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Abstract

Failure to establish immune tolerance leads to the development of autoimmune disease. The
ability to regulate autoreactive T cells without inducing systemic immunosuppression represents
a major challenge to develop new strategies to treat autoimmune disease. Here, we describe a
translational method for bioengineering programmed death-ligand 1 and cluster of differentiation
86-functionalized mouse Schwann cells to prevent and ameliorate multiple sclerosis in established
mouse models of chronic and relapsing-remitting experimental autoimmune encephalomyelitis
(EAE). We show here that the intravenous administration of immune checkpoint ligand-
functionalized mouse Schwann cells modifies the course of disease and ameliorates EAE.

kinman.au@utsouthwestern.edu (K.M.A.).
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Further, we found that such bioengineered mouse Schwann cells inhibit the differentiation of
myelin-specific helper T cells into pathogenic T helper type 1 and type 17 cells, promote the

development of tolerogenic myelin-specific regulatory T cells and resolve inflammatory CNS
microenvironments without inducing systemic immunosuppression.

Abstract

A translational method for bioengineering programmed death-ligand 1 and cluster of
differentiation 86-functionalized Schwann cells to prevent and ameliorate multiple sclerosis has
been developed.
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The immune system evolved robust immune responses against foreign antigens while
tolerating self-antigens to avoid autoimmunity.[X: 21 Regulatory T (Treg) cells regulate
homeostasis and maintain immunotolerance.[3] Failure to maintain immunotolerance

leads to the development of autoimmune disease.[: 4 3] For example, autoreactive T

cells attack the myelin in the central nervous system (CNS), causing the autoimmune
neurological disorder multiple sclerosis (MS), which disrupts communication between

the brain and peripheral system.[4 8] At least 2.5 million people worldwide are

affected by MS. Most patients initially experience episodes of reversible neurological
deficits, followed by remission, before chronic neurological deterioration leads to severe,
irreversible disabilities.[®] Unfortunately, MS cannot be completely cured, although available
immunomodulatory therapies reduce the frequency and severity of MS relapses by inducing
antigen-specific immunotolerance,[”] thus delaying the accumulation of disabilities. New
treatment strategies involve the induction of antigen-specific Tieq cells® 1 that suppress
inflammatory pathogens and restore peripheral immunotolerance without causing systemic
immunosuppression.

Immune checkpoints play key roles in maintaining immunotolerance.l1%! For example,
studies have found that coinhibitory immune checkpoint pathways such as programmed
death 1 (PD1)-PD ligand 1 (PD-L1),[10. 111 and cytotoxic T lymphocyte associated protein
4 (CTLA-4)-cluster of differentiation 86 (CD86)[1% 12 directly regulate the development
and maintenance of myelin-specific induced Tyeq cells.[13]. Here, we aimed to determine
whether the intravenous (i.v.) administration of coinhibitory immune checkpoint ligand—
bioengineered glia can be used as a prophylactic treatment to prevent the development of
MS or use in therapeutic treatment to ameliorate active MS symptoms through the inhibition
of pathogenic CD4* lymphocyte T helper type 1 (Th1) and type 17 (T17) cells and
promote the development of myelin-specific Treq cells (Figure 1). Further, we investigated
the possibility that creating a less proinflammatory CNS microenvironment through local
cotreatment with an immunomodulatory drug (e.g., leflunomide (LEF)[4) would confer
the ability of oligodendrocytes (OLs) to repair myelin damagel1°] and ameliorate MS
symptoms (Figure 1). To achieve this, we utilized recent advances in bionanotechnology
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to bioengineer Schwann cells (SCs) (glial cells of the peripheral nervous system) with
LEF-encapsulated nanoparticles (NPs) functionalized with PD-L1 and CD86 to upregulate
the PD-1 and CTLA-4 signaling pathways in the engaged myelin-specific CD4™ T cells
(Figure 1). We focused on SCs because they express diverse myelin-specific antigens such
as myelin oligodendrocyte glycoprotein (MOG) and proteolipid protein (PLP) (Figure S1,
Supporting Information). Furthermore, protocols were established to isolate SCs from the
sural nerve and ex vivo proliferate for autologous SC transplant.[16]

Immune checkpoint ligand-functionalized MSCs were bioengineered via metabolic
glycoengineering followed by the bioorthogonal click reaction.[17: 18] We evaluated direct
bioconjugation (Figure 2a) and NP pre-anchoring conjugation (Figure 2b—c) strategies

to functionalize the MSCs. These strategies employed azide-modified MSCs obtained

by culturing MSCs with a subcytotoxic concentration of N-azidoacetylmannosamine
tetraacylated (AcsMaNAZ; Figure S2, Supporting Information).[!81 MSCs take up the
ManNAz and convert it to azide-sialic acid derivatives to achieve N-linked glycosylate of
cell surface proteins.[17] These azide-sialic acid derivatives on the surface of the glia provide
sites for bioorthogonal strain-promoted azide-alkyne cycloaddition (SPAAC; Figure 2a(i)).
(171 In the direct functionalization method, dibenzocyclooctyne (DBCO)-functionalized PD-
L1 Fe-fusion proteins (PD-L1 Fclg) and CD86 Fc-fusion proteins (CD86 Fclg)[19: 201
(Figure S3a—c, Supporting Information) were directly conjugated to azide-modified MSCs
through SPAACIL7. 18] at a target degree of conjugation of 5 pg of fusion protein per one
million cells (Figue 2a). The NP pre-anchoring conjugation strategy involved the preparation
of drug-free and LEF-encapsulated DBCO- and methyltetrazine (MTZ)-functionalized NPs
(DBCO/MTZ NPs) viathe nanoprecipitation method (Figure 2b).[29] The LEF-encapsulated
DBCO/MTZ NPs (LEF NPs) were encapsulated with 3.3 wt/wt% of LEF, as determined by
fluorescence spectroscopy.[21] By using fluorescence spectroscopy method[21 to quantify
the amount of LEF retained in the NPs, we determined that the encapsulated LEF controlled
release under physiological conditions (half-life 15.0 + 0.3 h) (Figure 2b). We next
conjugated DBCO/MTZ NPs to azide-modified MSCs via SPAAC at a target degree of
conjugation of 500 pg NPs per one million cells (Figure 2c). We then conjugated TCO-
functionalized PD-L1 Fclg and CD86 Fclg to the NP-functionalized MSCs through the
inverse electron-demand Diels-Alder (IEDDA) reactionl22] with the same target degree of
functionalization as for the directly functionalized MSCs (Figure 2c; Figure S3d, Supporting
Information). Neither bioconjugation strategy did not significantly affected the size (Figure
2a—c) or viability of the MSCs (Figure S2, Supporting Information).

