the circulation might be induced, leading to the typical mixed infiltrates seen in biopsies of

patients suffering from reclL-2-induced skin rashes. Specifically, IL-5 and IL-13 secreted by reclL-2-




activated ILC2s, and tryptase and chymase possibly secreted by mast cells might induce infiltration of
eosinophils and neutrophils into the skin of reclL-2-treated patients.’?*2> Furthermore, possible
histamine secreted by mast cells can induce IL-8 secretion by keratinocytes which might support

neutrophil infiltration (Figure 4).1%
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Figure 4: Proposed key cells inducing skin rashes during reclL-2-therapy. Upon reclL-2 therapy, type 2 immune cells
including group 2 innate lymphoid cells (ILC2s) might be activated. Secondary activation of mast cells could induce a positive-
feedback loop due to the secretion of leukotrienes (LT) and prostaglandins (PG). Secretion of type 2 cytokines and mast cell
mediators might induce infiltration of granulocytes, further facilitated by increased ICAM-1 expression. Activation of resident
and recruited cells could finally induce tissue damage, manifested as skin rashes in the clinics. Adapted from Sommer et al.,
under revision in Journal of Immunotoxicology. Created with BioRender.com.

Increased expression of ICAM-1 which was invariably reported in clinical studies could further
support the accumulation of immune cells in the skin and might be induced on keratinocytes by possible
secretion of mast cell histamine®?® or on fibroblasts directly through reclL-2.12" ReclL-2 stimulation of
fibroblasts might further strengthen type 2 immune responses through secretion of monocyte
chemoattractant protein-1 (MCP-1), associated with polarization of T cells towards Tn2 cells.'2"-12°
Ultimately, activation of skin-resident and recruited cells could lead to a massive secretion of tissue-
damaging proteins and enzymes, including secretion of eosinophilic major basic protein found in the
proximity of eosinophils in biopsies affected by skin rashes.”” 1 Overall, this might facilitate tissue
damage, resulting in skin rashes during reclL-2 therapy (Figure 4). These mechanisms might resemble
pathologies such as those described for atopic dermatitis or DRESS, as one known form of drug-induced
cutaneous adverse effects.” 130 However, although current literature suggests type 2-driven immune
responses during reclL-2-induced skin rashes with ILC2s as key cells initiating the cascade, most of the
results are based on mice models lacking T and B cells which makes translation to a fully
immunocompetent organism challenging. Thus, further research is needed to investigate immunological

cascades leading to reclL-2-induced skin rash.




1.2.2 Potential relevance of IL-2R subunits in reclL-2-induced adverse effects

ILC2s seem to be central to inducing adverse effects such as skin rashes during reclL-2 therapy — cells
which are known to express IL-2Ra even under steady-state conditions.?: 131132 Therefore, it stands to
reason that the IL-2R subunit is a key molecule in reclL-2-induced adverse effects including skin rashes.
In line with this, Rag™ mice treated with reclL-2 and an IL-2Ra-specific antibody, JES6-1, developed
spontaneous dermatitis,? supporting the notion that activation of IL-2Ra* cells is central to inducing
skin rashes during reclL-2 application. Expression of the high-affinity IL-2Rafy increases the affinity
of the receptor towards IL-2 up to 100-fold compared to the dimeric IL-2RBy, lacking IL-2Ra.®! Thus,
IL-2-induced activation is increased in cells expressing the trimeric IL-2R such as Tregs, ILC2s, or
activated lymphocytes. As IL-2 itself (including reclL-2 therapy) induces upregulation of IL-2Ra on
lymphocytes such as T cells or ILCs including NK cells,6 2% 53. 75,133, 134 these cells become more
sensitive towards further IL-2 stimulation. During continuous reclL-2 therapy, this could tip the balance
of inhibitory Trg and inflammatory effector cell responses towards the inflammatory side which might
ultimately induce toxicity (Figure 5A). In favor of this hypothesis is the observation that the occurrence
of adverse effects during high-dose reclL-2 therapy is associated with improved anti-tumor response
rates, which rely on activation of effector lymphocytes.*® Still, the direct role of IL-2Ra during reclL-2-
induced skin inflammation is hypothetical and needs further investigation.

4 N

A Regulation of IL-2Ra B Regulation of IL-2R@

7

"

effector
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=
Tregs

>
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reciL-2
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“%: .° ", \#\\i NKeell o, * N 0D Teel
= _

é ]
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' ° ° L ] ° ° \ %;\

e IL-2Ra T e IL-2RB { e IL-2RB {

¢ |IL-2 affinity 1T s IL-2 signaling & ¢ IL-2 signaling {

Figure 5: Possible role of IL-2R subunits inducing adverse effects during high-dose reclL-2 therapy. A During IL-2
stimulation, IL-2Ra expression is increased in effector lymphocytes, in turn enhancing IL-2 affinity. This might tip the balance
from immune homeostasis towards toxic effector functions which could ultimately contribute to adverse effects during reclL-2
therapy. B Possibly, continuous high-dose IL-2 stimulation leads to decreased IL-2Rf surface expression especially on T cells
due to intracellular degradation of IL-2Rf upon IL-2 binding, and internalization. In turn, IL-2R signaling might be
differentially impacted which could favor the onset of adverse effects during high-dose reclL-2 therapy. Created with
BioRender.com.
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While IL-2Ra expression is increased in IL-2-stimulated lymphocytes, expression of IL-2R
might be differentially regulated. In contrast to IL-2Ra, IL-2Rp is intracellularly degraded upon IL-2
binding and internalization.* Continuous IL-2 stimulation such as during reclL-2 therapy might
therefore exhaust IL-2Rp storages due to permanent internalization and degradation of the receptor
which could induce a lack of IL-2Rp on the cell surface of stimulated cells. On that note, upon IL2RB
mutation, dermatitis and colitis are described®® ® — similar to patients suffering from recIL-2-induced
adverse effects, possibly suggesting similar pathophysiological mechanisms leading to organ
manifestations. Furthermore, patients with IL2RB mutations show increased IL-2 plasma concentrations,
resembling increased IL-2 bioavailability during reclL-2 therapy. In patients suffering from
hypomorphic IL2RB mutations, T cells basically lack IL-2Rf surface expression, leading to a reduction
in IL-2RP signaling.®® % In contrast, NK cells, which express significantly more IL-2RB compared to
T cells,® show reduced IL-2Rp surface expression but the majority of cells remains IL-2RB*, thus not
impacting IL-2R signaling in NK cells.%* & Likewise, possible reduction of IL-2Rp surface expression
during reclL-2 therapy might especially affect T over NK cells, resulting in reduced IL-2 signaling in
T cells which could have implications in the induction of skin rashes (Figure 5B). However, regulation
of IL-2RpB during recIL-2 therapy is currently poorly described and further research is needed to
investigate the impact of continuous reclL-2 stimulation on IL-2R signaling capacity.

11



2 AIMS

Skin rashes are frequent adverse effects during therapy with unmodified reclL-2 (aldesleukin) and new
reclL-2 alternatives with currently unresolved pathophysiological mechanisms. To ensure the safety of
current and future IL-2-based and other therapies, identifying possible key molecules and cells inducing
the adverse effect is crucial. Therefore, the major aim of this thesis was to investigate possible

mechanisms leading to reclL-2-induced adverse effects with a focus on skin rashes.

Current literature suggests a central role of IL-2Ra and ILC2s, inducing type 2-driven immune
responses in reclL-2-induced dermatitis. Using a novel skin-specific genetic deletion approach, the first
aim therefore was to investigate the significance of IL-2Ra-expressing cutaneous cells during reclL-2-
induced skin inflammation and the type of immunity induced by reclIL-2 therapy. We hypothesized that
IL-2Ra-expressing cells in the skin induce dermatitis during reclL-2 application and that skin
inflammation predominantly is characterized by type 2 immune responses, driven by ILC2s (research
paper 1).

Furthermore, IL-2 stimulation induces receptor internalization and degradation of IL-2R which
might induce similar cellular responses as in patients suffering from hypomorphic IL2RB mutations,
manifested in autoimmunity including skin rashes. Thus, the second aim was to investigate the
regulation of IL-2R subunits and signaling upon continuous stimulation of human lymphocytes with
reclL-2. We hypothesized that high-dose reclL-2 stimulation decreases IL-2R[ surface expression and

IL-2R signaling capacity, especially in T cells over NK cells (research paper 2).

12



3 PUBLICATIONS

3.1 Interleukin-2-induced skin inflammation

Published in 2024 in European Journal of Immunology

Charline Sommer?®", Jarish N. Cohen?®", Susann Dehmel?, Vanessa Neuhaus?, Dirk Schaudien?!, Armin

Braun®*, Katherina Sewald*, Micheal D. Rosenblum?

! Fraunhofer Institute for Toxicology and Experimental Medicine ITEM, Biomedical Research in
Endstage and Obstructive Lung Disease Hannover (BREATH), Member of the German Center for Lung
Research (DZL), Member of the Fraunhofer Cluster of Excellence Immune-Mediated Diseases CIMD,
Hannover (Germany)

2 Department of Dermatology, University of California, San Francisco, San Francisco, CA (USA)
% Department of Pathology, University of California, San Francisco, San Francisco, CA (USA)

4 Institute of Immunology, Hannover Medical School, Hannover (Germany)

* Shared first authorship

# Shared last authorship

Corresponding author:

Michael D. Rosenblum, Department of Dermatology, University of California, San Francisco,
505 Parnassus Ave, San Francisco, CA 94143, USA, Michael.Rosenblum@ucsf.edu

Author contribution statement:

Charline Sommer substantially contributed to conception and design of the study and to the manuscript
with selection of endpoints and controls; was mainly involved in in vivo treatment of mice and performed
all tissue harvesting; performed all flow cytometric measurements and respective data analysis and
performed the statistical analysis for all data; interpreted all data and drafted and wrote the manuscript

and implemented all required revisions.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-
NoDerivatives License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited, the use is non-commercial, and no modifications or adaptations are made.

Sommer, C., Cohen, J.N., Dehmel, S., Neuhaus, V., Schaudien, D., Braun, A., Sewald, K., and
Rosenblum, M.D. (2024). Interleukin-2-induced skin inflammation. European Journal of
Immunology 54, e2350580. 10.1002/€ji.202350580.

13


mailto:Michael.Rosenblum@ucsf.edu

Eur. J. Immunol. 2024;54:2350580 DOI: 10.1002/¢ji.202350580

Charline Sommer et al.

Allergy and inflammation

Research Article
Interleukin-2-induced skin inflammation

Charline Sommer! @, Jarish N. Cohen?3, Susann Dehmel’
Vanessa Neuhaus' ©, Dirk Schaudien® ©, Armin Braun’4,
Katherina Sewald! ©© and Michael D. Rosenblum?

! Fraunhofer Institute for Toxicology and Experimental Medicine ITEM, Biomedical Research
in Endstage and Obstructive Lung Disease Hannover (BREATH), Member of the German
Center for Lung Research (DZL), Member of the Fraunhofer Cluster of Excellence
Immune-Mediated Diseases CIMD, Hannover, Germany

2 Department of Dermatology, University of California, San Francisco, California, USA

3 Department of Pathology, University of California, San Francisco, California, USA

# Institute of Immunology, Hannover Medical School, Hannover, Germany

Recombinant human IL-2 has been used to treat inflammatory diseases and cancer; how-
ever, side effects like skin rashes limit the use of this therapeutic. To identify key molecules
and cells inducing this side effect, we characterized IL-2-induced cutaneous immune reac-
tions and investigated the relevance of CD25 (IL-2 receptor «) in the process. We injected
IL-2 intradermally into WT mice and observed increases in immune cell subsets in the
skin with preferential increases in frequencies of IL-4- and IL-13-producing group 2 innate
lymphoid cells and IL-17-producing dermal y3 T cells. This overall led to a shift toward
type 2/type 17 immune responses. In addition, using a novel topical genetic deletion
approach, we reduced CD25 on skin, specifically on all cutaneous cells, and found that
IL-2-dependent effects were reduced, hinting that CD25 — at least partly — induces this
skin inflammation. Reduction of CD25 specifically on skin Tregs further augmented IL-
2-induced immune cell infiltration, hinting that CD25 on skin Tregs is crucial to restrain
IL-2-induced inflammation. Overall, our data support that innate lymphoid immune cells
are key cells inducing side effects during IL-2 therapy and underline the significance of
CD25 in this process.

Keywords: Drug-induced skin inflammation - IL-2 therapy - Immunotherapy - Innate lymphoid
cells - y& T cells

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

As one of the first immunomodulatory cancer therapies to be
approved by the FDA, recombinant IL-2 (aldesleukin), aimed to
induce therapeutic effects by activating T- and NK cells. How-
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ever, high-dose application necessary for antitumor activity led to
severe systemic side effects, including skin rashes in up to 72%
of the patients [1]. Currently, modifications of IL-2 have been
undertaken to increase the specificity of treatment for both can-
cer and autoimmune diseases [2, 3]. However, a better under-
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standing of the molecular mechanisms of IL-2-induced dermatitis
is needed.

Affinities to IL-2 are determined by differential expression
of IL-2 receptor (IL-2R) complexes on the respective cell. The
dimeric intermediate-affinity IL-2Rfy (CD122 and CD132) is
shared by IL-15 [4] and expressed by resting T and NK cells,
among others, which can in turn be activated at high IL-2 con-
centrations [5-7]. Additional expression of the IL-2Ra subunit
(CD25), which is specific for IL-2, can induce the formation of
the high-affinity trimeric IL-2Rapy which can bind IL-2 at pico-
molar concentrations [8]. Regulatory T cells (Tregs) which have
high CD25 expression [5, 9] are able to scavenge free IL-2 through
their high-affinity IL-2R, further promoting immune homeostasis
[10, 11]. In addition to Tregs, innate lymphoid cells (ILCs) includ-
ing activated NK cells as members of group 1 ILCs (ILC1s) [12] as
well as activated ap and y8 T cells might express the high-affinity
IL-2R [6, 7, 13-15].

Similar to patients treated with high-dose IL-2, dermatitis
occurred in Rag™~ mice treated with IL-2 and a CD25-specific
antibody, [13] suggesting a central role of CD25 expression in
IL-2-induced skin reactions. Histologically, skin reactions showed
infiltrates of eosinophils and neutrophils in both mice and humans
[13, 16, 17]. In addition, the expansion of group 2 ILCs (ILC2s),
which are the innate counterpart of type 2 T helper cells, was
observed with increased production of IL-5 and IL-13 upon IL-
2 treatment [13, 18]. Together, these data led us to hypothesize
that skin rashes during IL-2 therapies are CD25-dependent and
characterized by type 2 immunity.

To test these hypotheses, we applied recombinant human IL-2
(aldesleukin) intradermally in mice and characterized the result-
ing immune response. Second, to evaluate the role of CD25 in
IL-2-induced dermatitis, we deleted CD25 locally on skin cells
and measured the impact of CD25 reduction on IL-2-induced skin
reactions. Lastly, because CD25-expressing Tregs have a central
role in maintaining immune homeostasis, we analyzed the effects
of CD25 deletion on skin Tregs upon IL-2 injections.

Results

IL-2-induced skin inflammation is characterized by
increases in innate immune cells

To characterize cutaneous immune reactions elicited by IL-2, WT
mice were injected intradermally with recombinant human IL-
2. For dose-finding experiments, IL-2 was injected once or twice
daily for 7 consecutive days (Fig. 1A). The IL-2 dose applied here
roughly corresponds to one high-dose intravenous injection given
in the clinics [19]. However, the intermediate IL-2RBy in mice has
a lower affinity to human IL-2 than human IL-2Rpy [20, 21] and,
thus, the chosen dosing regimen aimed to induce local over sys-
temic effects in mice.

Histological analysis of skin at the injection site revealed mild
inflammatory cell infiltration in control-treated skin (Fig. 1B).
In contrast, injections of IL-2 once per day induced prominent

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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inflammatory cell infiltrates consisting of lymphocytes, granulo-
cytes, and macrophages (Fig. 1C). Numbers of these cells were
highly increased in skin of mice injected twice daily (Supporting
information Fig. S2), leading to cell infiltrates within large sub-
dermal areas. To ensure only local immune reactions in skin with-
out inducing systemic effects, IL-2 injections were performed once
daily in all further experiments.

Flow cytometric analysis of immune cell populations in skin
and skin-draining lymph nodes (SDLN) supported histological
findings with significant increases in numbers of CD45" cells
in the side of skin treated with IL-2 as compared with control
sides (Fig. 2B). These increases in skin immune cell numbers
were observed for CD4" and CD8* T-cell subsets (5.4- and 4.1-
fold, respectively), dermal y3 T cells (8.6-fold), ILCs (9.0-fold),
and CD3-NK1.1" “NK-like” group 1 ILCs (further referred to as
ILC1s; 27.2-fold), but not for dendritic epidermal T cells (DETCs;
Fig. 2C) and were accompanied by induction of the proliferation
marker Ki-67 in T-cell subsets and ILCs (Supporting information
Fig. S3A). In addition to increases in lymphocytes, IL-2 injec-
tions induced increases in neutrophil (13.6-fold) and eosinophil
numbers (7.3-fold) in the skin (Fig. 2D). Notably, frequencies of
immune cell subsets were only significantly increased for dermal
v8 T cells (mean, 4.4-7.3%), ILCs (mean, 4.9-8.0%), and ILCls
(mean, 2.1-10.5%; Fig. 2E), but not for CD4 " or CD8" T-cell sub-
sets or granulocytes (Supporting information Fig. S3B).

CD2S5 as the subunit crucial to form the high-affinity trimeric
IL-2R could be central in inducing IL-2-dependent side effects.
Upon IL-2 injections, slight increases in frequencies of CD25*
cells were observed for CD4" Teffs and CD8" T cells (Fig. 2F) in
addition to increases in MFI of CD25 on CD4" Teffs (Supporting
information Fig. S3C). Strikingly, CD25 expression of dermal y3 T
cells, which only showed low if any CD25 expression under con-
trol conditions, was significantly increased upon IL-2 treatment,
both regarding CD25" frequencies (mean 2.0% vs. 13.6% upon
IL-2 injection) as well as MFI (Fig. 2F; Supporting information
Fig. $3C).

