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SUMMARY

Lamarthée et al investigated the impact of chimeric antigen receptor (CAR) tonic
signaling on CAR-engineered Tregs according to the incorporated costimulatory
domain (either CD28 or 4-1BB). CD28 ameliorated Treg stability, long-term survival

and function compared to 4-1BB.
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ABSTRACT

The use of chimeric antigen receptor (CAR)-engineered regulatory T cells (Tregs) has
emerged as a promising strategy to promote immune tolerance in transplantation.
However, in conventional T cells (Tconvs), CAR expression is often associated with
tonic signaling resulting from ligand-independent baseline activation. Tonic signaling
may cause CAR-T cell dysfunction, especially when the CAR structure incorporates
the CD28 costimulatory domain (CSD) rather than the 4-1BB CSD.

Here, we explored the impact of tonic signaling on human CAR-Tregs according to the
type of CSD. Compared to CD28-CAR-Tregs, 4-1BB-CAR-Tregs showed enhanced
proliferation and greater activation of MAP kinase and mTOR pathways but exhibited
decreased lineage stability and reduced abilities to produce IL-10 and be restimulated
through the CAR. Although both CAR-Treg populations were suppressive in vivo, cell
tracking with bioluminescence imaging found longer persistence for CD28-CAR-Tregs
than for 4-1BB-CAR-Tregs. This study demonstrates that CD28-CAR best preserves
Treg function and survival in the context of tonic signaling, in contrast with previous

findings for Tconvs.
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INTRODUCTION

Despite significant advances in the prevention of acute graft rejection, long-term
attrition of graft function and complications related to long-term immunosuppression
remain major concerns in the field of solid organ transplantation. In addition to their
role in the control of self-reactivity (Zuber et al., 2007), FOXP3-expressing regulatory
T cells (Tregs) play a key role in mitigating alloimmune responses in
experimental (Kendal et al., 2011) and clinical transplantation (Savage et al., 2018).
Hence, significant efforts have been made to apply regulatory T cell therapy in clinical
transplantation over the past decade (Sawitzki et al., 2020). However, although
experimental transplant models indicate that donor-specific Tregs produce greater
prevention of graft rejection than polyclonal Tregs (Sagoo et al., 2011), the generation

of clinical-grade donor-specific Tregs faces major challenges.

These include the isolation of the scarce antigen-specific population
and its subsequent expansion to produce a sizeable cell product (Sagoo et al., 2011).
An attractive alternative would be to engineer recipient Tregs with a chimeric antigen
receptor (CAR) that redirects their antigen specificity toward a given donor antigen.
CARs are engineered receptors that consist of an extracellular single-chain variable
fragment (scFv), which is derived from the antigen-binding regions of a monoclonal
antibody, joined to intracellular T cell signaling domains called cluster of differentiation
(CD)3¢ combined with a costimulatory domain (CSD), most frequently that of either 4-

1BB or CD28.

A few pioneering studies have provided proof-of-concept evidence thatthe
Treg response can be redirected toward a donor mismatched antigen. More
specifically, Human Leukocyte Antigen (HLA) A2-targeted CAR-Tregs efficiently

prevent graft-versus-host disease (GVHD) and skin graft rejection in an HLA-A2-


https://doi.org/10.1101/2020.11.19.390450

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.19.390450; this version posted November 20, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

specific manner (Boardman et al., 2017; Boroughs et al., 2019; MacDonald et al.,
2016; Noyan et al., 2017; Pierini et al., 2017; Dawson et al., 2020). Most of these pilot
studies have used HLA-A2-targeted CARs incorporating the CD28 endodomain based
on evidence that the CD28 signal is critical for Treg ontogeny (Salomon et al., 2000;
Watanabe et al., 2005), survival (Zhang et al., 2013) and epigenetic stability (DuPage
et al., 2015). On the other hand, 4-1BB expression is a hallmark marker of activated
human Tregs (Bacher et al., 2016; Schoenbrunn et al., 2012), and TNFRSF9 (Tumor
Necrosis Factor Receptor SuperFamily 9, encoding 4-1BB) belongs to a handful of
genes whose epigenetic marks are highly conserved in activated Tregs across species
(Arvey et al., 2015). Emerging data suggest that the 4-1BB CSD could support greater
proliferation than its CD28 counterparts at the expense of Treg suppressive function

(Boroughs et al., 2019; Dawson et al., 2020; Nowak et al., 2018) .

In the field of oncology, studies have shown that tonic activation of CARs, i.e., signaling
irrespective of the presence of the CAR ligand, occurs to varying degrees with most
CARs, resultingin  baseline  activation  and eventually leadingto T cell
exhaustion with a reduced antitumor effect (Long et al., 2015). Importantly, the 4-1BB
CSD was found to significantly reduce tonic signaling-induced exhaustion and be
associated with longer survival than the CD28 CSD (Long et al., 2015). In the field of
CAR-Tregs, however, it is largely unknown whether CAR-mediated tonic signaling
impacts Treg biology and fate and whether the type of CSD (4-1BB vs CD28) can

influence this effect.

In the present study, we exploited the tonic signaling induced by an anti-HLA-A2 CAR
to assess its effect on CAR-Treg phenotype, proliferation, metabolism, signaling and
function, according to the type of CSD. 4-1BB CAR tonic signaling resulted in

enhanced expansion following TCR stimulation but was associated with
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Treg destabilization upon long-term culture. A Treg-supporting cocktail, including a
mechanistic target of rapamycin (mTOR) inhibitor,
could curb Treg proliferation and promote FOXP3 expression. However, 4-1BB CAR-
Tregs still exhibited high levels of baseline activation (HLA-DR expression), a
relatively short in vivo lifespan and a reduced ability to be stimulated through the CAR.
We concluded that in contrast to previous findings for CAR-T cells (Long et al., 2015),
the CD28 CSD was more suitable thanthe 4-1BB CSD for CAR-Treg

engineering, especially in the context of tonic CAR signaling.

RESULTS
Generation of CD28 and 4-1BB HLA-A2-specific CAR-Tregs

Six anti-HLA-A2 scFvs were derived from the publicly available sequences of three
human anti-HLA-A2/A28 antibodies (Watkins et al., 2000). To assess their
specificity/affinity, the 6 scFvs were tagged with a polyhistidine tail and then mixed with
96 beads, each of which was coated with a single HLA class | antigen (Figure Supp
1A). One scFv was selected based on its exclusive binding to beads coated with HLA-
A2 and HLA-A28 antigens (Figure Supp 1B). To assess the impacts of the selected
CSD on CAR-Treg biology and function, two anti-HLA-A2 CAR constructs were
generated with the selected scFv, incorporating either the CD28 CSD or the 4-1BB
CSD, named thereafter CD28 CAR and 4-1BB CAR, respectively (Figure 1A). A
reporter gene encoding truncated epidermal growth factor receptor (EGFRt) was
placed behind thosea asigna virus 2A (T2A). Both bicistronic constructs were next

incorporated into a pCCL lentiviral vector (LV) backbone. To demonstrate that antigen
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specificity was maintained after scFv incorporation into the CAR structure, TCR-
deficient J.RT3-T3.5 Jurkat cells were transduced with one of the HLA-A2-specific
CARs and then challenged against a panel of irradiated splenocytes isolated from 10
HLA-typed deceased organ donors. Induction of CD69 expression in CAR-expressing
Jurkat cells was strictly restricted to those cocultured with irradiated splenocytes

expressing either HLA-A2 antigens or HLA-A28 antigens (Figure Supp 1C).

