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The efficacy of biologics, such as peptide and protein drugs, is often limited by
their short half-lives in vivo, necessitating repeated infusions to maintain
therapeutic effects. Here, we demonstrate that long-lived CAR T cells can be
leveraged as a versatile platform for long-term delivery of biologics. Our recent
findings show that the depletion of BCOR and ZC3H12A induces GD2 CAR

T cells into an immortal-like and functional state, which we have termed
GD2T¢ cells. These GD2T g cells expanded in immunocompetent mice without
the need for chemotherapeutic conditioning and persisted as a polyclonal
population, safely and almost indefinitely. In leptin-deficient ob/ob mice, a
single infusion of GD2T\¢ cells producing leptin effectively and durably cor-
rected leptin deficiency. Furthermore, a single infusion of GD2Ti cells
secreting GLP-1 prevented obesity and diabetes in mice fed on a high-fat diet.
The longevity, safety, and adaptability of GD2T ¢ cells suggest their potential as
a general platform for long-term delivery of biologics, offering durable ther-
apeutic efficacy with a single infusion.

Biologics, particularly recombinant proteins, are a cornerstone of
modern biomedicine. While recombinant proteins are effective in
treating various diseases, a major limitation is their short half-life
in vivo, and engineering cells as a platform for biologics delivery may
overcome the related pitfalls'>. Due to the progressive and often
irreversible nature of chronic diseases, most, if not all, protein-based
drugs require repeated infusions over many years or even lifelong, to
maintain therapeutic efficacy.

For instance, biologics modulating glucagon-like peptide-1 (GLP-
1) or GLP-1receptor (GLP-1R) activities are effective in treating obesity,
but these drugs require administration on a weekly or even daily basis®.
Upon discontinuation, obesity relapses quickly’, indicating that long-
term medication is necessary to maintain efficacy. This requirement
negatively impacts patient adherence. Studies have shown that
patients on biologic therapies have lower adherence compared to
those on non-biologic treatments®’. A comparison between two well-
known GLP-1R agonists, the once-daily liraglutide and the once-weekly
semaglutide, demonstrates that the latter, with its longer halflife, is
associated with higher patient adherence®.

Repeated infusion of protein drugs also leads to the development
of anti-drug immunity. For example, mouse monoclonal antibodies
have a high incidence of inducing anti-antibody responses in humans,
and even humanized or fully human antibodies can trigger similar
reactions’. Once anti-drug immunity forms, further infusions of bio-
logics may result in reduced or no efficacy and can cause
immunopathology’. Therefore, a one-time and long-lasting treatment
is highly desirable for biologics treating chronic diseases.

To achieve this goal, several strategies have been proposed and
tested in animal models and clinic trials. One approach involves using
AAV-based vectors to deliver DNA encoding therapeutic proteins, such
as FIX in hemophilia" and antibodies neutralizing HIV in AIDS™*",
However, due to the non-integrating nature of AAV vectors, the injected
vectors gradually decay over time, typically lasting less than two years™.
Consequently, AAV-based delivery of biologics cannot provide long-
term efficacy. More recently, immune cells, including CAR T cells, have
been engineered to secrete therapeutic proteins™ . However, the lim-
ited number and persistence of these immune cells in previous studies
make them unsuitable for long-term delivery of biologics” ™.
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There are three prerequisites for CAR T cells to serve as a practical
platform for delivering biologics in chronic diseases. First, the
chemotherapy-based preconditioning regimen currently used in CAR
T cell therapy must be eliminated, as chemotherapy is not suitable for
patients with noncancerous diseases. Second, CAR T cells must persist
in vivo at sufficient numbers and for a sufficient duration of time,
ideally lifelong, since most chronic diseases are lifelong persistent.
Third, the target of CAR T cells must be carefully selected to avoid
damaging normal cells or tissues.

The disialoganglioside GD2 is a tumor-associated antigen that is
overexpressed in tumors like neuroblastoma but is rarely expressed in
normal tissues'®'?. CAR T cells targeting GD2 have demonstrated pro-
mising efficacy in clinical settings without significant off-tumor
effects®. A unique characteristic of the anti-GD2 CAR derived from
the 14g2a monoclonal antibody is its tonic signaling in the absence of
target cells”. Although tonic signaling is typically considered detri-
mental for CAR T cells, we have previously shown that GD2 CAR-
induced tonic signaling was able to induce CAR T cells into an
immortal-like and functional state (T;) in the absence of GD2* tumor
cell””. These GD2T¢ cells were able to expand in immunocompetent
mice without conditioning, persisted in primary hosts for three
months, and could be serially transferred to immunocompetent
hosts™.

The induction and maintenance of GD2Tjs cells require the
expression of the GD2 CAR and the simultaneous depletion of two
factors: ZC3H12A and BCOR*. ZC3HI2A is an RNase that regulates
mRNA decay, negatively controlling T cell activation and expansion®,
while BCOR is a transcriptional co-repressor that modulates gene
expression®. The depletion of both ZC3HI12A and BCOR, but not
either alone, produces a synergistic effect that imparts T features to
various CAR T cells**%, including robust expansion in immuno-
competent mice without conditioning, minimal contraction after the
peak response, and long-term in vivo persistence with a favorable
safety profile.

In this study, we repurpose GD2T ¢ cells as a general platform for
the long-term delivery of biologics in vivo, with the goal of achieving
long-term therapeutic efficacy by a single dose of CAR T cells.

Results

Long-term persistence and stability of GD2T\¢ cells in vivo

To evaluate the potential of GD2Tj cells as a platform for biologic
delivery, we conducted a comprehensive characterization of these
cells. Previously, we showed that wild-type, BCOR-knockout, and
ZC3H12A-knockout GD2 CAR T cells were undetectable in the spleens
of C57BL/6 mice one month after infusion’’. To extend these find-
ings, we generated wild-type, BCOR-knockout, ZC3H12A-knockout,
and BCOR/ZC3H12A double-knockout GD2 CAR T cells using the
CRISPR/Cas9 system (Supplementary Fig. 1a) and transferred them
into C57BL/6 mice without any conditioning regimen (Supplemen-
tary Fig. 1b). Two months post-transfer, only the BCOR/ZC3HI2A
double-knockout GD2 CAR T cells (GD2T,f) were detectable in the
spleen of recipient mice, whereas wild-type, BCOR-knockout, and
ZC3H12A-knockout cells were undetectable (Supplementary Fig. 1c,
d). These results corroborate our previous conclusion that depletion
of both BCOR and ZC3H12A, but not either one alone, is required to
induce GD2T\g cells.

Serial blood sampling revealed that GD2T¢ cells persisted in
recipient mice for at least 12 months (the endpoint of the experiment),
consistently comprising approximately 5% of peripheral white blood
cells (Fig. 1a). By six months post-transfer, most GD2Tj cells in the
spleen exhibited a CD44"CD62L" phenotype (Fig. 1b, ), and expressed
TCF1 at levels comparable to endogenous CD8" T cells (Supplementary
Fig. 1i, j). GD2Tj cells also expressed PD-1, CXCRS5, TOX, and EOMES
(Supplementary Fig. 1i, j). Additionally, splenic GD2T\ cells produced
IFNy upon ex vivo stimulation with PMA and ionomycin

(Supplementary Fig. 1g, h). These phenotypes of GD2T cells at six
months post-transfer were similar to those observed at one month?,
suggesting that GD2Tr cells maintain a stable phenotype in vivo.
Furthermore, GD2T¢ cells were detected in non-lymphoid tissues,
including liver, lung, and brain (Supplementary Fig. 1i, j), indicating
their broad distribution in vivo.