Skin-specific reduction of CD25 reduces IL-2-induced
accumulation of cells in the skin

To clarify the role of CD25-expressing cells in IL-2-induced
skin inflammation, we aimed to delete CD25 specifically
on skin cells by applying a newly developed method that
allows inducible skin-specific, nonsystemic deletion of target
genes [22]. Rosa26°ER2xCD25% mice were generated and 4-
hydroxytamoxifen (4-OHT) was applied topically to induce pan-
cellular CD25 deletion on one side of the back skin of these mice
(Supporting information Fig. S4A). Acetone served as a vehicle
control on the contralateral back skin, enabling us to investigate
changes within the same mouse. Upon 4-OHT application with-
out IL-2 injections, CD25 expression of skin Teffs, ILCs, and type
1 conventional DCs was almost completely abolished with fre-
quencies of CD25" cells <3% (Supporting information Fig. S4B),
which was reflected by reduced MFIs on the respective cells (Sup-
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Figure 1. Intradermal IL-2 injections induce skin inflammation characterized by considerable immune cell infiltrates. (A) WT mice were intrader-
mally injected with IL-2 (aldesleukin) daily for 7 consecutive days before analysis of skin. Created with BioRender.com. Representative histological
images of injection sides from control (B) and IL-2-treated skin (C). Overview pictures (upper images; scale bars = 200 um) and close-ups (middle

and lower images; scale bars = 40 um) are shown.

porting information Fig. $4C). In addition, CD25 expression on
skin Tregs was significantly reduced with respect to CD25" cell
frequencies (mean 11.9%) and total MFI. No effects on CD25"
cell frequencies were observed in SDLN, providing evidence that
deletion of the receptor was restricted to skin (Supporting infor-
mation Fig. S4D).

To investigate the effects of skin-specific CD25 deletion on
IL-2-induced skin inflammation, 4-OHT was applied to induce
deletion prior to the initiation of IL-2 injections. Application of
4-OHT was continued during IL-2 treatment to ensure continu-
ous CD25 deletion (Fig. 3A). The resulting reduction of CD25

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

in skin of IL-2-treated mice was partial but nonetheless signif-
icant for Tregs, DETCs, ILCs including ILCls, and type 1 con-
ventional DCs as shown by frequencies of CD25" cells and MFIs
(Fig. 3B, C). Dermal y3 T cells showed slight decreases in MFI
of CD25. Lower deletion efficacy upon IL-2 injection might be
due to preferential proliferation of cells that remain CD25*. Fur-
thermore, 4-OHT was found to mostly penetrate upper layers of
the skin including epidermis and dermis (unpublished observa-
tions). Therefore, IL-2-induced cell infiltrates in lower sections
such as the subcutis will be less affected by 4-OHT, resulting
in incomplete deletion. In contrast to the skin, frequencies of
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Figure 2. IL-2-induced skin inflammation is characterized by increases in frequencies of innate immune cells. (A) WT mice were intradermally

injected with IL-2 (aldesleukin) daily for 7 consecutive days before analysi:

s of skin and skin-draining lymph nodes (SDLN). Created with BioRen-

der.com. (B) Absolute CD45* immune cell numbers in skin and SDLN. (C) Absolute numbers of T-cell subsets (Teffs: CD4+ T effector cells; dGDs:
dermal y3 T cells; DETCs: dendritic epidermal T cells), innate lymphoid cells (ILCs), and CD3-NK1.1* group 1 ILCs (ILC1s). (D) Absolute numbers of

neutrophils and eosinophils in skin. (E) Frequencies of innate immune cell

s upon IL-2 injection. (F) CD25 expression as shown by CD25* frequen-

cies of the respective cells. cDC, conventional dendritic cell. n = 5 mice from two independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001 as

determined by paired t-tests. All other conditions n.s.

CD25*" immune cells in corresponding SDLN were largely similar
between control and 4-OHT-treated sides (Supporting informa-
tion Fig. S5).

Upon reduction of CD25 expression on the 4-OHT-treated side,
total numbers of immune cells were significantly decreased in
skin (Fig. 3D), with reduced Teffs, Tregs, dermal y8 T cells, and
ILCs including ILC1s (Fig. 3E) as well as eosinophils but not neu-

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

trophils (Fig. 3F). Numbers of CD8" T cells, on the other hand,
were unaltered — comparable to CD25 expression on CD8" T cells
on the 4-OHT-treated vs. control side (Fig. 3B, D). Proportions of
T-bet” type 1 and GATA-3" type 2 T-helper cells and ILCs were
unaltered upon CD25 reduction (Fig. 3G). Together, these data
suggest that CD25 expression on skin immune cells is required for
their accumulation following intradermal IL-2 injection.
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Figure 3. Reduction of CD25 expression on skin cells reduces IL-2-induced increases in skin immune cell numbers. (A) Cre recombinase of
Rosa26ERT2x D251 mice was induced by topical 4-hydroxytamoxifen (4-OHT) application prior to IL-2 injections on both sides to decrease
CD25 on all skin cells. Acetone on the contralateral side of the back of the same mouse served as vehicle control. Created with BioRender.com. (B)
CD25 expression as shown by CD25" cell frequencies of the respective cell subsets. Teffs: CD4* T-effector cells; dGDs: dermal y5 T cells; DETCs:
dendritic epidermal T cells; ILCs: innate lymphoid cells; ILC1s: CD3-NK1.1* group 1 ILCs; ¢DC1: type 1 conventional dendritic cell. (C) MFI of CD25
on respective cells. (D) Immune cell numbers on control and 4-OHT-treated sides in skin and skin-draining lymph nodes (SDLN). (E) Absolute cell
numbers of lymphocyte immune cell subsets in skin tissue. (F) Absolute numbers of neutrophils and eosinophils in the skin. (G) Expression of
T-bet and GATA-3 transcription factors in Teffs and ILCs. n = 4-8 mice from three independent experiments; *p < 0.05, *'p < 0.01, ****p < 0.0001 as
determined by paired t-tests. All other conditions n.s.

CD25 reduction on Tregs increases IL-2-induced tion in the skin, we aimed to specifically delete CD25 on skin Tregs
accumulation of cells in skin using FoxP3¢FRT2xCD25%" mice and the topical 4-OHT treat-

ment approach (Fig. 4A). Effects of skin-specific CD25 deletion on
Tregs are known to exert part of their immunoregulatory role  FoxP3* Tregs without IL-2 injections were extensively described
through expression of CD25 [23, 24]. To investigate the impact of ~ elsewhere [22]. Intradermal IL-2 injections and continuous 4-
CD25 expression on Tregs in controlling IL-2-induced inflamma- ~ OHT treatment (Fig. 4A) led to significantly reduced frequencies

© 2024 The Authors. European Journal of Immunology published by www.eji-journal.eu
Wiley-VCH GmbH.
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of CD25" Tregs to an average of 58.7% (Fig. 4B). Remaining
CD25" Tregs displayed reduced CD25 expression (Fig. 4C). On
the other hand, while CD25 expression was not affected on most
cells, expression on ILC1s and type 1 conventional DCs was dimin-
ished 1.5-fold and 2.2.-fold, respectively (Fig. 4B). Frequencies of
CD25" cells in SDLN were found to be slightly decreased on Tregs,
ILC1s, and type 1 conventional DCs (Supporting information Fig.
S6).

Strikingly, numbers of immune cells significantly increased
(three-fold) in 4-OHT-treated skin upon IL-2 injections whereas
numbers in corresponding lymph nodes were similar for both con-
trol and 4-OHT-treated sides (Fig. 4D). Similarly, absolute num-
bers of all T-cell subsets — except DETCs — ILCs including ILC1s,
and granulocytes were highly increased in 4-OHT-treated skin
(Fig. 4E, F). In addition, FoxP3 expression in Tregs was slightly
reduced in skin treated with 4-OHT (Fig. 4G), and a shift of the
Teff:Treg ratio was observed toward Teffs (Fig. 4H). Significant
decreases of type 1 and 2 T-helper cell (mean 23.4% vs. 4.9%
and 27.4% vs. 17.0%, respectively) as well as ILC1 frequencies
(mean 50.1% vs. 23.6%) were observed upon CD25 reduction
on Tregs (Fig. 3I). Proportions of ILC2s were unaltered (Fig. 3I).
Taken together, these data indicate that CD25 expression on skin
Tregs restrains accumulation of cutaneous immune cells result-
ing in a higher Teff:Treg ratio following intradermal IL-2 injec-
tions.

Dermal y$ T cells and ILC2s induce mixed-type 2/type
17 immunity in skin of IL-2-injected mice

Intradermal IL-2 injections induced increases in various immune
cell numbers at the injection sides with specific increases in y8 T
cells, and ILCs, including ILC1s. To further characterize the qual-
ity of the immune response induced by IL-2 treatment, intracel-
lular cytokine expression was investigated in IL-2-injected WT
mice using flow cytometry (Fig. S5A). While prevalence of IFN-
y* immune cells was significantly decreased (9.6% vs. 6.6% of
CD457 cells), frequencies of IL-17+ CD45" cells were markedly
enhanced in response to IL-2 injections (5.2% vs. 9.1%; Fig. 5B).
Frequencies of TNF-a-, IL-4-, and IL-13-producing CD45" immune
cells were largely unaltered. Overall, IL-2 injections led to a shift
toward type 2/type 17 immune responses compared with control
conditions, whereas type 1 immune responses were unaltered or
slightly decreased (Fig. 5C).

To determine cells responsible for shifts in immunity, intracel-
lular cytokine production was further analyzed in immune cell
subpopulations. While no significant changes in IFN-y-producing
Teffs and CD8% T cells were observed, prevalence of IFN-y™
ILC1s was significantly decreased (Fig. 5D) suggesting that ILC1s
may become dysfunctional due to overstimulation from daily
IL-2 application, similar to tumor-infiltrating NK cells in mice
and humans [25, 26]. Significant increases in type 2 cytokine-
producing ILCs, namely group 2 ILCs, were found upon IL-
2 treatment (1.0% vs. 3.0% for IL-4-producing cells; 4.7% vs.
11.3% for IL-13-producing cells). The most striking changes in

© 2024 The Authors. European Journal of Immunology published by
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cytokine production were observed for dermal v T cells which
showed significant and prominent increases in frequencies of IL-
17-producing cells from an average of 29.2% to 56.1% (Fig. 5D).
In conclusion, we observed a mixed type 2/type 17 immu-
nity in response to IL-2 injections with increases in frequencies
of IL-4- and IL-13-producing ILC2s and IL-17-producing y8 T
cells.

Discussion

High-dose IL-2 therapy has been a promising treatment option
for malignant cancers but was limited due to systemic toxicity.
Still, pathophysiological mechanisms of IL-2-induced side effects
such as skin rashes are obscure. Here, we provide new molecular
and cellular insights into IL-2-induced skin inflammation and the
relevance of CD25 using different mouse models.

Intradermal IL-2 injections in WT mice led to striking increases
in several lymphoid immune cell numbers around the injection
site. This might be due to infiltration of cells toward IL-2 or
other inflammatory stimuli such as described for T cells [27,
28] or in inflamed tissue for ILC2s and 8 T cells [29, 30].
Besides recruitment of cells, IL-2 can directly induce proliferation
of cutaneous T cells and ILC2s in mice and humans [13, 31, 32].
Therefore, increasing Ki-67 expression in cells of IL-2-treated skin
could hint toward local proliferation of tissue-resident as well as
migrated cells. We further observed infiltrates of neutrophils and
eosinophils in response to IL-2 injections. Similar observations of
lymphoid and granulocytic infiltrates were made after subcuta-
neously injecting IL-2 into rats [33] and in early clinical reports
of high-dose IL-2-treated patients suffering from skin rash [16, 17,
34, 35]. In our current study, we observed increases in the repre-
sentation of ILCs including ILC1s and dermal y3 T cells, accompa-
nied by significant changes in cytokine production in all three cell
populations which hints toward a more specific effect of IL-2 on
these innate cell subsets.

Frequencies of IL-4- and IL-13-producing ILCs were increased
upon IL-2 injections — signature cytokines for group 2 ILCs [12].
Both human as well as murine ILC2s are well described to be acti-
vated in response to IL-2, leading to secretion of type 2 cytokines
[13, 18, 32]. In this context, ILC2s seem to play a central role
in IL-2-induced eosinophilia [18] and skin rashes in mice treated
with the antibody JES6-1 and IL-2 [13]. Our data further support
the central role of ILC2s in IL-2-induced side effects as ILC2s seem
to be responsible for the shift toward type 2 immunity observed
in response to IL-2 injections. Furthermore, we found that IL-2
injections highly increased prevalence of IL-17% dermal y8 T cells.
In mice, IL-17 production of y§ T cells is induced by IL-2 alone
without further stimuli [36], hinting that IL-2 injections might
directly induce IL-17 production in our study. Furthermore, Shi-
bata et al. [37] reported that CD25" 3 T cells produce IL-17 and
that CD25 expression was dependent on IL-2. Therefore, upregu-
lation of CD25 on 3 T cells might be crucial to induce IL-17 pro-
duction observed in our study, suggesting a central role of CD25
expression in inducing the shift toward type 17 immune reac-
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tions in response to IL-2 injections. Besides direct IL-2-induced
effects, a variety of cytokines are secreted during IL-2 therapy in
mice and humans [18, 35, 38], which might further impact cuta-
neous cells indirectly. For instance, cell plasticity in the skin of
IL-2-treated mice could be affected by the complex inflammatory
milieu induced by IL-2 injections. Changes in plasticity have been
reported for ILCs during the onset of psoriasis [39] or y§ T cells
stimulated with IL-23, IL-1p, and IL-2 [40]. Similarly, possible
secretion of cytokines such as IL-33 in response to tissue damage
could further support IL-2-induced type 2 responses by directly
activating type 2 T helper cells or ILC2s, leading to synergistic
effects of IL-33 and IL-2 on type 2 cytokine secretion [41-43]. The
overall shift toward a mixed type 2/type 17 immunity along with
mixed neutrophilic and eosinophilic infiltrates into IL-2-treated
skin might resemble pathologies such as atopic dermatitis or pso-
riasis [44, 45].

To further investigate the relevance of CD25 expression during
IL-2-induced skin inflammation, we aimed to specifically delete

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

CD25 on all skin cells. Although we achieved moderate partial
rather than full deletion, we found that immune cell numbers
were reduced upon IL-2 injections. In previous studies, macro-
scopic skin rashes in mice were observed when combining IL-2
treatment with the CD25-specific antibody JES6-1 [13]. Further-
more, modifying IL-2 therapy to reduce or prevent binding to
CD25" cells reduces the occurrence of IL-2-induced side effects
such as systemic inflammation or eosinophilia in preclinical mod-
els [46, 47]. Together with our data, these observations highlight
the role of the IL-2Ra subunit in inducing side effects during IL-2
therapy.

In contrast to CD25 reduction on all skin cells, skin-specific
reduction of CD25 on FoxP3* Tregs drastically increased inflam-
matory infiltrates upon IL-2 injections. These observations were
accompanied by an imbalance in the Teff:Treg ratio in favor of
CD4" Teffs, highlighting the role of CD25 on Tregs to maintain
immune tolerance [23, 24]. Furthermore, FoxP3 expression was
slightly decreased upon reduction of CD25 on Tregs and IL-2 treat-
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ment, hinting toward a reduction of regulatory function [48, 49 ].
In a previous study, we found that skin-specific CD25 deletion in
FoxP3* Tregs did not affect FoxP3 expression in skin Tregs under
steady-state conditions [22]. Therefore, decreased FoxP3 expres-
sion in the current study seems to be due to the additional IL-2
stimulation and could be an indirect effect due to IL-2-induced
inflammation in the skin of mice [48, 49]. Furthermore, decreases
in type 1 and 2 T-helper cells as well as ILC1s hint toward a higher
prevalence of RORyt-expressing cells, suggesting a shift to type 17
immunity upon CD25 reduction on Tregs. Overall, our data high-
light the crucial role of CD25 in Tregs on restraining IL-2-induced
inflammation in the skin.

Together, we show here that IL-2 injections induce cutaneous
immune reactions characterized by a shift toward type 2/type 17
immunity which largely seems to be induced by ILC2s and der-
mal y8§ T cells. In addition, while CD25-expressing Tregs suppress
these inflammatory reactions, reduction of CD25 on all skin cells
reduced IL-2-induced inflammation, showing that the receptor is
responsible for mediating at least part of these inflammatory reac-
tions. Our study gives new molecular and cellular insight into IL-
2-dependent skin reactions, identifying a central role of innate
immune cells in inducing the side effects. The results presented
here might therefore help to increase the safety of current or
future IL-2-based therapeutics.

Data limitations and perspectives

In this study, we demonstrate that IL-2 induces skin inflamma-
tion as evidenced by increases in immune cell numbers and a
shift toward type 2/type 17 immunity. To differentiate effects
induced by IL-2 directly from indirect effects induced by pro-
duced cytokines, mediators such as IL-13, IL-17, or IL-33 might
be reduced by blocking antibodies or in knockout mouse mod-
els. Similarly, deleting ILCs or y3 T cells — cells that seem to
be responsible for the shift in immunity — could help to fur-
ther understand the role of these unconventional immune cells
in inducing side effects during IL-2 therapy.

Methods
Mice

All animals used for experiments were held in specific pathogen-
free cages in the animal facility of the University of Califor-
nia, San Francisco. Mice of both genders were included, and
littermate controls were used. Genetic strains of mice included
WT C57BL/6 (B6), Rosa26-CreERT2 FoxP3-CreERT2 and CD251/1
(I2ragmiceucommwesi) (all on B6 background). Animal experi-
ments were performed in accordance with guidelines established
by the Institutional Animal Care and Use Committee and Labora-
tory Animal Resource Center of the University of California, San
Francisco.