Since naive Tregs have been found to be more stable over long-term culture than
activated Tregs (Hoffmann et al., 2006; Miyara et al., 2009), CD4+ CD25" CD127-
CD45RA+ CD45RO- naive Tregs and CD4+ CD25- CD127+ CD45RA+ CD45RO-
naive conventional T cells (Tconvs), which served as controls, were sorted by
fluorescence-activated cell sorting (FACS) with HLA-A2/A28-negative cytapheresis
kits from young (<40 years old) healthy donors (Figure 1B). Tregs and Tconvs were
transduced with HLA-A2-targeted CAR-encoding LV vectors after 2 days of polyclonal
activation with CD3/CD28 beads. EGFRt-expressing transduced T cells were sorted
by FACS and restimulated on day 11 before further in vitro (day 16) and in vivo (day
18) assessment (Figure 1C). To further evaluate HLA-A2-specific activation of CAR-
engineered primary T cells, CAR-Tregs were collected on day 10 and, 72 hours after
bead separation, were restimulated with HLA-A2/A28-positive or HLA-A28-negative
irradiated  splenocytes. CD69 (Figure 1D) and Glycoprotein-A  Repetitions
Predominant (GARP) (not shown) expression was strongly induced in an HLA-A2-
specific manner by EGFR-expressing Tregs but not by untransduced EGFR-
negative Tregs. These results indicate that both vectors were efficiently expressed on
the cell surface of human Tregs and that CAR stimulation was able to induce antigen-

specific activation of CAR-expressing human Tregs.
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4-1BB induces strong tonic signaling, which enhances Treg proliferation

In line with a recent report (Dawson et al., 2020), we observed that the proliferative
capacity of CAR-Tregs greatly varied between CD28 CAR-Tregs and 4-1BB CAR-
Tregs. Indeed, 4-1BB CAR-Tregs had achieved 20-fold greater expansion than
their CD28 counterparts at day 21. Furthermore, 4-1BB-Treg expansion did not
plateau even after 3 weeks of culture, whereas other Treg populations stopped
proliferating shortly after the second CD3/CD28 stimulation (Figure 1E, left panel).
These results were Treg specific, as 4-1BB CAR-Tconvs and CD28 CAR-
Tconvs showed similar growth profiles (Figure 1E, right panel). Consistent with this
heightened and sustained proliferation, 4-1BB CAR-Tregs demonstrated

significantly higher expression of Ki67 than CD28 CAR-Tregs (Figure 1F).

Notably, unlike CD28 CAR-Tregs, 4-1BB CAR-Tregs showed a blastic phenotype
throughout cell culture, as observed by optical microscopy (not shown) and flow
cytometry side and forward scatter patterns (Figure 2A-B). However, in contrast to
previous studies, we found that the 4-1BB CSD had a positive effect on Treg
proliferation when CAR-Tregs were stimulated through their endogenous TCR. This
indicated that 4-1BB-driven enhanced proliferation was constitutive and ligand
independent and could therefore be ascribed to tonic signaling (Ajina and Maher,
2018; Frigault et al., 2015; Gomes-Silva et al., 2017). Ligand-independent CAR tonic
signaling seems to primarily depend on the high cell-surface density and intrinsic
characteristics (scFv and hinge/spacer domains) of the CAR, which altogether entail
CAR clustering (Ajina and Maher, 2018). Hence, we compared CAR expression at the
cell surface according to the CSD and cell lineage. Although the vector copy number
(VCN) in transduced Tregs was similar between CD28 CAR and 4-1BB CAR (Figure

2C), 4-1BB CAR-Tregs displayed stronger binding to the HLA-A2 pentamer and
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greater EGFR expression than CD28 CAR-Tregs and CAR-Tconvs (Figure 2B). This
flow cytometry pattern might indicate greater vector expression and higher
CAR and EGFR protein production at the cellular level in 4-1BB CAR-Tregs. However,
this pattern was tightly correlated with the blastic phenotype (Figure 2B). When
normalized to the cell surface area (as estimated by the squared forward scatter
pattern, FSC?), the mean fluorescence intensities (MFIs) of HLA-A2 pentamer and
EGFR staining were not different across the CAR CSDs and cell lineages (Figure 2D).
We next sought to measure CAR expression, independent of the ability of each CAR
to bind HLA-A2, as this could be a confounding variable across the different CARs. To
this end, CAR-Tregs were labeled with biotinylated protein L, a recombinant protein
that binds to the kappa light chain without interfering with the antigen-binding site.
Similarly, normalized CAR expression, as assessed by protein L staining, was not
significantly different across the CAR CSDs and T cell subsets (Figure 2D, right
panel). We inferred that 4-1BB tonic signaling, primarily observed in Tregs, could not
be ascribed to a greater transduction efficacy or to an increased CAR cell-surface
density. Instead, these results suggest that constitutive 4-

1BB stimulation itself interferes with human Treg biology.

4-1BB tonic signaling increases MAPK and mTOR pathway activation

We thus sought to further investigate the underlying mechanisms and consequences
of CAR tonic signaling in Tregs. During the culture process, both CD28 CAR-Tregs
and 4-1BB CAR-Tregs were restimulated with CD3/CD28 beads on day 11 of culture
(Figure 1C). On day 16, the 4-1BB CAR-Tregs were still expanding, whereas the CD28
CAR-Tregs had started to plateau (Figure 1E). We thus performed an analysis of

tyrosine phosphorylation signals by western blot analysis at this time to better
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characterize 4-1BB and CD28 tonic signals five days after TCR restimulation.
Strikingly, we observed that signaling pathways were markedly different among 4-1BB
CAR-Tregs, CD28 CAR-Tregs and untransduced Tregs (Figure 2E). The tyrosine
phosphorylation of several proteins was found to be increased, including proteins with
molecular weights of 115-120 kDa and 55 kDa in the cell lysates of 4-1BB CAR-Tregs
and CD28 CAR-Tregs, respectively, when compared with those of untransduced
Tregs. Of note, the total protein amounts were comparable, as revealed by
Ku80 expression levels (Figure 2F). Further analyses of specific pathways revealed
that the phosphorylation of ERK 1/2 was greater in 4-1BB CAR-Tregs than in CD28
CAR-Tregs and untransduced Tregs, indicating overactivation of the downstream MAP
kinase pathway (Figure 2F-G). Moreover, Akt phosphorylation on Ser473 was also
increased in  CAR-Tregs compared to untransduced cells irrespective of the
CSD (Figure 2F). Altogether, these results show that CAR tonic signaling differentially
impacts Treg biology depending on the CSD incorporated in the CAR. They also
suggest that the sustained proliferation of 4-1BB CAR-Tregs could result from tonic

activation of the MAP kinase pathway.

4-1BB and CD28 tonic signaling induced different Treg differentiation pathways

We next explored whetherthe differential effects of CD28 and 4-1BB tonic
signaling on CAR-Treg proliferation would have similar impacts on the CAR-
Treg phenotype. To compare the effects of the 4-1BB and CD28 CSDs on CAR-Tregs,
we used 2-dimensional gating as follows: morphology, single cells, and FVD- live cells.
We then applied the t-distributed stochastic neighbor embedding algorithm (tSNE) to
visualize high-dimensional cytometry data on a 2-dimensional map at single-cell

resolution (Amir et al., 2013). Figure 3A shows the tSNE map for a pool of CD28 CAR-
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Treg and 4-1BB CAR-Tregs from three different donors. Strikingly, the CD28 CAR-
Treg and 4-1BB CAR-Treg populations were highly clustered and separated from one
another in a dichotomous way, suggesting a major effect of the CSD on the
Treg phenotype. Of note, HLA-DR was mainly expressed by the 4-1BB CAR-Tregs,
whereas CD15s expression was limited to a small subset of HELIOS-negative CD28
CAR-Tregs. The CD28 CAR-Tregs maintained CCR7 expression overall, in contrast
to their 4-1BB counterparts. Interestingly, a sizeable population of the 4-1BB CAR-
Tregs expressed high levels of FOXP3 and HELIOS along with markers of activation
(HLA-DR, 4-1BB, and ICOS) and suppressive functions (TIGIT and CTLA-4). This
subset, which was absent in the CD28 CAR-Tregs, met the phenotypic criteria of

effector Tregs.

Neither 4-1BB CAR-Tregs nor CD28 CAR-Tregs converted into inflammatory

and/or cytotoxic cells

A recent study raised the concern that 4-1BB CARs could switch on a cytotoxic
program in human Tregs (Boroughs et al., 2019). Although cytotoxic pathways,
including the Fas/FasL and granzyme A/B pathways, are part of Treg-mediated
suppressive mechanisms (Vignali et al., 2008), Tregsare not considered
predominantly cytotoxic, as their cytotoxic activity is much lower than that of their
conventional T cell counterparts. We thus addressed this issue by studying the
cytokine production and cytotoxicity of CAR-Tregs on day 14 of culture (Figure 3B)
according to the CSD. First, none of the CAR-Treg populations produced inflammatory
cytokines (TNF-a or IFN-y), in contrast to CAR-Tconvs. Itis, however, worth noting that
4-1BB CAR-Tregs produced significantly less IL-10 than CD28 CAR-Tregs

(Figure 3B). Second and foremost, granzyme B expression was significantly lower in
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CAR-Tregs than in CAR-Tconvs, irrespective of the CSD (Figure 3C). To further
explore the cytotoxic potential of CAR-Tregs, we set up an in vitro impedance-based
cytotoxicity assay in which an HLA-A2+ endothelial cell line was used as the target and
compared with an HLA class I-deficient counterpart. Importantly, CAR-Tregs did not
induce HLA-A2-specific cytotoxicity over 10 hours, regardless of the CSD, in contrast
to CD8+ CAR-Tconvs (Figure 3D-E). Overall, these results did not support a drift in

CAR-Tregs, regardless of the CSD, toward a cytotoxic/proinflammatory program.

