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Abstract

The intravenous delivery of disease-relevant antigens (Ag) by polymeric nanoparticles (NP-Ags)
has demonstrated Ag-specific immune tolerance in autoimmune and allergic disorders as well

as allogeneic transplant rejection. NP-Ags are observed to distribute to the spleen, which has

an established role in the induction of immune tolerance. However, studies have shown that the
spleen is dispensable for NP-Ag-induced tolerance, suggesting significant contributions from other
immunological sites. Here, we investigated the tolerogenic contributions of Kupffer cells (KCs)
and liver sinusoidal endothelial cells (LSECs) to NP-Ag-induced tolerance in a mouse model of
multiple sclerosis, experimental autoimmune encephalomyelitis (EAE). Intravenously delivered
Ag-conjugated poly(lactide-co-glycolide) NPs (PLG-Ag) distributed largely to the liver, where
they associated with both KCs and LSECs. This distribution was accompanied by CD4 T cell
accumulation, clonal deletion, and PD-L1 expression by KCs and LSECs. Ex vivo co-cultures of
PLG-Ag-treated KCs or LSECs with Ag-specific CD4 T cells resulted in PGE, and I1L-10 or PGE,
secretion, respectively. KC depletion and adoptive transfer experiments demonstrated that KCs
were sufficient, but not necessary, to mediate PLG-Ag-induced tolerance in EAE. The durability
of PLG-Ag-induced tolerance in the absence of KCs may be attributed to the distribution of
PLG-Ags to LSECs, which demonstrated similar levels of PD-L1, PGE,, and T cell stimulatory
ability. Collectively, these studies provide mechanistic support for the role of liver KCs and LSECs
in Ag-specific tolerance for a biomaterial platform that is currently being evaluated in clinical
trials.
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1. Introduction

The increasing frequency of autoimmune-, allergic-, and biologic-related hypersensitivities
has created a demand for interventions that induce antigen (Ag)-specific immune tolerance
[1,2]. No cures are available for these immune disorders, and symptoms are managed

by avoidance of allergens or broadly immunosuppressive drugs that increase the risks for
opportunistic infections and the development of cancer [3,4]. Specifically, therapies include
steroids or non-steroidal anti-inflammatory agents (NSAIDS), antihistamines, and other
methods of systemic immune suppression or immunodepletion that target T cell receptors,
co-signaling molecules, cytokines, antibodies, or leukocyte trafficking [5]. A significant
need exists for treatments that specifically reprogram pathological immune cells without
compromising the ability of the immune system to perform its critical protective functions.
Toward this goal, Ag delivery systems such as targeted peptide fusions, soluble Ag arrays,
Ag-coupled splenocytes, and Ag-loaded nanoparticles (NP-Ags) have been investigated for
their ability to induce Ag-specific immune responses [6-17].

As a class, NP-Ags have induced tolerance in models of Th1/17 and Th2-mediated
diseases, allogeneic transplantation, and AAV- and biologic-mediated hypersensitivities
due to their ability to deliver disease-relevant Ags to Ag presenting cells (APCs) without
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inducing immune activation [18-27]. NPs comprised of biodegradable polymers have been
formulated with Ag incorporated by surface-conjugation, encapsulation, and conjugation
to the polymer precursors of NPs [18, 28-30]. In several cases, the efficacy of NP-Ags
was dependent on the incorporation of an immunomodulating agent (e.g. rapamycin or
IL-10) [29,31]. Previous studies have identified highly negatively-charged Ag-containing
poly(lactide-co-glycolide) (PLG) NPs (PLG-AgQ) as an effective platform for tolerance
induction in the absence of exogenous immunomodulators [5]. PLG-Ags have recently
completed a phase 2 randomized, double-blind, placebo-controlled clinical trial for the
treatment of celiac disease and are progressing to a phase 2b trial (Clinical Trials.gov
Identifier: NCT04530123) [32].

NP-Ag-induced tolerance strategies are frequently administered subcutaneously or
intravenously (i.v.), where their biodistribution is largely dependent on NP size [33]. For

i. v. delivery, NPs in the range of 300 nm—800 nm distribute to the liver and spleen and are
processed by APCs in a fashion hypothesized to resemble the body’s natural clearance

of apoptotic cells [5,34,35]. Highly negatively-charged PLG-Ag distribute to splenic
macrophages resulting in internalization, Ag presentation, and anti-inflammatory signaling
in the spleen [28]. While the spleen has historically been a site of immune tolerance,
tolerance induction in splenectomized mice using PLG-Ags suggests other immunological
sites play a contributing role [18]. In addition to the spleen, the liver has demonstrated a role
in peripheral tolerance [36]. Based on the biodistribution of NPs to the liver and the known
tolerogenic capability of liver cells, we hypothesize that i. v. administered PLG-Ag promote
tolerance by influencing cellular responses in the liver.

The liver is considered a tolerogenic organ based on observations in organ transplantation,
Ag-specific tolerance, and the persistence of liver-based infections [37]. The constant
exposure of hepatic immune cells to gut-derived microbial endotoxins results in cells that
have a higher threshold for immune activation and are naturally skewed toward a phenotype
that maintains tolerance [36]. Namely, the macrophages of the liver, Kupffer cells (KCs),
and liver sinusoidal endothelial cells (LSECs) have restrained immunogenic potential as
APCs [36,38]. KCs are highly phagocytic, have subdued proinflammatory responses to TLR
agonists, and evidence supports their role in peripheral tolerance [36]. Endocytic LSECs
are capable of cross presentation, Foxp3* regulatory T cell (Treg) induction, and have also
been implicated in Ag-specific tolerance [39,40]. Previous studies of NP-induced tolerance
demonstrated the size-dependent cellular distribution of NP-Ags to either LSECs or KCs,
where 10 nm iron oxide NP-Ags selectively associated with LSECs and 500 nm latex
NP-Ags selectively associated with KCs [40,41].

