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Therapeutic approaches for the induction of immune tolerance
remain an unmet dinical need for the treatment of autoimmune
diseases, including multiple sclerosis (MS). Based on its role in the
control of the immune response, the ligand-activated transcription
factor aryl hydrocarbon receptor (AhR) is a candidate target for
novel immunotherapies. Here, we report the development of AhR-
activating nanoliposomes (NLPs) to induce antigen-specific toler-
ance. NLPs loaded with the AhR agonist ITE and a T cell epitope
from myelin oligodendrocyte glycoprotein (MOG)ss_ss induced tol-
erogenic dendritic cells and suppressed the development of exper-
imental autoimmune encephalomyelitis (EAE), a preclinical model of
MS, in preventive and therapeutic setups. EAE suppression was as-
sociated with the expansion of MOGss_ss-specific FoxP3* regulatory
T cells (Treg cells) and type 1 regulatory T cells (Tr1 cells), concom-
itant with a reduction in central nervous system-infiltrating effector
T cells (Teff cells). Notably, NLPs induced bystander suppression in
the EAE model established in C57BL/6 x SJL F1 mice. Moreover, NLPs
ameliorated chronic progressive EAE in nonobese diabetic mice, a
model which resembles some aspects of secondary progressive MS.
In summary, these studies describe a platform for the therapeutic
induction of antigen-specific tolerance in autoimmune diseases.
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Autoimmune diseases are driven by dysregulated adaptive
immunity against self-antigens. Current approaches for the
treatment of autoimmune diseases rely on nonspecific immu-
nosuppression, and are associated with adverse side effects.
Thus, there is an unmet clinical need for therapies that rees-
tablish immune tolerance in an antigen-specific manner (1).

Multiple mechanisms enforce immunologic tolerance. Mech-
anisms of central tolerance eliminate self-reactive lymphocytes in
the thymus and bone marrow, but do not remove all of the autor-
eactive T cells and B cells (2, 3). However, additional immuno-
regulatory mechanisms are in place to prevent the development of
pathogenic autoimmunity. Among these additional mechanisms are
specialized thymic-derived regulatory FoxP3* T cells (natural
Tregs, nTregs) and peripherally induced regulatory cells which in-
clude FoxP3* Tregs as well as IL-10" type 1 regulatory cells (Trl
cells) (4-6). Autoimmune diseases have been linked to reduced
numbers, function, and stability of multiple regulatory T cell pop-
ulations, and/or the resistance of effector T cells to Treg modulation
(7). Thus, the expansion of the Treg compartment is a potential
approach for the treatment of autoimmunity (8).

The aryl hydrocarbon receptor (AhR) is a ligand-activated
transcription factor with important roles in the control of the im-
mune response (9-11). AhR signaling can modulate the differentia-
tion of T cell subsets (12-15) as well as the function of antigen
presenting cells (APCs), including dendritic cells (DCs) and macro-
phages (16, 17). Indeed, we and others showed that AhR controls the
differentiation of DCs and their ability to activate and polarize reg-
ulatory T (Treg) and effector T (Teff) cells (16, 18-22). In support of
the potential therapeutic relevance of these observations, AhR
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activation with natural or synthetic ligands ameliorates disease in
preclinical models of multiple sclerosis (MS) (15, 16), type 1 diabetes
(23), and inflammatory bowel disease (14, 24), among others, sug-
gesting that AhR is a potential target for the therapeutic reestab-
lishment of antigen-specific tolerance in autoimmune diseases.

Nanomaterials, including nanoparticles and nanoliposomes
(NLPs), provide novel opportunities to overcome the limitations
associated with immunosuppressive drugs currently in use (25).
Nanoparticles and NLPs can be used as platforms to deliver drugs of
interest to target APCs while protecting these drugs from degradation
and clearance. Indeed, NLPs are already in use for the delivery of the
Food and Drug Administration (FDA)-approved therapeutic agents,
with well-characterized safety and tolerability profiles (26, 27). Here,
we report the use of NLPs to codeliver the tolerogenic AhR ligand 2-
(1'H-indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester
(ITE) and a T cell epitope from myelin oligodendrocyte protein
(MOGs3s_s5). ITE and MOGs;s_ss coadministration via NLPs
modulated myelin-specific T cells and suppressed disease devel-
opment in mouse preclinical models of relapsing-remitting and
secondary progressive MS. In summary, we describe an NLP-
based platform for the induction of antigen-specific tolerance in
autoimmune diseases.

Results

Characterization of the Transcriptional Response of DCs to AhR Activation
by ITE. DCs, as well as other APCs, control T cell activation and
polarization in vivo (28-31). AhR signaling modulates the ability of
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DCs to control T cell responses (16, 20-22). However, little is known
about the kinetics of AhR-driven transcriptional programs in DCs.
To address this point, we first analyzed the effect of AhR activation
in human DCs on the expression of the AhR transcriptional target
genes CYPIAI and CYPIBI (32). We found that the mucosa-
associated AhR agonist ITE (33) induced maximal CYP141 and
CYPIBI expression at a dose similar to the prototypical AhR ag-
onist, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Fig. 14, CYP1A1
effective concentration [EClsorg = 8.101 nM, ECsorepp =
4.166 nM; CYPIBI ECsorrg = 1.462 nM, ECsorepp = 2.178 nM).
Indeed, both ITE and TCDD induced CYPIAI and CYPIBI ex-
pression at concentrations 3 to 4 log folds lower than other AhR
agonists such as laquinimod (Laq) (34), indoxyl-3-sulfate (I3S), and
L-kynurenine (Kyn) (Fig. 14, CYPIAI EGCsy,q = 9117 pM,
ECSOBS = 47.781 |JM, ECSOKyn = 236.711 |.J.M, CYPIBI ECSOLaq =
2.783 ]J.M, EC5()]3S = 19322 HM, ECSOKyn = 47.249 HM) While
CYPIA]I expression showed an early peak followed by a return to
baseline (Fig. 1B), the expression of IDO! and IDO2, which encode
immunosuppressive enzymes involved in tryptophan catabolism (35),
peaked early on and remained above baseline over the next 48 h.
These data suggest that different transcriptional modules characterize
the early, intermediate, and late responses to AhR activation in DCs.

