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Membrane-bound IL-2
improves the expansion,
survival, and phenotype of CAR
Tregs and confers resistance to
calcineurin inhibitors
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Background: Regulatory T cells (Tregs) play an important role in the
maintenance of immune homeostasis and the establishment of immune
tolerance. Since Tregs do not secrete endogenous IL-2, they are especially
dependent on external IL-2. IL-2 deficiency leads to lower Treg numbers,
instability of the Treg phenotype and loss of immune regulation. After organ
transplantation, patients are treated with calcineurin inhibitors (CNIs), which
further limits available IL-2. Application of low-dose IL-2 expands Tregs but also
activates NK and CD8+ T cells. It was recently shown that graft-specific Tregs
recognizing mismatched MHC | molecules via a chimeric antigen receptor were
far more potent than polyclonal Tregs in the regulation of immune responses
after solid organ transplantation in a humanized mouse model.

Methods: Therefore, our aim was to enhance the function and stability of
transferred CAR-Tregs via expression of membrane-associated IL-2 (mblL-2).

Results: mblL-2 promoted higher survival, phenotypic stability, and function
among CAR-Tregs than observed in clinical trials. The cells were also more
stable under inflammatory conditions. In a preclinical humanized mouse
model, we demonstrated that mbIL-2 CAR Tregs survive better in the Treg
niche than control CAR Tregs and are even resistant to CNI therapy without
affecting other Tregs, thus acting mainly in cis.
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Discussion: The functional and phenotypic improvements observed after
membrane-attached IL-2 expression in CAR-Tregs will be important step for
enhancing CAR-Treg therapies currently being tested in clinical trials for use
after kidney and liver transplantation as well as in autoimmune diseases.

KEYWORDS

regulatory T cells (Treg), chimeric antigen receptor (CAR), transplantation, graft
tolerance, CNI resistance

Introduction

Regulatory T cells (Tregs) play a pivotal role in the
maintenance of immune homeostasis and tolerance. While
polyspecific Tregs were successfully used under lymphopenic
conditions after stem cell transplantation, they did not show
efficacy after adoptive transfer in the context of autoimmunity
(type 1 diabetes; T1D) or after transplantation (The ONE Study).
In contrast, graft- or tissue-specific Tregs have been successfully
used in autoimmune models of T1D (1) and multiple sclerosis as
well as after organ transplantation (2, 3). Due to the limited
number of antigen-specific Tregs, these cells need to be massively
expanded to obtain clinically relevant cell numbers. Furthermore,
their use is limited by MHC restriction. Both the cell number
challenge and MHC limitation can be overcome by genetically
modifying natural Tregs (nTregs) with chimeric antigen receptors
(CARs). With their target-specific antigen binding and signalling
domains, these cells can restore the balance between effector T
cells (Teffs) and Tregs at the site of action and induce tolerance
after transplantation (2-4). The first clinical trial on the efficacy of
CAR-Tregs after kidney transplantation was approved in the UK
in 2019 (EudraCT No. 2019-001730-34, EU Clinical Trials
Registry), and further trials focusing on liver transplantation are
about to start (LIBERATE trial, NCT05234190).

An important factor in the number, function, and stability of
Tregs is IL-2, which is not produced by Tregs themselves.
Deficiency of IL-2 caused by defects in IL-2 signalling (5-7) or
as a result of treatment with calcineurin inhibitors (CNIs) after
transplantation leads to a loss of peripheral Tregs (8, 9). After
adoptive transfer of Tregs in patients with T1D, their number
decreased by up to 75% within 90 days (7, 10). This scarcity also
represents a hurdle for adoptive Treg therapy, as no source of IL-
2 is available for the transferred cells, and transfer further
drastically lowers the existing serum IL-2 level (10).

In addition, Tregs may exhibit an unstable phenotype under
proinflammatory conditions or when IL-2 is low. Instability of
FOXP3 may lead to proinflammatory phenotypes of THI1- or
Th17-like cells (11). Although low-dose IL-2 administration
transiently increases Treg numbers and has been used with
some success to treat autoimmune diseases, systemic
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administration enhances Tregs nonspecifically and may also
activate CD8+ T cells and NK cells. Indeed, clinical studies in
patients with T1D and in patients after liver transplantation have
shown that systemic low-dose administration of IL-2 can lead to
off-target adverse complications manifested by a decrease in C-
peptide (7) or THI1 activation (EudraCT #2017-000177-37),
resulting in graft rejection. This underscores the urgent need
to develop immunotherapeutics that more effectively or
exclusively target the Treg population. These include IL-2
muteins or complexed IL-2, which are more Treg specific.
However, they still act on all Tregs nonspecifically. Therefore,
our goal was to generate adoptively transferred graft-specific
CAR Tregs with specific IL-2 signalling without transactivating
Tregs of other specificities or proinflammatory cells.
Therefore, we developed a membrane-associated IL-2
(mbIL-2) that is anchored to the cell surface and allows
autocrine activity. This approach was combined with
successful antigen-specific targeting by graft-specific CARs.

Materials and methods
Human samples

Human specimens were obtained from different HLA-typed
healthy donors. Local ethical committee approval was received
for this study. Informed consent was obtained from all
participating subjects.

Human Treg cell isolation and expansion

Human natural Tregs (nTregs: CD4+CD25highCD
1271owCD45RA+) were isolated from human peripheral
blood mononuclear cells (PBMCs) after Ficoll (GE Healthcare)
gradient separation and CD25 preenrichment (CD25 MicroBeads
II, MiltenyiBiotech) via AutoMACS (MiltenyiBiotech). For
fluorescence-activated cell scanning (FACS), PBMCs were
labelled with monoclonal antibody combinations: CD4+ (RPA-
T4, BioLegend), CD25+ (2A3, BD), CD127- (hIL-7R-M21, BD),
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and CD45RA+ (MEM-56, Thermo Fisher). HLA-A*02 status was
confirmed by flow cytometry via a-HLA-A2/A28 (REA 142,
Miltenyi Biotec). FACS-based cell sorting was performed at the
cell-sorting facility of Hannover Medical School. The obtained
purity of isolated Treg cells was >95%. Tregs were kept in
TexMacs GMP cell culture medium (Miltenyi Biotech)
supplemented with 10% human AB serum, 1% penicillin
—streptomycin (Gibco), 1 mM sodium pyruvate, 1%
nonessential amino acids (NEAA, Gibco), 20 mM HEPES and
50 uM beta-mercaptoethanol with the indicated concentrations of
IL-2 (Proleukin, Clinigen). Tregs were expanded by using Treg
expansion beads (MiltenyiBiotech) according to the
manufacturer’s instructions.

Cell transduction

For y-retrovial transduction, isolated Tregs were first
stimulated with plate-bound o-CD3 (5 pug/mL, UCHTI,
BioLegend) and soluble o-CD28 (5 ug/mL, CD28.2, BioLegend)
in complete medium for 48 hours. Before transduction, protamine
sulfate (4 pg/ml, Sigma Aldrich) was added to the Treg cultures.
Tregs were spin-infected with retroviral particles at 800 RCF and
37°C for 1 h. CD4+CD25highCD127lowCD45RA+ nTregs
transduced with particles encoding the HLA-A*02 CAR and
membrane-bound IL-2 were referred to as mbIL-2 CAR-Tregs,
and those transduced with particles encoding solely HLA-A*02
CAR were referred to as CTR CAR-Tregs.

Flow cytometry surface and
intracellular staining

For determination of surface antigens, cells were washed and
stained in PBS containing 0.5% w/v BSA and 2 mM EDTA plus
monoclonal antibodies. For intracellular FOXP3 staining, the
Foxp3 Transcription Factor Staining Buffer Set (eBioscience)
was used according to the manufacturer’s instructions with o-
FOXP3 (PCHI101, eBioscience). pSTAT5 staining was
performed by directly resuspending cultured cells for fixation
in 1.5% formaldehyde for 10 min at RT followed by
permeabilization in ice-cold methanol for 10 min at 4°C. Cells
were stained with a-pSTATS5 (47/Stat5pY694, BD) as described
above. Stained cells were analysed on an LSR II (BD) or
CytoFLEX (Beckman Coulter) flow cytometer. Flow cytometry
FCS files were analysed using FlowJo Software (version 10, BD).

Cell lines
HEK293 cells were kept in DMEM (Gibco) supplemented

with 10% FCS and 1% Pen/Strep. CTLL-2 cells were cultured in
Treg medium (see above) supplemented with 50 U IL-2.
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CTLL-2 cell starvation assays

CTLL-2 cells were either transduced with the mbIL-2 CAR
or left untransduced. Forty-eight hours post-transduction, the
transduction efficiency was calculated based on ALNGFR
expression. The biological effect of mbIL-2 on transduced
CTLL-2 cells was assessed by direct comparison with CTLL-2
wild-type (WT) cells or in coculture assays (mbIL-2 CTLL-2 vs.
CTLL-2 WT) under IL-2-limiting (0 U IL-2, starvation) or 100 U
IL-2 conditions. Cells were counted 48 and 72 hours
post-transduction.

CAR-Treg cell starvation assay

Isolated Tregs were transduced with either the mbIL-2 CAR
or CTR CAR and expanded as described above. On day 0, cells
were washed, seeded and activated with the human
Treg Expansion Kit (Miltenyi Biotec) according to the
manufacturer’s instructions but with different amounts of IL-2:
1000, 25 or 0 U/mL. On days 7, 14 and 21, the cells were counted
and stained for viability (Fixable Viability Dye, eBioscience), -
CD4 (RPA-T4, BioLegend; SK3, BD), a transduction marker (o.-
CD271/LNGFR, ME20.4, BioLegend; o-Human IgG, F(ab’)2,
polyclonal, Jackson ImmunoResearch) and a-FOXP3 followed
by flow cytometric analysis.

