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In Vivo Accumulation of Regulatory T Cells Using
Eliglustat-Loaded Cryogels

Einat. B. Vitner,* Giovanni Bovone, Wei-Hung Jung, Junzhe Lou, Hugh Hankenson,
Mason T. Dacus, Yoav Binenbaum, Kwasi Adu-Berchie, Alexander G. Stafford,
Miguel C. Sobral, and David J. Mooney*

Regulatory T cells (Tregs) maintain immune homeostasis and their adoptive
transfer is being widely explored to mitigate inflammatory and autoimmune
conditions. Here a biomaterial is developed to accumulate Tregs at a specific
anatomic location to bypass the need for ex vivo Treg isolation and adoptive
transfer. It is first shown that eliglustat, an FDA-approved inhibitor of
UDP-glucose ceramide glucosyltransferase, promotes Tregs from both naïve
and activated CD4+ T cells in vitro. Click-crosslinked cryogels fabricated from
alginate and collagen allow for a sustained release of CXCL10 or CXCL11, and
when injected in subcutaneous tissues led to the enrichment of effector and
memory T cells to the scaffolds. Loading eliglustat into these cryogels
significantly enhances the local accumulation of Tregs in vivo. These findings
demonstrate that eliglustat-loaded cryogels offer a simple yet effective
biomaterial strategy to boost Treg directly in vivo, potentially providing a
targeted method to treat various inflammatory and autoimmune diseases.

1. Introduction

Immune system imbalances contribute to a wide range of dis-
eases, including cardiovascular disorders, diabetes, Alzheimer’s
disease, asthma, and autoimmune conditions.[1] CD4+ regula-
tory T cells (Tregs) play a crucial role in maintaining immune
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homeostasis and preventing autoimmune
responses by suppressing excessive im-
mune activation. While adoptive transfer
with polyclonal Tregs has shown promise,
recent studies suggest that Tregs are partic-
ularly effective in regulating and improv-
ing immune tolerance in a disease-specific
manner.[2] However, the isolation, culture,
and expansion of Tregs present significant
challenges: these processes are costly, re-
quire specialized techniques and facilities.
An attractive alternative is the direct in
vivo accumulation of immunosuppressive
Tregs.

[3] In spite of significant efforts, an ef-
fective method to accumulate Tregs in vivo
remains a significant unmet challenge in
the field.[4]

While Foxp3+ Tregs can be generated
from naïve T cells through antigen stim-
ulation in the presence of transforming

growth factor-𝛽 (TGF-𝛽) and interleukin (IL)-2, these factors are
insufficient to generate Tregs from T effector (Teff) and T effector
memory (Tem) cells.

[5] Currently, cyclin-dependent kinase 8/19
(CDK8/19) inhibitors are the only known class of drugs capable of
generating Tregs from Teff/em cells.[6] Biomaterials have also been
explored for their potential in Treg cell accumulation. Poly(lactide-
co-glycolide) (PLG) particles have been used to accumulate Tregs
in vivo by presenting antigens at low dosages.[7] Scaffolds can also
be utilized as local niches for immunomodulation where T cells
or antigen-specific cells are concentrated.[8] These approaches
have also been investigated to deliver immune cells. For instance,
PLG scaffolds were used to deliver Tregs and pore-forming hydro-
gels employed to recruit and stimulate dendritic cells, indirectly
promoting Tregs formation.[9–12]

We explore the potential of modulating sphingolipid
metabolism to induce Tregs. Sphingolipids, essential compo-
nents of eukaryotic cell membranes, have recently gained
attention for their role in regulating chronic inflammation and T
cell activation and function.[13–19] UDP-glucose ceramide gluco-
syltransferase (UGCG), the initial enzyme in glycosphingolipid
biosynthesis, plays a pivotal role in regulating sphingolipid
metabolism. Among these, eliglustat (EGT) is a an UGCG
inhibitor drug approved by the Federal Drug Administration
(FDA) for treating Gaucher disease and its effect on T cell is
currently unexplored.[20]
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Here, we demonstrate that EGT not only induced naïve CD4+

T cells to differentiate into Tregs but it also promoted the regu-
latory phenotype in activated CD4+ T cells. In vitro, the formed
Tregs were functional in suppressing T cell proliferation. To en-
hance the immunosuppressive effect of EGT in vivo, we devel-
oped a porous biomaterial to locally enrich Teff/em cells by releas-
ing chemoattractants. When subcutaneously injected in mice,
EGT released from the scaffolds successfully promoted Treg ac-
cumulation. This strategy offers a straightforward yet effective
means to generate Tregs in vivo, potentially opening new avenues
for immunomodulatory therapies.

2. Results and Discussion

2.1. Eliglustat is a Foxp3 Inducer in Naïve T Cells

We first evaluated the effect of EGT on the viability and prolifera-
tion of CD4+ T cells (Figure S1a, Supporting Information). EGT
led to a decrease in cell viability at concentrations higher than
40 um. EGT exposure at lower concentrations induced Foxp3 ex-
pression in naïve murine CD4+ and CD8+ T cells. Murine naïve
T cells were stimulated with anti-CD3/anti-CD28 beads, IL-2, in
the presence or absence of TGF-𝛽 (0.5 ng mL−1) or EGT (10 μm).
EGT-treatment during activation significantly increased Foxp3
mean fluorescence intensity (MFI) and Foxp3+ cell frequency
in both CD4+ and CD8+ populations (Figure 1a,b). A combina-
tion of EGT and TGF-𝛽 synergistically increased Foxp3 MFI and
Foxp3+ cell frequency in CD4+ T cells. The higher percentage of
Tregs (Foxp3

+) among the CD4+ and CD8+ T cells in response to
EGT was due to an increase in Treg cell number and a decrease
in the number of Foxp3− cells (Figure 1c; Figure S2, Supporting
Information). The ratio of Treg CD4