To further investigate the kinetics of the AhR-driven tran-
scriptional response, we treated peripheral DCs from three
healthy donors with ITE for 6, 18, or 72 h, and performed RNA
sequencing (RNA-seq) to identify gene signatures associated with
early, intermediate, and late responses to AhR activation. We
found that the number of genes differentially regulated in re-
sponse to AhR activation with ITE was decreased over time (714
genes at 6 h, 624 genes at 18 h, and 468 genes at 72 h) (Fig. 1C).
The analysis of 12 genes known to be regulated by AhR (16, 17,
20, 29, 36, 37) showed that the expression of most of these genes
was up-regulated at the early timepoint (6 h) but decreased by
72 h; a small gene subset including ALDHIA1, ALDHIA?2, and IL10
was only up-regulated at intermediate or late timepoints (Fig. 1D).

Gene set enrichment analysis determined that genes associ-
ated with the regulation of the innate immune response, the
response to type 1 interferons and other cytokines were signifi-
cantly altered over time (Fig. 1E). Genes whose expression was
regulated by AhR activation in “early” (6 h) transcriptional
modules were associated with the down-regulation of signaling
pathways, including IL-23, CD40, and NF-xB (Fig. 1F). AhR-
driven “intermediate” (18 h) transcriptional modules were asso-
ciated with the promotion of T cell exhaustion and PD-1/PD-L1
signaling (Fig. 1F). AhR-driven “late” (72 h) transcriptional
modules were associated with down-regulation of EGF and leu-
kocyte extravasation signaling (Fig. 1F).

Since differences in agonistic activity have been reported be-
tween human and mouse AhR (38-41), we investigated the
similarity of the transcriptional response of human and murine
DCs to stimulation with ITE. First, we compared the ability of
ITE to activate AhR in mouse and human DCs by comparing the
expression of the AhR transcriptional target genes Cyplal and
Cyplbl. ITE induced maximal Cyplal and CypIbl expression at
similar doses in both species (Fig. 24, human CYPIAI ECsyrrg =
6.701 nM, murine Cyplal ECsgrg = 2.228 nM; human CYPIBI
ECS()ITE = 1.958 HM, murine Cyplbl ECS()ITE = 1.103 IIM) Of
note, the expression of Ido!l and Ido2 was strongly induced in
murine ITE-stimulated DCs (Fig. 2B, Ido! ECsorrg = 0.757 nM,
Ido2 ECsorrg = 0.573 nM). Furthermore, ITE induced early,
intermediate, and late responses in murine DCs, with Cyplal
induction showing an early peak, followed by a return to baseline
(Fig. 2C), while the expression of Idol and Ido2 was up-regulated
over a more prolonged period of time. Interestingly, in murine
DCs, CypIbl induction was highest both at the early timepoint
and then again at the late timepoint (Fig. 2C).

To further investigate the kinetics of the AhR-driven tran-
scriptional response in mice, we treated splenic DCs isolated
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from three separate pools of 10 mice with ITE for 6, 18, or 72 h,
and performed RNA sequencing. We found that, similar to what
was observed in human DCs, the number of genes differentially
regulated by ITE decreased over time (595 genes at 6 h, 512 genes
at 18 h, and 290 genes at 72 h) (Fig. 2D). The analysis of known
AhR-regulated genes showed that the expression of most genes
was up-regulated at the early timepoint (6 h) and decreased by
72 h, a small subset of genes was up-regulated at both the early
and late timepoints, while another small gene subset was only up-
regulated at intermediate or late timepoints (Fig. 2E).

Gene set enrichment analysis determined that genes associ-
ated with regulation of the innate immune response, response to
type 1 IFN, and cytokine stimuli were significantly altered over
time (Fig. 2F), similar to what was observed in human DCs.
AhR-driven early (6 h) transcriptional modules were associated
with the suppression of DC maturation and IFN signaling and
the promotion of PD-1/PD-L1 signaling (Fig. 2G). AhR-driven
“mid” (18 h) transcriptional modules were associated with the
down-regulation of IL-15 and NF-kB signaling (Fig. 2G). AhR-
driven late (72 h) transcriptional modules were associated with
down-regulation of PPAR« signaling and the promotion of
cAMP-mediated signaling (Fig. 2G). Collectively, these results
suggest that AhR activation by ITE in mouse and human DCs
induces transcriptional responses associated with the induction
of immunoregulatory/immunosuppressive mechanisms.

Generation of NLPs Loaded with MOG;3s_s5 and the Tolerogenic AhR
Ligand ITE. AhR activation by ITE induces a tolerogenic pheno-
type in DCs which promotes the differentiation of regulatory
T cells (16, 21, 22). We have shown that gold nanoparticles loaded
with ITE and disease-specific antigens induce tolerance in models
of autoimmunity (21, 22). NLPs present several advantages over
gold nanoparticles, including ease of manufacturing and scal-
ability, fine control of small molecule and antigen loading, and
well-characterized safety and tolerability based on FDA-approved
therapeutics (26, 27). Thus, we explored the potential of NLPs
loaded with ITE and MOGs3s_ss5 (NLPrre+MmoG) to target AhR for
the therapeutic induction of antigen-specific tolerance (Fig. 34).
Empty NLPs (NLP) or NLPs loaded only with ITE or MOGg5_ss
were used as controls (NLPrtg or NLPyog, respectively).