© 2024 The Authors. European Journal of Immunology published by
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Administration of 4-OHT and IL-2

Dorsal back hair of mice was shaved along both flanks leaving a
stripe of hair down the middle. To induce Cre-mediated recom-
bination, 100 pL of 4-OHT (50 pg/mL, Sigma-Aldrich; diluted
in acetone, Sigma-Aldrich) was applied dropwise to the surface
of one side of shaved back for 5 consecutive days starting at
day 7 before IL-2 injections [22]. As a control, 100 L acetone
was applied to contralateral shaved back skin. For IL-2 injections,
human recombinant IL-2 (aldesleukin) was diluted in PBS and
30 pg/kg/injection in 100 pL was intradermally injected (approx.
10,000 IU/injection), either to both sides of shaved back skin or
unilaterally in experiments using WT B6 mice. In experiments
using B6 mice, 100 pL PBS was injected intradermally into con-
tralateral back skin as a control. IL-2 was intradermally injected
for 7 consecutive days and 4-OHT or acetone control was topically
applied during IL-2 injections daily for 7 days.

Tissue processing

After euthanasia of mice, skin and SDLN (axillary, brachial, and
inguinal) were processed as described previously [22] before
staining for flow cytometry.

Flow cytometry

Single-cell suspensions were initially Fc-blocked using anti-
CD16/anti-CD32 (Bio X Cell) and surface-stained in addition to
the fixable viability Ghost Dye Violet 510 (Tonbo Biosciences)
for 30 min at 4°C in PBS containing 2% FBS. Intracellular stain-
ing was performed in perm/wash buffer at 4°C overnight after
permeabilization of cells using the Cytofix/Cytoperm kit (BD
Biosciences). For intracellular cytokine staining, isolated cells
were incubated in media containing 1x cell stimulation cocktail
(Tonbo) at 37°C, 5% CO., and transferred to 4°C after 6 h. Surface
and intracellular staining was performed as described on the next
day. To determine absolute cell numbers, CountBright Absolute
Counting Beads (Invitrogen) were added before measurement.
Antibodies used for flow cytometry are summarized in Support-
ing information Table S1.

Measurement of stained cells was performed on a BD Fortessa
flow cytometer using FACS Diva software (BD Biosciences).
FlowJo version 10.8.1 was used to analyze cell populations as
depicted in Supporting information Fig. S1. As no markers to dis-
tinguish NK cells from ILC1s were included, CD3-NK1.17 cells are
defined as “NK-like” ILC1s and further referred to as ILC1s.

Histology
Skin strips (approx. 4-5 mm width, 10-20 mm length) were fixed

in 10% neutral-buffered formalin and paraffin-embedded for his-
tological analysis. Hematoxylin and eosin (H&E) staining of tissue
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was performed by the University of California, San Francisco Der-
matopathology Service and visualized with an Aperio AT2 scanner
(Leica Biosystems) at 40x resolution using a 20x0.75NA Plan
Apo objective with a 2x optical magnification changer. Image
resolution was 40x: 0.25 pm/pixel. Aperio ImageScope software
(version 12.4.0.5043, Leica Biosystems) was used to digitally view
slides. The pathological evaluation was performed by a board-
certified veterinary pathologist.

Statistics

Statistical analysis was performed using GraphPad Prism (ver-
sion 9) and paired t-tests were applied to determine p-values as
indicated in the figure legends. In case of Rosa26%*12xCD25%/1
mice, animals with low reduction of CD25 (<30% reduction on
CD45" cells after 4-OHT application and IL-2 injection as com-
pared with control side) were excluded from the analysis. For all
other experiments, no animals were excluded.
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Supplementary Figure S1: Representative gating strategy used to identify immune cell
subsets in skin and skin-draining lymph nodes. Teffs: CD4+ FoxP3- T effector cells; Tregs:
CD4+ FoxP3+ regulatory T cells, ILCs: innate lymphoid cells; dGDs: dermal y§ T cells;
DETCs: dendritic epidermal T cells; ILCls: CD3-NK1.1+ group 1 ILCs; ¢DC: conventional

dendritic cell.
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Supplementary Figure S2: Histological images of skin injected twice daily with IL-2. Wild
type mice were intradermally injected with IL-2 (aldesleukin) twice daily for 7 consecutive
days before analysis of skin. Representative histological images of injections sides for control
(A) and IL-2 (B). Overview pictures (upper images; scale bars 200 um) and close ups (middle

and lower images; scale bares 40 um) are shown.
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Supplementary Figure S3: Intradermal IL-2 injections induce proliferation of
lymphocytes. Wild type mice were intradermally injected with IL-2 (aldesleukin) or PBS (Ctrl)
daily for 7 consecutive days before analysis of skin. A Proliferation of CD4+ Teffs and Tregs,
CD8+, dermal yd T cells (dGDs), and innate lymphoid cells (ILCs) as shown by Ki-67+ cells.
B Frequencies of T cell and granulocyte subsets in skin of control and IL-2-treated sides.
DETCs: dendritic epidermal T cells. C Mean fluorescence intensity (MFI) of CD25 on immune
cell subsets in skin of control and IL-2-treated mice. ILC1s: CD3-NK1.1+ group 1 ILCs; ¢cDC:
conventional dendritic cell. n=5 mice; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 as

determined by paired t-tests. All other conditions n.s.
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Supplementary Figure S4: Skin-specific deletion of CD25 on all cells. A Experimental set-
up to delete CD25 on all skin cells: Cre recombinase of Rosa26 k"2 x CD25"1 mice was
induced by 4-Hydroxytamoxifen (4-OHT), applied topically daily for 5 consecutive days.
Acetone served as vehicle control. Created with Biorender.com. B CD25 expression in the skin
as shown by CD25+ cell frequencies of the respective cell subsets. Teffs: CD4+ T effector cells;
dGDs: dermal yd T cells; DETCs: dendritic epidermal T cells; ILCs: innate lymphoid cells;
c¢DCI1: type 1 conventional dendritic cell. C Mean fluorescence intensity (MFI) of CD25 on
respective cells in the skin of control and 4-OHT-treated side. ¢cDC1: type 1 conventional
dendritic cell. D CD25 expression in skin-draining lymph nodes (SDLN) as shown by CD25+
cell frequencies of the respective cell subsets. ILC1s: CD3-NK1.1+ group 1 ILCs. Due to very
low frequencies, ILC1s were excluded from CD25 analysis of the skin and ¢cDC1 were excluded
for SDLN. n=4 mice; * p<0.05, ** p<0.01, *** p<0.001, *** p<0.0001 as determined by paired

t-tests. All other conditions n.s.
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Supplementary Figure S5: CD25 expression is similar in lymph nodes of control and
4-OHT-treated sides after IL-2 injections. CD25 deletion of Rosa26FR12 x CD25"" mice
was induced by topical 4-Hydroxytamoxifen (4-OHT) application prior to IL-2 injections on
both sides. Acetone served as vehicle control. CD25 expression in skin-draining lymph nodes
(SDLN) as shown by CD25+ cell frequencies of the respective cells subsets is shown. Teffs:
CD4+ T effector cells; GDs: o T cells; ILCs: innate lymphoid cells; ILCls: CD3-NKI1.1+
group 1 ILCs; ¢DCI: type 1 conventional DC. n=8 mice; * p<0.05 as determined by paired t-

tests. All other conditions n.s.
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Supplementary Figure S6: CD25 expression decreases on some immune cells in lymph
nodes of control and 4-OHT-treated sides after IL-2 injections. CD25 deletion of
FoxP3¢ERT2x D25 mice was induced by topical 4-Hydroxytamoxifen (4-OHT) application
prior to IL-2 injections on both sides. Acetone served as vehicle control. CD25 expression in
skin-draining lymph nodes (SDLN) as shown by CD25+ cell frequencies of the respective cell
subsets is shown. Teffs: CD4+ T effector cells; GDs: yd T cells; ILCs: innate lymphoid cells;
ILCls: CD3-NK1.1+ group 1 ILCs; ¢DCI1: type 1 conventional DC. n=7 mice; * p<0.05 as

determined by paired t-tests. All other conditions n.s.

31



Supplementary Table S1: List of anti-mouse antibodies used for flow cytometry.

Antibody Clone Company
CD45-AF700 30-F11 eBioscience
CD45-BV605 30-F11 BD
CD3e-BV711 145-2C11 BD
CD3e-FITC 500A29 BD
TCRB-PerCP-Cy5.5 H57-597 Tonbo
TCRB-APC  H57-597 eBioscience
CD8-BV785 53-6.7 Biolegend
CD4-BV650 RM4-5 BD
CD4-BC605 RM4-5 Biolegend
TCRyos-APC eBioGL3 eBioscience
NK1.1-APC-¢Fluor780  PK126 eBioscience
NKI1.1-BV711 PK126 Biolegend
Thyl.2-eFluor450 53-2.1 Invitrogen
Ly-6G-PE-Cy7 1A8 Invitrogen
Siglec-F-PE E80-2440 BD
CDI11b-AF780 M1/70 eBioscience
CD1l1c-PerCP-Cy5.5 N418 Biolegend
CD103-PE-CF594 M290 BD
CD64-BV785 X54-5/7.1 BD
CD25-BV650  PC61 ‘Biolegend
CD25-APC PC61 eBioscience
TNFa-PerCP-eFluor710 MP6-X122 eBioscience
IFNy-AF488 XMGI.2 eBioscience
IL-17A-PE-Cy7 TC11-18H10.1 Biolegend
IL-4-PE-CF5%4 11B11 BD
IL-13-PE eBiol3A eBioscience
FoxP3-AF700 FIK-16s eBioscience
FoxP3-FITC FIK-16s eBioscience
Ki-67-BV650 B56 BD
T-bet-PE-Cy7 4B10 Invitrogen
GATA-3-PE TWAIJ eBioscience
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ARTICLE INFO ABSTRACT
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Interleukin-2 (IL-2) holds promise for the treatment of cancer and autoimmune diseases, but its high-dose usage
is associated with systemic immunotoxicity. Differential IL-2 receptor (IL-2R) regulation might impact function
of cells upon IL-2 stimulation, possibly inducing cellular changes similar to patients with hypomorphic IL2RB
mutations, presenting with multiorgan autoimmunity. Here, we show that sustained high-dose IL-2 stimulation
of human lymphocytes drastically reduces IL-2R} surface expression especially on T cells, resulting in impaired
IL-2R signaling which correlates with high IL-2Ra baseline expression. IL-2R signaling in NK cells is maintained.

CD4+ T cells, especially regulatory T cells are more broadly affected than CD8+ T cells, consistent with lineage-
specific differences in IL-2 responsiveness. Given the resemblance of cellular characteristics of high-dose IL-2-
stimulated cells and cells from patients with IL-2Rp defects, impact of continuous IL-2 stimulation on IL-2R
signaling should be considered in the onset of clinical adverse events during IL-2 therapy.

1. Introduction

IL-2, a key cytokine for T cell growth, differentiation, survival, and
function [1], reviewed in [2], is a promising treatment option for both
cancer and autoimmune diseases by dose-dependently activating
different immune cell subsets. Low-dose IL-2 therapy aims to selectively
expand regulatory T cells (Tregs), favoring immunosuppression to treat
inflammatory diseases [3 5]. Conversely, IL-2 at higher doses addi-
tionally activates effector cells such as CD8+ T cells or natural killer
(NK) cells, leading to elimination of tumor cells [6]. However, high-dose
IL-2 therapy is associated with severe immune-related side effects on
vasculature (leading to vascular leakage), skin, intestine, and other or-
gans [7-10]. Current studies aim to refine specificity of IL-2 molecules
for more efficient immunotherapy [11,12]. Yet, ensuring safety of IL-2-
based therapies demands a better understanding of molecular

mechanisms behind IL-2-induced side effects.

Cell-specific differences in IL-2 affinity are in part mediated by dif-
ferential expression of IL-2 receptor (IL-2R) subunits. IL-2Rp (CD122),
together with the common y chain yc (IL-2Ry; CD132), forms the
intermediate-affinity IL-2Rpy, shared by IL-15 [13] and expressed on
resting T effector cells (Teffs) and NK cells [14]. IL-2Ry is further shared
by IL-4, IL-7, IL-9, and IL-21 [15 18]. The high-affinity trimeric IL-
2Rapy is formed by additional expression of IL-2Ra (CD25), which is
specific for IL-2 [19] and highly expressed on Tregs [14,20] and acti-
vated of and y5 Teffs, and NK cells [21-23]. Upon IL-2 binding, STAT5
commonly is phosphorylated [24] and the IL-2-IL-2R complexes are
internalized, leading to the degradation of IL-2Rf and IL-2Ry, while IL-
2Ra is recycled to the cell surface [25].

Rare mutations in the IL-2R subunits can lead to severe immune
disfunction [reviewed in [26]]. Deficiencies in IL-2Ry lead to X-linked

Abbreviations: FMO, fluorescence minus one; GDs, yd T cells; gMFI, geometric mean fluorescence intensity; IL-2, interleukin-2; IL-2R, interleukin-2 receptor; NK,
natural killer; PBMCs, peripheral blood mononuclear cells; PIB, peripheral blood mononuclear cell isolation buffer; pSTATS, phosphorylated signal transducer and
activator of transcription 5; Teffs, T effector cells; Tregs, regulatory T cells; X-SCID, X-linked severe combined immune deficiency.

* Corresponding author at: Fraunhofer ITEM, Preclinical Pharmacology and In-Vitro Toxicology, Nikolai-Fuchs-Str. 1, 30625 Hannover, Katherina, Germany.

E-mail address: katherina.sewald@item.fraunhofer.de (K. Sewald).
! Shared last authorship.

https://doi.org/10.1016/j.clim.2024.110288

Received 8 April 2024; Received in revised form 11 June 2024; Accepted 18 June 2024

Available online 29 June 2024

1521-6616,/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).

34



C. Sommer et al.

severe combined immune deficiency (X-SCID). On the other hand, IL2RA
and IL2RB mutations are associated with autoimmunity, likely due to
reduced numbers and impaired function of Tregs and increased levels of
serum cytokines such as IL-2 [27-30]. These conditions can lead to
symptoms similar to those observed in patients undergoing IL-2 therapy,
such as widespread inflammation, affecting multiple organs and
inducing dermatitis or colitis [27-30]. Particularly, in patients with
hypomorphic IL2RB mutations, IL-2Rp is drastically reduced on CD4-+
and CD8+ T cells, impairing IL-2R signaling of cells. Interestingly, this
dysregulated IL-2R signaling does not extend to NK cells, where IL-2Rf
expression remains relatively high [27,30]. In mouse models of Il2rb
knockout, Tregs are similarly reduced, and systemic inflammation is
observed [31]. However, in contrast to patients with deficient IL-2Rp,
knockout mice do not show signs of colitis or skin abnormalities, indi-
cating differences in how these mutations manifest across species
[31,32].

Considering the intracellular degradation of IL-2Rp after IL-2 binding
and the similarities of organ symptoms in IL2RB mutations, we hy-
pothesize that continuous systemic IL-2 stimulation — similar to what
occurs during IL-2 therapy — might induce cellular characteristics similar
to those seen in hypomorphic IL2ZRB mutations. This could include 1)
decreases in IL-2Rp surface expression especially on T cells but less
pronounced on NK cells; and 2) a corresponding decrease in IL-2Rf
signaling capacity in T cells only. To explore the effects of systemic IL-2
exposure, we treated human peripheral blood mononuclear cells
(PBMCs) with varying IL-2 concentrations for up to 7 days. Subse-
quently, IL-2R surface expression, intracellular receptor abundance, and
IL-2R signaling responsiveness were assessed.

2. Materials and methods
2.1. PBMC isolation

PBMCs were isolated from buffy coats obtained from Blutspende-
dienst NSTOB. All donors or their next of kin, caretakers, or guardians
gave written informed consent to the Blutspendedienst NSTOB and only
anonymized samples from healthy donors were received. Buffy coats
were mixed with PBMC isolation buffer (PIB) (PBS + 2 mM EDTA
(Invitrogen) + 0.1% BSA (Sigma-Aldrich)) 1:2, layered on top of Ficoll-
Paque™ PLUS (Cytiva), and centrifuged at 700 xg for 20 min. PBMC
interface was carefully removed, washed with PIB and centrifuged (300
xg, 10 min). Hemolysis was performed and cells were again washed
with PIB. Cell numbers and viability were determined using a hemocy-
tometer before usage of cells.

2.2. PBMC culture

After isolation, 5 x 10° PBMCs were cultured in 96 u-well plates in
100 pL full medium (RPMI 1640 (Gibco), 1% penicillin/streptomycin
(Gibco), 5% human serum (Invitrogen), 1% r-glutamine (Sigma-
Aldrich), 1% MEM NEAA (100x) (Gibco), 25 mM HEPES buffer (Bio-
west), 1% sodium pyruvate (Gibco)) and 100 pL of IL-2 (Proleukin® S,
aldesleukin, Clinigen) were added to reach final concentrations of
1-10,000 IU/mL in technical duplicates. To investigate proliferation,
cells were stained with 1 pM CMFDA (Invitrogen) for 15 min at 37 “C in
RPMI without serum and subsequently washed with full medium prior to
culture. Cells were cultured under normal cell culture conditions and
half of medium was replaced with new medium containing IL-2 in the
respective concentration on day 3. For measurements on day 0 (15 min
time point), cells were rested in full medium at 37 °C, 5% CO for 1 h
before stimuli were added. After stimulation for 15 min, 18 h, or 5 or 7
days, cells were centrifuged at 350 xg, 5 min, supernatants were care-
fully removed and cell pellets were used for flow cytometrical analysis of
cell subsets, IL-2R expression, and pSTATS.
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2.3. Isolation of CD4+ Teffs

To investigate expression of common Treg markers on IL-2-
stimulated CD4+ Teffs, CD4+ Teffs were isolated from human PBMCs
using the CD4 + CD25+ Regulatory T Cell Isolation Kit (Miltenyi Bio-
tec). Briefly, CD4+ cells were negatively selected and the pre-enriched
CD4+ cell fraction was labeled with anti-CD25 to separate CD25+
Tregs from CD25- Teffs. The CD25- fraction was cultured for 7 days with
different IL-2 concentrations as described, followed by flow cytometrical
analysis.