Herein, we investigated the role of the liver in PLG-Ag-mediated immune tolerance and the
corresponding cellular contributions of KCs and LSECs. Initial studies analyzed the extent
to which PLG-Ag accumulate within the liver and the hepatic populations associating with
these particles. The phenotypes of KCs and LSEC were analyzed through expression of cell
surface molecules, gene expression, and secretion of immunomodulatory factors. CD4 T
cells were found to accumulate at and selectively die in the livers of OT-Il mice receiving

i. v. PLG-Ag loaded with cognate antigen, suggesting that PLG-Ag may induce tolerogenic
effects through clonal deletion. In the mouse model of multiple sclerosis, relapsing-remitting
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experimental autoimmune encephalomyelitis (EAE), splenectomized mice with EAE were
used to distinguish the role of the liver from the known contributions of the spleen in a
disease model of PLA-Ag-induced tolerance. KC depletion using clodronate liposomes did
not inhibit PLG-Ag-mediated tolerance, while KCs harvested from PLG-Ag-treated mice
and transferred into naive mice provided protection against the induction of EAE. These
results indicate that KCs are sufficient, but not necessary, to mediate PLG-Ag-induced
tolerance. Collectively, these studies highlight the contributions of the liver, and particularly
KCs and LSECs, to the induction of PLG-Ag-mediated immune tolerance.

2. Results

2.1

2.2.

Intravenously injected PLG NPs distribute to KCs and LSECs of the liver

The organ and cellular biodistribution was analyzed following intravenous administration

of fluorescently labeled PLG particles (PLG-Cy5.5). These particles, and all particles used
herein, were polymer-conjugate PLG nanoparticles, where the PLG is chemically conjugated
to ligands (e.g., Cy5.5 or peptide Ags) prior to forming the nanoparticles using an emulsion
process. These particles were in the size range of 380-420 nm and zeta potential of —42 to
—-36 mV (Table S1). The approach allows for the incorporation of precise Ag quantities and
minimizes uncontrolled payload release [30]. The attachment of fluorophores was employed
to track the biodistribution of PLG particles in vivo. The biodistribution of PLG-Cy5.5

was evaluated in the context of a dose response, as dose has been reported to influence
PLG-Ag-induced tolerance [14,15]. The PLG-Cy5.5-derived organ fluorescence increased
with particle dose and was greatest in the liver, with a lower presence in the lung and

spleen (Fig. 1A). At therapeutically relevant doses of 1 and 2 mg [14], the PLG-Cy5.5 signal
in the liver was 10-fold greater than in the lung and spleen. Within the liver, PLG-Cy5.5
association with KCs and LSECs also followed a dose response (Fig. 1B). LSECs had a
greater frequency of PLG-Cy5.5 association than KCs indicating a broad distribution across
LSECs. However, KCs had a greater median fluorescent intensity, which may indicate the
internalization of larger particles or multiple particles per cell. At a dose of 2 mg, most

KCs and LSECs were PLG-Cy5.5-positive. To confirm the connection between particle
biodistribution and bioactive antigen delivery to KCs and LSECSs, particles containing both
Cy5.5. and model antigen OVA323_339 peptide (PLG-OVA,-Cy5.5) were injected i. v. at a
dose of 2 mg. The livers were isolated and Cy5.5-labeled KCs and LSECs were sorted by
FACS for co-culture with OVA-restricted T cells from OT-Il mice. Both particle-associated
KCs and LSECs induced the expression of CD25 on OT-II T cells confirming the in vivo
bioactive delivery of Ag to KCs and LSECs by PLG particles (Figure S1). These data
indicate that the liver is a significant site for PLG NP accumulation, after i. v. administration,
and that these particles deliver bioactive antigen to both KCs and LSECs.

PLG-Ag induce Ag-specific T cell accumulation and deletion in the liver

The number of CD4 T cells was quantified in the liver after intravenous PLG-Ag

infusion. OT-II transgenic mice were utilized to identify the Ag-specific effect of PLG-OVA
(containing 8 pg OVA3,3_339 peptide per mg) in comparison to PLG-PLP carrying irrelevant
Ag (containing 8 ug PLP139_151 peptide per mg). Prior studies have demonstrated that
PLG-Ag confer therapeutic tolerance in an antigen-specific manner; therefore, PLG-PLP
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serve as a treatment control in experiments involving OT-Il mice with OVA-restricted TCRs
[5,14,15,18,19,28]. Compared to treatment with PLG-PLP, mice injected with PLG-OVA
experienced a 3-fold increase in CD4 T cells in the liver 24 h after injection (Fig. 2A).

The total cell viability in the liver was unchanged between the two treatments, however,

the increase in CD4 T cell number with PLG-OVA was accompanied by a 30% decrease

in the T cell population viability (Fig. 2B). This result suggests that PLG-OVA caused an
accumulation and deletion of T cells in the liver, and that this effect was Ag-specific.

Particles induce an Ag-specific tolerogenic phenotype in KCs and LSECs

KCs and LSECs were subsequently analyzed to understand their in vivo phenotype
following PLG-Ag treatment. The mRNA transcripts of liver non-parenchymal cells (NPCs)
were analyzed for the expression of genes involved in immunomodulatory signaling

(Fig. 2C). Transcripts for TGF-p, IL-10, and prostaglandin E synthase (PTGES) protein
production were analyzed as each have been implicated in liver-mediated tolerance. Again,
OT-11 mice were utilized to measure responses in the context of cognate Ag-presentation
with PLG-PLP as a negative control. Ag-specific particle treatment (PLG-OVA) caused

a significant increase in mRNA transcripts of 7gfb1 and Prges2, the gene encoding for
PTGES, which enzymatically produces PGE;. A non-significant (o= 0.08) increase in
/170 mRNA transcripts was observed between the Ag-relevant PLG-OVA and irrelevant
PLG-PLP conditions. Together, these gene expression data may support a role for soluble
factors in liver-mediated PLG-Ag-induced tolerance.