To investigate the role of GD2 CAR in shaping the phenotype of
GD2T¢ cells, we analyzed CD8" T cells expressing sgRNAs targeting
Bcor and Zc3h12a, either in the presence (GD2Tj¢) or absence (DKO) of
GD2 CAR (Supplementary Fig. 2a). Cells were labeled with CTV before
transfer to track cell division and analyzed on day 4 (blood) and day 7
(spleen) post-transfer (Supplementary Fig. 2b, c). Both GD2T¢ and
DKO CDS8" T cells exhibited extensive CTV dye dilution (Supplemen-
tary Fig. 2c-e), indicating robust in vivo proliferation. However, by day
7 post-transfer, GD2T cells were more abundant in the spleen than
DKO cells (Supplementary Fig. 2f, g), underscoring the critical role of
GD2 CAR signaling in GD2Tj¢ cell survival and maintenance. Notably,
GD2T¢ cells, but not DKO CD8" T cells, exhibited increased expression
of PD-1, CXCRS, TOX, TCF1, and EOMES compared to endogenous
CDS8' T cells (Supplementary Fig. 2h, i). These findings demonstrate
that deleting Bcor and Zc3h12a alone, without GD2 CAR expression, is
insufficient to induce the expression of GD2Tg-associated markers in
CDS8' T cells.

Transcriptomic and clonality analysis of GD2T¢ cells

To further characterize GD2T ¢ cells, we performed single-cell RNA
sequencing (scRNA-seq) and single-cell T cell receptor sequencing
(scTCR-seq) analysis 30 days post-transfer. A total of 10,378 GD2T¢
cells from the spleens pooled from 4 mice were sequenced and
grouped into 10 clusters using unsupervised clustering (Supplemen-
tary Fig. 3a—c). These clusters were primarily classified into CD62L"
stem-like and CD62L" effector/exhaustion-like populations (Fig. 1d
and Supplementary Fig. 3d). Cells in CD62L" population expressed
high levels of Sell and Tcf7 (Fig. 1e, f), indicating stem-like character-
istics. In contrast, cells in CD62L"° population expressed low levels of
Sell and Tcf7 but were positive for Pdcdl, Havcr2, Gzmb, and Gzmk
(Fig. 1e, f), signifying an effector/exhaustion phenotype. Gene set
enrichment analysis (GSEA) suggested that GD2Te cells exhibited
naive-like features compared to exhausted, memory, and effector
CDS8' T cells (Fig. 1g-i, Supplementary Fig. 3e), consistent with the
stem-like nature of GD2T¢ cells®.

We also compared GD2T\¢ cells with recently reported stem-like
exhausted T (Ts ex) cells?®. After harmonization, unsupervised clus-
tering revealed 11 clusters in the merged sample (Supplementary
Fig. 3f). GD2T\ cells distinctly segregated from Ts; gx cells, supporting
the idea that CAR T cells exist in a synthetic state distinct from TCF1*
Tsex cells?”. While both GD2Tyr and T, gx cells expressed high levels of
Tcf7 and Tox, GD2Ty¢ cells expressed much higher levels of Sell com-
pared to T gx cells (Supplementary Fig. 3g, h), aligning with the stem-
like feature of GD2T cells observed in serial transfer assays®.

scTCR-seq analysis identified 1,250 clonotypes among the
10,378 sequenced GD2Tj cells (Fig. 1j). The top three clones (clones 1,
2, and 3) constituted 9.6%, 5.5%, and 3.0% of the total cells, respectively
(Fig. 1j). This level of clonality in GD2T ¢ cells is more diverse than what
is observed in CAR T cells without gene knockout®. Mapping TCR
clonotypes to the scRNA-seq data (Fig. 1k), we found that approxi-
mately 70% of the cells in the top 1 clone were located in CD62L"
population (Fig. 11). Since cells in CD62L" population exhibited an
effector-like phenotype (Fig. 1e), it is possible that this clone originated
from a common progenitor. Apart from the dominant clones, the
majority of common GD2T¢ cell clones were distributed across all
clusters (Fig. 1I). These findings indicate that the induction of GD2T ¢
cells is not the result of selecting and expanding a few aberrant CAR T
cell clones; rather, GD2Ty; cells are highly diverse, resembling memory
T cells®™*°.
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Fig. 1| GD2T; cells persist in vivo long-term in a polyclonal state. a One million
GD2Tj¢ cells were intravenously transferred into male C57BL/6 mice, and their
persistence in peripheral blood was monitored over time through serial bleeding
(n=5).b, ¢ FACS analysis of CD62L expression on splenic GD2Tj cells at 2 months
post-transfer. Representative plot (b) and quantification (c) are shown (n=6).

d Uniform Manifold Approximation and Projection (UMAP) 0f 10,290 single GD2T,¢
cells pooled from 4 mice. e Normalized expression levels of key markers across
identified clusters. f Clustered heatmap showing representative marker genes in
annotated CD62L" and CD62L" populations. g-i Gene Set Enrichment Analysis
(GSEA) comparing CD62L" and CD62L" populations. Exact P values: g 3.64 x107;

h 2.10 x10%; i 6.45x10™. j Clonotype distribution of GD2T cells based on scTCR-
seq. Individual clones were identified by unique CDR3 sequences, and the per-
centages of cells with identical CDR3 sequences among all sequenced cells were
calculated. k UMAP visualization of GD2T¢ cells, with individual TCR clonotypes
distinguished by color. I Distribution of the top three clonotypes across clusters in
the UMAP plot, with all other clonotypes grouped as “common clone”. Data
represent mean + s.e.m. from one of three independent experiments. n indicates
the number of mice. Exact P values were determined by two tailed paired Student’s ¢
test in (c), and one-sided permutation tests in (g-i), as implemented in the clus-
terProfiler package (v4.4.4). Source data are provided as a Source Data file.

In summary, these data demonstrate that GD2Tj¢ cells persist
in vivo in a stable, polyclonal state with stem-like features.

Tonic signaling plays an important role in GD2Ty cell induction
The GD2 CAR, derived from the 14g2a monoclonal antibody, is known
to induce tonic signaling in the absence of antigen stimulation, often

leading to T cell exhaustion”. To determine whether tonic signaling
alone is sufficient for GD2T,¢ cell induction, we mutated all com-
plementary determining regions (CDRs) of the GD2 CAR (GD2mut) to
abolish antigen binding, as previously reported” (Supplementary
Fig. 4a, b). Despite lacking antigen binding”, the depletion of BCOR
and ZC3H12A still promoted the expansion and persistence of GD2mut
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CART (GD2mutTg) cells, albeit at slightly lower levels than GD2T ¢ cells
(Supplementary Fig. 4c, d). This suggests that tonic signaling alone is
sufficient to drive GD2Tj¢ cell induction. Notably, the expression of
EOMES, PD-1, and TOX, markers associated with CAR tonic signaling
and T cell exhaustion, was higher in GD2T cells compared to
GD2mutT ¢ cells (Supplementary Fig. 4e, f), indicating that mutating
the CDRs of GD2 CAR may modulate the strength of tonic signaling.

The costimulatory domain of our GD2 CAR is CD28, which is
known to drive tonic signaling in this CAR*. It has been shown that
using a 4-1BB costimulatory domain can diminish the tonic signaling of
GD2 CAR”. To investigate whether tonic signaling is indeed respon-
sible for the induction of GD2Tj cells, we replaced the CD28 costi-
mulatory domain with 4-1BB in the GD2 CAR (GD2-BBQ). The depletion
of BCOR and ZC3HI12A did not promote the expansion of GD2 CAR
T cells with the 4-1BB costimulatory domain (Supplementary Fig. 4g-i),
suggesting that the tonic signaling mediated by the CD28 costimula-
tory domain is important for the induction of GD2Tj cells.