NLPs were, on average, 100 nm in size (ranging from 102.1 +
28.2 to 104.8 + 28.1), with a low polydispersity index (<0.06) and a
negative charge (zeta potential ranging from -23 to —27 mV)
(Fig. 3B). ITE is a hydrophobic molecule encapsulated within the
lipid bilayer, and MOGg;s_ss is a water-soluble peptide encapsulated
within the hydrophilic liposome core; coencapsulation did not alter
the encapsulation efficiency of either ITE or MOGss_ss (Fig. 3B).
Indeed, both NLPyre+moc and NLPyrg induced the expression of
AhR transcriptional targets Cyplal and CypIbl to levels similar to
those induced by free ITE (Fig. 3C), suggesting that ITE coen-
capsulation with antigen does not alter its ability to activate AhR.

We (16, 21, 22) and others (20, 42, 43) have shown that AhR
activation induces a tolerogenic phenotype in DCs. To study the
effects of NLP-based delivery of ITE and antigen on T cell stim-
ulation, we used 2D2 mice which express a transgenic T cell re-
ceptor reactive with MOGgs_s5 (44). We detected the proliferation
of 2D2 splenocytes in response to treatment with either NLPy0g
or free MOGs;s_ss (Fig. 3D), indicating that NLP-encapsulated
MOGss_ss is presented to and activates T cells. However, the in-
corporation of ITE into MOG3s_ss-containing NLPs (NLPre+moG)
resulted in reduced T cell proliferation (Fig. 3D). Taken together
with previous reports of the effects of ITE-induced AhR activation
on DC APC function, these data suggest that NLP-encapsulated
ITE modulates T cell activation by DCs.

NLP Biodistribution. To investigate NLP uptake and biodistribution

in vivo, we encapsulated the fluorescent dye 1,1’-dioctadecyl-
3,3,3',3'-tetramethylindo carbocyanine perchlorate (Dil) which is
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Fig. 1. Temporal regulation of gene expression by AhR ligands in human DCs. (A) mRNA expression of the AhR target genes CYP1A7 and CYP1BT in human
peripheral blood DCs following incubation for 6 h with ITE, TCDD, laquinimod, indoxyl-3-sulfate, or L-kynurenine. Data were normalized to GAPDH, made
relative to untreated samples, and presented here as a percentage of maximal induction. Data show the average of two independent experiments with DCs
isolated from one independent healthy human donor per experiment. (B) mRNA expression of AhR target genes CYP1A1, CYP1B1, IDOT1, and IDO2 in human
peripheral blood DCs following incubation with 100 nM ITE for 0, 4, 6, 8, 18, 24, 48, and 72 h. Data are normalized to GAPDH and relative to time 0. Data show
the average of three independent experiments with DCs isolated from one independent healthy human donor per experiment. (C) Heat map of differentially
regulated genes determined by SMART-seq RNA-seq in DCs isolated from peripheral blood of three independent healthy human donors and treated for 6, 18,
or 72 h with 100 nM ITE. Gene expression is row centered, log2 transformed, and saturated at —2 and +2 for visualization. (D) Heat map of expression of 12
genes known to be regulated by AhR activity as determined by SMART-seq RNA-seq in human peripheral DCs treated with 100 nM ITE for 6, 18, or 72 h. Gene
expression is row centered, log2 transformed, and saturated at —2 and +2 for visualization. (E) Pathways identified by gene set enrichment analysis which
were significantly altered over time following treatment in human peripheral blood DCs treated with ITE. (F) Ingenuity pathway analysis of the transcriptional
or 6, 18, or 72 h. Pathways associated with positive z-score are in orange; pathways associated with
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Fig. 2. Temporal regulation of gene expression by AhR ligands in murine DCs. (A) mRNA expression of AhR target genes Cyp7al and Cyp7b7 in human
peripheral blood DCs or murine splenic DCs following incubation for 6 h with ITE. Data were normalized to Gapdh, made relative to untreated samples, and
presented here as a percentage of maximal induction. Data show the average of three independent experiments with DCs isolated from one independent
healthy human donor per experiment or a pool of DCs isolated from the spleens of 10 healthy B6 mice. (B) mRNA expression of AhR target genes /do7 and
Ido2 in murine splenic DCs following incubation for 6 h with ITE. Data were normalized to Gapdh, made relative to untreated samples, and presented here as
a percentage of maximal induction. Data show the average of two independent experiments with DCs isolated from spleens of 10 healthy B6 mice per
experiment. (C) mRNA expression of AhR target genes Cyp7al, Cyp1b1, Ido1, and Ido2 in murine splenic DCs following incubation with 100 nM ITE for 0, 4, 6,
8, 18, 24, 48, and 72 h. Data are normalized to Gapdh and relative to time 0. Data are means + SEM of one experiment representative of two independent
experiments. (D) Heat map of differentially regulated genes determined by 3’ DGE-seq RNA-seq in murine splenic DCs isolated from three different pools of
10 mice each and treated for 6, 18, or 72 h with 100 nM ITE. Gene expression is row centered, log2 transformed, and saturated at —2 and +2 for visualization.
(E) Heat map of the expression of 12 genes known to be regulated by AhR activity as determined by 3' DGE-seq RNA-seq in murine splenic DCs treated with
100 nM ITE for 6, 18, or 72 h. Gene expression is row centered, log2 transformed, and saturated at —2 and +2 for visualization. (F) Pathways identified by gene
set enrichment analysis which were significantly altered over time following treatment in murine splenic DCs treated with ITE. (G) Ingenuity pathway analysis
of the transcriptional profile of murine splenic DCs treated with ITE for 6, 18, or 72 h. Pathways associated with positive z-score are in orange; pathways
associated with negative z-score are in blue; the relative strength of the z-score is represented by the intensity of the color.
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index (PDI), zeta potential, % ITE, and % MOGss_ss encapsulation. Values represent the average of at least 17 different batches + SD. (C) mRNA expression of AhR target genes
gplal and gyp1b1 in murine splenic DCs following incubation for 6 h with NLP, NLPy06, NLPg (containing 10 nM ITE), NLPe.viog (containing 10 nM ITE), or free ITE (10 nM).
(D) Proliferative response of 2D2 transgenic splenocytes activated for 72 h with NLP, NLPy;og (containing 10 pg/mL MOG), NLPg (containing 1 pg/mL ITE), NLPrg,mog (containing
10 pg/mL MOG and 1 pg/mL ITE), or free MOG (10 pg/mL). Data from C and D are means + SEM of one experiment representative of at least three independent experiments,
with at least three biological replicates per experiment. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple comparison test.