KC and LSEC costimulatory and coinhibitory molecule expression were then measured

to determine if changes in receptor-mediated stimulatory potential were associated with
PLG-Ag internalization and cognate Ag presentation. OT-11 mice were injected with PLG-
OVA and PLG-PLP and the liver NPC fraction was analyzed after 24 h. Both KCs
(CD11b*F4/80™) and LSECs (CD146%) experienced no change in costimulatory CD80
molecules between the two treatment groups (Fig. 3). CD86 and CD40 were significantly
upregulated on KCs and LSEC treated with PLG-OVA. Both KCs and LSECs showed

a large and significant increase in the expression of coinhibitory molecule PD-L1 with
PLG-OVA particle administration.

2.4. KCs and LSECs present particle-derived Ag to T cells resulting in the secretion of
regulatory factors

The CD4 T cell responses to Ag presentation by PLG-Ag-containing KCs and LSECs
were compared ex vivo. Wild-type mice were injected with Cy5.5-labeled PLG-OVA.
The KCs and LSECs from particle-treated mice (KC(PLG-OVA) and LSEC(PLG-0OVA))
were sorted and co-cultured with naive OVA-specific CD4 T cells from OT-11 mice. Bone
marrow-derived dendritic cells (BMDCs) and macrophages (BMM@s) were treated with
soluble OVA and used as positive controls for Ag presentation. Where no OVA was present,
the BMDCs and BMM®@s were unable to stimulate T cells, which matches our previous
observations that APCs receiving particles with irrelevant Ag (e.g. PLP) are unable to
stimulate T cells [15]. Other reports showed that without cognate Ag, T cells are not
stimulated by KCs or LSECs [36,42]. Blank particles were not tested because previous
studies have shown that repeated delivery of blank particles can delay but not prevent
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disease onset, and do not prevent disease by mechanisms of tolerance [43,44]. In the
presence of soluble OVA, BMDCs were efficient Ag presenters and induced the expression
of the high-affinity IL-2 receptor, CD25, on 90% of T cells (Fig. 4A). BMM@s were

less efficient Ag presenters, inducing an upregulation of CD25 on only 40% of T cells.
Statistically less than BMDCs, and similar to BMM@s, KC(PLG-OVA) and LSEC(PLG-
OVA) populations induced a moderate 30% and 20% expression of CD25 on co-cultured T
cells, respectively. Under these /n vitro conditions, no significant increase in the percentage
of CD47CD25*Foxp3* T cells between the conditions was observed (data not shown).

The supernatants of the APC:T cell co-culture assays were measured for the presence of
soluble IL-10, PGE,, and TGF-B. IL-10 was produced in significant quantities in co-cultures
with KC(PLG-OVA) as stimulators, but not in the BMDC and BMM@ controls or the
LSEC(PLG-OVA) condition (Fig. 4B). PGE, was secreted at significant levels in conditions
containing KC(PLG-OVA) and LSEC(PLG-OVA), but not in any of the BMDC or BMM{Js
controls. TGF-P was not secreted at measurable levels in these conditions (data not shown).
These data indicate that cognate Ag presentation by LSECs results in a secretion of PGE,,
whereas cognate Ag presentation by KCs results in a secretion of both IL-10 and PGE,.

2.5. KCs are dispensable for particle-induced tolerance

2.6.

The respective roles of KCs and LSECs in PLG-Ag-induced immune tolerance were
investigated in the context of autoimmunity using the relapsing-remitting EAE mouse
model. The mice were splenectomized to distinguish the effects of the liver from the
immunomodulatory contributions of the spleen. Mice were then treated with clodronate
liposomes to deplete KCs and investigate the contribution of other hepatic APCs, namely
LSECs, to PLG-Ag-induced tolerance (Figure S2). After 24 h, mice were injected with
disease-relevant PLG-PLP or irrelevant PLG-OVA, then immunized with PLP/CFA 7
days later (Fig. 5A). The negative control group, receiving a sham splenectomy and
PLG-OVA experienced acute and relapsing EAE symptoms (Fig. 5B). In contrast, the
PLG-PLP reduced the severity of disease symptoms in both sham and splenectomized
mouse groups. Injection of PLG-PLP in KC-depleted splenectomized mice resulted in
a significant reduction of acute EAE symptoms and complete suppression of relapse
symptoms suggesting a dispensable role for KCs in PLG-Ag-induced tolerance.

KCs contribute to particle-induced tolerance

The protective effect of PLG-Ag in EAE despite clodronate depletion of KCs implicates
other cells in this tolerogenic process, yet does not dismiss the role of KCs in PLG-Ag-
mediated peripheral tolerance. An adoptive transfer model was used to test the sufficiency
of KCs to mediate systemic tolerance in EAE. Previous studies have demonstrated that
adoptive transfer of KCs and macrophages distribution to and functionally reconstitute the
liver [45-49]. SJL mice were injected with Cy5.5-labeled PLG-PLP. The particle-containing
KCs were isolated from these mice and were intravenously injected into naive SJL recipients
7 days prior to immunization. Compared to mice that received no intervention, adoptive
transfer of particle-containing KCs significantly mitigated EAE symptoms (Fig. 6). This
result, combined with the clodronate depletion study, suggests that KCs promote PLG-Ag-
induced immune tolerance, yet are not the sole contributor to this response.
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3. Discussion

This study investigated the contributing roles of liver APCs to Ag-specific immune
tolerance using a PLG NP Ag-delivery platform. The intravenous delivery of Ag by NPs
has demonstrated system-wide tolerance induction in models of autoimmune, allergic,
and allogeneic hypersensitivities [19,20,28]. Historically, the i. v. delivery of soluble Ag
has demonstrated mixed tolerogenic effects; however, this approach requires orders of
magnitude more antigen than presented here and the risk of anaphylaxis limits the safe
implementation of this strategy [14,28,50]. Nanoparticles present a biomaterial platform for
controlled delivery of Ag to immunomodulatory immune cells. The current investigation
of PLG-Ag-induced tolerance in the liver was motivated by the observations that: 1) NPs
distribute to the liver, 2) immune cells of the liver are semi-resistant to immune activation,
and 3) PLG-Ag NPs have induced tolerance in splenectomized mice [18,36]. The liver is
not traditionally regarded as a lymphoid organ; however, it contains its own complement
of immune cells. Herein, within the context of biodegradable Ag-loaded PLG particles,
the contributions of KCs and LSECs to immune tolerance were considered together.
Specifically, KCs and LSECs demonstrated PLG-Ag association, Ag-specific phenotypic
changes, arrest and deletion of T cells, and tolerogenic redundancy.

