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TRANSPLANTATION

Regulatory T cells engineered with TCR
signaling-responsive IL-2 nanogels suppress
alloimmunity in sites of antigen encounter

Siawosh K. Eskandari"?*, Ina Sulkaj'>**, Mariane B. Melo>**, Na Li3, Hazim Allos",

Juliano B. Alhaddad’, Branislav Kollar®, Thiago J. Borges"s, Arach S. Eskandari’, Max A. Zinter®,
Songjie Cai', Jean Pierre Assaker', John Y. Choi', Basmah S. Al Dulaijan1, Amr Mansouri',

Yousef Haik', Bakhos A. Tannous®, Willem J. van Son?, Henri G. D. Leuvenink®, Bohdan Pomahac®,
Leonardo V. Riella"®, Li Tang""", Marc A. J. Seelen?, Darrell J. Irvine3’4’12'13f, Jamil R. Azzi'*

Adoptive cell transfer of ex vivo expanded regulatory T cells (T,eqs) has shown immense potential in animal models
of auto- and alloimmunity. However, the effective translation of such T4 therapies to the clinic has been slow.
Because Treqg homeostasis is known to require continuous T cell receptor (TCR) ligation and exogenous interleukin-2
(IL-2), some investigators have explored the use of low-dose IL-2 injections to increase endogenous T,eq responses.
Systemic IL-2 immunotherapy, however, can also lead to the activation of cytotoxic T lymphocytes and natural
killer cells, causing adverse therapeutic outcomes. Here, we describe a drug delivery platform, which can be engineered
to autostimulate Tyegs with IL-2in response to TCR-dependent activation, and thus activate these cells in sites of
antigen encounter. To this end, protein nanogels (NGs) were synthesized with cleavable bis(N-hydroxysuccinimide)
cross-linkers and IL-2/Fc fusion (IL-2) proteins to form particles that release IL-2 under reducing conditions, as
found at the surface of T cells receiving stimulation through the TCR. T,qs surface-conjugated with IL-2 NGs were
found to have preferential, allograft-protective effects relative to unmodified Tegs OF Tyegs stimulated with sys-
temic IL-2. We demonstrate that murine and human NG-modified T,eqs carrying an IL-2 cargo perform better than
conventional Tyegs in suppressing alloimmunity in murine and humanized mouse allotransplantation models. In
all, the technology presented in this study has the potential to improve T,.q transfer therapy by enabling the regulat-
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ed spatiotemporal provision of IL-2 to antigen-primed Tyegs.

INTRODUCTION

Regulatory T cells (Tregs) are a subset of helper CD4" T cells that
coexpress the high-affinity interleukin-2 (IL-2) receptor o, CD25,
and the transcription factor Forkhead box p3 (Foxp3) (1-3). As
modulators of innate and adaptive immune responses to both for-
eign and self-antigens, Ty, therapies are considered to have numer-
ous clinical applications (4, 5). Despite the slow translation of early
preclinical findings, however, recent years have been marked by
encouraging efforts to translate T.e; immunotherapies to the clinic
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for preventing acute and chronic graft rejection, graft-versus-host
disease (GvHD), and autoimmune diseases such as type 1 diabetes
(6-8). Specifically, in the context of alloimmunity, adoptive Treg
therapies tip the immunological scales in favor of immunoregula-
tion by promoting intragraft Tr; dominance and attenuating the
proinflammatory processes that precipitate graft loss (9-11).

For therapeutic Ty strategies, peripheral Ty are isolated from
the blood of patients, expanded ex vivo, and adoptively transferred
back (12-14). Critical for the success of these therapies is the ex vivo
expansion of Tregs, because induction of immune tolerance by Tregs
relies on both the qualitative and quantitative inhibition of pro-
inflammatory cells (15). Attaining relevant therapeutic outcomes in
a lymphoreplete individual can thus require as many as 50 x 10°
polyclonal Tregs (16), although antigen-specific Tregs are known to
be more effective in suppressing alloimmunity at lower cell num-
bers (17, 18). Apart from quantitative impediments, clinical Ty,
strategies are additionally hampered by qualitative constraints. In
particular, the unstable expression of the master T, regulator,
Foxp3, predisposes Tiegs to convert into proinflammatory counter-
parts upon in vivo injection (19-22). To drive Ty expansion, main-
tain constant Foxp3 expression, and sustain immunosuppressive
qualities, Tregs require continuous T cell receptor (TCR) ligation
(23, 24) and a favorable environment of exogenously produced fac-
tors such as IL-2 (25-27).

The dependence of Treg on IL-2 and its high-affinity receptor
CD25 underpinned the discovery of Tregs by Sakaguchi et al. (1). In
contrast to conventional CD4" T cells, Thregs are dependent on exter-
nal sources of IL-2 because they cannot endogenously synthesize it
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(28, 29). Research on the dependence of peripheral Treg on IL-2
recently culminated in a clinically relevant alternative to adoptive
Treg transfer. In various auto- and alloimmune disease models,
systemic, low-dose IL-2 proved capable of preferentially stimulat-
ing Ty, over effector T cells, due to the selective enrichment of
CD25 on Tregs (30-32). Nevertheless, a crucial caveat to this approach
lies in supplying IL-2 to the Ty at the right site and time, because
the systemically administered immunomodulator can spark the
simultaneous activation of other proinflammatory cells that share
surface expression of CD25 (33). A recent clinical study on patients
with chronic GVHD who were treated with low-dose IL-2, for exam-
ple, showed synchronous activation of both Ticgs and natural killer
(NK) cells circulating in the peripheral blood of these patients (34).

Here, we demonstrate a drug delivery platform that combines
the virtues of adoptive Ty transfer and exogenous IL-2 supplemen-
tation by spatiotemporally linking IL-2 release to tissue-specific TCR
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triggering of adoptively transferred Ty cgs. We recently demonstrated
a strategy (35) to create TCR signaling-responsive “backpacks” that
sensitively released IL-15 to tumor-specific CD8a" T cells by exploit-
ing the increased cell surface reducing potential of antigenically
primed, activated T cells (36, 37). Once T cells—including Ty.g—are
mitogenically stimulated, cytoplasmic and cell surface reducing
agents are up-regulated to counter the oxidative stresses secondary
to cellular proliferation (35, 37-39). Presently, we demonstrate the
engineering of immunoregulatory CD4"Foxp3™ T cells with redox-
sensitive IL-2 nanoparticles that provide cytokine-mediated survival
stimuli to adoptively transferred Tr.g undergoing alloantigen-TCR-
specific activation in antigen-rich areas, such as the allograft and
allograft-draining lymph nodes (Fig. 1A). We hypothesized that these
membrane-conjugated backpacks would improve the therapeutic
outcomes of Treg therapy without the need for genetic engineering
and, thus, keep costs low and safety margins high while having realistic
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Fig. 1. Designing a TCR signaling-responsive cytokine-delivery platform for T,4s. (A) Circulating T cells increase their reducing activity in proportion to the donor
antigen concentration, which is the highest in areas of inflammation. Nanoparticle backpacks that release their payload in response to a heightened redox potential
provide controlled spatiotemporal release of adjuvants. (B) Confocal microscopy of free surface thiol staining on naive Tyegs versus Tregs primed with 4 ug/ml each of sol-
uble anti-CD3e and anti-CD28 for 48 hours to determine whether Tegs up-regulate cell surface redox agents. Scale bars, 5 um. DAPI, 4',6-diamidino-2-phenylindole.
(C) Flow cytometry staining of free surface thiol expression on activated T,eqs compared with resting, nonactivated T,eqs among viable CD4" events (n =3 technical repli-
cates per condition, 3 experiments). MFI, mean fluorescence intensity. (D) Colorimetric WST-1 assay on naive and activated Trqs measuring cell surface reductive activity
(n=3 technical replicates per condition, 3 experiments). (E) Synthesis of reduction-sensitive nanoparticles through reversible cross-linking of IL-2/Fc fusion protein, a
survival cytokine for Tregs, With bis-NHS cross-linkers, and further surface modification with monoclonal anti-CD45 and PEG-PLL for prolonged surface retention. (F) Cleavage
of the disulfide bond that maintains the integrity of the backpack, through reducing agents originating from activated Treqs, making the native cargo protein, IL-2/Fc,
available to the host Tyeq. Fold changes were normalized against the CT condition. Throughout, data are represented as boxplots with median, interquartile range, mini-
mum, maximum, and all individual data points of the denoted experimental groups. P values were calculated with independent samples two-tailed Student's t tests, and
nonparametric Kolmogorov-Smirnov tests were performed when the assumption of homoscedasticity could not be met.
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translational applicability. In our experiments, we found that in addi-
tion to the platform foregoing the use of state-of-the-art equipment
or techniques and requiring only a simple 45-min incubation step
to be conjugated onto Ty, the effects of engineered Tregs markedly
outlasted those of unmodified Tegs.

