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Abstract

Unwanted antibody responses significantly impact human health, and current options for treating
deleterious antibody responses largely rely on broad immunosuppressants that can compromise
overall immunity. A desirable alternative is to induce antigen-specific immune tolerance. We have
shown that co-presentation of antigen and ligands of B cell Siglecs (sialic acid-binding
immunoglobulin-like lectin) on a liposomal nanoparticle induces antigen-specific tolerance.
Although Siglec-engaging tolerance-inducing antigenic liposomes (STALS) induce robust B cell
tolerance in naive mice, the full potential of STALS requires long-term tolerance induction and
suppression of an ongoing immune response. We hypothesized that STALS encapsulated with
rapamycin (RAPA), an immunomodulator, could improve the efficacy of STALSs and potentially
enable their use in the context of immunological memory. Here, we show that formulation of
STALs with RAPA produces enhanced tolerance induction in naive mice compared to STALS
without RAPA, but has minimal impact on inducing tolerance in previously sensitized mice. These
findings indicate that the addition of immunomodulator to STALS could be beneficial in tolerance
induction and support future development of STALSs for the treatment of allergy and autoimmune
diseases.
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Enhanced tolerance: The formulation of Siglec-engaging tolerance inducing antigenic liposomes
(STALS) encapsulated with immunosuppressant rapamycin (RAPA) was optimized and then
investigated in vivo. As a result, STALS+RAPA has shown enhanced tolerance induction in naive
mice, which will support future development of STALSs for the treatment of allergy and
autoimmune diseases.
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Introduction

Unwanted immune responses occur in numerous medical conditions, including autoimmune
diseasel! 21, organ transplant rejection(® 41, allergies[® 1, and decreased efficacy of
biotherapeuticsl’l. Current therapeutic strategies largely rely on immunosuppressive drugs
with chronic administration(8], which can compromise immunity.[® 191 Preventing immune
responses in a manner that is specific to a particular antigen, described as antigen-specific
tolerance, is highly desirable from an efficacy and safety standpoint.[11]

Multiple approaches for inducing antigen-specific tolerance have been reported(!!. 121 such
as sustained antigen administration over a time course of months to years[13], expression or
attachment of antigen to syngeneic cellst!# 131 |oading particles with MHC

complexeslt®. 171 co-delivery of peptide or protein antigen with immunosuppressive
drugsl8: 191 or co-administration of pharmacological agents in an enzyme-replacement
therapy.[2%] In the above approaches, tolerance induction is thought to stem from either by
inhibition of the antigen-specific T cells, which can take place through T cell anergy or
induction of regulatory T cells. As B cells are the precursors of the antibody-secreting
plasma cells, directly targeting the antigen-reactive B cells offers an alternative and
potentially more straightforward way for systematically inducing humoral immune tolerance
to the desired antigens.[21]
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B cells express a set of B cell receptor (BCR) inhibitory co-receptors(?2], among them are
CD22 and Siglec-G (Siglec-10 in humans), members of the Siglec (sialic acid-binding
immunoglobulin-like lectin) family that recognize sialic acid-containing glycans of
glycoproteins and glycolipids.[23: 24] Recent studies have demonstrated that co-presentation
of antigens with ligands of CD22 or Siglec-G results in strong inhibition of B cell activation,
inhibition of tonic BCR signaling through the PI3K/Akt survival pathway, apoptosis of
antigen-reactive B cells and induction of B cell tolerance due to depletion of the antigen-
specific B cells from the B cell repertoire.[25] Based on the above findings, Siglec-engaging
tolerance-inducing antigenic liposomes (STALS) have been developed to force the co-
localization of CD22 or Siglec-G with the BCR, thereby inducing antigen-specific B-cell
tolerance.[26. 271 STALs were decorated with a high affinity and selective CD22 ligand
(a2-6-linked sialic acid glycan 1, Figure 1A) and protein antigen (Figure 1B). Injecting mice
with STALSs bearing different antigens prevents B cell response to a subsequent challenge
with the corresponding antigen, compared to mice injected with liposomes displaying
antigen alone (immunogenic liposomes). Further studies in a mouse model of hemophilia A
showed that STALSs displaying FVIII and CD22 ligands induce tolerance in FVI1I1-deficient
mice, which prevents the formation of high titers of FVIlI-specific antibodies that can
prevent efficacy of infused FVIII to prevent blood clotting. Likewise, STALs formulated
with the major peanut allergen (Ara h 2) were shown to prophylactically protect mice from
sensitization and subsequent allergic response to peanuts.[28] These results indicate that
STALSs have the ability to eliminate or prevent harmful B cell-mediated antibody responses
in mice that are immunologically naive to the antigen of interest. Nevertheless, many of the
human conditions where unwanted antibody responses play a deleterious role involve a
sensitized immune system that contains antigen-specific memory B and T cells.[11: 12] Since
STALSs were demonstrated to have a tolerogenic effect on both human naive and memory B
cells in vitro, yet excessive T cell help was revealed to diminish the tolerogenic properties of
STALSs /n vivo, these two results suggest that the full realization of STALS for treating an
immune system sensitized to the antigen of interest may require addressing both B and T
cells.[28] Accordingly, we considered that STALs formulated with an immunosuppressive
agent may enhance B cell tolerance, and therefore have the potential to allow for immune
tolerance induction in an immune system previously sensitized to the antigen.