I.V. administration of PLG NPs resulted in an organ biodistribution primarily to the liver
and cellular association with both KCs and LSECs. The 400-600 nm PLG NPs employed in
this investigation associated with a majority of KCs and LSEC following i. v. injection of 2
mg. At the lower dose of 1 mg, less than half of KCs and LSECs were PLG NP-positive,
which corresponds with previous reports of diminishing tolerogenic effect at lower doses
[14]. A similar pattern of biodistribution within the liver has been detailed following direct
injection of PLG NPs into the spleen for directed flow to the liver [51]. The study showed
that similar PLG particles were captured by nearly all KCs and LSECs, half of hepatic
stellate cells, and only 7% of hepatocytes. Others have investigated NP-induced tolerance
using NPs that exclusively partitioned to specific liver APCs based on their size: 500 nm
carboxylated latex particles preferentially target KCs as they are highly phagocytic, while
10 nm polymer-coated superparamagnetic iron oxide (SP10) NPs preferentially targeted
LSECs, where endocytosis through clathrin-mediated transport captures particles less than
200 nm [38,40,41]. The PLG NPs evaluated here, by virtue of their emulsion-based
formulation, have a greater polydispersity than monodispersed latex and SP10 particles
made by polymerization and precipitation, respectively. This broader size distribution of
PLG NPs may account for the association with both KCs and LSECs enabling tolerance
through multiple hepatic APCs. Other non-particle modalities, such as Ag-ligand fusions,
have achieved a similar distribution of Ag to multiple hepatic cells. These conjugates of Ag
fused to polymeric N-acetylgalactosamine (Ag-p(GalNAc)) or N-acetylglucosamine (Ag-
p(GIluNAC)) target the C-type lectin receptors on multiple liver APCs [17]. This targeting
allowed Ag delivery to liver DCs, KCs, LSECs, and hepatocytes to induce Ag-specific
tolerance by multiple mechanisms. Together, the use of PLG-Ag here, with intermediate size
and polydispersity, results in the delivery of Ags across multiple liver APCs which may act
to reinforce tolerance through multiple cell types.
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The presentation of particle-derived Ag in the liver resulted in the Ag-specific arrest and
tolerogenic reprogramming of T cells by clonal deletion. The delivery of cognate Ag by
PLG-Ag caused a three-fold increase of Ag-specific CD4 T cells in the liver of OT-11 mice,
which was accompanied by a 30% reduction in T cell population viability. Importantly, the
viability of other NPCs was not affected, indicating that this result represented Ag-specific
clonal deletion. This result is supported by the observation that PLG-Ag treatment induced
KC and LSEC expression of programmed death-ligand 1 (PD-L1), which has been shown to
play a role in the regulation of autoreactive T cells (Fig. 3) [52]. The rapid arrest of T cells
by Ag-treated KCs and LSECs has been previously observed in real-time, using intravital
microscopy, and this arrest and deletion pattern of the liver has also been observed with both
naive and activated Th1l and Th2 T cells [41,53,54]. In addition to clonal deletion, other
reports have demonstrated a capacity for regulatory T cell induction by KCs and LSECs.
Ag-coupled latex particles have induced production of Foxp3™* Tregs and IL-10-producing
regulatory Trl phenotypes by KCs [41]. Separately, Ag-coupled iron oxide particles induced
tolerance that was attributed to Tregs and was abrogated by depleting Tregs [40]. Our
previous work supports these additional mechanisms as the depletion of Tregs or IL-10
partially depleted PLG-Ag-induced tolerance in the EAE model [28]. In this work, we
demonstrated the secretion of IL-10 in co-cultures of KCs and CD4 T cells which supports
the Trl mechanism, but we did not observe significantly enhanced Treg induction /n vitro
without the addition of exogenous TGF-f (data not shown). Collectively, the delivery of
PLG-Ag to liver APCs results in the arrest and clonal deletion of T cells which may act in
parallel to other peripheral tolerance mechanisms of the liver involving Foxp3 Tregs and Trl
T cells.

KCs and LSECs exhibited tolerogenic signal 1 and 2 phenotypes following PLG-Ag
delivery and T cell interaction. KCs and LSECs from PLG-Ag-treated mice induced

the expression of the high-affinity IL-2 receptor (CD25) on T cells indicating particle
internalization, processing, and bioactive Ag presentation. The extent of CD25 expression
induced on T cells by PLG-Ag-containing KCs and LSECs was suboptimal: similar to that
of macrophages and lower than that of highly efficient DCs. Importantly, the presentation
of T cell-specific Ag, but not irrelevant Ag, coincided with a marked upregulation of
co-inhibitory molecule PD-L1 on KCs and LSECs, and significant increase in costimulatory
molecules CD86 and CD40. The PD-1/PD-L1 pathway in the liver influences the balance
between tolerance and immunity, where inhibition of PD-L1 on KCs can reactivate
immunity against persistent viral infections and an increase in PD-L1 on LSECs suppresses
Th1 and Th17 responses [53,55]. Previous work with PLG-Ag has corroborated a role for
PD-1/PD-L1 signaling in particle-induced tolerance: Treatment with anti-PD-1 antibody
limited tolerance in the EAE model and completely abolished tolerance in the BDC2.5 type
1 diabetes model [18,24]. PD-L1 expression by liver APCs is associated with tolerance
induction, and here we showed Ag-specific enhancement of PD-L1 expression in PLG-Ag-
treated KCs and LSECs [18].