RESULTS

Functionalizing T,.4s with a TCR signaling-responsive drug
delivery platform

Although we previously demonstrated the efficacy of a redox-sensitive,
cytokine-backpacking platform in potentiating effector T cells to
curb tumor engraftment (35), it was unknown whether Tiegs could be
similarly functionalized to suppress alloimmunity. First, we examined
whether Ty increase their free surface thiol expression and reducing
activity upon TCR ligation. We found that CD4"CD25" Treg
magnetically sorted from C57BL/6 murine splenocytes and stimu-
lated for 48 hours with monoclonal antibodies (mAbs) against
CD3e and CD28 increased the expression of unbound surface thiols
by confocal microscopy (Fig. 1B). In parallel, using flow cytometry,
we observed an increase in the free surface thiol expression on acti-
vated Tregs versus naive Tregs (Fig. 1C and fig. S1A), similar to the
increase in CD4" and CD8a* T cells upon CD3/CD28-mediated
stimulation (fig. S1, B to D). Last, we confirmed the increased re-
ducing activity at the surface of activated Tregs using colorimetric
water-soluble tetrazolium (WST)-1 assays, which measure the conversion
of the stable WST-1 salt into the fluorescent formazan. This conversion
is driven by reducing agents that are secreted from metabolically
active cells, thus gauging the activation state of cells through their
redox potential. In these WST-1 assays, we delineated a ~2-fold increase
in the redox potential of activated Tregs compared with naive T\
(Fig. 1D). Building on these findings, we used disulfide-containing
bis(N-hydroxysuccinimide) (bis-NHS) cross-linkers, which are re-
dox sensitive, to weave together cytokine or protein cargo as adducted
prodrugs in the form of nanoscale gels [nanogels (NGs)]. Con-
jugating these redox-sensitive NGs onto Tyegs would then allow for
the release of the native cargo upon cleavage of the self-immolative
linkers (40, 41). To understand whether redox-responsive NGs made
from IL-2 could autostimulate and stabilize Theg, we synthesized
IL-2/Fc NGs. The rationale behind using IL-2/Fc over wild-type
IL-2 was its improved stability and half-life compared to the latter,
allowing for longer-lasting in vitro and in vivo effects. In addition,
we included a single amino acid mutation (D265A) in the Fc se-
quence to prevent the deposition of complement and the formation
of humoral immunity against the Fc portion (42). We focused our
efforts on IL-2 in particular because its roles in promoting T,
homeostasis and stability are well established (25-27). In addition, to
promote the stable anchoring of the NGs onto the T, surface and
to prevent the premature internalization of the NGs, we further sur-
face-modified the NGs with monoclonal anti-CD45 and polyethylene
glycol-b-poly(L-lysine) (PEG-PLL) (Fig. 1E). We previously showed
that binding NGs to the surface of T cells through CD45 provides a
noninternalizing surface anchor expressed exclusively on leuko-
cytes and CD45 ligation in itself does not affect T cell prolif-
eration (35, 43, 44). The cleavage of the integral disulfide bond in
the NG cross-linkers is ultimately driven by the increased reducing
activity at the surface of activated Treg, thus releasing the native
IL-2/Fc cargo for autocrine capture by cell surface CD25 and subse-
quent CD25-mediated survival signaling (Fig. 1F).

Eskandari et al., Sci. Transl. Med. 12, eaaw4744 (2020) 11 November 2020

Surface engineering of T,cgs with IL-2/Fc NG does not alter
Tieg phenotype
Next, we examined whether IL-2/Fc NGs could be conjugated to
Tregs and whether this conjugation would affect the Ty, phenotype.
Using flow cytometry (fig. S1A), we found that incubating magnet-
ically isolated Tyegs with fluorophore-labeled, anti-CD45-bearing
IL-2/Fc NGs at 4°C for 45 min did not reduce the coexpression of
CD25 and Foxp3 among CD4" T cells compared with control (CT) Tregs
(Fig. 2A). Among the T that were incubated with IL-2/Fc NGs,
however, >90% acquired fluorescein isothiocyanate (FITC) fluores-
cence, indicating successful membrane conjugation of the NGs
(Fig. 2, B to D, and movies S1 and S2). In in vitro release assays, we
then found that the release of IL-2/Fc from NGs was driven by glu-
tathione (GSH; a reducing agent), with ~90% of the cross-linked
IL-2/Fc being released within 6 days in the presence of GSH (fig.
S2A). We additionally studied the duration of IL-2/Fc NG retention
on the surface of NG-coupled T\cgs stimulated in vitro for 3 and
7 days with anti-CD3e and anti-CD28 to appraise the degree of NG
dilution on the Tig surface with mitosis. Using flow cytometry, we
found that ~30 and ~20% of Teg cultured in the presence of anti-
CD3¢e/CD28 for 3 and 7 days, respectively, retained surface ex-
pression of IL-2/Fc NGs (fig. S2B). Although, expectedly, most of
the NG-engineered Tieg lost surface expression of the NGs after
activation, the cells that maintained NG expression retained phenotypic
markers related to T, functionality, namely, CD25 and cytotoxic
T-lymphocyte-associated protein (CTLA)-4. In contrast, Treg that lost NG
surface expression down-regulated the same markers (fig. S2, Cand D).
To delineate the effects of IL-2/Fc NGs on Ty survival, we studied
Theg survival among unmodified, untouched Tregs (CT), Tregs receiv-
ing soluble IL-2/Fc stimulation (CT + IL-2/Fc), and NG-conjugated
Tregs (NG) in in vitro stimulation assays. In these experiments, all
Treg conditions were cultured for 3 and 7 days with a constant con-
centration of anti-CD28 and titrated concentrations of anti-CD3e
to appraise the relation between TCR signaling strength and NG-
dependent survival outcomes. We postulated that the redox-sensitive
IL-2/Fc NGs would release IL-2/Fc under reducing conditions at
the T,eg surface, which would be contingent on the CD3 dose-
dependent activation of Tyegs and, thus, selectively promote pro-
survival effects at higher CD3e concentrations. To characterize
the survival outcomes, we compared the maintenance of the
CD4"CD25"Foxp3" phenotype, the absolute counts of Tyeg, and the
mean expression of surface-expressed coinhibitory and stimulatory
glycoproteins tied to Trg function (45-49). At day 3 after stimula-
tion and across all concentrations of anti-CD3g, Tyegs cultured with
free IL-2/Fc and IL-2/Fc NGs maintained a higher expression of
CD25 and Foxp3 compared to the untouched CT Tiegs, without the
off-target proliferation of non-CD4" T cells (Fig. 2E and fig. $3, A to C).
In addition, the percentages and absolute counts of CD4'CD25"Foxp3*
Tregs were higher for the CT + IL-2/Fc and NG conditions com-
pared to the CT condition (Fig. 2F). Only at the highest concen-
tration of anti-CD3e, however, there were >25- and >50-fold
CDZS}“FopoiJr Tregs under the CT + IL-2/Fc and NG conditions,
respectively, compared to the CT condition. At day 7 after stimula-
tion, there were similar CD3-dependent increases in the absolute
counts of CD25}“Foxp3Jr Tregs under the CT + IL-2/Fc and NG
conditions but, again, without discernible CD3-dependent ef-
fects among the CT Tiegs (Fig. 2, G to H, and fig. S3, D and E). In
addition, at the highest concentration of anti-CD3g, there were >10-
and >11-fold CD25th0xp3Jr Tregs under the CT + IL-2/Fc and NG
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conditions, respectively, compared to the CT condition, with fewer Next, we assessed whether IL-2/Fc from the NG Tieg could stim-
phenotype-positive Ty at lower anti-CD3e concentrations for the  ulate neighboring effector T cells. At sites of immune activation,
CT + IL-2/Fc and NG Tieg compared with the highest anti-CD3e  predominantly in the draining lymph nodes and allografts, Ty are
concentration. often mingled with conventional CD8 T cells that are also IL-2
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responsive (50). Patients who are given Tycg-tailored IL-2 therapy
specifically receive low-dose injections to prevent the off-target ac-
tivation of proinflammatory CD8 T cells, which can undermine de-
sired immunosuppression end goals (31, 50). Therefore, we appraised
the possible IL-2 responsiveness of CD8a™ T cells to IL-2/Fc NGs by
coculturing CT, CT + IL-2/Fc, and NG Tig with magnetically sorted
CD8a™" T cells in a ratio of 1:5 Trege-t0-CD8 T cells and stimulated
the cells with anti-CD3e/CD28 for 3 and 24 hours. A physiologi-
cal ratio of Tregs-to-CD8 T cells was chosen to obviate the natural
suppression of the CD8a" T cells by the Tregs and thus maintain a
balance between the suppressive effects of the Tregs, Treg homeostasis,
and CD8 homeostasis. IL-2-mediated signaling in Treg and CD8ao*
T cells was assessed through flow cytometric analysis (fig. S3F)
of phosphorylated signal transducer and activator of transcription 5
(pSTATS5), which is the key transcription factor actuated by IL-2 re-
ceptor signaling (51). Within 24 hours, in the NG coculture samples,
despite the presence of IL-2/Fc backpacks on the Thegs, we observed
no discernible pSTAT5 among the CD8a™ T cells, contrasted by
most of the Tiegs being pSTATS5" (fig. S3, G and H). Compared with
the NG coculture samples, however, a subset of the CT + IL-2/Fc CD8a*
T cells showed a distinct increase in pSTATS5 at the 24-hour time point.
The latter suggests that IL-2/Fc released from backpacked NG Teg; is
consumed by the high-affinity IL-2 receptor, CD25, before it can
spill over to neighboring CD8a" T cells, whereas IL-2/Fc access and
subsequent IL-2-mediated signaling are more equivalent for the
Tregs and the CD8a" T cells in the CT + IL-2/Fc coculture samples.

