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Antigen-specific therapies hold promise for treating autoimmune diseases such as multiple
sclerosis while avoiding the deleterious side effects of systemic immune suppression due
to delivering the disease-specific antigen as part of the treatment. In this study, an
antigen-specific dual-sized microparticle (IMP) treatment reversed hind limb paralysis
when administered in mice with advanced experimental autoimmune encephalomyelitis
(EAE). Treatment reduced central nervous system (CNS) immune cell infiltration, demy-
elination, and inflammatory cytokine levels. Mechanistic insights using single-cell RNA
sequencing showed that treatment impacted the MHC II antigen presentation pathway
in dendritic cells, macrophages, B cells, and microglia, not only in the draining lymph
nodes but also strikingly in the spinal cord. CD74 and cathepsin S were among the com-
mon genes down-regulated in most antigen presenting cell (APC) clusters, with B cells
also having numerous MHC II genes reduced. Efficacy of the treatment diminished when
B cells were absent, suggesting their impact in this therapy, in concert with other immune
populations. Activation and inflammation were reduced in both APCs and T cells. This
promising antigen-specific therapeutic approach advantageously engaged essential compo-
nents of both innate and adaptive autoimmune responses and capably reversed paralysis
in advanced EAE without the use of a broad immunosuppressant.
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Multiple sclerosis (MS) is an autoimmune disease where infiltrating immune cells
destroy the myelin sheath surrounding axons, leading to defunct neuronal signaling
(1, 2). Proinflammatory T helper type 1 (Thl) and Th17 cells are two of the critical
drivers of disease pathology via the production of neurotoxic cytokines. These cyto-
kines include granulocyte-macrophage colony-stimulating factor (GM-CSF) and
interleukin-17a (IL-17a) (3-5). This pathology is consistent in both human disease
and a mouse model of MS, known as experimental autoimmune encephalomyelitis
(EAE) (6). The model used in this study is informative for primary progressive EAE
and is commonly conducted for ~30 d post-EAE induction (7).

MS does not have a cure, and treatments are largely ineffective or involve systemic
immune suppression. Broad-spectrum immunosuppressants are not viable for long-term
disease management due to off-target effects, inconsistent disease control, and vulnerabil-
ity to opportunistic infections (8-10). Other treatments such as glatiramer acetate and
interferon-p (IFN-f) are not broadly immunosuppressive but do not slow disease pro-
gression (11, 12). B cell depletion with anti-CD20 therapy (ocrelizumab) is the only cur-
rent treatment that slows disease progression (13), despite MS pathology being generally
believed to be T cell mediated. Thus, MS has a complex pathology with multiple poten-
tial therapeutic targets.

To alleviate concerns related to generalized immune suppression, biomaterials fabri-
cated as nano- and microparticles (MPs) can coencapsulate or codeliver immunomodula-
tory factors together with specific antigens (Ags) and provide a peripheral tissue-localized
targeted therapeutic. Particle-based approaches for EAE have been reviewed (14), with
several formulations delivering auto-Ag to reprogram the immune response in autoim-
mune diseases (15-17). To this end, we employed a dual-sized MP (dMP) system to
treat EAE in an Ag-specific manner using disease Ag—loaded MPs in combination with
MPs encapsulating factors for immune cell recruitment and induction of a suppressive
phenotype (18-23). The dMP system utilizes four different polylactic—coglycolic acid
MPs of two different sizes, capitalizing on the size limit of phagocytosis to direct the
targeted localization of immunomodulatory factors. The two nonphagocytosable MPs
(~50 pm) encapsulate GM-CSF and transforming growth factor-beta one (TGF-p1),
while the two phagocytosable (~1 pm) MPs encapsulate Vitamin D3 (VD3) and the
disease-relevant Ag, myelin oligodendrocyte glycoproteinss_ss (MOG). The control for-
mulation contains the nonspecific peptide Ag ovalbuminsy; 330 (OVA). When used
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Significance

Multiple sclerosis (MS) is a
debilitating autoimmune disease
that can lead to paralysis. We
demonstrate that an antigen-
specific microparticle treatment
can reverse hind limb paralysis
when administered in advanced
experimental autoimmune
encephalomyelitis (EAE). Single-cell
RNA sequencing and flow
cytometry analysis provide
evidence that the treatment acts
by diminishing antigen (Ag)
presentation in antigen presenting
cells (APCs), including B cells in the
central nervous system (CNS) and
the draining lymph nodes. Thus,
the antigen-specific dual-sized
microparticle treatmentis a
promising therapy even in
advanced EAE and potentially MS.
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in the dMP formulation and injected into peripheral tissue,
GM-CSF acts as a recruitment chemokine and dendritic cell
(DC) growth factor, while TGF-f1 and VD3 create a suppres-
sive phenotype in recruited cells (24-27). Our previous work
showed that subcutaneous injection of dMP treatment before
disease onset blocks EAE progression, partly due to a reduction
in pathogenic T cells in the central nervous system (CNS).

