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Particle-Based Vaccination through Direct Targeting of Antigen
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Particle-based delivery of antigen has great potential for generating
improved vaccines. During the course of an immune response, a pathogen
may trigger multiple pattern-recognition receptors, instilling a strong
proinflammatory immune response. Highly successful vaccines, such yellow

fever vaccine and Dryvax® (smallpox), also induce immune responses by

Xii



utilizing multiple pathogen-sensing signaling pathways, yielding long-lasting B
and T cell responses. Subunit vaccines generally require an external adjuvant
to boost immune responses; however, recent data has shown that targeting
multiple immune activation pathways generates a more potent immune
response, similar to native infection or immunization with live vaccines (Kasturi
et al., 2011; Ahonen et al., 2004, 2008).

To determine the effects of presenting targeting and/or activating
moieties in a multivalent form, we generated two different particle-based
vaccines. The first, an antigen-loaded, pH-sensitive hydrogel microparticle,
was found to be taken up and presented by bone marrow-derived dendritic
cells (BMDCs) in vitro and targeted to dendritic cells (DCs) and monocytes in
vivo. Addition of targeting antibodies to the particle surface did not influence
its uptake. DCs also upregulated activation markers when treated with
microparticles, even when no agonistic anti-CD40 was conjugated to the
microparticles. Furthermore, these particles induced increased percentages of
interferon-y-producing CD8 T cells in response to challenge with a pathogen
expressing the same antigen, in both an accelerated vaccination strategy
using pre-loaded BMDCs and a traditional mouse immunization setting.

The second particle, a luminescent porous silicon nanoparticle,
displayed the same targeting and/or activating antibodies. This particle used
antigen that was encoded in the 3’ end of the targeting antibody instead of

encapsulating it in the particle. Nanoparticles displaying agonistic anti-CD40
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(with no antigen), produced a multivalent effect in B cells in vitro, in which the
stimulatory effects of the CD40 nanoparticle were observed at 30-40-fold lower
dose of antibody versus free anti-CD40. In vitro and in vivo, nanoparticles
displaying targeting antibodies induced CD8 T cell proliferation better than
those displaying control antibodies; however, this effect could not be
consistently observed long-term in vivo, even with both targeting antibody and
anti-CD40. In fact antigen-specific cells were most often deleted at memory

time points.
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Introduction



1. Antigen Presenting Cells

1.1. Dendritic cells

Dendritic cells (DCs) are the premier antigen presenting cells (APCs) of
the body, able to induce both innate and adaptive immune effectors through
coreceptor stimulation, antigen presentation, and cytokine/chemokine
production. They are able to take up, process, and present antigen from viral,
bacterial, fungal, parasitic, and self sources. DCs present peptides in the
context of major histocompatibility class | (MHC I) or class Il (MHC Il) to CD8
and CD4 T cells, respectively. Furthermore, mature DCs are able to migrate
to secondary lymphoid sites and activate the appropriate downstream
effectors to combat each specific type of pathogen. When DCs were deleted
in an inducible mouse model, CD8+ T cells failed to respond to Listeria
monocytogenes and Plasmodium yoelii, two intracellular pathogens (Jung et
al., 2002). If DCs were deleted upon secondary infection, fewer memory
CD8+ T cells responded to Listeria, vesicular stomatitis virus (VSV), or
influenza virus (Zammit et al., 2005).

In addition to activating responses, DCs can also induce tolerance to
antigen due to insufficient costimulation or lack of antigen presentation. In
vaccination experiments targeting antigen to DEC205, an endocytic receptor
primarily expressed by DCs, T cells were tolerized to the antigen unless
costimulation in the form of agonistic anti-CD40 was given concurrently

(Hawiger et al., 2001; Bonifaz et al., 2002). In the case of poorly immunogenic



tumors, CD8+ T cells were still induced to respond by DCs, but underwent
poor clonal expansion and were functionally impaired, leading to tolerance
instead of activation, resulting in tumor progression (Gerner et al., 2008;
Curtsinger et al., 2007; Lyman et al., 2004; Anderson et al., 2007). This was
partly due to lack of help from CD4+ T cells, which did not respond because
no tumor antigens were presented on MHC Il by DCs (Gerner et al., 2008).
Thus, DCs are central to induction of a productive immune response, due to

their ability to influence multiple immune effectors.