The treatment of KCs and LSECs with PLG-Ag resulted in secretion of tolerogenic factors
(signal 3) in co-cultures with Ag-specific T cells. Specifically, cultures with KC stimulators
produced IL-10 and PGE,, and cultures stimulated with LSECs produced PGE,. Both of
these soluble factors has been detected in the context of liver-based immune tolerance
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[42,56]. You et al. thoroughly demonstrated that KC-derived PGE; is a suppressor of T

cell activation and IL-2 production and, importantly, that PGE, secretion diminished the
ability of nearby APCs to activate T cells [36]. This secretion PGE, may contribute to the
observed low expression of CD25 in the co-cultured T cells. Our observation that IL-10 was
exclusively secreted in co-cultures of KC and T cells matches other evidence that T cells
become IL-10-producing after Ag delivery to KCs [41]. In the referenced study, IL-10 was
present in 40% of T cells which suggesting an I1L-10-producing regulatory Trl phenotype.
Thus, the source of IL-10 production may have been the KCs, T cells, or both. Together, the
secretion of anti-inflammatory mediators in the context of particle-treated KCs and LSECs
contributes to a secretory microenvironment associated with T cell regulation.

KCs were sufficient, but not necessary, for mediating an Ag-specific tolerogenic response
to PLG-Ag in the EAE model. Previous reports have indicated that NPs associate

with KCs and LSECs upon intravenous injection [38,40,41], and we investigated the
specific contribution of KCs to PLG-Ag-induced tolerance by depleting KCs and also

by adoptively transferring PLA-Ag-positive KCs. Macrophages have previously been
adoptively transferred in autoimmune, fibrosis, and transplantation models to assess their
role in disease or therapeutic processes. Importantly, where LSECs are sessile, a majority
of transferred macrophages localize to the liver within 24 h [45-48]. Remarkably, adoptive
transfer of PLG-Ag-positive KCs reduced the severity of EAE disease symptoms. This result
is in accordance with the tolerance-inducing ability of KCs, however, it is unclear whether
the adoptively transferred PLG-Ag-positive KCs reconstituted their native effector behavior
in the liver [41]. Importantly, clodronate liposome depletion of KCs in splenectomized
mice did not abolish the tolerogenic effect of PLG-Ag. It is suspected that this effect

results from the redundant tolerogenic capabilities of LSECs, which have demonstrated
effective presentation of NP-derived Ag, inducible expression of PD-L1, low expression of
costimulatory molecules, secretion of PGE,, and an induction of Tregs [39]. Together, these
results suggest that KCs are independently capable of inducing tolerance, and that LSECs
make contributions to this systemic tolerance.

In conclusion, hepatic KCs and LSECs make contributions to Ag-specific immune tolerance
induced by antigen-loaded PLG nano-particles. The PLG NPs distributed largely to the
liver where they associated with KCs and LSECs. PLG particles containing cognate Ag
caused the arrest and clonal deletion of T cells in the liver within 24 h. /n vivo, KC

and LSEC costimulatory molecules were moderately affected by treatment, but inhibitory
molecule PD-L1 was markedly upregulated in the context of relevant Ag delivery. KC
interactions with T cells resulted in the secretion of PGE, and IL-10, whereas interactions
with LSECs produced PGE; only. PLG-Ag-mediated tolerance in the EAE autoimmune
model occurred despite the depletion of KCs, and tolerance could be induced by adoptively
transferring PLG-Ag-containing KCs. These data suggest that KCs are sufficient, but not
necessary, contributors to PLG-Ag-induced tolerance. Collectively, these studies contribute
to identifying the mechanisms within the liver that induce tolerance for a biomaterial
platform that is currently being evaluated in clinical trials.
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4. Materials and methods

4.1. Materials

Acid-terminated 50:50 poly (D, L-lactide-co-glycolide) (PLG) (~0.17 dL/g inherent viscosity
in hexafluoro-2-propanol) was purchased from Lactel Absorbable Polymers (Birmingham,
AL). Poly(ethylene-a/t-maleic anhydride) (PEMA) was purchased from Polysciences, Inc.
(Warrington, PA). Amine-terminated ovalbumin peptide (NH>-OVA393_339), referred to as
OVA, and proteolipid peptide (NH»-PLP139_151), referred to as PLP, were purchased from
Genscript (Piscataway, NJ). Collagenase IV was purchased from Worthington Biochemical
Corp. (Lakewood, NJ).

4.2. PLG-ligand bioconjugation and characterization

Acid-terminated PLG (37.8 mg, 0.009 mmol, 4200 g/mol) was dissolved in 2 mL of

N, N-dimethylformamide (DMF) (Sigma, St. Louis, MO). N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) (9.0 mg, 0.047 mmol, 5X to PLG) (Sigma, St.
Louis, MO) was dissolved in 0.5 mL of DMF and added dropwise to the PLG solution.
N-hydroxysuccinimide (NHS) (5.5 mg, 0.047 mmol, 5X to PLG) (ThermoFisher, Waltham,
MA\) was dissolved in 0.5 mL DMF and added dropwise. The reaction was stirred for

15 min at room temperature. Antigenic peptide (1.2X to PLG) was dissolved in 1 mL

of DMSO and 0.5 mL of DMF and stirred. Triethylamine (5X to peptide) was added to

the peptide solution, and the resulting mixture was added dropwise to the stirring PLG
solution. The reaction proceeded overnight at room temperature. The resulting polymer
was isolated using 3500 molecular weight cut-off membrane dialysis in 4 L of distilled
water replaced 6 times over 2 days. The dialyzed polymer was washed with MilliQ water
three times by centrifugation at 7000xg. Finally, the polymer was lyophilization for 2 days.
Coupling efficiency of peptide or fluorophore to PLG was determined by 1H NMR analysis
in DMSO- ;.

