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A B S T R A C T

Adoptive immunotherapy with ex vivo expanded, polyspecific regulatory T cells (Tregs) is a promising treatment
for graft-versus-host disease. Animal transplantation models used by us and others have demonstrated that the
adoptive transfer of allospecific Tregs offers greater protection from graft rejection than that of polyclonal Tregs.
This finding is in contrast to those of autoimmune models, where adoptive transfer of polyspecific Tregs had very
limited effects, while antigen-specific Tregs were promising. However, antigen-specific Tregs in autoimmunity
cannot be isolated in sufficient numbers.
Chimeric antigen receptors (CARs) can modify T cells and redirect their specificity toward needed antigens

and are currently clinically used in leukemia patients. A major benefit of CAR technology is its “off-the-shelf”
usability in a translational setting in contrast to major histocompatibility complex (MHC)-restricted T cell re-
ceptors. We used CAR technology to redirect T cell specificity toward insulin and redirect T effector cells (Teffs)
to Tregs by Foxp3 transduction.
Our data demonstrate that our converted, insulin-specific CAR Tregs (cTregs) were functional stable, sup-

pressive and long-lived in vivo. This is a proof of concept for both redirection of T cell specificity and conversion
of Teffs to cTregs.

1. Introduction

Epidemiological data show a steady increase in the prevalence of
autoimmune diseases in Western society over the last decades. The
prevalence of type 1 diabetes (T1D) in Western Europe and North
America is approximately 0.5% or approximately two million people
with a steady upward trend. T1D develops in patients with genetic
predisposition under the influence of various environmental factors.
Normally, negative selection prevents the reactivity of T cells to

autogenic peripheral antigens. However, even this process can be
permeable such that beta cell-reactive T cells can be found in the per-
iphery. These autoreactive T cells are regulated by mechanisms of
peripheral tolerance, such as ignorance, anergy, deletion and regula-
tion, e.g., by regulatory T cells (Tregs). It is believed that an imbalance

between effector T cells (Teffs) and immune regulation exists in auto-
immune diseases. For T1D therapy, the missing insulin is administered
by artificial insulin preparations. However, this form of therapy is not a
cure and must be continuously administered. Preclinical models and
clinical trials have shown that T cell-targeted therapies can influence
and improve the course of the disease [1,2]. In these conditions, it has
been shown that short-term immune modulation of T cells has a long-
lasting effect and that these interventions above all restore the balance
between effector T cells and Tregs.
The recovery of tolerance to the autoantigens is evidenced by a

nonspecific deletion of individual immune cells, e.g., by the use of
humanized anti-CD3 antibodies or the use of systemically effective
immunosuppressants [3,4]. However, the clinical trial data show, at
best, a persistence of progressive beta cell loss. By contrast, Voltarelli
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and coworkers were able to achieve longer-lasting remission of the
disease through autologous stem cell transplantation [5]. This is an
indication of the positive effect of immune regulation. However, given
its invasiveness, the protocol is not suitable for clinical routine. It has
also been shown that Tregs in particular play a central and important
role in the protection against T1D. Depleting Tregs in the NOD/Ltj T1D
mouse model, preventing costimulation by CD28 deficiency or elim-
inating IL-2 results in a strong progression of diabetes in the model
[6–8]. In humans, information on the Treg content during T1D disease
is contradictory. A determination can only occur via the blood and
makes the analysis of existing studies difficult to compare. However,
the condition proved to be a more functional rather than a numerical
defect of Tregs [9]. Antigen-specific T cells that convert to Tregs by
retrovirally transduced Foxp3, leading to reversion of established dia-
betes in NOD mice [10]. However, the experiments were performed
with T cell receptor (TCR) transgenic Tregs, whereas polyspecific Tregs
have no therapeutic effect in murine models and clinical trials to date.
From our transplantation studies, we know that antigen-specific Tregs
are very effective in prolonging graft survival [11–13]. However, nat-
ural antigen-specific Tregs against autoantigens have a very low fre-
quency, so obtaining a relevant cell number for therapy under GMP
conditions is a major challenge. One approach in the T1D model was
the use of transgenic TCR (BDC2.5). However, due to MHC restriction,
this transgenic model is not transferable to patients given that each
patient would require a new TCR. In summary, Tregs are present in
autoimmune diseases, such as T1D, but not functional.
In 2017, the US FDA approved the first two chimeric antigen re-

ceptor (CAR)-T cell-derived cell products for use in B-cell lymphoma.
We were able to show that HLA-specific CAR-Tregs can be used to
suppress very strong allospecific immune responses in a humanized
transplantation model [12]. The use of beta cell-specific CAR-Treg for
remission and treatment of T1D is therefore very promising. Unlike
TCR, CARs allow highly specific MHC-independent antigen recognition.
To construct a specific CAR, a second-generation CAR construct should
be used that is characterized by two intracellular domains: CD3ζ and a
costimulatory CD28 domain. However, the centerpiece is the antigen-
binding domain, which consists of the immunoglobulin of the antigen-
binding domain of an antibody.
Such specific Tregs that are directed against beta cell antigens or

diabetes-associated antigens are found only in very small numbers and
are even more difficult to clone since the exact epitope is only known in
the rarest of cases. The in vitro generation of CAR-Treg would therefore
be a major step forward. These cells would be highly specific for a
defined antigen directly related to diabetes after transduction of the
receptor. These cells would regulate autoreactive cells without side
effects and enhance the healing effect. The group of Ulrike Protzer
showed that CAR-T cells are functional against the soluble hepatitis B
antigen (HBsAg) [14]. Although, the antigen is detectable throughout
the body, the CAR-T cells can be found preferentially in the liver, where
the antigen is present at the highest concentration. We have already
generated single-chain fragments (scFvs) against murine beta cells, thus
detecting the islets in histology, PET and MRI [15], but these were
unable to stimulate as a CAR-construct. Therefore, as an alternative
strategy, we generated a CAR against insulin and investigated the
possibility to generate large numbers of insulin-specific Tregs by
changing the specificity of T cells via transfer of chimeric antigen-re-
ceptors.