+ T cells, compared to other
helper T cell subsets, coordinately increased (Figure S3, Support-
ing Information). EGT was not toxic to Foxp3− cells at the con-
centration used to induce Foxp3 activity (Figure 1d). CellTrace
staining revealed, though, that EGT inhibited Foxp3− CD4+ and
CD8+ T cell proliferation (Figure 1e). T cell proliferation rapidly
decreased at EGT concentrations higher than 25 um (Figure S1b,
Supporting Information).
This data indicates that sphingolipid metabolism affects T cell

cultures. Sphingolipids are a major class of eukaryotic lipids that
play critical roles in regulating cellular events such as apopto-
sis, cell growth and proliferation, signal transduction, and dif-
ferentiation. Imbalances in sphingolipid levels can modulate T-
cell function, contribute to chronic inflammation, and mediate
TCR signaling.[13,21–23] EGT increased Foxp3 expression and Treg
cell frequency in CD4+ and CD8+ T cells, while simultaneously
reducing T cell proliferation, with no observed cellular toxicity.
However, these results were obtained using naïve T cells, leaving
the effect of EGT on activated T cells unclear. This data also does
not indicate whether the increased fractions of Tregs result from
the enrichment of endogenous Foxp3+ cells or the conversion of
Teff/em cells into Tregs.

2.2. Eliglustat Inhibits Foxp3– T Cell Proliferation and Enriches
Tregs in Originally Foxp3

–CD4+ Populations

We next examined if the impact of EGT on the T cell population
was due to differential effects on the proliferation rates of Foxp3–

T and Treg (Foxp3
+) cells. We isolated CD4+ T cells from Foxp3-

eGFP reportermice and sorted themasCD4+eGFP– (Foxp3–) and
CD4+eGFP+ (Foxp3+, Treg) cells. Each cell population was stimu-
lated with anti-CD3/anti-CD28 beads, IL-2, in the presence or ab-
sence of EGT. While EGT significantly reduced the proliferation
rate of Foxp3– cells, it had no significant effect on Treg cell prolifer-
ation (Figure 2a). The capacity of EGT to generate Tregs fromnaïve
Foxp3– T cells was next examined. Helper T cells were depleted
of CD4+eGFP+ (Foxp3+) Tregs and the remaining CD4+eGFP–

(Foxp3–) cells were cultured in the presence or absence of EGT,
with anti-CD3/anti-CD28 beads, and IL-2. The number of newly
generated Tregs was evaluated after 72 h. EGT increased the num-
ber of Foxp3+ cells from ≈2% in the untreated group to ≈12% af-
ter treatment (Figure 2b). To explore the role of TGF-𝛽 in EGTTreg
formation, T cell cultures were treated with an inhibitor of TGF-𝛽
receptor I. This resulted in a decrease in Foxp3-expressing T cells
(Figure S4, Supporting Information). However, when compared
to untreated controls, EGT treatment still led to a statistically-
significant increase in the Treg fraction, suggesting that endoge-
nous TGF-𝛽 is not required for EGT-dependent Foxp3 induction
in vitro. To test whether the EGT-induced Tregs were functional
in suppressing T cell proliferation, Tregs from in vitro cultures
treated with EGT or TGF-𝛽 were sorted and co-incubated with
naive CellTracer-stained T cells, referred as the responder T cells,
anti-CD3/CD28 mAb-coated beads, and IL-2. EGT-induced Tregs
demonstrated similar suppressive activity to TGF-𝛽-induced Tregs
(Figure 2c), confirming that EGT-induced T cells not only ex-
pressed Foxp3 but also functioned as suppressive cells. To de-
termine if EGT was able to induce Foxp3 expression not only in
naïve T cells but also in activated T cells, CD4+ T cells were first
stimulated with anti-CD3/CD28 mAb-coated beads and IL-2 for
10 days. On day 10, 42% of the T cells were CD44+CD62L−, 57%
CD44+CD62L+, and the remaining 1% was CD44− (Figure S5,
Supporting Information). The cells were then treated with EGT
or TGF-𝛽 for 72 h, and EGT exposure led to an increased percent-
age, MFI, and number of Foxp3+ T cells (Figure 2d).
These findings indicate that in vitro T-cell activation in the

presence of EGT elicits Foxp3 expression in naïve T cells. EGTdif-
ferentially affected the proliferation of CD4+ T cells, favoring the
proliferation of Tregs that were functional immunosuppressors.
The Treg-promoting activity of EGT makes it a promising candi-
date for clinical applications as an immunosuppressant. While
various factors, such as the mTOR inhibitor rapamycin, TGF-
𝛽, butyrate, and all-trans retinoic acid (ATRA), can induce Tregs
from naïve T cells,[24] only one other drug has been reported to
generate Treg from Teff/em cells.[6] In accordance to previous liter-
ature, TGF-𝛽–dependent generation of Tregs was only attainable
from naïve T cells, and no Foxp3 induction was observed in ac-
tivated CD4+ cells exposed to TGF-𝛽 alone. We report that EGT
was sufficient to induce Foxp3 in activated and differentiated T
cells in vitro suggesting that it is a promising immunosuppres-
sive drug that needs to be further studied. Other reported Foxp3-
inducing substances, require exogenous TGF-𝛽 for Treg cell in-
duction. Blocking TGF-𝛽 receptor I elicited a decrease in Foxp3
expression suggesting that exogenous TGF-𝛽 is still involved in
EGT-mediated immunosuppression. However, when compared
to the control, EGT demonstrated a significant increase in Tregs
suggesting that TGF-𝛽 is not strictly required for EGT Treg in-
duction and that other independent pathways might be involved.
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The exact mechanism by which glucosylceramide synthase inhi-
bition results in increased Foxp3 expression remains to be fully
understood, together with its effect on other T helper cell subsets.
A possible mechanism might involve elevated levels of ceramide
–the substrate of glucosylceramide synthase– blocking the PI3K-
Akt-mTOR pathway and thereby inducing Tregs.