2.4. Re-stimulation of PBMCs

PBMCs were stimulated with 1-10,000 IU/mL IL-2 for 18 hor 50or 7
days as described. Supernatants were carefully removed and 100 pL full
medium without stimulation was added. Cells were rested for 1 h at
37 °C, 5% CO,. Afterwards, cells from all conditions were re-stimulated
with 10,000 IU/mL IL-2, 100 ng/mL IL-15 (R&D Systems), or 100 ng/mL
IL-7 (R&D Systems) for 15 min before analysis of pSTATS5. To correlate
differences in pSTATS signaling with IL-2R expression, ApSTATS was
calculated as the difference in pSTAT5 gMFI after IL-2 re-stimulation of
unstimulated and IL-2-stimulated cells (ApSTATS = pSTAT5 gMFI (0
IU/mL) — pSTATS gMFI (100,/1000/10,000 TU/mL)). Only af T cells
were included in this analysis as these were the only cell types for which
PSTATS signaling was decreased by high-dose IL-2 stimulation in every
donor tested.

2.5. Flow cytometry

After culture, cell pellets of technical duplicates were pooled, Fc-
blocked in 100 pL TruStain FcX™ (1:100, Biolegend) for 10 min on
ice, and washed with 100 pL FACS buffer (PBS + 2 mM EDTA +1% FCS).
Cell pellets were stained with surface antibodies and eBioscience™
fixable viability dye eFluor™ 506 (Invitrogen) for 20 min on ice. For
experiments investigating intracellular IL-2R expression, uncoupled IL-
2Ra (clone M-A251, Biolegend), IL-2Rf (clone TU27, Biolegend), and IL-
2Ry (clone TUGh4, Biolegend) antibodies were added in 2.5x the con-
centrations used for surface staining to block extracellular IL-2R epi-
topes. Blocking of extracellular epitopes was verified by flow cytometry.
Cells were washed twice with FACS buffer (350 xg, 2 min) and either
measured directly or further processed for intracellular staining using
the eBioscience™ Foxp3 transcription factor staining buffer set (Invi-
trogen). Intracellular antibodies were added for 40 min on ice. For
staining of pSTATS, surface-stained cells were further processed using
the PerFix EXPOSE kit (Beckman Coulter), and cells were stained with
intracellular antibodies for 40 min at room temperature. Cells were
washed, CountBright™ Absolute Counting Beads (Invitrogen) were
added, and samples were measured using the Beckman Coulter Cytoflex
S.

The following anti-human antibodies and clones were used for flow
cytometry: CD3-FITC (clone UCHT1, Biolegend); CD3-AF700 (clone
UCHT1, Biolegend); CD56-PE/Cy7 (clone HCD56, Biolegend); CD56-
AF700 (clone HCD56, Biolegend); TCRy3-BC605 (clone 11F2, BD);
CD8-APC/Cy7 (clone SK1, Biolegend); CD4-BV650 (clone RPA-T4,
Biolegend); FoxP3-AF647 (clone 206D, Biolegend); FoxP3-AF647
(clone 259D, Biolegend); CTLA-4-PerCP/Cy5.5 (intracellular; clone
BN13, Biolegend); pSTATS-PE (cone A17016B.Rec, Biolegend); CD25-
BV421 (clone M-A251, Biolegend); CD122-PE/Cy7 (clone TU27, Bio-
legend); CD132-PE (clone TUGh4, Biolegend); CD45RA-BV421 (clone
H100, Biolegend); CD45RO-BV650 (clone UCHL1, Biolegend); CD127-
PerCP/Cy5.5 (clone A019D5, Biolegend).

Data was analyzed using FlowJo version 10.8.1. Representative
gating strategy can be found in Fig. S1A. Gating for IL-2R subunits was
adjusted based on isotype and fluorescence minus one (FMO) controls.
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2.6. Statistics

Statistical analysis of the non-normally distributed data was per-
formed using GraphPad Prism (version 9) and multiple Wilcoxon tests
with the Holm-S$iddk method to correct for multiple comparisons were
applied to determine p-values as indicated in the figure legends. To
determine differences between more than two groups, Friedman test
with Dunn’s multiple comparisons test was used. Differences were
considered as significant for p < 0.05 and tendencies are depicted for p
< 0.1.

3. Results and discussion

3.1. Continuous high-dose IL-2 stimulation induces cellular characteristics
similar to IL2RB mutations

To investigate the impact of IL-2 stimulation on IL-2Rp expression,
human PBMCs were stimulated with increasing doses of IL-2 (alde-
sleukin) and IL-2Rp surface abundance was quantified. Based on clinical
observations of high-dose IL-2-treated patients [33,34], we defined a
range of IL-2 concentrations used in our study as low-dose (1 and 10 U/
mL) and high-dose IL-2 (100-10,000 IU/mL).

IL-2 had a clear, dose-dependent effect on reducing IL-2Rp surface
expression on lymphocytes (Fig. 1A-D). Just after 15 min of IL-2 stim-
ulation, immediate decreases in IL-2Rp surface expression were
observed on CD4+ T cell subsets, especially prominent on Tregs at IL-2
concentrations >10 IU/mL (unstimulated vs. 10,000 IU/mL 22.2% vs.
0.3% IL-2Rp + for Tregs) (Fig. 1A). This reduction was mirrored in
decreasing geometric mean fluorescence intensity (gMFI) (Fig. S1B). In
contrast, the effect was less pronounced on CD8+ T cells, yd T cells, and
NKT cells (Fig. 1A, S1B) and after 15 min of high-dose IL-2 stimulation
4.0% (CD8+ T cells) and >21% (y8 T cells, NKT cells) remained IL-
2Rp+. IL-2Rp expression on NK cells remained unchanged at this early
time point. After 18 h of high-dose stimulation, IL-2Rp surface expres-
sion was found to be similar to that seen in patients with hypomorphic
IL2RB mutations [27,30], with nearly no IL-2Rp on T cells, including
CD4+ and CD8+ T cells, y5 T cells and NKT cells and a persistent low
expression throughout the culture period (Fig. 1B-E). In contrast, NK
cells showed a reduction in expression, but IL-2Rp levels remained
relatively high throughout the culture period (Fig. 1B-E, Fig. S1B).

During IL-2 stimulation, we observed dose-dependent increases in
frequencies of T cells with CD45RO+ memory phenotype with
concomitant decreases in cells with naive CD45RA+ phenotype
(Fig. 1F). Furthermore, absolute numbers of all cell subsets — except
CD4+ Teffs — increased significantly (Fig. S1C), mirrored by CMFDA
dilution as a marker for proliferation (Fig. S1D). In line with previous in
vitro studies and clinical reports [35-37], NK cell frequencies dose-
dependently increased (Fig. 1G), and, within the NK cell population,
CD56""8" NK cells expanded (Fig. 1H). These results further align with
the cellular characteristics of patients with IL-2Rp defects [27,30].
Observed increases in NK cell frequencies are in contrast to knockout
mice, where NK cells are basically absent in homozygous I2r '~ animals
and frequencies do not increase in heterozygous I12rb'/~ mice compared
to wildtype mice [32], highlighting immunological differences between
mice and humans.

3.2. IL-2Ra production is invariably increased, while IL-2Ry and IL-2Rj
are differentially regulated upon IL-2 stimulation

To investigate regulation of IL-2R« and IL-2Ry upon prolonged IL-2
exposure, expression of both subunits was investigated after IL-2 stim-
ulation. In line with previous clinical and in vitro reports [38-40],
prolonged culture with IL-2 dose-dependently increased extracellular IL-
2Ra expression (Fig. 2A-E, Fig. S1E), with statistically significant
increased expression on all cell subsets investigated 18 h after IL-2
stimulation. IL-2Ra was used as an additional extracellular marker to
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identify Tregs because CTLA-4 and FoxP3, markers that are often used to
distinguish Tregs from CD4+ Teffs, also were increased in CD4+ Teffs by
high-dose IL-2 treatment. However, even though these CD4+ Teffs were
CTLA-4 + FoxP3+, they remained IL-2Ra- (Fig. S2A). Therefore, only
IL-2Ra gMFI is shown for extracellular IL-2Ra expression on Tregs.
Extracellular IL-2Ry expression, on the other hand, was largely unal-
tered with respect to frequencies and gMFI throughout the culture
period (Fig. 2E-1, Fig. S2C).

Time- and cell-specific differences in IL-2R surface abundance after
IL-2 stimulation could be due to differences in intracellular IL-2R
abundance [41]. In accordance with IL-2Rp surface expression, unsti-
mulated NK cells showed the highest levels of intracellular IL-2R§, fol-
lowed by NKT cells, y8 T cells, Tregs, CD8+ T cells, and CD4+ Teffs
(Fig. 3A). These observations are in line with studies investigating
intracellular IL-2Rp abundance in murine T cells, showing that CD4+
Tregs and CD8+ T cell blasts have increased intracellular IL-2Rp abun-
dance compared to CD4+ Teff blasts [41]. Upon IL-2 stimulation,
intracellular IL-2Rp abundance increased over time in CD8+ T cells, y6 T
cells, NKT cells, and NK cells (p < 0.05 when comparing IL-2Rp MFI for
10,000 TU/mL IL-2 within one cell subsets after 15 min, 18 h, 5 days, and
7 days, tested with Friedman test), but not in CD4+ T cell subsets
(Fig. 3B-E). Accordingly, IL2RB mRNA expression was previously shown
to increase upon in vitro stimulation of CD8+ T cells and NK cells dose-
dependently, while expression in differentiated type 1 and 2 T helper
cells was unaltered [42]. Similar to IL-2Rp, intracellular IL-2Ry expres-
sion did not increase in CD4+ T cell subsets upon continuous high-dose
IL-2 stimulation over time, while intracellular IL-2Ry content in other
cell subsets investigated significantly increased throughout the culture
period (p < 0.05 when comparing IL-2Ry MFI for 10,000 IU/mL IL-2
within one cell subset after 15 min, 18 h, 5 days, and 7 days, tested
with Friedman test) (Fig. S2D). These results are in line with dose-
dependent IL2RG expression upon IL-2 stimulation in CD8+ T cells
and NK cells, but not in T helper cells [42]. On the other hand, intra-
cellular IL-2Ra significantly increased in response to high-dose IL-2 over
time in all cell subsets except CD4+ Teffs (p < 0.05 when comparing IL-
2R MFI for 10,000 IU/mL IL-2 within one cell subset after 15 min, 18 h,
5 days, and 7 days, tested with Friedman test) and tended to increase
across lymphocyte subsets compared to unstimulated control after 7
days of IL-2 stimulation (Fig. S2B). Similarly, IL2RA transcription is
reported to increase in various cell subsets upon activation by IL-2
[40,42]. Together, while IL-2Ra seems to be invariably induced, these
data suggest cell-specific production of IL-2Rp and IL-2Ry upon high-
dose IL-2 stimulation in lymphocytes subsets except CD4+ T cells,
possibly affecting function of cells.

3.3. High-dose IL-2 stimulation dynamically decreases IL-2R signaling
capacity in T cells, especially in Tregs

Immune cells from patients suffering from hypomorphic IL2RB mu-
tations display reduced IL-2R signaling in T but not in NK cells due to
decreases in IL-2Rp surface expression [27,30]. To investigate if IL-2R
signaling is similarly impaired upon continuous IL-2 exposure, PBMCs
were stimulated with increasing IL-2 concentrations and re-stimulated
with high-dose IL-2 (10,000 IU/mL) before analyzing phosphorylated
STATS (pSTATS). After only 18 h of IL-2 stimulation, CD4+ Teffs
showed decreases in frequencies of pSTAT5+ cell and reductions in
PSTATS were more pronounced in CD4+ Teffs and Tregs compared to
CD8+ T cells (Fig. 4A). Prolonged IL-2 stimulation led to decreased
PSTATS signal upon re-stimulation in most cell subsets which were
statistically significant for high-dose IL-2-stimulated CD4+ and CD8+ T
cells, particularly Tregs (reduction in median frequency of pSTAT5+
cells of 30.8% in Tregs compared to 27.9% in CD4+ Teffs and 26.5% in
CD8+ T cells, after 7 days) (Fig. 4B-D, Fig. S3A). Of note, IL-2 signaling
in NK cells was not affected by prior culture with IL-2 as pSTATS5 signal
remained stable around 85% (Fig. 4A-C) and gMFI was similarly unal-
tered (Fig. 4D, Fig. S3A).
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Fig. 1. Continuous hdIL-2 stimulation reduces IL-2Rf surface expression on lymphocytes. Human PBMCs were stimulated with increasing IL-2 doses for up to 7 days
prior to analysis of CD4+ Teffs, CD4+ Tregs, CD8+ T cells, y& T cells (GDs), NKT cells, and NK cells. Mean frequencies of IL-2Rf + cells after 15 min (A), 18 h (B), 5
days (C), or 7 days (D) of IL-2 stimulation in different concentrations (upper panel). Bar graphs (middle panel) highlight mean frequencies of IL-2Rj + lymphocytes as
shown above without IL-2 (0 IU/mL) or upon high-dose IL-2 stimulation (10,000 IU/mL). n = 8 donors, two independent experiments. * p < 0.05, ** p < 0.01, **** p
< 0.0001, all other conditions non-significant, analyzed by multiple paired t-test (Holm-Siddk method). E Representative histograms of IL-2Rp expression after 18 h of
stimulation with respective IL-2 concentration. FMO: Fluorescence minus one control of unstimulated cells. F Expression of CD45RA and CD45RO on CD8- and CD8+
ap T cell subsets after 7 days of IL-2 stimulation and representative flow cytometric plots with or without IL-2 stimulation (0 vs. 10,000 IU/mL IL-2) on CD8+ T cells.
G Lymphocyte frequencies after 7 days of IL-2 stimulation. H CD56 expression on NK cells and representative flow cytometric plots with or without IL-2 stimulation
(0 vs. 10,000 IU/mL IL-2). n = 8 donors, two independent experiments, mean + SD. * p < 0.05, ** p < 0.01, **** p < 0.0001, all other conditions non-significant,
analyzed by two-way ANOVA and Dunnett’s multiple comparison test.
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Fig. 2. Differential regulation of IL-2Rx and IL-2Ry surface expression upon continuous IL-2 stimulation. Human PBMCs were stimulated with increasing IL-2 doses
for up to 7 days prior to analysis. A-D Mean frequencies of CD4+ Teffs, CD8+ T cells, y8 T cells (GDs), NKT cells, and NK cells positive for extracellular IL-2Ra after
15 min (A), 18 h (B), 5 days (C), or 7 days (D) of IL-2 stimulation in different concentrations (upper panel). Bar graphs (lower panel) highlight mean frequencies of IL-
2Ra + lymphocytes as shown above without IL-2 (0 IU/mL) or upon high-dose IL-2 stimulation (10,000 IU/mL). As IL-2Rx expression was used as an additional
marker for identification of CD4 | Tregs, IL-2Ra frequencies of Tregs are not sown. E Representative flow cytometric plots of IL-2Ra and IL-2Ry surface expression on
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lymphocytes (lower panel). n = 4-8 donors, two independent experiments, mean + SD. * p < 0.05, ** p < 0.01, **** p < 0.0001, all other conditions non-significant,
analyzed by multiple paired t-test (Holm-Siddk method).
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days of IL-2 stimulation.

To identify the IL-2R subunit leading to reduced IL-2R signaling
capability, cells previously stimulated with IL-2 were re-stimulated with
IL-15 (also signaling through IL-2Rpy [13]) or IL-7 (signaling through IL-
7Ra and IL-2Ry [18]) (Fig. 4D). Similar to IL-2 re-stimulation, re-
stimulation with IL-15 tended to reduce frequencies of pSTATS5+
CD4+ and CD8+ T cells when previously cultured with high-dose IL-2
and reduction in IL-15 signaling was more pronounced in CD4+ T cell
subsets, especially Tregs, compared to CD8+ T cells (median reduction
of 42.4% pSTATS+ cells vs. 32.2% in CD4+ Teffs and 17.4% in CD8+ T
cells on day 7) (Fig. 4E+F, Fig. S3B). IL-15 signaling in NK cells was not
affected by prior IL-2 stimulation (Fig. 4E+F, Fig. S3B).

Although IL-7 signaling was statistically not significantly affected by
previous high-dose IL-2 stimulation (Fig. 4E+F, Fig. S3C), donor-
dependent responses led to a difference in median frequency of
PSTATS+ cells of 20.7% and 28.3% for CD4+ Teffs and Tregs after 7
days of IL-2 stimulation, respectively. Specifically, in CD4+ Teffs, all
tested donors showed a reduction in pSTATS frequency upon IL-7 re-
stimulation (1 donor with reduction <5%, 5 donors ranged between
reductions of 15.3-61.5%) and five out of six tested donors displayed
reduced signaling in Tregs (differences ranging from 5.1 to 62.8%).
Lower IL-7 signaling might be due to lack of increased IL-2Ry production
in IL-2-stimulated CD4+ T cells or because of decreased IL-7Rx (CD127)

expression seen for IL-2-stimulated, activated T cells by us (Fig. S3D)
and others [43,44], or both. On the other hand, IL-7 signaling was
increased in NK cells after high-dose IL-2 stimulation in all donors (1
donor with increase <5%, 5 donors ranged between increases of
14.5-76.1%) (Fig. 4E+F, Fig. S3C).