In addition, for the in vitro cultured Tregs, we mapped the Treg
phenotype by studying the mean expressions of programmed cell
death protein (PD)-1, CTLA-4, and lymphocyte-activation gene
(LAG)-3, which are coinhibitory molecules known to be essential
for Teg suppressive function (45-48), and CD69, which is a
general marker of lymphocytic activation including Tregs (49). At
day 3 after stimulation, we observed no CD3 dose-dependent effects
on the expression of the coinhibitory or activation-induced markers
on CT Ty (fig. S3, I to M). In the same time frame, however, we
found that NG Tycg, expressed higher concentrations of these
markers compared to CT and CT + IL-2/Fc Tegs, whereas CT + IL-2/
Fc Tregs also showed higher expression of these markers compared
to CT Trege. At day 7 after stimulation, the results were similar in
showing higher, CD3 dose-dependent expression of the coinhib-
itory and activation-induced markers on NG and CT + IL-2/Fc Tyeg
compared to the CT Ty (fig. S3, N to R).

Last, to assess the functionality of NG-coupled Ty and to rule
out a decrease in their suppressive function, we used an in vitro dye
dilution assay. We isolated murine splenocytes as target cells and
stained them with a trace dye to track the number of divisions of
these splenocytes in culture. We then cocultured these target cells
for 3 days with either unmodified, untouched CT Tregs, 0F NG Tregs
(both freshly isolated) in the presence of anti-CD3e/CD28 mAbs,
culturing a fixed number of target splenocytes with increasing num-
bers of effector Treg. Upon assessing the target CD4" and CD8a*
T cell compartments of the cultured splenocytes, we observed a
similar dose-dependent suppression of the splenic T cells by both
CT and NG Tiegs (R > 0.900, P < 0.001) (Fig. 2, I and J, and fig. S4).

NG-engineered T4s suppress in vivo alloimmunity better
than conventional Tyeqs

After exploring the in vitro effects of IL-2/Fc NGs on Tr.; homeo-
stasis, we evaluated the in vivo suppressive function of NG Tyegs in a
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murine allotransplantation model. Opting for a stringent, fully major
histocompatibility complex (MHC)-mismatched skin transplant
model, we grafted BALB/c skin allografts onto the dorsal trunks of
immunodeficient recombination-activating gene (Rag)1~'~ mice
on a C57BL/6 (B6) background. Three days later, we intravenously
injected equal numbers of immunogenic B6 CD8a" T cells that drive
the rejection process and immunoregulatory B6 CD4"CD25" Tyegs,
either modified with IL-2/Fc NGs (NG) or unmodified control Tregs (CT),
which mitigate the alloimmune cascades (Fig. 3A). In light of recent
studies that established the validity of systemic IL-2 therapy (30-32),
we also administered soluble IL-2/Fc with CT Teg under a separate
condition (CT + IL-2/Fc). The IL-2/Fc concentration injected per mouse
under this condition was dosed equivalent to the IL-2/Fc released
from the transferred NG Tg per mouse (more details provided in
Materials and Methods). Seven days after the adoptive T cell trans-
fer, we analyzed the nondraining lymph nodes and spleens (distal
to the site of alloimmunity) and the draining lymph nodes and skin
allografts (proximal to the site of alloimmunity) (Fig. 3B), based on
our hypothesis that NG Tg would proliferate better than conven-
tional Tyegs within the alloimmune microenvironment.

Histological analysis of the allografts of the CT- and CT + IL-2/
Fc-treated conditions 7 days after the adoptive T.g transfer showed
signs of epidermal thickening and perivascular lymphocytic infiltrates,
compared to naive, untransplanted BALB/c skin. T cell infiltration
under these conditions was then gauged by immunofluorescence
staining for CD3g, the T cell co-receptor expressed on both CD4"
and CD80" T cells, showing greater CD3¢" infiltrates under the CT
and CT + IL-2/Fc conditions (Fig. 3C). In addition, in these groups,
there was a disruption of the adnexal structures and the native skin
architecture, which are in line with high grades of rejection. The
skin grafts of NG-treated mice, on the contrary, showed rare lym-
phocytic infiltrates, had mild signs of inflammation in the overlying
epidermis, and had intact adnexal structures (for example, the hair
follicles). Macroscopic examination of the skin showed attenuated
signs of allograft rejection in the NG-treated mice compared to CT-
and CT + IL-2/Fc-treated mice by day 7 after adoptive transfer,
with ~70% of the NG grafts looking healthy compared to ~40% of
the CT and ~30% of the CT + IL-2/Fc grafts (Fig. 3D).