2. Materials and methods

2.1. Mice

BALB/cJ, C57BL/6J and nonobese diabetic (NOD/LtJ) mice were
bred and maintained under pathogen free conditions at the animal fa-
cilities of the Hannover Medical School, Hannover, Germany and
University Hospital Essen, Essen, Germany. All animal experiments

were approved by the animal use and care committee.
A total of 2.5× 106 NOD CAR-A6 cTregs or cTregs w/o CAR were

injected intravenously into 13-week-old female NOD/Ltj mice. Blood
glucose levels were monitored twice a week. After the NOD mice had at
least two consecutive blood glucose readings> 200mg/dl, they were
diagnosed as diabetic and sacrificed. Spleen, inguinal lymph nodes
(iLN) and mesenteric lymph nodes (mLN) of diabetic mice were ana-
lyzed for the persistence of the transferred cTregs via flow cytometry.

2.2. Single chain fragment generation by phage display

Antibodies in scFv-format were selected against insulin (Actrapid,
Novo Nordisk) from the human naive antibody gene libraries HAL9 and
HAL10 [16]. The antibody selection was performed as described pre-
viously [17,18]. Briefly, insulin was immobilized in Costar High
Binding microtiter plates (Sigma-Aldrich, Germany) and incubated with
5×1011 scFvs phage from each of the HAL9 and HAL10 libraries. Both
libraries are packaged with Hyperphage (PMID:
11135557 + 16996161). The nonbinding antibody phage were re-
moved by one to three washing steps depending on the panning round.
The bound scFvs phage were eluted and reamplified by infection of E.
coli following a coinfection with a M13K07 helper phage and amplifi-
cation of isolated scFvs phage for further selection rounds. After three
rounds of panning, monoclonal soluble scFvs were produced in micro-
titer plates and screened for insulin binding by antigen-ELISA and im-
munofluorescent staining (see below). Positive binding scFvs DNA was
isolated, sequenced and cloned into the CAR vector system.

2.3. ELISA with soluble scFv

To analyze the insulin specificity of selected scFv, Costar High
Binding microtiter plates were coated with 100 ng of insulin in 100 μl
PBS overnight at 4 °C. BSA-coated (100 ng/100 μl PBS) wells served as
control. An anti-lysozyme antibody (DM321-F11) served as positive
control. After three washes with PBST (PBS, 1% Tween-20), the wells
were blocked with 2% MPBST followed by an additional washing step.
The selected and produced scFvs diluted in MPBST were added to the
plate, incubated for 1 h and washed thrice. Bound and insulin-specific
scFvs were detected using a mouse α-Myc-specific antibody (9E10) in
addition to a α-mouse Fc-specific HRP-conjugated antibody (A0168,
Sigma-Aldrich). TMB substrate was used for the detection. The reaction
was stopped by the addition of 100 μl 1 NH2SO4 and measured with an
ELISA Reader at 450 nm (BioTek Epoch, reference 620 nm).

2.4. Isolation/expansion of murine nTregs and generation of murine cTregs

Lymphocytes were pooled from lymph nodes and spleens and
stained with anti-CD4-APC (RM4-5, BioLegend) and anti-CD25-PE/Cy7
(PC61, BioLegend, Germany). The nTregs were then sorted based on
CD4+CD25high using a high-speed cell sorter (FACSAria II, BD,
Germany). The FACS-based cell sorting was performed at the cell-
sorting facility of Hannover Medical School and showed a purity
of> 95%.
Converted Tregs (cTregs) were generated by retroviral transduction

of CD4+ T cells with a Foxp3 containing plasmid (see below). nTregs
and cTregs were cultivated in RPMI media (complete RPMI supple-
mented with 1% Glutamax, 10% heat-inactivated FCS, 2% HEPES, 1%
nonessential amino acids, 1% sodium pyruvate, 0.1% β-mercap-
toethanol, 1% penicillin/streptomycin) and expanded by using the Treg
Expansion Kit from Miltenyi Biotec (Bergisch-Gladbach, Germany) ac-
cording to the manufacturer's instructions. For nTreg and cTreg ex-
pansion, fresh medium supplemented with IL-2 (2000 U/ml) was added
to the cells every 48 h. Before each experiment, Tregs were rested for 3
days in a low IL-2 concentration (50 U/ml). At the end of the culture,
anti-CD3 and anti-CD28 beads were removed using the MACSiMAG™
Separator (Miltenyi Biotec).
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2.5. Retrovirus production and cell transduction

Retroviral vector particles were generated as previously described
[19]. Isolated naive CD4+ T cells were stimulated with Treg Expansion
beads (Miltenyi Biotec). After 72 h, the cells were transduced with γ-
retroviral particles encoding either the CAR-A6 plasmid including an
additional Foxp3 sequence, a plasmid with a control CAR including an
additional Foxp3 sequence or a control plasmid with Foxp3 but without
the CAR. The cells were spin infected in the presence of protamine
sulfate. Seventy-two hours after transduction, the transduced cTregs

were isolated according to the congenic marker CD90.1 (Thy1.1) ex-
pression on their cell surface.