1.1.1. Types of DCs in mice

As immune sentinels, one place DCs are found is in the tissues
exposed to the external environment. Four types of DCs have been identified:
conventional (cDCs)—which can be further subdivided into migratory DCs and
lymphoid-resident DCs, Langerhans cells (LCs), plasmacytoid DCs (pDCs),
and inflammatory DCs or monocyte-derived DCs (moDCs).

cDC progenitors are produced in the bone marrow. Pre-cDCs migrate
from the bone marrow through the blood to non-hematopoietic tissues and
secondary lymphoid organs. The cDCs in the tissue, such as the dermis and
gut, are the migratory subset, and they express CD11b or CD103 (Belz et al.,
2004; Bedoui et al., 2009). These cells migrate to the lymph nodes to present
antigen. The lymphoid-resident cDCs reside in the lymph nodes and the
spleen. These cells can be categorized as CD8a+ or CD8a-. The CD8

consists of two a chains, as opposed to CD8 expressed by T cells, which is



made up of an a and a 3 chain. CD8a+ DCs are the primary DCs found in the
thymus, though they are also present to lesser degrees in lymph nodes and
spleen. They also express DEC205, a C-type lectin receptor, and are
specialized at presentation of antigen on MHC | (Bonifaz et al., 2002; den
Haan et al., 2000). These DEC205+CD8a+ DCs reside in the T cell areas of
the spleen as well as the lymph nodes. CD8a- DCs are primarily found in the
spleen and lymph nodes. These cells express DC inhibitory receptor 2 (DCIR-
2), which directs antigens to the MHC class Il pathway (Dudziak et al., 2007).
In addition, the DCIR-2+CD8a- DCs reside in the marginal zone and red pulp
of the spleen (Dudziak et al., 2007).

LCs do not arise from a bone marrow precursor, as all other DC
subsets do. Their precursor population is a macrophage population that is
present during embryonic development and undergoes a proliferative burst
shortly after birth (Chorro et al., 2009). LCs express the C-type lectin receptor
langerin, are found in the epidermis, and like migratory cDCs, they migrate to
the lymph nodes to present antigen. Other DC subsets have recently been
shown to express langerin also, muddying the research done on this DC
subset (Bursch et al., 2007; Ginhoux et al., 2007; Poulin et al., 2007). Their
role in generating immune responses is currently unclear, and a recent study
observed that they were precommitted to inducing immune tolerance

(Shklovskaya et al., 2011).



pDCs are broadly distributed throughout the body, found mostly in the
blood. They are known for their robust type-I interferon production upon viral
infection, which inhibits viral replication and activates the antiviral functions of
mDCs, B, T, and NK cells (Garcia-Sastre and Biron, 2006).

Finally, monocytes can differentiate into moDCs in settings of infection,
inflammation, or even steady state (Ledn et al., 2007; Varol et al., 2007;
Randolph et al., 1999). Thought of as ‘inflammatory DCs’, these cells may act
as emergency DCs by collecting antigen at the site of infection, transporting it
to the lymphoid organs, and differentiating into moDCs (Geissmann et al.,
2003; Randolph et al., 1999; Serbina and Pamer, 2006). In mice treated with
LPS or gram-negative bacteria, these moDCs were, in fact, the predominant

APC (Cheong et al., 2010).

1.1.2. DC receptors

DCs recognize pathogens through internal and external receptors. Toll-
like receptors (TLRs) are molecular pattern recognition receptors that bind to
pathogen-specific motifs. To date, 13 mouse and 10 human TLRs have been
discovered. TLRs are expressed by DCs and B cells, as well as monocytes,
NK cells, and T cells (at low levels) (Caramalho et al., 2003). TLRs can be
expressed intracellularly, such as TLR9, which recognizes unmethylated CpG
DNA (a bacterial hallmark) (Hemmi et al., 2000), or on the cell surface, such
as TLR5, which recognizes the flagellin of extracellular bacteria (Hayashi et

al., 2001). Other TLRs recognize viral or protozoic patterns.