Using flow cytometry (fig. S5), we then assayed the percentages
of CD4"CD25"Foxp3" Tregs and CD8a" T cells within the distally
and proximally draining tissue sites, as well as the ratio of Ty to
CD8a T cells in each draining site, normalizing the fold changes of
the Teg-to-CD8 ratios against the CT condition. We observed that
systemic IL-2/Fc increased Treg percentages and decreased CD8a*
percentages in the spleen (Fig. 3, E and F, fig. S6A and B), which
resulted in increased Tieg-to-CD8o ratios in the spleen (Fig. 3G).
The systemic IL-2/Fc, however, provided limited advantages over
lone CT Ty transfer in the allograft-draining lymph nodes and the
allograft in terms of the Treg-to-CD8a ratio. NG treatment, in con-
trast, precipitated no increase in the Tyeg-to-CD8a ratios in the
distal lymph nodes and spleens. The NG treatment did, however,
show an increase in Tyeg-to-CD8o ratios in the graft-draining lymph
nodes and allografts, which constitute the proximal sites of alloim-
munity. Several other observations supported the histological and
phenotypic findings that NG-treated mice had healthier allografts,
including the increased allograft sizes among NG-treated mice
(Fig. 3H). Moreover, splenocytes isolated from the different groups
(CT, CT + IL-2/Fc, and NG) were stimulated ex vivo for 48 hours
with irradiated naive donor BALB/c splenocytes to test for alloimmune
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Fig. 3. NG-engineered T,c4s suppress in vivo alloimmunity better than conventional Teys. Ragl’/’ mice on a C57BL/6 background were transplanted with fully
MHC-mismatched BALB/c allografts 3 days before the adoptive transfer of 5.0 x 10° C57BL/6 CD8o* cells and 5.0 x 10° C57BL/6 Tregss With or without IL-2/Fc NG. In addi-
tion, a group of control mice was treated with CD8a* cells, Tregs, and systemic IL-2/Fc. On day 7, the mice were euthanized, and various tissues were analyzed by histology,
immunofluorescence, and flow cytometry (n =7 biological replicates per condition, 2 experiments). (A and B) Experimental mouse model (A) and time line (B). (C) Hema-
toxylin and eosin (H&E) and CD3e immunofluorescence staining of the experimental conditions and naive, untreated RagI"' skin. Scale bars, 1.00 mm (4x H&E), 150 um
(20x H&E), and 100 um (20x immunofluorescence). (D) Macroscopic images of each murine replicate’s allograft for all three treatment conditions at the experimental end
point with red box borders indicating rejection, complemented with the survival curves and percentages at day 7. Scale bars, 10.0 mm. (E and F) Flow cytometric analyses
of CD25%Foxp3* Tregs among viable CD4" events (E) and CD8a™ T cells among viable events (F) across the four distal-to-proximal tissue compartments for CT-, CT +IL-2/
Fc—, and NG-treated mice. (G) Fold changes of the T;e4-to-CD8o ratios in the distal-to-proximal draining sites. (H) Fold changes of the skin allograft surface areas. (1) Fold
changes of the [>H]-thymidine incorporation in mixed lymphocyte reactions of host Rag1™~ splenocytes with irradiated donor BALB/c splenocytes. All fold changes were
normalized against the CT condition. Throughout, data are represented as boxplots with median, interquartile range, minimum, maximum, and all individual data points
of the denoted experimental groups. P values were calculated with one-way analyses of variance followed by Holm-Sidak multiple comparison tests. LNs, lymph nodes.
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memory responses. After 48 hours, the cocultured splenocytes were
pulsed for another 12 to 16 hours in the presence of [methyl-*H]-
thymidine to measure alloantigen-specific cell proliferation. We ob-
served that, compared with the CT- and CT + IL-2/Fc-treated
conditions, there was a reduction (>2-fold) of alloimmune memory pro-
liferation among the host splenocytes of NG-treated mice (Fig. 3I).

Last, clinical studies using systemic IL-2 injections as a tolero-
genic Treg-centric therapy have shown that systemic IL-2 treatment
not only stimulates Tregs but can also induce off-target expansion of
NK cells (33, 34), among other proinflammatory cells. To ensure
that our IL-2/Fc NGs delivered IL-2/Fc specifically to Ty, we addi-
tionally assessed the effects of the IL-2/Fc NGs on the endogenously
present NK compartment in our transplanted Ragl™~ mice (fig.
S6C). Despite no discernible increases in the percentages of NK
cells across all distal-to-proximal tissue sites, we observed lower ab-
solute counts of NK cells in the draining lymph nodes of the NG
Treg-treated mice compared with the CT Treg— and CT + IL-2/Fc
Treg—treated mice, suggesting the selective release of IL-2/Fc to the Tregs
in the NG Tycg-treated mice compared to the other conditions
(fig. S6, D and E).

NG-engineered T,4s prolong murine allograft survival
better than conventional Tyegs

Next, we compared the therapeutic effects of conventional Treg,
Tregs supplemented with systemic IL-2/Fc and NG-engineered Tregs
by transplanting new groups of Ragl~’~ mice using the same mis-
matched BALB/c to B6 allotransplant model as described earlier
(Fig. 4, A and B). Whereas the mean survival time of the allotrans-
plants for both CT- and CT + IL-2/Fc-treated conditions was 6 days
after adoptive transfer, the allograft survival of mice treated with
10 pg of IL-2/Fc NG/ 10° Tregs Was lengthened to 10-day mean sur-
vival time after adoptive transfer (Fig. 4C). By increasing the surface-
conjugated dose of IL-2/Fc NG to 20 ug/10° Tregs» We observed a
further prolongation of the allograft survival to 18 days after adop-
tive transfer, effectively increasing allograft survival threefold com-
pared with the CT-treated mice (Fig. 4C).

These improved mechanistic and survival results for NG-engineered
Tregs highlight the functional differences between unmodified CT
and NG Tyeg. However, these results did not allow us to visualize
the Tyeg and CD8 T cells in vivo to understand the local impact of
IL-2/Fc NGs on Tz homeostasis and the suppression of alloimmu-
nity. To answer this question, we developed a dual imaging T cell
tracking assay to follow the T.g and CD8 T cell populations in vivo.
Using retroviral vectors, we transduced two separate biolumines-
cent luciferase reporters encoding for Gaussia luciferase (GLuc)
and Cypridina luciferase (CLuc; fig. S7A) into preactivated Tyegs and
CD8a" T cells, respectively (fig. S7, B and C). Because each lucifer-
ase can only catalyze the conversion of its own substrate, we could
monitor one luciferase without affecting the other luciferase in the
same biological sample (fig. S7, D to G). After the T cell transduc-
tions, we transferred 5.0 x 10° CD8a-CLuc cells and Treg-GLuc cells
each (with or without IL-2/Fc NGs) into Ragl_/_ mice that were
transplanted with BALB/c skin 3 days prior (Fig. 4D). Seven days
after the adoptive T cell transfer, we gauged the in vivo bioluminescent
signal intensities for GLuc and CLuc. We observed that NG-engineered
Thregs expressing GLuc colocalized more readily within the skin grafts
of the transplanted mice compared to the GLuc-transduced CT
Tregs» which remained predominantly within the spleens (Fig. 4E).
In addition, we observed that the allograft infiltration of CD8a"
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T cells, as measured by the CLuc signal, was higher for CT-treated
mice compared with NG-treated mice (Fig. 4F). Furthermore, the
ratio of Tre-GLuc signals arising from the skin grafts to the Treg-
GLuc signals from the whole animals was higher for the NG-treated
mice compared to the CT-treated mice, and, similarly, the ratio of
the Treg-GLuc signal to CD8a-CLuc signal was higher for NG-treated
mice compared to CT-treated mice (Fig. 4G).