Safety of GD2Tj cells in vivo

We thoroughly evaluated the safety of GD2Tj cells in vivo. The pre-
sence of GD2Tyr cells did not affect the survival of recipient mice
(Supplementary Fig. 5a). Six months post-infusion, the levels of
endogenous immune cells in the spleen and bone marrow were com-
parable between mice infused with GD2T¢ cells and those receiving
PBS (Supplementary Fig. 5b-g). Furthermore, endogenous T cells in
mice harboring GD2T cells did not exhibit any signs of aberrant
activation (Supplementary Fig. 5h, i). Hematoxylin and eosin (H&E)
staining of sections from key organs, including the heart, lung, liver,
and kidney, revealed no abnormalities in mice with GD2T;: cells
(Supplementary Fig. 5j). These data demonstrate that the presence of
GD2Ty cells does not disrupt the homeostasis of the endogenous
immune system under steady-state.

When mice with GD2T¢ cells were infected with the lymphocytic
choriomeningitis virus (LCMV) Armstrong strain, there were no
alterations in the endogenous CD8" T cell response to the infection
(Supplementary Fig. 6a-d). In the classic experimental autoimmune
encephalomyelitis (EAE) model, mice bearing GD2T\¢ cells showed no
differences in disease induction or progression compared to control
mice (Supplementary Fig. 6e, f).

Finally, the administration of an anti-Thyl.1 antibody rapidly
cleared GD2T ¢ cells from recipient mice (Supplementary Fig. 6g-i),
indicating that these cells can be eliminated as needed.

In summary, these data demonstrate that the presence of GD2T ¢
cells does not compromise the health of recipient mice under both
steady-state and immune-stressed conditions. Furthermore, GD2T¢
cells can be effectively removed, establishing a foundation for repur-
posing these cells as a safe platform for drug delivery.

GD2Tj; cells secreting inflammatory cytokine rapidly establish
disease models in mice
After thoroughly characterizing and evaluating the safety of GD2T¢
cells, we investigated their potential as a platform for in vivo produc-
tion of biologics. Inflammatory cytokines play crucial roles in various
diseases, and the traditional approach to establishing mouse models
for these diseases involves creating cytokine transgenic mice, such as
the TNF transgenic mice widely used in mechanistic studies and drug
evaluations®. However, constructing and maintaining transgenic mice
is labor-intensive and resource-demanding. Therefore, we engineered
GD2T¢ cells to secrete TNF (Fig. 2a). Infusion of TNF-secreting GD2T¢
(GD2T-TNF) cells into C57BL/6 mice induced rapid and dramatic
expansion of CDI11b® myeloid cells (Fig. 2b-f), accompanied by a
reduction in body weight (Fig. 2g). These features in GD2T-TNF-
bearing mice resemble those observed in TNF transgenic mice®.
Hypereosinophilic syndrome (HES) is a disease characterized by
the aberrant expansion of eosinophils®*, which can be modeled by

the transgenic overexpression of IL-5°, an inflammatory cytokine
crucial for eosinophil expansion®. Infusion of GD2Tj cells secreting
mouse IL-5 (GD2T-IL-5) into C57BL/6 mice induced a rapid and
sustained expansion of SiglecF*SSC" eosinophils in peripheral blood
(Fig. 2h-m), effectively establishing a mouse model of HES within
two weeks.

The dramatic biological effects observed in mice infused with
GD2T,-TNF and GD2TIL-5 cells demonstrate that GD2T¢ cells are
capable of stably secreting cytokines in vivo.

Rescue of obesity in ob/ob mice by a single dose of GD2T; cells
secreting leptin

Leptin, a protein that regulates food intake, is deficient in ob/ob mice
due to a genetic mutation, resulting in severe obesity from uncon-
trolled eating®. To address this, we engineered GD2T¢ cells to secrete
leptin (GD2T-Leptin) and tested their ability to correct the leptin
deficiency in ob/ob mice (Fig. 3a-c).

After infusion into ob/ob mice, GD2Tr and GD2T-Leptin cells
reached a plateau around four weeks post-transfer, stabilizing there-
after with a gradual upregulation of CD62L (Supplementary Fig. 7a-d).
Both GD2Tr and GD2Te-Leptin cells were detected in the liver, lung,
and brain tissues of ob/ob mice (Supplementary Fig. 7e, f). GD2T -
Leptin cells constitutively produced leptin ex vivo, with increased
secretion upon TCR stimulation (Supplementary Fig. 7g). In vivo,
serum leptin levels in ob/ob mice correlated with the GD2Tg-Leptin cell
number in the spleen (Fig. 3d).

Notably, a single infusion of GD2T-Leptin cells completely
reversed obesity in ob/ob mice (Fig. 3e), whereas GD2T ¢ or DKO cells
had no therapeutic effect (Fig. 3e). EcChoMRI measurements confirmed
a significant reduction in body fat in ob/ob mice treated with GD2T -
Leptin cells (Fig. 3f). Furthermore, insulin tolerance tests (ITT) and
glucose tolerance tests (GTT) demonstrated that GD2T-Leptin cells,
but not GD2T ¢ or DKO cells, effectively restored insulin sensitivity and
glucose homeostasis in ob/ob mice (Fig. 3g-j). In addition, GD2T -
Leptin cells reduced the respiratory exchange ratio, energy expendi-
ture, and food intake in ob/ob mice (Fig. 3k-m). Finally, GD2T-Leptin-
treated mice exhibited a significant increase in movement (Fig. 3n).

Collectively, these findings demonstrate that a single infusion of
GD2T -Leptin cells effectively corrects leptin deficiency in ob/ob mice.

A single dose of GD2Tj; cells secreting GLP-1 provides durable
anti-obesity effects in mice fed a high-fat diet (HFD)

Obesity is a global health issue associated with various pathological
conditions, including diabetes, hyperlipidemia, and cancers®***’. Bio-
logics targeting the GLP-1/GLP-IR axis are effective in treating
obesity***’. However, due to the short half-life of GLP-1, existing GLP-1
analogs and GLP-1R agonists require daily or weekly administration to
maintain efficacy*, with rapid relapse upon discontinuation’.

To address this, we engineered GD2Tj cells to continuously
deliver GLP-1 (GD2T,-GLP-1) in vivo (Fig. 4a, b). C57BL/6 mice were fed
a high-fat diet (HFD) for one week before receiving an infusion of either
DKO or GD2T-GLP-1 cells (Fig. 4c). GD2T;-GLP-1 cells expanded in
HFD-fed mice, reaching a plateau four weeks post-transfer, accom-
panied by gradual upregulation of CD62L (Supplementary Fig. 8a-d).
These cells were detected in the liver, lung, and brain tissues of HFD-
fed mice (Supplementary Fig. 8e, f).