4-1BB-driven mTOR pathway overactivation may destabilize the Treg phenotype

We reasoned that increased proliferation of 4-1BB CAR-Tregs would be associated
with immunometabolic reprogramming, which would be needed to support the
increased anabolic demands. We thus studied the expression of a few genes involved
in main metabolic pathways, such as glycolysis, glutaminolysis and purine/pyrimidine
synthesis, as previously reported (Fernandez-Ramos et al., 2017). We consistently
found greater expression of Transition Protein 1 (TP1) and solute carrier family 1
(neutral amino acid transporter) member 5 (SLC1AS5) transcripts in 4-1BB CAR-
Tregs than in CD28 CAR-Tregs, suggestive of activated glycolytic and glutaminolytic
pathways, respectively (Figure 4A). These findings were further confirmed by FACS
analysis, which showed augmented expression of the glutamine transporter ASCT2
encoded by SLC1AS in 4-1BB CAR-Tregs compared to CD28 CAR-Tregs (Figure 4B).
The higher glutamine intake by 4-1BB CAR-Tregs wasin keeping with the

increased proliferation rate.

mTORC1 is crucial in supporting the proliferative capacities of Tregs (Gerriets et al.,
2016; Procaccini et al., 2016). Hence, we studied mTORC1 activity, as assessed by

the  phosphorylation of S6 (pS6)in4-1BB  CAR-Tregs and CD28 CAR-
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Tregs on day 16 of culture. In contrast to CD28 CAR-Tregs and untransduced
Tregs, 4-1BB CAR-Tregs displayed high expression of pS6 five days after TCR

stimulation.

Although mTOR plays roles in Tregs (Gerriets et al., 2016; Procaccini et al., 2016)
and functional differentiation (Zeng et al., 2013), its overactivation can reprogram
Tregs toward Tconvs. We thus analyzed the stability of the Treg lineage according to
the CAR CSD. To this end, we studied the demethylation status of the Treg-specific
demethylated region (TSDR) and found that CAR-Tregs retained a high degree of
TSDR demethylation on day 16, irrespective of the CSD (Figure 4E). Moreover, the
expression of FOXP3 and HELIOS was assessed throughout the culture period. On
day 16 (Figure 4F-H), the proportions of FOXP3+ (Figure 4G) and double-positive
FOXP3+ HELIOS+ (Figure 4H) Tregs were similar between 4-1BB CAR-Tregs
and CD28 CAR-Tregs and were much greater than those of Tconvs. We concluded
that CAR-Treg manufacturing, including lentiviral transduction, CAR tonic signaling
and TCR-driven two-week culture, did not unduly disrupt Treg stability, regardless of
the CSD, at early time points. However, a double-negative FOXP3- HELIOS-
population was readily detected as early as day 16 in 4-1BB CAR-Tregs and
subsequently expanded in all conditions (Figure 4l). This finding raised the concern
that prolonged culture and extensive proliferation, especially that driven by 4-1BB tonic

signaling, could promote Treg instability.

Combination of rapamycin and vitamin C abates overactivation due to 4-

1BB tonic signaling and improves CAR-Treg stability

Uncontrolled mTOR pathway activation and related hyperglycolytic and

hyperglutaminolytic states promote Treg destabilization (Gerriets et al., 2016; Huynh
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etal., 2015; Xu et al., 2017). We thus hypothesized that mTOR inhibition could mitigate
metabolic reprogramming and prevent 4-1BB CAR-Treg instability (Battaglia et al.,
2006). Moreover, glutamine metabolites inhibit Ten Eleven Translocation (TET)
enzymes that demethylate the FOXP3 gene (Xu et al., 2017), whereas vitamin C, a
potent activator of TET enzymes, promotes Treg stability (Lu et al., 2017; Sasidharan
Nair et al., 2016). We next wondered whether culturing 4-1BB CAR-Tregs with a Treg-
supporting cocktail, including the mTOR inhibitor rapamycin and the epigenetic
modifier vitamin C, would improve the maintenance of the 4-1BB CAR-Treg lineage.
Rapamycin and vitamin C were added to the culture medium at the time of
restimulation (day 11) and compared with complete medium alone. As expected, the
addition of rapamycin and vitamin C abated the activation of the glycolytic and
glutaminolytic pathways (Figure 5A) and strongly inhibited mTORC1 activity
(Figure 5B-C). In line with these findings, the expansion rate of 4-1BB CAR-
Tregs decreased to a level comparable to those of CD28 CAR-Tregs and
untransduced Tregs (Figure 5D). As a positive effect, reduced proliferation correlated
with greater 4-1BB CAR-Treg stability, according to phenotypic (Figure SE) and
epigenetic assessments (Figure 5F). For subsequent in vivo experiments, the Treg-
supporting cocktail was added to the culture medium from days 10 to 18 for 4-

1BB CAR-Tregs, whereas unmodified medium was used for other Treg populations.

Both 4-1BB CAR-Tregs and CD28 HLA-A2 CAR-Tregs are efficient in

suppressing xenogeneic graft-versus-host disease (xenoGVHD)

To assess the suppressive capacities of CAR-Tregs in vivo in an antigen-specific
manner, we used a xenogeneic GVHD model based on the transfer of thawed HLA-

A2-negative peripheral blood mononuclear cells (PBMCs) into busulfan-conditioned
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NSG mice. Different doses of hPBMCs were tested (5, 10 or 20 x 106 hPBMCs). The
onset of GVHD symptoms occurred after 10 days, while the GVHD clinical
score peaked at 40 days (Figure Supp 2A). The median survival times were 24, 28 and
38 days for 20, 10 and 5 x 108 hPBMCs, respectively (Figure Supp 2B). The mean
percentage (+SD) of human chimerism in the blood on day 10 was measured to be
2.4+2 .1, 21.6+£17.5, and 41.6+21.5% in the animals transferred with 5, 10 or 20 x
108 hPBMCs, respectively, demonstrating a dose-dependent effect (Figure supp 2C).
Of note, the levels of human IFN-y in the plasma were significantly correlated with
human cell engraftment (Spearman r= 0.74; Figure Supp 2D). The main target organs
included the lungs and liver, which were massively infiltrated by leukocytes (Figure

Supp 2E).

Next, we wanted to compare HLA-A2 CAR-Tregs with control
polyclonal Tregs (transduced with an EGFRt-expressing vector, referred to as MOCK-
Tregs) in regard to xenoGVHD prevention efficacy. Notably, 5x106 hPBMCs
and 5x10° Tregs were injected at the same time through different intravenous routes
(retroorbital sinus and tail vein). This precaution stemmed from a previous finding
showing that mixing HLA-A2+ PBMCs and HLA-A2-targeted CAR-Tregs before
infusion impedes CAR-Treg homing (not shown). CAR-Tregs and MOCK-Tregs were
cotransduced with a lentivirus encoding luciferase and the mCherry reporter gene to
allow in vivo tracking (Figure 6A). Regarding survival, all the mice transferred with
PBMCs alone died within 60 days, as expected, whereas polyclonal MOCK-
Tregs slightly delayed the disease course (median survival: 32 days for PBMCs vs 43
days for MOCK-Tregs, p=0.091). In contrast, both HLA-A2-specific 4-1BB CAR-Tregs
and HLA-A2-specific CD28 CAR-Tregs produced significant protection against

xenoGVHD and related death (Figure 6B). Moreover, circulating hlFN-y levels were
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significantly lower in mice that received either CD28 CAR-Tregs or 4-1BB CAR-
Tregs than in animals transferred with PBMCs alone (Figure 6C). These results agreed
with those for human chimerism in the blood, which was strongly inhibited by cotransfer
of CAR-Tregs (Figure 6D). Strikingly, circulating CAR-Tregs were readily detected on
day 24 (Figure 6D), far later than in previous reports (Dawson et al., 2020; Nowak et
al., 2018). In our hands, a sizeable population of CAR-Tregs could be detected in the
blood (median: 4.4 [0.2-9.1]1% of circulating cells) as late as day 60-62 for CD28 CAR-
Tregs, which waswhen mice were sacrificed (Figure Supp 3A). In
contrast, polyclonal MOCK-Tregs vanished very rapidly from the peripheral blood
(Figure 6D) and were barely detectable after day 10. In line with these results, we
performed histologic analysis of both the liver and lungs at the time of sacrifice, and
we observed a significant decrease in the histologic score of xenoGVHD in mice that
received CD28 CAR-Tregs or 4-1BB CAR-Tregs compared to those treated with
MOCK-Tregs (Figure Supp 3B-C). We concluded that both 4-1BB CAR-Tregs and
CD28 CAR-Tregs were efficient at preventing xenogeneic acute GVHD through early

inhibition of hPBMC expansion.