CAR Treg cells under inflammatory
conditions

Tregs were isolated and transduced with mbIL-2 CAR or
CTR CAR as described above, followed by a resting period of 48
hours with 50 U IL-2/mL. Cells were stimulated with a human
Treg Expansion Kit (Miltenyi Biotec) and cultivated in Treg
medium supplemented with the following three cytokine mixes
(11): control (10 U/mL IL-2 (Proleukin, Clinigen Inc.), Mix 1
(10 U/mL IL-2 (Proleukin, Clinigen Inc.), 10 ng/mL IL1B
(BioLegend), 4 ng/mL IL-6 (BioLegend), 5 ng/mL TGF-8
(BioLegend)), and Mix 2 (10 U/mL IL-2, 25 ng/mL IL-21
(BioLegend), 25 ng/mL IL-23 (BioLegend), and 5 ng/mL TGF-
B). After 120 hours, the cells were harvested and stained for
FOXP3 as described above.

CAR Treg cells in in vitro proliferation
assays under tacrolimus stimulation

Tregs were isolated and transduced with either mbIL-2 or
CTR CAR or left untransduced, followed by expansion as
described above and cultivation for 48 hours in 20 U IL-2/mL
medium for 48 hours. Subsequently, the cells were stained with
CFSE (Thermo Fisher Scientific). nTregs were left in Treg
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medium as a control, while transduced Tregs were stimulated
with the human Treg Expansion Kit (Miltenyi Biotec) according
to the manufacturer’s instructions plus either 5 ng/mL
tacrolimus (Prograf, Astellas Pharma). After 192 hours, the
cells were harvested, and cell proliferation was measured by
flow cytometry.

Animals

Nonobese diabetic (NOD)-RAG1™"L2c™" (NRG) mice
aged 8 to 17 weeks old were used. All mice were bred and
maintained under specific pathogen-free conditions at Hannover
Medical School. All animal experiments were approved by
the local Animal Ethics Review Board (Oldenburg, Germany,
11/0034, 16/2099, 21/3621, 16/2099, 21/3621) and performed in
accordance with current German regulations.

In vivo mblL-2 CAR-Treg cell
characterization in humanized mice

On day -10, NRG mice were reconstituted with 5x10° HLA-
A*02" PBMCs. Reconstitution was monitored at 10 days post-
reconstitution by staining for o-CD4 and o-CD8 (SK1,
BioLegend) followed by flow cytometric analysis. On day 0,
3x10° syngeneic CTR CAR Tregs and mbIL-2 CAR Tregs were
injected at a ratio of 1:1. On day 1, 5x10 ®irradiated (60 Gy)
HLA-A*02-positive PBMCs were transferred.

The effect of CNIs on mbIL-2 CAR-Tregs was assessed in
reconstituted NRG-mice (see above). Additionally, 5%10% HLA-
A*02-positive PBMCs irradiated at 60 Gy were transferred on
days 1, 3 and 5, accompanied by daily injection of tacrolimus (5
mg/kg). Spleens were removed on day 11, and cells were stained
for human CD4 and CAR markers (o-IL-2, REA689, Miltenyi
Biotec; 0.-CD34/RQR8, Qbend/10, Invitrogen) and analysed by
flow cytometry. Controls lacking specific injections were
performed as indicated in the experimental outline.

CAR-Treg cell suppression assay

Tregs were isolated, CAR-transduced and expanded as
described above. In vitro suppression assays were performed as
previously described (2). CAR-Tregs were labelled with the cell
proliferation dye eFluorTM 670 (Thermo Fisher Scientific). A
total of 5x10* syngeneic CD4+ and CD25- effector T cells were
labelled with carboxyfluorescein diacetate succinimidyl ester
(CFSE; 5 mmol/L), cocultured with mbIL-2 or CTR CAR-
Tregs at various ratios and irradiated with 2x10* allogeneic
HLA-A*02-positive PBMCs for 5 days. Teft proliferation was
calculated based on various Treg : Teff ratios via a CFSE
dilution assay.
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Statistical analyses

Statistical analyses were performed using Prism Version 7
(GraphPad Software).

Results

Anchorage of IL-2 to the cell surface led
to stable, membrane-associated
expression of the cytokine

To fix the secretory cytokine IL-2 to the membrane, IL-2 was
fused to the extracellular Gly,Ser linker, a transmembrane
domain and the anchor domain of the MHC class I molecule.
The length of the linker should allow activation in cis-, with no
trans-activation (trans) of neighbouring cells (12). Via a 2A site,
mbIL-2 was attached to the C-terminal end of the CAR
signalling domain (Supplementary Figure 1A). Initial
validation of mbIL-2 CAR surface expression was performed
using 293HEK cells transfected with the retroviral mbIL-2 CAR
vector. Flow cytometric analyses demonstrated coexpression of
mbIL-2 and the reporter gene ALNGFR on the cell surface
(Figure 1A). Using an HLA-A*02-PE dextramer as well as the
ALNGFR-mAb, we successfully demonstrated that HLA-A*02-
CAR expression correlated with IRES-directed ALNGFR
expression. Based on our data, ALNGFR represented
transduction efficiency as well as CAR expression
(Supplementary Figure 1B).

Membrane-bound IL-2 results in
increased proliferation and survival of
CTLL-2 cells

To validate the functionality of mbIL-2, CTLL-2 cells (13)
were retrovirally modified with the mbIL-2 CAR vector. CTLL-2
is exclusively dependent on exogenous IL-2 for proliferation and
survival (14). Transduced cells were cultured with different IL-2
concentrations (0 U or 100 U IL-2). In parallel, unmodified
CTLL-2 wild-type cells were cultured under the same conditions
to exclude the presence of active cytokines in the growth
medium. While IL-2-free cultivation led to the death of all
wild-type cells, the number of mbIL-2 CTLL-2 cells doubled
during this period. Moreover, autocrine-guided mIL-2 signalling
resulted in cell expansion under IL-2-limiting conditions that
was comparable to that of CTLL-2 WT cells supplied with 100 U
exogenous IL-2 (Figure 1B).

To directly compare the survival advantage of CTLL-2 cells
with autocrine IL-2 signalling versus wild-type cells in an IL-2-
free environment, these cell lines were cultured in a 1:4
competitive proliferation assay. The addition of exogenous
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Anchorage of IL-2 to the cell surface led to stable, membrane-associated expression of the cytokine and mediated biological activity in CTLL-2
cells. (A) 293T cells were transfected with the mblL-2 CAR vector plasmid to validate mblL-2 surface expression. Representative dot plot
confirmed coexpression of the ALNGFR CAR reporter gene and surface expression of mblL-2. (B) The biological activity of mbIL-2 was assessed
via the use of highly IL-2-dependent CTLL-2 cells. To address the possibility of autocrine IL-2 signalling, CTLL-2 cells were either transduced
with mblIL-2 CAR or left untransduced (WT) and were cultured under IL-2-limiting conditions. Cultivation of CTLL-2 wild-type cells under IL-2-
free conditions resulted in almost complete cell loss after 72 hours (9.2x10 +/- 4.0x10?). The calculated number of mblL-2 CTLL-2 cells
(6.2x10* +/- 2.7x10%) was comparable to that of CTLL-2 wild-type cells supplied with 100 U IL-2 (5.7x10* +/- 4.1x10°). Culturing mblL-2 CTLL-2
cells with 100 U exogenous IL-2 showed no negative effect on their cell growth (6.5x10* +/- 3.5x10°). (C) The survival advantage of mblL-2
CTLL-2 cells was compared to that of CTLL-2 WT cells in a competitive proliferation assay under IL-2-free conditions. At the starting point,
mblL-2 cells and CTLL-2 WT cells were cocultured at a ratio of 1:4. Under IL-2-free conditions, this ratio shifted towards mblL-2 cells (1:1.5).
Under physiological conditions for CTLL-2 cells with 100 U exogenous IL-2, no difference in cell growth between the two lines could be seen

(n=3, error bars illustrate the mean +/- SD).

IL-2 resulted in constant cell growth with no advantage to either
cell line while maintaining the cell ratio originally used. This also
demonstrated that there was no disadvantage of mbIL-2 cells in
the presence of abundant external IL-2. In contrast, culturing
cells in IL-2-free culture medium resulted in enhanced cell
growth of mbIL-2 CTLL-2 cells. This resulted in a significant
increase in the number of mbIL-2 CTLL-2 cells. The ratio shifted
from 1:4 to 1:1.5 (Figure 1C).

Expression of mblL-2 in Tregs did not
alter the Treg phenotype

The mbIL-2 CAR vector was used to transduce isolated
CD4+CD25+CD127lowCD45RA+ nTregs from HLA-A*02-
negative individuals (Supplementary Figure 2). mbIL-2 CAR-
related modification did not change the nTreg phenotype.
nTregs and mbIL-2 CAR Tregs showed similar levels of
FOXP3 and similar levels of the effector molecule CTLA-4.
CD39 was significantly increased in mbIL-2 CAR Tregs,
suggesting that Tregs had a sustained FOXP3 expression level
(15) (Figure 2). Furthermore, we did not observe any difference
in the suppressive properties of mbIL-2 CAR Tregs
compared to CTR CAR-Tregs in allogeneic suppression assays
(Supplementary Figure 3).
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Membrane-bound IL-2 Tregs show
better survival under IL-2-limiting
conditions

To investigate the biological effect of mbIL-2 expression in
Tregs, the cells were maintained in expansion cocultures with
nTregs under different conditions with different IL-2
concentrations (see Figure 3). The analysis was performed at
different time points by comparing the cell number and the
percentage of mbIL-2 CAR-Tregs.