4.3. Nanoparticle preparation and characterization

PLG-Ag NPs were prepared using Ag-PLG bioconjugates using an oil-in-water (o/w)
emulsion solvent evaporation (SE) technique as previously described in publications [30].
Briefly, 400 mg of the acid-terminated PLG and Ag-PLG polymer conjugate (based on the
4200 g/mol MW of PLG and the coupling efficiency of Ag-PLG for a total Ag concentration
8 pg/mg) was dissolved in 2 mL of dichloromethane (DCM). This organic phase was added
to 10 mL of 1% PEMA and sonicated at 100% amplitude for 30 s using a Cole-Parmer
Ultrasonic processor (Model XPS130). The emulsion was added to 200 mL of magnetically
stirred 0.5% PEMA overnight to allow for DCM evaporation. The nanoparticles were
collected by centrifugation at 7000x g for 15 min and washed twice with 0.1 M sodium
bicarbonate buffer and a final wash using MilliQ water. Sucrose (4% wi/v) and mannitol
(3% w/v) were added as cryoprotectants and the particles were then lyophilized for 48 h
before use. The size and zeta potential of the nanoparticles were determined in MilliQ water
by dynamic light scattering (DLS) using a Malvern Zetasizer ZSP (Worcestershire, UK).
Cy5.5-amine (Lumiprobe, Hunt Valley, MD) was conjugated to acid-terminated PLG and
incorporated into PLG NPs at 1% w/w to create fluorescent PLG-Cy5.5 NPs, as previously
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described [30]. Ag-containing particles were formulated with a loading of 8 ug Ag/mg. NP
size and zeta potentials are reported in Table S1.

Female C57BL/6J and OT-1I mice (B6. Cg-Tg(TcraTcrb)425Chbn/J) (6-8 weeks old) were
purchased from The Jackson Laboratories (Bar Harbor, ME). Swiss Jim Lambert (SJL/J)
mice (6-8 weeks old) were purchased from Envigo Laboratories (Indianapolis, IN). All mice
were housed under specific pathogen-free conditions in the University of Michigan Unit for
Laboratory Animal Medicine and all mice procedures and experiments were compliant with
the protocols of the University of Michigan Animal Care and Use Committee.

4.5. Antibodies and flow cytometry

All antibodies were purchased from BioLegend (San Diego, CA). Flow cytometric data
were collected using a Beckman Coulter CytoFLEX S Research Flow Cytometer. Cells

were blocked per the manufacturers’ instructions with anti-CD16/32 antibody prior to
staining with the following extracellular antibodies: anti-F4/80 (clone BM8), anti-CD11b
(clone M1/70), anti-CD146 (clone ME-9F1), anti-CD80 (clone 16-10A1), anti-CD86 (clone
GL-1), anti-CD40 (cone 3/23), anti-PD-L1 (clone 10F.9G2). Viability was assessed with

4’ 6-Diamidino-2-Phenylindole, Dilactate (DAPI) (Biolegend). CD45+F4/80+CD11b + KCs
and CD45~ CD146+ LSECs were separated by fluorescence activated cell sorting (FACS)
using a Beckman Coulter MoFlo Astrios EQs. Analysis was performed using FlowJo
software (FlowJo, San Jose, CA).

4.6. Liver cell isolation

Liver non-parenchymal cells (NPCs) were isolated as described previously by Bourgognon
et al. [57]. Briefly, mice were anaesthetized with isoflurane. The liver portal vein was
cannulated with a butterfly needle and perfused with 15 mL of a 0.5 mM ethylene glycol
tetraacetic acid solution followed by 20 mL of 100 U/mL collagenase 1V solution. Liver
cells were strained through a 70 um nylon strainer and parenchymal cells were removed

by centrifugation at 50g for 2 min (four times). Non-parenchymal cells in the supernatant
were further enriched using a 25/50% Percoll gradient (GE Healthcare, Uppsala, Sweden).
KCs and LSECs were separated using FACS (KC: CD45*CD11b*F4/80* and LSEC: CD45~
CD146™) or MACS (KC: F4/80 positive selection and LSEC: CD146 positive selection).

4.7. Bone marrow-derived antigen presenting cells

Bone marrow was harvested from the tibia and femurs of C57BL/6J mice to differentiate
BMDCs and BMM@s. Cell media consisted of RPMI 1640 supplemented with GlutaMAX
(Life Technologies, Carlsbad, CA), penicillin (100 units/mL), streptomycin (100 mg/mL),
10% heat-inactivated fetal bovine serum (FBS) (Invitrogen Corporation, Carlsbad, CA).
For BMM@s, the media was further supplemented with 20% L929 (ATCC, Manassas, VA)
conditioned media on days 0, 3, and 6, and for BMDCs, 50 mM B-mercaptoethanol and 20
ng/mL of granulocyte-macrophage colony-stimulating factor (GM-CSF) (Peprotech, Rocky
Hill, NJ) was added according to the Lutz protocol [58]. The BMM®@s were lifted using
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Versene (ThermoFisher, Waltham, MA) and the BMDCs were loosely adherent and washed
with gentle pipetting.

4.8. Nanoparticle biodistribution

C57BL/6J mice were injected with 0, 0.1, 0.5, 1, or 2 mg of Cy5.5-labeled PLG NPs

in PBS. After 24 h, mice were euthanized and lungs, livers, and spleens were isolated. NP-
derived fluorescence was measured using an in vivo imaging system (PerkinElmer IVIS®
Spectrum, Waltham, MA). Liver cells were subsequently isolated by ex vivo incubation with
collagenase IV and enriched for NPCs as described above. Cells were blocked, stained, and
analyzed by flow cytometry to measure PLG-Cy5.5 signal in viable cells. Viability was
assessed using DAPI exclusion dye.