The present study employs the dMP MOG therapy adminis-
tered in advanced EAE, with complete hind limb paralysis.
Treatment with dMP MOG reversed paralysis, but the nonspe-
cific Ag dMP OVA failed to have therapeutic efficacy. The
dMP MOG treatment resulted in reduced demyelination and
cellular infiltration in the CNS and lowered levels of proinflam-
matory cytokines, including GM-CSF, IL-1f, IL-6, TNF-a,
and IL-17a. Mechanistic transcriptomic analysis by single-cell
RNA sequencing (scRNAseq) revealed a decrease in MHC 11
processing and presentation by antigen presenting cells (APCs),
including by B cells, both in the draining LNs and in the spinal
cord, and additionally by microglia in the spinal cord.

Results

MP Characterization. MP sizes were appropriate for MPs with
intracellular receptors to be delivered intracellularly and factors
with extracellular receptors to be delivered extracellularly (87
Appendix, Fig. S14). VD3, OVA, and MOG MPs had diame-
ters of 1.6 + 0.93, 0.80 + 0.41, and 2.5+ 1.2 pm, respectively
(ST Appendix, Fig. S1 A and (), while TGF-f and GM-CSF
MPs had diameters of 30 + 13 and 36 + 18, respectively (S/
Appendix, Fig. S1 A and (). Of note, the polydispersity index
(SD/mean quantity squared) for all MPs was below 0.4, show-
ing that size distributions were not bimodal (S7 Appendix,
Fig. S10). The encapsulation efficiencies are consistent with
previous work with VD3, OVA, and MOG MPs having values
of 76 + 1.6, 48 + 7.1, and 38 =+ 3.5, respectively (SI Appendix,
Fig. S1C). The nonphagocytosable MPs were in a similar range,
with TGF-f MPs having an encapsulation efficiency of 44 + 9.3
and GM-CSF MPs having a value of 69 + 7.8 (SI Appendix,
Fig. S10). Release kinetics of these MPs were consistent with
previous work from with the dMP formulation (20). The VD3,
OVA, GM-CSF, and TGF-p MPs released 64%, 56%, 63%,
and 56%, respectively (SI Appendix, Fig. S1B), while MOG
MPs released 34% of factor over 30 d (SI Appendix, Fig. S1B).

Ag-Specific dMP MOG Formulation Administered in Mice with
Advanced EAE Reversed Hind Limb Paralysis. Given the suc-
cess of the Ag-specific dMP MOG treatment before disease
onset (18), we administered subcutaneously two doses of the
dMP treatment in advanced EAE, namely, the first when mice
reached complete hind limb paralysis (score of 3) and the sec-
ond 3 d later (Fig. 1B). Ag-specific dMP MOG formulation,
but not dMP OVA treatment, reversed disease progression to
an average score of 1 (limp tail) for over 10 d posttreatment ini-
tiation and overall diminished cumulative scores (Fig. 10),
demonstrating the requirement for disease-relevant Ag. The
dMP OVA-treated group scores were consistent with untreated
EAE mice (Fig. 10), indicating no impact on disease by the
immunomodulatory factors when coadministered with irrele-
vant Ag, emphasizing the importance of specific Ag in the treat-
ment. Notably, treatment was only administered twice, thus
providing a significant value over other EAE treatments that
require more frequent, often daily, administration for pro-
longed periods (28-32). Thus, dMP MOG treatment, but not
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a nonspecific Ag formulation, is highly effective at reversing
hind limb paralysis when administered in advanced EAE.

dMP MOG Treatment Reduced Immune Cell Infiltration,
Demyelination, and Inflammatory Cytokines in Mice with
Advanced EAE. Histopathology and flow cytometry analyses of
the lumbar spinal cord on day 17 posttreatment showed
reduced immune cell infiltration in mice treated with dMP
MOG compared to dMP OVA (Fig. 2 A and B). In addition,
demyelination and large lesions were concomitantly decreased
on both days 7 and 17 following dMP MOG treatment com-
pared to dMP OVA (Fig. 2 Cand D).