Rapamycin (RAPA, 2 in Figure 1A) is a potent immunosuppressive agent that is used
clinically to prevent acute renal allograft rejection.[291 RAPA inhibits the mammalian target
of rapamycin (MTOR) pathway, thus inducing cell-cycle arrest to a broad range of
lymphocytes including B cells and T cells.[30-33] Recently, PLGA-nanoparticles
encapsulated with both a protein or peptide antigen along with RAPA, were shown to induce
antigen-specific immunological tolerance, an effect attributed to induction of T cell
tolerance.[18 19. 341 The proposed mechanism of action for these particles involves uptake of
the particles by dendritic cells (DCs) and presentation to antigen-specific T cells in a
tolerogenic manner which blunts T cells priming and induces regulatory T cells. Since
STALS are actively taken up by B cells through recognition of CD22 ligands and the antigen,
and are also expected to be non-specifically phagocytosed by macrophages and dendritic
cells, we reasoned that addition of rapamycin to STALs might improve their ability to induce
antigen specific tolerance.[39: 32331 Here, we report a new formulation of STALS containing
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rapamycin (Figure 1B). STALSs with rapamycin exhibit enhanced tolerance induction in
naive mice compared to STALSs without rapamycin. The same formulation exhibited
minimal tolerance in sensitized mice, but not significantly better than STALs without
rapamyecin. These results demonstrate that co-delivery of an immuno-modulatory agent in
STALSs enhances their toleragenic capacity in naive animals, suggesting they should be
further explored for the treatment of conditions involving harmful antibodies.

Results and Discussion

Formulation of STALs encapsulated with rapamycin

Rapamycin is a macrolide with low oral bioavailability (< 15%) that is largely due to its poor
water solubility (2.6 pg/mL) and high lipophilicity (logP 5.77).[3%] Encapsulation of
rapamycin into nanoparticles, such as liposomes[36-391 micellesl4%], and poly(lactic-co-
glycolic) acid (PLGA)-nanoparticles[18: 191 can improve its pharmacokinetic properties and,
accordingly, its bioavailability. Previously described methods for encapsulating rapamycin
have required elevated hydration temperaturel36. 391 |ong sonication timel37: 38l or organic
solvents[39], which are not ideal conditions for formulating STALS due to potential of
denaturing the protein antigen. In order to develop a compatible encapsulation method with
protein antigen and rapamycin, the liposome composition, such as type of lipid, lipid/
cholesterol ratio and drug/lipid ratio, were varied to determine the conditions that
encapsulate the greatest amount of RAPA while maintaining liposomal stability. Lipids in
the composition are expressed as a molar percentage (mol %) of the total lipids in the
formulation. Liposomes were routinely formulated at room temperature, with minimum
sonication time, extruded through 100-nm pores to unify their size, purified on a CL-4B
column to remove non-encapsulated RAPA, and tested for RAPA content by analytical
HPLC.