When we used A488-labeled PD-L1 Fclg and Texas Red-labeled CD86 Fclg (Figure

S4, Supporting Information) for the bioconjugation, between 68% and 72% of the DBCO-
functionalized fusion proteins were directly conjugated to the azide-modified MSCs (Figure
S5, Supporting Information). When we functionalized using Cy5-labeled DBCO/MTZ NPs,
35 + 5 ug of the NPs were conjugated to one million of the MSCs (and thus 1.16

ug of encapsulated LEF for the LEF NP-functionalized MSCs; Figure S6, Supporting
Information), which allowed a quantitative conjugation of TCO-functionalized fusion
proteins (i.e., 5 ug of TCO-functionalized fusion protein per million cells). Fluorescence-
activated cell sorting (FACS) assay further confirmed that PD-L1 Fclg and CD86 Fclg

were conjugated to the MSCs (Figure 2a,c; Figure S7, Supporting Information). The levels
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of PD-L1 and CD86 expressed by the directly functionalized MSCs declined much faster
those functionalized through the NP pre-anchoring strategy because of cell proliferation and
metabolic clearance (Figure S7,S8, Supporting Information).l1] The functionalization of
MSCs was further confirmed by confocal laser scanning microscopy (CLSM) staining with
A488-labeled anti-PD-L1 and phycoerythrin (PE)-labeled anti-CD86 antibodies (Figure 2d;
Figure S9, Supporiting Information). Further, scanning electron microscopy indicated equal
distribution of the conjugated PD-L1 Fclg/CD86 Fclg LEF NPs on the surface of the MSCs
(Figure 2c(iii)).

To evaluate the effects of MSC-conjugated PD-L1, CD86, and encapsulated LEF on
antigen-specific CD4* T cell activation, we cultured mono- and dual-functionalized

MSCs with MOG-specific CD4* T cells isolated from 2D2 mice (2D2 cells)[23 24]

and quantified the PD-1 and CTLA-4 levels expressed by the 2D2 cells. Both types

of directly monofunctionalized MSCs effectively upregulated the corresponding immune
checkpoint pathway (Figure 3-b; Figure S10, Supporting Information). A 1:1 combination
of both monofunctionalized MSCs and dual-functionalized MSCs concurrently upregulated
both immune checkpoint pathways in 2D2 cells (Figure 3a—b; Figure S10, Supporting
Information), but the upregulations were less effective than they were with the same amount
of monofunctionalized MSCs. The drug-free PD-L1 Fclg/CD86 Fclg NP-functionalized
MSCs were as effective as the combination of two directly functionalized MSCs to
upregulate the PD-1 and CTLA-4 expressions of 2D2 cells (Figure 3a—b; Figure S10,
Supporting Information). Similar to the results of previous study,[2%] small-molecule LEF
upregulated CD86 expression in the MSCs and therefore increased the expression of
CTLA-4 in the co-cultured 2D2 cells (Figure 3b; Figure S10, Supporting Information).
Thus, PD-L1 Fclg/CD86 Fclg LEF NP-functionalized MSCs were more effective than
drug-free PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs and dual directly functionalized
MSCs in upregulating the CTLA-4 pathway (Figure 3b; Figure S10, Supporting
Information). The remarkable upregulation of both inhibitory immune checkpoint pathways
by the cocultured PD-L1 and CD86 dual-functionalized MSCs significantly reduced the
level of effector molecules when evaluating the interferon gamma (IFN-+y, secreted from Tj,1
cells)[24. 26] and interleukin 17A (IL-17A, secreted from Tp17 cells)[24: 271 secreted by the
2D2 cells through enzyme-linked immunosorbent assay (Figure 3c—d).

To determine whether PD-L1- and CD86-functionalized MSCs can promote the
development of antigen-specific induced Tyeq cells, we quantified the population of FoxP3*
and IL10* CD4* T cells after culturing the 2D2 cells with different functionalized MSCs
for 72 h.[13. 241 |ncubation with unmodified MSCs in the presence of small-molecule LEF
induced approximately 6% of 2D2 cells to develop into Tyeq cells (Figure 3e; Figure

S11, Supporting Information). All directly functionalized MSCs promoted the development
of induced Tyeq cells, as indicated by finding that 8-10% of the CD4* expressed cells

were FoxP3* and IL10* (Figure 3e; Figure S11, Supporting Information). The drug-free
PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs were as effective as the directly dual-
functionalized MSCs in promoting native 2D2 cells to develop into induced Teq cells.