[25,26] To better
understand this effect, additional mechanistic experiments are
required. Since the use of EGT is limited by its rapid clearance
from the body, the risk of prolonging cardiac intervals, and poor
penetration into the central nervous system[27] we next developed
a biomaterial-based approach to enrich Tregs directly in vivo.

2.3. Biomaterial-Based Approach to Enhance T Cell Enrichment
In Vivo

As the accumulation of Tregs in vivo has great potential for the
treatment of autoimmune disorders and immunopathology, we
designed a biomaterial to broadly enrich activated T cells lo-
cally, and subsequently accumulate Tregs via exposure to EGT
(Figure 3a). This strategy would allow Treg formation without the
need of ex vivo expansion and manipulation, bypass the need
of drugs that cross biological barriers, and reduce systemic off-
target effects. Macroporous cryogels have already been imple-
mented for drug delivery and as scaffolds for T cell delivery.[28–30]

These materials can be fabricated by modifying alginate with
tetrazine and type I collagen with norbornene (Figure 3b; Figure
S8, Supporting Information). The extent of polymer functional-
ization was quantified via NMR and the degrees of functional-
ization were 1.5% and 2.1% for alginate–tetrazine (Figure S8,
Supporting Information) and collagen–norbornene (Figures S9
and S10, Supporting Information), respectively. Tetrazine and
norbornene undergo a bio-orthogonal inverse electron demand
Diels–Alder click reaction uponmixing.[28] The reason for choos-
ing tetrazine and norbornene ad click-reacting groups is due to
its kinetics (k2 ≈ 1.9 – 3.3 M−1s−1) which are fast enough to
give a solid-like material on the experimental timescale yet al-
low sufficient time to cast the hydrogel before the crosslinking
is completed.[31,32] Additionally, its biorthogonality makes it com-
patible with cellular environments and it has been widely used
for the formation of alginate hydrogels with tunable mechanical
properties by our group.[28,31,33,34] Under cryogelation conditions,
this reaction produces macroporous cryogels with shape recov-
ery properties, making them suitable for extruding them through
needles.[28–30] After formation, cryogels were labeled with iFluor
488 by leveraging unreacted norbornene groups and imaged via
confocal microscopy (Figure 3c). Cryogels exhibited a range of
pore areas (Figure 3d; Figure S6, Supporting Information), with

the average pore area and length ≈1100 μm2 and 31 μm, respec-
tively. Since the mean pore size is one order of magnitude larger
than the diameter of T cells, cryogels were expected to allow cell
trafficking.[35] When subjected to oscillatory shear, the formed
cryogels exhibit amacroscopic elastic behavior over the frequency
range of 0.01–100 rad s−1 (shear strain, 𝛾 = 1%, Figure 3e).
The cryogels exhibited reproducible mechanical properties with
a storage modulus of≈380± 83 Pa, a loss modulus of 42± 12 Pa,
and a loss factor of 0.11 ± 0.01 (oscillatory frequency, 𝜔 = 1 rad
s−1 and 𝛾 = 1%, Figure 3f). When cryogels underwent oscillatory
shear between 0.1 and 10% theymaintained their solid-like prop-
erties (𝜔 = 1 rad s−1, Figure S11, Supporting Information).
Chemokines were incorporated into the cryogels to promote

the active attraction and enrichment of activated T cells. C-X-C
motif chemokine receptor 3 (CXCR3), a chemokine receptor that
is highly expressed on Teff cells, plays an important role in direct-
ing T cell trafficking. The CXCR3 ligands CXCL10 (interferon
gamma-induced protein 10), and CXCL11 (interferon–inducible
T Cell Alpha Chemoattractant) were loaded into cryogels in the
absence or presence of laponite nanoparticles. Laponite particles
are synthetic disk-shaped nanoclays that are commonly used in
biomedical research thanks to their high surface area, and charge
characteristics.[36] In aqueous media, they have a negatively
charged face and a slightly positively charged edge. Laponite has
been previously used to delay the release of molecules from scaf-
folds due to electrostatic interactions.[28,36,37] Since both CXCL10
andCXCL11 have an isoelectric point of≈10, at physiological pH,
these chemokines are positively charged and are adsorbed onto
the surface of laponite particles (Figure 4a).[38] Loaded laponite
particles are incorporated into cryogels by mixing them in the
formulation prior to cryogelation and their impact on chemokine
release properties tested (Figure 4b). CXCL10 and CXCL11 were
both rapidly released from cryogels in the absence of laponite,
but the release kinetics of both were significantly slowed in the
presence of laponite (Figure 4c). For subsequent experiments,
CXCL10 and CXCL11 were loaded into cryogels together with
laponite to allow for a sustained chemokine release over several
days. Blank, CXCL10-, or CXCL11-loaded cryogels were injected
into subcutaneous tissue in the flank of mice to assess their ca-
pacity to increase T cell accumulation in situ. After two days,
CXCL10 and CXCL11-loaded cryogels demonstrated a signifi-
cantly higher CD4+ and CD8+ T cell infiltration when compared
to blank cryogels (Figure 4d). Flow cytometry analysis showed
that themajority of T cells in the scaffold displayed the phenotype
of activated T cells (CD44high) with the CD4+ T cell subset largely
expressing markers of effector/memory, CD44high CD62Llow, and
the CD8+ T cells primarily exhibitingmarkers of centralmemory,