4-1BB limits the in vivo persistence of CAR-Tregs

Luciferase-expressing CAR-Tregs were found to rapidly traffic through the lymph
nodes and subsequently accumulate in the spleen (Figure 7A). Using an In
Vivo Imaging System (IVIS) Spectrum optical/CT coregistration system, we were able
to not only map CAR-Tregs reliably in organs but also provide accurate quantification
of cells in a 3D-specific region of interest (Figure 7B). In line with the blood data, we
found that MOCK-Tregs rapidly disappeared, whereas HLA-A2-specific CAR-

Tregs exhibited long-term persistence in vivo. Despite peaks of comparable
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magnitude, CD28 CAR-Tregs were detected in the spleen longer than 4-1BB CAR-
Tregs throughout the follow-up period after day 12. Indeed, the number
of splenic CD28 CAR-Tregs plateaued and remained constant from day 12 to day 58,
whereas that of splenic 4-1BB CAR-Tregs slowly decreased over time until reaching a
significant decrease on day 58 (median absolute cell count: 2.0x10* vs 4.4x108 for 4-
1BB and CD28 CAR-Tregs, respectively, p=0.0127; Figure 7B, right panel).
Hence, the in vivo persistence of 4-1BB CAR-Tregs was significantly decreased in the

long term compared to that of CD28 CAR-Tregs.

4-1BB induces global hyporesponsiveness over long-term culture in vitro

We wondered whether the shorterin vivo persistence of CAR-Tregs could be
associated with tonic signaling-related functional impairment, similar to that seen in
effector T cells (Ajina and Maher, 2018). Although Treg exhaustion is still ill-defined,
we hypothesized that strong tonic signaling could produce hyporesponsiveness in 4-
1BB CAR-Tregs following restimulation. To address this issue, cultured CAR-
Tregs and untransduced Tregs, which were collected after 16 days of culture, were
stimulated overnight with either CD3/CD28 beads or plate-bound HLA-A2 pentamers.
Strikingly, 4-1BB CAR-Tregs failed to properly upregulate the expression of activation
markers, such as CDG69 (Figure 8A) and 4-1BB (Figure 8B), especially  after
CAR stimulation. The hyporesponsiveness of the 4-1BB CAR-Tregs was in sharp
contrast to the full ability of CD28 CAR-Tregs and polyclonal Tregs to respond to
antigen receptor stimulation. Of note, pretreatment with an mTOR inhibitor failed to
restore sensitivity to CAR stimulation. Furthermore, both CD25 and HLA-DR seemed
to be highly and continuously expressed by 4-1BB CAR-Tregs, regardless of the

culture conditions (with or without the mTOR inhibitor) (Figure 8C and D). Taken
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together, these findings suggest that 4-1BB CAR tonic signaling promotes accelerated
dysfunction in Tregs, consistent with the lack of ability to be restimulated through

antigen receptors.

DISCUSSION

Adoptive regulatory cell therapy represents a promising strategy to promote
operational tolerance in solid organ transplantation. Although substantial efforts have
been made to understand the effects of the CSD in CAR-T cells, this important issue
has only recently started to be investigated in Tregs (Dawson et al., 2020; Nowak et
al., 2018). In this study, we used HLA-A2-targeted CARs in a transplant model to
demonstrate that the CD28 CSD more strongly abates the negative impact of CAR

tonic signaling on Treg lineage stability and function than does the 4-1BB CSD.

In conventional T cells, CAR molecules frequently produce antigen-independent tonic
signaling, commonly promoted by the high cell-surface density and intrinsic self-
aggregating properties of CARs (Ajina and Maher, 2018). However, in our settings, the
extracellular scFv, lentiviral VCN and CAR cell-surface density were comparable
between the CD28 and 4-1BB CARs. We thus inferred that the more deleterious tonic
signaling associated with 4-1BB, compared to CD28, could neither be ascribed to a
specific characteristic of the scFv nor to greater transgene expression. In contrast, our
data supported an intrinsic role for the 4-1BB CSD in enhancing the negative impact
of tonic signaling on Treg biology. Previous studies showed that 4-1BB CAR-Treg
proliferation was greater than that of CD28 CAR-Tregs following CAR stimulation

(Dawson et al., 2020; Nowak et al., 2018). We extended this finding by showing the
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interference between 4-1BB tonic signaling and pathways downstream of TCR
activation, resulting in heightened proliferation and increased expansion of 4-1BB

CAR-Tregs upon CD3/CD28 stimulation.

We observed that both CAR-Treg subsets consistently exhibited unique
phosphorylation patterns for downstream signaling proteins, which were present
shortly after TCR stimulation, that markedly differed from that of untransduced Tregs.
These findings underscore the presence of tonic signaling triggered by both CAR
constructs but the involvement of different pathways. Notably, the 4-1BB CSD induced
much stronger activation of the ERK1/2 MAPK pathway than did the CD28 CSD. The
p38-MAPK signaling pathway was found to be instrumental in TNFR2-driven Treg
proliferation (He et al., 2018) and in the transduction of 4-1BB-induced activation in
CD8+ T cells (Menk et al., 2018). However, our study is the first to show a link between
4-1BB-induced Treg proliferation and MAPK activation. On the other hand, epigenetic
marks along with constitutive expression of dual-specificity phosphatase 4 (DUSP4),
a potent regulator of the MAPK superfamily, are highly conserved features of Tregs
across species (Ferraro et al.,, 2014; Arvey et al., 2015). Furthermore, DUSP4-
dependent control of the MAPK pathway was found to be critical for the maintenance
of Treg function (Sugimoto and Liu, 2013). Together, these results suggest that unduly
activating MAPK through 4-1BB tonic signaling in Tregs could impede Treg function.
Whether 4-1BB-induced MAPK overactivation can lead to increased tyrosine
hydroxylase expression in Tregs (Cosentino et al., 2007), resulting in enhanced

proliferation and decreased function, has yet to be investigated.
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Surprisingly, the impact of CARs containing the CD28 CSD or the 4-1BB CSD on T
cell fate greatly varies between Tregs and Tconvs. In Tconvs, the 4-1BB CSD
promotes mitochondrial biogenesis and an oxidative metabolic program that supports
long-lived central memory T cells (Kawalekar et al., 2016; Long et al., 2015; Milone et
al., 2009; Zhao et al., 2015), whereas the CD28 CSD enhances an aerobic glycolytic
burst, which accompanies differentiation into effector memory T cells (Kawalekar et
al., 2016). In contrast, our results showed that 4-1BB CAR-Tregs promptly progressed
to a highly differentiated CD45RA-CCRY7- effector memory phenotype, whereas
CD28 CAR-Tregs better maintained CCR7 expression. Furthermore, 4-1BB CAR-
Tregs exhibited higher levels of function-associated receptors and activation
molecules, such as CD39, HLA-DR and 4-1BB, consistent with the phenotype of
effector Tregs. This finding is reminiscent of data in mice showing the key role of the

TNFR superfamily in the generation of effector Tregs (Vasanthakumar et al., 2017).

There is growing evidence establishing the key role of metabolism in regulating
immune cell fate decisions (Chi, 2012; Galgani et al., 2016). In Tregs, although
mTORCH1 activity and the ensuing anabolic state are required for Treg proliferation and
acquisition of full suppressive function (Zeng et al., 2013; Procaccini et al., 2016), it is
also well established that the PI3K/Akt/mTOR pathway must be tightly regulated
through a feedback loop involving phosphatase and tensin homolog (PTEN) to enforce
Treg stability (Huynh et al., 2015; Newton et al., 2016). In fact, unregulated activity of
mTOR (Huynh et al., 2015) and related metabolic programs, including glycolysis
(Gerriets et al., 2016) and glutaminolysis (Xu et al., 2017), can interfere with FOXP3
epigenetics and promote Treg lineage instability. Hence, mTORCH1 is increasingly

recognized as the fulcrum of Treg regulation, balancing proliferative and suppressive
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capacities (Gerriets et al., 2016; Newton et al., 2016). In this respect, we found that 4-
1BB tonic signaling enhanced mTOR activity (both mTORC1 and mTORC2) and
induced glutamine transporter expression. The metabolic changes observed in 4-1BB
CAR-Tregs were accompanied by a higher rate of HELIOS and FOXP3 loss than those
in CD28 CAR-Tregs. HELIOS plays a key role in IL2-dependent Treg stability (Kim et
al., 2015), and its expression is associated with the most stable Treg subset in humans
(Bin Dhuban et al., 2015). The addition of a Treg-supporting cocktail (including vitamin
C, a Treg epigenetic stabilizer (Yue et al., 2016), and rapamycin, an mTOR inhibitor)
to cultured 4-1BB CAR-Tregs reduced FOXP3 loss and better maintained TSDR

demethylation, but these effects came at the expense of the fold expansion in culture.