Diverse phospholipids with different transition temperatures were tested, including 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sr+glycero-3-
phosphocholine (DPPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), but
none of these provide a major advantage on rapamycin encapsulation as determined by
HPLC (Figure S1-3, supporting information), therefore, all liposomal preparations used
DSPC since it is the standard phospholipid used in ‘stealth’ liposomes. On the other hand,
varying the phospholipid:cholesterol and drug:lipid ratio did substantially influence the
amount of encapsulated RAPA. In particular, we found that decreasing the
cholesterol:phospholipid ratio was crucial for an optimal encapsulation of RAPA, which is
consistent with the RAPA embedding into the lipid bilayer of the liposome due to lipid
lipophilic nature. Specifically, using a fixed rapamycin to total lipid ratio of 3 mol% we
found that drug encapsulation efficiency (EE%) could be improved from 7% to 60% by
decreasing the amount of cholesterol in the formulation form 19 mol% to 9 mol% (Figure
2A). Nevertheless, further reducing cholesterol content was deleterious, since 5% cholesterol
substantially decreased encapsulation of RAPA, which may have been due to instability of
the lipid bilayer at low cholesterol concentration. Thus, we further optimized STALS using
9% cholesterol, STALs were prepared that contained 1 mol% of the high affinity CD22
ligand, 0.1 mol% ovalbumin (OVA) as the protein antigen. The CD22 ligand (1) and
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ovalbumin (OVA) were conjugated to DSPE through a 2K PEG linker according to
previously reported procedures.[28] The total molar fraction of pegylated (PEG) lipids was
always kept at 5 mol% for the formulation. STALSs encapsulated with RAPA showed similar
encapsulation efficiencies and were, therefore, characterized by transmission electron
microscopy (TEM) in order to measure the particle size and to examine the membrane
integrity over time. We found that the morphology of STALs+RAPA particles were stable,
with only a slight increase in the size after 5 days (Figure 2B&C, S4). In order to
demonstrate that the encapsulation of RAPA does not affect the ability of STALS to inhibit B
cell activation, liposomes were formulated with duck egg lysozyme (DEL), instead of OVA,
to exam their ability to stimulate hen egg lysozyme (HEL)-reactive B cells, from Hy10
micel4!], using a flow cytometry-based calcium flux assay (Figure 2D).[26] Indeed, co-
presentation of CD22 ligand (mCD22L) and protein antigen (DEL) on STALS prevented
activation of the antigen-specific B cells compared to liposomes that display antigen alone.
Importantly, RAPA encapsulation showed no abrogation of this inhibitory effect. Therefore,
STALs formulated with RAPA retain their ability to engage CD22 on the surface of antigen-
specific B cells in order to prevent B cell activation, which is a key first step in inducing B
cell tolerance.

Antigen density plays a key role in tolerance induction

Previously, we showed that the antigen density on STALSs greatly impacts the degree of
tolerance induction.[28] Specifically, we had shown that 0.033% (molar ratio to total lipid)
OVA was optimal. Therefore, we chose this density as a starting point and varied the antigen
density 3-fold up and down to determine the impact of RAPA on STALS and immunogenic
liposomes. To examine tolerance induction, mice were administered liposomes on day 0 and
challenged with immunogenic OVA liposomes (without CD22 ligand and RAPA) two weeks
later. Antibody production was followed on days 0, 7, 14, 21, and 28 by ELISA, which
facilitated a direct comparison between formulations bearing different OVA density (Figure
3A&B). To ensure all the mice received the same initial amount of OVA (0.03 nmol OVA
per mouse) in the immunization, the injection concentration of liposomes was calculated
accordingly. Among three groups with different OVA density, 0.01% OVA STALSs showed
the least inhibition of antibody production before the challenge on day 14, while strong
suppression of anti-OVA antibodies with 0.1% OVA STALSs was observed (Figure 3A). The
same trend was also observed with STALS+RAPA, but it is notable that among them 0.1%
OVA STALs+RAPA showed the highest inhibition potency of any of the groups (Figure 3B).
After the challenge with immunogenic liposomes, most groups of STALSs showed a blunted
antibody response compared to the PBS group, demonstrating that immunological tolerance
had indeed been induced. The strongest tolerance was observed with the STALS containing
0.1% OVA, and tolerance induction was significantly stronger in OVA+RAPA group, as seen
mostly clearly by comparing the 0.1% OVA groups on day 28 (Figure 3C). These data
indicate that addition of RAPA to STALSs improves immunological tolerance induction in
naive mice.