incorporated into the lipid bilayer (45). Following incubation of
splenocytes from naive mice with Dil-labeled NLPs (NLPpy;) for
4 h at 37 °C, we determined by flow cytometry that the majority of
NLPp;; were taken up by DCs (CD11c™* cells) and macrophages
(CD11b* cells) (Fig. 44). Indeed, up to 30% of DCs were Dil*
(Fig. 44). To analyze the uptake of NLPs in vivo, NLPp; were
administered intravenously (IV) or subcutaneously (SC), and
spleen and inguinal lymph nodes (LNs) were analyzed 2 h and 18 h
later. NLPp;; were taken up mostly by DCs, macrophages, and
B cells (Fig. 4B); DCs showed the highest uptake of NLPpy;.

NLP-Delivered ITE Induces a Tolerogenic Phenotype in Mouse and
Human DCs. AhR activation in DCs has been linked to the in-
duction of a tolerogenic phenotype (16, 20-22, 42, 43). Thus, we
cultured splenic DCs from naive C57BL6/J (B6) mice for 6 h with
NLP, NLP]TE, NLPMOGa or NLPITE+MOG to Study their effects on
pro- and antiinflammatory gene expression (Fig. 4C). Treatment
with NLP;1g+moc or NLPrg increased the expression of antiin-
flammatory genes such as 1110, Tgfb, Ido1, and Ido2. NLPyrg s moG
and NLP;g also limited the expression of proinflammatory cy-
tokines (e.g., TNFa and IL6) induced by lipopolysaccharide (LPS).

We also studied the effects of NLPs on human DCs isolated
from the peripheral blood mononuclear cells (PBMCs) of three
healthy human donors, cultured in vitro with NLP or NLP;rg for
6 h (Fig. 4D). NLP;1g up-regulated the expression of AhR target
genes CYPIAI and CYPIBI, and also of the antiinflammatory
genes IL10 and TGFB. Moreover, NLPrg limited the expression
of IL6 and ILI2 induced by LPS. Taken together, these data
suggest that NLP-delivered ITE induces a tolerogenic phenotype
in DCs.

NLPs Ameliorate Acute Experimental Autoimmune Encephalomyelitis
in C57BL/6) Mice. To evaluate the therapeutic potential of tol-
erogenic NLPs in experimental autoimmune encephalomyelitis
(EAE), we administered NLPirgmoc to CS7BL/6J mice, (SC)
once a week beginning the day after MOGs;s_ss immunization, or

Kenison et al.

only once on day 7 after EAE induction (IV). Empty NLPs,
NLPITE, or NLPMOG were used as controls. NLPITE+MOG admin-
istration, either SC (Fig. 54) or IV (Fig. 5B), suppressed EAE
development. Moreover, a single NLPrg+moc IV administration
15 d after disease induction suppressed ongoing EAE (Fig. 5C).

To evaluate the durability of the protection induced by NLPs,
empty NLPs or NLPi1g+moc were administered IV on 3 con-
secutive days, 1 mo, 2 wk, 1 wk, or 1 d prior to EAE induction.
NLPire+moc administration reduced EAE development even
when administered 1 mo prior to disease induction, indicating that
the tolerance induced by NLPyre+ Mo is long lasting (Fig. 5D).

To characterize the immunological effects of NLPre Mo,
we studied the T cell recall response 26 d after EAE induction
following SC NLP administration as shown in Fig. 54. NLP;1g.
moc administration suppressed the proliferative recall response to
MOGs3;s_ss; reduced the production of proinflammatory cytokines,
including IL-17, IFNy, and TNFa; and increased antiinflammatory
IL-10 detected in culture supernatants (Fig. 6 4 and B).

EAE is driven by MOGs3s_ss-specific Tyl and Tyul7 cells.
Therefore, we used a MOGs;g 40/1-AP tetramer in combination
with intracellular cytokine staining to quantify MOGs;s_ss-reactive
Tyl and Tyl7 cells (46) (Fig. 6C). We detected a reduction in
MOG:s_ss-specific IL-17+ and IFNy* CD4" cells in the central
nervous system (CNS) of NLPg+moc-treated mice (Fig. 6D). In
addition, NLPirg+moc treatment increased MOGss_ss-specific
FoxP3" and IL-10* CD4™ T cells in the CNS (Fig. 6 C and D), and
consequently, the regulatory/effector T cell balance in the CNS.
Taken together, these findings suggest that NLPs modulate disease-
promoting T cells in an antigen-specific manner.