2.6. Flow cytometry staining

The following antibodies were used for surface staining: anti-CD4
(GK1.5, RM4-5, BioLegend), anti-CD8 (RM4-5, BioLegend), anti-CD25
(PC61, BioLegend), anti-CD45R/B220 (RA3-6B2, BioLegend), anti-
CD62L (MEL-14, BD), anti CD69 (H1.2F3, BD), anti-CD127 (SB/199,
BD), anti-GITR (DTA-1, eBioscience, Germany), anti-CD90.1/Thy1.1

Fig. 1. Selection and analysis of insulin-specific scFv. (A) Schematic overview of in vitro scFv selection using antibody phage display. The human naive gene
libraries (HAL9 and HAL10) were incubated with the immobilized insulin. The bound scFv phage were eluted and infected in E. coli. After coinfection with M13
helper phage and amplification, the isolated scFv phage were used for further selection rounds. After three panning rounds, the selected scFvs were produced in E. coli
and further tested for antigen binding via ELISA or immunohistochemistry to identify insulin-specific scFvs. (B) Evaluation of insulin-specific scFvs via monoclonal
antigen ELISA. Briefly, 100 ng of insulin were immobilized and incubated with soluble scFv. The bound insulin-specific scFvs were detected by a mouse α-Myc-
specific antibody in addition to an α-mouse Fc-specific HRP-conjugated antibody. The negative control (no immobilization of insulin) was indicated as negative. An
anti-lysozyme antibody (DM321-F11) served as a positive control (green). Further analyzed clones were depicted with arrows and *.
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(OX-7, BioLegend) and anti-human IgG-F(ab’)2 (Jackson). Intracellular
staining was performed using the eBioscience Fix/Perm Kit and fol-
lowing antibodies: anti-Foxp3 (FJK-16s, eBioscience), anti-Helios
(22F6, BioLegend) and anti-CD152/CTLA-4 (UC10-4F10-11, BD).

2.7. Hybridoma coculture assay

We used the NFAT-GFP hybridoma cell line (generous gift from
Ludger Klein, Munich, Germany), which encodes a GFP under the
control of a NFAT-dependent IL-2 promoter [20]. The hybridoma cells
were transduced with the retroviral CAR construct as described earlier
[12]. Forty-eight hours after transduction, CAR-transduced hybridoma
cells were incubated for 20 h with immobilized or soluble insulin.
Short-acting Insulin Actrapid (Novo Nordisk) and long-acting Insulin
Glargin (Sanofi) were either added fresh to the media (1:100) or coated
in PBS (1:100) at 4 °C 14–18 h before initiation of the assay. NFAT-
driven GFP expression was analyzed using flow cytometry.

2.8. In vitro proliferation and suppression assays

For the proliferation assay, insulin was immobilized by coating a
plastic surface with Actrapid or Glargin in PBS (1:100). Soluble insulin
was added fresh to the media at a dilution of 1:100. CAR-transduced
cTregs were labeled with 5mM CFSE and incubated for five days. The
level of CAR-Treg proliferation was assessed by determining the dilu-
tion of CFSE using flow cytometry.
To determine the natural suppression capacity of nontransduced

nTregs and transduced CAR-A6 cTregs, we performed an MLR driven by
allogeneic stimuli as described previously [21]. In brief, various ratios
of BALB/c nTregs or CAR-A6 cTregs were cocultured with naive
CD8+CD25− Teff BALB/c responder cells, which were CFSE labeled in
the presence of allogeneic stimulating cells (irradiated (30Gy) C57BL/6
splenocytes). Teff CFSE dilution was measured five days after the in-
itiation of the culture using flow cytometry. The results are shown as
percent inhibition of Teff proliferation relative to Teffs cultured alone.

2.9. Histology immunofluorescence staining

For immunofluorescence staining, formalin-fixed, paraffin-em-
bedded (FFPE) and cryosections (5 μm) of murine pancreas were
stained by using soluble scFv. The Myc-tag (9B11, Cell Signaling)
within the scFvs in addition to an appropriate Cy3-conjugated sec-
ondary antibody (mouse IgG-Cy3, Jackson) were used for the detection
of positive binding. DAPI was used to stain nuclei. A guinea-pig anti-
human insulin antibody (Merck Millipore, Germany) with the appro-
priate fluorochrome-conjugated secondary antibody served as a posi-
tive control. The analysis was performed using an AxioImager M1 mi-
croscope (Zeiss, Germany) and Axiovison Rel. 4.8 software.

2.10. Statistical analysis

Analysis was performed using Prism 5 software (Graph-Pad).
P < 0.05 was considered significant. All statistical analyses and p-va-
lues are described in the figure legends.

3. Results

3.1. Generation of insulin-specific scFvs and CAR

We followed the hypothesis that insulin could be a good target for a
CAR, as it is constitutively secreted by all beta cells. Therefore, the
insulin density within the pancreas is the highest throughout the body.
An insulin-targeted CAR should allow cells to migrate into the pancreas
and act as regulators at the site of cell destruction. Although insulin is a
soluble antigen that is present throughout the body, specific accumu-
lation of CAR-T cells in the liver was detected in the above-described
publication on HBsAg, and CAR-T cells were also detected throughout
the body [14].
To generate insulin-specific scFv, we used phage-display technology

[22](Fig. 1A). Briefly, 2–10 μg insulin (Actrapid®Novo, Nordisk) were
immobilized on a plastic surface. On this surface, the phage containing
the antibody library were incubated and then washed in several steps.
In a subsequent step, only the phage that were able to form a

Fig. 2. Validation of insulin-specific
scFvs and generation of insulin-spe-
cific CAR. (A) Immunofluorescence
staining of insulin-specific scFvs on
mouse pancreas sections. FFPE and
cryosections of mouse pancreas were
stained with soluble scFv. The detec-
tion of specific scFvs was performed
with a mouse α-Myc-tag antibody fol-
lowed by a secondary mouse IgG-Cy3
antibody (red). Cellular DNA was de-
picted with DAPI staining (blue).
Sections only incubated with the sec-
ondary antibodies served as a negative
control, and sections incubated with a
guinea-pig anti-human insulin antibody
served as a positive control (40×). (B)
Modular scheme of a γ-retroviral CAR
backbone containing an antigen-spe-
cific scFv, a murine CD8-hinge and
transmembrane region, a murine CD28
costimulatory domain and a CD3ζ sig-
naling domain followed by a P2A
flanked Foxp3 cassette and a surface
expression marker Thy1.1 expressed
from an internal ribosomal entry site
(IRES). (C) Structural scheme of the γ-
retroviral CAR vector system con-