In contrast, the LEF-encapsulated NP-functionalized MSCs were 42% more effective than
those of the drug-free NP-functionalized MSCs in their ability to transform native 2D2 cells
into induced T g cells (Figure 3e; Figure S11, Supporting Information).
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To demonstrate that PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs can directly inhibit
the activation of CD8* T cells and thus reduce inflammation in the CNS, we performed

a carboxyfluorescein succinimidy! ester (CFSE) assay to quantify the proliferation of
stimulated CD8* T cells (isolated from wild-type C57BL/6 mice) after culturing them with
drug-free and LEF-encapsulated PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs (Figure
S12, Supporting Information). The mean fluorescence intensity (MFI) of CFSE-labeled
CD8* T cells cocultured with PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs was 5.6
times higher than compared with that of these cells cultured with the unmodified MSCs
(Figure S12, Supporting Information). These findings indicate that conjugated PD-L1[28]
and CD86[2%] effectively inhibited the proliferation of stimulated CD8* T cells, independent
of the antigen. The MFI of CD8* T cells cocultured with PD-L1 Fclg/CD86 Fclg LEF
NP-functionalized MSCs was 4.5 times higher than compared with that of the MFI of cells
cultured with drug-free functionalized MSCs (Figure S12, Supporting Information). These
findings show that the encapsulated LEF released from the NPs inhibited the proliferation of
activated CD8* T cells /n vitro.

To determine whether i.v. administration of PD-L1- and CD86-functionalized MSCs can
ameliorate animal model of autoimmune inflammatory disease of the CNS, we used a
monophasic chronic MOGg3s_g5-induced EAE model because it is the best-characterized
model to develop therapies for MS.[30] When we performed an /n vivo toxicity study, we
found that i.v. administration of unmodified and PD-L1 Fclg/CD86 Fclg NP-functionalized
MSCs (2x106 cells per mouse, the maxinium number of cells that can be administrated for
each i.v. injection[31]) did not induce detectable hepatotoxicity, and nephrotoxicity in healthy
C57BL/6 mice (Figure S13, Supporting Information). In addition, we did not observe any
breathing problems or weight loss after the i.v. administration of MSCs. All healthy mice
survived the /in vivo toxicity study.

To demonstrate a prophylactic effect, we i.v. administered MSCs 24h post-immunization
(p.i.) with MOGg35.55. The administration of unmodified MSCs did not significantly affect
disease progression or severity (Figure 4a). Tail and hindlimb paralysis (EAE score =

2.5) were observed between 18 and 22 days p.i. Prophylactic treatments with PD-L1

Fclg or CD86 Fclg directly mono-functionalized MSCs did not significantly delay disease
onset, though both treatments reduced severity as indicated by maximum EAE scores p.i.
and cumulative EAE scores by 60% and 40% (Figure 4b—c; Figure S14a—b, Supporting
Information), respectively. Although prophylactic treatment with dual-functionalized MSCs
did not completely prevent the development of EAE, its severity was significantly reduced
(only 1 of 9 treated mice experienced partial hindlimb paralysis, EAE score > 2.0) (Figure
4b—c; Figure S14a-b, Supporting Information). Spinal inflammation and demyelination in
mice with EAE are markers of severity of clinical signs.[32] Histological studies (Figure
4d-e; Figure S15-S16, Supporting Information) through hematoxylin and eosin (H&E)
stain and Luxol fast blue stain (LFB stain, stains for myelin[33]) revealed that prophylactic
treatment with PD-L1 Fclg/CD86 Fclg directly dual-functionalized MSCs reduced spinal
inflammation by an average of 81% and demyelination by 76% compared with untreated
mice at the study endpoint (36 or 37 days p.i.).
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We therefore investigated the effects of treating EAE mice with PD-L1 and CD86
dual-functionalized MSCs after disease onset (Figure 4b—c; Figure S14c—d, Supporting
Information). Therapeutic treatment with PD-L1 Fclg/CD86 Fclg directly functionalized
MSCs significantly reduced cumulative EAE scores by 50% (Figure 4b—c; Figure S14c—

d, Supporting Information), whereas the administration of unmodified MSCs only slighly
reduced the cumulative EAE score (P = 0.2065, Figure 4c). At the study endpoint (35 days
p.i.), 7 of 9 treated mice no longer suffered detectable hindlimb weakness, whereas at least
one hindlimb of the untreated mice was completely paralyzed (EAE score = 2.5; Figure
4b—c; Figure S14c—d, Supporting Information). Histological studies showed that therapeutic
treatment with dual-functionalized MSCs reduced spinal inflammation and demyelination by
81% and 90%, respectively, compared with those of untreated EAE mice 36 or 37 days p.i.
(Figure 4d—e; Figure S15-S16, Supporitng Information).

Considering the improved abilities of NP-functionalized MSCs to suppress pathogenic
CD4* T cell activation and to facilitate the development of antigen-specific Tyeq cells in
vitro (Figure 3), we further investigated the abilities of drug-free and LEF-encapsulated
PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs to prevent the development and serve as a
treatment for mice with EAE (Figure 5a). Similar to unmodified MSCs alone (Figure 4b—c;
Figure S14, Supporting Information), prophylactic treatment with PD-L1 Fclg and CD86
Fclg followed by unmodified MSCs (20 min apart) did not prevent or change the course of
disease compared with untreated mice (Figure 5b—c; Figure S17, Supporting Information).
Prophylactic treatment with drug-free PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs
did not completely prevent the onset of disease, although such treatment was 12%

more effective than PD-L1 Fclg/CD86 Fclg directly functionalized MSCs for reducing
cumulative EAE scores upon completion of the study (4 of 8 treated mice suffered partial
tail paresis (EAE score = 0.5)) (Figure 5b—c; Figure S17a—b, Supporting Information).
However, prophylactic treatment with LEF-encapsulated PD-L1 Fclg/CD86 Fclg LEF NP-
functionalized MSCs did not further reduce the severity of EAE symptoms than drug-free
PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs (Figure S18, Supporting Information).
Control prophylactic studies indicated that i.v. administration of small-molecule LEF with
unconjugated PD-L1 Fclg and CD86 Fclg, or PD-L1 Fclg/CD86 Fclg LEF NPs followed
by unmodified MSCs in treated mice did not inhibit the development of EAE or reduce

the severity of the disease compared with untreated mice (Figure 5b—c; Figure S17a-b,
Supporitng Information). Similarly, histological analysis showed that treatment with PD-L1
Fclg/CD86 Fclg LEF NP-functionalized MSCs was as effective as treatment with dual-
functionalized MSCs, reducing spinal inflammation by 87% and demyelination by 89%
compared with the results for untreated mice (Figure 5d—e; Figure S19-S20, Supporting
Information).