Last, we investigated whether the NG platform was promoting
activated, antigen-specific Tregs in sites of alloimmunity or, instead,
the IL-2 release from the NGs was antigen agnostic and milieu de-
pendent. For this question, we compared the effects of CT T4 and
NG Tregs in an ovalbumin (OVA)-OT-1-OT-2 skin allotransplan-
tation model. We transplanted skin grafts with ubiquitous OVA
expression onto the dorsal trunks of immunodeficient Ragl ™'~ mice
3 days before the adoptive transfer of a 2:1:1 ratio of OT-1 CD8a"
T cells, OT-1 CD4"CD25" Tregq, and OT-2 CD4'CD25" Tyegs (with
or without IL-2/Fc NG; Fig. 4H). The model allowed us to study the
role of the NG platform in the homeostasis of nonspecific OT-1
Tregs compared to antigen-specific OT-2 Tregs. The CD4" T cells
from OT-2 mice can undergo OV Aj33_339—specific clonal expansion
through MHC II-dependent presentation of OV Az;3_339 peptides,
whereas the CD4" T cells from OT-1 mice cannot. Thus, because of
the nonspecificity of OT-1 CD4"CD25" Theg, for the relevant MHC
II-presented OVA peptides, these Treg can only become activated
because of environmental stimuli such as cytokines secreted in sites
of antigen encounter. OT-2 CD4"CD25" Treg, on the contrary, will
primarily be activated by the OV A3,3_339 peptides. Then, to be able
to distinguish the OT-1 cells from the OT-2 cells by flow cytometry,
we used a fluorescent tetrameric OT-1 antibody that was specific for
the SIINFEKL peptide. Because the Ragl™'~ hosts lack endogenous
T and B cells, the T cells negative for OT-1 were considered to be the
remaining adoptively transferred CD4" T cells, which were the Tregs
from the OT-2 mice. However, note that in the absence of prior
OVA sensitization in the OT-2 mice, a subset of polyclonal Tieg
with low to negligible OT-2 receptors can be included in the OT-1
tetramer-negative pool of the adoptively transferred OT-2 Tegs.
Thus, when OT-2 Ty are referenced, the potential inclusion of
polyclonal Tyeg should be factored in, especially in the spleen and
nondraining lymph nodes where the exposure to the OT-2-specific
OV Asy3_339 peptide is sparser compared with the higher concentra-
tions of OV As,3.339 in the draining lymph nodes and skin allografts.
Seven days after the adoptive T cell transfer, we euthanized the mice
and analyzed various distal-to-proximal tissues as described before
(Fig. 41I). Using flow cytometry (fig. S8), we determined the percent-
ages of CD4"Foxp3"OT-2" Tyegs and OT-1"CD8a" T cells within
the distally and proximally draining tissue sites, as well as the ratio
of OT-2 Tregs to OT-1 CD8a: T cells in each tissue site. Comparing
the ratios of OT-2 Tregs to OT-1 CD80. T cells across all four com-
partments, we observed the highest increase in the ratio of OT-2
Tregs to OT-1 CD8a of as much as 150-fold and on average 35-fold
in the skin allografts of the NG-treated mice compared with the
CT-treated mice (Fig. 4]). To understand which T, responses were
dominant in each draining site, that is, nonspecific OT-1 Ty versus
antigen-specific OT-2 Treg,, We assessed the percentage of OT-1"
versus OT-2" CD4"Foxp3" Tyeg. We found that the dominant Teg
type for both CT- and NG-treated mice in all draining sites was the
antigen-specific OT-2 Treg. The percentage of OT-2 Tregs out of the
total Tregs (OT-1 + OT-2) in the draining lymph nodes and skin
allografts, however, was higher for NG-treated mice compared to
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CT-treated mice, suggesting that the IL-2/Fc NGs promoted the
homeostasis of antigen-specific Tegs more efficiently in these prox-
imal draining sites compared to untreated antigen-specific CT Tregs
(fig. S9A). Furthermore, NG-treated mice had lower counts of antigen-
specific OT-1 CD8a" T cells across all draining sites (fig. S9B). In
addition, splenocytes isolated from the two treatment groups (CT
and NG) were stimulated ex vivo for 48 hours with irradiated naive
donor OVA splenocytes to test for alloimmune memory responses.
This assay showed attenuated memory responses (>2-fold) in the
NG-treated mice versus the CT-treated mice (Fig. 4K).

IL-2/Fc NGs conjugated to human T,y improve their
function and homeostasis in vitro and in vivo and

promote intragraft Tyegs

Ultimately, we tested the ability of IL-2/Fc NGs to promote human
Treg homeostasis in vitro and in vivo. For the in vitro experiments,
magnetically sorted human CD4"CD25"CD127"° Thregs Were either
left untouched (CT) or coupled with anti-human CD45 IL-2/Fc
NGs (NG). The Tgs were then stimulated with mAbs against
CD3g/CD28 and analyzed by flow cytometry (fig. SI0A) 3 and
7 days after stimulation. Compared with the human CT Tyeg the
NG Tregs had >2- and >5-fold absolute counts of CD4"CD25"
CD127°Foxp3* T cells within 3 days (fig. S10B) and 7 days (fig.
$10C), respectively. Building on these in vitro findings, we opted for
a preclinical humanized mouse model in which we grafted discarded
healthy donor skin from patients undergoing cosmetic surgery onto
the dorsal trunks of nonobese diabetic (NOD)-severe combined
immunodeficient (scid) IL-2 receptor—ynull (NSG) mice. These mice
have a severe grade of immunodeficiency, which allows for the
engraftment of mature human immune cells. Once engrafted, the
human cells can then mount alloimmunity against the transplanted
human skin grafts. Seven days after the skin transplants, we intrave-
nously injected Tyeg-depleted peripheral blood mononuclear cells
(PBMCs) and Tieg from the same donor, with or without IL-2/Fc
NG conjugation, or we systemically supplemented the control Tyeg
with soluble IL-2/Fc (Fig. 5A). On day 21 after the adoptive T cell
transfer, we analyzed the spleens and skin grafts of the NSG mice
(Fig. 5B and fig. S11), being restricted to these draining sites due
to the atrophy of secondary lymphoid tissues apart from the spleen
in NSG mice.

By histology, the allografts of the CT- and CT + IL-2/Fc-treated
conditions compared with healthy, untreated, untransplanted “naive”
human skin showed signs of epidermal-dermal interface changes,
the abolishment of the rete ridges, adnexal disruption, spongiosis,
dense lymphocytic infiltrates, and overall epidermal necrosis—all
markers of severe rejection (Fig. 5C). The infiltration of T cells un-
der these conditions was assessed by CD3e" immunofluorescence
staining, validating the presence of CD3e" T cells in both CT- and
CT + IL-2/Fc-treated mice (Fig. 5C). However, despite early signs
of flattening of the rete ridges and mild spongiosis among the al-
lografts of the NG-treated mice, there was no noticeable involvement
of the overlying epidermis, no or rare lymphocytic infiltrates, limited
adnexal involvement, and a well-demarcated reticular dermis, indi-
cating healthier skin than under the CT-treated conditions with
only mild grades of alloimmune-associated damage. In addition,
using confocal microscopy, we observed Foxp3™ cells in the allografts
of NG-treated mice at the interface of the dermis and the graft bed
(fig. S12A). There were also Foxp3™ cells in the allografts of the
CT + IL-2/Fc-treated mice; however, the incidence of allograft re-
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jection was not attenuated in these mice, with 25% of the CT + IL-2/Fc
grafts looking healthy versus 40% of the CT grafts and 80% of the
NG grafts (Fig. 5D). Moreover, in bulk RNA extracted from the in-
tact human skin allografts of CT Ty and NG Tyg-treated mice,
we screened for the mRNA of several secreted and surface-bound
proteins in the graft microenvironment, finding increased mRNA
concentrations of IL-1a, IL-7, TGF-B, and Foxp3, as well as de-
creased E-selectin concentrations in the NG grafts compared with
the CT grafts (fig. S12B).