4.9. Invivo T cell arrest and liver cell phenotyping

OT-Il mice were injected with 2 mg of PLG-OVA353_339 0r PLG-PLP139_151 (8

ug Ag/mg NP). 24 h later, liver NPCs were isolated. CD4 T cell viability was

assessed by flow cytometry with DAPI exclusion dye, and the number of T cells was
quantified with CountBright Absolute Counting Beads (Invitrogen Corporation, Carlsbad,
CA). KC and LSEC costimulatory (CD80, CD86, CD40) and coinhibitory molecules
(PD-L1) were evaluated by flow cytometry. mRNA transcripts for 7gfb1, //10, and
Ptges2 were quantified using reverse-transcription followed by quantitative polymerase
chain reaction (RT-qgPCR). mMRNA was isolated using a High Pure RNA Isolation Kit
(Roche, Indianapolis, IN). cDNA was synthesized using iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA) according to manufacturer’s protocol using 1 ug RNA per
sample. qPCR was conducted with iQ SYBR Green Supermix (Bio-Rad). Fluorescence
incorporation and threshold cycle quantification was determined using a CFX Connect
Real-time PCR Detection System (Bio-Rad). The primers (ThermoFisher, Waltham, MA)
used were: 785-rRNA (internal control) forward 5'-GCAATTATTCCCCATGAACG-3’
and reverse 5'-GGCCTCACTAAACCATCCAA-3’ Tgfb1: forward 5'-
CAGAAATACAGCAACAATTCC-3 and reverse 5'-CTGAAGCAATAGTTGGTGTC-3".
1/10. forward 5- ATGCAGGACTTTAAGGGTTACTTGGGTT-3” and reverse

5’ - ATTTCGGAGAGAGGTACAAACGAGGTTT-3". Ptges2 forward 5'-
AATGTCCACAGCTCAGCCTC-3 and reverse 5'-CTCAGGACTCTGGAGGGACA-3’.
The 2722C method was used to quantify relative MRNA expression between PLG-OVA-
and PLG-PLP-treated mice with Z8s-rRNA as an internal control [59].

4.10. Detection of cytokine production by ELISA

Enzyme-linked immunosorbent assays (ELISA) for were used to measure murine TGF-p
and IL-10 in the cell culture supernatants. A competitive binding assay was used to measure
PGE, (Cayman Chemical Company, Ann Arbor, MI). Assays were performed by the
University of Michigan Cancer Center Immunology Core.

4.11. KC and LSEC Co-culture with T cells

C57BL/6J mice were injected with 2 mg of PLG-OVA323_339 (8 g OVA323_339/mg NP).
24 h later, liver NPCs were isolated, stained, and sorted by MACS into KC and LSEC
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populations. MACS was conducted with anti-F4/80 and anti-CD146 microbeads. Liver
APCs were seeded into round-bottom 96-well plates at 10° cells/well. BMDCs and BMM@s
were used as controls and were seeded at 5 x 104 cells/well. Naive CD4 T cells were
isolated from OT-1I mice using a naive CD4 T cell isolation kit (Miltenyi, San Diego, CA)
and co-incubated with the APCs at 5 x 10% cells/well. OVA3,3 339 Was added to positive
controls at 100 ng/mL. After 4 days, CD4 T cells were analyzed for CD25 expression and
the supernatants were analyzed for TGF-, 1L-10, and PGE; using ELISA or competitive
binding assay.

EAE, splenectomy, and KC depletion/adoptive transfer

Relapsing-remitting experimental autoimmune encephalomyelitis (EAE), a mouse model

of autoimmune multiple sclerosis, was induced by immunization with encephalitogenic
PLP39_151 peptide as previously described [60]. 6-8 week female SJL/J mice were
immunized by subcutaneous administration of 100 pL of 1 mg/mL PLP3g9_151/complete
Freund’s adjuvant (CFA) emulsion distributed over 3 spots on the nape and hind flanks. The
PLP/CFA (1 mg PLP/mL) emulsion was prepared by sonicating (Cole-Parmer Ultrasonic
processor Model XPS130) one volume of 4 mg/mL M. tuberculosis H37Ra (Difco, Detroit,
MI) in incomplete Freund’s adjuvant (Difco, Detroit, MI) with 1 volume of 2 mg/mL
PLP39_151 in PBS. Disease severity in individual mice was assessed by blinded observers
using a 0 to 5 point scale: 0 = no disease, 1 = limp tail or hind limb weakness, 2 = limp tail
and hind limb weakness, 3 = partial hind limb paralysis, 4 = complete hind limb paralysis,
5 = moribund. In each EAE study, PLG-Ags were injected 7 days prior to immunization. In
KC-depletion studies, mice were splenectomized as described previously [61]. After 13 days
of recovery, KCs were depleted by injecting 200 uL (5 mg/mL) of clodronate liposomes
(Encapsula, Brentwood, TN) 24 h before injection with PLG-PLP. Depletion was confirmed
by flow cytometry analysis of liver NPCs (Figure S2). In adoptive transfer experiments,
SJL/J mice were injected with 2 mg of PLG-PLP,-Cy5.5 (8 pg PLP/mg NP). 24 h later, liver
NPCs were isolated, stained, and particle-positive KC(PLG-PLP) were sorted and injected
into recipient mice at 10% kC(PLG-PLP) cells/mouse.

4.13. Statistical analyses

Results are reported as mean + standard deviation (SD) or standard error of mean (SEM)

as indicated in figure captions. Students’ t-test was used to determine the significance of
parametric data between two groups. Significant differences between cytokine expressions
were determined by one-way ANOVA along with Tukey’s multiple comparison test.
Student’s t-test was used to compare fold-change differences in RT-gPCR analysis and
differences in costimulatory molecule expression. Unless noted, p < 0.05 was considered to
be statistically significant. In EAE experiments, differences between disease courses of more
than two treatment groups were analyzed for statistical significance using the Kruskal-Wallis
test (one-way ANOVA nonparametric test) (p < 0.05). Statistical differences between two
EAE treatment groups were determined by the Mann-Whitney (two-tailed nonparametric)
test (p < 0.05).
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Fig. 1.