Similar to the results of the prophylactic study, therapeutic treatment with PD-L1 Fclg,
CD86 Fclg and small-molecule LEF followed by unmodified MSCs (20 min apart) did not
prevent or change the course of disease compared with untreated mice (Figure 5b—c; Figure
S17, Supporting Information).The therapeutic treatment with drug-free PD-L1 Fclg/CD86
Fclg NP-functionalized MSCs was as effective as treatment with directly functionalized
MSCs in inhibiting the progression of EAE and reversing certain associated symptoms
(Figure 5b—c; Figure S17, Supporting Information). In contrast, the PD-L1 Fclg/CD86
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Fclg LEF NP-functionalized MSCs were 29% more effective than the drug-free PD-L1
Fclg/CD86 Fclg NP-functionalized MSCs in reducing cumulative EAE scores (Figure 5b—
c; Figure S17c—d, Supporting Information). At 35 days p.i., all mice treated with PD-L1
Fclg/CD86 Fclg LEF NP-functionalized MSCs regained hindlimb strength (EAE score

< 2.0; Figure 5b—c; Figure S17c—d, Supporintg Information), and 3 of 9 treated mice

were symptom-free. This improved therapeutic efficiency shows that encapsulated LEF is
required to control the proliferation of autoreactive T cells in the CNS. Consistent with

the prophylactic study, treatment with small-molecule LEF, unconjugated PD-L1 Fclg, and
CD86 Fclg or PD-L1 Fclg/CD86 Fclg LEF NPs followed by unmodified MSCs did not
achieve significant therapeutic effects compared the result for untreated mice.

Histological analysis showed that therapeutic treatment with drug-free PD-L1 Fclg/CD86
Fclg NP-functionalized MSCs was as effective as treatment with dual-functionalized MSCs
in reducing spinal cord inflammation by 75% and demyelination by 87% (compared

with the results for untreated mice) at 36 or 37 days p.i. (Figure 5d—e; Figure S19-S20,
Supporting Information). Treatment with LEF-encapsulated MSCs further reduced spinal
inflammation by 95% (6 of 7 treated mice did not exhibit detectable spinal inflammation)
and demyelination by 95% (2 of 7 treated mice did not exhibit detectable demyelination)
compared with the results for untreated mice 36 or 37 days p.i. Although the degree of
demyelination in EAE mice treated with PD-L1 Fclg/CD86 Fclg LEF NP-functionalized
MSCs was similar in mice treated with drug-free PD-L1 Fclg/CD86 Fclg NP-functionalized
MSCs (Figure S20, Supporting Information), LEF-encapsulated MSCs significantly reduced
spinal inflammation (7 of 8 treated mice did not exhibit detectable inflammation) compared
with the drug-free functionalized MSCs (3 of 8 treated mice did not exhibit detectable
inflammation) (Figure S19, Supporting Information). Though treatment with drug-free
PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs also reduced EAE clinical signs, it

less effectively reduced spinal cord inflammation and demyelination than with treatment
with PD-L1 Fclg/CD86 Fclg LEF NP-functionalized MSCs. These findings support our
hypothesis that the functionalized MSCs served as a vehicle for the therapeutic delivery of
LEF into the spinal cord, thereby reducing the proliferation of autoreactive T cells in the
CNS.

Recognizing that not all the EAE mice were cured after the first therapeutic treatment, we
administered a second dose of PD-L1 Fclg/CD86 Fclg LEF NP-functionalized MSCs to the
EAE mice 35 days p.i. In a separate therapeutic treatment study (Figure S21, Supporting
Information), 4 of 6 mice responded to the second treatment with the PD-L1 Fclg/CD86
Fclg LEF NP-functionalized MSCs. The average EAE score significantly decreased by 50%
(from 0.8 to 0.4) after the second treatment, and 3 of 6 of those mice were symptom-free at
the study endpoint (50 days p.i.; Figure S21, Supporting Information).

To demonstrate that PD-L1 Fclg/CD86 Fclg LEF NP-functionalized MSCs can treat
relapsing-remitting MS, we used a PLP17g.191-induced EAE model.[341 Unlike the
MOGg3s.55-inflicted EAE model, the EAE symptoms of PLP17g.191-inflicated mice partially
recovered after the first phase of onset before the symptoms grew worse (Figure 5f).
Although prophylactic treatment with PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs did
not completely prevent the development of EAE symptoms in this model, it significantly
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ameliorated clinical symptoms as well as the cumulative EAE score (49% at up to 35 days
p.i.) (Figure 5g-h; Figure S22, Supporting Information). Similar to the therapeutic effects of
the MOG-induced model of EAE, therapeutic treatment with functionalized MSCs reduced
the cumulative EAE score by 43% (Figure 5g-h; Figure S22, Supporting Information).
Similar to the outcome of using the MOG3s.55-immunized model, a second therapeutic
treatment, administered 17 days after the first treatment, significantly reduced disease
progression from 0.0402 day~! to 0.0044 day~! (89% decrease; Figure S23, Supporting
Information). These findings support the conclusion that a booster dose further improved the
efficiency of therapy.

To prove that i.v. administered MSCs did not directly involve remyelination, we
administered 50 Gy X ray-irradiated PD-L1 Fclg/CD86 Fclg LEF NP-functionalized MSCs
for prophylactic and therapeutic treatments. The dying X ray-irradiated MSCs (Figure S24,
Supporting Information) were as effective as the non-irradiated MSCs in reducing clinical
signs and cumulative EAE scores, which indicates that bioengineered MSCs are not directly
involved in myelin repair (Figure 5g-h; Figure S22, Supporting Information).