CDA40 is a costimulatory receptor expressed by APCs. Ligation of
CD40 by CD40L (CD154) induces upregulation of CD80, CD86, and MHC I,
and leads to subsequent maturation of DCs. It may also be able to act as an
endocytic receptor (Becker et al., 2002; Chen et al., 2006). CD40 stimulation
induces IL-12p40 production and a T-helper 1-biased immune response
(Soong et al., 1996; Kamanaka et al., 1996; Campbell et al., 1996), which is
geared toward viruses, intracellular bacteria, and cancerous cells. In one
study, use of agonistic CD40 antibody (anti-CD40) alone as an adjuvant with
antigen treatment induced a CD8+ T cell immune response, but the response
was only 1% antigen-specific (Ahonen et al., 2004). However, in the same
study, use of anti-CD40 with TLR agonists (TLR 2, 3, 4, 6, 7, or 9) plus antigen
induced CD8+ T cells that were 25% antigen-specific (Ahonen et al., 2004).

MHC Il is expressed by APCs. Activated APCs upregulate MHC I
expression, in addition to costimulatory molecules such as CD80 and CD86.
In addition to binding its cognate T cell receptor (TCR), ligation of MHC Il
induces activation of the protein tyrosine kinase Syk in DCs, which is
necessary for maturation. Additional downstream targets include
phospholipase C-y (PLCy), protein kinase C (PKC), Erk, and p38 (Al-Daccak
et al., 2004). MHC Il can also internalize once expressed on the surface of
APCs and swap out antigens in an early endosomal compartment distinct from
the lysosomal compartment where loading occurs upon initial folding (Pathak

et al., 2001; Sinnathamby and Eisenlohr, 2003). It has been shown that



targeting antigen to MHC |l induces increased antibody titers to the antigen in
vitro and in vivo (Hedrick and Schwartz, 1983; Skea and Barber, 1993; Frleta
et al., 2001).

DEC205 is an endocytic receptor of the macrophage mannose receptor
family. The ligand for DEC205 is unknown, though recent work shows a role
for DEC205 in recognition of apoptotic/necrotic cells (Shrimpton et al., 2009).
Anti-DEC205 antibodies coupled to antigen induce tolerance when given
alone, but in combination with adjuvant (such as anti-CD40 or a TLR ligand),
DCs mature and induce CD8 and CD4 T cell immune responses. In the
spleen, DEC205 is primarily expressed on CD8a+ DCs. This subset of DCs
localizes to the T cell areas of the spleen and seems specialized for
presentation on MHC | to CD8 T cells (Hawiger et al., 2001; Bonifaz et al.,

2002; Dudziak et al., 2007).

1.1.3. Antigen uptake, processing, and presentation

DCs are able to take up antigen through several pathways. First, there
is non-specific fluid phase uptake (macro- or micropinocytosis). In this
process small particles from the surrounding environment are taken up by
inward-budding vesicles, which then fuse with lysosomes. Here, the particles
are broken down; they may subsequently be degraded or diverted into MHC
pathways for presentation. DCs are also able to take up antigen through their
receptors. These receptors, such C-type lectins and mannose receptor (MR),

are specific for certain motifs. They bind carbohydrates of pathogens or self



proteins. They may mediate phagocytosis or endocytosis, and some also
serve as activating receptors. Dectin-1 and DEC205 are both C-type lectins;
the former binds fungal B-glucans in zymosan and triggers IL-23, TNF, and IL-
6 production (Gerosa et al., 2008; Yadav and Schorey, 2006), while the latter
is thought to bind fragments from apoptotic cells and induces tolerance to
antigen if no concurrent costimulation is given (Shrimpton et al., 2009; Bonifaz
et al., 2002; Hawiger et al., 2001). MR has a role in endocytic clearance of
certain glycoproteins and has also been used to target antigen to DCs
(Burgdorf et al., 2007; Lee et al., 2002; Burgdorf et al., 2008).

Traditionally, antigen processing occurs in the proteasome and loading
occurs in the endoplasmic reticulum (ER) for the MHC | pathway.
Endogenous antigen is cleaved in the proteasome to produce smaller peptides
which can be loaded on the MHC | molecules. The peptides are transported
out of the cytosol into the ER by transporter associated protein (TAP). Here,
MHC | and its adaptor molecule, f2-microglobulin, are partially folded via a
series of chaperone proteins. This partially folded complex interacts with TAP;
addition of the antigenic peptide stabilizes the MHC | complex, which allows it
to be exported to the cell surface via the Golgi.