Due to the attached Fc fragment from mouse IgG2a in the GLP-1
molecule (Fig. 4b), the accurate circulating GLP-1-Fc level remains to be
determined. However, GD2T-GLP-1 cell infusion, but not DKO cell
infusion, significantly reversed HFD-induced obesity (Fig. 4d). EcChoMRI
analysis confirmed a reduction in body fat in HFD-fed mice treated with
GD2T-GLP-1 cells (Fig. 4e). In ITT and GTT, GD2T-GLP-1 cells effec-
tively restored insulin sensitivity and glucose homeostasis, whereas
DKO cells had no effect (Fig. 4f-i). Additionally, GD2T-GLP-1 cells
reduced the respiratory exchange ratio, energy expenditure, and food
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Fig. 2 | GD2Ty¢ cells secreting inflammatory cytokines rapidly establish disease
models in mice. a Experimental design for generating GD2T-TNF cells. One mil-
lion GD2T¢ cells and GD2T,-TNF cells were transferred into six-week-old female
C57BL/6 mice, which were subsequently monitored for GD2T,-TNF cell persistence
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peptide sequence; TNF: tumor necrosis factor alpha. b, ¢ FACS analysis of GD2T -
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quantification (c) are shown (n =3). d-f FACS analysis of CD11b* myeloid cells and
Thyl.1" GD2T,-TNF cells in peripheral blood. Representative plot (d) and quanti-
fication (e, f) are shown (n =3). g, Body weight changes in mice transferred with
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cells in peripheral blood at 4 weeks post-transfer. Representative plot (i) and
quantification (j) are shown (n=4). k-m FACS analysis of SiglecF* eosinophils and
Thyl.1' GD2T-IL-S cells in peripheral blood. Representative plot (k) and quantifi-
cation (I, m) are shown (n =4). Data represent mean * s.e.m. from one of two
independent experiments. n indicates the number of mice. Exact P values were
determined by two tailed unpaired Student’s ¢ test in (c, j) and two-way ANOVA with
Bonferroni’s post hoc test in (e-g, I, m). Source data and exact P values are pro-
vided as a Source Data file.

intake in HFD-fed mice (Fig. 4j-1). Notably, GD2T-GLP-1 cell-treated
mice exhibited increased movement compared to those receiving DKO
cells (Fig. 4m).

We also evaluated a preventive model in which GD2T-GLP-1 cells
were infused before initiating the HFD (Supplementary Fig. 8g). A
single infusion completely prevented HFD-induced obesity (Supple-
mentary Fig. 8h). Fasting blood glucose levels were significantly lower
in GD2T;-GLP-1-treated mice compared to PBS-treated controls

(Supplementary Fig. 8i). At the final analysis, GD2T,-GLP-1 cells were
still detectable in the spleen (Supplementary Fig. 8j, k).

In clinical settings, GLP-IR agonists have been reported to cause
side effects, including delayed gastric emptying*. To determine whe-
ther GD2T-GLP-1 cells induce similar effects, we performed in vivo
gastric emptying assay. The results showed that gastric emptying was
comparable between control mice and GD2T-GLP-1-treated mice on a
HFD (Supplementary Fig. 9a, b).
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Fig. 4 | A single dose of GD2T,¢-GLP-1 cells attenuates HFD-induced obesity and
diabetes in mice. a Schematic representation of constructs used to generate DKO
and GD2T,-GLP-1 cells, DKO: Bcor/Zh3c12a genes double knock out without GD2
CAR expression CD8* T cells; GFP: green fluorescent protein. b Illustration
depicting GD2T,-GLP-1 cells secreting GLP-1. To increase the half-life of GLP-1, the
GLP-1 construct used in this study included an IL-2 signal sequence, GLP-1(7-38)
with three mutations (A8G, G22E, and R36G), followed by a 3xGGGGS linker and a
mouse IgG2a Fc sequence. ¢ Experimental design for the treatment of HFD-induced
obesity and diabetes using GD2T,-GLP-1 cells. Male C57BL/6 mice were fed a HFD
for one week before the intravenous transfer of one million DKO or GD2T,-GLP-
1 cells. Body weight, cell kinetics, metabolic phenotyping, Insulin Tolerance Test
(ITT), and Glucose Tolerance Test (GTT) were assessed at specified time points.
GD2T;-GLP-1 cell distribution was analyzed at the study endpoint. Age-matched

chow-fed mice served as a reference group. HFD: High Fat Diet. d Body weight
curves for mice receiving the indicated treatments (n=6). e Body fat ratio before
(week 0) and after (week 8) treatment in the indicated groups (n=6).f, gITT
results, including glucose levels (f) and relative area under the curve (AUC) (g) for
the indicated groups (n=6). h, i GTT results, including glucose levels (h) and
relative AUC (i) for the indicated groups (n=6). j-m, Metabolic phenotyping of
mice following treatment, with 48-hour kinetic measurements post-acclimation
(n=6).j, Respiratory exchange ratio (RER). k, Total energy expenditure.

1, Accumulated food intake. m, Physical activity. Data represent the mean + s.e.m. n
indicates the number of mice. Exact P values were determined by two tailed paired
Student’s ¢ test (e), one-way ANOVA with Tukey’s multiple comparisons test (g, i),
and two-way ANOVA with Bonferroni’s post hoc test (d, f, h, j-m). Source data and
exact P values are provided as a Source Data file.
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We further employed the conditioned taste avoidance test to eval-
uate potential gastrointestinal side effects of GD2T;-GLP-1 cells in mice.
After 12 weeks of HFD feeding, mice were trained, conditioned, and
tested for their avoidance of hedonic saccharin water. Unlike Exendin-4
treated mice (positive control), mice bearing GD2T~GLP-1 cells did not
exhibit avoidance of saccharin water after conditioning (Supplementary
Fig. 9¢, d), suggesting that GD2T;-GLP-1 cells do not induce overt gas-
trointestinal side effects.

To further rule out the possibility that the observed weight loss
was due to an unhealthy physiological state, we assessed the effects of
GD2T-GLP-1 cells on body weight in mice fed a normal chow diet
(Supplementary Fig. 9e-h). GD2T-GLP-1 treatment did not reduce the
body weight of these chow-fed mice (Supplementary Fig. 9h). This
finding supports the notion that GD2T,-GLP-1-treated mice experience
a targeted reduction in body weight under HFD condition, with final
weights comparable to those of chow-fed controls and without
excessive weight loss (Fig. 4d and Supplementary Fig. 8h).

Collectively, these findings demonstrate that a single dose of
GD2T-GLP-1 cells provides long-term protection against diet-induced
obesity and diabetes in mice.

Discussion

Chronic diseases are typically considered incurable. While current
treatments can alleviate symptoms and slow disease progression, they
often require repeated administration of small molecule or protein-
based drugs, ranging from daily to monthly, for the duration of the
patient’s life. This endless treatment is necessary due to the limited
half-lives of these drugs, ranging from hours to days.

For protein-based therapies, one potential approach to achieving
a single-dose “cure” is to enable the patient’s body to produce the
therapeutic proteins. In this study, we demonstrate that obesity,
whether caused by genetic leptin deficiency or, more commonly, by
overnutrition, can be effectively and durably treated by a single dose of
long-lived CAR T cells that stably secrete the therapeutic biologics
leptin and GLP-1. These findings suggest that single-dose therapies for
chronic diseases are feasible. Prior to our study, various cells, including
CART cells, have been engineered to produce therapeutic peptides or
proteins in vivo. However, the limited persistence and numbers of
these engineered cells have prevented such approaches from offering
a “cure” for chronic diseases®.

GD2Tyr cells possess three key features that make them well-
suited for in vivo delivery of biologics. First, unlike traditional CAR T
cell therapies that require preconditioning with chemotherapeutic
regimens such as cyclophosphamide and/or fludarabine, GD2T: cells
can expand and persist in vivo without any such preconditioning. This
is a significant advantage because these chemotherapeutic agents are
associated with various toxicities, including oncogenic risks*°*?, which
are acceptable for cancer patients but not for those with non-
cancerous diseases like genetic disorders and obesity. GD2T cells
are unique in their ability to expand and persist in fully immuno-
competent mice without conditioning, making them a promising
option for treating common non-cancerous diseases.