By flow cytometry (fig. S11), we then analyzed the percentages of
human CD4 Foxp3” Treg and CD8a" T cells within the distal
spleens and proximal skin allografts, as well as the ratio of Ty to
CD8a T cells in both draining sites, in which the Tyes-to-CD8a ra-
tios were normalized against the CT-treated group to report the
fold change differences. Similar to the in vivo murine Teg results,
we found that the systemic IL-2/Fc injection increased human T,
percentages in the spleens of the NSG mice (Fig. 5E) and decreased
CD8a" percentages (Fig. 5F). This increase in Tregs and decrease in
CD8a" T cells improved the Theg-to-CD8a ratios for the CT +IL-2/Fc mice
in the spleens (Fig. 5, G to I). Preferential on-target, allograft-specific
effects, as judged by increased Treg-to-CD8a ratios in the allografts
of the transplanted mice, however, were only observed under the
NG-treated condition (Fig. 5, E to I). Last, complementing these
histological and phenotypic findings was the observation that
NG-treated mice had larger allografts at the time of the study end
point (fig. S12C).

DISCUSSION

In recent years, cell-based T, therapy has moved to the frontiers of
treatment strategies for auto- and alloimmune-mediated diseases
(6). In contrast to drug-based approaches, adoptive T transfer has
the potential to induce permanent antigen-specific regulation of the
immune system, which is a clinically unmet need in autoimmunity
and transplantation. Nonetheless, the clinical success of this regula-
tory immunotherapy has been hampered by the poor in vivo homeo-
stasis of the adoptively transferred Tregs, because Tregs rapidly disappear
from the circulation upon adoptive transfer (52). Alternative im-
munotherapeutic strategies include the boosting of native Treg
within the immune system through systemic IL-2 injections, although this
approach is accompanied by its own limitations. Excess concentra-
tions of circulating IL-2 cause indirect endothelial cell damage
through cytokines and vasoactive mediators originating from the
nonspecific activation of NK cells and can also cause direct vascular
damage secondary to the binding of IL-2 to CD25" endothelial cells
(50). For over 20 years, this sequence of events has been termed
vascular leak syndrome, and it remains one of the most serious side
effects of IL-2 immunotherapy, known to precipitate organ failure
due to the extravasation of fluids and proteins with subsequent
interstitial edema (53). Here, we described an immunotherapeutic
platform that can improve the potency of adoptive T4 transfer and
the on-target effects of systemic IL-2 therapy, by forming a combi-
nation therapy in which IL-2 release is linked explicitly to TCR liga-
tion of adoptively transferred, antigen-specific Tr.gs in the allografts
and graft-draining lymph nodes.

The goal of this technology is to improve the therapeutic out-
comes of Tyeg therapy without the need for genetic engineering,
where cell surface-conjugated NGs (fig. S13A) provide a simple
platform to enhance T therapy. The critical factor in realizing this
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Fig. 5. Human T,¢qs coupled with IL-2/Fc NGs have improved function and homeostasis in vivo and promote intragraft T,eqs in a humanized mouse model of skin
transplantation. NSG mice were transplanted with skin grafts from healthy donors 7 days before the adoptive transfer of 5.0 x 10° CD25*CD1 27'°—depleted PBMCs and
1.0x10° Tregs With or without IL-2/Fc NG, or with systemic IL-2/Fc. On day 21, the mice were euthanized, and various tissues were analyzed by histology, immunofluores-
cence, and flow cytometry (n =8 to 10 biological replicates per condition, 2 experiments). (A and B) Experimental humanized mouse model (A) and time line (B). (C) H&E
and CD3e immunofluorescence staining of the experimental conditions and naive, healthy human skin. Scale bars, 400 um (10x H&E), 100 um (40x H&E), and 40.0 um
(40x immunofluorescence). (D) Macroscopic images of each human skin allograft for all three treatment conditions at the experimental end point with red box borders
indicating rejection, in addition to the survival curves and percentages on day 21. Scale bar, 10.0 mm. (E and F) Flow cytometric analyses of Foxp3* Tregs among CD4*
lymphocytes (E) and CD8au" T cells among all lymphocytes (F) in the spleens and skin grafts of the CT-, CT + IL-2/Fc—, and NG-treated NSG mice. (G to I) Box plots of Foxp3*
percentages among CD4" events (G), CD8a* T cells among all events (H), and fold changes of the Teq-to-CD8a ratios in the distal and proximal draining sites (I). All fold
changes were normalized against the CT condition. Throughout, data represented as boxplots with median, interquartile range, minimum, maximum, and all individual
data points of the denoted experimental groups. P values were calculated with one-way analyses of variance followed by Holm-Sidék multiple comparison tests. NSG,
NOD-scid IL-2 receptor-y™"; PBMCs, peripheral blood mononuclear cells.
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technology is the fact that Tyg, similar to other T lymphocytes, in-
crease their cell surface reducing activity upon TCR ligation (fig.
S13, B and C). The latter enables the exploitation of the naturally
augmented redox potential on the surface of Tyegs interacting with
cognate antigens in the alloimmune environment and, thus, spatio-
temporal control of IL-2 supplementation in a redox-sensitive,
TCR-dependent fashion (fig. S13, D and E). Another essential char-
acteristic of the NG platform is the short time required to modify
the Tregs destined for adoptive transfer. A 45-min incubation was
sufficient to conjugate >90% of Tregs with IL-2 NGs, with in vivo
improvements in cell function and homeostasis and as much as
three times increased survival outcomes in a murine skin allotrans-
plantation model. The intuitive redox-sensitive backbone of the
NGs provides a simple solution to a complex problem of enhancing
Treg functionality in proximal sites of inflammation, enabling
on-target effects despite systemic injections.

In our in vivo murine experiments, we observed clear spatiotem-
poral benefits provided to the T,eg conjugated with IL-2 NGs,
because there was an increase in the activation of NG Theg in those
tissues with the highest concentrations of alloantigen. In addition,
across all in vivo experiments, an inverse relationship between the
number of Treg and CD8a T cells was only observed in the allografts
and graft-draining lymph nodes of NG-treated mice. Furthermore,
comparing the Treg-to-CD8o ratios in the skin grafts of the trans-
plant recipients to the Trg-to-CD8a ratios in the spleens, we only
found a >10-fold increase in the skin-to-spleen ratio in the mice
treated with IL-2/Fc NG-engineered Tregs. This preferential on-target
effect is intriguing, because mice treated with systemic IL-2/Fc
had similarly increased numbers of Tyg, but lower ratios of Foxp3*
Tregs to CD8o: T cells. Isolated increases in Treg percentages in the
CD4" compartment are not a reliable marker of downstream thera-
peutic effects. Clinically, increases in Foxp3 expression in the grafts
and urine of kidney transplant recipients are used as biomarkers of
allograft rejection (54, 55). Through the restricted release of surviv-
al cytokines to alloantigen-specific Tregs, the NG platform proved
capable of improving the ratio of Foxp3" Tyeg to CD8a T cells—a
more clinically relevant metric of therapeutic outcome (56).

From a translational perspective, we found that the murine
results could be reproduced in human in vitro and humanized
mouse in vivo settings. Besides confirming the preferential on-target
effects of the IL-2/Fc NG-conjugated T, there was an up-regulation
of mRNA signatures in line with immune tolerance in NG-treated
skin allografts. We observed increased transforming growth factor—f3
(TGEF-B), known to inhibit antigen-presenting cell activity and con-
fer “infectious tolerance” to neighboring cells (57, 58), and Foxp3, a
hallmark of the T, population (I-3). In addition, we found a de-
crease in the E-selectin expression, which facilitates the binding of
immune cells to endothelial cells at sites of inflammation (59) and is
positively correlated with the severity of allograft rejection (60).
Last, we observed an increase in IL-7 mRNA, which is a compelling
finding in the context of recent studies that established IL-7 signal-
ing as a key factor in maintaining the local T cell homeostasis of
intragraft Ty in mice (61, 62). Although these findings remain to
be validated in humans, it is becoming increasingly evident that the
enhancement of adoptive T cell therapies requires a myriad of cyto-
kine signals at different stages and in distinct locations. Because
IL-7 is known for its role in stabilizing T cells of the memory pheno-
type, heightened IL-7 signaling could improve the maintenance of
Tregs that have committed to peripheral tissues. The IL-2/Fc NGs
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were a test bed drug cargo to establish whether NGs could quickly
and stably be tethered onto the Tz surface without a loss of the host
cell’s phenotype or functionality.