While mbIL-2 CAR Tregs had no survival disadvantage
under conditions of high exogenous IL-2 levels, their
proportion increased significantly under limited IL-2
concentrations (25 U/ml, 0 U/ml). Because the cells were
expanded for 21 days after transduction under high IL-2
levels, these effects were significant after 7 days under limited
IL-2 concentration (Figure 3A). Moreover, mbIL-2 CAR Tregs
continued to respond to high exogenous doses of IL-2, as
expansion was higher under 1000 U/ml IL-2 than under 25 U/
ml (data not shown) and retained their regulatory/suppressive
capacity (Supplementary Figure 3).

Anchoring of initially secreted proteins to the cell surface
may lead to their spontaneous release from the cell membrane by
detachment or proteolytic cleavage, resulting in transactivation
of neighbouring cells. Analyses of the supernatant showed that
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Expression of membrane-bound IL-2 did not alter the Treg phenotype. (A) Phenotype analysis of mblL-2 CAR Tregs, CTR CAR Tregs and
nTregs. CD4+CD25highCD127lowCD45RA+ Tregs from HLA-A*02-negative donors were transduced with mblL-2 CAR Tregs or CTR CAR
Tregs and compared with nTregs for the expression of FOXP3, CD39, and cytotoxic T-lymphocyte—associated protein 4 (CTLA-4).
Representative histograms are shown. (B) Bars summarizing all three independent experiments. Data are shown as the mean + SD (n=3, 3
different PBMC donors; unpaired, two-tailed Student's t test, ns, not significant; *P < 0.0120, **P < 0.01, ***P < 0.0002, ****P < 0.0001).

the initial IL-2-free cell culture medium of the mbIL-2 CAR-
Tregs contained only 14 pg/ml soluble IL-2, even though the
mblIL-2 CAR-Tregs were cultured for 21 days (Figure 3B). This
concentration did not result in an in vitro expansion of nTregs
and was consistent with the observed growth and survival of
mbIL-2 CAR Tregs without apparent trans effects on
nontransduced nTregs. Under IL-2-free conditions, nTregs
tended to show a survival disadvantage despite the presence of
cocultured mbIL-2 CAR Tregs, resulting in a decrease in Treg
numbers. This precludes the possibility that mbIL-2 CAR Tregs
were capable of autonomous growth and that IL-2 deposited
from their cell surface had a beneficial effect on nTregs through
cis-activation (Figure 3C).

Expression of membrane-associated IL-2
led to STATS activation in the absence of
exogenous IL-2

To define the potential of mbIL-2 CAR-Tregs in relation to
activated STATS5, cells were characterized in the presence and
absence of IL-2. Flow cytometric analyses showed an increase in
pSTATS5 levels under exogenous IL-2 treatment that was not
observed in the absence of IL-2. Whereas nTregs transduced
with a control CAR did not show phosphorylation of STATS5,
mblIL-2 CAR-Tregs showed strong STAT5 phosphorylation in
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the absence of exogenous IL-2 (Figures 4A, B). Up to 15-fold
more pSTATS5 was detected in mbIL-2 CAR Tregs than in CTR
CAR Tregs under IL-2-free conditions. More importantly,
analysis of phosphorylated STAT5 in mbIL-2 CAR Tregs
revealed comparably high expression of pSTAT5 in nTregs
treated with 500 IU IL-2.

Membrane-associated IL-2 was thus able to establish STAT5
signalling in CAR-Treg cells independent of exogenous IL-2 and
to provide pathways for stabilizing FOXP3 transcription in Tregs.

IL-10 production by mblL-2 CAR-Tregs
is enhanced in the absence of
exogenous IL-2

The release of inhibitory cytokines, cytolysis, and disruption
of metabolism are just a few of the mechanisms by which Tregs
maintain immunological balance (16). One of the suppressive
mechanisms of Tregs is the release of immunomodulatory
cytokines such as IL-10 (17), whose production is increased by
STATS5 (18).

Under IL-2-free conditions, autocrine IL-2 signalling
resulted in increased IL-10 production comparable to that in
mbIL-2 cells treated with 500 U/ml IL-2 (Figure 4C). In contrast,
secretion of the anti-inflammatory cytokine was not detected in
CTR CAR-Tregs.
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FIGURE 3

Membrane-bound IL-2 enabled Treg survival under IL-2-limiting conditions. (A) Left: Analysed fold change [%] of transduced cells for CTR CAR-
Tregs and mblL-2 CAR-Tregs at the indicated timepoints. Right: Bars represent a summary of all experiments performed on starvation day 21.
mblL-2 led to increased proliferation of mblL-2 CAR-Tregs in IL-2-deprived or IL-2-free cultures. No difference in fold change was seen in
mblL-2 CAR-Tregs cultured with 25 U (2.70 +/- 0.99) or O U IL-2 (3.54 +/- 1.79) exogenous IL-2. In direct comparison, CTR CAR-Treg
proliferation under nonphysiological conditions with 25 U (0.96 +/- 0.31) or 0 U (0.89 +/- 0.39) exogenous IL-2 was significantly lower (n=4, 3
different individuals). The normality of the distribution was assessed using the Shapiro—Wilk normality test. Significance was calculated with
ordinary one-way ANOVA followed by Dunnett's multiple comparison. Error bars show the mean + SD. ns = not significant, *P < 0.05, **P <
0.005, ***P < 0.001. (B) Measurement of IL-2 concentrations in the supernatant of Tregs cultured in 0 U IL-2 medium using the BioPlex
Cytokine 27-plex Assay system (Bio-Rad). Extrapolated medium IL-2 concentrations were calculated using control media with 1000 U IL-2/mL
and 0 U IL-2/mL. Release of up to 14.33 pg/mL (+/- 7.54) was seen in mblL-2 CAR-Treg culture medium. Significance was analysed using an
unpaired t test. Error bars show the mean + SD. ns = not significant, **P < 0.01. (C) To evaluate the effects of the soluble IL-2 concentration in
the mblL-2 CAR-Treg supernatant on nTregs, mblL-2 CAR-Tregs and nTregs were cocultured at a ratio of 1:6 (14% vs. 86%) for 21 days under
IL-2-free conditions. Flow analysis at day 21 revealed an increase in mblL-2 of up to 30% and a concomitant shift in nTreg proportion of up to
70%, corresponding to a decrease in the original ratio to 1:2.3 (representative dot plots, n=3, 3 different individuals).

No trans-activation of nTregs was
observed in coculture experiments with
mblL-2 CAR Tregs

In contrast to NK and CD8 cells, Tregs are equipped with a
high affinity IL-2 receptor. This leads to sufficient STAT5
activation in environments with minimal IL-2 content. As
shown previously, the expression of mbIL-2 in modified Tregs
enables strong STAT5 phosphorylation in the absence of
exogenous IL-2. To address the question of to what extent
neighbouring unmodified Treg cells may benefit from this
advantage by transactivating membrane-associated IL-2,
heterologous mbIL-2 CAR-Treg/nTreg and CTR CAR-Treg/
nTreg populations were characterized. For this purpose,
modified and unmodified Treg cell populations were
cocultured in the absence of exogenous IL-2. pSTAT5 was
analysed by flow cytometry in each condition. STAT5 was
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phosphorylated in mbIL-2 CAR Tregs under such IL-2-free
conditions, whereas a negligible pSTAT5 transactivation was
seen in cocultured nTregs (Figure 5).

Expression of membrane-bound IL-2
promoted a stable and high level of
FOXP3 expression in CAR-Tregs

The stability of Tregs in organisms is one of the crucial
factors for the maintenance of immune homeostasis (19).