Secondly, GD2T\¢ cells exhibit long-term persistence in vivo at
relatively high numbers. While most CAR T cells become undetectable
in peripheral blood by flow cytometry within two months post-
infusion*?, GD2T ¢ cells maintain approximately 5% of peripheral blood
cells in recipient mice for at least one year in mice. This durability is
crucial for their function as a continuous source of recombinant pro-
teins. The persistence of GD2T cells correlates well with the high
expression levels of CD62L and TCF1, two key markers of T cell
stemness®***. Although the lack of expansion of control GD2 CAR
T cells, including wild-type, BCOR-deficient, and ZC3H12A-deficient
cells has limited our ability to fully dissect the mechanisms underlying
GD2Tr cell induction and maintenance, GD2Tr cells share many

features with other CAR Ty cells”. This suggests that GD2T cells
operate through mechanisms similar to those of other CAR T cells.

Another distinguishing feature of GD2T\ cells is their unique CAR
signaling. GD2T} cells cannot be induced when 4-1BB is used as the
costimulatory domain, indicating that tonic signaling is crucial for
GD2T g cell induction. Indeed, GD2T ¢ cells can be induced even with an
antigen-binding deficient GD2 CAR, though at slightly lower percen-
tages compared to the wild-type GD2 CAR. These findings suggest that
tonic signaling is the primary driver for GD2Tr cell induction and
maintenance, with interaction with GD2" cells contributing to a modest
increase in cell numbers. GD2, a disialoganglioside antigen, is over-
expressed in tumors such as neuroblastoma but is also present at low
levels in normal cells*. While targeting GD2 with monoclonal anti-
bodies has been associated with on-target off-tumor toxicities*®, GD2
CART cells derived from the 14g2a antibody have demonstrated high
safety in multiple clinical trials>***’%, In our study, mice bearing GD2T¢
cells did not exhibit abnormalities for at least a year post-infusion,
suggesting that GD2T g cells do not harm normal cells in vital organs or
tissues.

Furthermore, the presence of GD2T¢ cells does not disrupt the
homeostasis of the endogenous immune system or affect suscept-
ibility to viral infections or autoimmune diseases. GD2T¢ cells are
highly polyclonal, with clonality comparable to that of memory T cells,
indicating that their induction does not involve the selection of aber-
rant or transformed T cell clones. Flow cytometry and scRNA-seq
analysis revealed that while the majority of GD2T cells exhibit a
CD62L" stem-like phenotype, a portion are CD62L" effector-like cells.
It remains unclear whether CD62L" cells originate from CD62L" cells
or if they maintain themselves independently. Further investigations
are needed to determine whether these two populations have equal
capabilities for producing biologics.

Using GD2T¢ cells as a platform, we achieved long-term in vivo
delivery of four different biologics. A single infusion of GD2T¢ cells
secreting TNF or IL-5 rapidly established mouse models of TNF-
induced monocytic inflammation and HES, respectively. Traditionally,
these disease models are created through transgenic overexpression
of the relevant cytokines, a process that can take months to years and
is resource-intensive. Our approach offers a simpler, faster, more cost-
effective, and adaptable method for establishing these classic disease
models. Furthermore, in leptin-deficient ob/ob mice, a single dose of
GD2Tj cells produced leptin and maintained leptin levels at ng/mL
concentrations, effectively correcting the obese phenotype of
these mice.

Obesity, which is highly prevalent in modern society and asso-
ciated with numerous health conditions, is often treated with recom-
binant GLP-1 or GLP-1R agonists. However, due to their short half-lives,
these biologics require daily or weekly administration®, with rapid
relapse upon discontinuation’. In a mouse model of diet-induced
obesity, a single dose of GD2Ty¢ cells secreting GLP-1 reversed both
obesity and diabetes in recipient mice, suggesting a potentially
“curative” effect of these cells.

In the clinic, some patients receiving GLP-1IR agonists experience
gastrointestinal side effects*’, likely due to drug overdosing. In our
study, mice treated with GD2T-GLP-1 cells did not exhibit delayed
gastric emptying. The weight loss observed in GD2T-GLP-1 treated
mice fed on a HFD is unlikely to reflect an unhealthy state, as their body
weight decreased only to levels comparable to those of chow-fed mice,
without further reduction. Importantly, GD2T-GLP-1 cells did not
reduce the body weight of chow-fed mice. These findings suggest that
GLP-1 was not overdosed in our study. Although we validated that
GD2T-GLP-1 cells inhibited food intake (Fig. 41) without causing
delayed gastric emptying or an aversive effect toward hedonic sac-
charin water consumption in mice (Supplementary Fig. 9a-d), fully
confirming the central effect of GLP-1-Fc secreted by GD2Tr cells
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would require the use of a central nervous system-specific GLP-1IR
conditional knockout mouse model.

Nevertheless, careful titration of GLP-1 secretion may be neces-
sary to achieve an optimal therapeutic response in clinical settings.
Several strategies could be employed to control the dose of GLP-1
secreted by GD2T-GLP-1 cells in vivo. First, the number of infused
GD2T-GLP-1 cells can be adjusted. Although these cells proliferate
in vivo, a higher cell dose is expected to result in greater GLP-1
production. Second, transcription of GLP-1 in our study is driven by
the EFS promoter, which has moderate transcriptional activity.
Replacing EFS with a stronger promoter (e.g., EFla) or a weaker one
(e.g., PGK) would correspondingly increase or decrease GLP-1
expression. Third, the GLP-1 peptide used in our study contains
three mutations to reduce degradation and is fused to an Fc frag-
ment to extend its half-life. If GD2T-GLP-1 activity remains exces-
sive, using wild-type GLP-1 peptide or removing the Fc portion could
lower its in vivo activity. Finally, in cases of severe side effects,
GD2T,-GLP-1 cells can be eliminated using antibody-mediated CAR T
cell depletion. Together, these strategies provide flexibility for fine-
tuning GLP-1 production by GD2T;-GLP-1 cells in vivo, warranting
further investigation.

Building on the success of CAR T cells in cancer treatment™, CAR
T cell therapy has recently expanded to treat noncancerous diseases
such as autoimmune conditions™ . In this study, we demonstrate that
long-lived CAR T cells can serve as a versatile platform for the delivery
of biologics. Theoretically, any biologic encoded by DNA can be
delivered long-termly by GD2T ¢ cells. B cells (plasma cells), known for
their ability to produce large quantities of antibodies, have been
engineered to produce therapeutic antibodies in vivo, such as broad
neutralizing antibodies (bnABs) against HIV***, These engineered B
cells require antigen vaccinations monthly or fortnightly to maintain
their persistence in vivo®>. This requirement undermines the initial
goal of cell therapy, as monthly injections of bnABs is likely more
effective. Therefore, to overcome the challenge of in vivo persistence
of engineered B cells is crucial for their use as a platform for antibody
production.

In our study, GD2T¢ cells were used to produce four biologics:
TNF (235 amino acids), IL-5 (133 amino acids), leptin (167 amino acids),
and GLP-1-Fc (285 amino acids with a Fc domain), all of which are
relatively small proteins. This may account for their efficient produc-
tion in vivo. However, the efficiency of GD2Tj¢ cells in delivering larger
proteins, such as full-length antibodies, remains to be investigated.