Further evaluation of CNS inflammatory cytokines, known to be
associated with MS or pathogenic Th17 cells (1, 3-5), revealed
reduced levels of GM-CSF, IL-1B, IL-6, IL-12p70, IL17a, TNF-a,
and MCP-1 (CCL2) in dMP MOG-treated mice (Fig. 2£). Nota-
bly, GM-CSF, IL-17a, and TNF-a are produced by Th17 and
Thl cells, which are the primary pathogenic T cells in MS (33,
34), while IL-6 and IL-1p promote Th17 cell differentiation (35).
Increased MCP-1 is known to promote trafficking to the CNS (36).
Other cytokines, including IFN-y or anti-inflammatory IL-10,
did not show differences (SI Appendix, Fig. S2). Thus, the dMP
MOG formulation administered in advanced EAE greatly reduced
the hallmarks of MS pathology, namely, demyelination, immune
cell infiltration, and inflammatory cytokine levels in the CNS.

Common and Distinct Inmune Cell Clusters Were Identified in
the dLNs and Spinal Cord of Mice with Advanced EAE Treated
with dMP MOG versus dMP OVA. To further determine the mech-
anisms of action of the dMP MOG treatment, scRNAseq was
conducted in the draining inguinal lymph nodes (dLNs) and the
spinal cord on day 2 and day 7, respectively, posttreatment initia-
tion (Fig. 1B). Sequencing was conducted on total CD45.2 cells
from the spinal cord. However, given the reduced frequencies of
CD11b+ CDllc+ and CDI11b+ CDl1lc— populations in the
dLNs, in order to improve the sensitivity for these two groups,
immune cells were sorted into four populations, as follows: 1)
TCR-B+, 2) CD19+ , 3) CD11b+ CD11c+, and 4) CD11b+
CD11c—. They were further recombined to a 1:1:2 ratio with
approximately equal proportions of population 3 and 4. When
there were not enough cells from population 3 additional cells
from population 4 were added so that 50% of the cells were a
combination of population 3 and 4.

Cluster definition using Seurat analysis (37) and transcriptomic
signatures of hallmark genes identified 18 distinct immune cell
clusters in the dLNs and 16 in the spinal cord (Fig. 3 A and D).
Many clusters overlapped between the dLNs and spinal cord,
with tissue-specific clusters as well. APCs in the dLNs included
one macrophage and three DC clusters (pDCs, ¢cDCls, cDC2s),
while the spinal cord had pDCs, microglia, and MHC [Hish cells
(Fig. 3 B, G E, and F). MHC HHl'gh cells comprised both Itgaxhl
Adgre1"® °* = (DCs) and Adgrel™ cells, primarily macrophages
(Fig. 3 Eand F). Tmem119and P2ry12 defined the microglial clus-
ter (Fig. 3 Fand F). Additionally, both the dLNs and spinal cord
had Ly6c™ and Ly6c™ monocytic clusters (Fig. 3 B, G, E, and P.
However, dLNs comprised only inflammatory and suppressive
neutrophils, identified by the hallmark genes /L-1f and C4177,
respectively, while the spinal cord contained an additional cluster,
namely, an immature neutrophil cluster (Fig. 3 B, G, E, and F).

Within the T cell clusters, dLNs contained both activated
(Cd44+) and naive CD8+ T cells (Fig. 3 A-D), while in the
spinal cord, all CD8+ T cells were Cd44+ (Fig. 3 E and F).
The dLN CD4+ T cell clusters comprised naive CD4+, Thl17,
and T regulatory (Treg) cells (Fig. 3 Band ), while in the spinal
cord, only CD4+ and Treg cells were identified (Fig. 3 £and F).

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205417119/-/DCSupplemental

A dMP Formulation

. GM-CSF

Subcutaneous Injection Site Antigen MP
1 um TGF-B1
. "
° . Vitamin D;
)
P4 . Antigen
% .
Peptide Loaded
|| MHC Il Molecule
° * Migratory DC
. ° Suppressive DC
) N
[
Urm: o
T TGF-p1 MP
° VD; MP 30 Hm
1 pm
B
dMP Treatment  ScRNA Seq ScRNA Seq Endpoint
Score of 3 & FACS (dLN) dMP Treatment & FACS (CNS) Analysis
| | | | |
| | | | |
Day 0 Day 2 Day 3 Day 7 Day 17
C 4:7 k%
60 *
° -
3- s .
@ D 40
Q 2
o 2- £ a
) 320
o
>
<
1+ =
|:| Untreated
- dMP OVA,;;3.339
0 B dMP MOG,.,
6 4 2 0 2 6 8 10 12 14 16

Days Post Treatment

& Untreated @ dMPOVA,,. ..