Based on this, we assessed the impact of autocrine IL-2
signalling on FOXP3 expression/stability. Therefore, we
analysed the levels of FOXP3 in either mbIL-2 CAR and
nTregs or CTR CAR and nTregs in coculture assays under
limiting IL-2 concentrations. The percentage of FOXP3high cells
in the nTregs cultured with 25 U/ml IL-2 initially increased
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FIGURE 4

Expression of membrane-associated IL-2 led to STAT5 activation and enhanced IL-10 production in the absence of exogenous IL-2
(A) Representative dot plots of intracellular pSTATS staining in nTregs, CTR CAR-Tregs and mblL-2 CAR-Tregs cultured under IL-2-free

conditions. (B) Bar graph summarizes STATS5 activation correlated with IL-2-initiated signalling, which could be seen under IL-2-free conditions
only in mblL-2 CAR-Tregs (75,2 + 2,8) and was comparable to that in nTregs cultured with 500 U IL-2 (83 + 2,5). The absence of IL-2 signalling
did not cause STATS activation, as seen in nTregs with O U IL-2 (2 + 0,6) and CTR CAR-Tregs (8,3 + 3,8). The percentage of pSTAT5 was
calculated for either untransduced or transduced cells as indicated by the highlighted rectangles (n=3, 3 different individuals). Error bars show
the mean + SEM. Significance was analysed by ordinary one-way ANOVA with Dunnett's multiple comparisons test. ****P < 0.0001, ns= not
significant; each analysis was compared to pSTATS5 expression in mblL-2 CAR Tregs. (C) Bar graph summarizes IL-10 measured concentrations
in the supernatant of CTR CAR-Tregs and mblL-2 CAR-Tregs cultivated under 500 U or O U exogenous IL-2. The absence of exogenously
supplied IL-2 resulted in a decrease in IL-10 concentration. The presence of membrane-bound IL-2 in mblL-2 CAR-Tregs stabilizes the IL-10
concentration even in the absence of IL-2 in the supernatant and is not significantly different from IL-10 concentrations measured in mblL-2
CAR-Treg supernatant after culture with 500 U IL-2. The IL-10 concentration was measured using the BioPlex Cytokine 27-plex Assay system
(Bio-Rad). n=3, 3 different individuals; significance was evaluated using an unpaired t test. Error bars show the mean + SD. **P < 0.01, ns= not

significant.

slightly until day 7 but then dropped to baseline levels. Under
these conditions, the population of CTR CAR-Tregs cultivated
with 25 U/ml IL-2 showed no change relative to a FOXP3high
population. Similarly, in the absence of IL-2, only a minority of
FOXP3-hi cells were observed in CTR CAR-Tregs and nTregs.
In contrast, mbIL-2 CAR-Tregs with and without exogenous I1-2
had a high proportion of FOXP3-rich cells from day 7. By day
21, the proportion of FOXP3high cells was almost twice as high
in the mbIL-2 CAR-Tregs (Figures 6A, B). Tregs can also lose
Foxp3 expression and become unstable under inflammatory
conditions (11). Therefore, we examined FOXP3 expression
after exposure to inflammatory cytokines (20). mbIL-2 CAR-
Tregs exhibited significantly higher FOXP3 expression in the
presence of cytokine Mix 1, which became even more
pronounced in the presence of cytokine Mix 2 (Figure 6C).
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mblL-2 CAR-Tregs overcome the
negative effects of tacrolimus in vitro

CNIs are part of the standard treatment for therapy after
solid organ transplantation. Tacrolimus (Tac) impairs Tregs in a
dose-dependent manner by directly inhibiting Treg
activation (21).

To evaluate the effects of CNIs on Treg proliferation, CFSE-
labelled mbIL-2 CAR- and CTR CAR-Tregs were stimulated in
the presence of tacrolimus for five days with additional
polyclonal stimuli. On day 5, CFSE dilution was used to
determine cell proliferation (Figure 7A). CTR CAR-Treg
proliferation was reduced in the presence of tacrolimus. In
contrast, o-CD3/0-CD28-stimulated mbIL-2 CAR-Tregs
showed much stronger proliferation, even in the presence of
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FIGURE 5

No transactivation of nTregs was observed in coculture experiments with mblL-2 CAR-Tregs. (A) Representative dot plots of intracellular
pSTATS staining in nTregs as well as in nTregs cocultivated with CTR CAR-Tregs and nTregs cocultivated with mblL-2 CAR-Tregs under IL-2-
free conditions. (B) Bar graph summarizing STAT5 phosphorylation in nTregs and various heterologous CAR/nTreg cocultures under IL-2-free
conditions. pSTATS5 in nTregs (without cocultivation) was specifically upregulated in response to IL-2. 500 IU IL-2 resulted in pSTAT5 expression
in 67.5% +/- 8.1 of cells, while under IL-2-free conditions, no pSTAT5 expression in Tregs could be detected (2%, data not shown). In coculture
with CTR CAR-Tregs, pSTATS5 expression was not above the basal level under IL-2-free conditions in nTregs (1.8% +/- 1.4) or CTR CAR-Tregs
(6.8% +/- 0.6). In contrast, phosphorylation of STAT5 in mblL-2 CAR-Tregs was independent of exogenous IL-2, as shown. Under IL-2-free
conditions, pSTAT5 was strongly upregulated in mblL-2 CAR-Tregs (47.3% +/- 2.4). More importantly, nTregs cocultivated with mblL-2 CAR-
Tregs in the very same well did not benefit from mblL-2-driven trans-activation, as only a weak pSTATS5 signal was seen in 6.6% +/- 2.2 of
analysed nTregs (n=3, 3 different individuals, significance was calculated using an unpaired t test. Error bars show the mean + SEM. Error bars
show the mean +/- SEM. n=3, 3 different individuals; significance was analysed by ordinary one-way ANOVA with Dunnett's multiple

comparisons test. ***P=0.0002, ns= not significant.

Tac levels equivalent to those observed in patients after
transplantation. Notably, over 70% of mbIL-2 CAR-Tregs
proliferated in the presence of 5 ng/ml Tac (Figure 7B). In
direct comparison, mbIL-2 expression on CAR-Tregs was able to
compensate for tacrolimus-induced proliferation inhibition.

mblL-2-enhanced CAR-Tregs showed
enhanced survival in vivo after
transplantation of allogeneic target cells
in a preclinical humanized mouse model

Having shown that autocrine IL-2 signalling exhibits

increased proliferation and stability in vitro, we next evaluated
its influence in a clinically relevant humanized mouse model. To
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this end, we evaluated the cell proliferation ability of mbIL-2
CAR and CTR CAR-Tregs in NRG mice in a competitive
proliferation assay. Both CAR-Treg products were adoptively
transferred at a 1:1 ratio into NRG mice stably reconstituted
with syngeneic human PBMCs 14 days before the
experiment (Figure 8A).

The next day, a single allogeneic CAR stimulus was initially
performed with irradiated HLA-A*02-positive PBMCs. This
ensured transient IL-2 production triggered by the allogeneic
response. On day 11, the spleens were analysed for the presence
of the applied Treg populations. While we observed a tenfold
increase in mbIL-2 CAR-Treg numbers, CTR CAR-Tregs were
no longer detectable (Figures 8B, C). This demonstrated the clear
survival advantage of mbIL-2 CAR over CTR CAR-Tregs after
stimulation by alloantigen in vivo. However, after a single
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FIGURE 6

Expression of membrane-bound IL-2 resulted in high FOXP3 expression in mblL-2 CAR-Tregs, protected them from conversion in the presence
of the inflammatory cytokine mblIL-2 CAR-Tregs and protected them against the adverse effects of Tac in vitro. We analysed the levels of
FOXP3 expression in either CTR CAR and nTregs or mblL-2 CAR and nTregs in coculture assays. This mixed population was divided for the
starvation experiment and further cultured under three different IL-2 concentrations (0, 25 U). On the indicated days, the cells were removed
and analysed by flow cytometry. (A) Representative FACS plots illustrate the gating strategy for CTR CAR and mblL-2 CAR-Tregs (0 U IL-2) in
the starvation experiment with transduced and nontransduced Tregs and their classification into FOXP3-negative, -mid and -high cells. (B) Bar
graph summarizes the percentage of FOXP3high cells within the Treg compartment of CTR CAR and mblL-2 CAR-Tregs. By day 21, the
proportion of FOXP3high cells in the mbIL-2 CAR-Treg compartment was nearly twice (36.50% +/- 9.54%) that in the CTR CAR-Treg
compartment (20.50 +/- 4.36). n=4 of different individuals. Significance was evaluated using an unpaired t test. Error bars show the mean + SD.
*P < 0.05. (C) Bar graph summarizes the mean fluorescence intensity (MFI) of FOXP3 expression in CTR CAR and mblL-2 CAR-Tregs in the
presence of cytokine mix 1 (IL-2, IL-1R, IL-6, TGF-R) and cytokine mix 2 (IL-2, IL-21, IL-23, TGF-R). mblIL-2 CAR-Tregs showed a significantly
higher FOXP3 MFI than CTR CAR-Tregs (1.3x10* +/- 1.8x10° vs. 2.2x10%+/- 3.2x10%, p value=0.0036). In combination with that observed for
cytokine mix 2, a significantly higher MFI level was observed in mblL-2 CAR-Tregs than CTR CAR-Tregs (1.8x10%*+/- 1x10° vs. 2.8x10* +/-
2.4x10%). n=3, 3 different donors; significance was calculated using an unpaired t test. Error bars show the mean + SEM. *P < 0.041, **P <

0.0035, ns = not significant.

antigenic stimulation, the majority of analysed Treg populations
still belonged to the endogenous Treg repertoire. Uncontrolled
proliferation of mbIL-2 CAR-Tregs could not be confirmed.

mblL-2 enabled CAR-Treg resistance to
calcineurin inhibitors in a preclinical
humanized mouse model

Whereas our initial in vitro experiments addressed the effect
of Tac on Treg expansion, much of the in vivo effect of CNIs is
mediated by blockade of IL-2 production by other T cells.
Therefore, we sought to mimic the situation after organ
transplantation by administering a repeated alloantigen
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stimulus in the presence of therapeutic levels of 5 mg/kg Tac.
Animals were previously stably reconstituted with HLA-A2-
PBMCs. Then, both mbIL-2 and CTR CAR-Tregs were
adoptively transferred at a ratio of 1:1 in a competitive
experiment to examine niche occupancy after adoptive transfer
(Figure 9A). To ensure a continuous allogeneic immune
stimulus, irradiated HLA-A2+ PBMCs were injected three
times per week. On day 11, the spleens were analysed, and the
original 1:1 ratio of CAR-Treg products was recalculated. It was
found that 87% of all adoptively transferred cells could be
assigned to the mbIL-2 CAR-Treg repertoire with autocrine
IL-2 signalling and just 13% to the CTR CAR-Treg repertoire
(Figure 9B). Indeed, CTR CAR-Tregs hardly expanded under the
influence of Tac despite repeated allogeneic stimulation. In