In summary, we have successfully repurposed GD2T ¢ cells as a
robust platform for the stable production of biologics in vivo. This
approach offers a single-dose, “curative” cell therapy for chronic dis-
eases that typically require long-term, repeated biologic injections.
Given the wide range of diseases currently treated with biologics, our
method could provide a one-time solution for multiple conditions.
While the current costs of CAR T cell therapy are high, we anticipate
that as the price of cell therapy decreases, long-term biologic delivery
via CAR T cells will become more cost-effective compared to repeated
biologic infusions. Most importantly, this one-time solution could
enable patients to live normal lives without the need for ongoing drug
administration and frequent hospital visits.

Methods

Mice and cell lines

C57BL/6 mice (000664, Jackson Laboratory), Cas9 transgenic mice
(026430, Jackson Laboratory) and ob/ob mice (T001461, Gem-
Pharmatech) were maintained under specific pathogen-free conditions
at the Laboratory Animal Research Center of Tsinghua University
(Beijing, China). Mice were maintained under standard housing con-
ditions with ad libitum access to food and water, except for the fasting
blood glucose testing or water restriction. In some experiments (Fig. 4,
Supplementary Fig. 8), mice were fed with high-fat diet (60% kCal fat,

D12492, Wohua Biologicals Technology). The sex of mice was indi-
cated in the figure legends. Sex was not considered as an independent
variable in the experimental designs.

Phoenix-Eco cells (CRL-3214, American Type Culture Collection)
were cultured in DMEM (Gibco) containing 5% FBS, 2 mM glutamine,
100 U/mL penicillin and 100 pg/mL streptomycin in a humidified
incubator at 37 °C. All cell lines tested negative for mycoplasma.

Plasmids

The Ty induction vector was constructed as described previously
(Supplementary Fig. 1)"%. The GD2mut CAR was generated by mutating
the CDRs of the original GD2 CAR (Supplementary Fig. 4a). The GD2-
BB{ CAR was created by replacing the CD28 costimulatory domain in
the original GD2 CAR with the mouse 4-1BB transmembrane and sig-
naling domains (Supplementary Fig. 4e).

For the overexpression vectors, a GFP-P2A-ORF cassette was
cloned into a pMSCV backbone (74056, Addgene). The cDNAs of
mouse TNF, IL-5, leptin, or GLP-1-Fc were cloned into the pMSCV-GFP-
P2A-ORF vector by Gibson Assembly. Primers: Hpal-TNF-F:CTGGACCG
ACCGAGTACGTTAACATGTACAGGATGCAACTCCTG; Sall-TNF-R: CGA
TAAGCTTGGCTGCAGGTCGACTCACAGGGCAATGATCCCAAAG; Hpal-
IL-5-F:CTGGACCGACCGAGTACGTTAACATGAGAAGGATGCTTCTGC;
Sall-IL-5-R: CGATAAGCTTGGCTGCAGGTCGACTCAGCCTTCCATTGCC
CACTCTG; Hpal-GLP-1-F: CTGGACCGACCGAGTACGTTAACATGTA-
CAGGATGCAACTCC; Sall-GLP-1-R: CGATAAGCTTGGCTGCAGGTCGAC
TCATTTACCCGGAGTCCGGG; Hpal-Leptin-F: CTGGACCGACCGAG
TACGTTAACATGTGCTGGAGACCCCTGTG; Sall-Leptin-R: CGATAAGC
TTGGCTGCAGGTCGACTCAGCATTCAGGGCTAACATCC. The GLP-1
cDNA was constructed with an IL2 signal sequence, GLP-1(7-38) with
three mutations (A8G, G22E, and R36G), similar to the approved GLP-
1R agonist Dulaglutide®, followed by a (GGGGS) x 3 linker and a mouse
IgG2a Fc sequence. All sequences were validated by Sanger
sequencing.

Production of retrovirus

Retrovirus was produced as described previously?. Briefly, Phoenix-
Eco cells were co-transfected with expression plasmids and pCL-Eco
helper plasmids using Chemifect™ (#51985, Fengrui Bio). Viral super-
natants were collected 48 hours post-transfection, filtered through a
0.45 pm filter, aliquoted, and stored at -80 °C.

T cell activation, transduction and adoptive cell transfer

The isolation, activation, spin-infection, and culture of mouse primary
T cells were conducted as previously described'. For co-infection with
the Ty induction virus and the overexpression virus, the two viruses
were mixed in equal volumes before spin-infection. The T cell culture
medium (TCM) consisted of RPMI1640 (Gibco) supplemented with 5%
fetal bovine serum (FBS), 2 mM glutamine, 55 pM B-mercaptoethanol,
1mM sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL
streptomycin.

Twenty-four hours after spin-infection, CD8'Thyl.1" cells (DKO
cells: Fig. 3, Fig. 4, Supplementary Fig. 2, Supplementary Fig. 7; GD2T¢
cells: Fig. 1, Supplementary Fig. 1, Supplementary Fig. 3, Supplemen-
tary Fig. 4, and Supplementary Fig. 5) or CD8'Thy1.1'GFP" cells (GD2T\¢-
TNF: Fig. 2, GD2T-IL-5: Fig. 2; GD2Te-Leptin: Fig. 3, Supplementary
Fig. 7; GD2T-GLP-1: Fig. 4, Supplementary Fig. 8) were sorted by FACS
and transferred into mice via the tail vein injection (1 x 10° cells per
mouse). All adoptive cell transfers were performed without any con-
ditioning regimen.

Tissue distribution analysis

Mice were euthanized and perfused with 30 mL of 1x PBS containing
2mM EDTA, then dissected to isolate fresh liver, lung, and brain tis-
sues. Liver and lung tissues were digested with 1 mg/mL Collagenase IV
(#17104-019, Thermo Scientific), passed through a 70-um strainer
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(#352350, BD), and resuspended in 45% Percoll (#17089101, Cytiva) for
gradient centrifugation at 1000 g, 4 °C, for 15 min. Brain tissues were
passed directly through a 70-um strainer and subjected to the same
gradient centrifugation. The sedimented cells were resuspended for
FACS staining (Supplementary Fig. 1gh; Supplementary Fig. 7e,f;
Supplementary Fig. 8e, f).

Ex vivo restimulation of GD2T; and GD2T-Leptin cells
Mice were euthanized, and spleens were isolated. Single-cell suspen-
sions were prepared by grinding the tissue through a 70-um strainer
(#352350, BD). For restimulation, 1 x 10° GD2T) cells were stimulated
with 50 ng/mL phorbol 12-myristate 13-acetate (PMA, #HY-18739, MCE)
and 1 uM ionomycin (#HY-13434, MCE) for 4 hours in the presence of
GolgiStop (#554724, BD) in a 96-well plate (Corning). IFNy production
was analyzed by intracellular staining (Supplementary Fig. 1e, f).
GD2Tr and GD2T-Leptin cells were restimulated with 1 pg/mL
soluble anti-CD3 and 1 pg/mL anti-CD28 antibodies for 24 hours in a
96-well plate. The supernatant was collected for Leptin quantification
by ELISA (Sangon, #D721199), and Leptin concentration was normal-
ized to the number of input cells (Supplementary Fig. 7g).

Cell proliferation assay

Single-cell suspensions (1 x 107 cells/mL in 1x PBS) were stained with
CellTrace™ Violet (#C34571, Invitrogen) at a final concentration of 5
M. Cells were incubated in the dark at 37 °C for 10 minutes in a water
bath. Samples were analyzed by flow cytometry (BV421 channel,
405 nm) before and after labeling (Supplementary Fig. 2c). Blood and
splenic Thyl.1" cells were examined on day 4 or day 7 to assess cell
proliferation (Supplementary Fig. 2d).