Figure 1. Eliglustat is a Foxp3 inducer in naïve T cells. Naïve CD4+ or CD8+ T cells were isolated from the spleens of Foxp3-eGFP reporter mice. Cells
were stimulated with anti-CD3/CD28 mAb-coated beads and IL-2 in the presence or absence of eliglustat (EGT, 10 μm) or TGF-𝛽 (0.5 ng mL−1) for 72 h.
a) In vitro induction of Foxp3 expression in EGT-treated mouse naïve CD4+ T cells, and in CD8+ T cells. Representative histograms of Foxp3 expression
in CD4+ and CD8+ T cells and average mean fluorescence intensity (MFI) values of Foxp3. (n = 3). ***p < 0.001 by two-way ANOVA followed by Tukey’s
multiple comparison test. b) Representative Foxp3 staining and percentages of Foxp3+ cells among CD4+ or CD8+ T cells after respective stimulation
are shown (n= 3). *p< 0.05, **p< 0.01, ***p< 0.001 by two-way ANOVA followed by Tukey’s multiple comparison test. ns, not significant. c) Cell number
of Foxp3+ and Foxp3− cells among CD4+ or CD8+ T cells after respective stimulation (n = 3). Statistical analysis in Figure S1 (Supporting Information).
d) CD4+ or CD8+ T Cell survival in the presence or absence of EGT (10 μm) for 24 h. (n = 3). Statistical analysis was performed using two-way ANOVA.
ns, not significant. e) In vitro effects of EGT on the proliferative activity of naïve T cells. CellTrace Violet-labeled cells were stimulated with anti-CD3/CD28
Dynabeads in the presence or absence of EGT (10 μm) and analyzed by flow cytometry after 72 h. Representative histograms are shown (n = 3). **p <

0.01, ***p < 0.001 by two-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 2. Eliglustat Inhibits Tcon Cell Proliferation and Promotes Tregs formation. CD4+ T cells were isolated from Foxp3-eGFP reporter mice and sorted
as CD4+eGFP− Tcon and CD4

+eGFP+ Tregs. After sorting, CellTrace Violet-labeled cells were stimulated with anti-CD3/CD28 Dynabeads in the presence
or absence of EGT (10 μm) and analyzed by flow cytometry after 72 h (a, b). a) In vitro effects of EGT on the proliferative activity of Tcon and Tregs.
Representative histograms are shown (n = 3). ***p < 0.001 by two-way ANOVA followed by Tukey’s multiple comparison test. ns, not significant. b) EGT
promotes Treg formation. CD4+eGFP− were stimulated with anti-CD3/CD28 Dynabeads in the presence (EGT) or absence (control) of EGT (10 μm) and
analyzed by flow cytometry after 72 h. Representative Foxp3 staining and percentages of Foxp3+ cells are shown (n = 3). ***p < 0.0001 by unpaired,
two-tailed t-test. c) In vitro suppression assay using in vitro TGF-𝛽 or EGT-induced Tregs (n= 3). Treg versus responder T cell (Resp) ratio was 1:1. Vertical
bars indicate means ± SEM. ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple comparison test. ns, not significant. d) In vitro induction of
Foxp3 expression in EGT-treated mouse activated CD4+ T cells. CD4+ T Cells were stimulated with anti-CD3/CD28 mAb-coated beads and IL-2 for 10
days. At day 10, eliglustat (EGT, 10 μm) or TGF-𝛽 (0.5 ng mL−1) was added to the media for 72 h. Representative Foxp3 staining, percentages of Foxp3+

cells, cell number of Foxp3+ and Foxp3− cells among CD4+, and average mean fluorescence intensity (MFI) values of Foxp3 after respective stimulation
are shown (n = 3). ***p < 0.001 by two-way ANOVA followed by Tukey’s multiple comparison test. ns, not significant.
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Figure 3. Strategy for recruiting T cells and accumulating Tregs in vivo a) A schematic illustration of the in situ recruitment and accumulation of activated
T cells into Treg within cryogels. CXCR3 ligands (CXCL10/11) are released from cryogels to facilitate the migration of activated CXCR3+ Teff/em/cm cells
to the gel scaffold. Within the scaffold, EGT and IL-2 are released, promoting Tregs, which can then exit the scaffold to induce immune suppression. b)
Cryogel fabrication schematic: Type I collagen and alginate were respectively functionalized with norbornene and tetrazine. Cryogelation was performed
at −12 to −18 °C to create macropores. c) Confocal image of a cryogel labeled with iFluor 488 demonstrating the pore architecture. Scale bar: 50 μm.
D) 2D pore area distribution of 1774 pores measured from confocal images. Plot information: minimum = 21 μm2, maximum = 45 866 μm2, 25th
percentile = 58 μm2, median = 180 μm2, 75th percentile = 836 μm2, mean (dotted line) = 1077 μm2, standard deviation = 3154 μm2. e) Frequency
sweep of cryogels at oscillatory strains of 𝛾 = 1% measured by shear rheology. Panel shows one representative curve (n = 4). f) Macroscopic storage
and loss moduli, and loss factor of cryogels at 𝛾 = 1% and oscillatory frequency 𝜔 = 1 rad s−1 (n = 4).
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CD44high CD62Lhigh, (Figure 4e,f). Since CXCL10- and CXCL11-
loaded cryogels exhibited similar results, for subsequent experi-
ments, only CXCL10 was used.
Biomaterial scaffolds have been previously used to recruit

various types of cells, including stem cells for tissue regenera-
tive therapies,[39] dendritic cells as antigen-presenting cells for
vaccines,[30] and – more recently – T cells for enhancing CAR-T
cell therapy.[40,41] Our data provides a useful alternative strategy
and demonstrates the ability to enhance the number of activated
T cells by simply incorporating active enriching factors such as
CXCL10 or CXCL11.