One versus two STALs+RAPA injections for tolerance induction

In all studies described to date with tolerance induction by STALS, only a single dose of
STALSs have been administered. However, since liposomes have a finite circulation time and
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antigen-specific B cells can be repopulated in the mouse following B cell tolerance induction
by STALSs[28] we considered that multiple injections could be beneficial in producing more
robust tolerance. Accordingly, we investigated the effect of one versus two injections of
STALs+RAPA. Both one and two injections showed significant reduction of antibody
production two weeks after the challenge (day 42) compared to the groups given PBS on day
0 (Figure 4). In four out of five mice that received two injections of STALS+RAPA, anti-
OVA antibody levels were at baseline with the other mouse only 3-fold higher than
background. Alternatively, only 2 out of 5 mice that received only a single injection of
STALSs had baseline titers, while 2 out of 5 mice had significantly higher titers. Although the
average titers between the two injection strategies were not significantly different, the low
average antibody production of the two-injection strategy suggests that multiple injections of
STALs+RAPA is well tolerated and may be therapeutically beneficial for generating robust
and long-lasting immune tolerance (Figure 4B).

Evaluation of tolerance induction in sensitized mice

Memory B cells, generated in response to T-dependent antigen, are important in generating
long-lasting protective immunity when exposed to the same antigens.[42] Clinically, memory
B cells are critical for maintaining sensitivity of individuals to allergens[43], transplant
antigens4l, autoimmune antigens#4], and biological drugs[#°]. For this reason, a method to
eliminate the antigen-specific memory B cells could be extraordinarily beneficial as a
treatment strategy for such conditions. We had previously demonstrated that STALS were
tolerogenic on human peripheral blood and tonsillar memory B cells /n vitro, as measured by
strong inhibition of B cell activation and induction of apoptosis.[28] However, to date the
effect of STALs on memory B cells /n vivo, where memory T cells will also be present, has
not been reported.

To investigate the use of STALS in tolerizing memory B cells in a mouse sensitized to
antigen, we developed sensitization strategy that uses soluble OVA as the antigen, rather
than OVA emulsified in adjuvant, to prevent the formation of antigen depots that can sustain
antibody levels for a long time. Using standard grade OVA, which is known to contain trace
amounts of endotoxins that increases its immunogenicity[46], 200 pg OVA was delivered
intraperitoneally to C57BJ/6J mice for three straight weeks, which induced substantial anti-
OVA titers to titers of approximately 1x10% (Figure S5, supporting information). Antibody
levels in a large cohort of mice immunized in this way were monitored over time post-
immunization with the goal of waiting a period of time that allowed for antibodies to
decrease approximately 100-fold, since we felt that high antibody levels may mask the
antigen on STALSs and not allow them to interact with the B cells of interest. After 8 months,
the antibody levels had decreased 100-fold to an average titer of 1x102. Within the large
cohort of mice, some variation existed in the titers; therefore, the mice were evenly
distributed in the treatment groups such that the average titer was equal among the groups.
Five groups of mice (n=6-9/group) were used to initiate treatment with PBS or OVA
liposomes with and without the mCD22 Ligand and with and without RAPA. All the mice
were challenged 26 days after initiation of treatment with 100 ug of soluble OVA. Mice were
bled on days 0, 21, and 47 to evaluate the anti-OVA titers (Figure 5A).
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Antibody levels of individual mouse in each group reveal several interesting features (Figure
5B-F). First, in the PBS group (Figure 5B), anti-OVA levels dropped in the first three weeks
to approximately 2-fold, which is well inline with the half-life reported for IgG in mice.[47]
For mice that received OVA liposomes without the mCD22 Ligand (Figure 5C&D), a robust
increase in anti-OVA titers was observed. Alternatively, mice that received STALS had a
minimal change in anti-OVA titers (Figure 5SE&F). Plotting the titers of all 5 groups on day
21 indicates that the antibody production showed little difference between the treated groups
and the PBS group (Figure 5G). Following the challenge on day 26, increases in anti-OVA
antibodies were observed on day 47 in all test groups (week 3-6, Figure 5B-F). The STALs
+RAPA group, showing the lowest average level of antibody production and with less
variation than the other groups, gave statistically lower antibody production than the PBS
control (Figure 5H). However, it should be noted that titers in the STALs+RAPA group did
increase between day 21 and 47 and there was no statistical difference between STALSs and
STALs+RAPA (Figure 5F). Nonetheless, while the current formulation tolerance induction
in sensitized mice is minimal, the results are encouraging for further optimization.