The MHC Il pathway utilizes endocytic proteases to cleave exogenous
antigen into peptides that can be presented on MHC II. MHC Il bound to the
invariant chain is exported from the ER into late endosomes, where the

invariant chain is successively cleaved until it is removed completely and



replaced by an endosomally-produced peptide. This complex is then
transported to the cell surface for presentation to CD4+ T cells.

The classical view of antigen presentation was divided into two groups:
extracellular antigen was presented on MHC Il to CD4+ T cells and
intracellular antigen was presented on MHC | to CD8+ T cells. However, this
did not account for the need to cross-present antigen to CD8+ T cells from
pathogens/tumors that did not infect/affect APCs. Although the mechanism is
only beginning to be understood, cross-presentation was first described over
30 years ago by Michael Bevan, who showed cytotoxic CD8 T lymphocytes
(CTL) could be stimulated by the presentation of exogenous antigen (Bevan,
1976). Recently, it has been described that uptake of antigen by certain
receptors (i.e. DEC205, MR, DCIR-2) targets antigen to the MHC | or MHC Il
pathway (Bonifaz et al., 2002; Dudziak et al., 2007; Burgdorf et al., 2007).
While MR routes soluble antigen to the MHC | pathway, DCIR-2 directs to the
MHC Il pathway, and DEC205 can initiate antigen into either pathway (Bonifaz
et al., 2002; Dudziak et al., 2007; Burgdorf et al., 2007, 2008). In the case of
MR, routing to the MHC | pathway was shown to be myeloid differentiation
primary response gene 88 (MyD88) dependant (Burgdorf et al., 2008). MyD88
is an adaptor protein used by most TLRs to activate the transcription factor
nuclear factor k-B (NFk-B). When antigen was taken up and TLR signaling
initiated at the same time, TAP was translocated into the early endosomes,

where it could re-import antigenic peptides processed by the cytosolic
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proteasome back into the early endosomes. This did not happen when
endotoxin-free soluble OVA was given to these same cells (Burgdorf et al.,
2008).

pDCs may also be specialized to quickly cross-present antigen when
they become activated. Upon encounter with virus, human pDCs were able to
cross-present viral antigen within 6 hours. This cross-presentation was
dependent on cathepsins, endosomal acidification, and intracellular stores of
MHC [ in the recycling endosomal compartment, but did not require the
proteasome, indicating the pDCs were processing the viral antigen in early
endosomes and loading it onto MHC | molecules in the recycling endosome,
bypassing the classical MHC | pathway (DiPucchio et al., 2008). It has also
been shown that mouse pDCs are able to cross-present antigen, though
seemingly by a different mechanism. Mouriés et al., showed that splenic
pDCs captured exogenous antigen but could only cross-present this antigen
when acted on by a virus or TLR7 or TLR9 ligand; antigen processing and
presentation then occurred via a TAP-dependant mechanism, with no

intracellular stores of MHC | observed (Mouries et al., 2008).

1.2. Bcells

B cells display many of the same activating receptors as DCs, such as
CD40, TLRs, and Fc receptors. Like DCs, B cells also upregulate certain cell
surface receptors upon activation, such as CD80, CD86, and MHC Il. They

are able to present antigen, and in vivo studies have shown a role for this in
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generating optimal primary and memory T cell expansion (Ron and Sprent,
1987; Rodriguez-Pinto and Moreno, 2005; Crawford et al., 2006). A role for
direct targeting of B cells with vaccines has also been show, in which targeting
of multiple TLRs on both B cells and DCs was required to generate antibody

responses, as was T cell help (Kasturi et al., 2011).

2. Vaccines

In 1796, Edward Jenner used cowpox as a vaccine against smallpox,
based on the observation that milkmaids who got cowpox did not get smallpox.
Over the next 200 years, vaccines were developed against some of the
world’s biggest public health burdens, yet the mechanisms behind the
generation of such protective immunity were not understood. It has been only
recently that scientists have explored the mechanisms of protective immunity
by vaccines, as decades of research have not generated a successful vaccine
against such pathogens as human immunodeficiency virus (HIV), tuberculosis,
and malaria.