Tonic CAR signaling can induce early exhaustion in CAR-T cells, producing a
shortened lifespan after transfer and reduced antitumor efficacy (Long et al., 2015).
Although the term “exhaustion” is broadly accepted to refer to effector T cells with
progressive functional impairment and reduced proliferative potential along with an
accumulation of inhibitory receptors (Blank et al., 2019), there is no equivalent state
for Tregs. Given the constitutive expression of a number of inhibitory receptors by
Tregs, including CTL-4, LAG3, TIM-3, and TIGIT, the study of these receptors is of
little value. However, emerging data suggest that chronically stimulated
human Tregs may also progress toward dysfunction associated with TSDR
remethylation and increased IFN-y secretion (Lowther et al., 2016). Similarly, in our
settings, we found that enhanced tonic signaling in CAR-Tregs could lead to reduced
Treg survival in vivo and an altered ability to be restimulated through the CAR.
Strikingly, although CD28 was found to worsen the process of tonic signaling-induced

exhaustion in Tconvs (Long et al., 2015), our data showed the opposite in Tregs. The
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respective effects of the 4-1BB and CD28 CSDs on Tregs are a mirror image of those

on Tconvs.

Despite the abovementioned differences between the two CSDs, both CD28 CAR-
Tregs and 4-1BB CAR-Tregs maintained the overall features of Tregs, including limited
inflammatory cytokine production, reduced cytotoxicity, TSDR demethylation and in
vivo suppressive activity. These findings conflict with two recent studies reporting the
lack of in vivo suppressive function of 4-1BB CAR-Tregs (Boroughs et al., 2019;
Dawson et al., 2020). The reason for these discrepancies is not clear. Remarkably, 4-
1BB CAR-Tregs potently suppressed xenoGVHD despite a reduced ability to be
stimulated through the CAR. This finding is reminiscent of a previous report showing
in vivo antigen-specific suppression mediated by HLA-A2-targeted CAR-Tregs, even
in the absence of signaling domains in the CAR structure (Boardman et al., 2017).
Together, these data suggest that the localization of preactivated CAR-Tregs through
antigen binding could be critical for their protective effect, even if the CAR fails to be

stimulated.

Finally, we were struck by the much longer persistence of circulating and lymphoid
organ-resident CAR-Tregs in our xenoGVHD model than that reported in previous
studies. It was previously reported that circulating CAR-Tregs were hardly detected
after 7 days (Dawson et al., 2019, 2020). In contrast, in our hands, CAR-Tregs were
readily detected in the peripheral blood on day 10 regardless of the CSD and could be
easily found as late as day 60 in most animals transferred with CD28 CAR-Tregs. A
simple explanation for these differences could be that we transferred CAR-Tregs and

HLA-A2+ PBMCs through different routes (retroorbital sinus and tail vein) to avoid cell

22


https://doi.org/10.1101/2020.11.19.390450

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.19.390450; this version posted November 20, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

clustering and early trapping in the lungs following in vivo transfer. In fact, immediate
encounter of CD19+ target B cells in the blood by CD19-specific CAR-T cells was
found to trap the CAR-T cells in the lungs and reduce their access to the lymphoid

organs (Cazaux et al., 2019; lwano et al., 2018).

In conclusion, we found that constitutive CAR signaling might induce an imbalance
between proliferation and suppressive function, whose equilibrium in Tregs is normally
controlled by finely tuned TCR signal transduction pathways and metabolic
checkpoints. Hence, CAR tonic signaling could interfere with the fate of CAR-
engineered Tregs, similar to the effects on Tconvs. Notably, the transduction pathways
involved in downstream CAR activation varied according to the CSD and resulted in
different metabolic and activation/differentiation patterns. More importantly, unlike in
Tconvs, we found that the CD28 CSD but not the 4-1BB CSD was protective against

tonic signaling-induced dysfunction and destabilization.

MATERIALS & METHODS
scFv affinity and specificity

The affinity and specificity of different scFvs for HLA-A2-bound beads were assessed
by a collaborating team using a Luminex multiplex single antigen bead assay
(LABScreen® Single Antigen). A cell-based assay was used to confirm HLA allele

specificity. Tagged low- and high-affinity scFvs at three different concentrations, 0.05
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pg/mL, 0.5 pyg/mL, and 5 pg/mL, were incubated with PBMCs from HLA-A2+ and HLA-

A2-/A28- donors. The MFls of the tagged scFvs were measured by FACS analysis.

CAR construct design

The selected scFv was fused to a stalk region from the human CD8a hinge, the
transmembrane domain from human CD8, the CD28 or 4-1BB CSD, and the human
CD3¢ signaling domain. EGFRt was cloned downstream of T2A at the second gene

position to serve as a reporter (Figure Supp 1D).

Cell source and purification of human Tregs

Healthy donor PBMCs were obtained from the Etablissement Frangais du Sang.
PBMCs were typed based on the expression or absence of HLA-A2/A28 molecules,
as assessed by anti-HLA-A2/A28 antibody (OneLambda) staining evaluated by FACS
analysis. CD4+ T cells were enriched from HLA-A2- donor PBMCs using an EasySep
CD4+ Enrichment kit (Stem Cell®). Naive regulatory T cells (nTregs), which were
defined as CD4+ CD25++ CD45RA+ CD127low, were sorted using a FACSAria Il (BD
Biosciences). In parallel, we sorted CD4+ CD45RA+ CD25- Tconv cells from the same
donor as controls. Sorted T cells were stimulated with Dynabeads® Human T-Activator
CD3/CD28 (Thermo Fisher Scientific) (ratio 1:1) in X-VIVO® 20 medium containing

10% human serum AB (Biowest) and 1000 Ul/mL human IL-2 (Proleukin, Novartis).

HLA-typed CD3-depleted splenocytes were isolated from spleens collected from
deceased organ donors through a collaboration with the Regional Histocompatibility
Laboratory and National Biomedicine Agency after local ethics committee approval

(Project n°: 2016-12-01; approved on December 5, 2016).
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T cell transduction and expansion

Two days after activation, Tregs were transduced with the different CAR constructs at
a multiplicity of infection (MOI) of 30 viruses per cell. Prostaglandin E2 (PGEZ2)
(Cayman Chemical, 10 uM) and a transduction adjuvant (Lentiboost, Sirion Biotech,
0.25 mg/mL) were added for a 6 h of transduction time. On day 7 posttransduction,
CD4+ EGFRt+ cells were sorted using a FACSAria Il and then restimulated with
CD3/CD28 Dynabeads®. T cells were expanded and cultured in complete medium

supplemented with IL-2 (1000 Ul/mL) for 7 to 10 days for in vitro experiments.

Flow cytometry

Surface staining was performed with an HLA-A2 pentamer (Proimmune) and the
monoclonal antibodies listed in Supplemental Table 2. For CAR surface expression
assessment, biotinylated protein L (Thermo Fisher Scientific) was used and bound to
fluorochrome-conjugated streptavidin (BD Biosciences). For ASCT2 expression
evaluation, a receptor-binding domain (Metafora) was preincubated for 20 minutes at
37°C with cells, and an anti-mouse secondary antibody was used. pS6 staining was
performed using a PerFix EXPOSE kit (Beckman Coulter). For evaluation of
intracellular targets, cells were stained with a fixable viability dye (FVD, Thermo Fisher
Scientific) before fixation, permeabilization and staining using a FOXP3/transcription
factor staining buffer set (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Intracellular staining was performed for FOXP3, HELIOS (Thermo Fisher
Scientific), Granzyme B and Ki67 (Thermo Fisher Scientific). Cells were analyzed

using a Fortessa X-20 cytometer (BD Biosciences). Data were analyzed using Kaluza
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2.1 (Beckman Coulter) or FlowJo 10.6.1 (BD Biosciences). For t-SNE mapping, the R

Console plugin (https://www.beckman.fr/flow-cytometry/software/kaluza/r-console)

was used to analyze flow cytometry data in R within the Kaluza Analysis framework.