Conclusions

We find that formulation of STALs[26] with the immunosuppressive drug rapamycin
enhances induction of antigen specific tolerance. Encapsulation of RAPA into STALs was
maximized through fine-tuning the cholesterol/lipid ratio and this new formulation is
compatible with both protein antigens and Siglec ligands presented on the surface of the
liposome. Specifically, the new STALs+RAPA formulation induced more robust tolerance
than regular STALs when administered to naive mice. Although antigen specific tolerance
was not formally tested here, we assume that tolerance induced was antigen specific since
STALSs alone induce antigen specific tolerance,[26] and as shown by others rapamycin loaded
nanoparticles administered with antigen also induces antigen specific tolerancel18. 191,

Here we have also evaluated the ability of STALS to tolerize mice previously sensitized with
an antigen. While neither STALs nor STALs+RAPA completely prevented a memory
response induced by soluble antigen, there was a statistically significant reduction of the
STALSs+RAPA group over the untreated mice (PBS). In this regard, it is notable that mice
injected with STALs+RAPA received approximately 0.5-1 pg of rapamycin. In contrast,
nearly 100-fold higher doses of rapamycin were administered to induce antigen specific
tolerance in mice using the PLGA-rapamycin nanoparticle platform that targets the T cell
compartment.[18. 48] Although we have incorporated the maximum amount of rapamycin
possible in the current STAL platform, it may be fruitful to consider alternative formulations
that combine STALs with immuno-modulatory agents, that more effectively induce tolerance
in human conditions with ongoing immune responses.

Experimental Section

Synthesis—The murine CD22 ligand (9-biphenylacetyl- A-glycolylneuraminic acid-a-2-6-
galactose-p-1-4- A-acetylglucosamine-B-ethylamine (6"-BPANeuGc)) was reacted with NHS-
PEG000-DSPE (NOF America) to give sugar-lipid conjugate (1) as described previously.[4°]
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Protein-lipid conjugation—Ovalbumin (OVA) was purchased from Sigma-Aldrich, and
DEL was purified from duck egg yolk. Proteins (OVA or DEL) were conjugated to pegylated
distearoylphosethanolamine (PEG000-DSPE) via maleimide chemistry.l>%] For example,
ovalbumin (4.8 mg, 0.12 umol) was dissolved in PBS (480 pL) and then treated with A~
succinimidyl 3-(2-pyridyldithio)-propionate (Pierce) (40 yL, 2 mg/mL in DMSO). The
reaction mixture was gently shaken at RT for 1h and then desalted on Sephadex G-50
column. The obtained protein solution was then treated with 25 mM 1,4-Dithiothreitol at RT
for 10 min. The amount of released thiol 2-pyridyl was quantified by absorbance at 343 nm
to monitor the progress of protein modification. When the reaction was complete, desalted
the thiol-derivatized protein with Sephadex G-50 column. Following desalting, the thiol-
derivatized protein (1.5 mL, 35 £M) was immediately treated with maleimide-PEGygqq-
DSPE (NOF America) (26 pL, 20 mM in DMSO) under nitrogen and incubated at RT
overnight. Lipid-modified OVA was purified from unmodified protein on Sephadex G-100
column and stored at 4 °C before use. Duck egg lysozyme was purified according to a
published procedurel>] and was conjugated to PEGqoo-DSPE according to similar
procedure as ovalbumin. The final concentration of protein-lipid conjugates was calculated
based on the absorbance at 280 nm.