2.4. Biomaterial-Based Treg Cell Accumulation In Vivo

The ability of cryogels to exhibit a sustained release of EGT and
accumulate Tregs in vivo was assessed. Since IL-2 stimulates T
cell expansion, it was included in the cryogel formulation to sup-
port T cells localizing to the injection site, analogous to its use in
our in vitro studies. The formulation that was tested in vivo con-
tained CXCL10 and IL-2, which were first independently com-
plexed with laponite prior to cryogelation. EGT was included in
the formulation as a soluble factor (Figure 5a). Analogously to
CXCL10 and CXCL11, we examined the release properties of IL-
2 after laponite complexation and found that most of the IL-2 is
released over the first 3 days (Figure 5b). Dissolution of EGT in
the polymers prior to cryogel formation resulted in a sustained
release of EGT from cryogels over two days in vitro (Figure 5c).
Cryogels were subcutaneously injected in mice to assess their ca-
pacity to promote Treg cell enrichment in vivo. Cryogels were left
blank, or loaded with a combination of CXCL10, IL-2-, and EGT.
Cryogels have been widely utilized and have demonstrated good
biocompatibility in vivo.[28–30] Upon loading with bioactive fac-
tors, all formulations were well tolerated and exhibited no observ-
able effects on mouse behavior. After two days, cryogels loaded
with both EGT and IL-2, and cryogels with all three factors had a
significant increase in the percentage of Tregs (Figure 5d; Figure
S13, Supporting Information). Cryogels containing only CXCL10
and EGT or CXCL10 and IL-2 did not show a notable increase in
Treg cell percentages, compared to blank cryogels. An increase
in the ratio of Foxp3+ T cells to other CD4+ T cells was also
found (Figure S14, Supporting Information). The inclusion of
CXCL10 in the cryogels did not affect the percentage of Tregs,
but did result in a higher total number of Tregs in the biomaterial
niche (Figure 5e). The cryogel comprising CXCL10, EGT, and IL-
2 was the only condition that exhibited a statistically-significant
enrichment in Tregs number and percentage, and a higher CD4-
to-CD8 ratio, indicating successful accumulation of Tregs in vivo.

Immunohistochemistry and confocal imaging of cryogels loaded
with CXCL10, EGT, and IL-2 confirmed the presence of CD4+ T
cells both inside the materials and in the proximal extracellular
matrix (Figure 5f), with cells exhibiting eGFP+ (Foxp3+) as a con-
firmation for the presence of Tregs.
This biomaterial-based strategy for EGT delivery has the po-

tential to address limitations of current eliglustat therapies. Cur-
rently, glucosylceramide synthase inhibitors are administered
systemically, which can lead to suboptimal drug concentrations
in target cells and increased risks of drug toxicity and non-specific
effects. Despite the approval of EGT for Gaucher disease type 1,
its application is hindered by its active metabolism via CYP2D6,
its potential to prolong cardiac intervals, and its poor penetra-
tion into the central nervous system.[27] The biomaterial-based
strategy employed here instead attracts activated T cells to the
scaffold, where EGT is locally released to promote Treg forma-
tion. This strategy of bringing target cells to the drug differs
from conventional methods that deliver drug to the target tis-
sue. We demonstrate that including CXCL10, EGT, and IL-2 in
cryogels enriches the percentage and number of Tregs in vivo.
In Gaucher disease mouse models, a safe and effective dose of
EGT is 75 or 150 mg kg−1 day−1 administered for 10 weeks.
In comparison, the typical daily dose for Gaucher disease pa-
tients is 168 mg day−1, corresponding to ≈2.4–5 mg kg−1 day−1

based on an average adult weight of 70 kg. In this study, the
200 μg dose administered to an 8-week-old C57BL/6 mouse
equates to roughly 8 mg kg−1, but here delivered as a sustained-
release formulation—indicating a lower effective dose than those
used in conventional Gaucher Disease mouse models.[42] The
impact of IL-2 likely relates to its critical roles in Treg develop-
ment and function.[43,44] More experiments are needed to in-
vestigate the exact mechanism of glucosylceramide synthase in-
hibitors as Treg promoting therapies, and to apply these ther-
apeutically. It has previously been demonstrated that polymer
scaffolds loaded with antigen resulted in local accumulation of
antigen-specific helper T cells,[45] and integrating that approach
with our tolerogenic niche may enable enrichment of antigen-
specific cells, resulting in a potent therapy against autoimmune
diseases.

3. Conclusion

EGT was found to induce Tregs from both naïve and activated
CD4+ T cells in vitro, suggesting that glucosylceramide synthase
inhibitors may represent a broader new class of immunomodu-
latory drugs. Drugs targeting glucosylceramide synthase are cur-
rently used and being developed for treating Gaucher disease,

Figure 4. Recruitment of Teff/em Cells to Cryogel Loaded with CXCR3-Ligands a) Illustration showing the complexation of electrostatically-charged bioac-
tive factors on laponite nanoparticles b) Loaded laponite nanoparticles were incorporated in cryogels by simply mixing them in the formulation prior to
crosslinking. This led to delayed factor release. c) In vitro cumulative release of the CXCR3-ligands, CXCL10, and CXCL11 from cryogel scaffolds. 1 μg
of recombinant protein in free form or adsorbed onto 1.5 μg of Laponite was included in 50 μL cryogels. The release assay was performed in 1% BSA in
DPBS. The supernatants were harvested and the released factors were quantified by ELISA (n = 3). d–f) Mice were injected with cryogels loaded with
either CXCL10 or CXCL11 and 1.5 μg of Laponite. Two days post cryogel injection, gels were harvested for T cells analysis. n = 4 (blank and CXCL11)
or 3 (CXCL10) biologically independent animals per group. d) CD4+ and CD8+ cell numbers in cryogel scaffolds in vivo. Vertical bars indicate means ±
SEM. ***p < 0.001, **p < 0.01, by one-way ANOVA followed by Tukey’s multiple comparison test. e) Representative flow cytometry plots of CD4+ and
CD8+ T cell isolated from gels, stained to identify expression of markers typically utilized to identify effector/memory T cell phenotypes. f) Fraction of
phenotypically naïve (CD44low CD62Lhigh), effector/memory (CD44high CD62Llow), central memory T cells (CD44high CD62Lhigh), and CD44low CD62Llow

of CD4+ and CD8+ T cells in the cryogels.
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with the potential to be rapidly repurposed as immunosuppres-
sants. Teff/em cells were enriched in a cryogel scaffold in vivo via
sustained release of CXCL10, and cryogels delivering a combi-
nation of CXCL10, IL-2, and EGT led to increased numbers and
percentages of Tregs. These results open new avenues for utiliz-
ing glucosylceramide synthase inhibitors in the treatment of in-
flammatory and autoimmune diseases, using biomaterial-based
strategies in a variety of scenarios where Treg cell enrichment is
desirable.