taining an antigen-specific scFv and the murine T cell activation and costimulation motifs. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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sufficiently strong specific binding to the insulin are eluted. To increase
the yield and the affinity of specific phage, the elution is used in further
“panning” rounds, whereby an increasingly specific suspension and
subsequent individual clones are obtained. In the next process step,
potential binders are evaluated by an enzymatic-linked immunoassay
(ELISA) to detect insulin-specific phage (Fig. 1B). The clones identified
as insulin binding were produced as soluble monoclonal scFv. The so-
luble scFvs have a Myc-tag detection. Insulin was immobilized, and
only those clones that were greater than 10 times above background
level in the binding ELISA were considered positive.
Subsequently, the ELISA-positive clones were qualitatively analyzed

ex vivo in histology for their specificity binding properties. For this
purpose, paraffin and cryosections of pancreatic tissues were prepared
(Fig. 2A). Since which insulin-epitope the scFvs bind is not known, both
the formaldehyde-fixed paraffin tissue sections and the natively ob-
tained cryosections were stained. The sections were incubated with the
soluble monoclonal antibody fragments, and the bound clones were
identified indirectly via the Myc-tag using a second fluorochrome-

conjugated anti-Myc antibody. Due to the specificity of the scFvs to
insulin, only the insulin-producing beta cells of the pancreas were re-
cognized by the scFv. The two most promising clones (AF388-A6 and
AF388-D7) in ELISA (Fig. 1 B with *) and histology were used to gen-
erate insulin-specific CARs.
The scFvs were cloned into a newly generated second generation

CAR backbone consisting of a murine CD8 hinge and transmembrane
region fused to the intracellular CD28 and CD3ζ-ITAM motifs for in-
tracellular signaling (Fig. 2B/C) [23]. We decided to use a CD28/CD3
second generation CAR [24] given that Tregs are critically dependent of
CD28 costimulation and that mice lacking the CD28 ligands CD80 and
CD86 are devoid of Tregs [25]. The human version of the construct was
very efficient in a transplant setting [12]. The CD8 region was modified
to prevent receptor clustering [12,26]. The insulin-specific CAR was
cloned into a gamma-retroviral RSF91 expression vector. For control
experiments, we cloned an MHC class I-specific CAR into the RSF91
backbone. To follow CAR-transduced Tregs, CD90.1 (Thy1.1) was ex-
pressed by an internal ribosomal entry site (IRES). This molecule can
also be used for depleting cells by anti-Thy1.1 administration. In most
of the following experiments, CD4+ effector T cells were used to gen-
erate Tregs. Therefore, Foxp3 in the construct is cleaved by a proteo-
lytically active P2A motif. This form can migrate in a soluble form
posttranslationally into the cell nucleus and provide stable expression
of Foxp3, which is essential for cTregs. CAR, Foxp3 and Thy1.1 ex-
pression was controlled in transduced murine fibroblasts that lack these
molecules before transduction (Supple. Fig. 1). The genetic insertion of
Foxp3 has already been shown to improve T1D in Treg therapy [10].

3.2. Insulin-specific CAR was functional in vitro

To test the functional specificity of the insulin-specific CAR in fur-
ther detail, we transduced CD4+ Teffs (Fig. 3A) and a T cell hybridoma
cell line with our CAR constructs (Fig. 3B). This hybridoma stably ex-
pressed a GFP reporter construct driven by an NFAT-sensitive IL-2
promoter [12]. While insulin-specific CAR-A6 transduced hybridomas
did not show any GFP expression after transduction without further
stimulation of insulin (Fig. 3B right column), NFAT was strongly up-
regulated with subsequent GFP expression after stimulation with plate
bound, short-acting insulin (Fig. 3B upper/left) but not with soluble
short-acting insulin (upper/middle). Similar activation was observed
with plate bound and soluble insulin if a long-acting version of the drug
was used for the stimulation assay (second row/left and middle).
Nontransduced hybridoma cells were not activated by any form of in-
sulin directly (lower rows). The same results could be observed with the
other clone CAR-D7 (Supple. Fig. 2). Since the hybridoma does not
express any endogenous TCR, the observed signal transduction and
activation was dependent on the insulin-specific CAR.

3.3. Foxp3-transduced, converted CAR-Tregs (CAR-cTregs) were
phenotypically and functionally similar to natural tregs (nTregs)

We compared three different kinds of Tregs (Fig. 4). We analyzed a
sorted fraction of nTregs (left panel). On the right-hand side, we sorted
CD4+CD25− T effector cells (Teffs) and transduced them either with a
control CAR including Foxp3 (control CAR-cTregs) or with the insulin-
specific CAR including Foxp3 (CAR-A6 cTregs). Based on the sorting
strategy, all analyzed Tregs expressed Foxp3. However, it is noteworthy
that all Tregs expressed Foxp3 to the same extent as they expressed

Fig. 3. Expression and functionality of insulin-specific chimeric antigen receptor (CAR-A6). (A) CD4+ T cells were transduced with retroviral particles
encoding the CAR plasmid including Foxp3 to convert CD4+ T cells into cTregs and analyzed by flow cytometry. Cells were stained for Thy1.1, Foxp3 and scFvs via
anti-IgG-Fab demonstrated surface expression of the CAR-A6. Nontransduced CD4+ T cells were stained as a negative control. (B) CAR-A6 transduced hybridoma
cells upregulated GFP expression 20 h after antigen-specific NFAT stimulation. Cells were incubated with immobilized or soluble insulin. The following insulin
compounds were used for stimulation: short-acting Insulin Actrapid (Novo Nordisk) and long-acting Insulin Glargin (Sanofi). Nontransduced hybridoma cells served
as a negative control.