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1005582
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kremer et al. 10.3389/fimmu.2022.1005582
A
Ong/ml Tac 5ng/ml Tac
(7]
£ 3
oS 2
cE £
0% 7
) ° _
(]
T &
(7] =2
S3 3]
o5 >
[$] E [
2E|99% oY
o /
o
CFSE
B
kkkk *k Kk
100~ 100 s e
c 804 C 80
K] K]
® ®
— —
g 60 g 60+
[ [
Q404 Q. 40-
ES R
20-] 20
o- o-
no polyclonal polyclonal
stimulus  stimulus stimulus
[inTregs [ CTR CAR Tregs [ mblL-2 CAR Tregs
FIGURE 7
Expression of membrane-bound IL-2 protected against adverse effects of tacrolimus in vitro. (A) Representative histograms illustrating the
proliferative capacity of polyclonally stimulated CTR CAR-Tregs and mblL-2 CAR-Tregs in the presence of tacrolimus (Tac) and absence of
exogenous IL-2. CTR CAR-Tregs and mblL-2 CAR-Tregs were rested and labelled with a cell proliferation marker (CFSE). Left: representative
histogram of unstimulated and polyclonal stimulated Tregs with no addition of Tac. Right: to assess proliferative capacity of mbIL-2 CAR Tregs
after polyclonal stimulation in the presence of 5ng/ml tacrolimus, a CFSE dilution assay was performed. Cell proliferation was related to
stimulated nTregs as well as to stimulated CTR CAR Tregs both under same conditions. (B) Bar graph summarizes all performed experiments.
The proliferative capacity of mblL-2 CAR-Tregs was significantly higher in the presence 5 ng/ml Tac (71% + 4,9) in direct comparison to CTR
CAR-Treg (44% + 2,5; ***P value<0,0002) as well as to nTregs proliferation (41,2% + 2,9; ****P value < 0,0001). No significant difference was
found in the proliferation capacity of CTR CAR Tregs and nTregs (ns= not significant, P Value= 0,8448). Each analysis was compared to
proliferation analysed in nTregs, cocultivated with mbIL-2 CAR-Tregs. Error bars show the mean + SEM. Significance was calculated using
ordinary one-way ANOVA with Tukey's multiple comparisons test (n=3, 4 different donors).

contrast, mbIL-2 CAR-Tregs expanded strongly despite the
presence of Tac (Figure 9C).

Discussion

Numerous studies have provided ample evidence for the
potential of antigen-specific regulatory T cells in the treatment of
autoimmune diseases and in transplantation medicine (22).
Adoptive transfer of polyspecific Tregs showed clinical benefits
only under lymphopenic conditions, such as those seen after
haematopoietic stem cell transplantation. However, a therapeutic
benefit in immunocompetent individuals has not been
demonstrated thus far. In contrast, antigen-specific Tregs were
proven safe in the context of autoimmunity (23, 24) and were
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much more potent in tolerance induction in models of
autoimmunity (1, 25-27) and after transplantation (3, 28).
Subsequently, redirection of Treg specificity by CARs has been
shown to generate large numbers of Tregs independent of MHC
restriction that can induce allotolerance even in the absence of
immunosuppression (2-4). However, one of the remaining
obstacles to their successful use is the obligatory persistence and
maintenance of their regulatory phenotype in the context of
autoimmunity (29-32). These scenarios leading to depletion of
the Treg repertoire are caused by drastically reduced IL-2 levels or
unstable FOXP3 expression (33).

Newer studies indicated that CsA in combination with low-
dose IL-2 administration resulted in an increase in Tregs (34),
which may indicate that the desired effect of selective Teff inhibition
can be achieved while sparing Tregs. Although this statement is
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FIGURE 8

mblL-2 enhanced CAR-Treg survival in an IL-2-limiting environment in a preclinical humanized mouse model. (A) Experimental setup. On Day
-21, NRG mice were reconstituted with HLA-A*O2negative PBMCs. Differently labelled syngeneic mblL-2 CAR and CTR CAR-Tregs were
adoptively transferred at day O in a 1:1 ratio followed by a single injection of allogeneic human HLA-A*02+ PBMCs to ensure a CAR-specific
allogeneic stimulus. Spleens were isolated and analysed on day 10. (B) Representative dot plots show the decreasing fraction of CTR CAR-Tregs
in the spleens of animals compared with that of mbIL-2 CAR-Tregs in this limiting IL-2 environment. (C) Bars summarize the data from all
experiments. While a tenfold increase in mblL-2 CAR-Tregs (0.18% +/-0.04%) could be observed, the number of CTR CAR-Tregs fell below the
threshold value (0.02% +/- 0.03%). n=3 different mice. Significance was calculated using an unpaired t test. Error bars show the mean + SD.

P value ** < 0.01.

controversial discussed (35, 36), the use of tacrolimus currently
represents the standard of care or CNI inhibitor of choice in
patients after liver transplantation (37). After solid organ
transplantation, CNIs reduce IL-2 levels within the graft, thereby
counteracting Treg-mediated natural tolerance mechanisms (38).

Previous approaches to overcome this Treg gap by recombinant
IL-2 substitution have failed thus far in clinical trials.

While low doses of IL-2 were initially successfully used in the
context of autoimmune conditions such as alopecia and
vasculitis, further trials revealed that there is a delicate balance
between tolerance and immunity even with low-dose IL-2.

Indeed, patients with T1D treated with low-dose IL-2 showed
declining c-peptide levels (7). In addition to an increase in
peripheral Tregs, IL-2 also activated CD8+ T cells and NK cells.
Likewise, a recent trial aiming at weaning from immunosuppression
after liver transplantation under low-dose IL-2 (LITE trial
clinicaltrials.gov) had to be stopped as patients developed T-cell-
mediated rejection. In fact, higher peripheral Treg numbers do not
always correspond to increased Treg numbers within the graft.

Other approaches for Treg-adapted IL-2 substitution acting
more specifically on Tregs, such as IL-2 muteins (39) or antibody
complexed IL-2 (31, 40), are being used to improve the specific
binding and selectivity of Tregs (41). Because of the lower affinity or
availability of IL-2R, these constructs preferentially act on CD25-
expressing cells such as expanding Tregs. Indeed, it has been shown
that these approaches can be used to treat autoimmune diseases
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(31) and that they enhance adoptive Treg therapy after
transplantation (42). However, under inflammatory conditions,
patients will also accumulate CD25-expressing Teffs and NKs,
which could then be activated by these therapeutics. In addition,
these second-generation IL-2 therapies enhance Tregs with
various specificities.

We therefore provided our CAR Tregs with this essential Treg
signal for survival by expressing a membrane-bound IL-2 that
bypassed the IL-2 dependence of the antigen-specific Tregs. These
mbIL-2 CAR Tregs resisted the destabilizing impact of
proinflammatory cytokines or drugs for maintenance therapy at
the site of action. Because we used an appropriate short, flexible
linker, our membrane-bound IL-2 signal exclusively acts on the
transferred mbIL-2 CAR-Tregs in the cis direction, providing the
cells with a distinct survival advantage and a stable phenotype in
the local Treg niche.

By using this technique, we were able to generate autocrine
signalling in mbIL-2-Tregs without abandoning sensitivity to
exogenous IL-2. In contrast to recent low-dose IL-2 therapies, the
biochemical radius of mbIL-2 CAR- Tregs was strictly limited to the
expressing cells as well as to the site of action due to their antigen
specificity. Transactivation or accumulation of shed IL-2, which
would have led to systemic activation, could be excluded, even after
prolonged cultivation, in adjacent nonmodified cells. The spatial
restriction of CAR-Treg activity is based on the directed specificity
against the corresponding autoimmune or alloantigen and is
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mblL-2 enabled CAR-Treg resistance to calcineurin inhibitors in a preclinical humanized mouse model. (A) Experimental setup. On Day -21,
NRG mice were reconstituted with HLA-A*02negative PBMCs. Differently labelled syngeneic mblL-2 CAR and CTR CAR-Tregs were adoptively
transferred at a 1:1 ratio. To ensure a continued allogeneic stimulus, animals received allogeneic HLA-A*02-positive PBMCs three times weekly
The scenario of maintenance therapy with CNI was mimicked by treating the animals daily with Tac (5 mg/kg). This resulted in an IL-2-poor/free
environment. Spleens were isolated and analysed on day 10. (B) Representative dot plots show the decreasing fraction of CTR CAR-Tregs in the
spleens of animals compared with that of mblL-2 CAR-Tregs in this experimental scenario. The CAR-Treg gate was established according to the
unstimulated negative control in animals killed one day after adoptive CAR transfer. It was found that 87% of all adoptively transferred cells
could be assigned to the mblL-2 CAR-Treg repertoire with autocrine IL-2 signalling and 13% to the CTR CAR-Treg repertoire. (C) Bars
summarize the data from all experiments and illustrate the decreasing fraction of CTR CAR-Tregs compared with that of mblL-2 CAR-Tregs.
The proportion of CAR-Tregs that could be assigned to the mblL-2 modification population (0.40% +/- 0.16%) was more than twice that of the
CTR CAR population (0.16% +/-0.05%). n=4 of different experiments. Significance was calculated using an unpaired t test. Error bars show the

mean + SD. p* <0.05.

exclusively linked to a CAR stimulus, preventing an uncontrollable
systemic mode of action.