Together, while IL-2R signaling in NK cells remained unaffected, T
cell subsets showed pronounced reduction in IL-2R signaling after high-
dose IL-2 stimulation which mostly seemed to be due to lower IL-2Rp
surface expression. Differential IL-2Rp production upon IL-2 stimulation
(Fig. 3) possibly further affects cell-specific changes in IL-2R signaling.
While few publications report reduced IL-2Rf} surface expression upon in
vitro IL-2 stimulation of T and NK cells [42,45,46], functional conse-
quences have not been investigated so far, and thus, to our knowledge,
this is the first study describing reduced IL-2R signaling of T cells upon
continuous high-dose IL-2 stimulation. To identify published clinical
reports of IL-2Rp surface expression upon IL-2 therapy, we performed a
systematic literature research using the Indra text mining tool [47].
Initially, a total of 446 publications referring to IL-2 and IL-2Rbeta or IL-
2 and CD122 were identified. All these publications were first scanned
using our local database of 9 million publications, followed by a manual
search on selected publications. This approach yielded only one publi-
cation investigating IL-2Rp regulation after IL-2 therapy, reporting
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Fig. 4. IL-2R signaling capacity is reduced in cells with previous high-dose IL-2 stimulation. Human PBMCs were stimulated with increasing IL-2 doses. After the
indicated time points, cells were re-stimulated with high-dose IL-2 (10,000 IU/mL), IL-15, or IL-7 for 15 min. A-C Mean frequencies of pSTAT5+ CD4+ Teffs, CD4+
Tregs, CD8+ T cells, v8 T cells (GDs), NKT cells, and NK cells after 18 h (A), 5 days (B), or 7 days (C) of IL-2 stimulation in different concentrations, followed by re-
stimulation with IL-2 (upper panel). Bar graphs (lower panel) highlight mean frequencies of pSTAT5+ lymphocytes as shown above without (0 IU/mL) or with prior
high-dose IL-2 stimulation. D Representative histograms of pSTATS5 signal after IL-2, IL-15, or IL-7 re-stimulation of cells which have previously been stimulated with
(lower panel) or without IL-2 (upper panel). E + F Mean frequencies of pSTATS5+ cells after 5 days (E) or 7 days (F) with or without IL-2 and subsequent re-
stimulation with IL-15 (upper panels) or IL-7 (lower panels). n = 6-8 donors, two independent experiments, mean + SD. * p < 0.05, ** p < 0.01, all other con-
ditions non-significant, analyzed by multiple paired t-test (Holm-Sidak method).

increased expression of IL-2Rp on lymphocytes 24 h after the last IL-2
dose [48]. However, in this study, considerably lower IL-2 doses were
applied less frequently compared to conventional high-dose IL-2 therapy
(1.8 x 10° IU/day daily compared to 600,000-720,000 IU/kg/dose
every 8 h in high-dose IL-2 therapy), inducing minimal side effects. As
the results presented here show a dynamic, dose-dependent regulation
of IL-2Rp surface expression, the distinct dosing regime and time point
chosen for measurement of IL-2Rp abundance might explain conflicting
results of the clinical study compared to our results. Thus, analyzing IL-
2Rp expression and IL-2R stimulation capacity upon higher-dose IL-2
therapy or treatment with new IL-2-based compounds, characterized by
increased IL-2 plasma concentrations due to extended half-life, would be
crucial to correlate our findings to the clinics.

On the other hand, our results regarding reduced IL-2 and IL-15
signaling mirror observations in cells from patients with hypomorphic
IL2RB mutations [27,30]. Additionally, in contrast to patients with
defective IL-2Rp, IL-7 signaling is reduced in high-dose IL-2-stimulated
CD4+ T cell subsets of some donors. Given the importance of IL-2, IL-15,
and IL-7 for T cell survival, proliferation, and homeostasis, and their
particular role in maintaining tissue memory T cells in organs like the
gut and skin, cell-specific reduction in sensitivity towards these cyto-
kines could impair peripheral function and maintenance, particularly in
CD4+ T cell subsets [49-54]. This potentially disturbs tissue homeo-
stasis, even in conditions of IL-2 excess, such as during IL-2 therapy.
Furthermore, reduction in IL-2R signaling capacity is more pronounced
in CD4+ T cells, especially in Tregs compared to CD8+ T cells, possibly
due to increased production of IL-2Rp and IL-2Ry in CD8+ T cells upon
IL-2 stimulation. This might provide a window for increased activation
of effector cells due to disturbed immune homeostasis in tissues, such as
seen upon skin-specific reduction of Tregs [55] or in several autoim-
mune diseases [reviewed in [56]]. Ultimately, this possibly favors
organ-specific phenotypes upon IL-2 therapy, comparable to patients
with IL2RB mutations [27,30].

3.4. Decreases in IL-2 signaling capacity correlate with high IL-2Ra
expression in T cells

In general, our study supports the notion of differential IL-2 re-
sponses between CD4+ and CD8+ T cells as previously shown by others
[41,57,58]. This is evident by significant early decreases in IL-2Rp sur-
face expression, early slight reduction in IL-2R signaling capacity, and
donor-specific decreases in IL-7 signaling after continuous high-dose IL-
2 stimulation of CD4+ T cells. Furthermore, intracellular IL-2Rp and IL-
2Ry abundance was increased over time in all cell subsets investigated,
except CD4+ T cells. Besides differences in IL-2Rp and IL-2Ry produc-
tion, more pronounced changes in CD4+ subsets compared to other
populations could also be due to higher prevalence of IL-2Ra (Fig. 3A,
S1C).

The trimeric IL-2Rafy has 100-fold higher affinity to IL-2 than the
intermediate-affinity IL-2Rpy [59]. Therefore, the trimeric IL-2Rafy
tends to have a higher IL-2 occupancy than the dimeric IL-2Rpy, irre-
spective of IL-2 doses given [60]. Due to the IL-2 excess in our study, we
assume that the IL-2R occupancy constantly remained high. Given the
decreased half-life of occupied IL-2Rs compared to free receptors [61],
cells with high IL-2Ra expression might have a higher IL-2R turnover
due to increased IL-2 binding which could in turn lead to more pro-
nounced reduction in IL-2R signaling capacity. To test this hypothesis,

we analyzed the possible correlation between IL-2Ra expression and
reduction in pSTATS signal upon IL-2 re-stimulation. To investigate if
high IL-2Ra expression would be a predictive marker for later decreases
in IL-2R signaling, we included IL-2Ra expression at day O without
stimulation and differences in pSTATS signal after re-stimulation of
unstimulated cells vs. cells previously stimulated with IL-2 for 7 days.

While no correlation was found between IL-2Ra expression and
reduction in pSTATS5 signal when cells were stimulated with 100 IU/mL
IL-2 for 7 days, high IL-2Rux expression positively correlated with high
differences in pSTATS5 signal (i.e. with a more pronounced reduction in
IL-2R signaling capacity upon IL-2 re-stimulation) in higher-dose IL-2-
stimulated (>>1000 IU/mL) CD4+ Teffs and Tregs (Fig. 5A+B). A similar
trend was observed for CD8+ T cells (Fig. 5C). No correlation between
differences in IL-2 signaling and baseline expression of IL-2Rp or IL-2Ry
were found (Fig. S3E). These data suggest that high expression of IL-2Ra
might be a prognostic factor for a pronounced reduction in IL-2R
signaling capacity following high-dose IL-2 stimulation. In line with
this hypothesis, we recently reported that IL-2Ra + cells are at least
partly responsible for IL-2-induced skin inflammation [62] and IL-2
constructs omitting IL-2Ra binding show reduced systemic immuno-
toxicity [63,64].

Overall, continuous high-dose IL-2 stimulation induces cellular
characteristics with several similarities to immune cells from patients
with IL-2Rp defects such as basically absent IL-2Rf on surface of T cells,
leading to impaired IL-2R signaling, while signaling in NK cells is
maintained. Within the T cell compartment, CD4+ T cells and especially
Tregs seem to be more broadly impaired than CD8+ T cells, supporting
previous reports of lineage-specific differences in IL-2 sensitivity. As
patients with hypomorphic IL2RB mutations present with multi-organ
autoimmunity, impaired IL-2R function upon IL-2 stimulation might
be a clinical biomarker for prediction of immune-related side effects
during IL-2 therapy.
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gMFI on CD4+ Teffs (A), CD4+ Tregs (B), and CD8+ T cells (C) without IL-2 stimulation with differences in pSTATS signal on day 7. For pSTATS signal, cells were
stimulated with 100 (upper panels), 1000 (middle panels), or 10,000 IU/mL IL-2 (lower panels) or left unstimulated for 7 days and re-stimulated with high-dose IL-2
(10,000 IU/mL) for 15 min. ApSTATS is calculated as the difference in pSTATS gMFI of unstimulated cells and gMFI of IL-2-stimulated cells upon re-stimulation with
IL-2 (ApSTATS = pSTATS gMFI (0 IU/mL) - pSTATS gMFI (100,/1000/10,000 IU/mL)). The common logarithm (log10) of ApSTATS5 is shown. n = 8 donors, two
independent experiments. r* and p-values determined using simple linear regression.

Methodology, Investigation. Susann Dehmel: Writing — review &
editing, Supervision, Conceptualization. Vanessa Neuhaus: Writing —
review & editing, Supervision, Conceptualization. Armin Braun:
Writing — review & editing, Supervision, Funding acquisition. Kather-
ina Sewald: Writing - review & editing, Supervision, Funding acquisi-
tion, Conceptualization.

Data availability

Data supporting the findings of this research article are available
upon request to the corresponding author. All the data needed to eval-
uate the conclusions of the paper are present in the paper or the online
supplemental material.
Acknowledgements

We thank Klaudia Grieger, Tine Haesen, and Emma Spies for their
support in PBMC isolation and Thierry Flandre for sharing his expert
knowledge regarding IL-2 therapy.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.clim.2024.110288.

References

(1]

(2

[3]

[4]

[5

6

7

-

L. Barron, H. Dooms, K.K. Hoyer, W. Kuswanto, J. Hofmann, W.E. O’'Gorman, A.
K. Abbas, Cutting edge: mect of IL-2-depend i e of functional
regulatory T cells, J. Immunol. 185 (2010) 6426-6430, https://doi.org/10.4049,
jimmunol.0903940.

W. Liao, J.-X. Lin, W.J. Leonard, Interleukin-2 at the crossroads of effector
responses, tolerance, and immunotherapy, Immunity 38 (2013) 13-25, https://doi.
org/10.1016/j.immuni.2013.01.004.

J.R. Allegretti, V. Mitsialis, J.B. Canavan, S.B. Snapper, Low-dose interleukin 2 for
the treatment of moderate to severe ulcerative colitis, Gastroenterology 165 (2023)
492-495.€2, https://doi.org/10.1053/j.gastro.2023. 0.

A. Salhotra, L. Falk, G. Park, K. Sandhu, H. Ali, B. Modi, S. Hui, R. Nakamura,

A review of low dose interleukin-2 therapy in management of chronic graft-versus-
host-disease, Expert Rev. Clin. Immunol. (2023), https://doi.org/10.1080,
1744666X.2023.2279188.

H. Yan, H. Yan, L. Liu, R. Su, C. Gao, X. Li, C. Wang, Low-dose interleukin-2
treatment increases the proportion of regulatory T cells in patients with rheumatic
di : a met: lysis, Autoi Rev. 22 (2023) 103270, https://doi.org
10.1016/j.autrev.2023.103270.

T. Jiang, C. Zhou, S. Ren, Role of IL-2 in cancer i herapy, Oncoi

5 (2016) €1163462, https://doi.org/10.1080/2162402X.2016.1163462.

E.I Buchbinder, A. Gunturi, J. Perritt, J. Dutcher, S. Aung, H.L. Kaufman, M.
S. Ernstoff, G.P. Miletello, B.D. Curti, G.A. Daniels, S.P. Patel, J.M. Kirkwood,
S. Hallmeyer, J.I. Clark, R. Gonzalez, J.M. Richart, J. Lutzky, M.A. Morse, R.

J. Sullivan, D.F. McDermott, A retrospective analysis of High-Dose Interleukin-2
(HD IL-2) following Ipili b in i 1 J. 1 herapy
Cancer 4 (2016) 52, https://doi.org/10.1186/540425-016-0155-8.

R. Dummer, K. Miller, C. Eilles, G. Burg, The skin: an immunoreactive target organ
during interleukin-2 ad istration? Der logica 183 (1991) 95-99, https://
doi.org/10.1159/000247645.

8y

42



Publications
C. Sommer et al. Clinical Immunology 266 (2024) 110288

[9] J.P. Dutcher, D.J. Schwartzentruber, H.L. Kaufman, S.S. Agarwala, A.A. Tarhini, J. associated with defects in immunity and peripheral tolerance, J. Exp. Med. 216

N. Lowder, M.B. Atkins, High dose interleukin-2 (Aldesleukin) - expert

(2019) 1311-1327, https://doi.org/10.1084/jem.20182304.

on best management practices-2014, j. immunotherapy cancer 2 (2014) 26, [31] H. Suzuki, T.M. Kiindig, C. Furlonger, A, Wakeham, E. Timms, T. Matsuyama,
https://doi.org/10.1186/540425-014-0026-0. R. Schmits, J.J. Simard, P.S. Ohashi, H. Griesser, Deregulated T cell activation and

[10] N.R. Shah, B. Declouette, K. Ansari-Gilani, M.S. Alhomoud, C. Hoimes, N. autoimmunity in mice lacking interleukin-2 receptor beta, Science 268 (1995)

H. Ramaiya, E. Giiler, High-dose interleukin-2 therapy related adverse events and 1472-1476, https://doi.org/10.1126/science.7770771.
implications on imaging, Diagn. Interv. Radiol. 27 (2021) 684-689, hitps://doi. [32] H. Suzuki, G.S. Duncan, H. Takimoto, T.W. Mak, Abnormal development of
org/10.5152/dir.2021.20503. intestinal intraepithelial lymphocytes and peripheral natural killer cells in mice

[11] V. Lykhopiy, V. Malviya, S. Humblet-B: , S.M. Schl IL-2 i h lacking the IL-2 receptor beta chain, J. Exp. Med. 185 (1997) 499-505, https://doi.
for targeting reg y T cells in ity, Genes Immun. 24 (2023) org/10.1084/jem.185.3.499.

248-262, https://doi.org/10.1038/541435-023-00221-y. [33] D.W.Kim, A. Zloza, J. Broucek, J.M. Schenkel, C. Ruby, G. Samaha, H.L. Kaufman,

[12] M.E. Raeber, D. Sahin, O. Boy , Interleukin-2-based tk in cancer, Sci. Interleukin-2 alters distribution of CD144 (VE-cadherin) in endothelial cells,
Transl. Med. 14 (2022) eabo5409, https://doi.org/10.1126/scitransimed.abo5409. J. Transl. Med. 12 (2014) 113, https://doi.org/10.1186,/1479-5876-12-113.

[13) J.G. Giri, M. Ahdieh, J. K. Shanebeck, K. Grab S. Kumaki, [34] M.W. Konrad, G. Hemstreet, E.M. Hersh, P.W. Mansell, R. Mertelsmann, J.E. Kolitz,
A. Namen, L.S. Park, D. Cosman, D. Anderson, Utilization of the beta and gamma E.C. Bradley, Pharmacokinetics of recombinant interleukin 2 in humans, Cancer
chains of the IL-2 receptor by the novel cytokine IL-15, EMBO J. 13 (1994) Res. 50 (1990) 2009-2017.

2822-2830, https:/ 'dni 0rg/10.1002/].1460-2075.1994.tb06576.X. [35] J.W. Gratama, R.J. Bruin, C.H. Lamers, R. Oosterom, E. Braakman, G. Stoter, R.

[14] A. Yu, I. Snowhite, F, d M. ajg, D. Kl A. Pugliese, T. L. Bolhuis, Activation of the immune system of cancer patients by continuous i.v.
R. Malek, Selective IL—2 responsiveness of regulatory T cells through multiple recombinant IL-2 (rIL-2) therapy is d dent on dose and schedule of rIL-2, Clin.
intrinsic mechanisms supports the use of low-dose IL-2 therapy in type 1 diabetes, Exp. Immunol. 92 (1993) 185-193, https://doi.org/10.1111/}.1365-2249.1993.
Diabetes 64 (2015) 2172-2183, https://doi.org/10 7/db14-1322. th03378.x.

[15] H. Asao, C. Okuyama, S. Kumaki, N. Ishii, S. Tsuchiya, D. Foster, K. Sugamura, [36] M. Hirakawa, T. Matos, H. Liu, J. Koreth, H.T. Kim, N.E. Paul, K. Murase,
Cutting edge: the common gamma-chain is an indispensable subunit of the IL-21 J. Whangbo, A.C. Alho, S. Nikiforow, C. Cutler, V.T. Ho, P. Armand, E.P. Alyea, J.
receptor complex, J. Immunol. 167 (2001) 1-5, https://doi.org/10.4049/ H. Antin, B.R. Blazar, J.F. Lacerda, R.J. Soiffer, J. Ritz, Low-dose IL-2 selectively
jimmunoL.167.1.1. activates subsets of CD4+ Tregs and NK cells, JCI Insight 1 (2016), https://doi.org/

[16] Y. Kimura, T. Takeshita, M. Kondo, N. Ishii, M. Nakamura, J. van Snick, 10.1172/jci.insight.89278.

K. Sugamura, Sharing of the IL-2 receptor gamma chain with the functional IL-9 [37] G.C. Sim, N. Martin-Orozco, L. Jin, Y. Yang, S. Wu, E. Washington, D. Sanders,
receptor complex, Int. Immunol. 7 (1995) 115-120, https://doi.org/10.1093/ C. Lacey, Y. Wang, L. Vence, P. Hwu, L. Radvanyi, IL-2 therapy promotes
intimm/7.1.115. suppressive ICOS+ Treg expansion in melanoma patients, J. Clin. Invest. 124

[17] M. Kondo, T. Takeshita, N. Ishii, M. Nak a,S. W be, K. Arai, K. S a, (2014) 99-110, https://doi.org/10.1172/JCI46266.