NLPs Induce Bystander Tolerance. The pathology of most human
autoimmune diseases involves intra- and intermolecular epitope
spreading (47, 48), resulting in the targeting of multiple epitopes
by the pathogenic autoimmune response. Thus, the induction of
bystander tolerance is considered an important feature to maxi-
mize the chances of success of tolerogenic immunotherapies for
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Fig. 4. NLPe,moc induces a tolerogenic phenotype in mouse and human DCs. (A) Murine splenocytes were isolated and cultured for 4 h in vitro with NLPp;
and examined by flow cytometry for NLPp; uptake (Left). NLPp; uptake by CD11c* cells was measured at various timepoints (15 min to 6 h) (Right). (B) NLPp;
uptake by splenocytes as evaluated by flow cytometry 2 h after IV or SC NLP injection (Left two). NLPp; uptake in spleen or LN CD11c* cells measured 2 h or
18 h after IV or SC NLP injection (Right two). (C) Ido1, Ido2, 1110, TGFp, 116, and Tnfa expression in murine splenic DCs after culture for 6 h in vitro with NLP,
NLPpogG:, NLPire, or NLPire.moa- For evaluation of //6 and Tnfa, murine splenic DCs were stimulated with LPS during culture with NLPs. Data are depicted as the
mean + SEM of three independent experiments with three biological replicates per experiment. (D) Human DCs were isolated from three independent
healthy donor PBMCs, cultured for 6 h in vitro with NLP or NLP;rz and CYP1A1, CYP1B1, IL10, TGFp, IL6, and IL12 expression was analyzed by RT-PCR. For
evaluation of /L6 and IL12, DCs were stimulated with LPS during culture with NLPs. Data are depicted as the mean + SEM of three independent healthy
donors. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple comparison test, or Student’s t test.

human autoimmune disorders. To determine whether ITE-loaded
NLPs promote bystander suppression, we induced EAE in C57BL/
6 x SJL F1 mice by immunization with proteolipid protein
(PLP)y39_151 peptide in complete Freund’s adjuvant (CFA) and
treated the mice SC with NLPs loaded with ITE and PLP;39 5 (the
myelin epitope used to induce EAE; NLPrrgiprp), MOGss_s5 (a
myelin epitope noncross-reactive with PLPy39_151; NLPirE+MOG),
or an irrelevant peptide (NLP;g 4 1,rpep). Treatment with either
NLPy7g-prp 0f NLPi1g +MoG, but not NLPirg 41,pcp, ameliorated
EAE (Flg 7A) MOreOVer, NLPITE+PLP or NLPITE+MOG

32022 | www.pnas.org/cgi/doi/10.1073/pnas.2016451117

administration led to a reduced proliferative recall response to
PLP;39 151, reduced production of proinflammatory cytokines, in-
cluding IL-17 and IFNy, and a concomitant increase in IL-10 (Fig. 7 B
and C). NLPrrg4prp Or NLPrrgimoc administration also sup-
pressed the infiltration of pathogenic effector T cells into the
CNS, as evidenced by a reduction in the relative expression of
1117, Ifny, and IlIb mRNA (Fig. 7D), while increasing the per-
centage of regulatory IL-10" CD4 T cells in the CNS (Fig. 7E).
Collectively, these findings suggest that the codelivery of ITE and
tissue-specific antigens with NLPs induces bystander tolerance,
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limiting the pathogenic autoimmune response directed against
other autoantigens expressed in the same tissue.

NLPs Ameliorate Chronic Progressive NOD EAE. NOD mice immu-
nized with MOGg;s_55 develop a chronic progressive form of
EAE, which starts ~25 d after immunization and resembles
some aspects of secondary progressive MS (SPMS), including
the chronic activation of astrocytes and microglia thought to
drive the progressive accumulation of neurodegeneration and
axonal loss (49, 50). To further evaluate the therapeutic po-
tential of NLPrg+moc, We initiated weekly SC administration
of NLPire+moc 35 d after EAE induction, during the chronic
phase of NOD EAE; NLP, NLP;1g, and NLPyo were used as
controls. Treatment with NLPi1g+moc suppressed EAE symp-
toms as measured by clinical scores (Fig. 84). In addition, we
detected fewer CNS-infiltrating CD11b*CD45%Ly6C" proin-
flammatory monocytes in NLPrg 4 moc-treated mice (Fig. 8B).
IL-10 produced by Trl cells has been shown to limit proin-
flammatory responses in astrocytes and microglia (51). We de-
tected increased MOG-specific IL-10* CD4™ T cells in the CNS
of NOD EAE mice treated with NLP;rg+moc (Fig. 8C). More-
over, the analysis of astrocytes, microglia, and CNS-recruited
monocytes by RNA-seq detected the down-regulation of proin-
flammatory transcriptional modules in NLPrg4moc-treated
NOD EAE mice (Fig. 8 D-G), including those associated with
NF-xB activation and the production of chemokines and cyto-
kines. This down-regulation of the proinflammatory response of
astrocytes, microglia, and monocytes induced by NLPitgimoc
treatment was concomitant with the up-regulation of IL-10Ra
signaling (z-score 6.810, P value 3.27E™, Fig. 8H). In summary,
NLP;1e+Mmoc decreased the expression of proinflammatory tran-
scriptional programs thought to contribute to the pathogenic role
of astrocytes, microglia, and monocytes in MS and NOD EAE.

Discussion

There is an unmet medical need for therapeutic approaches to
induce antigen-specific immune tolerance. These approaches offer
numerous advantages over current immunosuppressive therapies,
often associated with debilitating and/or life-threatening side ef-
fects. Multiple strategies for antigen-specific tolerance induction
have been explored, including the administration of whole protein
autoantigens, altered or unaltered peptide ligands, DNA vaccines,
and the delivery of peptides complexed to major histocompatability
complex (MHC) or loaded onto nanoparticles (52-59). However,

Kenison et al.