Although antigen-specific Tregs are much more potent (43—
45), their therapeutic use carries the risk of an unstable
phenotype, potentially giving rise to tissue-specific effector T
cells (11, 46), preferably under either proinflammatory (11) or
low IL-2 conditions (47).

IL-2 signalling is directly linked to the Treg phenotype via
the IL-2/JAK3/STATS5 signalling pathway and ensures the
initiation and maintenance of FOXP3 (48). IL-2R signalling is
primarily mediated by the activation of JAK1 and JAK3, with the
subsequent phosphorylation and activation of STAT3 and
STATS5 (49). The major role in maintaining FOXP3 expression
is attributed to STATS5, which in turn leads to its maintenance
via complex signalling with IL-2 (50). STAT5 binds to specific
binding sites around the FOXP3 enhancer region CNS2 and
enables its transcription (51, 52). While proinflammatory
conditions antagonize FOXP3 expression in inflamed areas,
mblIL-2 was able to counteract this effect by stabilizing IL-2/
STATS5 signalling, leading to interaction with CNS2 and
restoration of stable FOXP3 expression. This allows the
maintenance of the regulatory phenotype of CAR-Tregs in
hotspots of inflammation and counteracts the conversion of
Tregs to Teffs and prevents the potentiation of the effector
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immune response (53-56). In fact, the FOXP3 expression of
these cells was much higher than that of neighbouring Tregs, and
they produced more IL-10.

It has been shown that the transfer of large numbers of Tregs
does not necessarily improve their in vitro survival (29), possibly due
to the limited amount of IL-2 after transfer. Thus, the transferred
mbIL-2 CAR-Tregs would have an intrinsic survival advantage
within the endogenous Treg niche to avoid expansion under GMP
conditions. This was shown in experiments investigating competitive
survival under IL-2-free conditions in humanized mice. mbIL-2
CAR-Tregs and CTR CAR-Tregs were administered at a 1:1 ratio
and stimulated once with alloantigens. Under these IL-2-limited
conditions, only mbIL-2 CAR-Tregs expanded in the Treg niche,
whereas very few CTR CAR-Tregs survived.

What are the consequences for adoptive Treg therapies after
organ transplantation, such as the ONE study or ongoing trials with
CAR Tregs after kidney or liver transplantation (57)? In all these
trials, CNIs form the backbone of immunosuppression after
transplantation. Accordingly, it is not advisable to omit CNI
administration in this scenario. However, this will lead to the
formation of a Treg-hostile environment. Calcineurin inhibitor
administration deprives the regulatory arm of the immune system
of cardinal factors and supports organ preservation by
simultaneously suppressing Teff immune activation. This is
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precisely the pitfall of CAR-Treg therapy in organ transplantation. It
is therefore of major importance that mbIL-2 CAR-Tregs show
resistance to CNIs under physiological levels of tacrolimus
mimicking trough levels in patients. The expression of mb-IL-2
minimizes the effect of CNIs on Tregs but more importantly creates
a niche for mbIL-2 CAR-Tregs in vivo, even with the daily use of
tacrolimus, by promoting less dependence on Teff-derived IL-2.
Indeed, we tried to mimic the effect seen after organ transplantation
by repeated transfer of allogeneic PBMCs in our humanized mouse
model and daily application of Tac. The number of CTR CAR-Tregs
was barely maintained in the niche under these conditions in
cotransfer experiments, demonstrating the clear in vivo survival
advantage of mbIL-2 CAR-Tregs. Resistance to CNIs makes mbIL-2
CAR-Tregs preferred candidates for experiments with Tregs after
solid organ transplantation, supporting the interruption
of immunosuppression.

IL-2 remains a double-edged sword in the balance between
tolerance and immune activation, and prediction of the
immunological balance and associated therapeutic effect remains
challenging. Low-dose IL-2 therapies have thus far failed to provide
benefit to nTregs without activating the immune system.
Impressively, it was shown here that membrane-associated IL-2
could dramatically improve the stability of CAR-Tregs. Thus, for
the first time, CAR-Tregs had a spatial advantage and no longer
relied on exogenous IL-2. Because of the resulting CNI resistance,
this provides new opportunities for the future use of antigen-specific
Tregs for tolerance induction after transplantation and in the
context of autoimmunity.

Data availability statement

The datasets presented in this article are not readily available
because Pending Patent Application. Requests to access the
datasets should be directed to noyan.fatih@mh-hannover.de.

Ethics statement

Local ethical committee approval was received for the studies.
Informed consent of all participating subjects was obtained. The
patients/participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by Local Ethics Animal Review Board (Oldenburg,
Germany, 11/0034, 16/2099, 21/3621, 16/2099, 21/3621).

Author contributions

Study concept and design (EN, EJ); acquisition of data (JK);
analysis and interpretation of data (JK, EN, EJ); drafting of the

Frontiers in Immunology

14

10.3389/fimmu.2022.1005582

article (FN, EJ); critical revision of the article for important
intellectual content (JK, PH, DS, MH-W, TR, CF, HW, FN, EJ);
statistical analysis (JK); acquisition of funding (FN, EJ);
administrative, technical, or material support (PH, DS, MH-
W, TR, CF, HW); and study supervision (FN, EJ). All authors
have read and agreed to the published version of the manuscript.

Funding

This work was supported by grants from the Deutsche
Forschungsgemeinschaft, SFB/Transregio 127, Project A4,
European Union’s Horizon 2020 research and innovation
program (825392; RESHAPE consortium) and the
Government of Canada’s New Frontiers in Research Fund
(NFRF), NFRFT-2020-00787.

Acknowledgments

We thank Konstantinos Iordanidis of the Dept. of
Gastroenterology, Hepatology & Endocrinology, Hannover
Medical School, for technical assistance. We thank Matthias
Ballmeier of the Cell Sorting Facility, Hannover Medical School,
for technical assistance and cell sorting.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1005582/full#supplementary-material

frontiersin.org


mailto:noyan.fatih@mh-hannover.de
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1005582/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1005582/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.1005582
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kremer et al.

References

1. Jaeckel E, von Boehmer H, Manns MP. Antigen-specific FoxP3-transduced
T-cells can control established type 1 diabetes. Diabetes (2005) 54:306-10. doi:
10.2337/diabetes.54.2.306

2. Noyan F, Zimmermann K, Hardtke-Wolenski M, Knoefel A, Schulde E,
Geffers R, et al. Prevention of allograft rejection by use of regulatory T cells with an
MHC-specific chimeric antigen receptor. Am ] Transplant (2017) 17:917-30. doi:
10.1111/ajt.14175

3. Boardman DA, Philippeos C, Fruhwirth GO, Ibrahim MA, Hannen RF,
Cooper D, et al. Expression of a Chimeric Antigen Receptor Specific for Donor
HLA Class I Enhances the Potency of Human Regulatory T Cells in Preventing
Human Skin Transplant Rejection. Am ] Transplant (2017) 17:931-43.
doi: 10.1111/ajt.14185

4. MacDonald KG, Hoeppli RE, Huang Q, Gillies J, Luciani DS, Orban PC, et al.
Alloantigen-specific regulatory T cells generated with a chimeric antigen receptor. |
Clin Invest (2016) 126:1413-24. doi: 10.1172/JCI82771

5. Todd JA, Walker NM, Cooper JD, Smyth DJ, Downes K, Plagnol V, et al.
Robust associations of four new chromosome regions from genome-wide analyses
of type 1 diabetes. Nat Genet (2007) 39:857-64. doi: 10.1038/ng2068

6. Long SA, Cerosaletti K, Bollyky PL, Tatum M, Shilling H, Zhang S, et al.
Defects in IL-2R signaling contribute to diminished maintenance of FOXP3
expression in CD4(+)CD25(+) regulatory T-cells of type 1 diabetic subjects.
Diabetes (2010) 59:407-15. doi: 10.2337/db09-0694

7. Dong S, Hiam-Galvez KJ, Mowery CT, Herold KC, Gitelman SE, Esensten
JH, et al. The effects of low-dose IL-2 on treg adoptive cell therapy in patients with
type 1 diabetes. JCI Insight (2021). doi: 10.1172/jci.insight.147474

8. Tatapudi VS, Lonze BE, Wu M, Montgomery RA. Early conversion from
tacrolimus to belatacept in a highly sensitized renal allograft recipient with
calcineurin inhibitor-induced de novo post-transplant hemolytic uremic
syndrome. Case Rep Nephrol Dial (2018) 8:10-9. doi: 10.1159/000486158

9. de Fijter JW, Holdaas H, Oyen O, Sanders JS, Sundar S, Bemelman FJ, et al.
Early conversion from calcineurin inhibitor- to everolimus-based therapy
following kidney transplantation: Results of the randomized ELEVATE trial. Am
J Transplant (2017) 17:1853-67. doi: 10.1111/ajt.14186

10. Marek-Trzonkowska N, Mysliwiec M, Iwaszkiewicz-Grzes D, Gliwinski M,
Derkowska I, Zalinska M, et al. Factors affecting long-term efficacy of T regulatory
cell-based therapy in type 1 diabetes. J Transl Med (2016) 14:332. doi: 10.1186/
$12967-016-1090-7

11. Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martinez-Llordella M,
Ashby M, et al. Instability of the transcription factor Foxp3 leads to the generation
of pathogenic memory T cells. vivo. Nat Immunol (2009) 10:1000-7. doi: 10.1038/
ni.1774

12. Anton van der Merwe P, Davis SJ, Shaw AS, Dustin ML. Cytoskeletal
polarization and redistribution of cell-surface molecules during T cell antigen
recognition. Semin Immunol (2000) 12:5-21. doi: 10.1006/smim.2000.0203

13. Gillis S, Smith KA. Long term culture of tumour-specific cytotoxic T cells.
Nature (1977) 268:154-6. doi: 10.1038/268154a0

14. Giglia JS, Ovak GM, Yoshida MA, Twist CJ, Jeffery AR, Pauly JL, et al.
Isolation of mouse T-cell lymphoma lines from different long-term interleukin 2-
dependent cultures. Cancer Res (1985) 45:5027-34.