Fig. 4. Phenotype of nTregs and CAR-cTregs. For phenotype analysis, CD4+

T cells were transduced either with an insulin-specific or control CAR construct
including the Foxp3 sequence. Cells were gated on transduced Thy1.1+Foxp3+

CAR-cTregs. Expression of Foxp3, Helios, CD25, CD127, GITR, CD69, CD62L
and CTLA-4 in CAR-cTregs were compared with that in nTregs. Fluorescence
minus one staining served as a control.
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CD25 and lack CD127 expression. By definition, cTregs also lacked
HELIOS that was exclusively expressed by nTregs. Levels of activation
markers, such as CD62L and CD69, were as indistinguishable between
nTregs and cTregs as GITR and CTLA-4, which are important for Treg
function.
The insulin-specific CAR-cTregs have an unaltered proliferative ca-

pacity (Fig. 5A and Suppl. Fig. 3). For the in vitro antigen-dependent
proliferation assay, we used either short-acting (left panel) or long-
acting insulin (right panel) as noted in Fig. 3B. Both plate-bound in-
sulins were able to completely activate the specific CAR-A6-cTregs
followed by complete proliferation, whereas control cTregs with a
noninsulin-specific CAR were not able to induce activation. The long-
acting insulin form was even able to induce proliferation of all insulin-
specific CAR-cTregs in its soluble form. We then tested whether CAR-
cTregs could also inhibit T cell proliferation. Given the lack of insulin-
specific T cells in the normal T cell repertoire, we stimulated

allospecific effector CD8+ Teffs and added either nTregs (Fig. 5B) or
insulin-specific CAR-cTregs in given ratios to the culture. Greater than
50% inhibition was still observed at a 1:4 Treg/Teff ratio, demon-
strating the strong suppressive capacity of CAR-cTregs.

3.4. Insulin-specific CAR-cTregs were unable to prevent spontaneous
diabetes in NOD/Ltj females but were still present even after four months

Approximately 75% of NOD/Ltj females became spontaneously
diabetic after 30 weeks in our colony. In the experimental groups, 4 out
of 5 female NOD/Ltj became diabetic without any treatment (Fig. 6A,
green line). Neither 2.5×106 cTregs given after week twelve (blue
line) nor the insulin-specific CAR-A6-cTregs (red line) was able to
prevent diabetes induction to a higher extent. However, even if CAR-
A6-cTregs were unable to prevent mice from becoming diabetic
(Fig. 6A), CAR-cTregs could be found up to 17 weeks after adoptive

Fig. 5. cTregs expressing CAR-A6 demonstrate strong proliferation in the presence of insulin and the same suppressive capacity as nTregs. (A) Proliferation
of CFSE-labeled CAR-A6 cTregs and control CAR cTregs five days after stimulation. Cells were stimulated either polyspecific via their T cell receptor with anti-CD3/-
CD28 beads or antigen-specific via the CAR with plate bound or soluble insulin (short-acting insulin Actrapid (Novo Nordisk) and long-acting insulin Glargin
(Sanofi)). The level of proliferation was assessed by determining the dilution of CFSE. Data represent the mean ± SEM of one experiment performed in duplicate.
Significance determined by two-tailed unpaired Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001, ns = not significant. (B) Comparison of the suppressive
capacity of nTregs and CAR-A6 cTregs in presence of an allogenic stimulus. Mixed lymphocyte reactions (MLR) were performed with C57BL/6 splenocytes as
allogeneic stimulator cells, CFSE-labeled BALB/c CD8+CD25− responder T cells and BALB/c nTregs or CAR-A6 cTregs. Teff CFSE dilution was measured five days
after the initiation of the assay using flow cytometry. Data are presented as the percentage of inhibition of responder Teff proliferation relative to Teffs cultured alone.
The Graphs of the MLRs with nTregs and CAR-A6 cTregs were done independently and represent two experiments each. Data represent the mean ± SD of one
experiment performed in triplicate.
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transfer, and 2–4% of all splenic Tregs were CAR-cTregs (Fig. 6B/C and
Supple. Fig. 4).

4. Discussion

We have generated a CAR against human insulin and produced
cTregs against it. The resulting insulin-specific CAR-cTregs had a
normal Treg phenotype, were suppressive and were long lived in dia-
betic mice.
These results describe a new, potentially therapeutically useful

strategy to generate large amounts of antigen-specific Tregs by chan-
ging the specificity of T cells and converting them into Tregs. This
protocol can be performed with each donor and a limited in vitro culture
time and has therefore off-the-shelf capacity. Moreover, cTregs ex-
hibited normal proliferative capacity and were highly responsive to
antigen stimulation by proliferation and upregulation of effector mo-
lecules.
While CAR-transduced T cells have recently been successfully used

to eliminate CD19+ lymphoma cells [27,28], a major obstacle facing
cancer immunology is that many tumor entities do not have specifically

identified surface molecules to be targeted by CARs. This situation is in
contrast to autoimmunity, e.g., T1D, where well-characterized antigens
offer excellent targets that are constitutively expressed on all affected
cells of the organ.
However, self-activation by tonic CAR signaling through antigen-

independent clustering of CARs has been reported [29]. We recently
demonstrated that such antigen-independent signaling did not occur
with an alloantigen-specific CAR [12]. The same is true for the insulin-
specific CAR in this study given that we detected no NFAT signaling or
proliferation in the absence of antigen. This finding also demonstrated
the utility of second-generation CARs using CD28 and CD3 signaling
domains for cTreg activation as also recently demonstrated [30].
We used an insulin-specific CAR because it could have been used in

all patients, but our choice of insulin as the target structure for the CAR-
Tregs did not prevent diabetes in mice. We assumed that insulin was
accessible not only as a soluble monomer but also in its storage and
secreted form as a hexamer for some time [31] because it is known that
soluble HBs antigen does not lead to the activation of CAR-T cells [32].
Consistent with these data, we have shown in vitro that only the soluble
hexamer was able to stimulate the insulin-specific CAR but not the