Fig. 1.

i dMP MOG

dMP MOG subcutaneous treatment in advanced EAE reverses hind limb paralysis and shows lasting efficacy. (A) dMP schematic showing the MPs

35-55

at the subcutaneous injection site. (B) Timeline of treatments and analysis. (C) EAE score curve and cumulative scores following subcutaneous dMP injection
initiated at a score of 3 (complete hind limb paralysis) with a second injection 3 d later. Clinical scores from 0 to 4 are as follows: 1, limp tail; 2, weak
hind limbs; 3, hind limb paralysis; and 4, complete hind limb paralysis and partial hind limb paralysis. Scoring took place every other day until the first
mice showed scores, at which point scoring took place daily. The cumulative score took the sum of the scores following treatment and represents the dis-
ease severity over the course of the experiment. Score curves were representative of three experiments. n = 4 to 5/group in each experiment; *P < 0.05,
comparing untreated and dMP MOG-treated mice. #P < 0.05, comparing dMP OVA and dMP MOG-treated mice. **P < 0.01.

The spinal cord CD4+ T cell cluster contained cells that
expressed either Rore, Tbx21, or Gata3 (Fig. 3 Eand F).

Cd19 and Pax5 expression defined B cells (Fig. 3 B, C, E, and
F), while plasma cells, classified by the expression of C4138 (syn-
decanl), were present only in the dLNs but not in the spinal
cord (Fig. 3 Band ). In addition to these populations, Cd34
expression identified a hematopoietic precursor population pre-

sent in the spinal cord but not the dLNs (Fig. 3 £and F).

Genes Associated with Ag Presentation Are Down-Regulated
Both in the dLNs and Spinal Cord APCs of Mice with Advanced
EAE Treated with dMP MOGgs_ss. Differential expression analy-
sis of the spinal cord and dLN APC clusters, including B cells

PNAS 2022 Vol. 119 No.43 2205417119

and microglia (in the spinal cord), revealed common down-
regulation of the MHC II Ag presentation pathway (S7
Appendix, Fig. S3 A, C-E, G, and H). Cd74, a critical MHC II
chaperone protein (38) and cathepsin S (Crs), an enzyme
involved in the processing of the MHC II invariant chain (39),
were down-regulated in numerous dLN and spinal cord APCs,
including B cells and microglia (CNS) (Fig. 4 A-H). Flow
cytometry analysis confirmed a significant CD74 down-
regulation in the spinal cord DCs (CD11b+CD11c+), macro-
phages (F4/804), and microglia (Tmem119+4) (Fig. 5 A-O).
Numerous MHC II genes were down-regulated in B cell clus-
ters from both spinal cord and dLNs, in addition to CD74 and
Ctss (Fig. 4 D and H). Flow cytometry analysis confirmed the
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Fig. 2. dMP MOG treatment in advanced EAE reduced demyelination, immune infiltration, and inflammatory cytokine levels in the CNS. Mice were induced
with EAE and treated at a score of 3, as indicated in Fig. 1B with a second injection 3 d later. (A) Representative images of hematoxylin and eosin-stained
sections, and quantification of infiltrating immune cells in the lumbar spinal cord on day 17 posttreatment. Cells were counted and normalized to the area
to calculate cells/mm?. n = 4/group. (B) Quantification of CD45+ CNS infiltrates by flow cytometry on day 17 posttreatment. n = 3 to 4/group. (C) Representa-
tive images, and quantification of demyelination using luxol fast blue staining in the lumbar spinal cord on day 17 posttreatment. Lesions were counted and
those with an area >400 um? were classified as a large. n = 3 to 4/group. (D) Representative images and quantification of demyelination using luxol fast blue
staining in the lumbar spinal cord on day 7 posttreatment. n = 3. (E) Luminex xMAP technology for multiplexed quantification of mouse cytokines, chemo-
kines, and growth factors from complete brain homogenate at a concentration of 4 mg/mL on day 7 post treatment. n = 8 to 11. d, days post treatment;

*P < 0.05; **P < 0.01.