Flow cytometry

Single-cell suspensions were prepared from blood, spleen, bone mar-
row, liver, lung and brain. Surface protein staining was performed
using the indicated antibodies mixed with Fc receptor block (#BE0307,
InVivoMab) in FACS buffer (PBS containing 1% calf serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin) at 4 °C for 15 minutes. Except
for listed antibodies below, H-2D? LCMV gp33 Tetramer-KAVYNFATC-
PE (#TB-5002-1) was purchased from MBL company. DAPI (#62248,
Thermo) was added immediately before flow cytometric analysis to
exclude dead cells.

For transcription factor staining, cells were processed using the
Transcription Factor Fix/Perm Kit (BD, #562574) following the manu-
facturer’s instructions (Supplementary Fig. 1e, Supplementary Fig. 2h,
Supplementary Fig. 4e). For cytokine staining, T cells were stimulated
with 0.2 pg/mL gp33 peptide (QYAOBIO) in the presence of GolgiStop
(#554714, BD Pharmingen) in T cell medium at 37 °C for 4.5 hours. After
surface staining and live/dead exclusion using fixable Near-IR dye
(L34976, Invitrogen), cells were fixed and permeabilized using the BD
CytoFix/Perm Kit (#554714, BD Pharmingen). The indicated cytokines
were then stained according to the manufacturer’s instructions (Sup-
plementary Fig. 5d). Samples were acquired using an LSRFortessa
cytometer (BD). Cell sorting was performed with an S3e sorter (Bio-
Rad). Flow cytometry data were analyzed with FlowJo (v10.8.1).

For t-SNE reduction of immune cell profiling, 10,000 single live
cells from individual samples were extracted using the DownSample
plugin, and multiple sample files were merged by concatenating. Gated
cell populations were identified based on surface protein expression
and visualized using the built-in KNN algorithm with t-SNE reduction in
FlowJo (v10.8.1) (Supplementary Fig. 5d, f).

Antibodies

Anti-mouse CD3g, Bio X Cell, BEOOO1-1, RRID: AB 1107634; anti-
mouse CD28, Bio X Cell, BEOO15-1, RRID: AB 1107624; anti-mouse
Thyl.1(CD90.1), Bio X Cell, BE0214, RRID: AB_2687700; anti-mouse

Thyl.l (OX-7), biotin, BioLegend (1:500 dilution), 202510, RRID:
AB_2201417; anti-mouse Thy1.1 (0X-7), PE, BioLegend (1:500 dilution),
202524, RRID: AB_1595524; anti-mouse Thyl.1 (OX-7), APC, BioLegend
(1:300 dilution), 202526, RRID: AB_1595470; anti-mouse CD8« (53-
6.7), Brilliant Violet 421, Thermo Fisher Scientific (1:300 dilution),
100725, RRID: AB_493425; anti-mouse CD4 (RM4-5), APC, BioLegend
(1:400 dilution), 100526, RRID: AB_312727; anti-mouse CD11b(M1/70),
APC/Cyanine7 (1:600 dilution), BD Biosciences, 561039, RRID:
AB_2033993 anti-mouse CD44 (1IM7), PerCP/Cyanines.5, BioLegend
(1:300 dilution), 103032, RRID: AB_2076204; anti-mouse CD62L (MEL-
14), PE/Cyanine7, BioLegend (1:100 dilution), 104418, RRID:
AB_313103; anti-mouse TCF1 (C63D9), PE, Cell Signaling Technology
(1:800 dilution), 14456, RRID: AB 2798483; anti-mouse TOX
(TXRX10), PE, Thermo Fisher Scientific (1:200 dilution), 12-6502-82,
RRID: AB_10855034; anti-mouse EOMES, APC, Thermo Fisher Scien-
tific (1:200 dilution), 17-4875-82, RRID: AB_2866428; anti-mouse
Ly108 (13G3-19D), PE, Thermo Fisher Scientific (1:300 dilution), 17-
1508-82, RRID: AB 10717668; anti-mouse CXCRS, biotin (L138D7),
BioLegend (1:500 dilution), 145510, RRID: AB_2562126; anti-mouse
IFN-y, PE (XMGI1.2), BioLegend (1:200 dilution), 505808, RRID:
AB 315402; anti-mouse B220, Brilliant Violet 421(RA3-6B2), BioLe-
gend (1:300 dilution), 48-0452-82, RRID: AB_1548761; anti-mouse
Siglec-F, PE (IRNM44N), Thermo Fisher Scientific (1:500 dilution), 12-
1702-82, RRID: AB_2637129; Streptavidin, PE, BioLegend (1:100 dilu-
tion), 405204; Streptavidin, APC, BioLegend (1:100 dilution), 405243.

Single cell RNA-TCR sequencing and data analysis

CD8«a'Thyl.1' GD2Ty¢ cells were isolated from the pooled spleens of 4
mice at 2 months post-transfer for scRNA-seq. scRNA-seq libraries
were constructed using the Singleron Matrix” Single Cell Processing
System. TCRa/p sequences were amplified using 3’ primers and
sequenced. All sequencing was performed on an Illumina NovaSeq
6000 platform with paired-end reads.

Raw data were processed using the CeleScope pipeline (v1.9.0;
https://github.com/singleron-RD/CeleScope). Reads were mapped to
the GRCm38 reference genome using STAR (v2.6.1a)”. UMI (Unique
Molecular Identifier) counts and gene counts for each cell were gen-
erated with featureCounts (v2.0.1)*%, and expression matrix files were
extracted. Downstream analysis was performed using Seurat (v3.1.2)%.
Cells were excluded if they had fewer than 200 or more than 4000
genes, or if mitochondrial gene content exceeded 20%. Principal
components (PCs) 1-10 were selected for t-SNE, and clustering was
determined using the Jackstraw elbow plot with a resolution of 0.5.
Unsupervised UMAP reduction was performed, and cells were anno-
tated as CD62L" or CD62L" sub-populations based on differential
feature gene expression (Fig. 1d, Supplementary Fig. 3a, d).

Markers for all unsupervised clusters were identified by the Fin-
dAllMarker function (Supplementary Fig 3 b). The DoHeatmap function
was used to plot top 20 differentially expressed genes between the
CD62L" and CD62L" sub-populations (Fig. 1f). GSEA analysis for dif-
ferentially expressed genes between the CD62L" and CD62L" sub-
populations was conducted using clusterProfiler (v4.4.4)%°, employing
the immunologic signature gene sets ‘C7’ from MSigDB (https://www.
gsea-msigdb.org/gsea/msigdb). For scRNA-TCR analysis, uniquely
barcoded CDR3_nt sequences were annotated as clonotypes in the
Seurat object using the AddMetaData function, and UMAP plots were
generated grouped by CDR3_nt. Shannon and Simpson diversity indi-
ces were calculated using the vegan package®, with inputs from the
‘clonotypes.csV’ file generated by Cell Ranger.

The expression matrix of splenic T gx cells was downloaded from
NCBI Gene Expression Omnibus (GEO) library (GSM5988328)*. GD2T ¢
and Ts gx cells were merged for analysis and harmonization was per-
formed after PCA. Feature gene expression levels were visualized by
DotPlot and VinPlot functions (Supplementary Fig. 3f-h).
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Insulin Tolerance Test (ITT) and Glucose Tolerance Test (GTT)
For ITT, mice were fasted for 6 hours (9:00-15:00). Blood glucose
levels were measured at O, 15, 30, 60, 90 and 120 min after insulin
(Novolin® R, Novo Nordisk) injection by a glucometer (Yuwell). Insulin
dosage was optimized as 0.8 U/kg for HFD mice (Fig. 3) and 0.6 U/kg
ob/ob mice (Fig. 4). For GTT, mice were fasted overnight for 16 hours
(18:00-10:00. +1 day), and blood glucose levels were measured at 0, 15,
30, 60, 90 and 120 min after D-glucose injection (1g/kg) using a
glucometer (Yuwell).