Vaccines fall into two categories, live attenuated and non-living
vaccines. As the name suggests, a live attenuated vaccine is an altered form
of the pathogen itself, generally with lessened virulence or increased
immunogenicity. Live attenuated vaccines mimic the natural immune
response one would have if they survived live infection with the pathogen;
these vaccines are generally against acute static pathogens, such as

smallpox, chicken pox, and yellow fever. Non-living vaccines include subunit
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vaccines, toxoid vaccines, carbohydrate vaccines, and conjugate vaccines.
These vaccines generally require co-administration with an adjuvant, and
protection is not life-long, requiring booster immunizations to maintain
protective immunity. Pathogens generally trigger multiple innate sensors,
such as TLRs, RIG-I-like helicase receptors (RLRs), and NOD-like receptors
(NLRs). TLRs are cell surface or intracellular receptors; as discussed earlier,
they are pathogen sensors for conserved motifs found in bacteria, viruses, or
fungi. RLRs and NLRs are both cytoplasmic sensors, RLRs for RNA viruses,
and NLRs for microbial components. Additionally, several sensors in the NLR
family are components of different inflammasomes, molecular complexes
responsible for activating inflammatory processes by cleaving pro-forms of the
inflammatory cytokines IL-1p and IL-18 (Palm and Medzhitov, 2009). Thus, it
makes sense that a live attenuated vaccine may also trigger multiple of these
innate receptors or pattern recognition receptors (PRRs), and in fact this has
been observed (Pulendran and Ahmed, 2011). Furthermore, PRRs have been
observed to have an additive effect (Kasturi et al., 2011), and non-living
vaccines may not be inducing adequate activation of these pathways to
generate robust, long-lasting immunity.

Many of the current Food and Drug Administration-approved vaccines,
such as hepatitis, yellow fever, and diphtheria, generate protective immunity
through neutralizing antibody responses. However, recent studies have

elucidated roles for T cell immunity as well. Varicella-specific T cells were
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found to be correlates of protection for infection (chicken pox) and reactivation
(shingles) (Arvin, 2008; Levin et al., 2008), and magnitude of influenza-specific
T cells was found to be inversely correlated to protection in the elderly
(McElhaney et al., 2006). Furthermore, it is hypothesized that vaccines
against tuberculosis and other pathogens will require strong T cell responses

to be effective (Hoft, 2008).

2.1.  Particle-based vaccines

Delivery of cargo and appropriate signals to relevant cells represents a
significant challenge in development of vaccines. Protein antigens may be
cleared by the mononuclear phagocytic system, or lead to tolerance if they are
given without proper costimulation. Nano- and microparticles can address this
issue by packaging antigen, costimulation, and/or targeting into a safe delivery
vehicle. These particles may have increased half-life, stability, and delivery to
the target cell population than the individual components themselves. In
addition, by packaging multiple components into a particle, off-target effects
may also be reduced, such as inflammation caused by activation of cells that
did not receive antigen. Finally, particles can be formulated in different ways
to change size and rate of biodegradation, and they may be modified to
encapsulate cargo or present it on the particle surface.

Nano- and microparticles may be targeted to cells by passive or active
targeting. Particles are passively targeted based on their physical properties,

such as size. A particle that is <56.5nm in diameter is rapidly cleared via the
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kidneys (Choi et al., 2007), while particles from 10nm up to several
micrometers in diameter have all been used to deliver antigen. For targeting
of immune cells, smaller particles are able to target to lymphoid organs, such
as spleen and lymph nodes, while larger particles must be taken up by
phagocytic cells (such as monocytes and dendritic cells) and carried to the
lymphoid organs. In addition, smaller particles may be taken up by
phagocytes and non-phagocytes alike, but larger particles, such as the
microparticles, may only be taken up by phagocytes. Active targeting is
achieved by introduction of a component on the particle that targets its
interaction to a specific cell type or organ, such as an antibody that is specific
for a cell surface receptor. Receptors to be targeted are generally endocytic
and selectively expressed by the cell type desired. Antibodies (or other
ligands) may be attached to the particle surface via biotin-streptavidin
interactions, thiolation, or cross-linking agents such as

Bis(sulfosuccinimidyl)suberate (BS3).