We next performed an ex vivo imaging study in the MOGg35_s5-immunized EAE model

to determine the biodistribution 48 h after the i.v. administration of VivoTag 680
(VT680)-labeled unmodified and PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs (Figure
S25-S26, Supporting Information). In the prophylactic imaging groups, the majority

of the administered MSCs were accumulated in peripheral organs, with less than <

0.2% of the injected dose (ID) of the MSCs detected in the CNS (Figure S25-S26,
Supporting Information). This indicates that the observed prophylactic effect may involve
the induction of immunosuppressive T cells outside the CNS. In contrast, approximately
1.75% ID and 0.75% ID of MSCs were accumulated in the brain and spinal cord in

the therapeutic treatment groups (Figure S25-S26, Supporting Information), respectively.
Although the majority of administered MSCs remained in peripheral organs to induced
immunosuppressive immune cells outside the CNS, the CNS-infiltrating MSCs may be
required to maintain CNS-specific immunotolerance for the therapeutic treatment in
MOG3s.55-immunized EAE mice. The lack of long-term /n vivo toxicity observed in the
healthy C57BL/6 mice (Figure S13, Supporting Information) suggesting the majority of
MSC:s that initially accumulated in the liver and lung were dead (due to lack of correct tissue
microenvironments) and cleard by the mononuclear phagocytes (e.g., macrophages).

We next analyzed MOGgs.55-specific CD4* T cell populations 3 days after prophylactic
and therapeutic treatments with i.v. administered drug-free and LEF-encapsulated PD-

L1 Fclg/CD86 Fclg NP-functionalized MSCs (Figure S27, Supporting Information).[3°]
Prophylactic treatment with both functionalized MSCs were equally effective in promoting
the development of MOGg3s_ss-specific splenic Tyeq cells (approximately 70% of MOGg3s.55"
CD4" cells being FoxP3*) and slightly reduced the numbers of splenic MOGgs_s5-specific
Th1 and Th17 cells (Figure 6a; Figure S28, Supporting Information). Similarly, therapeutic
treatment with both PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs was equally effective
in promoting the development of MOGg3s_ss-specific splenic Tyeq cells (with approximately
25% of the splenic MOG3s5.551 CD4* cells being FoxP3*) and slightly reducing the
number of MOG-specific splenic T1 and T17 cells (Figure 6b; Figure S29, Supporting
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Information). In contrast, treatment with PD-L1 Fclg/CD86 Fclg LEF NP-functionalized
MSCs induced 62% more MOG3s_s5-specific spinal CD4* Treg cells than with treatment
with drug-free PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs (Figure 6b; Figure S30,
Supporting Information). Thus, 32.2 + 7.6% of CD8* T cells infiltrating the spinal cord
expressed IFN-gamma (Figure 6b; Figure S30, Supporting Information), whereas 76.7 +
2.8% and 67.2 + 4.4% of the CD8* T cells infiltrating the spinal cords of mice treated or
not treated with the drug-free PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs expressed
IFN-gamma, respectively. Moreover, PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs
effectively inhibited the development of EAE and reversed certain early-onset symptoms
by promoting the development of MOGg3s_ss-specific Treq cells (Figure 6¢; Figure S31,
Supporting Information). Further, histopathological analysis of the spinal cord preserved
36 or 37 days p.i. revealed that prophylactic and therapeutic treatments with the PD-L1
Fclg/CD86 Fclg NP-functionalized MSCs promoted the development of suppressive CD4*
FoxP3* Treg cells in the spinal cord (Figure 6d).

To confirm these findings, we performed Teq cell depletion studies with CD25-specific
antibodies in MOG35_s5-immunized mice (Figure 6e).[38] Similar to the result for untreated
mice, Treq cell-depleted mice developed severe EAE symptoms after prophylactic treatment
with PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs (cumulative EAE score = 31 + 2
versus 29 + 2 in the non-treatment control group) (Figure 6e). The depletion of Teq cells
before treatment with PD-L1 Fclg/CD86 Fclg LEF NP-functionalized MSCs significantly
reduced the therapeutic efficiency of the functionalized MSCs and increased the cumulative
EAE scores by 88% (Figure 6e). These findings indicate that Tyeg cells induced by PD-L1
Fclg/CD86 Fclg LEF NP-functionalized MSCs are required to maintain immunotolerance to
MOG35_55-indUCGd EAE.

The immune system evolved to elicit robust immune responses against foreign antigens
while tolerating self-antigens to avoid autoimmunity.[X: 21 Failure to establish peripheral
immune tolerance leads to the development of autoimmune diseases, ranging from type 1
diabetes to MS.[1. 2] Treg cells are required to maintain immune tolerance and homeostasis.
[3] Numerous /n vivo studies and clinical trials employed stimulated bulk Treg cells for

the treatment of autoimmune diseases;[® 371 however, the absence of antigen specificity
increases the risk of systemic immunesuspension.®: 371 Autoantigen-specific chimeric
antigen receptor Tygq cells are available to suppress MS,[8] although the clinical outcomes
are disappointing because of the rapid mutation of autoantigens and insufficient long-term
potency of the infused Teq cells.?] Recent studies have focused on the administration

of encephalitogenic peptide-conjugated microparticles,[38] blood-brain barrier permeable
peptide-functionalized CTLA-4,[3% and encephalitogenic peptide-conjugated isologues
leukocytes[40: 411 to induce antigen-specific immune tolerance through the reduction the
population of pathogenic helper T cells and induction of antigen-specific Tyeg cells.
However, clinical trials showed that only a small group of MS patients with human
leukocyte antigen haplotypes DR2 or DR4 benefit from these treatments.[4] In addition,
the long-term treatment response of these highly antigen-specific treatments is often
compromised by the epitope shift and autoantigen mutation.[42]
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In this study, we employed metabolic glycoengineering and bioorthogonal click chemistry
to bioengineer PD-L1- and CD86-functionalized SCs to prevent and treat MS. Autologous
SCs can be isolated from sural nerve, ex vivo bioengineer before administered back to