reduction in the B cell MHC I1"" population on day 7 post-
treatment (Fig. 5D). Given that there are no differences in fre-
quency or CD74 mean fluorescence intensity between mice
with EAE treated with dMP OVA or untreated mice (S/
Appendix, Fig. S4), the untreated control group was omitted
from subsequent studies. Multiplex immunofluorescent staining
further confirmed a significant reduction in immune cell infiltra-
tion (Fig. 5E). In addition, fewer T cells colocalized with APCs,
defined as CD74+ (Fig. 5E). In contrast to dMP OVA-—treated
mice, the microglia of IMP MOG-treated mice did not show a
retraction of processes or expression of CD74 (Fig. 5E), suggest-
ing a less active state (40, 41). Furthermore, in agreement with
reduced lesion burden (Fig. 2 C and D), astrocytes (GFAP+),
known to be numerically elevated in association with larger
lesions (42), had reduced numbers in the spinal cord of dMP
MOG-treated mice compared to dMP OVA control mice (Fig.
5E). Thus, these results altogether demonstrate that the dMP
MOG treatment in mice with advanced EAE results in reduced
MHC II Ag presentation both in dLN and spinal cord APCs,
including microglia and B cells.

B Cells Are Partially Responsible for dMP MOG Treatment
Efficacy. Given the numerous changes in the B cell clusters and
the recent success with anti-CD20 therapy in MS, we further

4 of 11 https://doi.org/10.1073/pnas.2205417119

mvestrgated the 1mpact of B cells on dMP MOG treatment
efficacy in MuMt '~ mice, which are deficient in B cells
(43, 44). Previous publications showed that B cell absence had
no significant impact on EAE scores (44). Our results show
that normalized cumulative scores following the dMP OVA
treatment were comparable between C57BL/6 and MuMt’
mice (Fig. 64). Thus, consistent with the previous observation
that the absence of B cells does not rmpact EAE in C57BL/6
induced with MOGs3s_ss (44). MuMt '~ mice induced with
EAE and treated with dMP MOG had lower scores than dMP
OVA and overall lower cumulative scores (Fig. 6B8). However,
when comparing normalized cumulative scores, C57BL/6 mice
treated with dMP MOG outperformed MuMt '~ mice treated
with dMP MOG (Fig. 60), suggesting that B cells are an essen-
tial component of the dMP MOG efficacy, with the B cell
Ag-presentation pathway likely implicated (Figs. 4 D and H
and 5D). Given that the scores were still reduced comparrng
dMP MOG- versus dMP OVA—treated MuMt '~ mice, this
suggests that other immune populations also play a major role
in addition to B cells.

Genes Associated with Inflammation Are Down-Regulated in
APCs and T Cells of EAE Mice Treated with dMP MOG. Both
APCs and T cells in the spinal cord and dLNs showed reduced

pnas.org
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Fig. 3. dLNs and CNS scRNAseq cluster identification in mice with advanced EAE treated with dMP MOG versus dMP OVA subcutaneously. (A) Side-by-side
UMAP plot showing clusters in dLNs of dMP OVA and dMP MOG spinal cord on day 2. Each dot represents an individual cell where ~10,000 cells were analyzed
per group with plots down-sampled to present more distinct clusters. Circles highlight the location of distinct cell types including cDC1s, cDC2s, neutrophils,
T cells, and natural killer (NK) cells. Clustering utilized Seurat for initial clustering and then hallmark genes to remove nonbiologically relevant clusters.
(B, ) Hallmark genes used to identify each cluster. (D) Side-by-side uMAP plot showing clusters in dMP OVA and dMP MOG spinal cord. Cells were collected
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Fig. 4. APCs in the dLNs and CNS show a reduction in MHCII Ag presentation and inflammatory gene signature following dMP MOG treatment in mice with
advanced EAE. Dot plots highlight Ag presentation, proinflammatory, cell cycle, and migration genes differentially expressed in (4) cDC2s, (B) macrophages,
(C) Ly6c™" monocytes, and (D) B cells in the dLNs on day 7. Dot plots highlighting Ag presentation, proinflammatory, cell cycle, and migration genes differen-
tially expressed in (F) microglia, (F) MHC 1I"8" cells, (G) Ly6c™ monocytes, and (H) B cells in the spinal cord on day 7. Of note are Ag presentation, proinflam-
matory, anti-inflammatory, cell cycle, and migration genes. Genes with a pagjustes Of <0.1 were considered significant. n = 2 mice per group in the dLNs and
n =1 mouse per group in the CNS.
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cytometry plots and quantification of MHC Il expression by B cells on day 7. (F) Multiplex immunofluorescence image of the lumbar spinal cord on day 17.
Markers are as follows: CD4 (T helper cells) in green, CD8 (cytotoxic T cells) in yellow, CD74 (MHC Il chaperone protein) in cyan, Ki67 (proliferation marker) in
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messenger RNA belonging to inflammatory pathways following
dMP MOG treatment (S Appendix, Figs. S3 and S5).
Although not all changes were present in all APC clusters, key
genes associated with inflammation, activation, maturation,
and cytokine production (20, 38, 45, 46) were down-regulated
in the dLNs and spinal cord, including Lyz2, Len2, Ly86,
S100a8, S100a9, Feerlg, Mif, Statl, Cebpb, Cd44, Cd6S,
Cd86, Cd40, Itgam, Itgax, and Flt3 and Ly6c2 following dMP
MOG treatment (Fig. 4 A-D). Interestingly, several genes asso-
ciated with dysfunctional microglia, including Cebpe, Lyz2,
Cx3crl, and Apoe (38, 47) or lesion-associated microglia, such as
complement genes (48-50), were down-regulated in the micro-
glia of dMP MOG-treated mice (Fig. 4E). T cells in the dLNs
and spinal cord on days 2 and 7 posttreatment down-regulated a
similar gene signature with some distinct genes, including
S$100a8, $100a9, Len2, Lyz2, Ngp, and Anxal (Fig. 7 A-G).