2.1.1. pH-sensitive hydrogel particles

pH-sensitive hydrogel particles have a polymerized acrylamide
backbone, and contain an acid-sensitive crosslinker. The acrylamide and
acid-sensitive crosslinker are copolymerized in the presence of cargo antigen
by an inverse emulsion polymerization technique (Murthy et al., 2003, 2002).
They are formulated to degrade into linear polymer chains at acidic pH, via

acid-catalyzed hydrolysis of the crosslinker (Murthy et al., 2003). This
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degradation results in release of cargo from the particle, and occurs slowly at
pH7.4 (24 hr), but rapidly at pH5 (5 min), the pH of early endosomes in a cell.
The degradation causes an increase in osmotic pressure, resulting in water
flowing across the membrane and ‘bursting’ the endosome, a mechanism
known as colloid osmotic disruption. The ‘burst’ releases the contents of the
endosome into the cytoplasm of the cell, which allows for presentation of the
cargo antigen on MHC | to CTLs, key immune responders that can kill infected
cells. Colloid osmotic disruption of the endosomes to produce presentation of
antigen on MHC class | was first described 30 years ago; researchers
provided antigen to be pinocytosed in hypertonic medium, then switched to
iso- or hypotonic medium to produce an osmotic lysis of the pinosome (Okada
and Rechsteiner, 1982; Moore et al., 1988). Importantly, this technique did not
result in cell death, even after multiple treatments. Ordinarily, the particle and
its cargo would be shuffled through increasingly acidic endosomes until
coming to the lysosome, where it would be degraded; presentation of antigen
would be limited or restricted to MHC Il. In addition to releasing antigen into
the cytoplasm, the ‘burst’ caused by the particle degradation also seemed to
activate APCs. BMDC given non-degradable particles had a stellate
(immature) appearance, while BMDC given pH-sensitive degradable particles

had a dendritic (mature) appearance (Kwon et al., 2005b).
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2.1.2. Luminescent porous silica nanoparticles

Luminescent porous silica nanoparticles (LPSiNPs) are biodegradable,
low-toxicity particles with an intrinsic near-infrared photoluminescence. Silicon
is @a common trace element in humans, and a degradation product of silicon,
orthosilicic acid [Si(OH,)], is found in numerous tissues. This degradation
product has been shown to be renally cleared by humans (Popplewell et al.,
1998). In mice, LPSiNPs have a blood half-life of 27.6 min £ 1.8 min, while
coating the surface of the LPSiNPs with dextran increases their half-life to 82
min = 5.8 min (Park et al., 2009b), possibly by slowing the rate of hydrolysis of
SiO; on the particle surface. The particles are noticeably cleared from spleen
and liver by 1 week, and completely cleared by 4 weeks (Park et al., 2009b).
Other nanoparticles require addition of a fluorescent tag to be tracked in vivo,
but degradation and trafficking of LPSiNPs may be tracked by their intrinsic
photoluminescence, which has an emission of 650-900nm. Additionally, these
particles are much more photostable than fluorescein, Cy5.5, or Cy7 (Park et
al., 2009b), allowing elimination of autofluorescence signal by measuring the
signal at a later timepoint, when background signal has dropped.

The structure of LPSiNPs can act as a host matrix for antigens,
antibodies, and other cellular ligands. The particle surface of SiO; is
negatively charged, and certain positively charged entities may bind to the
surface via electrostatic forces. Importantly, avidin is one such entity, which

allows for particles to be made with biotinylated components or combinations



17

of biotinylated components, such as antibodies, antigens, and certain TLR
ligands. Additionally, this allows for multiple antibodies or ligands to be
densely displayed on the particle surface, potentially producing a multivalent

effect and engaging multiple receptors per cell.
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Abstract

Particle-based delivery of encapsulated antigen has great potential for
improving vaccine constructs. In this study, we show that antigen-loaded, pH-
sensitive hydrogel microparticles are taken up and presented by bone marrow-
derived dendritic cells (BMDCs) in vitro and are targeted to dendritic cells
(DCs) and monocytes in vivo. This uptake is irrespective of targeting
antibodies. BMDCs in vitro and DCs in vivo also display upregulation of
activation markers CD80 and CD86 when treated with microparticles, again
with no difference in conjugated antibodies, even agonistic CD40 antibody.
We further show that these particles induce enhanced expansion of cytokine-
producing CD8 T cells in response to challenge with ovalbumin-expressing
vesicular stomatitis virus, in both an accelerated vaccination strategy using

pre-loaded BMDCs and a traditional mouse immunization setting.
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1. Introduction