Fig. 6. Adoptively transferred insulin-specific CAR-cTregs are present in mice after 4 months. (A) Here, 13-week-old female NOD/Ltj mice were treated with
2,5× 106 cTregs without CAR (n= 5) or CAR-A6 transduced cTregs (n= 6) or without cTregs (n= 5) as a control. After the NOD/Ltj mice had at least two
consecutive blood glucose readings> 200mg/dL, they were diagnosed as diabetic and sacrificed. (B) Spleens were analyzed for persistence of CAR-A6 cTregs using
flow cytometry. Dot blots indicate Thy1.1+Foxp3+ CAR-A6 cTregs of the CD4+ population. Representative dot blots are shown. (C) Shown is the percentage of
Foxp3+ of total CD4+ T cells and transduced cTregs of all Tregs in spleen. Data were collected between weeks 17–30 (4–17 weeks after cTreg injection) when NOD/
Ltj mice were diagnosed as diabetic. The results represent the mean ± SEM (cTregs without CAR n=4, cTreg CAR-A6 n=4, w/o cTregs n=5).
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soluble monomer. This observation is in line with the crosslinking
model of antigen receptor activation [33,34]. The monomer had to be
immobilized to obtain stimulatory capacity (Figs. 3B and 5A). However,
this finding remains a proof of concept, as other target structures of beta
cells might be chosen, and CARs can be easily generated. In contrast to
transgenic T cell receptor Tregs, CAR-Tregs can be generated as an “off-
the-shelf” therapeutic strategy with limited in vitro expansion time, as
demonstrated in recent trials using CAR-modified T cells in cancer
immunology and by us and others in preventing graft rejection
[12,35,36].
As the stability of the Treg phenotype in chronically inflamed tissue

has recently been questioned [37–40], the transfer of autoantigen-
specific Tregs could become problematic, although Bluestone et al. re-
cently demonstrated the stability of adoptively transferred nTregs in
clinical trials in patients with T1D [41]. However, to address the sta-
bility issues and to increase the yield of Tregs, the CAR construct was
complemented by the addition of Foxp3 [10,42,43]. Therefore, we were
able to identify CAR-cTregs for four months after injection (Fig. 6 and
Supple. Fig. 4).

5. Conclusion

This is not the first study that used CAR-Tregs in autoimmunity. In
fact, CAR Tregs were used in a mouse model of toxic colitis [44] and
EAE [43]. However, this is the first time that CAR-Tregs were generated
for T1D.
Thus, CAR-cTregs might offer the possibility to regain im-

munological tolerance in T1D and in autoimmunity general. This can be
achieved without affecting the general immune competence of the re-
cipient. These modified Tregs are available “off-the-shelf” via a short
transduction protocol without further need of in vitro expansion. Due to
the high specificity of their antigens, off-target effects are expected to
be minimal.

Acknowledgements

Michel Tenspolde's PhD thesis contains parts of these data.
This work was supported by grants of the Leona M. and Harry B.

Helmsley Charitable Trust (2018PG-T1D06.3) and the German
Research Foundation (BU 2722/2-3 and HA 6880/2-1).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jaut.2019.05.017.

References

[1] L. Chatenoud, E. Thervet, J. Primo, J.F. Bach, Anti-CD3 antibody induces long-term
remission of overt autoimmunity in nonobese diabetic mice, Proc. Natl. Acad. Sci.
U. S. A 91 (1994) 123–127.

[2] A.G. Daifotis, S. Koenig, L. Chatenoud, K.C. Herold, Anti-CD3 clinical trials in type 1
diabetes mellitus, Clin. Immunol. 149 (2013) 268–278, https://doi.org/10.1016/j.
clim.2013.05.001.

[3] L. Chatenoud, J.A. Bluestone, CD3-specific antibodies: a portal to the treatment of
autoimmunity, Nat. Rev. Immunol. 7 (2007) 622–632, https://doi.org/10.1038/
nri2134.

[4] C. Kuhn, et al., Mucosal administration of CD3-specific monoclonal antibody in-
hibits diabetes in NOD mice and in a preclinical mouse model transgenic for the
CD3 epsilon chain, J. Autoimmun. 76 (2017) 115–122, https://doi.org/10.1016/j.
jaut.2016.10.001.

[5] J.C. Voltarelli, et al., Autologous nonmyeloablative hematopoietic stem cell trans-
plantation in newly diagnosed type 1 diabetes mellitus, J. Am. Med. Assoc. 297
(2007) 1568–1576, https://doi.org/10.1001/jama.297.14.1568.

[6] Q. Tang, et al., Central role of defective interleukin-2 production in the triggering of
islet autoimmune destruction, Immunity 28 (2008) 687–697, https://doi.org/10.
1016/j.immuni.2008.03.016.

[7] B. Salomon, et al., B7/CD28 costimulation is essential for the homeostasis of the
CD4+CD25+ immunoregulatory T cells that control autoimmune diabetes,
Immunity 12 (2000) 431–440.

[8] B. Salomon, J.A. Bluestone, Complexities of CD28/B7: CTLA-4 costimulatory

pathways in autoimmunity and transplantation, Annu. Rev. Immunol. 19 (2001)
225–252, https://doi.org/10.1146/annurev.immunol.19.1.225.

[9] T.M. Brusko, C.H. Wasserfall, M.J. Clare-Salzler, D.A. Schatz, M.A. Atkinson,
Functional defects and the influence of age on the frequency of CD4+ CD25+ T-
cells in type 1 diabetes, Diabetes 54 (2005) 1407–1414.

[10] N. Mpofu, M. Hardtke-Wolenski, M.P. Manns, E. Jaeckel, High therapeutic potential
of antigen-specific regulatory T cells for therapy of type 1 diabetes, Diabetes 58
(2009) A77–A78.

[11] G. Garg, et al., Unique properties of thymic antigen-presenting cells promote epi-
genetic imprinting of alloantigen-specific regulatory T cells, Oncotarget 8 (2017)
35542–35557, https://doi.org/10.18632/oncotarget.16221.

[12] F. Noyan, et al., Prevention of allograft rejection by use of regulatory T cells with an
MHC-specific chimeric antigen receptor, Am. J. Transplant. 17 (2017) 917–930,
https://doi.org/10.1111/ajt.14175.