4. Experimental Section
Mice: C57BL/6 (#000664), and Foxp3–enhanced green fluorescent

protein (eGFP) reportermice (#006772) were purchased fromThe Jackson
Laboratory. All procedures were in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and approved
by the Harvard University Faculty of Arts and Sciences Institutional Animal
Care and Use Committee (IACUC, protocol: 24-16-4).

T Cell Isolation, Culture, and Activation: CD4+ or CD8+ T cells were
freshly isolated from mouse spleens using the naïve CD4+ or CD8𝛼+ T
Cell Isolation Kit that was magnetic-bead-based (Miltenyi # 130-104-
453 or130-104-075). The manufacturer’s protocol was followed. T cells
were cultured in RPMI 1640 containing L-Glutamine supplemented with
10% heat-inactivated fetal bovine serum (Gibco #10-082-147), 1% peni-
cillin/streptomycin, 25 mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES, Gibco, #22400121), 55 μm 𝛽-mercaptoethanol, 1% of 100x
non-essential amino acid (Lonza #13-144E), 100mm sodium pyruvate
(Lonza #13-115E), and 50 U mL−1 recombinant mouse IL-2 (BioLegend
#575404). To activate T cells, Dynabeads Mouse T-Activator CD3/CD28
(ThermoFisher Scientific # 11452D) were used at a Dynabead to T cell ra-
tio of 1:1. Some experimental conditions were treated with 10um eliglus-
tat hemitartrate (Selleck, #S4433) or 0.5 ngmL−1 TGF-𝛽 (PeproTech #100-
21) by directly adding the compounds to the cell culture medium. In exper-
iments where T cells weremaintained formore than three days, fresh T cell
medium supplemented with IL-2 was added every two days after day 3 in
culture, and the cells were split to maintain a density of 5 × 105 cells mL−1.

Materials Synthesis–Materials Synthesis–Alginate Chemical Functional-
ization: Carbodiimide chemistry was used to functionalize alginate
with (4-(1,2,4,5-tetrazin-3-yl) phenyl methanamine hydrochloride (Kare-
bay Biochem). Pronova ultrapure MVG sodium alginate was purchased
from Novamatrix (guluronic acid to mannuronic acid ratio ≥ 1.5, vis-
cosity > 200 mPa s at 1% in 20 °C water). Alginate was dissolved
at 5mg mL−1 in a pH 6.5 solution containing 0.1m 2-(N-morpholino)
ethanesulfonic acid (MES) and 0.3m NaCl. For each gram of algi-
nate, 1.9 g of ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC) (ThermoFisher #22980), and 1.2 g of N-hydroxysuccinimide (NHS)
(ThermoFisher #24500) were added to the solution. Under continuous
stirring, 0.1 g of tetrazine was added, and the reaction was carried out
overnight at room temperature. The product, tetrazine-modified alginate,
was purified using a tangential flow filtration device (KrosFlow KR2i; Spec-
trum Labs) and a 1 kDa MWCO membrane. A 150 to 0mm decreasing

NaCl gradient was used. The solution was treated with 1 g activated char-
coal, filtered through a 0.22-μm filter, and lyophilized.

Collagen Chemical Functionalization: Collagen was functionalized with
norbornene using a previously published protocol.[28] A 5-Norbornene-2-
acetic acid succinimidyl ester (Nb-NHS) (Sigma–Aldrich #776173) to Rat
Tail Collagen Type I (Corning #354236 ratio of 1g: 10 g was used. Sodium
hydroxide was used to neutralize collagen to pH 7.2–7.5. The solution
was buffered with 10x DPBS, and diluted to a collagen concentration of
2mg mL−1. A solution of 2mg mL−1 Nb-NHS in DMSO was prepared
and diluted 10-fold in 1x PBS. Under continuous stirring, an equal volume
of Nb-NHS was added to the collagen solution. The resulting final colla-
gen concentration was of 1mg mL−1. The solution was kept at 4 °C for 5 h
to delay collagen gelation. The reaction was quenched with 0.1m acetic
acid to re-acidify the collagen solution. The product, norbornene-modified
collagen, was purified via dialysis against 0.025m acetic acid for 4 days,
filtration through 0.45 μm filters, and lyophilization.

4.0.0.1. Nuclear Magnetic Resonance Spectroscopy: 1H nuclear mag-
netic resonance spectroscopy (Bruker AVANCE NEO 400, 400 MHz)
was used to quantify the degree of substitution of collagen–norbornene
or alginate–tetrazine. The alginate was dissolved in deuterium ox-
ide with potassium hydrogen phthalate as internal standard. Collagen
was dissolved in deuterated DMSO with tetramethylsilane as internal
standard.[46] The specific details on the estimation of the degree of sub-
stitution are provided in the NMR figure captions (Figures S8–S10, Sup-
porting Information).

Gel Permeation Chromatography: The molecular weight and dispersity
of alginate–tetrazine was analyzed using gel permeation chromatography
(1260 Infinity II GPC). 1 mg mL−1 polymer samples were dissolved in the
mobile phase of DMF and filtered through 0.2 μm PTFE syringe filters.
Molecular weight characteristics were evaluated against a calibration stan-
dard using a mobile phase flow rate of 0.5 mL min−1.