Vaccine strategies based on protein antigens are sought-after based on
their low toxicity and broad applications (Berzofsky et al., 2001). They show
promise in inducing CD4 and CD8 T cell responses, which are required for
effective vaccines against certain pathogens and cancers. However, suitable
methods of delivery are required for protein antigens, they can be degraded
due to their small size or taken up by non-beneficial cell subsets, and proteins
presented in the absence of an adjuvant are frequently tolerogenic (Janeway,
1989; Walker and Abbas, 2002). Particles have been made from lipids,
proteins, silica, and polymeric systems to enhance delivery of protein antigens
(Zhang et al., 2008). Biodegradable polymeric nano- or microparticles, such
as poly(lactic-co-glycolic acid) (PLGA) and pH-sensitive hydrogels are
particularly attractive delivery vehicles, as they can encapsulate cargo, present
targeting moieties on their surface, and are easily formulated to control for
their size and intracellular release kinetics (Mundargi et al., 2008; Boyle and
Woolfson, 2011).

We have chosen to use pH-sensitive hydrogel particles; these particles
are stable at pH7.4, but upon phagocytosis and entry into the endosomes,
they degrade into linear polymer chains and small molecules due to
incorporation of an acid-sensitive crosslinker in their matrix (Murthy et al.,
2003). The proposal is that they produce a colloid osmotic disruption of the

endosome, and this releases their cargo into the cytoplasm allowing for
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presentation via the MHC class | pathway (Murthy et al., 2003). This
lysosomal disruption may activate bone marrow-derived dendritic cells
(BMDCs); BMDCs that take up degradable hydrogel nanoparticles display a
dendritic (mature) cell surface, while BMDCs that take up non-degradable
hydrogel nanoparticles display a stellate (immature) surface (Kwon et al.,
2005b). Leakage into the cytoplasm also circumvents possible degradation by
hydrolytic enzymes in the late endosomes or lysosomes (Murthy et al., 2003;
Standley et al., 2004). Additionally, these particles remain neutral upon
degradation, limiting potential toxicity and charge interactions with proteins
(Sassi et al., 1996). In contrast, degradation of PLGA produces glycolic and
lactic acid, which creates an acidic microenvironment that can denature and
inactivate encapsulated proteins (Zhu et al., 2000).

pH-sensitive hydrogel particles have been used to deliver the model
antigen ovalbumin (OVA) in several studies. In one study, particles induced
cell surface receptors indicative of activation on BMDCs even in the absence
of adjuvant (Standley et al., 2007). Particles have been made that incorporate
CpG to provide increased activation (Standley et al., 2007; Kwon et al.,
2005b), and other particles have incorporated DEC205-specific antibodies via
amine groups on the particle surface for targeting to DCs (Kwon et al., 2005a).
However, even without activating or targeting components, an OVA-
encapsulating particle enhanced survival rates for mice injected with OVA-

expressing EG7 tumor cells (Standley et al., 2004). It should be noted that
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only phagocytic cells, such as macrophages and dendritic cells, are able to
engulf particles ~0.5-3uM in diameter to an appreciable extent; thus,
microparticles such as the ones used in the above-mentioned studies are
passively targeted to antigen presenting cells (APCs) simply based on their
size.

We produced 1.5uM, pH-sensitive hydrogel microparticles
encapsulating OVA with various antibodies decorating the surface to
determine if targeting and/or activating components could enhance APC-
microparticle interactions. We selected a DEC205-specific antibody (anti-
DEC205) as the targeting antibody, agonistic CD40 antibody (anti-CD40) as
an activating component, and hemagluttinin antibody (anti-HA) as a negative
control antibody. DEC205 is an endocytic receptor, thought to be involved in
recognizing ligands expressed by apoptotic or necrotic cells and found
primarily on CD8" DCs (Shrimpton et al., 2009). Anti-DEC205 has been
conjugated with antigen and utilized to target that antigen to DCs. However,
without concomitant delivery of adjuvant, such as anti-CD40, DEC205
targeting induces tolerance to the antigen (Bonifaz et al., 2002). Anti-HA
recognizes the nonapeptide sequence YPYDVPDYA derived from the human
influenza virus hemagluttinin (HA) protein, and as such, will not react with
mouse cells. Thus, we engineered OVA-encapsulating particles displaying
anti-DEC205 or anti-HA with or without anti-CD40 to determine if receptor-

mediated endocytic targeting is observed with our formulation of particles, and
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to determine if anti-CD40 is required for activation or to enhance activation of
APCs by the particle. As a control, OVA-encapsulating particles without

antibodies were also produced.