15. GuJ, Ni X, Pan X, Lu H, Lu Y, Zhao J, et al. Human CD39(hi) regulatory T
cells present stronger stability and function under inflammatory conditions. Cell
Mol Immunol (2017) 14:521-8. doi: 10.1038/cmi.2016.30

16. Caridade M, Graca L, Ribeiro RM. Mechanisms underlying CD4+ treg
immune regulation in the adult: From experiments to models. Front Immunol
(2013) 4:378. doi: 10.3389/fimmu.2013.00378

17. Bettini M, Vignali DA. Regulatory T cells and inhibitory cytokines in
autoimmunity. Curr Opin Immunol (2009) 21:612-8. doi: 10.1016/
j.c0i.2009.09.011

18. Tsuji-Takayama K, Suzuki M, Yamamoto M, Harashima A, Okochi A,
Otani T, et al. IL-2 activation of STAT5 enhances production of IL-10 from human
cytotoxic regulatory T cells, HOZOT. Exp Hematol (2008) 36:181-92. doi: 10.1016/
j.exphem.2007.09.010

19. Kanamori M, Nakatsukasa H, Okada M, Lu Q, Yoshimura A. Induced
regulatory T cells: Their development, stability, and applications. Trends Immunol
(2016) 37:803-11. doi: 10.1016/j.it.2016.08.012

20. Safinia N, Vaikunthanathan T, Fraser H, Thirkell S, Lowe K, Blackmore L,
et al. Successful expansion of functional and stable regulatory T cells for
immunotherapy in liver transplantation. Oncotarget (2016) 7:7563-77. doi:
10.18632/oncotarget.6927

Frontiers in Immunology

10.3389/fimmu.2022.1005582

21. Miroux C, Morales O, Ghazal K, Othman SB, de Launoit Y, Pancre V, et al. In
vitro effects of cyclosporine a and tacrolimus on regulatory T-cell proliferation and
function. Transplantation (2012) 94:123-31. doi: 10.1097/TP.0b013e3182590d8f

22. Sakaguchi S. Taking regulatory T cells into medicine. J Exp Med (2021) 218.
doi: 10.1084/jem.20210831

23. Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, Grabowska M,
Derkowska I, Juscinska J, et al. Therapy of type 1 diabetes with CD4(+)CD25
(high)CD127-regulatory T cells prolongs survival of pancreatic islets - results of
one year follow-up. Clin Immunol (2014) 153:23-30. doi: 10.1016/
j.clim.2014.03.016

24. Bluestone JA, Buckner JH, Fitch M, Gitelman SE, Gupta S, Hellerstein MK,
etal. Type 1 diabetes immunotherapy using polyclonal regulatory T cells. Sci Transl
Med (2015) 7:315ral89. doi: 10.1126/scitranslmed.aad4134

25. Jaeckel E, Lipes MA, von Boehmer H. Recessive tolerance to preproinsulin 2
reduces but does not abolish type 1 diabetes. Nat Immunol (2004) 5:1028-35. doi:
10.1038/ni1120

26. Spence A, Klementowicz JE, Bluestone JA, Tang Q. Targeting treg signaling
for the treatment of autoimmune diseases. Curr Opin Immunol (2015) 37:11-20.
doi: 10.1016/j.c01.2015.09.002

27. Tarbell KV, Yamazaki S, Steinman RM. The interactions of dendritic cells
with antigen-specific, regulatory T cells that suppress autoimmunity. Semin
Immunol (2006) 18:93-102. doi: 10.1016/j.smim.2006.01.009

28. Noyan F, Lee YS, Zimmermann K, Hardtke-Wolenski M, Taubert R,
Warnecke G, et al. Isolation of human antigen-specific regulatory T cells with
high suppressive function. Eur J Immunol (2014) 44:2592-602. doi: 10.1002/
€ji.201344381

29. Dong S, Hiam-Galvez KJ, Mowery CT, Herold KC, Gitelman SE, Esensten
JH, et al. The effect of low-dose IL-2 and treg adoptive cell therapy in patients with
type 1 diabetes. JCI Insight (2021) 6. doi: 10.1172/jci.insight.147474

30. Tang Q, Adams JY, Penaranda C, Melli K, Piaggio E, Sgouroudis E, et al.
Central role of defective interleukin-2 production in the triggering of islet
autoimmune destruction. Immunity (2008) 28:687-97. doi: 10.1016/
jimmuni.2008.03.016

31. Buitrago-Molina LE, Pietrek J, Noyan F, Schlue ], Manns MP, Wedemeyer
H, et al. Treg-specific IL-2 therapy can reestablish intrahepatic immune regulation
in autoimmune hepatitis. J Autoimmun (2021) 117:102591. doi: 10.1016/
j.jaut.2020.102591

32. Rosenzwajg M, Lorenzon R, Cacoub P, Pham HP, Pitoiset F, El Soufi K, et al.
Immunological and clinical effects of low-dose interleukin-2 across 11 autoimmune
diseases in a single, open clinical trial. Ann Rheum Dis (2019) 78:209-17. doi:
10.1136/annrheumdis-2018-214229

33. Nelson BH. IL-2, regulatory T cells, and tolerance. J Immunol (2004)
172:3983-8. doi: 10.4049/jimmunol.172.7.3983

34. Satake A, Schmidt AM, Archambault A, Leichner TM, Wu GF, Kambayashi
T, et al. Differential targeting of IL-2 and T cell receptor signaling pathways
selectively expands regulatory T cells while inhibiting conventional T cells. J
Autoimmun (2013) 44:13-20. doi: 10.1016/j.jaut.2013.06.009

35. Muduma G, Saunders R, Odeyemi I, Pollock RF. Systematic review and
meta-analysis of tacrolimus versus ciclosporin as primary immunosuppression
after liver transplant. PloS One (2016) 11:e0160421. doi: 10.1371/
journal.pone.0160421

36. Haddad EM, McAlister VC, Renouf E, Malthaner R, Kjaer MS, Gluud LL.
Cyclosporin versus tacrolimus for liver transplanted patients. Cochrane Database
Syst Rev (2006) CD005161. doi: 10.1002/14651858.CD005161.pub2

37. European Association for the Study of the Liver. Electronic address, e.e.e.
EASL clinical practice guidelines: Liver transplantation. ] Hepatol (2016) 64:433—
85. doi: 10.1016/j.jhep.2015.10.006

38. LiY, Li XC, Zheng XX, Wells AD, Turka LA, Strom TB, et al. Blocking both
signal 1 and signal 2 of T-cell activation prevents apoptosis of alloreactive T cells
and induction of peripheral allograft tolerance. Nat Med (1999) 5:1298-302. doi:
10.1038/15256

39. Budde K, Rostaing L, Maggiore U, Piotti G, Surace D, Geraci S, et al.
Prolonged-release once-daily formulation of tacrolimus versus standard-of-Care
tacrolimus in. novo Kidney Transplant Patients Across Europe. Transpl Int (2022)
35:10225. doi: 10.3389/t.2021.10225

40. Khoryati L, Pham MN, Sherve M, Kumari S, Cook K, Pearson J, et al. An IL-
2 mutein engineered to promote expansion of regulatory T cells arrests ongoing
autoimmunity in mice. Sci Immunol (2020) 5 (50):eaba5264. doi: 10.1126/
sciimmunol.aba5264