PI?G nanoparticles distribute to KCs and LSECs in the liver. PLG-Cy5.5 were intravenously
injected into C57BL/6 mice (n = 3) over a range of doses from 0 to 2 mg per mouse. (A) At
24 h, the mice were euthanized and PLG-Cy5.5 fluorescence was quantified in the spleens,
lungs, and livers by IVIS imaging. (B) The frequency of PLG-Cy5.5 association with KCs
and LSECs and median fluorescence intensity was measured by flow cytometry. At each
dose in (A), statistical differences between the liver and the lung and spleen were determined
using a two-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05, ****p <
0.0001). Comparisons between KCs and LSECs (B) were determined by two-way ANOVA
with Sidak’s multiple comparisons test. Error bars indicate SD and data are representative of
2 independent experiments.
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Fig. 2.

In?ravenous injection of PLG-Ag results in Ag-restricted CD4 T cell accumulation and
clonal deletion in the liver. OT-1I mice (n = 3) were injected with 2 mg of PLG-OVA (8 ug
OVA/mg), or irrelevant PLG-PLP (8 ug PLP/mg). 24 h post-injection, liver nonparenchymal
cells were isolated. (A, B) CD4 T cell number per liver and viability were determined by
flow cytometry. DAPI exclusion was used to evaluate viability. Statistical differences were
determined by unpaired #test (A) or two-way ANOVA with Tukey’s multiple comparisons
test (B). (C) mRNA transcripts for //10, Ptges2and Tgfb1 were measured from liver non-
parenchymal cells by RT-qPCR. The 2722CT method was used to quantify relative mMRNA
expression between PLG-OVA- and PLG-PLP-treated mice with Z8s-rRNA as an internal
reference. Statistical differences were determined by unpaired t-tests. Error bars indicate SD
and data are representative of 2 (A, B) and 3 (C) independent experiments.
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Delivery of PLG-Ag to KCs and LSECs results in Ag-specific upregulation of inhibitory
molecule PD-L1. OT-II mice (n = 3) were injected with 2 mg of PLG-OVA or irrelevant
PLG-PLP. After 24 h, liver non-parenchymal cells were isolated and analyzed by flow
cytometry. (A) Histograms and (B) quantified median fluorescent intensity of costimulatory
molecules CD80, CD86, and CD40, and coinhibitory molecule PD-L1 on KCs and LSECs.
Statistical differences were determined by individual t-tests. Differences are indicated
between PLG-OVA and PLG-PLP. Error bars represent SD and data are representative of

3 independent experiments.

Biomaterials. Author manuscript; available in PMC 2024 July 05.

PD-L1



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Casey et al.

A OT-Il CD4 T cells
CD25+ 100+
1|oc I 80
95|DC + OVA 4
i ..6 60-
M X
= 40-
MgJ + OVA o
47|KC(PLG-OVA) 5 201
29|LSEC(PLG-OVA) ]
10° 10* 10°
CD25
B
150+ IL-10 4000+
b
3000
| 100- y
1= £ 20004
> a >
& gl . 5 a
1000
a a T
o Lot B ol O N
O & ) N
F P e
ox ¢X O/ ng
& L
2
N

Fig. 4.

Page 21
b
T
C
T C
C
a a
F ¥ Y & 03\ o“v\
x x ®¢
oc’ @q) \g\/ 8\/
& &
S
A\
PGE2
b
b
a a
F ¥
OX
Q

KCs and LSECs present particle-derived Ag resulting in moderate T cell expression of
CD25 and secretion of immunomodulatory mediators. C57BL/6 mice (n = 3) were injected
with 2 mg of PLG-OVA NPs. After 24 h, liver non-parenchymal cells were isolated and

KCs and LSECs were sorted by MACS and co-cultured (10° cells) with naive CD4 OT-1I

T cells (0.5 x 10° cells). Bone marrow-derived DCs and M@s were used as controls with
and without the addition of soluble OVA peptide. (A) The efficiency of Ag presentation

was measured by CD25 expression on live CD4 T cells using flow cytometry. (B) Soluble
IL-10 and PGE2 were measured in the co-culture supernatants. Statistical differences were
determined using one-way ANOVA with Tukey’s multiple comparisons tests. Nonsignificant
differences are indicated by matching letters (o > 0.05). Error bars represent SD and data are
representative of 5 (A) and 2 (B) independent experiments.
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Fig. 5.
KCs are dispensable for PLG-Ag-induced tolerance in EAE. (A) Schematic representation

of treatment scheme. On day —21, SJL mice were splenectomized (Splx; n = 7 per condition)
or received a sham surgery (n = 5 per condition). After recovery, one splenectomized cohort
was injected with 200 L of 5 mg/mL clodronate liposomes (Clod) to deplete KCs. 24

h later, mice received 2 mg of PLG-PLP or irrelevant PLG-OVA. 7 days following NP
treatment (day 0), mice were immunized with PLP/CFA to induce relapsing-remitting EAE.
Mice were scored daily by blinded observers. (B) Mice treated with PLG-PLP displayed
decreased clinical scores regardless of splenectomy status or KC depletion, demonstrating
that KCs are dispensable to PLG-Ag-mediated tolerance in EAE. Statistical differences
were determined using the Kruskal-Wallis test (one-way ANOVA nonparametric test) for
the course of disease from day 11-33 (p < 0.05). Error bars indicate SEM and data

are representative of 2 independent experiments. Splx, splenectomized; Clod, clodronate-
treated.
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Fig. 6.

Agoptively transferred PLG-Ag-containing KCs are sufficient for inducing tolerance in the
EAE model. SIL mice (n = 5) were injected with 2 mg of Cy5.5 labeled PLG-PLP. 24 h
later, the liver non-parenchymal cells were isolated, and KCs were sorted based on particle-
derived Cy5.5 fluorescence. Particle-containing KCs were adoptively transferred into naive
SJL mice (108 cells per mouse). The mice were immunized 7 days later with PLP/CFA and
scored by blinded observers. Statistical differences were determined by the Mann-Whitney
test (two-tailed nonparametric test) over the period from day 10-34 (***p < 0.001). Error
bars indicate SEM and data are representative of 2 independent experiments.
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