In addition to a decreased expression of proinflammatory
genes, Th17 cells and CD8+ T cell clusters in the dLNs
showed down-regulation of TCR signaling genes (Fig. 7 A, C,
and D). In conjunction with reduced Ag presentation by APCs,
this suggests a concomitant mechanism contributing to treat-
ment efficacy (Figs. 4 A~H and 7 A, C and D and ST Appendix,
S5 A and (). Additionally, Treg cells in the spinal cord also
down-regulated the inflammatory genes $/0048 and Lcn2 and
showed an increased expression of 77f5f18 (encodes for Gitr)
and Nrpl (Fig. 7F), known to be associated with Treg cell acti-
vation (51-55). Altogether, results show that IMP MOG treat-
ment reduced proinflammatory signature genes in numerous
APCs and T cell clusters in the dLNs and spinal cord, which
corresponded with reduced production of proinflammatory cyto-

kines in the CNS.

Expression of Genes Involved Cell Cycle, DNA Replication,
and Translation Was Down-Regulated in Diverse Immune
Populations of EAE Mice Treated with dMP MOG. Cell cycle,
DNA replication, and ribosome pathways were down-regulated
following dMP MOG treatment (S/ Appendix, Figs. S3 A-C, F,
and G, S5 B and E-G, S6, and S7). Specifically, dMP
MOG-treated mice down-regulated cell cycle genes including
Mcem3 and Cdk4 (Fig. 7 Cand F) along with DNA replication
and repair genes such as Rpa2, Pcna, and Prgl (Figs. 44 and
7 A, C and G). Furthermore, translation genes were also
down-regulated in the dLNs and spinal cord following dMP
MOG treatment. These included Eif5h, Eeflb2, and Eeflal
(Figs. 4 C, D, and F-H, 7 B and D-F). Additionally,
proliferation-related genes Jun, Junb, and Jund (56-58) were
reduced in dLNs and spinal cord (Figs. 4 B, C, F, and G and 7E).

https://doi.org/10.1073/pnas.2205417119

The down-regulation of these genes and pathways is consistent
with a reduction in immune cell activation following dMP
MOG treatment.

Discussion

Odur results show that Ag-specific IMP MOG treatment adminis-
tered subcutaneously in advanced EAE effectively reversed paraly-
sis, an improvement over many other preclinical treatments,
which are typically initiated before EAE induction or at the onset
of disease (16, 17, 28, 59—64). Interestingly, despite the adminis-
tration of the same dose of recruitment and suppressive factors,
namely, GM-CSF, TGF-p1, and VD3, only the formulation
with disease-specific MOG Ag has efficacy, demonstrating that
disease-specific Ag is necessary for efficacy. Although the treat-
ment is only administered twice, it remains efficient over 17 d
posttreatment and thus it is superior to other treatments that
need repeated administrations (28-32).