Sharing of the interleukin-2 (IL-2) receptor gamma chain between receptors for IL- [38] M. Ahmadzadeh, S.A. Rosenberg, IL-2 administration increases CD4+ CD25(hi)
2 and IL-4, Science 262 (1993) 1874-1877, htips://doi.org/10.1126/ Foxp3+ regulatory T cells in cancer patients, Blood 107 (2006) 2409-2414,
science.8266076. https://doi.org/10.1182/blood-2005-06-2399,

[18] M. Noguchi, Y. Nakamura, S.M. Russell, S.F. Ziegler, M. Tsang, X. Cao, W. [39] G.G. Hermann, P.F. Geertsen, H. von der Maase, J. Zeuthen, Interleukin-2 dose,
J. Leonard, Interleukin-2 receptor gamma chain: a functional component of the blood monocyte and CD25+ lymphocyte counts as predictors of clinical response
interleukin-7 receptor, Science 262 (1993) 1877-1880, https://doi.org/10.1126/ to interleukin-2 therapy in patients with renal cell carcinoma, Cancer Immunol.
science.8266077. Immunother. 34 (1991) 111-114, https://doi.org/10.1007/BF01741344.

[19]1 K.A. Smith, Interleukin-2: inception, impact, and implications, Science 240 (1988) [40] J.H. Kehrl, M. Dukovich, G. Whalen, P. Katz, A.S. Fauci, W.C. Greene, Novel
1169-1176, https://doi.org/10.1126/science.3131876. interleukin 2 (IL-2) receptor app to mediate IL-2-induced activation of natural

[20] ML.K. Levings, R. Sangregorio, M.G. Roncarolo, Human ¢d25(+)cd4(+) t regulatory killer cells, J. Clin. Invest. 81 (1988) 200-205, https://doi.org/10.1172/
cells suppress naive and memory T cell proliferation and can be expanded in vitro JCI113295.
without loss of function, J. Exp. Med. 193 (2001) 1295-1302, https://doi.org/ [41] G.A. Smith, J. Taunton, A. Weiss, IL-2Rp abundance differentially tunes IL-2
10.1084/jem.193.11.1295. signaling dynamics in CD4+ and CD8+ T cells, Sci. Signal. 10 (2017), https://doi.

[21] D.M. Baume, M.J. Robertson, H. Levine, T.J. Manley, P.W. Schow, J. Ritz, org/10.1126/scisignal.aan4931.

Differential responses to interleukin 2 define functionally distinct subsets of human [42] L.A. Roser, S. Luckhardt, N. Ziegler, D. Thomas, P.V. Wagner, G. Damm,
natural Killer cells, Eur. J. Immunol. 22 (1992) 1-6, https://doi.org/10.1002/ A. Scheffschick, P. Hewitt, M.J. Parnham, S. Schiffmann, Immuno-inflammatory in
€ji.1830220102. vitro hepatotoxicity models to assess side effects of biologicals exemplified by

[22] S.P. Phalke, S.V. Chiplunkar, Activation status of y5 T cells dictates their effect on aldesleukin, Front. Immunol. 14 (2023) 1275368, https://doi.org/10.3389/
osteoclast generation and bone resorption, Bone Rep. 3 (2015) 95-103, htips:// fimmu.2023.1275368.
doi.org/10.1016/j.bonr.2015.10.004. [43] ML.E. Pipkin, J.A. Sacks, F. Cruz-Guilloty, M.G. Lichtenheld, M.J. Bevan, A. Rao,

[23] J.K. Tietze, D.E.C. Wilkins, G.D. Sckisel, M.N. Bouchlaka, K.L. Alderson, J. Interleukin-2 and inflammation induce distinct transcriptional programs that
M. Weiss, E. Ames, K.W. Bruhn, N. Craft, R.H. Wiltrout, D.L. Longo, L.L. Lanier, B. promote the differentiation of effector cytolytic T cells, Immunity 32 (2010) 79-90,
R. Blazar, D. Redelman, W.J. Murphy, Delineation of antigen-specific and antigen- https://doi.org/10.1016/j.immuni.2009.11.012.
nonspecific CD8(+) memory T-cell responses after cytokine-based cancer [44] H.-H. Xue, P.E. Kovanen, C.A. Pise-Masison, M. Berg, M.F. Radovich, J.N. Brady,
immunotherapy, Blood 119 (2012) 3073-3083, https://doi.org/10.1182/blood- W.J. Leonard, IL-2 negatively regulates IL-7 receptor alpha chain expression in
2011-07-369736. activated T lymphocytes, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 13759-13764,

[24] S.L. Gaffen, Signaling domains of the interleukin 2 receptor, Cytokine 14 (2001) https://doi.org/10.1073/pnas.212214999,

63-77, https://doi.org/10.1006/cyt0.2001.0862. [45] LP.da Silva, A. Gallois, S. Jimenez-Baranda, S. Khan, A.C. Anderson, V.K. Kuchroo,

[25] A. Hémar, A. Subtil, M. Lieb, E. Morelon, R. Hellio, A. Dautry-Varsat, Endocytosis 1. Osman, N. Bhardwaj, Reversal of NK-cell exhaustion in advanced melanoma by
of interleukin 2 receptors in human T lymphocytes: distinct intracellular Tim-3 blockade, Cancer, Immunol. Res. 2 (2014) 410-422, https://doi.org/
localization and fate of the receptor alpha, beta, and gamma chains, J. Cell Biol. 10.1158/2326-6066.CIR-13-0171.

129 (1995) 55-64, https://doi.org/10.1083/jcb.129.1.55. [46] T. Erkers, M. Solders, L. Verleng, C. Bergstrom, A. Stikvoort, L. Rane, S. Nava,

[26] J.D. Hernandez, E.W.Y. Hsieh, A great disturbance in the force: IL-2 receptor 0. Ringdén, H. Kaipe, Frontline science: placenta-derived decidual stromal cells
defects disrupt immune homeostasis, Curr. Opin. Pediatr. 34 (2022) 580-588, alter IL-2R expression and signaling in alloantigen-activated T cells, J. Leukoc.
https://doi.org/10.1097 /MOP.0000000000001181. Biol. 101 (2017) 623-632, https://doi.org/10.1189/jlb.5HI0616-284R.

[27] I.Z. Fernandez, R.M. Baxter, J.E. Garcia-Perez, E. Vendrame, T. Ranganath, D. [47] P.V. Todorov, B.M. Gyori, J.A. Bachman, P.K. Sorger, INDRA IPM mteracuve
S. Kong, K. Lundquist, T. Nguyen, S. Ogolla, J. Black, C. Galambos, J.C. Gumbart, pathway modeling using natural 1 with
N. Dawany, J.R. Kelsen, E.F. de Zoeten, R. Quinones, H. Eissa, M.R. Verneris, K. Bioinformatics 35 (2019) 4501-4503, https://doi.org/10.1093/ hmmfmmmm
E. Sullivan, R. Rochford, C.A. Blish, R.M. Kedl, C.M. Dutmer, E.W.Y. Hsieh, A novel btz289.
human IL2RB mutation results in T and NK cell-driven immune dysregulation, [48] A. Dmoszyriska, M. Kandefé n, J. Rolinski, W. Legie¢, T. Kaminska,

J. Exp. Med. 216 (2019) 1255-1267, https://doi.org/10.1084/jem.20182015. Influence of low dose rlL-2 tr on end cytokine prod

[28] K. Goudy, D. Aydin, F. Barzaghi, E. Gambineri, M. Vignoli, S. Ciullini Mannurita, expression of surface IL-2R and the level of soluble IL-2R in patients with minimal
C. Doglioni, M. Ponzoni, M.P. Cicalese, A. Assanelli, A. Tommasini, 1. Brigida, R. residual disease, Leuk. Lymphoma 35 (1999) 355-366, https://doi.org/10.3109/
M. Dellepiane, S. Martino, S. Olek, A. Alun, F. Clcen M.G. Roncarolo, R. Bacchetta, 10428199909145740.

Human IL2RA null mutation medi i with lymphoproliferation [49] T. Adachi, T. Kobayashi, E. Sugihara, T. Yamada, K. Ikuta, S. Pittaluga, H. Saya,
and ity, Clin. I 1. 146 (2013) 248-261, htips: ’ /doi.org/10.1016/ M. Amagai, K. Nagao, Hair follicle-derived IL-7 and IL-15 mediate skin-resident
j.clim.2013.01.004. memory T cell homeostasis and lymphoma, Nat. Med. 21 (2015) 1272-1279,

[29] M. Vignoli, S. Ciullini Mannurita, A. Fioravanti, M. Tumino, A. Grassi, G. Guariso, https://doi.org/10.1038,/nm.3962.

C. Favre, M.M. D’Elios, E. Gambineri, CD25 deficiency: a new conformational [50] LK. Gratz, M.D. Rosenblum, M.M. Maurano, J.S. Paw, H.-A. Truong, A. Marshak-
mutation prevents the receptor expression on cell surface, Clin. Immunol. 201 Rothstein, A.K. Abbas, Cutting edge: self-antigen controls the balance between
(2019) 15-19, https://doi.org/10.1016/j.clim.2019.02.003. effector and regulatory T cells in peripheral tissues, J. Immunol. 192 (2014)

[30] Z.Zhang, F. Gothe, P. Pennamen, J.R. James, D. McDonald, C.P. Mata, Y. Modis, A. 1351-1355, htty doi.org/10.4049/jimmunel. 1301777,

M. Alazami, M. Acres, W. Haller, C. Bowen, R. Doffinger, J. Sinclair, S. Brothers, [51] M.K. Kennedy, M. Glaccum, S.N. Brown, E.A. Butz, J.L. Viney, M. Embers,

Y. Zhang, H.F. Matthews, S. Naudion, F. Pelluard, H. Alajlan, Y. Yamazaki, L.
D. Notarangelo, J.E. Thaventhiran, K.R. Engelhardt, H. Al-Mousa, S. Hambleton,
C. Rooryck, K.G.C. Smith, M.J. Lenardo, Human interleukin-2 receptor f mutations

N. Matsuki, K. Charrier, L. Sedger, C.R. Willis, K. Brasel, P.J. Morrissey,
K. Stocking, J.C. Schuh, S. Joyce, J.J. Peschon, Reversible defects in natural killer

43



Publications

C. Sommer et al.

[52]

[53]

[54]

[55)

(561

[571

[58]

and memory CD8 T cell lineages in interleukin 15-deficient mice, J. Exp. Med. 191
(2000) 771-780, https://doi.org/10.1084/jem.191.5.771.

L.K. Mackay, E. Wynne-Jones, D. Freestone, D.G. Pellicci, L.A. Mielke, D.

M. Newman, A. Braun, F. Masson, A. Kallies, G.T. Belz, F.R. Carbone, T-box
transcription factors combine with the cytokines TGF-J} and IL-15 to control tissue-
resident memory T cell fate, Immunity 43 (2015) 1101-1111, https://doi.org/
10.1016/j.immuni.2015.11.008.

A.E. Overacre-Delgoffe, T.W. Hand, Regulation of tissue-resident memory T cells
by the mic , Mucosal I oL 15 (2022) 408-417, https://doi.org/
10.1038/541385-022-00491-1.

J.M. Schenkel, K.A. Fraser, K.A. Casey, L.K. Beura, K.E. Pauken, V. Vezys,
D. Masop IL-15-ind of ti: ident and L
effector memory CD8 T cells The Journal of Immunology 196 (2016) 3920-3926,
https://doi.org/10.4049/jimmunol.1502337.

J.N. Cohen, V. Gouirand, C.E. Macon, M.M. Lowe, 1.C. Boothby, J.M. Moreau, I.
K. Gratz, A. Stoecklinger, C.T. Weaver, A.H. Sharpe, R.R. Ricardo-Gonzalez, M.
D. Rosenblum, Regulatory T cells in skin mediate immune privilege of the hair
follicle stem cell niche, Sci. Immunol. 9 (2024) eadh0152, https://doi.org/
10.1126/sciimmunol.adh0152.

T.S. Sumida, N.T. Cheru, D.A. Hafler, The regulation and differentiation of
regulatory T cells and their dysfi in autoi Nat. Rev.
Immunol. (2024) 1-15, https://doi.org/10.1038/541577-024-00994-x.

B.B. Au-Yeung, G.A. Smith, J.L. Mueller, C.S. Heyn, R.G. Jaszczak, A. Weiss,

J. Zikherman, IL-2 modulates the TCR signaling threshold for CD8 but not CD4 T
cell proliferation on a single-cell level, The Journal of Immunology 198 (2017)
2445-2456, https://doi.org/10.4049/jimmunocl. 1601453,

T. Chinen, A.K. Kannan, A.G. Levine, X. Fan, U. Klein, Y. Zheng, G. Gasteiger,

Y. Feng, J.D. Fontenot, A.Y. Rudensky, An essential role for the IL-2 receptor in
Treg cell function, Nat. Immunol. 17 (2016) 1322-1333, https://doi.org/10.1038/
ni.3540.

q

[59]

[60]

[61]

[62]

[63]

[64]

Clinical Immunology 266 (2024) 110288

M. Rickert, M.J. Boulanger, N. Goriatcheva, K.C. Garcia, Compensatory energetic
mechanisms mediating the ly of signali 1 between interleukin-2
and its alpha, beta, and gamma(c) receptors, J. Mol. Blol 339 (2004) 1115-1128,
https://doi.org/10.1016/j.jmb.2004.04.038.

D. Charych, S. Khalili, V. Dixit, P. Kirk, T. Chang, J. Langowski, W. Rubas, S.

K. Doberstein, M. Eldon, U. Hoch, J. Zalevsky, Modeling the receptor
pharmacology, pharmacokinetics, and pharmacodynamics of NKTR-214, a
kinetically-controlled interleukin-2 (IL2) receptor agonist for cancer
immunotherapy, PloS One 12 (2017) e0179431, https://doi.org/10.1371/journal.
pone.0179431.

V. Duprez, V. Cornet, A. Dautry-Varsat, Down-regulation of high affinity
interleukin 2 receptors in a human tumor T cell line. Interleukin 2 increases the
rate of surface receptor decay, J. Biol. Chem. 263 (1988) 12860-12865, hitps://
doi.org/10.1016/50021-9258(18)37640-3.

C. Sommer, J.N. Cohen, S. Dehmel, V. Neuhaus D. Schaudien, A. Braun, K. Sewald
M.D. Rosenbl Interleukin-2-induced skin infl Eur. J. I

2350580 (2024), https://doi.org/10.1002/¢ji.202350580.

J.E. Lopes, J.L. Fisher, H.L. Flick, C. Wang, L. Sun, M.S. Ernstoff, J.C. Alvarez, H.
C. Losey, ALKS 4230: a novel engineered IL-2 fusion protein with an improved
cellular selectivity profile for cancer i herapy, J. herapy cancer 8
(2020), https://doi.org/10.1136/jitc-2020-000673.

D.B. Rosen, A.M. Kvarnhammar, B. Laufer, T. Knappe, J.J. Karlsson, E. Hong, Y.
C. Lee, D. Thakar, L.A. Zuniga, K. Bang, S.S. Sabharwal, K. Uppal, J.D. Olling,

K. Kjaergaard, T. Kurpiers, M. Schnabel, D. Reich, P. Glock, J. Zettler, M. Krusch,
A. Bernhard, S. Heinig, V. Konjik, T. Wegge, Y. Hehn, S. Killian, L. Viet, J. Runz,
F. Faltinger, M. Tabrizi, K.L. Abel, V.M. Breinholt, S.M. Singel, K. Sprogpe,

J. Punnonen, TransCon IL-2 f/y: a novel long-acting prodrug with sustained release
of an IL-2Rp/y-selective IL-2 variant with improved pharmacokinetics and potent
activation of cytotoxic immune cells for the of cancer, I apy
Cancer 10 (2022), https://doi.org/10.1136/jitc-2022-004991.

44



Publications

Supplements

A

Lymphocytes Single

$SCH

$SCA

eFluor

co4

o e W e e e o W
cos Foxpa Foxpa
@ cD4a+Tefts -l Tregs A~ cCD8+
NF Gbs <>~ NKTs @ NKs
C Lymphocyte counts Lymphocyte counts
5 5
B o
S 4 S4 *
k) x
o3 o3 *
g} b= *
> E» -
2 2 x *
31 31
o o
3= Y
0 1 10 100 1000 10000 0P O O O OP OF
[IL-2] (1Ufmi) & &S
[IL-2] (1U/ml)
CcD8- CD8+ GDs NKTs NKs
0L-2] o
‘ /{\
| || |
100 y JA\ '\ y/ -\ \
10000
CMFDA

gMFI IL-2RB

8000

6000

40004

0 1 10 100 100010000

18h

MFI IL-2RB
5
2 8

%0 |

% |
<00 4
% 1
‘9,0 1
%

1000
-3000-—— — T r
0 1 10 100 1000 10000
5 days

T T T
100 1000 10000

T T
0 1 10

) —o—¢

__&

7 days
6000
4000 I—lﬁl——l\l
«Q
@ 2000
o N
= 1000
™
L o
(=21
-1000-
-2000———— T T
0 1 10 100 100010000 AP OP OP OP O O
o
[IL-2] (U/ml) S &S
[IL-2] (IU/ml)
15 min
10000 10000
I_I_I_I__l——l 5000
g 33881 H
g 1500
= 1500
I 1000
S 1000
o 500
500
o
r
0 1 10 100 100010000 0P O OF O OF OF
& & &
18h R R
* -]
40000 * [IL-2] (1U/ml)
300001 i/l’/l\;—;—~; 20000
5 10000 « B *
& 2000 15008 —
4 ° g X
= 1500 1000+ x ot
[T — —
= 1000 500 2
(=2}

1 10 100 100010000

o4

5days

gMFI IL-2Ra
e
3 8
]

1000
500
o
0 1 10 100 1000 10000
7 days
30000
100001 i/'/""—i/z
& 2000
o
= 1500
[
S 1000
o
500
o
0 1 10 100 1000 10000
[IL-2] (1U/ml)

A
500
O O 9 O 9 O
NS & &
£ O
S S
*
40000 -
20000] .l
1500 -
*
* *
10004 — *
*
500

RN 000 NRY QQQ QQQ O
S S N
N N N £
S S
40000 *
200001 I
(| «
1500 —
* *
1000 *
500

S X X XX
o N
RIS

[IL-2] (U/ml)

45



Figure S1: High-dose IL-2 stimulation increases numbers of lymphocyte subsets. Human PBMCs
were stimulated with increasing IL-2 doses for 7 days prior to analysis of CD4+ Teffs, CD4+ Tregs,
CD8+ T cells, yv6 T cells (GDs), NKT cells, and NK cells. A Representative gating strategy to
characterize lymphocyte subsets (ABs: aff T cells). B gMFI of extracellular IL-2R of cells after 15 min,
18 h, 5 days, or 7 days of IL-2 stimulation in different concentrations (left panels). Bar graphs (right
panels) show IL-2Rp gMFIs on lymphocytes as shown on the left without IL-2 (0 IU/mL) or upon high-
dose 1L-2 stimulation (10,000 1U/mL). C Cell counts after IL-2 stimulation for 7 days. Dose-dependent
changes in cell numbers (left) and cell numbers without (0 IU/mL) and with high-dose IL-2
(10,000 1U/mL) comparatively are shown. D Representative histograms of CMFDA dilution after 7 days
of IL-2 stimulation (CD8—: CD8- af T cells). E gMFI of extracellular IL-2Ra of cells after 15 min,
18 h, 5 days, or 7 days of IL-2 stimulation in different concentrations (left panels). Bar graphs (right
panels) show IL-2Ra gMFIs on lymphocytes as shown on the left without IL-2 (0 1U/mL) or upon high-
dose IL-2 stimulation (10,000 1U/mL). n=8 donors, two independent experiments (n=4 donors each),
median + range. * p<0.05, other conditions non-significant, analyzed by multiple Wilcoxon tests with
Holm-Sidak method.