Activation assay

Ninety-six-well flat-bottom plates were coated overnight at 4°C or for 3 h at 37°C with
an HLA-A2 pentamer at 5 pg/mL in PBS. The plates were washed with cold PBS the
next day or 3 hours later. Cells were separated from CD3/CD28 Dynabeads® 24 h

prior to seeding at 100,000 cells/well.

Immunoblotting

T cells (3-5 x 10°) were lysed in 1% NP-40, 50 mM Tris pH 8, 150 mM NacCl, 20 mM
EDTA, 1 mM Na3VO4, 1 mM NaF, a complete protease inhibitor cocktail (Roche), and
anti-phosphatase cocktails 2 and 3 (Sigma-Aldrich). Protein concentrations were
quantitated with a BCA assay (Bio-Rad). Eighty micrograms of protein was separated
by SDS-PAGE and transferred to PVDF membranes (Millipore). The membranes were
blocked with milk or BSA for 1 h before incubation with primary antibodies for 1.5 h.
The following mAbs and rabbit polyclonal antibodies were used for immunoblotting:
anti-PLC-y1 (clone D9H10), anti-phosphorylated PLC-y1 (clone D6MS9S), anti-
phosphorylated ERK1/2 (clone D13.14.4E), anti-ERK1/2 (clone 137F5), anti-
phosphorylated Akt (clone DOE), anti-Akt (clone C67E7), anti-Ku80 (clone C48E7), and
anti-phosphorylated tyrosine (clone Tyr-100) purchased from Cell Signaling
Technology. The membranes were then washed and incubated with anti-mouse or

anti-rabbit HRP-conjugated secondary antibodies from Cell Signaling Technology and
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GE Healthcare, respectively. Pierce ECL western blotting substrate was used for
detection as previously described (Hauck et al., 2012; Latour et al., 2001).
Quantification was performed using ImageJ software according to the standard gel

signal measurement method.

Cytokine analysis

Plasma or culture supernatants were collected at the indicated times, and cytokine
production (TNF-a, IFN-y, IL-2, IL-4, IL-6, IL-10, and IL-17A) was determined using the
Cytometric Bead Array Th1/Th2/Th17 Kit (BD Biosciences) according to the

manufacturer’s instructions.

RNA extraction and quantitative real-time polymerase chain reaction (QRT-PCR)

mMmRNA was extracted using the RNeasy Mini Kit® (Qiagen) according to the
manufacturer’s protocol and subjected to reverse transcription (High Capacity RNA-to-
cDNA Master Mix (Applied Biosystems™)). mRNA expression levels were assessed
using Fast SYBR™ Green Master Mix (Applied Biosystems™) with a Viia7
thermocycler (Thermo Fisher Scientific). The fold-change for each tested gene was
normalized to that of the housekeeping gene ribosomal protein L13A (RPL13A). The
relative expression of each gene was calculated using the 2-AACT method (Livak and
Schmittgen, 2001). Consequently, the expression level of a given gene in control
samples (untransduced Tregs) determined using the 2-AACT method was set to 1.
The results were visualized as log2(relative expression) in heat maps. The primer

sequences are listed in Supplementary Table 1.
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VCN assessment

Genomic DNA was isolated from transduced cells using a Genomic DNA Purification
kit (Qiagen). gDNA was digested with Hindlll HF (New England Biolabs, Evry, France)
in a total reaction mixture of 6 yl at 37°C for 30 minutes. Droplet Digital™ PCR (ddPCR)
was performed with TagMan probes designed to detect a lentiviral sequence (Psi) (Bio-
Rad) and a sequence in the human genome (Albumin) (Thermo Fisher Scientific). The
final reaction mixture contained ddPCR Mastermix (Bio-Rad), forward and
reverse primers, probe solutions, and digested gDNA. The sample mixture was
transferred to a DG8 cartridge and placed into the QX100 droplet generator (Bio-Rad).
Sample droplets were transferred to a 96-well PCR plate, and ddPCR was performed
using a SimpliAmp thermal cycler (Thermo Fisher Scientific). The plate was analyzed
using a QX200 droplet reader (Bio-Rad). Using the manufacturer's QuantaSoft
software (Bio-Rad), the concentration of the target amplicon per unit volume of input
for each sample was estimated for both Psi and the Albumin reference gene. The VCN

was determined for each sample as follows: VCN = 2 x Psi signal/Albumin signal.

TSDR DNA Methylation Analysis

Regulatory T cell-specific demethylation region (TSDR) DNA methylation analysis was
performed as previously described (Wieczorek et al., 2009) using genomic DNA
isolated from freshly sorted or expanded Treg cells using the QlAamp DNA Mini Kit
(Qiagen). A minimum of 60 ng bisulfite-treated (EpiTect; Qiagen) genomic DNA was
used for qRT-PCR to quantify } TSDR demethylation. Real-time PCR was performed
in a final reaction volume of 20 uL containing 10 yL FastStart universal probe master
(Roche Diagnostics), 50 ng/uL lambda DNA (New England Biolabs), 5 pmol/puL

methylation or nonmethylation-specific probe, 30 pmol/uL methylation or
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nonmethylation-specific primers, and 60 ng bisulfite-treated DNA or a corresponding
amount of plasmid standard. Samples were analyzed in triplicate on an ABI 7500 cycler
(Thermo Fisher Scientific), and results are reported as % T cells with a demethylated

TSDR region.

XenoGVHD

Animal procedures were approved by the “Services Vétérinaires de la Préfecture de
Police de Paris” and by the “Comité d'Ethique en matiére d'Expérimentation Animale
Paris Descartes (CEEA 34)” under the number APAFIS#23742-2017091815321774
v9, Université Paris Descartes, Paris, France. All appropriate procedures
were performed in the animal facility (registration number A75-15-34) and followed to
ensure animal welfare. Eight- to 12-week-old male NSG mice (bred in house or
purchased from Charles River) were intraperitoneally injected with 25 mg/kg busulfan
(Merck) on days -2 and -1 before injection of 5 x 106 HLA-A2+ PBMCs into the tail vein
with or without 5 x 10 CAR-Tregs injected retro-orbitally via the venous sinus. Saline-
injected mice served as controls. CAR-Tregs were generated from three different
healthy donors. GVHD was scored based on weight, hunching, fur properties, diarrhea
and skin integrity, with 0 to 1 point per category as described (Naserian et al., 2018).
On the indicated days and after isoflurane anesthesia supplemented with tetracaine
analgesia, peripheral blood from the venous sinus was harvested and centrifuged, and
the plasma was collected and frozen before cytokine measurement. Then, the
erythrocytes were lysed (RBC lysis buffer, Ozyme), and the leukocytes were evaluated
by FACS. When a mouse reached a score of 4, it was sacrificed by cervical dislocation,
and the spleen was collected for FACS analysis, whereas the lungs and liver were

harvested for histology. Mouse tissues were fixed in 4% paraformaldehyde and paraffin
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embedded. Liver and lung sections (4 um) were stained with hematoxylin and eosin,
scanned (Nanozoomer 2.0, Hamamatsu)and blindly read by two independent

researchers with NDPview software (Hamamatsu).