Mechanistically, the dMP subcutaneous injection depot has
been shown to recruit and favor DC differentiation with a sup-
pressive phenotype (18, 20). Previous work has shown that
dMP rrafficking is dependent on factor and Ag loading, as the
cells recruited to the injection site subsequently traffic to dLN
carrying more phagocytosable MPs from the dMP group com-
pared with unloaded MPs (18, 20). Our results show that the
treatment has a pronounced effect on APCs. Following the traf-
ficking of APCs to the dLNs, dMP MOG, but not dMP OVA
treatment, reduced MHC II presentation, which may promote
Ag-specific suppression of T cells. Subsequent down-regulation
of inflammatory gene signatures could involve potential mecha-
nisms such as bystander effects or suppressive lymphocyte feed-
back to reinforce the APC phenotype. Importantly not all cells
in the dLN are modulated by treatment, given the presence of
naive T cells, suggesting that dMP MOG treatment is poten-
tially affecting primarily disease-relevant cells. Both APCs and
T cells have a less proinflammatory phenotype in the spinal
cord, through the down-regulation of genes such as $100a8
and Lcn2. Notably, less MHC II Ag presentation in the spinal
cord following dMP MOG treatment compared to dMP OVA
treatment provides a conserved mechanism between the periph-
ery and primary tissue. Furthermore, we report reduced Ag pre-
sentation and activation in resident microglia and astrocytes in
dMP MOG-treated mice compared to dMP OVA-treated mice.
In conjunction with these changes, reduced levels of the neuro-
toxic cytokines GM-CSF and IL-17a and reduced demyelination
suggest a return toward homeostasis in the CNS. A twin study in
MS revealed that genes including Cer2 and Ciita were elevated in
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Fig. 7. T cells in dLNs and CNS show a reduction in inflammatory genes following dMP MOG treatment in mice with advanced EAE. (B) Dot plots highlight-
ing genes of interest differentially expressed in (A) Th17 cells, (B) naive CD4+ T cells, (C) activated CD8+ T cells, and (D) naive CD8+ T cells in the dLNs on
day 2, specifically TCR signaling, proinflammatory, cell cycle, and migration genes. Dot plots showing proinflammatory, activation, and cell cycle genes in
(E) CD4+ T cells, (F) Treg cells, and (G) CD8+ T cells in the spinal cord on day 7. Genes with a pagjusted Of <0.1 were considered significant. n = 2 mice per

group in the dLNs and n = 1 mouse per group in the CNS.

the twin with MS, and interestingly, these two genes are down-
regulated following dMP MOG treatment (65). In addition to
DCs, B cells show a decrease in MHC II Ag presentation and
inflammation in the dLNs and the spinal cord. dMP MOG treat-
ment in C57BL/6 mice outperformed MuMt '~ mice, demon-
strating the important contribution of B cells in the treatment,
even though disease progression in this model is not B cell depen-
dent. Given the fact that the dMP MOG still had an impact ver-
sus dMP OVA on EAE scores in MuMt '~ mice demonstrates
the importance of other immune populations in mediating the
effect of the treatment. Modulation of B cells provides another
prong to the mechanism of dMP efficacy that has not been
noted in previous work. Overall, we propose a mechanism by
which the Ag-specific dMP treatment halts pathogenesis by
decreasing the MHC II Ag presentation pathway and immune
activation, reducing immune cell infiltration in the CNS and
hallmark inflammatory cytokine signature (Fig. 8). Wholly, these
changes indicate an environment less prone to maintaining
Ag-specific T cell activation and overall inflammation, including

PNAS 2022 Vol. 119 No.43 2205417119

in the CNS. Delivering treatment in advanced disease shows
promise for dMP use as a therapeutic, and substituting MOG
with other MS-specific Ags or combinations could improve
translational capabilities. Altogether, this work highlights
the promise of an Ag-specific dMP therapy to reverse paralysis
through the targeted suppression of autoimmune responses.

Materials and Methods

Particle Formulation and Characterization. MPs were made using emul-
sion and solvent evaporation techniques, and particle sizing utilized dynamic
light scattering and loading used spectrometry or 3-(4-carboxybenzoyl) quinoline
-2- carboxaldehyde (S/ Appendix, Extended Methods).

Mice, EAE Induction, and Treatment. Pathogen-free conditions at the
University of Florida housed C57BL/6 mice (B6NTac) following purchase
from Taconic Biosciences, and MuMt™'~ mice were purchased from Jackson
Laboratory. EAE induction utilized 9- to 13-wk-old female mice. All experi-
ments were approved by the University of Florida Institutional Animal Care
and Use Committee.

https://doi.org/10.1073/pnas.2205417119 9 of 11
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Single Cell Transcriptomics and Multiplex ELISA Reveal Reduced Inflammatory
State Following dMP Treatment
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Fig. 8. dMP MOG immunotherapy highlighting reprogramming in both
the lymph node and CNS.