=o— Vehicle

~o~ NLP,

ITe+06

15 20
Days Fig. 5. NLPte,moG Suppresses acute EAE in C57BL/6J

mice. EAE was induced in B6 mice with MOG3s_ss,
and NLPs were administered following various treat-
ment regimens. (A) Clinical scores of mice treated SC
with NLPs once a week beginning the day after disease
induction. (B) Clinical scores of mice treated IV with
NLPs administered once on day 7 after disease. (C)
Clinical scores of mice treated IV with NLPs adminis-
tered once on day 15 after disease. (D) Clinical scores
of mice treated daily IV with NLPs for 3 d 1 mo prior,
2 wk prior, 1 wk prior, 1 d prior, or a single injection
1 wk after EAE induction. Data are mean + SEM (n=5
mice per group). *P < 0.05, **P < 0.01, ****P < 0.0001,
two-way repeated measures ANOVA followed by
Tukey’s multiple comparison test.

recent advances in nanotechnology offer exciting opportunities for
antigen-specific immunotherapy, overcoming limitations linked to
other tolerance-inducing strategies.

Nanomaterials such as metal-based particles, polymeric par-
ticles, and lipid-based particles have shown success as carriers of
tolerogenic agents and antigens (21, 22, 58, 60-62). Indeed,
nanoparticles have been used to target specific cell types, code-
liver multiple therapeutic agents to the same cell, facilitate the
transport of drugs across biological barriers, and protect encapsu-
lated therapeutic agents from in vivo degradation and clearance
(21, 22, 58, 60, 61). In this work, we describe the use of NLPs to
codeliver the tolerogenic AhR ligand ITE and disease-specific
peptide antigens, to induce antigen-specific tolerance and sup-
press disease in three preclinical mouse models of MS. The
amelioration of EAE was associated with a reduction in myelin-
specific Tyl and Tyl7 effector cells, an increase in antigen-
specific Treg cells, and the suppression of disease-promoting
inflammatory modules in CNS resident astrocytes and micro-
glia. These findings are in agreement with our previous studies
using gold nanoparticles loaded with ITE and antigen to induce
tolerance in experimental models of MS and type 1 diabetes (21,
22). However, NLPs offer several advantages when compared to
other nanomaterial approaches, because they employ manufactur-
ing methods which are easily scalable, based on FDA-approved
materials, and have already been tested in the clinic (26, 27). In
addition, NLPs provide fine control of small molecule and antigen
loading. Finally, NLPs are well characterized as drug delivery ve-
hicles and considered safe for human use based on the available
clinical experience with FDA-approved liposome-based drug
products (26, 27).

Importantly, the NLP-based approach described here induced
bystander suppression in the C57BL/6 x SJL F1 mouse model of
EAE. This bystander suppression likely results from the induc-
tion of tolerogenic DCs by both cell-intrinsic effects driven by
AHR signaling, as suggested by our transcriptional analyses, and
also by DC interactions with antigen-specific regulatory T cells
(63). In addition, regulatory T cells recruited to inflamed sites
can also control local inflammation via the secretion of soluble
factors and additional mechanisms (37, 51, 64). Since most au-
toimmune diseases, including MS, are characterized by intra-
and intermolecular epitope spreading (47, 48), the induction of
bystander suppression is considered critical for the success of
antigen-specific therapeutics. Indeed, although high-throughput
methods enabled the identification of disease-associated
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Fig. 6. NLPqe.voc Suppresses the encephalitogenic T cell response. (A) Proliferative response and (B) cytokine secretion following restimulation with MOG3ss_s5 of
splenocytes from SC NLP-treated B6 mice, 26 d after EAE induction. (C) Gating strategy for the identification of MOGgzg 49 tetramer-positive IL-17*, IFNy*, FoxP3*, and IL-10*
CD4* T cells. (D) Frequency of MOGsg 49 tetramer-positive IL-17*, IFNy*, FoxP3*, and IL-10* CD4* T cells in the brain and spinal cord of B6 EAE SC NLP-treated mice. Data are
mean + SEM (n = 5 mice per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple comparison test.

autoantigens and the monitoring of epitope spreading (53,
65-70), our knowledge is still incomplete regarding the totality of
the autoantigens targeted in different autoimmune diseases and
the heterogeneity of these autoimmune responses among dif-
ferent patients afflicted by the same disease or in different dis-
ease phases. Hence, the induction of functional bystander
suppression provides further support for the use of the NLP-
based tolerogenic approaches described here for the treatment
of human autoimmunity.

Despite their efficacy in preclinical models, certain challenges
must be considered when using nanomaterial-based approaches
for the therapeutic reestablishment of immune tolerance in hu-
man inflammatory disorders. In particular, manufacturing and
scale up can be challenging given the complex nature of these
therapeutics. However, these challenges have already been
overcome during the production of other NLP-based therapeu-
tics (26, 71). Hence, NI'Ps engineered to codeliver tolerogenic

32024 | www.pnas.org/cgi/doi/10.1073/pnas.2016451117

small molecules and disease-associated antigens may provide an
efficacious approach for the therapeutic reestablishment of
antigen-specific tolerance in human autoimmunity.

Materials and Methods

Mice and Reagents. Female C57BL/6J and NOD/ShiLt) mice were obtained
from The Jackson Laboratory and maintained in a pathogen-free facility at
the Charles River Accelerator and Development Labs (CRADL). All experi-
ments were carried out in accordance with guidelines prescribed by the In-
stitutional Animal Care and Use Committee at CRADL. ITE was purchased from
Tocris Biosciences. TCDD, laquinimod, indoxyl-3-sulfate, and L-kynurnenine
were purchased from Sigma-Aldrich.