[13] E. Nikolouli, et al., Alloantigen-Induced regulatory T cells generated in presence of
vitamin C display enhanced stability of Foxp3 expression and promote skin allograft
acceptance, Front. Immunol. 8 (2017) 748, https://doi.org/10.3389/fimmu.2017.
00748.

[14] K. Krebs, et al., T cells expressing a chimeric antigen receptor that binds hepatitis B
virus envelope proteins control virus replication in mice, Gastroenterology 145
(2013) 456–465, https://doi.org/10.1053/j.gastro.2013.04.047.

[15] D.Z. Balla, et al., In vivo visualization of single native pancreatic islets in the mouse,
Contrast Media Mol. Imaging 8 (2013) 495–504, https://doi.org/10.1002/cmmi.
1580.

[16] J. Kugler, et al., Generation and analysis of the improved human HAL9/10 antibody
phage display libraries, BMC Biotechnol. 15 (2015) 10, https://doi.org/10.1186/
s12896-015-0125-0.

[17] A. Frenzel, J. Kugler, S. Wilke, T. Schirrmann, M. Hust, Construction of human
antibody gene libraries and selection of antibodies by phage display, Methods Mol.
Biol. 1060 (2014) 215–243, https://doi.org/10.1007/978-1-62703-586-6_12.

[18] G. Russo, et al., Parallelized antibody selection in microtiter plates, Methods Mol.
Biol. 1701 (2018) 273–284, https://doi.org/10.1007/978-1-4939-7447-4_14.

[19] J. Dywicki, et al., Hepatic T cell tolerance induction in an inflammatory environ-
ment, Dig. Dis. 36 (2018) 156–166, https://doi.org/10.1159/000481341.

[20] M. Aichinger, C. Wu, J. Nedjic, L. Klein, Macroautophagy substrates are loaded onto
MHC class II of medullary thymic epithelial cells for central tolerance, J. Exp. Med.
210 (2013) 287–300, https://doi.org/10.1084/jem.20122149.

[21] P. Sagoo, et al., Human regulatory T cells with alloantigen specificity are more
potent inhibitors of alloimmune skin graft damage than polyclonal regulatory T
cells, Sci. Transl. Med. 3 (2011) 83ra42, https://doi.org/10.1126/scitranslmed.
3002076.

[22] M. Hust, et al., Single chain Fab (scFab) fragment, BMC Biotechnol. 7 (2007) 14,
https://doi.org/10.1186/1472-6750-7-14.

[23] M. Sadelain, R. Brentjens, I. Riviere, The basic principles of chimeric antigen re-
ceptor design, Cancer Discov. 3 (2013) 388–398, https://doi.org/10.1158/2159-
8290.CD-12-0548.

[24] M. Chmielewski, A.A. Hombach, H. Abken, Antigen-specific T-cell activation in-
dependently of the MHC: chimeric antigen receptor-redirected T cells, Front.
Immunol. 4 (2013) 371, https://doi.org/10.3389/fimmu.2013.00371.

[25] B. Salomon, et al., B7/CD28 costimulation is essential for the homeostasis of the
CD4+CD25+ immunoregulatory T cells that control autoimmune diabetes,
Immunity 12 (2000) 431–440.

[26] K. Schonfeld, et al., Selective inhibition of tumor growth by clonal NK cells ex-
pressing an ErbB2/HER2-specific chimeric antigen receptor, Mol. Ther. 23 (2015)
330–338, https://doi.org/10.1038/mt.2014.219.

[27] D.L. Porter, B.L. Levine, M. Kalos, A. Bagg, C.H. June, Chimeric antigen receptor-
modified T cells in chronic lymphoid leukemia, N. Engl. J. Med. 365 (2011)
725–733, https://doi.org/10.1056/NEJMoa1103849.

[28] S.A. Grupp, et al., Chimeric antigen receptor-modified T cells for acute lymphoid
leukemia, N. Engl. J. Med. 368 (2013) 1509–1518, https://doi.org/10.1056/
NEJMoa1215134.

[29] A.H. Long, et al., 4-1BB costimulation ameliorates T cell exhaustion induced by
tonic signaling of chimeric antigen receptors, Nat. Med. 21 (2015) 581–590,
https://doi.org/10.1038/nm.3838.

[30] A.C. Boroughs, et al., Chimeric antigen receptor costimulation domains modulate
human regulatory T cell function, JCI insight 5 (2019), https://doi.org/10.1172/jci.
insight.126194.

[31] M. Weiss, D.F. Steiner, L.H. Philipson, K.R. Feingold, et al., Endotext, 2000.
[32] F. Bohne, et al., T cells redirected against hepatitis B virus surface proteins elim-

inate infected hepatocytes, Gastroenterology 134 (2008) 239–247, https://doi.org/
10.1053/j.gastro.2007.11.002.

[33] H. Metzger, Transmembrane signaling: the joy of aggregation, J. Immunol. 149
(1992) 1477–1487.

[34] M.A. Gomes de Castro, et al., Differential organization of tonic and chronic B cell
antigen receptors in the plasma membrane, Nat. Commun. 10 (2019) 820, https://
doi.org/10.1038/s41467-019-08677-1.

[35] K.G. MacDonald, et al., Alloantigen-specific regulatory T cells generated with a
chimeric antigen receptor, J. Clin. Investig. 126 (2016) 1413–1424, https://doi.
org/10.1172/JCI82771.

[36] D.A. Boardman, 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. J. Transplant. 17 (2017) 931–943, https://doi.org/
10.1111/ajt.14185.

[37] T. Miyao, et al., Plasticity of Foxp3(+) T cells reflects promiscuous Foxp3 expres-
sion in conventional T cells but not reprogramming of regulatory T cells, Immunity
36 (2012) 262–275, https://doi.org/10.1016/j.immuni.2011.12.012.