Metabolic phenotyping

A 16-channel PhenoMaster system (TSE System) was used for indirect
metabolic phenotyping, including calorimetry, food intake and phy-
sical activity. After 48 hours of acclimation in separate channels with
ad libitum access to food and water, data were collected continuously
for 48 hours. The respiratory exchange ratio and total energy expen-
diture were calculated from real-time VO, and VCO,, measured every
30 minutes. The longitude and lateral lasers interruptions were
recorded to assess physical activity (Fig. 3k-n, Fig. 4j-m). The body fat
ratio of mice was determined using an EchoMRI analyzer.

LCMV-Armstrong virus infection

The LCMV-Armstrong virus strain was kindly provided by Dr. Yuncai
Liu’s lab at Tsinghua University. Frozen virus stocks were diluted in PBS
and administered intraperitoneally to mice (2 x 10° PFU per mouse).
Mice were euthanized 7.5 days post-infection, and the samples were
analyzed by FACS.

Experimental Autoimmune Encephalomyelitis (EAE)

An emulsion of MOG peptide, Incomplete Freund’s Adjuvant
(#263910, Difco), and Mycobacterium (#3114-33, Difco) was prepared
using a three-way stopcock (Bio-Rad). On day 0, 50 pL of the emul-
sion was injected subcutaneously at four spots per mouse. Pertussis
toxin (#PHZ1174, Invitrogen) was administered on day O and day 2.
The EAE clinical score was assessed daily from day 7 to day 30.
Scoring criteria were as follows: 0.5 for a partially limp tail, 1 for a
fully limp tail, 2 for poor righting ability or single hind limb paralysis,
3 for total hind limb paralysis, 4 for 75% body paralysis, 5 for mor-
ibund, and 6 for death.

Genetic and HFD-induced obesity models in mice

For the high-fat diet (HFD)-induced obesity and diabetes model, 6-
week-old C57BL/6 mice were transferred with PBS, DKO or GD2T-GLP-
1 cells. One week later, these mice were placed on an HFD (60% kCal fat,
D12492, Wohua Biologicals Technology), while a separate group of mice
maintained on a normal chow diet served as a control. Body weight was
recorded weekly. After 3 months of HFD feeding, the mice were fasted
overnight (12 hours), and blood glucose levels were assessed.

In the genetically obese ob/ob mice model, mice were maintained
on a normal chow diet. At 4 weeks of age, they were administered PBS,
DKO, GD2T or GD2T-GLP-1 cells, with body weight measurements
taken weekly.

Clearance of GD2T¢ cells by anti-Thyl.1 antibody

Following FACS examination of GD2T ¢ cells in peripheral blood, two
doses of anti-Thyl.1 antibodies (#BE0214, Bio X Cell) were adminis-
tered intraperitoneally at a dose of 250 pg/mouse, with a 3-day interval
between injections. Eight days after the initial antibody injection, the
presence of GD2T¢ cells in peripheral blood was assessed by FACS.

Enzyme-Linked Immunosorbent Assay (ELISA)

The Leptin ELISA kit (#D721199) was obtained from Sangon. Serum and
cultured supernatant samples from the indicated assays were pre-
pared and analyzed for leptin levels according to the manufacturer’s
instructions.

Histology

Mice were euthanized and perfused with PBS containing 2 mM EDTA.
The indicated organs were then fixed immediately by immersion in 4%
paraformaldehyde to preserve tissue integrity and morphology. The
tissue samples were embedded in paraffin, sectioned at a thickness of
7 um, and mounted onto glass slides. Hematoxylin and eosin (H&E)
staining was performed using a kit (E607318, Sangon Biotech)
according to the manufacturer’s instructions.

Gastric emptying assay

Fluorescent bead preparation followed a classic gastric emptying test
protocol®® with modified parameters. Tentagel-NH, polymers (Tenta-
gel MB-NH,, 200-250 um, 0. 15-0.3 mmol/g, #RAP-MB250002, RAPP
Polymer, Germany) were reconstituted in DMF (N,N-Dimethylforma-
mide) and allowed to swell for 30 minutes at room temperature. The
beads were then washed three times with DMF and labeled using a Cy7
labeling kit (#E-LK-CO05C, ElabScience) at a 0.5% equimolar ratio for
90 minutes at 37 °C with shaking at 150 rpm. After washing, a 5-fold
molar excess of acetic anhydride was added to block residual -NH,
groups for 30 minutes at room temperature. The labeled beads were
washed and dried using a gentle nitrogen stream for storage. All
materials should be kept water-free to prevent hydrolysis of the
NHS ester.

Mice were fasted for 6 hours prior to the gastric emptying test.
Before gavage, the labeled beads were resuspended in 0.5%
methylcellulose in 1x PBS and administered via oral gavage at
200 mg/kg body weight. Anesthesia was induced using 3% isoflurane
in oxygen (100-200 mL/min) and maintained using a nose cone
during imaging. Fluorescence (excitation: 710 nm; emission: 760 nm)
was measured using the IVIS Spectrum in vivo imaging system (Per-
kinElmer) at 0 and 30 minutes post-gavage. Changes in total radiant
efficiency ([p/s)/[uW/cm?]) within the region of interest were quan-
tified using Living Image software (PerkinElmer, version 4.8.0).

Conditioned taste avoidance test
Mice were adapted by water restriction 11 hours and supplementa-
tion in an hour with two bottles of water, twice daily, for 5 con-
secutive days. PBS group mice and GD2Tz-GLP-1 cells bearing mice
were conditioned with 0.1% saccharin (HY-Y0272, MCE). A group of
age and sex matched mice were adopted as positive control, 10 pg/kg
Exendin-4 (HY13443, MCE) was intraperitoneally injected immedi-
ately after the conditioning, to induce the aversive reaction to the
hedonic saccharin®.

At day 2 post-conditioning, mice were water restricted for
12 hours and supplemented with 0.1% saccharin and non-flavored
plain water. After 30 minutes of re-feeding, the position of the the
bottles were exchanged. Water consumption (g) within 1 hour of re-
feeding was recorded and the hedonic saccharin avoidance was cal-
culated as:

Saccharin avoidance(%)
B 0.1%saccharin consumption(g)
0.1%saccharin consumption(g) + plain water consumption(g)
@

=1

Statistics and reproducibility

No statistical method was used to predetermine sample size. No data
were excluded from the analysis. The experiments were not rando-
mized, and the investigators were not blinded to allocation during
experiments and outcome assessment. All numerical data were ana-
lyzed using Prism (version 10), with analytical methods specified in the
figure legends for each graph. lllustrations and graph layouts were
created using Adobe Illustrator (2021). Error bars represent the stan-
dard error of the mean (SEM).
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Ethical statement

All animal procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of Tsinghua University (protocol number:
17-PM-1), and were conducted in accordance with institutional guide-
lines and standard animal welfare regulations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data from this study have been shown in Figures. Source data are
provided with this paper. Raw data of scRNA sequencing and TCR
sequencing can be accessed through Gene Expression Omnibus (GEO)
by accession number GSE291791. The splenic TCF1* T gx cell SCRNA-
seq data for merged analysis are available in the GEO database under
accession number GSM5988328. Source data are provided with
this paper.
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