Liposome Preparation. Liposomes were prepared by the ethanol injection
method (38). Briefly, ITE (Tocris Biosciences) (0.5% wt/wt to total lipids) was
dissolved in a mixture of egg phosphotidylcholine (EPC, Lipoid GmbH), choles-
terol (Corden Pharma), and 1,2 dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (mPEG2000-PE, Corden Pharma) in absolute
ethanol and stirred until dissolved completely. MOGss_s5 (GenScript), PLPq39_154
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Fig. 7. NLPte,moG ameliorates EAE in B6 x SJIL F1 mice induced using PLP. SC NLPs were administered once a week beginning 1 d after disease induction using
PLP;39 1571 in C57BL/6 x SIL F1 mice. (A) Clinical scores of NLP-treated mice (graph shows the average +SEM of two independent experiments with n = 5 mice per
group, per experiment. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-way repeated measures ANOVA followed by Tukey’s multiple comparison test).
(B) Proliferative response and (C) cytokine secretion following restimulation with PLP;39_151 of splenocytes from NLP-treated mice, 24 d after EAE induction. Data
are mean + SEM with n = 4 mice per group, representative of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (B), two-way
ANOVA followed by Dunnett’s multiple comparison test. (C) One-way ANOVA followed by Dunnett’s multiple comparison test. (D) Relative mRNA expression of
1117, Ifny, and II1b in the CNS of NLP-treated mice. (E) Frequency of IL-10* CD4* T cells in the CNS of NLP-treated mice. (D and E) Data are mean + SEM (n = 8 mice
per group, average of two independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Dunnett's multiple
comparison test.

(GenScript), or irrelevant peptide (in this case, o-Gliadinqg,-11s [GenScript]) was dividing the drug/antigen amount determined in the final formulation by the
added to Hepes buffered saline (HBS), pH 6.5, at the desired concentration, and initial amount used during liposome preparation.

stirred. The lipid-ITE mixture was then added to the peptide solution under

constant stirring to obtain multilamellar vesicles (MLVs). The liposomes were Purification of DCs. Splenic mouse DCs were purified from naive B6 mice
stirred for 1.5 h after which they were sequentially extruded five times through using the pan DC isolation kit according to the manufacturer’s instructions
Nucleopore polycarbonate membranes (400-, 200-, and 100-nm pore size) using (Miltenyi). Human DCs were purified from healthy donor leukopaks pur-
a 10-mL LIPEX extruder (Evonik). The liposomes were purified through G-25 chased from Research Blood Components using the Blood Dendritic Cell
sephadex resin using PD-10 columns (GE Healthcare) and finally filtered through Isolation Kit Il following the manufacturer’s instructions (Miltenyi).

0.22-um polyethersulfone filters to sterilize them. For some studies, the lipo-

somes were fluorescently labeled by encapsulating DilC18(5)-DS (1,1-dio- EAE Induction and Treatment. EAE was induced in 8- to 10-wk-old female mice
ctadecyl-3,3,3’,3"-tetramethylindodicarbocyanine-5,5'-disulfonic acid) dye, added by SC immunization with 200 pg MOGss_s5 peptide or PLPy39 45, emulsified
at 0.35 mol% relative to egg phophatidylcholine. The phospholipid concentra- in CFA (Hooke Laboratories) per mouse, followed by administration of
tion was determined by using a modified Bartlett method. The final drug/ 400 ng pertussis toxin (Hooke Laboratories) on days 0 and 2 as described
phospholipid molar ratio was ~0.015. Liposomes were characterized for size, (49). Clinical signs of EAE were assessed as follows: 0, no signs of disease; 1,
polydispersity, zeta potential, ITE, and antigen loading. ITE concentration was loss of tone in the tail; 2, hind limb paresis; 3, hind limb paralysis; 4, tetra-
determined spectrophotometrically at 355 + 2 nm after lysing the liposomes plegia; 5, moribund. For B6 or B6 x SIL F1 EAE, mice were treated with NLPs
using methanol containing 1% acetic acid. Antigen concentration was deter- either SC once a week beginning on day 1 after disease induction, IV once
mined using the fluorescence-based CBQCA (3-(4-carboxybenzoyl)quinoline-2-  on day 7 for disease prevention, or once on day 15 for disease reversal, as
carboxaldehyde) assay after lysing liposomes with sodium borate (0.1 M) con-  outlined in the specific experiments. For NOD EAE, mice were treated SC
taining 0.5% Triton-X 100. The % drug/antigen loading was determined by with NLPs or HBS once a week beginning on day 35 after disease induction.
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Fig. 8. NLPe.moc @ameliorates chronic progressive NOD EAE. SC NLPs were administered once a week beginning on day 35 after NOD induction. (4) Clinical
scores of NLP-treated mice (n = 10 mice per group, representative of two independent experiments. ****P < 0.0001, two-way repeated measures ANOVA
followed by Tukey’s multiple comparison test). (B) CNS-infiltrating CD11b*CD45*Ly6C" monocytes determined by flow cytometry (n = 10 mice per group.
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Throughout, NLPs were administered at the following doses: NLP;g con-
taining 7 pg ITE, NLPyog containing 3 to 5 pg MOGss_ss, NLPtesmoc con-
taining 7 pg ITE and 3 to 5 pg MOG3s_ss, NLPrg,p p cOntaining 7 pg ITE and 3
t0 5 pg PLPy39_151, NLPite4irr. pep. CONtaining 7 pg ITE and 3 to 5 pg of a T cell
epitope from wheat gliadin, or empty NLPs dosed to match the highest lipid
content administered. Scoring of the clinical symptoms in some of the B6
studies, and all of the B6 x SIL F1 EAE and NOD EAE studies was performed
by a researcher blinded to the group identification.

T Cell Proliferation. Splenocytes were plated at a density of 4 x 10° cells per
well in a 96-well round-bottom plate and cultured in complete medium
(RPMI with Glutamax and 10% fetal bovine serum, with penicillin/strepto-
mycin) with increasing concentrations of MOGss_ss or PLP139_15¢ peptide for
72 h at 37 °C, 5% CO> Supernatants were then collected and stored
at —20 °C for later analysis of cytokine production. Cells were washed once
with phosphate buffered saline (PBS), resuspended in 50 pL of PBS and 10 pL
of Cell Titer Blue (Promega), and cultured for an additional 4 h. Fluorescence
intensity was measured at a 530-nm excitation wavelength and a 590-nm
emission wavelength.