46



A B Intracellular IL-2Ra

15 min
8000 12000
[L-2) o 10000
2] A 6000
4
1U/mL 3 o
( ) = 4000 6000
s .
— —& 4000
- So000{ ¥ a8
H 3 3 g 200 g3
LSBT GU ST
0 1 100 10000 AP O O OP O OF
> © N ©
o N N
S S
18h
80007 12000
o 10000
6000
&= 8000
e CTLA4+FoxP3+ il o
g = 4000 6000
w
o 4 | 'y = —a 4000
3 10 © 2000 H
- g 2w z
1075 o ee ok mpif of ot
0 1 100 10000 AP O O OP O OF
© o o
01 R
5 days
‘ 33 12000
" PR mr —r 0 vy
10 0 10 10° 10t o o 10000 10000
' 8000
1 cruf;:‘e X3+ w0 = 6000
g 5000
4000
8 w04 —» 10 =)
: SRR LT
=] N 0
= N r T . ;
K| 0 1 100 10000 0P O OFP O OF OF
T . &S
od 7 days > » » » »
< o 8000 12000
B ot e
T TR | o TR 10000
(] 10 0 10 10 = 10 [} 10 o 56000
© 8000
FoxP3 » 9
= 4000 6000
T I ' i3
s 4000 £ 8 ¢
2000 2000 ' - 2 =
i ¥
, — . i ab 5 80 a8
@ cD4+TeflsJlF TregsA- CD8+\/ GDs<- NKTs@- NKs 0 1 100 10000 O O O oW O O
g iml F & & & &S
[IL-2] (IU/ml) ~ » ~ » v ~
[IL-2] (U/ml)
C D Intracellular IL-2Ry
15 min 15 min
350007 400007 150000 150000
> J 300004 >
& 25000 X 100000 1000004
4 4
= 200004 =
i 15000 u.
= = 50000 50000
o 10000 o
5000 i i i i
— o ol— ; > ’ o
0 1 10 100 1000 10000 QP 9 QP 9 QP 9 0 1 100 10000 Q P 9 P QP
F FFFE P FFFES
18h SRS R N 18h S I
350007 400007 1000007 150000+
800004
5 >
E 25000 30000 @ 100000
Y N
D Y 60000
4 4
T 15000 200001 T
T 1 400004
= =4 500004
E) J
sa00) 10000 ig Ei %z §§ é “ 20000
—§— L]
— olMR NE WW UH WH BE 0 o fofi e
0 1 10 100 1000 10000 0P OFP O O O OF RN S S S SN
S §FF & & F S S § $
5 days R O Ry
350007 400007 100000 1500007
80000
& 250004 300001 & 100000
N o~
S 9 60000+
= 15000 20000 =
T J L 40000
= = 500004
= 10000- ; © 200004
5000
ol ob— T T : o
QQ@ %Q Q@ SQQQ QQ@ QQQ 0 1 100 10000 (!é>0 &@ QQQQ QQ@ Qé)o gQ@
R R 7 days R
35000 400007 100000 150000+
80000
& 250001 300007 g 100000
& ' 60000
4 4
= 200004 =
[ 1 L 40000
= *z 3 500001
100004 ! s 13 20000 —
5000
o —3 FY'y ‘. “ ﬁ § ]
0 1 10 100 1000 10000 O O O O O OF 0 1 100 10000 O O O O P OF
(1L-2] (U/mi) N S e [IL-2] (1U/mi) R R R
[IL-2] (IU/ml) [IL-2] (U/ml)

Figure S2: Intracellular IL-2Ra and IL-2Ry abundance is cell-specifically increased on IL-2-
stimulated cells. A Expression of CTLA-4 and FoxP3 in high-dose IL-2-stimulated CD4+ Teffs. CD4+

Teffs were isolated from PBMCs and cultured for 7 days with increasing IL-2 concentrations prior to
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analysis. Gating representative for 3 donors. B-D Human PBMCs were stimulated with increasing IL-2
doses for up to 7 days prior to analysis of CD4+ Teffs, CD4+ Tregs, CD8+ T cells, y6 T cells (GDs),
NKT cells, and NK cells. B gMFI of intracellular IL-2Ra of cells after 15 min, 18 h, 5 days, or 7 days
of IL-2 stimulation in different concentrations (left panels). Bar graphs (right panels) show IL-2Ra gMFI
on lymphocytes as shown on the left without IL-2 (0 IU/mL) or upon high-dose IL-2 stimulation
(10,000 IU/mL). C+D gMFI of extracellular (C) or intracellular (D) IL-2Ry of cells after 15 min, 18 h,
5 days, or 7 days of IL-2 stimulation in different concentrations (left panels). Bar graphs (right panels)
show IL-2Ry gMFI on lymphocytes as shown on the left without IL-2 (0 1U/mL) or upon high-dose IL-2
stimulation (10,000 1U/mL). n=3-6 donors, two independent experiments (n=1-3 donors each),
median + range. No significant differences between 0 and 10,000 IU/mL (t p<0.1), analyzed by multiple
Wilcoxon tests with Holm-Sidék method.
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Figure S3: pSTATS signal after re-stimulation of high-dose IL-2-stimulated cells. Human PBMCs
were stimulated with increasing IL-2 doses for up to 7 days prior to analysis of CD4+ Teffs, CD4+
Tregs, CD8+ T cells, yd T cells (GDs), NKT cells, and NK cells. A-C After stimulation with
(10,000 1U/mL) or without 1L-2 (0 IU/mL) for up to 7 days, cells were re-stimulated with high-dose
IL-2 (10,000 IU/mL) (A), IL-15 (B), or IL-7 (C) and pSTATS signal was measured as shown in gMFI.
n=6-8 donors, two independent experiments (n=3-4 donors each), median + range. * p<0.05, all other

conditions non-significant (t p<0.1), analyzed by multiple Wilcoxon tests with Holm-Siddk method.
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D Surface expression of IL-7Ra after 7 days of IL-2 stimulation on respective cell subsets as shown by
gMFI. Tregs are gated as CD3+CD4+ FoxP3+ CD127low/-CD25+. n=3 donors. E Donor-dependent
correlation of baseline IL-2RpB (upper panels) and IL-2Ry (lower panels) gMFI of aff T cells without
IL-2 stimulation with differences in pSTATS signal on day 7. For pSTATS5 signal, cells were stimulated
with high-dose IL-2 (10,000 1U/mL) or left unstimulated for 7 days and re-stimulated with high-dose
IL-2 for 15 min. ApSTATS is calculated as the difference in pSTATS gMFI of unstimulated cells and
gMFI of IL-2-stimulated cells upon re-stimulation with IL-2 (ApSTATS = pSTAT5 gMFI (0 IU/mL) —
pSTAT5 gMFI (10,000 IU/mL)). The common logarithm (log10) of ApSTATS5 is shown. n=6-8 donors,
two independent experiments (n=3-4 donors each). r? and p-values determined using simple linear

regression.
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4 DISCUSSION

Systemic toxicity hindered the use of high-dose reclL-2 therapy, a once-promising treatment option for
malignant cancers. Although adverse effects initially led to a drawback of the therapeutic, the promise
it holds for the treatment of both cancer and inflammatory diseases initiated a revival of reclL-2
therapies, leading to currently more than 40 different IL-2-based molecules in clinical trials.®® However,
while adverse effects such as vascular-leak-syndrome as one of the most severe toxicities during reclL-2
therapies are reduced in current studies, reclL-2-induced skin rashes still frequently occur. Although
usually not life-threatening, these CADRSs significantly impair patient well-being and might pose a
reason to stop treatment.®® However, pathophysiological mechanisms underlying reclL-2-induced skin
rashes remain unclear. The current thesis sheds light on IL-2R expression dynamic during reclL-2
stimulation and key cells and molecules that might be involved in the induction of reclL-2-induced

immunotoxicities such as skin rashes using human- and murine-based model systems.

4.1 IL-2Ra" skin effector cells induce skin inflammation upon reclL-2

application

Skin rashes represent one of the most frequent adverse effects during reclL-2 therapy — both using
unmodified aldesleukin as well as during treatment with new reclL-2 products.®® 1% 1% Tg characterize
reclL-2-induced dermatitis and the relevance of IL-2Ra in the process, different mouse models were
used, highlighting the role of innate lymphoid immune subsets and IL-2Ra in reclL-2-induced skin

inflammation (research paper 1).1%¢

Similar to early clinical reports, the application of reclL-2 (aldesleukin) in wild-type mice resulted
in considerable mixed cell infiltrates of lymphocytes in addition to neutrophils and eosinophils in the
skin.”” 104106 \While numbers of all lymphocyte subsets investigated (except dendritic epidermal T cells
[DETCs]) increased upon dermal reclL-2 injections, frequencies of aff T cell subsets were similar in
control and reclL-2-treated skin. On the other hand, proportions of dermal y5 T cells and ILCs including
ILC1s were increased, suggesting a more specific effect of reclL-2 on these innate immune cell subsets.
In line with this, cytokine expression in all three cell subsets was significantly impacted upon reclL-2

injections, inducing an overall shift towards type 2 and type 17 immunity.

While frequencies of IFN-y-producing ILC1s decreased, possibly due to overstimulation such as
seen for NK cells — which are part of ILC1s — in tumors of mice and humans,**" 3 proportion of IL-4-
and IL-13-producing ILC2s significantly increased upon reclL-2 application. In line with our study,
ILC2s and type 2 cytokine production were shown to be specifically increased in dermatitis sections of
Rag™ mice receiving a reclL-2-antibody complex.?! Furthermore, in vivo reduction of ILC2s verified
that the cells are the main IL-5 producers resulting in peripheral eosinophilia as another common adverse

effect during reclL-2 therapy.?? Our current study further underlines the central role of ILC2s inducing
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adverse effects during reclL-2 application as these seem to induce the overall shift towards type 2
immunity upon dermal reclL-2 injections. Activation of ILC2s might result from direct reclL-2
stimulation as IL-2 is well-known to induce type 2 cytokine secretion in ILC2s.2-2® Furthermore,
recIL-2 induces secretion of various other cytokines in both mice and humans,?* 1% 13% syggesting that
other inflammatory stimuli besides reclL-2 might support the activation of ILC2s. For instance, alarmins
such as IL-33 might be secreted upon progressive tissue damage in reclL-2-treated skin which could
induce synergistic effects in ILC2 activation®*242 and might implement a vicious cycle of boosting
type 2 responses, leading to progressive tissue damage and IL-33 secretion in the clinics. Furthermore,
besides type 2 responses, reclL-2 injections significantly increased the frequency of IL-17* dermal
vd T cells. In mice, IL-2Ra* yd T cells are reported to produce 1L-17 and IL-17 production might be
induced upon IL-2 stimulation.'®* 44 |L-2Ra expression on y8 T cells further was shown to depend on
IL-2,%4 suggesting that reclL-2-induced upregulation of the receptor subunit might be crucial to induce
the shift towards type 17 immunity in our study. Overall, dermal recIL-2 injections induced a mixed
type 2/type 17 immune response which seems to be mediated by ILC2s and dermal yo T cells (Figure 6).
Thus, reclL-2-induced skin inflammation might resemble pathologies such as atopic dermatitis or
psoriasis in which the frequency of ILC2s or yo T cells is significantly increased compared to healthy

skin in humans, respectively.?3 145

One limitation of this study is that aldesleukin does not induce macroscopic skin rashes in
wild-type mice or other rodents,*® contrary to the clinics. However, skin rashes were observed in
Rag’ mice treated with an IL-2Ra-specific antibody-coupled reclL-2.2* These studies suggest that
either the lack of T and B cells in Rag” animals is crucial to induce the adverse effect in mice or that
specific activation of IL-2Ra" cells — such as ILC2s — is key. Thus, by applying an IL-2Ra-specific
reclL-2 complex, type 2 immune responses might preferentially be mediated with minimal activation of
vd T cells. The lack of type 17 immunity to counterbalance immune reactions could consequently induce
macroscopic skin rashes in mice. In human skin, y5 T cells are reported to rarely produce IL-17 and IL-2
stimulation rather induces TNF-a- and IFN-y-producing human 8 T cells in vitro.'”- %7 This indicates
that in patients suffering from reclL-2-induced skin rashes, type 2 immune responses might
predominate, manifesting in skin rashes. However, this hypothesis would need further investigation such

as by using y6 T cell knockout mice models or human skin-derived samples.

To examine the significance of IL-2Ra expression in reclL-2-induced skin inflammation in more
detail, we aimed to specifically delete IL-2Ra in all skin cells. Although moderate partial reduction
rather than full deletion was observed, reclL-2-induced accumulation of immune cells was significantly
decreased. To increase deletion efficacy, knockout might be induced systemically “the classical way”,
by tamoxifen injection. However, the tremendous advantage of establishing the 4-Hydroxytamoxifen
(4-OHT)-based system is that it allows local over systemic effects so that deletion is restricted to skin
sections to which 4-OHT was applied. This is especially of relevance as systemic IL-2Ra deletion results

in systemic inflammation, leading to autoimmunity®® 48 14° which would complicate interpretation of
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results upon reclL-2 application. The 4-OHT approach additionally reduces animal numbers used as the
system allows each animal to represent its own internal control, harboring both wild-type and knockout
skin. Overall, our results of skin-specific reduction of IL-2Ra further underline the central role of the
receptor subunit leading to reclL-2-induced immunotoxicity as shown by skin inflammation (Figure 6).
These observations are therefore in line with clinical studies, reporting reduced systemic inflammation

using reclL-2 constructs with reduced IL-2Ra binding affinity.% ¢

° , IL-2Ra
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Figure 6: ReclL-2 induces mixed type 2/type 17 immunity in an IL-2Ra-dependent manner. In the skin of mice, group 2
innate lymphoid cells (ILC2s) and dermal y8 T cells induce a shift towards type 2- and type 17-driven inflammatory responses.
While IL-2Ra-expressing Tregs inhibit this inflammation, IL-2Ra* effector cells seem to drive these responses. Adapted from
Sommer et al. (2024).1% Created with BioRender.com.

In contrast to the reduction of IL-2Ra on all cells, skin-specific reduction on FOXP3" Tyegs
drastically increased inflammatory infiltrates upon reclL-2 injections. This finding was accompanied by
an imbalance of the CD4" Tesr: Treg ratio in favor of CD4" Tests and slight decreases in FoxP3 expression,
suggesting loss of regulatory function.**® 15! Moreover, decreased frequencies of ILC1s and Tn1 and
Tw2 cells point to an increased frequency of RORyt-expressing cells, indicating a shift towards type 17
immunity following IL-2Ra reduction on Trg. Overall, our results highlight the role of IL-2Ra
expression on Tregs to Maintain immune balance.*> 152 Reduction of IL-2Ra could result in two major
mechanisms, destabilizing immunity: First, Trgs are known to exert part of their regulatory function as
“IL-2 sinks”, consuming IL-2 through their high-affinity IL-2R which limits IL-2 for effector cells.> %
Second, IL-2 can directly induce the inhibitory function of Trgs, irrespective of their T cell receptor.’
Thus, increased bioavailability of reclL-2 could directly support activation of effector cells while the
suppressive function of Teg might concurrently be decreased due to reduced IL-2 signaling upon
reduction of IL-2Ra. Overall, our findings underline the critical function of IL-2Ra on Tregs, limiting

inflammatory immune responses such as reclL-2-induced skin inflammation (Figure 6).
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Together, research paper 1 demonstrates that cutaneous immune reactions induced by reclL-2
injections are marked by a shift towards type 2/type 17 immunity, which appears to be primarily induced
by innate lymphoid immune cells, namely ILC2s and dermal yé T cells in mice. In addition, while
IL-2Ra-expressing Tregs Suppress these inflammatory reactions, reduction of IL-2Ra on all skin cells
decreased reclL-2-induced skin inflammation, indicating that the receptor on effector cells is responsible
for mediating at least part of these inflammatory reactions. These results highlight the relevance of innate

lymphoid immune cells and IL-2Ra in the induction of adverse effects during reclL-2 therapy.