Cryogel Fabrication: 0.8 wt.% vol−1 alginate–collagen cryogels were
fabricated using a weight fraction of 60% alginate and 40% collagen. At
least 48 h prior to cryogel fabrication, collagen-norbornene was dissolved
at 4 °C to 9mg mL−1 in 0.025N acetic acid. On the day of cryogel fab-
rication. alginate tetrazine was dissolved to 2% wt vol−1 in water and the
solution was cooled down to 4 °C. For cryogelation, the prepared collagen-
norbornene was dissolved in cold 1N NaOH, subsequently buffered with
cold 10x DPBS and balanced with cold water. Alginate tetrazine was
added to the solution, so the final concentrations of collagen and algi-
nate were resepectively 3 and 4.5mg mL−1. To mold the cryogel, the pre-
pared mixture was rapidly pipetted into a plastic tube (Tygon S3 E-3603,
Grainger # ACF00004) and kept overnight at −15 °C in a freezer for cryo-
polymerization. Subsequently, the tube containing cryogels was thawed
at room temperature, cut in ≈ 1 cm pieces that contain ≈50 μL of cryo-
gel solution, and ejected by flushing the tubing with a minimal volume of
PBS. To load bioactive molecules, a solution containing factors such as
CXCL10, CXCL11, IL-2 and or eliglustat hemitartrate (5 μg) was prepared
and included in the mixture before cryogelation. The release of recombi-
nant murine IP-10 (CXCL10) (Peprotech #250-16), recombinant murine
I-TAC (CXCL11) (Peprotech #250-29), or recombinant mouse IL-2 (Biole-
gend #575408) was delayed via complexation with laponite XLG (BYK ad-
ditives). 1 mg mL−1 laponite was dissolved in milliQ water by vortexing
extensively until the suspension became entirely clear. To adsorb bioactive
factors, IL-2 (10000 IU) or CXCL10/11 (5 μg per 50 μL gel solution) were

Figure 5. Accumulation of Tregs in vivo a) Illustration showing the cryogel formulation used in the in vivo experiments—CXCL10 and IL-2 were complexed
with laponite prior to cryogelation, whereas EGT was included as a soluble factor. b) Release of 10 ng IL-2 from 50 μL cryogels incubated in cell culture
medium. The release supernatants were harvested periodically, and IL-2 was quantified by ELISA (n = 3). c) Release of eliglustat from cryogels. Eliglustat
(200 μg) was incorporated in each 50 μL gel and incubated in DPBS. The release supernatants were harvested, and eliglustat was quantified by LCMS
(n = 4, see Figure S12, Supporting Information to appreciate error bars in data). d–f) Mice were injected with cryogels loaded with combinations
of CXCL10, IL-2, and eliglustat (EGT), as indicated. Gels were harvested 2 days post-cryogel injection for Treg cell analysis. d) Representative Treg cell
staining (CD4+Foxp3+CD25+) is shown (n = 3). e) Total number and percent of Treg (CD4

+Foxp3+CD25+) of CD4+ T cells as well as CD4+-to-CD8+ T
cell ratio in the cryogels. n = 5–6 biologically independent animals per group. Vertical bars indicate means ± SEM. p-value was calculated by one-way
ANOVA followed by Tukey’s multiple comparison test. f) Phase contrast image (left), and immunohistochemistry (right) of cryogels harvested after 2
days post-injection in Foxp3-eGFP reporter mice. Nuclei are shown in magenta, CD4+ T cells in red, and Foxp3-eGFP expression in green. Red arrows
point to CD4+Foxp3– T cells, whereas green arrows to CD4+Foxp3– T cells.
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incubated for 1 h at 4 °C with 1 or 1.5 μg of laponite, respectively. The
bioactive factors and laponite were included in the cryogel mixture rior to
cryogelation. The addition of laponite to IL-2 was performed according to
previously published data.[37]

Cryogel Pore Size Quantification: After formation, cryogels were incu-
bated with iFluor 488 tetrazine (AAT Bioquest #1014) solution (1:1000 in
PBS) for 1 h at room temperature for labeling by leveraging unreacted nor-
bornene functional groups. The staining solution was removed, the cryo-
gels were washed three times with 1 mL PBS and imaged with Leica STEL-
LARIS inverted confocal microscope at 20x magnification at 𝜆ex = 491 nm
and 𝜆em = 516 nm. Images were taken every 20 μm in different sections of
the cryogels. The pore area was quantified using a MATLAB code (Figure
S4, Supporting Information) developed in-house by converting the pixel
area into μm2. Pore length was reported as the square root of the mea-
sured pore area.

Cryogel Rheological Characterization: The rheological properties of
cryogels were measured with a stress-controlled rheometer (DHR-3, TA
Instruments, New Castle, DE, USA) equipped with a 8 mm parallel plate
geometry. All measurements were performed at 25 °C after an equilibra-
tion phase of 2 min. Glass slides were treated with Sigmacote to decrease
cryogel adhesion during the cryogelation process. Disk-shaped cryogels
were casted overnight between two evenly-spaced glass slides. Cryogels
were thawed and, if their diameter exceeded 8 mm, they were trimmed us-
ing an 8 mm biopsy punch. Rigth after thawing, the materials were placed
on the rheometer and the geometry was lowered by 50 um steps while
monitoring the measured normal stress until contact was registered. This
usually happened at 900 um, which was the gap size chosen for the mea-
surements. Oscillatory frequency sweeps were carried out in the linear vis-
coelastic region at 1% strain.