Liposome formulation—All liposomes used for /n vitro and in vivo studies were
prepared following the thin film hydration method as reported previously. The appropriate
amounts of lipid mixtures in the presence or absence of RAPA were firstly dissolved in
chloroform and then dried by a stream of nitrogen gas. For the optimized formulations,
distearoyl phospatidylcholine (DSPC) (Avanti Polar Lipids), cholesterol (Sigma-Aldrich)
and pegylated lipid were in a molar ratio of 88:7:5. The total molar fraction of pegylated
lipids was always kept at 5%; made up of the appropriate combination of PEGyqpo-DSPE
(Avanti Polar Lipids), BPANeuGc-PEG,qg-DSPE or protein-PEG,q00-DSPE. To the dried
lipid thin film, a DMSO stock of BPANeuGc-PEG,q0o-DSPE was added, and this mixture
was lyophilized overnight. The dried lipids mixture were hydrated in PBS to give 5 mM
lipid concentration and sonicated vigorously for a minimum of 5x30 seconds with 15
minutes intervals. Protein-PEGpqg-DSPE was added at the time of hydration. The molar
fraction of the protein on the liposomes varied during studies from 0.01 to 0.1%. To unify
the size, liposomes were passed a minimum of 20 times through 800-nm, 200-nm and 100-
nm polycarbonate membranes (Avanti Polar Lipids) using a hand-held mini-extrusion device
(Avanti Polar Lipids). Extrusion was carried at 37-40 °C to give the best performance. The
liposomes were then purified by CL-4B column and detected by Nanodrop2000 (Thermo
Scientific) at 280 nm. The prepared liposomes were stored at 2.5 mM concentration in PBS
buffer at 4 °C. The size of liposomes was routinely measured by dynamic light scattering
(DLS) within one week targeting 100-200 nm (Figure S4). The image of STALs+RAPA was
taken by transmission electron microscopic (Philips CM100 TEM) on day 5, showing in the
range of 160+30 nm (Figure 2B).

HPLC analysis and encapsulation efficiency (EE)—An Agilent Technologies 1100
series with a quaternary pump, an auto-sampler and a UV detector at 278 nm was used for
HPLC experiments. Column: Alltech C18, 5 pym, 4.6 x 150 mm. Mobile phases: A: H,O
+0.1% TFA; B: 95% MeCN/H,0 + 0.1% TFA. Gradient: 0% B — 5% B (2 min); 5% B —

Chembiochem. Author manuscript; available in PMC 2018 July 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pang et al.

Page 9

100% B (10 min); 100% B (6 min); 100% B — 5% B (5 min); 5% B — 0% B (2 min);
flow rate: 1 mL/min. Calibration curves were constructed using standard solutions of know
RAPA concentration at 2-60 pg/mL. RAPA shows a retention time at 13 min. To prepare the
HPLC samples, 50 pL of liposome solutions (2.5 mM in PBS) was mixed with 150 pL of
MeCN and then sonicated for 30 min. The mixture was filtered by 0.45 um PVDF syringe
filter for HPLC analysis. Chemstation software (Agilent) was used to calculate the peak area
of each sample automatically. The amount of RAPA encapsulation efficiency (EE) was
calculated by using the following equation:

amount of drug encapsulated in liposomes

EE= x 100%

amount of drug added for formulation

Calcium flux assay—Splenocyte from Hy10 mice were re-suspended at 15 x 106
cells/mL in RPMI medium containing 1% FCS, 10 mM HEPES, 1 mM MgCl,, 1 mM
EGTA, and 1 pM Indo-1 (Invitrogen). Cells were incubated in a 37°C water incubator for 30
minutes, followed by addition of a 5-fold volume of the same buffer (without Indo-1). The
cells were centrifuged (270 g, 7 minutes), stained with antibodies to B220 (PE-Cy7) and
CD?5 (PE) for monitoring calcium flux on B cells, and then washed and stored on ice. An
aliquot of 0.5 mL containing 1 x 106 cells was warmed (37°C, 5 minutes) prior to initiating
calcium flux measurements. The cells stimulated with DEL-liposomes (ranging from 5-50
UM; total lipid) and Indo-1 fluorescence (violet versus blue) were monitored by flow
cytometry (500-1000 events/s) for 3 minutes at 37 °C. Stimulation always took place 10
seconds after starting acquisition so that background could be established. Data were
analyzed using FlowJo with the kinetics functions.