frontiersin.org


https://doi.org/10.2337/diabetes.54.2.306
https://doi.org/10.1111/ajt.14175
https://doi.org/10.1111/ajt.14185
https://doi.org/10.1172/JCI82771
https://doi.org/10.1038/ng2068
https://doi.org/10.2337/db09-0694
https://doi.org/10.1172/jci.insight.147474
https://doi.org/10.1159/000486158
https://doi.org/10.1111/ajt.14186
https://doi.org/10.1186/s12967-016-1090-7
https://doi.org/10.1186/s12967-016-1090-7
https://doi.org/10.1038/ni.1774
https://doi.org/10.1038/ni.1774
https://doi.org/10.1006/smim.2000.0203
https://doi.org/10.1038/268154a0
https://doi.org/10.1038/cmi.2016.30
https://doi.org/10.3389/fimmu.2013.00378
https://doi.org/10.1016/j.coi.2009.09.011
https://doi.org/10.1016/j.coi.2009.09.011
https://doi.org/10.1016/j.exphem.2007.09.010
https://doi.org/10.1016/j.exphem.2007.09.010
https://doi.org/10.1016/j.it.2016.08.012
https://doi.org/10.18632/oncotarget.6927
https://doi.org/10.1097/TP.0b013e3182590d8f
https://doi.org/10.1084/jem.20210831
https://doi.org/10.1016/j.clim.2014.03.016
https://doi.org/10.1016/j.clim.2014.03.016
https://doi.org/10.1126/scitranslmed.aad4134
https://doi.org/10.1038/ni1120
https://doi.org/10.1016/j.coi.2015.09.002
https://doi.org/10.1016/j.smim.2006.01.009
https://doi.org/10.1002/eji.201344381
https://doi.org/10.1002/eji.201344381
https://doi.org/10.1172/jci.insight.147474
https://doi.org/10.1016/j.immuni.2008.03.016
https://doi.org/10.1016/j.immuni.2008.03.016
https://doi.org/10.1016/j.jaut.2020.102591
https://doi.org/10.1016/j.jaut.2020.102591
https://doi.org/10.1136/annrheumdis-2018-214229
https://doi.org/10.4049/jimmunol.172.7.3983
https://doi.org/10.1016/j.jaut.2013.06.009
https://doi.org/10.1371/journal.pone.0160421
https://doi.org/10.1371/journal.pone.0160421
https://doi.org/10.1002/14651858.CD005161.pub2
https://doi.org/10.1016/j.jhep.2015.10.006
https://doi.org/10.1038/15256
https://doi.org/10.3389/ti.2021.10225
https://doi.org/10.1126/sciimmunol.aba5264
https://doi.org/10.1126/sciimmunol.aba5264
https://doi.org/10.3389/fimmu.2022.1005582
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kremer et al.

41. Trotta E, Bessette PH, Silveria SL, Ely LK, Jude KM, Le DT, et al. A human
anti-IL-2 antibody that potentiates regulatory T cells by a structure-based
mechanism. Nat Med (2018) 24:1005-14. doi: 10.1038/s41591-018-0070-2

42. Peterson LB, Bell CJM, Howlett SK, Pekalski ML, Brady K, Hinton H, et al. A
long-lived IL-2 mutein that selectively activates and expands regulatory T cells as a therapy
for autoimmune disease. J Autoimmun (2018) 95:1-14. doi: 10.1016/jjaut.2018.10.017

43. Ratnasothy K, Jacob J, Tung S, Boardman D, Lechler RI, Sanchez-Fueyo A,
et al. IL-2 therapy preferentially expands adoptively transferred donor-specific
tregs improving skin allograft survival. Am J Transplant (2019) 19:2092-100. doi:
10.1111/ajt.15306

44. Spence A, Purtha W, Tam J, Dong S, Kim Y, Ju CH, et al. Revealing the
specificity of regulatory T cells in murine autoimmune diabetes. Proc Natl Acad Sci
USA (2018) 115:5265-70. doi: 10.1073/pnas.1715590115

45. Sagoo P, Lombardi G, Lechler RI. Relevance of regulatory T cell promotion
of donor-specific tolerance in solid organ transplantation. Front Immunol (2012)
3:184. doi: 10.3389/fimmu.2012.00184

46. Nikolouli E, Hardtke-Wolenski M, Hapke M, Beckstette M, Geffers R, Floess
S, et al. Alloantigen-induced regulatory T cells generated in presence of vitamin ¢
display enhanced stability of Foxp3 expression and promote skin allograft
acceptance. Front Immunol (2017) 8:748. doi: 10.3389/fimmu.2017.00748

47. Bailey-Bucktrout SL, Martinez-Llordella M, Zhou X, Anthony B, Rosenthal
W, Luche H, et al. Self-antigen-driven activation induces instability of regulatory T
cells during an inflammatory autoimmune response. Immunity (2013) 39:949-62.
doi: 10.1016/j.immuni.2013.10.016

48. Fan MY, Low JS, Tanimine N, Finn KK, Priyadharshini B, Germana SK,
et al. Differential roles of IL-2 signaling in developing versus mature tregs. Cell Rep
(2018) 25:1204-1213 €1204. doi: 10.1016/j.celrep.2018.10.002

49. Goldstein JD, Burlion A, Zaragoza B, Sendeyo K, Polansky JK, Huehn J,
et al. Inhibition of the JAK/STAT signaling pathway in regulatory T cells reveals a

Frontiers in Immunology

16

10.3389/fimmu.2022.1005582

very dynamic regulation of Foxp3 expression. PloS One (2016) 11:¢0153682. doi:
10.1371/journal.pone.0153682

50. Zorn E, Nelson EA, Mohseni M, Porcheray F, Kim H, Litsa D, et al. IL-2
regulates FOXP3 expression in human CD4+CD25+ regulatory T cells through a
STAT-dependent mechanism and induces the expansion of these cells. vivo. Blood
(2006) 108:1571-9. doi: 10.1182/blood-2006-02-004747

51. Yao Z, Kanno Y, Kerenyi M, Stephens G, Durant L, Watford WT, et al.
Nonredundant roles for Stat5a/b in directly regulating Foxp3. Blood (2007)
109:4368-75. doi: 10.1182/blood-2006-11-055756

52. Toker A, Engelbert D, Garg G, Polansky JK, Floess S, Miyao T, et al. Active
demethylation of the Foxp3 locus leads to the generation of stable regulatory T cells
within the thymus. J Immunol (2013) 190:3180-8. doi: 10.4049/jimmunol.1203473

53. Polansky JK, Kretschmer K, Freyer J, Floess S, Garbe A, Baron U, et al. DNA
Methylation controls Foxp3 gene expression. Eur J Immunol (2008) 38:1654-63.
doi: 10.1002/ji.200838105

54. Hill JA, Hall JA, Sun CM, Cai Q, Ghyselinck N, Chambon P, et al. Retinoic
acid enhances Foxp3 induction indirectly by relieving inhibition from CD4
+CD44hi cells. Immunity (2008) 29:758-70. doi: 10.1016/j.immuni.2008.09.018

55. Lal G, Zhang N, van der Touw W, Ding Y, Ju W, Bottinger EP, et al.
Epigenetic regulation of Foxp3 expression in regulatory T cells by DNA
methylation. J Immunol (2009) 182:259-73. doi: 10.4049/jimmunol.182.1.259

56. Sakaguchi S, Vignali DA, Rudensky AY, Niec RE, Waldmann H. The
plasticity and stability of regulatory T cells. Nat Rev Immunol (2013) 13:461-7.
doi: 10.1038/nri3464

57. Sawitzki B, Harden PN, Reinke P, Moreau A, Hutchinson JA, Game DS,
et al. Regulatory cell therapy in kidney transplantation (The ONE study): A
harmonised design and analysis of seven non-randomised, single-arm, phase 1/
2A trials. Lancet (2020) 395:1627-39. doi: 10.1016/S0140-6736(20)30167-7

frontiersin.org


https://doi.org/10.1038/s41591-018-0070-2
https://doi.org/10.1016/j.jaut.2018.10.017
https://doi.org/10.1111/ajt.15306
https://doi.org/10.1073/pnas.1715590115
https://doi.org/10.3389/fimmu.2012.00184
https://doi.org/10.3389/fimmu.2017.00748
https://doi.org/10.1016/j.immuni.2013.10.016
https://doi.org/10.1016/j.celrep.2018.10.002
https://doi.org/10.1371/journal.pone.0153682
https://doi.org/10.1182/blood-2006-02-004747
https://doi.org/10.1182/blood-2006-11-055756
https://doi.org/10.4049/jimmunol.1203473
https://doi.org/10.1002/eji.200838105
https://doi.org/10.1016/j.immuni.2008.09.018
https://doi.org/10.4049/jimmunol.182.1.259
https://doi.org/10.1038/nri3464
https://doi.org/10.1016/S0140-6736(20)30167-7
https://doi.org/10.3389/fimmu.2022.1005582
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Membrane-bound IL-2 improves the expansion, survival, and phenotype of CAR Tregs and confers resistance to calcineurin inhibitors
	Introduction
	Materials and methods
	Human samples
	Human Treg cell isolation and expansion
	Cell transduction
	Flow cytometry surface and intracellular&#146;staining
	Cell lines
	CTLL-2 cell starvation assays
	CAR-Treg cell starvation assay
	CAR Treg cells under inflammatory conditions
	CAR Treg cells in in vitro proliferation assays under tacrolimus stimulation
	Animals
	In vivo mbIL-2 CAR-Treg cell characterization in humanized mice
	CAR-Treg cell suppression assay
	Statistical analyses

	Results
	Anchorage of IL-2 to the cell surface led to stable, membrane-associated expression of the cytokine
	Membrane-bound IL-2 results in increased proliferation and survival of CTLL-2 cells
	Expression of mbIL-2 in Tregs did not alter the Treg phenotype
	Membrane-bound IL-2 Tregs show better survival under IL-2-limiting conditions
	Expression of membrane-associated IL-2 led to STAT5 activation in the absence of exogenous IL-2
	IL-10 production by mbIL-2 CAR-Tregs is enhanced in the absence of exogenous IL-2
	No trans-activation of nTregs was observed in coculture experiments with mbIL-2 CAR Tregs
	Expression of membrane-bound IL-2 promoted a stable and high level of FOXP3 expression in CAR-Tregs
	mbIL-2 CAR-Tregs overcome the negative effects of tacrolimus in vitro
	mbIL-2-enhanced CAR-Tregs showed enhanced survival in vivo after transplantation of allogeneic target cells in a preclinical humanized mouse model
	mbIL-2 enabled CAR-Treg resistance to calcineurin inhibitors in a preclinical humanized mouse model

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