EAE induction utilized kits from Hooke Laboratories (Hooke Laboratories Inc.,
EK-2110). Subcutaneous injections at both the scruff of the neck and the base of
the tail contained 100 pL of MOGss_ss/Complete Freund's Adjuvant, resulting in
200 pl total injected. At 2 and 24 h following injection of emulsion, 100 pl of
pertussis toxin (4 pg/mL) was injected intraperitoneally. Following 7 d of incuba-
tion, clinical scores were evaluated as follows: score 1, flaccid tail; score 2, weak
hind limbs; score 3, hind limb paralysis; and score 4, quadriplegia.

Treatment consisted of an injection of a mixture of GM-CSF, TGF-p1, VD3,
and Ag-loaded MPs. Untreated mice received injection of sterile phosphate-
buffered saline. Subcutaneous MP administration in the center of the back took
place at a score of 3, with a second injection 3 d later.

Staining and Flow Cytometry. Following fragment crystalizable blocking for
15 min, staining used surface markers (SI Appendix, Extended Methods) and fix-
able viability dye (Affymetrix, Life Technologies) for 30 min at 4 °C followed by
2% paraformaldehyde fixation for 10 min at room temperature. Flow cytometry
used a BD LSR Il instrument with BD FACS DIVA software for data acquisition (BD
Biosciences) or Cytek Aurora (Cytek Biosciences) for spectral cytometry. All data
analysis used FlowJo (BD Biosciences).

Histological Analysis. Briefly, spinal cords were harvested with the surround-
ing vertebrae and placed in 10% neutral buffered formalin overnight. Samples
were then decalcified for 4 h before processing and embedding. Following
processing and embedding, samples were sectioned at 4 pm and stained
(51 Appendix, Extended Methods).
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Multiplex Cytokine Analysis. Brains were harvested on day 7 posttreatment
and homogenized using gentlemacs dissociation. Samples were then centri-
fuged at 400 G for 5 min and then resuspended in 1% Nonidet P-40 lysis buffer.
This solution was placed in a 2-mL blast tube with 500 plL of 800-um glass
beads. A bead blaster lysed the cells and homogenized the tissue. Samples were
spun down at 10,000 G for 10 min, and a bicinchoninic acid assay (Thermo
Fisher) quantified the protein level. Protein levels were normalized to 4 mg/mL
protein before analysis. Eve Technologies used Luminex xMAP technology to
conduct cytokine analysis using a Luminex 200 system (Luminex). Eve's 18-Plex
Discovery Assay (Millipore Sigma) evaluated GM-CSF, IFNy, IL-1a, IL-1B, IL-2, IL-
4,15, 16, IL-7, IL-10, IL-12 (p70), 113, IL-17A, KC/CXCL, LIX, MCP-1, MIP-2,
and TNF-a according to the manufacturer's protocol. Sensitivity ranged from
0.06 to 9.06 pg/mL.

single-Cell RNA Sequencing. sCRNAseq used cells from the spinal cords of
mice with treatment initiated at a score of 3. After cells were harvested from
the spinal cord as previously described, fixed viability dye and CD45.2 stain-
ing took place. Following staining, cells sorting collected live CD45.2* cells
before processing from scRNAseq. The analysis used CellRanger (10x genomics)
in Mobaxterm, and Seurat (Satija Lab) in Rstudio conducted cluster analysis and
differential expression (S/ Appendix, Extended Methods).

Fraction calculation involved normalizing the frequency of each cluster to the
total number of cells from that mouse followed by comparing the frequencies
between groups-a threshold of 65% determined differences in frequency.
Hallmark genes include known defining genes including Cd3e for T cells;
Tmem119 for microglia; Itgam, Itgax, and Adgre1 for MHC I"9" cells; and
Lyéc2, Lyég, Cd177, and Il-1b for neutrophils. Further genes defined the
phenotype, including T cell transcription factors Rorc, thx21, Foxp3, and
Cd177 and II-1b for neutrophils.

Statistical Analysis. The Mann-Whitney U test determined differences in EAE
score. Two-tailed Student's t tests evaluated changes in histological and flow
cytometry data. GraphPad Prism 8 was used for analyses.

Data, Materials, and Software Availability. All Study data are included in
the article and/or S/ Appendix.
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