the patient. In contrast to other antigen-specific MS treatment strategies, the functionalized
SCs were designed to present a broad range of myelin antigens to engaged pathogenic
helper T cells, to inhibit their activation, and to induce the development of myelin
antigen-specific Tyeq cells to suppress the autoreactive immune cells. Comprehensive

in vitro and in vivo studies show that immune checkpoint ligand—functionalized SCs
effectively inhibited the differentiation of myelin-specific helper T cells into pathogenic
Thland Th17 cells, promoted the development of antigen-specific Tyeq cells and resolved
the inflammatory CNS microenvironment in established mouse EAE models. The less
proinflammatory microenvironment allows the OLs to repair myelin damage and ameliorate
EAE clinical signs. The facile bioorthogonal conjugation strategy reported here allows
on-demand modular-based functionalization of SCs. This reversible bioconjugation strategy
was associated with low toxicity and prevented potential irreversible adverse effects
associated with inhibitory immune checkpoint pathways. However, the clear limitation

of current treatment strategy is that only a small amount of i.v. administrated immune
checkpoint-functionalized MSCs can enter the CNS and systemic circulation of these
immunosuppressive MSCs may induce systemic immunosuppression. Further studies should
focus on intraspinal administer the functionalized MSCs (or other glial cells) to facilitate
the repairing of damaged myeline (re-myelination) and induce local antigen-specific
immunotolerance. Nevertheless, the present study provides a new framework for treating
MS and supports its further evaluation in other models of autoimmune disease.
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Figurel.

PD-L1- and CD86-functionalized MSCs prevent and ameliorate active EAE in the mouse.
The scheme illustrates the mechanism of actions of drug-free and LEF-encapsulated PD-L1
Fclg/CD86 Fclg NP-functionalized MSCs to prevent and treat EAE in the mouse. The
myelin antigen-rich PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs can simultaneously
present the myelin antigen to the myelin-specific CD4" T cells and inhibit PD-1/PD-

L1 and CTLA-4/CD86 immune checkpoint pathways. In prophylactic treatment, the i.v.
administered functionalized MSCs inhibit the activation of myelin-specific CD4* T cells

and the subsequent differentiation into pathogenic T,1 and Ty17 cells, and promote the
development of myelin-specific Tyeq cells. In therapeutic treatment, the functionalized MSCs
inhibit the activation of myelin-specific CD4* T cells, reduce the pathogenic Th1 and

Th17 cells, and promote the development of antigen-specific Tyeq cells. In addition, the
induced Tyeg cells and i.v. administered MSCs can enter the CNS to inhibit the activation

of pathogenic T,,1 and T,17 cells and cytotoxic T cells. Furthermore, the encapsulated

LEF release inside the CNS directly inhibits the proliferation of autoreactive CD4* and
CD8" T cells and generates a less proinflammatory CNS microenvironment for the OL to
repair the damaged myelin sheaths. The antigen-specific immunotherapy effectively prevents
systemic immune suspension. (AG = antigen, TCR =T cell receptor, MCH Il = major
histocompatibility complex class 11.)

Adv Mater. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Auetal. Page 14

a (i)

2 o o PD-L1 Felg and/or COBE Felg {ii} 300 3 = Pnmodified MSCs (Mean D, = 12.6 1am }
A, g g -8B direetly functionalized MSC 3 * PD-L1 Felg/CDBS Felg directly
Ao~ -0 gae K 200 P functionalized MSCs (Mean D, = 12,8 pm )
msc o Theo A Aaide-modified MSC — pgeo. functionalized 5% s anar? 08, . S oy ¢
Ac,ManNAz ~Peranzad PD-L1 Felg and/for CDB6 Feig R 8, e
—_—— L _ s 4 .
- Metabolic labeling i SPAAC u -\. .
e
L 10 1% 0 25
/“““; . Diameter (0,), pm
Cell membrane-bound i PO-L1 F(I 5086 Fel
ManhAz o W Mo A / ° (iii) 16/ Cose Fele
J Non-functionalized mn(tlonahu‘d
Transmembrane Ha HN/‘“‘-’ } / l'o F : t.¢ ol
Iycopratein Cooman i
e ""h of the fusion | | ! :
protein ggw. " &
w
8~ P P T ML e s g s o

PD-L1

b (i) (ii) (iii) ,

(L] 4 DBCO/MTZ NP
o :‘.- o ,'IZ Mean 0, sennmL*
N M D e £ (pois0az1 2000 |
g ) . £
oo Ze
o | Lefunmide (LEF)
DRCO / 1 \ o+
L ¥oa) BN e nteesi
i = 'y wmmn« (AR nm
»\ N "A . 220, L%, (iv) | ;
1 ~a— PEG X Fak 75
, ﬁ\;}'_,mlﬁ,* RS | E p
) o foa e £ 50 A
"ij:\ \".‘]. " _;E‘“ 2 Ve
L ] e} Il 251 v
DBCO/MTZ NP DBCO/MTZ LEF NP
0 10 20 30 40 50
Time, h
i o
c(i) 2 Jo Ay DBCO/MTZ-functionalized L i o b PO-L1 Felg/CDB6 Felg NP-
L i 3 NP-conjugated MSC functionalized MSC
msc pr Aaide-modified MSC g 1€0-functionalized
AcManNAz “Fpeaz DBCO/MTZ-functionalized NP PO-L1 Felg & CDB6 Fel,
Metabolic labeling b SPAAC IEDDA
4
Cell membrane-bound
ManhAz ™ {
Transmembrane 4‘,
NP NP ,/
ghycoprotein / |\ ¥
5, / / e "
DBCO on the - > TCO-conjugated
surface of dual- " MTZonthe to the Felg
! functionalized NP surface of dual-