Regarding the limitations, a fundamental constraint of the NG
platform is, perhaps, its inherent self-limiting nature, because every
division of the conjugated host cell dilutes the total surface-bound
NGs (fig. S14A). Although we observed that IL-2/Fc NG-engineered
Tregs ameliorated allograft acceptance outcomes in in vivo models
compared with unmodified Tregs and Tregs supplemented with sys-
temic IL-2/Fc, the effects of the IL-2/Fc NGs can last only as long as
the supply of IL-2/Fc in the NG backpacks. Considering Ty, viability
is innately linked to the continuity of IL-2 signaling, future efforts
will be needed to optimize the release kinetics of the IL-2/Fc cargo
from backpacked NGs. We postulate that altering the biochemical
qualities of the cross-linkers that make up the IL-2/Fc NGs could
further improve the homeostasis of NG Tiegs and enable an equilib-
rium between the suppressive effects of the NG Ty and their lon-
gevity. Alternatively, the self-limiting element of the NGs can be
considered a natural safety mechanism in which the lifespan of the
host cells and the number of cell divisions limit the effects of the
membrane-tethered NGs. In addition, we can envision the option
of multiple therapeutic injections of NG-coupled Treg to realize
longer-lasting effects of IL-2/Fc NG-conjugated T'.g, while balancing
the inherent temporal limitations of the NGs. Last, future experi-
ments are essential to expand on the preliminary results we presented
regarding the potential paracrine effects facilitated by IL-2/Fc
NG-backpacked Treg. Because the release of IL-2/Fc from the NG
backpacks is mediated by reducing agents at the surface of the back-
packed T4, robust activation of the IL-2/Fc NG-engineered Treg
could result in the off-target, paracrine IL-2-mediated stimulation
of neighboring effector T cells by IL-2/Fc shedding from the NG
backpacks (fig. S14B). On the other hand, activated effector T cells
in the vicinity of naive IL-2/Fc NG-engineered Tregs could nonspe-
cifically consume the backpacked IL-2/Fc through an increased
redox potential at their cell surface (fig. S14C).

Beyond the current limitations of the IL-2/Fc NG platform that
require to be addressed in future studies, the overarching allure of
this approach is its modularity and the potential to backpack alter-
native cytokines or biomolecules as adducted prodrugs for release
in sites of antigen encounter (fig. S14D). For example, it can be
envisioned that alternative cytokine-NG formulations such as IL-7
NGs can enhance the maintenance of tissue-specific T, or, perhaps,
that formulations with IL-10 or TGF-f can promote the induction
of paracrine infectious tolerance within the alloimmune microenvi-
ronment and, lastly, that formulations with adjuvants or immuno-
suppressive drugs can allow backpacked Tieg to act as mules in
delivering immunostimulatory or immunosuppressive payloads
in situ.

In all, the NG platform holds potential therapeutic merit in tack-
ling diseases of an auto- or alloimmune nature, providing its effects
in controlled spaces by linking innate TCR signaling to the release
of immunomodulatory proteins. In addition, it is critical to note
that most of the results in this work demonstrate the efficacy of the
platform in improving the outcomes of polyclonal T transfer.
Using an artificial antigen-specific allotransplant model in this study,
we already observed the heightened effects of engineering IL-2/Fc NGs
on antigen-specific Treg. Hence, we can foresee our platform being
complementary to chimeric antigen-specific Tregs (63, 64) to createa
combination therapy that has the potential to induce tolerogenic
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responses and achieve even longer-lasting allograft acceptance
(fig. S14E).

MATERIALS AND METHODS

Study design

This study was designed to investigate Ty engineered with surface-
conjugated, nanoscale IL-2 particles compared with unmodified
Tregs as immunoregulatory adoptive cell therapy in the context of
allotransplantation. To this end, NG IL-2/Fc fusion NG particles
were synthesized with reduction-sensitive bis-NHS cross-linkers
that degrade upon TCR ligation-dependent T cell activation. Then,
the ability to couple NG particles on Tyes was verified, and un-
altered functional characteristics of coupled Tiy were confirmed with
in vitro survival and suppression assays. NG T functionality in vivo
was tested in Ragl™'~ mice transplanted with fully MHC-mismatched
skin and humanized NSG mice transplanted with the human skin.
Specifically, we focused on the efficacy of NG-coupled Tregs to sup-
press local proinflammatory T cells in sites of antigen encounter,
including the allograft, without activating peripheral Tyegs. To assess
the survival benefits to the allograft, we performed survival studies
with an allogeneic skin transplant model. Animals were assigned to
treatment groups randomly and age-matched between conditions
where necessary. The investigators were not blinded, sample sizes
were not predetermined by power analysis in light of prior experi-
ence, and no animals were excluded because of illness.

Mice

C57BL/6 (#000664), BALB/c (#000651), B6.129S7-Ragl™ ™™ (Rag1™";
#002216), C57BL/6-Tg(CAG-OVA)916Jen (OVA; #005145),
C57BL/6-Tg(TcraTcrb)1100Mjb (OT-1;#003831), B6.Cg-Tg(TcraT-
crb)425Cbn (OT-2; #004194), and NOD.Cg-Prkdc® I12rg™"1/sz
(NSG; #005557) mice were purchased from the Jackson laboratories.
All murine strains in this study were maintained under specific pathogen-
free conditions at the Brigham and Women’s Hospital animal facility
in accordance with federal, state, and institutional guidelines. The
study protocol was approved by the Brigham and Women’s Hospi-
tal Institutional Animal Care and Use Committee. Mice were sex-
and age-matched (8 to 12 weeks old) apart from several NSG mice
that were up to 6 months of age (these mice were equally random-
ized into the treatment groups for the humanized experiments).

Human individuals and blood samples

Concentrated, leukapheresed blood from healthy individuals was
obtained from the Brigham and Women’s Hospital Blood Bank for
the in vitro human and in vivo humanized experiments. PBMCs
were isolated from the leukapheresed concentrates within 4 hours
by SepMate tubes (STEMCELL Technologies, #85450). Healthy
skin was obtained from patients undergoing cosmetic surgery pro-
cedures as discarded tissues at the Brigham and Women’s Hospital
Plastic Surgery Division. The study protocol was approved by an
Institutional Review Board at the Brigham and Women’s Hospital
and was performed in accordance with the principles of the Decla-
ration of Helsinki.

Synthesis of NGs

Bis-NHS cross-linkers (details provided in Supplementary
Materials and Methods) were dissolved at 10 mg/ml in dimethyl
sulfoxide and added to an IL-2/Fc solution [10 mg/ml in 1x Dulbecco’s
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phosphate buffered saline (DPBS)] at a molar equivalent of 15:1
cross-linker—to-IL-2/Fc ratio. The cocktail was rotated at 25°C for 30 min,
at which point 1x DPBS was added to bring the final protein con-
centration to 1 mg/ml. Subsequently, anti-CD45 in 1x DPBS was
added to the diluted solution at a 1:10 molar equivalent of anti-
CD45-to-1L-2/Fc ratio, and the reaction mixture was rotated at 25°C
for another 30 min. The resulting NGs were then washed thrice
with 1.5 ml of 1x DPBS in a 100-kDa molecular weight cutoff
Amicon ultracentrifugal filter (Millipore, #UFC910024). To enhance
conjugation of anti-CD45/IL-2/Fc-NGs to T cells, before T cell cou-
pling, polyethylene glycol-b-polylysine (PEG5k-PLL33k) in 1x DPBS
was mixed with freshly prepared NGs at a 12.5:100 molar equivalent of
PEG-PLL-to-IL-2/Fc ratio. The mixture was rotated at 25°C for
2 to 16 hours and used without further purification.