Immunization and blood collection—The Institutional Animal Care and Use
Committee of The Scripps Research Institute (La Jolla, CA) approved all experimental
procedures involving mice in this project. WT C57BL/6J mice were obtained from The
Scripps Research Institute (TSRI) rodent breeding colony. Liposomes were delivered via the
lateral tail vein in a volume of 200 pL. For sensitized study involving soluble OVA antigen,
mice were injected with 100-200 pg of OVA dissolved in PBS and delivered
intraperitoneally. Whole blood (40 L) was collected from mice via a retro-orbital bleed to
obtain the serum after centrifugation (17,000 g, 1 min). Serum was aliquoted and stored at
-20 °C.

ELISAs—ELISA microplates were coated with ovalbumin (50 pL/well, 100 pg/ml in PBS)
at 4 °C overnight. After being washed twice with TBS-T (0.1% Tween 20), plates were
blocked with 1% BSA at RT for 1-2 hrs. Serum was initially diluted between 10- to 400-fold
and then diluted in 2-fold serial dilution 7 times on the ELISA plate. Plates were incubated
with serum (50 pL/well) at RT for 1-2 hrs, washed 4 times, and then incubated with anti-
IgG1 mouse-horseradish peroxidase (HRP) conjugate (1:2000 dilution; Santa Cruz
Biotechnology Inc.) at RT for 1 h. Following 5 times wash, plates were developed in 75 uL/
well HRP at RT for 15 min, and quenched with 75 pL/well 2N H,SO4. Absorbance was
measured at 450 nm with Synergy H1 microplate reader (BioTek). Anti-IgG1 titers were
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Iculated with Prism (GraphPad Software) by applying a standard four-parameter 1Csq

function.

Statistics—Statistical significance was determined using an unpaired 2-tailed Student's t
test. < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Antigen-specific liposome formulations with CD22 ligand and rapamycin. (A) Chemical

structures of the murine CD22 ligand linked to PEGylated lipid (1) and rapamycin (2). (B)
Schematic illustration of antigen-specific liposome formulations equipped with CD22 ligand
(STALS) and the new platform (STALS+RAPA).
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Figure 2.
Characteristics of rapamycin encapsulated STALSs. (A) RAPA encapsulation efficiency (EE

%) related to the cholesterol/total lipid ratio. (B) Representative transmission electron
microscopic image on day 5 after formulation and (C) the size distribution on day 5
(160+30nm). (D) Calcium flux in IgMHEL B cells stimulated with the indicated liposomes,
with or without rapamycin encapsulation. DEL, duck egg lysozyme.
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Figure 3.
Tolerance induction in mice by STALS is improved with RAPA. (A-B) Mice were

immunized on day 0 (blank arrow), and then challenged with OVA liposomes on day 14
(solid arrow). For the initial immunization, STALSs were injected at different concentrations
as indicated to be sure each mouse received the same amount of OVA antigen. (A) Anti-OVA
titers (1gG;) of the test groups immunized with STALSs have shown that antigen density on
the STALSs surface could influence the immunogenicity of the STALSs. (B) 0.1% OVA STALS
displaying both ligand and rapamycin showed the best tolerance among the groups. (C)
Anti-OVA titers (IgG4) on day 28 were plotted for all groups containing 0.1% OVA. ** P<
0.01, * P<0.05.
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Figure 4.
Mice (n=5) were immunized 0, 1, or 2 times before challenging with OVA antigen. Mice

were challenged with OVA liposomes on day 28 and bled on day 42. (A) Treatment
strategies for 0, 1, or 2 injections. (B) Anti-OVA 1gG1 titers plotted on day 42. Results are
representative of two experiments. ** £< 0.01.
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Figure5.
Tolerance induction in sensitized mice (n=6-9). (A) Mice were immunized three times, one

week apart, then let settled for 8 months before treatment with OVA-liposomes (OVA) +
RAPA or STALs £ RAPA on day 1. The mice were challenged with 100 pg of soluble OVA
(i.p.) on day 26. Mice were bled on days 0, 21, and 47, and anti-OVA 1gG1 titers were
plotted. (B-F) Levels of antibody production to OVA in mice (n=6-9) with different
treatment strategies. Changes in the antibody production as measured by ELISA through
weeks. Each line represents an individual mouse; asterisks represent the geometric means
for each group on week 0 (left) and week 6 (right). The grey dashed line represents the
antibody titer level at 300 of the ELISA assay. (G-H) Anti-OVA IgGL1 titer of each test group
was plotted on day 21 (G) and day 47 (H). * < 0.05.
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