functionalized NP

{ii] {iii PD-L1 Felg/CDBEFelg LEF NP- {iV} PO-L1 Felg/CD86 Felg
300 3 + Unmodified MSCs {Mean Dy, = 12.6 pm } Unmodified MSCs functionalized MSCs MNon-f NP- ionali
3 * PD-L1 Felg/CDEG Felg LEF r : prr o B | ]
% 200 T NP-functionalized MSCs {Mean D, = 13.3 pm) | ol Sy
E i § | 1 1
E 8| 1)
1007 F 11
s w15 w3 R T e T
Diameter (D), pm PD-11
PD-L1 Felg directly CDEG Felg directly PO-L1 Felg/COB6 Felg PD-L1 Felg/COBE Felg

Unmadified M5Cs Azide-modified functionalized functionalized directly functionalized NP-functionalized

[Blue = nuclei; red = PD-L1; green = CDE6.]

Figure 2.
Bioengineering of PD-L1 and CD86 functionalized MSCs. a)(i) Bioengineering PD-L1

Fc-1g and CD86 Fc-Ig directly functionalized MSCs through metabolic glycoengineering
Size distributions (ii), PD-L1, and CD86 expressions (iii) of unmodified and PD-L1 Fc-
Ig and CD86 Fc-Ig directly functionalized MSCs. b)(i) Structures of drug-free DBCO

and MTZ dual-functionalized PEG-PLGA NPs (DBCO/MTZ NPs) and LEF—encapsuIated
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diameter (Dy,) distributions (iii) of drug-free and LEF-encapsulated DBCO and MTZ dual-
functionalized NPs. (iv) Drug-release profile of LEF-encapsulated DBCO and MTZ dual-
functionalized NPs at physiological conditions in the presence of large excess of PBS. c)(i)
Bioengineering of PD-L1 Fc-1g and CD86 Fc-l1g NP-dual-functionalized MSCs. The dual-
functionalized MSCs were engineered via 3 steps: first, metabolic labeling of Ac;ManNAZ
gave azide-modified MSCs; second, the conjugation of DBCO/MTZ NPs (or DBCO/MTZ
LEF NPs) onto the azide-modified MSCs through SPAAC at the physiological conditions;
and finally, the bioconjugation of TCO-functionalized PD-L1 Fc-Ig and CD86 Fc-Ig onto
the DBCO/MTZ NP-functionalized MSCs via IEDDA at the physiological conditions. (ii—
iv) Size-distributions (ii), scanning electron microscopy (SEM) images (iii), and PD-L1 and
CD86 expressions (iv) of unmodified and PD-L1 Fc-lg and CD86 Fc-lg NP-functionalized
MSCs. Pseudopodia can be identified from the SME images of both unmodified and
functionalized MSCs. The red arrows in the SEM images highlighted the PD-L1 Fclg/CD86
Fclg LEF NPs grafted on the surface of the MSCs. d) Representative CLSM images of
different as-functionalized MSCs.
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PD-L1- and CD86-functionalized MSCs upregulate PD-1 and CTLA-4 pathways in myelin-
specific T cells, downregulate T cell activation and promote the development of induced
regulatory T cells /n vitro. a,b) PD-1 (a), and CTLA-4 (b) expressions of myelin-specific
2D2 T cells after incubated with different types of PD-L1 Fclg- and/or CD86 Fclg-
functionalized MSCs for 48 h, as determined by FACS assay. Cells were initially gated

at CD3™ cells. (n = 4) c,d) ELISA analysis of INF-gamma (c) and IL-17A (d) secreted from
2D2 CD4* T cells after incubated with different functionalized MSCs. Supernatants were
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collected 48 h post-incubation for the ELISA analysis. (n = 4) €) Quantification of 1L-10*
and FoxP3* population in 2D2 CD4* T cells after incubated with different functionalized
MSCs for 48 h via FACS. Cells were initially gated at CD3* cells. (n = 3) Statistical
significance between two control/experimental groups were accessed by two-way ANOVA
with Tukey correction. Data represent mean + s.e.m.
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Figure 4.
PD-L1 Fclg and CD86 Fclg directly functionalized MSCs prophylactically and

therapeutically suppress MOGss.55-induced EAE /n vivo. a) Prophylactic and therapeutic
treatment schedules after immunization with MOGgs.s5 peptide. 2x108 of unmodified or
functionalized MSCs were i.v. administrated 1 day (prophylactic treatment) or 17 days
(therapeutic treatment) post-immunization (p.i.). Body conditions were monitor daily until
day 35 p.i. Mice were euthanized day 36 or 37 p.i. The spinal columns were preserved

for further histopathological studies. b) Time-dependent mean clinical scores of EAE
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inflicted mice after received different prophylactic or therapeutic treatments. In the absence
of treatment, EAE progress from partial tail paresis (score 0.5), complete tail paresis

(score 1.0), limp tail and hind leg inhibition (score 1.5), limp tail and weakness of

hind legs (score 2.0), limp tail and no movement in one leg (score 2.5), to complete

hind limb paralysis (score 3.0). (n = 9 mice per group.) ¢) Cumulative EAE scores of

EAE inflicted mice after received different treatments. d)(i) Representative hematoxylin
and eosin (H&E)-stained spinal cord sections preserved from healthy disease-free mouse
and EAE-inflicted mice after received different prophylactic and therapeutic treatments
with directly functionalized MSCs. (ii) Quantification of spinal inflammation from the
H&E-stained images of spinal cords. (n = 3 for the non-treatment group; n = 8 for

both prophylactic treatment groups; n = 7 for therapeutic treatment group treated with

the non-functionalized MSCs; n = 6 for the therapeutic treatment group treated with

the functionalized MSCs.) e)(i) Representative Luxol fast blue (LFB)-stained spinal cord
sections preserved from healthy disease-free mouse and EAE-inflicted mice after received
different prophylactic and therapeutic treatments with directly functionalized MSCs. Myelin
fibers and phospholipids appear blue to green, neuropil appears pink, and nerve cells appear
purple. (ii) Quantification of demyelination from the LFB-stained images of spinal cords.