4.2 IL-2R signaling is especially impaired in high-dose reclL-2-stimulated T regs

IL-2Ra is well-known to be upregulated upon reclL-2 application in mice and humans, 6 75 133 134,136
However, regulation of other subunits of the IL-2R complex — IL-2Rf3 and IL-2Ry — is poorly described.
To characterize the regulation of IL-2R subunits and impact on IL-2R signaling capacity during reclL-2
stimulation, human PBMCs were stimulated with increasing reclL-2 (aldesleukin) doses, inducing vast
changes in IL-2RB surface expression and corresponding reduction in IL-2R signaling capacity
especially in T over NK cells (research paper 2) (Figure 7).2** These findings are comparable to cellular
responses of patients with hypomorphic IL2RB mutations which present with multi-organ autoimmunity

such as skin rashes.5% 64
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Figure 7: IL-2R subunits are differentially regulated, resulting in reduced IL-2R signaling in high-dose reclL-2-
stimulated T cells. While surface expression of IL-2Ra is increased and IL-2Ry abundance is largely unaltered, extracellular
IL-2Rp expression is highly decreased, especially on T cell subsets. In turn, the signaling of cytokines binding to IL-2R subunits
is decreased in T cells, particularly in CD4* T cells. Adapted from Sommer et al. (2024).1% Created with BioRender.com.

Even though stimulation with high reclL-2 concentrations (>100 IU/mL) led to significant
decreases in IL-2Rp surface expression on all lymphocyte subsets investigated, these were especially
prominent for T cell subsets as IL-2R3 was low (<7%) or basically absent (<1%) on yd T and NKT cells
or af T cells after 18 h of stimulation, respectively. While expression remained low on these cell subsets
throughout the culture period, IL-2Rp expression on NK cells — which was similarly reduced 18 h after
high-dose IL-2 stimulation — increased over time so that after 7 days, more than 50% of NK cells
remained IL-2RpB*. These results correlate with observations in patients with hypomorphic IL2RB
mutations, leading to reduced IL-2RpB signaling in Tcells as shown by decreased STAT5

phosphorylation by IL-2 or IL-15, both signaling through the IL-2RBy complex.®® % Similarly, in our
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study, we showed that IL-2 and IL-15 signaling in high-dose reclL-2-stimulated T cells is impaired,
suggesting that decreases in IL-2Rp surface expression by reclL-2 stimulation impact T cell function.
Decreased IL-2 and IL-15 signaling was especially prominent in CD4" T cells, particularly Tregs. On the
other hand, signaling in NK cells, maintaining high IL-2Rp surface expression, in both our study and in
patients with deficient IL-2Rp is not affected.®® ® In contrast to patients deficient in IL-2RB, IL-7
signaling was slightly reduced in high-dose reclL-2-stimulated CD4* T cells which might be due to
reduced IL-2Ry expression or lower expression of IL-7Ra (CD127) on stimulated T cells observed by
us and others,* % or both. IL-2R-induced activation of STAT5 was shown to be crucial to induce
regulatory activity of Tregs, preventing systemic inflammation in mice in vivo.® Thus, reduced IL-2RB
surface expression leading to lower activation of STATS in high-dose reclL-2-stimulated Tegs could
impair suppressive function of Tregs, possibly disturbing immune balances in reclL-2-treated patients.

While previous studies report reduced IL-2Rp surface expression on reclL-2-stimulated T and
NK cells in vitro, 618 our study is the first determining functional consequences of decreased IL-2RB
expression upon high-dose reclL-2 stimulation. On the other hand, IL-2Rp regulation in the clinics is
barely described. A clinical report investigating reclL-2 therapy for treatment of multiple melanoma and
lymphoma found increased IL-2Rp expression on lymphocytes 24 h after the last reclL-2 dose was
applied.™® However, in this study, reclL-2 was applied less frequently and in lower concentrations
compared to conventional anti-cancer high-dose reclL-2 therapy (1.8x10° IU/day daily vs. 600,000-
720,000 1U/kg/dose every 8 h in high-dose IL-2 therapy) and induced only minimal adverse effects. The
differential dosing regime and time point chosen to measure IL-2RB expression might explain

differences compared to our study, showing a dynamic, dose-dependent regulation of IL-2Rp.

Cell-specific differences upon continuous reclL-2 stimulation might in part explain specific
increases in NK cell frequencies observed during reclL-2 therapy in the blood of high-dose aldesleukin-
treated cancer patients.” In line with this, NK cells are typically increased along with T upon
low-dose reclL-2 therapy®® °*% and CD56* cell frequencies (namely NKT and NK cells) were dose-
dependently increased upon reclL-2 stimulation of PBMCs (research paper 2). Within the NK cell
compartment, we observed increases in CD56"9" NK cells upon reclL-2 stimulation in vitro which
seems to be due to a preferential proliferation of CD56""9" NK cells.'® % Similarly, CD56""9" NK cells
expanded during recIL-2 therapy as well as in patients with defective IL-2Rp.5% 84 7392160 Classically,
CD56"9 NK cells are associated with cytokine production while CD56%™ NK cells rather show
cytotoxic function®* which might suggest increased cytokine secretion rather than cytotoxicity during
high-dose recIL-2 stimulation. However, NK cells have been associated with inducing vascular-leak-
syndrome during high-dose reclL-2 anti-cancer therapy in mice, and thus, the role of NK cells in the
induction of adverse effects such as skin rashes during reclL-2 therapy needs to be further evaluated in
future studies. Similarly, the relevance of NKT and y3 T cells in reclL-2-induced immune dysregulation,
possibly contributing to adverse effects, will need to be investigated in more detail in the future. While

our results showed that IL-2R[} expression was significantly reduced on high-dose reclL-2-stimulated
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vd T and NKT cells, a small proportion seems to remain IL-2Rf" and IL-15 signaling was impaired to a
lesser extent compared to adaptive aff T cells. Possibly, these differential responses towards high-dose
reclL-2 are due to higher intracellular 1L-2Rp abundance induced by reclL-2 compared to off T cells

which could in turn cell-specifically impact cellular function.

Within the cell populations analyzed, CD4* T cell subsets and especially Trgs Seem to be more
broadly affected by increasing reclL-2 concentrations as evidenced by significant decreases in IL-2Rf3
surface expression as early as 15 min after onset of stimulation, slight decreases in IL-2 signaling
capacity after only 18 h of reclL-2 stimulation, more prominent decreases in IL-15 signaling, and
decreases in IL-7 signaling in some donors. These observations suggest differential responses of CD4*
T cells towards IL-2 compared to other lymphocytes such as CD8" T cells. In line with this, previous
studies report that lineage-specific mechanisms control IL-2 responsiveness of CD4" and CD8*
T cells.> 162164 Specifically, IL-2 lowers the threshold for T cell receptor signaling in CD8* but not
CD4* T cells'®? and IL-2 consumption by Trgs is required to suppress CD8" T cells only.® These
differences might partly be mediated by higher intracellular IL-2Rp storage in CD8* over CD4" Tegss,
mirroring differential IL-2R surface expression and inducing biphasic IL-2 signaling in murine CD4*
T cell blasts but constant signaling in CD8" T cell blasts.'®® In line with these observations, we found
that intracellular IL-2Rp abundance is higher in unstimulated human CD8* T cells compared to CD4*
Tetts. Smith et al. hypothesized that these differences might account for the preferential proliferation of
CD8" compared to CD4* Tests during in vitro IL-2 stimulation or recIL-2 therapy,®* 164 also found in our
study. Similarly, intracellular IL-2R abundance might also account for differences in CD4* and CD8*
Tess in our study. However, differential IL-2R [ storage might only explain some cell-specific differences
towards continuous reclL-2 stimulation, but not all. On that note, intracellular IL-2RB in CD4* Tregs,
which showed similar extensive changes of IL-2R signaling as CD4* Tefs upon continuous reclL-2
stimulation, was comparable to murine CD8" T cell blasts and even higher than in human CD8*
T cells.’®® Rather, reclL-2 stimulation might induce cell-specific gene expression as intracellular IL-2Rf
and IL-2Ry significantly and dose-dependently increased with reclL-2 stimulation in CD8" T cells
(along with y6 T, NKT, and NK cells) while reclL-2 did not enhance intracellular IL-2Rj or IL-2Ry
abundance in CD4" T cell subsets. In line with this hypothesis, expression of IL2RB and IL2RG was
shown to increase upon reclL-2 stimulation of human CD8* T cells and NK cells dose-dependently but

expression was largely unaltered in differentiated Tl and T2 cells.*®

Besides differential gene expression of IL-2R subunits, cell-specific expression of IL-2Ra could
additionally account for more pronounced changes in reclL-2-stimulated CD4" T cells. Compared to
CD8" T cells, CD4* T cells and especially Tregs Show a higher abundance of IL-2Ra. surface expression,*
thus equipping CD4* T cells with a higher IL-2 sensitivity.t® 1 26 32 Formation of the high-affinity
IL-2Rafy in turn increases receptor turnover and, with that, relatively more IL-2R[3 might be degraded
which could further impair IL-2R signaling. In line with this, we found that IL-2Ra expression on

CD4* Terrs and Tregs Significantly correlated with decreased IL-2 signaling in high-dose reclL-2-
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stimulated compared to unstimulated cells. A similar trend was observed for CD8* T cells, but not for
baseline expression of IL-2Rf or IL-2Ry. These results further strengthen the role of IL-2Ra in immune
dysregulation upon reclL-2 stimulation. Potentially, in CD4* T cells with relatively high IL-2Ra and
lower IL-2Rp expression, IL-2R might be the IL-2R subunit limiting effective IL-2 signaling during
continuous reclL-2 stimulation while in high IL-2RpB producers such as NK cells, IL-2Ra could be
limiting. As IL-2Rp is the crucial subunit to induce IL-2 signaling, differential relative expression of
IL-2Ro. and IL-2RpB could thus be a central factor for cell-specific immune dysregulation upon

continuous high-dose reclL-2 stimulation.

Ultimately, similarities in cellular responses of high-dose reclL-2-stimulated immune cells and
cells from patients with hypomorphic IL2RB mutations might induce comparable autoimmune-like
organ manifestations in both settings. Specifically, upon mutation of IL-2Rp, organs such as skin or gut
are affected — similar to patients treated with high-dose reclL-2.53 64 69.105.106.165 | pon |L2RB mutation,
Tregs are significantly reduced which might be induced by the permanent reduction or absence of IL-2Rp,
preventing IL-2 and IL-15 signaling.5* % 1% This contrasts with reduction of IL-2R surface expression
upon continuous reclL-2 stimulation which is induced and likely transient. Although abundance of
circulating Tregs is increased in patients treated with reclL-2,7> %9 decreased IL-2, IL-15, and — for
CD4* T cells — IL-7 signaling capacity observed upon high-dose reclL-2 stimulation of T cells might
impact maintenance and function of these immune cells in organs. All three cytokines are well-known
factors for T cell survival, proliferation, and homeostasis and especially IL-15 and IL-7 are central in
maintaining tissue memory T cells in organs including the skin.*6-1"0 Thus, reduced sensitivity towards
IL-15 and IL-7 in CD4" T cells, especially Trgs, observed early upon high-dose IL-2 stimulation might
impair peripheral function and maintenance, potentially disturbing tissue homeostasis. As IL-2R
signaling is impaired at later time points in CD8* T cells and y& T and NKT cells and unaffected in
NK cells, this immune disbalance might provide a window for increased activation of effector cells.
A recent study has shown that even partial skin-specific reduction of Ty in mice leads to inflammation
through autoreactive cells in the skin, highlighting that the skin is especially sensitive t0 Treg
disbalances.?” This might be due to higher T4 frequencies in human and murine skin (mean 20% and
30% of CD4" T cells, respectively) over other organs such as the gut, lung, liver, or the circulation
(<10% of CD4* T cells in humans).}™*"1" In turn, even a slight reduction in T.g numbers and function
in the skin of high-dose reclL-2-treated patients due to reduced maintenance could allow activation of
autoreactive and/or innate immune cells such as ILCs including NK cells, facilitating autoimmune-like
skin rashes in the clinics. Alternative to autoreactivity, effector responses might be directed towards skin
commensals in response to disrupted Ty balances such as reported for mice treated with checkpoint
inhibitors,'’® which — like reclL-2 —are frequently associated with skin rashes in the clinics.}”” However,
these hypotheses are highly speculative and will need further testing using clinical samples or skin-

resident cells.
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Overall, continuous high-dose reclL-2 stimulation cell-specifically reduces IL-2Rp surface
expression on human lymphocytes, leading to decreased IL-2R signaling capacity in T cells which
correlates with high IL-2Ra baseline expression. CD4* T cells and especially Trgs Seem to be more
broadly affected compared to CD8" T cells and innate immune cells including yd T, NKT, and NK cells
which might be due to differential extracellular IL-2Ra and intracellular IL-2R abundance in addition
to lineage-specific intracellular mechanisms upon reclL-2 stimulation. Correlating in vitro findings with
the clinical situation will help to decipher if reduced IL-2R[3 expression together with impaired function

might be involved in reclL-2-induced adverse effects such as skin rashes.

4.3  Conclusion: The role of IL-2Re during reclL-2-induced adverse effects

In both studies of the present thesis, IL-2Ra was identified as a central molecule correlating with skin
inflammation and reduced IL-2R signaling capacity. Possibly, IL-2Ra might impact reclL-2-induced
adverse effects such as skin rashes through different mechanisms: Firstly, IL-2Ra" cells in the skin were
shown to contribute to skin inflammation in mice (research paper 1) which might be due to activation
of effector cells expressing IL-2Rao under baseline conditions (such as ILC2s) or upregulating IL-2Ra.
due to reclL-2 stimulation, tipping the balance towards inflammatory and tissue-damaging effector
responses (Figure 8A). Moreover, increased IL-2Ra expression correlated with decreased IL-2R
signaling capacity through IL-2Rp reduction on high-dose reclL-2-stimulated T cells, especially in
CD4* T cell subsets (research paper 2). Possible reduced maintenance and function of these cells —
particularly Tregs — might disturb the delicate immune balance in tissues such as the skin which could
favor autoimmune-like skin rashes (Figure 8B). As tissue-resident immune cells differ vastly from their
peripheral counterparts, such as observed for skin Tregs in mice,?” 17 it would be crucial to investigate
IL-2R regulation and function upon continuous reclL-2 stimulation of cutaneous immune cells and the
impact on homeostasis in the skin. Due to the lower affinity of murine IL-2RBy towards human IL-2 (as
opposed to murine IL-2Ra which shows similar affinity as the human receptor),'’® 1® human-based

model systems would be favorable in this context.
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Figure 8: Potential IL-2Re-related mechanisms contributing to reclL-2-induced skin rashes. A ReclL-2 stimulation
induces upregulation of IL-2Ra on effector lymphocytes in the skin, leading to increased IL-2 sensitivity and facilitating
effector functions such as cytokine secretion which seems to contribute to further cell infiltration and, ultimately, skin rashes.
B High IL-2Ra expression furthermore was shown to correlate with the reduction in IL-2R signaling capacity upon high-dose
reclL-2 stimulation which therefore might contribute to adverse effects indirectly by reducing sensitivity towards survival and
maintenance factors, especially in CD4* T cells. This might facilitate the activation of tissue-resident autoreactive or innate
cells and could favor autoimmune-like skin rashes. Created with BioRender.com.

Together, this thesis suggests a key role of IL-2R subunits in the induction of adverse effects
during reclL-2 therapy. Specifically, IL-2Ra* effector cells drive reclL-2-induced skin inflammation
which might be biased towards type 2 immunity, inducing skin rashes in the clinics. While IL-2Ra is
upregulated on immune cell subsets by reclL-2 stimulation, IL-2Rp surface expression is significantly
and dynamically reduced which leads to impaired IL-2R signaling in T but not NK cells. CD4* T cells
and especially Ty Seem to be more broadly affected compared to other (T) cell subsets, possibly driving
immune disbalances resulting in autoimmune-like skin rashes. The differential impact of reclL-2 might
partly be driven by high IL-2Ra expression on CD4" T in addition to distinct gene expression induced
by recIL-2. Thus, IL-2Ro might be an additional prognostic factor for immune dysregulation during
reclL-2 therapy. These new molecular and cellular insights may contribute to improving the safety of
reclL-2-based or other therapies.
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5 OUTLOOK

The current thesis postulates that cell-specific and dynamic expression of IL-2R subunits is central in
reclL-2-induced adverse effects such as skin rashes. To transfer results generated in murine models to
humans, cells isolated from human skin and human skin explant cultures will be used in future studies,
helping to clarify the role of dermal ILC2s and y3 T cells in human skin. Similarly, IL-2Rf regulation
upon reclL-2 stimulation should be investigated using skin-derived cells which might differ in function
and phenotype from their circulating counterpart to correlate the potential impact on skin homeostasis.
The usage of skin cells further allows analyzing the interaction and activation of tissue-resident immune

cell subsets such as T cells and ILCs in the context of reclL-2-induced adverse effects.

Furthermore, the impact of IL-2Rp reduction on cell functionality besides IL-2R signaling should
be analyzed. Specifically, as STAT5 activation is known to directly impact regulatory function of Tregs,
it would be interesting to investigate suppressive capacity upon continuous reclL-2 stimulation of
CD4" Tregs. Besides in vitro stimulation assays, investigating IL-2R regulation and IL-2R signaling
capacity in a clinical, therapeutic setting is of high importance, especially regarding high-dose reclL-2
treatment or using new IL-2-based approaches to verify the clinical relevance of the findings presented
here. Specifically, analyzing clinical samples will help to verify if baseline expression of IL-2Ra
correlates with onset and severity of skin rashes and if dynamic regulation of IL-2Rp surface expression
is a prognostic factor for the onset of skin rashes during reclL-2 therapy. Possibly, differential expression
and regulation of IL-2R subunits might serve as biomarkers for patient-specific adverse effects, leading
to skin rashes in a subset of patients only. Based on the mechanism of reclL-2-induced skin rash
proposed herein, patient-specific differences might further result from varying T proportions in human
skin (ranging from ~15-35% of CD4" T cells)”* which could render certain patients more sensitive
towards disturbances in Trg function compared to others. Furthermore, receptor polymorphisms might
impact IL-2 sensitivity and in turn function of cells, such as seen in patients with Crohn’s Disease'®
which could further add to the differential development of adverse effects upon reclL-2 therapy.
Correlating additional factors such as skin Trg frequency and possible IL-2R polymorphisms with
reclL-2-induced skin rashes might help to further unravel mechanisms inducing the adverse effect which

will help to increase the safety of IL-2-based therapies.
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