M. Tenspolde, et al. Journal of Autoimmunity 103 (2019) 102289

9

https://doi.org/10.1016/j.jaut.2019.05.017
https://doi.org/10.1016/j.jaut.2019.05.017
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref1
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref1
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref1
https://doi.org/10.1016/j.clim.2013.05.001
https://doi.org/10.1016/j.clim.2013.05.001
https://doi.org/10.1038/nri2134
https://doi.org/10.1038/nri2134
https://doi.org/10.1016/j.jaut.2016.10.001
https://doi.org/10.1016/j.jaut.2016.10.001
https://doi.org/10.1001/jama.297.14.1568
https://doi.org/10.1016/j.immuni.2008.03.016
https://doi.org/10.1016/j.immuni.2008.03.016
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref7
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref7
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref7
https://doi.org/10.1146/annurev.immunol.19.1.225
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref9
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref9
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref9
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref10
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref10
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref10
https://doi.org/10.18632/oncotarget.16221
https://doi.org/10.1111/ajt.14175
https://doi.org/10.3389/fimmu.2017.00748
https://doi.org/10.3389/fimmu.2017.00748
https://doi.org/10.1053/j.gastro.2013.04.047
https://doi.org/10.1002/cmmi.1580
https://doi.org/10.1002/cmmi.1580
https://doi.org/10.1186/s12896-015-0125-0
https://doi.org/10.1186/s12896-015-0125-0
https://doi.org/10.1007/978-1-62703-586-6_12
https://doi.org/10.1007/978-1-4939-7447-4_14
https://doi.org/10.1159/000481341
https://doi.org/10.1084/jem.20122149
https://doi.org/10.1126/scitranslmed.3002076
https://doi.org/10.1126/scitranslmed.3002076
https://doi.org/10.1186/1472-6750-7-14
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.3389/fimmu.2013.00371
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref25
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref25
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref25
https://doi.org/10.1038/mt.2014.219
https://doi.org/10.1056/NEJMoa1103849
https://doi.org/10.1056/NEJMoa1215134
https://doi.org/10.1056/NEJMoa1215134
https://doi.org/10.1038/nm.3838
https://doi.org/10.1172/jci.insight.126194
https://doi.org/10.1172/jci.insight.126194
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref31
https://doi.org/10.1053/j.gastro.2007.11.002
https://doi.org/10.1053/j.gastro.2007.11.002
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref33
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref33
https://doi.org/10.1038/s41467-019-08677-1
https://doi.org/10.1038/s41467-019-08677-1
https://doi.org/10.1172/JCI82771
https://doi.org/10.1172/JCI82771
https://doi.org/10.1111/ajt.14185
https://doi.org/10.1111/ajt.14185
https://doi.org/10.1016/j.immuni.2011.12.012


[38] X. Zhou, et al., Instability of the transcription factor Foxp3 leads to the generation of
pathogenic memory T cells in vivo, Nat. Immunol. 10 (2009) 1000–1007.

[39] X. Zhou, S. Bailey-Bucktrout, L.T. Jeker, J.A. Bluestone, Plasticity of CD4(+)
FoxP3(+) T cells, Curr. Opin. Immunol. 21 (2009) 281–285.

[40] S.L. Bailey-Bucktrout, et al., Self-antigen-driven activation induces instability of
regulatory T cells during an inflammatory autoimmune response, Immunity 39
(2013) 949–962, https://doi.org/10.1016/j.immuni.2013.10.016.

[41] J.A. Bluestone, et al., Type 1 diabetes immunotherapy using polyclonal regulatory T
cells, Sci. Transl. Med. 7 (2015) 315ra189, https://doi.org/10.1126/scitranslmed.
aad4134.

[42] S.E. Allan, et al., Generation of potent and stable human CD4(+) T regulatory cells
by activation-independent expression of FOXP3, Mol. Ther. 16 (2008) 194–202.

[43] M. Fransson, et al., CAR/FoxP3-engineered T regulatory cells target the CNS and
suppress EAE upon intranasal delivery, J. Neuroinflammation 9 (2012) 112,
https://doi.org/10.1186/1742-2094-9-112.

[44] E. Elinav, N. Adam, T. Waks, Z. Eshhar, Amelioration of colitis by genetically en-
gineered murine regulatory T cells redirected by antigen-specific chimeric receptor,
Gastroenterology 136 (2009) 1721–1731, https://doi.org/10.1053/j.gastro.2009.
01.049.

M. Tenspolde, et al. Journal of Autoimmunity 103 (2019) 102289

10

http://refhub.elsevier.com/S0896-8411(19)30165-9/sref38
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref38
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref39
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref39
https://doi.org/10.1016/j.immuni.2013.10.016
https://doi.org/10.1126/scitranslmed.aad4134
https://doi.org/10.1126/scitranslmed.aad4134
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref42
http://refhub.elsevier.com/S0896-8411(19)30165-9/sref42
https://doi.org/10.1186/1742-2094-9-112
https://doi.org/10.1053/j.gastro.2009.01.049
https://doi.org/10.1053/j.gastro.2009.01.049

	Regulatory T cells engineered with a novel insulin-specific chimeric antigen receptor as a candidate immunotherapy for type 1 diabetes
	Introduction
	Materials and methods
	Mice
	Single chain fragment generation by phage display
	ELISA with soluble scFv
	Isolation/expansion of murine nTregs and generation of murine cTregs
	Retrovirus production and cell transduction
	Flow cytometry staining
	Hybridoma coculture assay
	In vitro proliferation and suppression assays
	Histology immunofluorescence staining
	Statistical analysis

	Results
	Generation of insulin-specific scFvs and CAR
	Insulin-specific CAR was functional in vitro
	Foxp3-transduced, converted CAR-Tregs (CAR-cTregs) were phenotypically and functionally similar to natural tregs (nTregs)
	Insulin-specific CAR-cTregs were unable to prevent spontaneous diabetes in NOD/Ltj females but were still present even after four months

	Discussion
	Conclusion
	Acknowledgements
	Supplementary data
	References