(n = 3 for the non-treatment group; n = 8 for both prophylactic treatment groups; n = 7

for therapeutic treatment group treated with the non-functionalized MSCs; n = 6 for the
therapeutic treatment group treated with the functionalized MSCs.)
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PD-L1- and CD86-conjugated NP-functionalized MSCs effectively suppress progressive
chronic MOG3s_55-EAE model and relapsing-remitting PLP417g.191-EAE model /n vivo,
prophylactically, and therapeutically. a) Prophylactic and therapeutic treatment schedules
with PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs in C57BL/6 mice after immunization
with MOGg5_55 peptide. Unmodified or functionalized MSCs were i.v. administrated 1

day (prophylactic treatment) or 17 days (therapeutic treatment) p.i.. Body conditions were

monitor daily until 35 days p.i.

Mice were euthanized 36 or 37 days p.i., spinal columns
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were preserved for further histopathological studies. In control treatment groups 2, 3, 6, and
7, free or NP conjugated PD-L1 Fc-lg, and CD86 Fc-Ig (plus unencapsulated LEF) were i.v.
administrated 20 min before the non-functionalized MSCs. b) Time-dependent mean clinical
scores of MOG35_s5-induced EAE inflicted mice after received different prophylactic and
therapeutic treatments. (n = 8 mice per group; one non-treatment group mouse was found
dead 28 days p.i.) ¢) Cumulative EAE scores of MOGg35.55-EAE inflicted mice after received
different treatments. d)(i) Representative H&E-stained spinal cord sections preserved

from EAE-inflicted mice after received different prophylactic and therapeutic treatments
with drug-free/LEF-encapsulated PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs. (ii)
Quantification of spinal inflammation from the H&E-stained images of spinal cords. (n

= 3 for the non-treatment group; n = 6 for the prophylactic treatment group and therapeutic
treatment group treated with drug-free PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs;

n = 7 for the therapeutic treatment group treated with PD-L1 Fclg/CD86 Fclg LEF
NP-functionalized MSCs.) e)(i) Representative LFB-stained spinal cord sections preserved
from EAE-inflicted mice after received different prophylactic and therapeutic treatments
with drug-free/LEF-encapsulated PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs. (ii)
Quantification of demyelination from the LFB-stained images of spinal cords. (n = 3 for the
non-treatment group; n = 6 for the prophylactic treatment group and therapeutic treatment
group treated with drug-free PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs; n = 7 for
the therapeutic treatment group treated with PD-L1 Fclg/CD86 Fclg LEF NP-functionalized
MSCs.) f) Prophylactic and therapeutic treatment schedules with PD-L1 Fclg/CD86 Fclg
NP-functionalized MSCs in C57BL/6 mice after immunization with PLP17g.191 peptide.
Unmodified or functionalized MSCs were i.v. administrated 1 day (prophylactic treatment)
or 18 days (therapeutic treatment) p.i.. Body conditions were monitor until 35 days p.i.

g) Time-dependent mean clinical scores of MOG35_s5-induced EAE inflicted mice after
received different prophylactic and therapeutic treatments. (n = 8 mice per group, except n =
7 for the therapeutic treatment group with unmodified MSCs.) h) Cumulative EAE scores of
PLP17g.191-EAE inflicted mice after received different treatments.
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Figure 6.
PD-L1 Fclg/CD86 Fclg NP-functionalized MSCs effectively promote the development of

MOG-specific Tyeg cells in the MOG3s_55-EAE mouse model. a) Splenetic MOG-specific
(1) Th1, (ii) Th17, and (iii) Treg cells populations in EAE-inflicted mice 3 days after
different prophylactic treatments (5 days p.i.). (n = 5) b) Splenetic MOG-specific (i) Th1,
(ii) Th17, and (iii) Treg cells populations in EAE-inflicted mice 3 days after different
therapeutic treatments (5 days p.i.). MOG-specific (iv) Tp1, (V) Th17 and (Vi) Tyeg cells,

and (vii) antigen non-specific INF-y* cytotoxic T cell populations in the spinal cord of
EAE-inflicted mice 3 days after different therapeutic treatments (21 days p.i.). (n =5)

¢) Splenetic MOG-specific Tyeq cells populations in EAE-inflicted mice 38 days p.i. after
different prophylactic and therapeutic treatments. (n = 6) d) Representative anti-CD4- and
anti-FoxP3-stained immunofluorescence images of spinal cord preserved from non-treated
EAE-inflicted mice and different treated EAE-inflicted mice 38 days p.i. €) Prophylactic
and therapeutic treatments with PD-L1 Fclg/CD86 Fclg LEF NP-functionalized MSCs in
MOGgzs_ss-immunized mice with and without Tyeq cell depletion. Mice in Tyeq cell depletion
groups received 3 intraperitoneal (i.p.) injections of anti-CD25 (200 g per injection) before
and after the treatments with the MSCs to achieve Tyeq cell depletion. (iii) Time-dependent
mean clinical scores of MOGg3s5_s5-induced EAE inflicted mice after received different (i)

= 1.9, 250 ug of ti-C025 (D) ] = iv. 2610 of functionalized MSCs (T |
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prophylactic and (ii) therapeutic treatments. (iii) Cumulative EAE scores of MOG3s.55-EAE
inflicted mice after received different treatments with and without Teq cell depletion. (n = 6)
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