Cytokine Analysis. Cytokine release following splenocyte stimulation for 72 h
with 100 pg/mL MOGss_s5 or PLP39_151 peptide was measured using the BD
CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Bioscience) following the man-
ufacturer’s instructions. Fluorescence was measured using a BD fluorescence-
activated cell sorting (FACS) Canto Il Flow Cytometer and analyzed by FCAP
ArrayTM Software (BD Bioscience). Individual cytokine concentrations were
indicated by their fluorescent intensities and concentrations were determine
using cytokine standards.

Tetramer and Intracellular Flow Cytometry Staining on CNS. CNS mononuclear
cell suspensions were prepared as described (49). CD4* T cells were then
isolated using the CD4 (L3T4) positive selection kit (Miltenyi Biotec) follow-
ing the manufacturer’s instructions. CD4* T cells were then stimulated for 6 h
with PMA (phorbol 12-myristate 13-acetate; 50 ng/mL; Sigma), ionomycin
(1 pg/mL; Sigma), and brefeldin A (Biolegend) and washed and incubated for
30 min with Dasatanib (5 nM, Sigma-Aldrich), followed by a 1-h incubation
with control or MOG3g_49 tetramer. The tetramers used were obtained from
the NIH Tetramer core facility: MOG I-A(b) mouse MOGsg 49 GWYRSPFSRVVH
PE-labeled tetramer, and I-A(b) human CLIPg;_19; PVSKMRMATPLLMQA (con-
trol) PE-labeled tetramer. Tetramer-stained cells were then washed, stained
with surface markers, and then fixed and made permeable according to the
manufacturer’s instructions (Foxp3 Fixation/Permeabilization kit) (eBioscience).
Cells were analyzed on a BD FACS Canto II. All antibodies were purchased from
Biolegend or eBioscience. All surface markers were stained at 1:250 and all
intracellular markers were stained at 1:100 unless otherwise recommended by
the manufacturer.

FACS of Astrocytes, Monocytes, and Microglia. Astrocytes, monocytes, and
microglia were sorted as described (49, 72) using a BD FACS Aria Il. Isolated
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CNS cells were stained with fluorochrome-conjugated antibody to CD11b
(M1/70, 1:50), CD45 (90, 1:50), Ly6C (HK1.4. 1:100), CD105 (N418, 1:100),
CD140a (APA5, 1:100), CD11 c (N418, 1:100), F4/80 (BM8, 1:50), O4 (O4,
Miltenyi Biotec, 1:10), and CD19 (eBio1D3, 1:100). All antibodies were from
Biolegend, eBioscience, or BD Pharmingen unless otherwise mentioned.
Microglia were sorted as CD11b* cells with low CD45 expression and low
Ly6C (CD11b*CD45""Ly6C"*™); inflammatory monocytes were considered as
CD45"" CD11b*Ly6C"" (49). Astrocytes were sorted as CD11b'°"CD45""
Ly6C'°CD105'°CD140a'>CD11bI°"F4/80'°04I-CD19'°" after the exclusion
of lymphocytes, microglia, oligodendrocytes, and monocytes.

RNA Sequencing (SMART-Seq and 3’ Differential Gene Expression). Sequencing
was performed at the Broad Institute. The RNA sequencing data were first
trimmed using Trim Galore in order to remove adapters and low-quality
bases. The sequencing samples were then aligned to the Ensembl Mouse
reference genome GRCm38 using STAR (v 2.7.1a) and Kallisto (0.46.0) (73).
The software Picard (2.20.4) was used to remove duplicates. RSEM (v 1.3.1)
(74) was used to do the quantifications for samples.

Differential gene expression (DGE) analysis was conducted using DESeq2,
and the log2 change shrink is conducted by using the package apeglm (75).
Differential genes were considered significant if P value <0.05. The results of
the differential expression analysis were used for downstream analysis.
Pathway analysis was performed using gene set enrichment analysis (4.0.0)
and Ingenuity pathway analysis software (Qiagen) on significant genes.
Pathways were considered significant if P value <0.05.

The time-course analysis of the RNA-seq data was done using the
EBSeqHMM package (76) which uses an empirical Bayesian approach to
categorize the expression pattern of genes during the time course.

RT-PCR. RNA was extracted using the RNAeasy kit (Qiagen), cDNA was
prepared, and gqPCR was run using Gapdh for normalization. Primers and
probes were from Thermo Fisher Scientific: for mouse, Cyp1al Mm00487218_mf1,
Cyp1b1 MmO00487229_m1, Gapdh Mm99999915_g1, Ido1Mm00492590_mf1, Ido2
MmO00524210_m1, 116 MmO00446190_m1, 1110 MmO01288386_m1, Tgfb1
MmO01178820_m1, Tnfa MmO00443258_m1, //177 Mm00439618_m1, and
ILTh Mm00434228 m1; and for human, CYP1A1 Hs01054796_g1, CYP1B1
Hs02382916_s1, GAPDH, Hs02786624_g1, IL6 Hs00985639_m1, /L70 Hs00961622_m1,
IL12A Hs01073447_m1, and TGFBT Hs00998133_m1.

Statistical Analyses. Statistical analyses were performed with Prism software
(GraphPad) using the statistical tests indicated in the individual figure leg-
ends. P values of <0.05 were considered significant. All error bars represent
SEM. Unless otherwise stated, three or more independent experiments were
used for all assays and displayed figures are representative.

Data Availability. All study data are included in the article and supporting
information.
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