Coupling of NGs

Engineering of the Ty surface with IL-2/Fc NGs was performed
immediately before intravenous adoptive transfer. Briefly, freshly
magnetically sorted Tree were divided into two groups, control
(CT) and NG. NG Tiegs were routinely coupled with 10 to 20 pg of
NG/10° Thregs in 200 pl of 1x Hanks’ balanced salt solution (HBSS)
(Gibco, #14175095). CT Tyegs were similarly suspended in 200 ul of
1x HBSS, however, in the absence of NGs. Both Treg groups were
then incubated at 4°C on an intermediate speed plate shaker
(setting 7/10) for 45 min. Consistently, nearly half of all CT and NG
Tregs were lost during the coupling step. After coupling, CT and NG
Tregs were washed twice with 1x DPBS and used for downstream
in vitro and in vivo applications.

Skin transplant models

To study the efficacy of the NG platform in controlling alloimmune
responses, we used a fully MHC-mismatched murine skin trans-
plant model. Full-thickness trunk skin grafts (1.0 cm by 1.5 cm)
from BALB/c donors were harvested at the level of the areolar con-
nective tissue, and connective, adipose, and panniculus carnosus
tissues were cleared using blunt-tipped forceps. The fur of each
anesthetized recipient Ragl™~ mouse was shaven at the dorsal
trunk, 1.0 cm by 1.5 cm of the recipient mouse’s skin was excised,
and an equally sized skin graft was sutured onto the graft bed with
PERMA-HAND 4-0 Silk Suture (Ethicon, #1677G). Skin transplants
were secured with dry gauze and bandaged for 7 to 10 days. For
survival studies, grafts were monitored daily for the presence of er-
ythema, erosion, contraction, or necrosis of the allografts. In addition,
antigen-specific alloimmune responses were studied with OVA
donor grafts and Ragl™'~ recipients, whereas human alloimmune
responses were assessed with human skin grafts (obtained as de-
scribed above) and NSG recipients, as described above.

Adoptive T4 transfer models

For the polyclonal T:g experiments, 5.0 x 10° CD8o" cells and
5.0 x 10° CD4"CD25" Tieg with or without IL-2/Fc NG from
C57BL/6 mice were injected retro-orbitally in 90-ul total volumes of
1x DPBS at day 3 after transplant. For methodological reasons,
larger cell numbers could not be obtained. As a control condition, a
group of CT Ty.g-treated mice received intravenous free IL-2/Fc at
the time of the adoptive transfer, in the same total concentration as
would be released from the IL-2/Fc NG coupled to the NG Treg.
With an average IL-2/Fc release of 90% from the NG particles after
7 days and 90% of the NG T, being conjugated with IL-2/Fc NGs,
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together with 10 ug of NGs being conjugated with 10° Tregs> for
every mouse injected with 5.0 x 10° NG Tregs» 5.0 x 10° CT Tregs
were coinjected with 4.1 ug of free IL-2/Fc and referred to in the
manuscript as CT + IL-2/Fc Treg. This was considered the equiva-
lent dose of IL-2/Fc under the CT + IL-2/Fc and NG conditions.

Animals were euthanized at day 7 after adoptive transfer for
mechanistic studies and left until allograft rejection in survival
studies. For the antigen-specific Trg experiments, 5.0 x 10° CD8a*
cells and 2.5 x 10° CD4*CD25" Tregs With or without IL-2/Fc NG
from OT-1 mice and 2.5 x 10° CD4*CD25" Tregs With or without
IL-2/Fc NG from OT-2 mice were injected retro-orbitally in 90-ul
total volumes of 1x DPBS 3 days after transplant. Animals were
euthanized at day 7 after adoptive transfer for mechanistic studies.

For the humanized T; experiments, 5.0 x 10° CD25"CD127%°-
depleted PBMCs and 1.0 x 10° CD25"CD127"° Tregs from a healthy
donor were injected retro-orbitally in 90-ul total volumes of 1x
DPBS 7 days after transplant. Animals were euthanized at day 21
after adoptive transfer for mechanistic studies.

Statistics
Differences between two normally distributed groups were analyzed
with independent samples two-tailed Student’s ¢ tests, and nonpara-
metric Kolmogorov-Smirnov tests were performed when the as-
sumption of homoscedasticity could not be met. Statistical analyses
of multiple groups were performed with one-way analyses of vari-
ance followed by Holm-Sid4k multiple comparison tests or mixed-
effects model analyses with the Geisser-Greenhouse correction
followed by Holm-Sidak multiple comparison tests for experimental
groups with matched data points across multiple time points or
concentrations. Fold changes were normalized against the CT con-
dition unless otherwise specified. To study the correlation between
the suppressive profiles of CT and NG Tiegs, CT and NG prolifera-
tion indices at the same suppressor-to-responder ratios were plotted
against each other, and through linear regression, Pearson’s cor-
relation coefficient (R) was calculated. For survival analyses, Kaplan-
Meier graphs were analyzed with log-rank Mantel-Cox tests. P < 0.05
was considered significant for all analyses. Data analysis and graph-
ing were performed with Prism 8.0 (GraphPad Software). Graphs
show boxplots with median, interquartile range, minimum, maxi-
mum, and all individual data points of the denoted experimental
groups. Original data are provided in data file S1.

Additional experimental details are provided in Supplementary
Materials and Methods.

SUPPLEMENTARY MATERIALS
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Materials and Methods

Fig. S1. Murine in vitro Treq and T cell phenotyping strategy.

Fig. S2.IL-2/Fc release from NGs and NG surface retention on engineered Tiegs.

Fig. S3.1L-2/Fc NGs promote the maintenance of Tyeq survival and phenotype in a CD3e
dose-dependent fashion.

Fig. S4. Splenic T cell suppression correlation analysis.

Fig. S5. Murine in vivo skin transplant model phenotyping strategy.

Fig. S6. NG-conjugated Tyeqs proliferate optimally in proximal sites of alloimmunity with
decreased CD8a T cells and unaffected NK cells.

Fig. S7. Synchronously tracking Tregs and CD8 T cells with bioluminescent luciferase reporters.
Fig. S8. Antigen-specific mouse model of skin transplantation phenotyping strategy.

Fig. S9. Antigen-specific nanogeled T cells proliferate better in proximal sites of alloimmunity
than nonantigen-specific nanogeled T cells.

Fig. $10. IL-2/Fc NGs conjugated to human T,egs improve their in vitro homeostasis compared
to conventional Tyegs.
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Fig. S11. In vivo humanized mouse model of human skin transplantation phenotyping
strategy.

Fig. S12. In vivo IL-2/Fc NG treatment of humanized skin transplanted mice favors graft size
maintenance and intragraft T .q dominance over conventional T4 treatments.

Fig. S13. NG backpacks are quickly and stably tethered on Tegs to facilitate the spatiotemporal
release of adducted prodrugs at sites of antigen encounter.

Fig. S14. Limitations and future perspectives for IL-2/Fc NG-based immunotherapy.

Table S1. Full list of the microscopy antibodies used in this study.

Table S2. Full list of the flow cytometry antibodies used in this study.

Table S3. Full list of the mRNA transcript targets and primers used in this study.

Table S4. Two-step quantitative real-time polymerase chain reaction protocol.

Data file S1. Original data.

Movie S1. Three-dimensional volume view of control Tyeq after in vitro coupling.

Movie S2. Three-dimensional volume view of NG-conjugated Tyeq after in vitro coupling.
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Bring your own cytokine

T regulatory cells are a key part of the immune system, where they help suppress undesirable immune
responses. Their potential therapeutic uses include various conditions caused by excessive or undesirable T cell
activation, such as autoimmune disorders, graft-versus-host disease, and transplant rejection. To help maintain the
activity of therapeutic T regulatory cells without concurrent activation of cytotoxic immune responses, Eskandari et
al . equipped T regulatory cells with nanogel "backpacks" containing interleukin-2, engineered to release the
cytokine under the appropriate conditions. The authors tested this approach in both murine and humanized models
of skin transplantation, demonstrating the backpacked cells' effectiveness at suppressing alloimmunity.
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