Luciferase assay

To evaluate CAR-Treg homing in vivo, sorted Tregs (CD4+CD45R0O+CD25"CD127l0)
were activated as described above. Two days later, the cells were transduced with
either a CD28 CAR lentivirus or a 4-1BB CAR lentivirus at a MOI of 30 together with
luciferase-mCherry-lentivirus at an MOI of 410. The lentiviral plasmid encoding a firefly
luciferase protein (pEFS.eFFLY.mCherry) was kindly provided by Dr. Matthias Titeux.
After 7 days of culture, double-transduced mCherry+EGFR+ Tregs expressing the
CAR (or MOCK, the negative control) and luciferase were sorted before restimulation
as described in Figure 1C. On day 18 of culture, 5 x 108 luciferase- Tregs and 5 x
108 human allogeneic HLA-A2+ PBMCs were injected intravenously into conditioned
NSG mice. For bioluminescence imaging, D-luciferin potassium salt (150 mg/kg,
Perkin Elmer) was injected intraperitoneally before anesthesia with isoflurane, and
images were acquired within 20 minutes on an IVIS Spectrum CT (Perkin EImer). Data
were analyzed with Living Image software (IVIS Imaging Systems), and the BLI and X-
ray superimposition signals were quantified after 3D bioluminescence imaging
tomography (DLIT). Using coregistration with the Automatic Mouse Atlas, a region of
interest (ROI) corresponding to the spleen was determined, and the absolute number

of cells was obtained using in vitro calibration with corresponding cells.

xCELLigence cytotoxicity assay
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To evaluate the cytotoxic potential of CAR-Tregs, the viability of HLA-A2+ and HLA-
class I-deficient endothelial cell lines was monitored every 15 minutes for 10 hours by
electrical impedance measurement with an xCELLigence RTCA MP instrument (ACEA
Biosciences). In each E-plate (ACEA Biosciences) well, 1 x 10* HLA-A2+ or HLA-class
I-deficient endothelial cells were seeded. After 15 hours, 2 x 10* CAR-Tregs or CD8+
CAR-T cells were added to the culture. As a cytotoxicity control, CD8+ T cells were
transduced 2 days after activation with the CAR construct at an MOI of 40 and
incubated for 18 hours for transduction. On day 5 posttransduction, CD8+ EGFRt+
cells were sorted using a FACSAria Il. CD8 CAR-T cells were cultured in complete

medium supplemented with IL-2 (100 Ul/ml).

The cell indices (Cls) were normalized to the reference value (measured just prior to
adding CAR-Tregs to the culture). The normalized cell index in experimental wells was

normalized over that of the control wells containing the endothelial cell lines only.

Specific CAR-mediated activation in Jurkat RT3-T3.5 cells

Jurkat J.RT3-T3.5 cells (ATCC; TIB-153) transduced with either a CD28 CAR vector
or a 4-1BB CAR vector were cocultured overnight with irradiated (35 Gy) HLA-A2/A28-
positive or HLA-A2/A28-negative human splenocytes at a cell ratio of 1:1. After 20
hours of incubation, the cells were stained with an HLA-A2 MHC pentamer and anti-
human EGFR antibody to monitor CAR expression; 7-aminoactinomycin D
(7AAD) and an anti-human CDG69 antibody were all used. Activation was defined as
the upregulation of CD69 expression. Cross-reactivity was assessed against 8 different

donors and up to 30 different allogeneic class I-HLA molecules.
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Statistical analysis

Results are presented as the mean+/-SEM or median for continuous variables.
Frequencies of categorical variables are presented as numbers and percentages.
Analyses were performed with GraphPad Prism software (version 8.00; GraphPad
Software). For statistical comparisons of in vitro data, we used the nonparametric two-
tailed Mann-Whitney test for comparisons of two groups. For survival comparisons, the

log-rank test was used. P values <0.05 were considered significant.
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ABBREVIATIONS

CAR Chimeric Antigen Receptor

CD Cluster of differentiation

CSD Costimulatory domains

CTLA4 Cytotoxic T-lymphocyte antigen 4
EC Endothelial Cells

EFs Elongation Factor 1-a shortened
EGFRt truncated Epidermal Growth Factor Receptor
FOXP3 Forkhead-box protein 3

FVD Fixable Viability Dye

GMP Good Manufacturing Practice
GVHD  Graft-versus-host disease

MFI Mean Fluorescence Intensity

MOl Multiplicity of Infection

mTOR mechanistic Target Of Rapamycin
MTORC mTOR complex

PBMCs Peripheral Blood Mononuclear Cells
PGE2 Prostaglandin E2

gPCR quantitative Polymerase Chain Reaction
RFI Ratio of fluorescence intensity

scFv Single-chain variable fragment

T2A Thosea asigna virus 2A

Tconvs Conventional T cells

TNFRSF TNF Receptor Superfamily
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Tregs T regulatory cells
TSDR  Treg-Specific Demethylated Region

VCN Vector Copy Number
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LEGENDS
Figure 1: CD28 and 4-1BB CAR-Treg production

A. Schematic representation of CD28 and 4-1BB CARs. B. Gating strategies for CD4+
CD45RA+ CD45R0O- CD25hi CD127low naive Tregs and CD4+ CD45RA+ CD45RO0-
CD25low CD127hi Tconvs sorted by flow cytometry from enriched HLA-A2- CD4+
PBMCs. CD4+ Tregs and Tconvs were selected on morphology and exclusion of
doublets and dead cells (not shown) before positive selection. C. Schematic depicting
the process for CD28 or 4-1BB CAR-T cell production. T cells were isolated,
stimulated, transduced with CAR-encoding lentiviruses, expanded, sorted based on
reporter gene expression, restimulated and expanded for up to 21 days. D. On day
11, CD28 and 4-1BB CAR-Tregs were incubated with or without CD3/CD28 beads or
HLA-A2-positive or HLA-A2-negative irradiated splenocytes, and CD69 and EGFR

expression was measured by FACS. Contour plots are representative of 2
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experiments. E. Fold expansion of CD4+ Tregsand untransduced Tregs (left
panel) or their respective Tconv populations (right panel) from TCR restimulation on
day 11 to day 21 of culture. The median+/- interquartile range (IQR) is represented.
N=10-15 donors, pooled from at least 10 independent experiments. Mann-Whitney
test at the indicated time points comparing 4-1BB and CD28 CAR-Tregs, *p<0.05. F.
Ki67 expression measured by flow cytometry on day 16 of culture. The ratio of
fluorescence intensity (RFIl) was calculated as follows: the geometric mean of
fluorescence (MFI) of either CD28 or 4-1BB CAR-Tregs divided by the MFI of
untransduced Tregs. Each replicate is represented. N=7 donors from

7 independent experiments. Wilcoxon matched-pairs signed rank test *p<0.05.

Figure 2:4-1BB tonic signaling induces strong CAR-Treg proliferation

associated with MTOR and MAPK pathway activation.

A. Flow cytometry side (upper panel) and forward (lower panel)scatter
parameter MFls of 4-1BB and CD28 CAR-Tregs on day 11 of culture. N=7 donors
from 7 independent experiments. Mann-Whitney test, *p<0.05. B. Flow cytometry
analysis of HLA-A2 pentamer binding and EGFRt reporter gene expression (upper
panels) and FSC-SSC parameters (lower panels). A color scale was applied to gate
transduced cells. Dot plots are representative of 7 experiments. C.
Vector copy numberon day 16 of culture. Each replicateand the
medians are represented. N=9 donors from 9 independent experiments. D. Ratios of
pentamer MFI (left panel), EGFR MFI (middle panel) and protein L MFI (right panel)
normalized by CAR-Treg cell surface are (estimated by as the squared FSC). Each
replicate and the medians of 4 independent experiments are represented. E.

Immunoblots with antibodies against tyrosine-phosphorylated residues. F.
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Phosphorylated PLC-y1, phosphorylated ERK1/2, phosphorylated Akt, and Ku80, a
loading control, are shown. Molecular weights are shown on the right. The
immunoblot is representative of 4 independent experiments. G. The phospho-ERK
signal intensity relative to the ERK signal intensity is depicted in arbitrary units (A.U.)

for 4 independent experiments.

Figure 3: CD28 and 4-1BB CSDs induce different Treg phenotypes

A. tSNE maps of CD28 and 4-1BB CAR-Tregs on day 16 are shown. Each point in the
tSNE maps represents an individual cell, and cells are colored according to the
intensity of expression of the indicated markers. n=3 donors pooled from
three independent experiments. B. On day 14, the amounts of the indicated cytokines
were determined by cytometric bead array analysis of culture supernatants. The results
were normalized by the number of cells in the corresponding wells at the time of
harvest. n=4-9 donors from at least four independent experiments. C. On day 16, cells
were TCR-stimulated overnight. The percentage of granzyme B-positive live cells was
determined by flow cytometry. D-E. HLA-A2+ endothelial cells (ECs) or HLA class I-
deficient ECs were cocultured with CD28 or 4-1BB CAR-Tregs or cytotoxic
CD8+ Tconvs as a control. D. The normalized cell index (mean + standard error) and
E. areas under the curve (AUCs) from four independent experiments are shown.