Release of Bioactive Factors From Cryogels: Cryogels loaded with
CXCL10, CXCL11, or eliglustat hemitartrate were incubated in 500 μL RPMI
(CXCL10, CXCL11) or in PBS (EGT) at 37 °C. At selected time points, the
release supernatant was retrieved for measurement and replaced by the
same volume of fresh release medium. CXCL10, CXCL11 were quantified
via ELISA (Thermo #BMS6018, EMCXCL11). To characterize the release of
IL-2, 10 ng of IL-2 were adsorbed onto 1 ug of laponite and incorporated
into the cryogels. The release assay was performed in 1 mL RPMI without
phenol red supplemented with 1% penicillin/streptomycin and 20% FBS.
At each timepoint the entire release supernatant was exchanged with fresh
one and the concentration of IL-2 was quantified with an ELISA kit by fol-
lowing the manufacturer’s instructions (ELISA MAX Standard Set Mouse
IL-2, Biolegend). The released eliglustat hemitartrate was quantified via liq-
uid chromatography–mass spectrometry (Agilent LC/MSDXTwith Agilent
1260 Infinity II; SIM mode). 200 μL of the release supernatant was frozen,
lyophilized, and dissolved in HPLC-grade acetonitrile. Insoluble compo-
nents were spun down and the supernatant was filtered through 0.2 μL
PTFE syringe filters. 3 μL of sample was separated by a C18 column (Agi-
lent Poroshell 120, EC-C18, 1.9um, 2.1×50) using a gradient of acetonitrile
and formic acid. The sample concentration was calculated by comparing
with calibration curves of known samples.

Animal Studies: Cryogels were fabricated as described above and sus-
pended in 0.2 mL of PBS. They were then syringe-injected through a 16G
needle, with one cryogel subcutaneously injected per mouse. Cryogels
processing: Harvested cryogels were transferred into gentleMacs C tubes
(Miltenyi #130-093-237) with digestion media composed of RPMI 1640
supplemented with 10% FBS, 150U mL−1 collagenase type IV (Thermo
#17104019), and 0.1 μg μL−1 DNAse 1 (Sigma #11 284 932 001). The
cryogels were subjected to mechanical dissociation using the gentleMacs
tissue dissociator (Miltenyi #130-093-235), followed by incubation at 37 °C
for 25 min. A second round of mechanical dissociation was performed
with the same dissociation protocol, after which the samples were in-
cubated for an additional 15 min. To stop the enzymatic activity, MACS
buffer (DPBS containing 0.5% BSA and 2 mm EDTA) was added, and the
resulting solution was passed through a 30-μm strainer (Miltenyi #130-
098-458).

Flow Cytometry–Surface Marker Staining: For the entire immunos-
taining protocol, cells were maintained at 4 °C. Cells were incubated
with LIVE/DEAD Fixable Blue Dead Cell Stain (ThermoFisher Scientific

#L23105) for 30 min at a 1:1000 dilution in PBS. The staining process
was stopped using flow cytometry staining (FACs) buffer composed of 1%
bovine serum albumin in PBS and 2 mm EDTA. To prevent non-specific
binding, cells were treated with TruStain FcX Fc receptor blocking solu-
tion (BioLegend #101 319) for 5 min. Subsequently, a cocktail contain-
ing surface protein antibodies at a 1:50 dilution was added for 20 min.
After staining, the cells were washed three times with FACs buffer. Data
acquisition was performed using a Cytek Aurora Spectral Analyzer. For
multi-parameter flow cytometry compensation, single-color compensa-
tion beads (Thermo #01-2222-41) were utilized. Gating strategies relied
on fluorescence-minus-one (FMO) controls. A detailed list of antibodies
used for flow cytometry is provided in Table S1 (Supporting Information).

Transcription Factor Staining: To stain for the transcription factor
Foxp3, cells were fixed and then permeabilized utilizing the True-Nuclear
Transcription Factor Buffer Set (BioLegend #424401) following the man-
ufacturer’s instructions. Foxp3 staining was performed at room tempera-
ture for 30 min. Subsequently, the cells were washed and analyzed using
the Cytek Aurora Spectral Analyzer.

Flow Cytometry Analyses: FCS files were analyzed with FCS Express 7
using the following hierarchy: SSC-A/FSC-A to gate for events to analyze→
FSC-H/FSC-A to gate for single cells→ FSC-H/Live and Dead to gate for
live cells → FSC-H/CD45 to gate for immune cells→ TCR𝛽/CD3 to gate
for T cells → CD4/CD8 to gate for CD4+ or CD8+ T cells. Gates down-
stream of CD4+ and CD8+ T cells are performed using FMO controls or
compensated single-cells. Flow cytometry intensity values are exported as
Excel files for unsupervised analyses. A representative gating strategy is
shown in Figure S3 (Supporting Information).

Immunohistochemistry: Cryogels were excised together with the skin
and fixed for 1 h in 4% PFA at 4 °C. The samples were washed in PBS
and preserverd in 30% sucrose overnight at 4 °C, and then frozen in OCT
solution. Tissues were cryosectioned with a Leica CM3050 S cryostat into
30 – 50 μm slices, mounted on Superfrost Plus slides, and preserved at
−20 °C. For immunostaining, the area of the sectioned samples was de-
limited with and ImmEdge Pen (Vector Laboratories). The samples were
washed 3 times with PBS and blocked with a 5% solution of 1:1 BSA and
horse serum for 30 min. The primary antibody, anti-mouse CD4 (Biole-
gend, Clone: RM4-5, Isotype: Rat IgG2a, Cat#:100505), was diluted 1:100
in blocking buffer and added to the specimen for 1 h at room tempera-
ture. After 3 washes with blocking buffer, the samples were incubated with
the secondary antibody, goat anti-rat AlexaFluor 594 (Invitrogen, Cat#:A-
11007) at a dilution of 1:500. The samples were washed three times with
blocking buffer, stained with 0.5 μg mL−1 DAPI in PBS and washed with
PBS and with blocking buffer once. ProLong Gold Antifade Mountant
(Thermo Fisher) was added, the specimen were and covered with a cover
slip, and imaged with a Leica STELLARIS inverted confocal microscope
with a 25x water immersion objective. Images were analyzed with ImageJ
(1.54p).

Statistical Analysis: The statistical analyses were performed using
GraphPad Prism as detailed in the figure legends.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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