Mann-Whitney tests. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

Figure 4: 4-1BB CSD drives mTOR pathway overactivation and destabilizes the

Treg phenotype upon long-term culture in vitro
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A. On day 16, Tregs were harvested, and RT-qPCR was performed. The heat map
shows the relative expression of genes involved in metabolism, normalized to the
untransduced Treg expression level. The depicted results were generated from a
combination of four independent experiments. G6PD: glucose-6-phosphate
dehydrogenase; HGPRT: hypoxanthine-guanine phosphoribosyltransferase; SLC1AS5:
solute carrier family 1, member 5; SLC38A1: solute carrier family 38, member 1; TPI:
triosephosphate isomerase. B. ASCT2 expression measured by flow cytometry on day
16 of culture. The ratio of fluorescence intensity (RFI) was calculated as follows: the
geometric mean fluorescence (MFI) of either CD28 or 4-1BB CAR-Tregs divided by
the MFI of untransduced Tregs. Each replicate is represented. N=7 donors from 7
independent experiments. Wilcoxon matched-pairs signed rank test, *p<0.05. C-D.
The frequency of phosphoS6-positive cells among living cells determined by flow
cytometry on day 16 of culture. C. Representative histograms of phosphoS6 staining.
D. The mean +/- SEM of n=5 donors from five independent experiments is shown.
E. gPCR analysis of cells lysed on day 16 showing the percent demethylation of CNS2
within the FOXP3 locus, known as the Treg-specific demethylated region (TSDR).
n=5 donors from five independent experiments. F-l. Flow cytometry analysis
of HELIOS and FOXP3 expression in live cells during culture. F. Representative
contour plots for day 16. G. Frequency of FOXP3-positive cells on day 16 from
n=12 donors (ten independent experiments). H. Frequency of double-positive FOXP3+
HELIOS+ cells on day 16 from n=12 donors (ten independent experiments). H.
Frequency of double-negative (HELIOS and FOXP3) live cells on days 10, 16 and 21
of culture, as assessed by flow cytometry. The results for n=4-6 donors from at least
four independent experiments are represented. The mean +/- SEM is represented.

Mann-Whitney tests. *p<0.05, **p<0.01.
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Figure 5: A rapamycin/vitamin C cocktail curbs 4-1BB-induced CAR-

Treg overactivation

A. Heat map representation of the relative expression of genes involved in metabolism
analyzed on day 16 by qRT-PCR for 4-1BB CAR-Tregs with or without rapamycin and
vitamin C treatment, normalized to the untransduced Treg expression level. The
depicted results were generated from a combination of four independent experiments.
G6PD: glucose-6-phosphate dehydrogenase; HGPRT: hypoxanthine-guanine
phosphoribosyltransferase; SLC1AS: solute carrier family 1, member 5; SLC38A1:
solute carrier family 38, member 1; TPI: triosephosphate isomerase. B-C. From day 9
to d 16 of culture, Tregs were harvested, and the percentage of ps6-positive single
cells was determined by flow cytometry at the indicated time points. B. Representative
histogram C. The results of n=3 donors from at least four independent experiments are
represented. The median is represented. D. Fold expansion of CD28 or 4-1BB CAR-
Tregs from restimulation on day 11 to day 21. The mean+/- SEM is represented. n=4
donors, pooled from at least 4 independent experiments. E. The percentage of double-
negative (HELIOS and FOXP3) live cells was determined on days 10, 16 and 21 of
culture by flow cytometry. The results of n=4-6 donors from at least four independent
experiments are represented. F. Percentage of 4-1BB CAR-Tregs with Treg-specific
demethylated region (TSDR) demethylation on day 16 of culture with or without
rapamycin and vitamin C beginning on day 11. The mean +/- SEM is represented.

Mann-Whitney tests. *p<0.05, **p<0.01, ***p<0.001.

Figure 6: Both CD28 CAR-Tregs and 4-1BB CAR-Tregs efficiently suppress

acute xenoGVHD
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Eight- to 12-week-old male NSG mice were conditioned with busulfan on day -2 and
day -1 before IV injection of 5.10° HLA-A2+ PBMCs followed by retro-orbital injection
of 5x10° of the indicated type of CAR-Tregs (n=11, 13, 13 and 10 for PBMCs,
CD28 CAR-Tregs, 4-1BB CAR-Tregs and MOCK-Tregs, respectively). Mice were
weighed and scored for GVHD three times a week and bled weekly for flow cytometry
analysis. A. Schematic design of the experiment. B. Survival curves (left panel) and
GVHD scores (right panel). Log-rank Mantel-Cox tests comparing the indicated
groups. *p<0.05. C. Ten, 17 and 24 days post-cell injection, the concentration of human
IFN gamma in the plasma was measured by a cytometry bead array. D. Representative
contour plots of circulating cells, including murine cells (hCD45), CAR/MOCK-Tregs
(mCherry+, hCD45+), and xenoreactive PBMCs (mCherry-, hCD45+), across the
different groups (upper panels). Frequencies of hCD45+ mCherry- cells (middle
panels) and CAR-expressing (mCherry+) cells (lower panels) among the total

circulating cells.

Abbreviations: B, busulfan; L, bioluminescence

Figure 7: CD28-CAR-Tregs persisted for longer than 4-1BB-CAR-Tregs

A. 3D bioluminescence imaging tomography (DLIT) of recipient mice was performed

as described in the Methods.

B. A region of interest (ROI) corresponding to the spleen was determined by
coregistration with the Automatic Mouse Atlas, and the absolute cell number of
luciferase-positive (Luc+) cells was calculated with in vitro calibration with
corresponding cells. Kinetics ofthe absolute numbers of polyclonal MOCK-

Tregs and CD28 or 4-1BB CAR-Tregsin the spleen. At least three independent
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experiments and three different donors are represented. The number of CAR-Tregs in
the spleen of surviving animals on day 58 was calculated according to the CAR CSD
(right panel). The mean +/- SEM is represented. Mann-Whitney tests. *p<0.05,

**p<0.01, ***p<0.001.

Figure 8: 4-1BB CSD drives CAR-Treg hyporesponsiveness

A-D. Human Tregs were transduced and expanded as shown in Figure 1C. On day 16,
cells were stimulated overnight with either plate-bound HLA-A2 pentamers or
CD3/CD28 beads before FACS analysis. Representative histograms of each activation
marker (left panels) and the frequencies of positive cells (right panels) before and after
stimulation are shown. n=5 donors, pooled from at least 4 independent experiments.
The mean +/- SEM is represented. Mann-Whitney tests were performed to compare
unstimulated cells and stimulated (either via the TCR or CAR) cells transduced with

the same CAR construct. *p<0.05.

Figure S1: Selection of specific scFvs for CD28 and 4-1BB CAR constructs

A-B. Six tagged scFvs were tested in the Luminex single-antigen bead assay (class |
HLA) at different concentrations, and specificity was assessed after PE-conjugated
anti-Tag staining. A. Schematic design of the experiment. B. Histogram representing
the specificity of selected scFvs at different concentrations. C. Histogram representing
the frequency of activated CAR-J.RT3-T3.5 cells (CD69-positive cells) after 24 h of
coculture with splenocytes according to HLA type. D. CD28 and 4-1BB CAR constructs

with the same framework and an scFv against HLA-A2 and HLA-A28.
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Figure S2: XenoGVHD model using a busulfan conditioning regimen

Eight- to 12-week-old male NSG mice were conditioned with busulfan on day -2 and
day -1 before IV injection with the indicated number of HLA-A2+ PBMCs. Mice were
weighed and scored for GVHD thrice weekly and bled weekly for flow cytometry
analysis. A. GVHD score. B. Survival curves. C. At 10 days post-cell injection, the
proportion of hCD45+ cells within the hCD45+ and mCD45+ cell populations was
determined by flow cytometry. D. At 10, 17 and 24 days post-cell injection, the
concentration of human IFN gamma in the plasma was measured by a cytometry bead
array and correlated with human chimerism. E. Representative anatomopathological
analysis of lesions in the liver and lungs performed on day 30 in NSG mice injected
with 20 x 10® HLA-A2+ PBMCs. The mean+/-SD is represented. N=3 mice per group

from at least three independent experiments and three different donors.

Figure S3: CAR-Treg detection in the xenoGVHD model

A. Representative contour plots of murine and human cells in the blood, spleen and
bone marrow at sacrifice (days 60-62). B-C. Histologic analysis of lesions in the liver
and lungs at sacrifice (either when mice reached a GVHD score>4 or on day 60
corresponding, to the end of experiment) in NSG mice injected with 5 x108 HLA-A2+
PBMCs followed by retro-orbital injection of 5 x10° of the indicated type of Tregs. C.
Representative pathological features of infiltrates in the liver and lungs. C. Histological
scores. The mean+/-SEM represents at least two independent experiments and two

different donors. Mann-Whitney tests. *p<0.05, **p<0.01.
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