2. Materials and Methods

2.1. Mice

OT-1 (CD8 TCR transgenic OVA-specific mice), OT-Il (CD4 TCR
transgenic OVA-specific mice), and C57BL/6 mice were purchased from the
Jackson Laboratories and maintained in specific pathogen-free facilities at
UCSD. Animal protocols were approved by the Institutional Animal Care and

Use Committee.

2.2. Antibody preparation

Anti-HA (12CA5), anti-DEC205 (NLDC-145), and anti-CD40 (FGK45.5)
hybridomas were obtained from American Type Culture Collection. Antibodies
were then produced by BioNexus, purified using Montage Prosep G kit

(Millipore), and used in production of microparticles.

2.3.  Preparation of microparticles

Reverse emulsion polymerization technique was used to encapsulate
OVA into acid-sensitive hydrogel microparticles. After formulation,

Bis(Sulfosuccinimidyl)suberate (BS3) was used to conjugate the antibodies to
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the particles' surface. Experimental details are described in the

supplementary material.

2.4. Antibody conjugation efficiency and binding activity

The conjugation efficiency was measured by comparing the initial
antibody concentration to the concentration of unbound antibodies after the
conjugation reaction. The antibody samples were boiled for 5 min in 1x SDS
loading buffer (Bio-Rad) and loaded on a 10% SDS poly-acrylamide gel (Bio-
Rad). The gel was stained with Coomassie blue (Bio-Rad) for 3 hours
followed by 3 destaining washes.

The binding activity of anti-HA-conjugated particles encapsulating OVA
(MP HA) was compared to particles without antibody encapsulating OVA (MP).
A sample of particles containing 15ug of MP HA or MP was mixed with 3-fold
dilutions of fluorescein-labeled HA peptide [YPYDVPDYA; highest dose:
1170ng (900pmol); Synthetic Biomolecules]. Unbound peptide was washed
away using BioSpin Columns (Bio-Rad) and the bound HA peptide on particles

was measured for fluorescence intensity.

2.5. BMDC cultures

BMDCs were prepared as described (Dejean et al., 2009) and

harvested on day 8.



25

2.6. T cell isolation and purification

For T cell purification, spleens and lymph nodes (LNs) were taken from
OT-1 or OT-Il mice. Red blood cell (RBC) lysis of splenocytes was done using
ACK lysis buffer (0.15M NH4Cl, 1M KHCO3, 0.1mM Na,EDTA). Cells were
then incubated with a mixture of biotinylated anti-B220 (RA3-6B2,
eBioscience—all antibodies are from eBioscience unless otherwise noted),
anti-Gr-1 (RB6-8C5), anti-MHC class Il (M5/114.15.2), anti-DX5 (DX5), anti-
CD11b (M1/70), anti-Ter119 (TER119), and either anti-CD4 (OT-I purification;
GK1.5) or anti-CD8a (OT-Il purification; 53-6.7). LNs were incubated with a
mixture of biotinylated anti-B220 and anti-CD4 (OT-I purification) or
biotinylated anti-B220 and anti-CD8a (OT-II purification). Cells were then

negatively selected with streptavidin-coupled microbeads (Miltenyi Biotec).
2.7. 3[H]-thymidine proliferation assay

20,000 BMDCs were cultured for 1 day at 37°C with 3-fold dilutions of
microparticles or EndoGrade OVA (highest dose 1ug/mL), then washed twice
and incubated with 150,000-200,000 magnetic bead-sorted OT-l or OT-II T
cells for 3 days at 37°C. 1uCi/well °[H]-thymidine (Perkin Elmer Life Sciences)

was added for the last 8 hours of culture.
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2.8. In vitro activation

BMDCs were cultured for 2 days at 37°C with 3-fold dilutions of
microparticles or EndoGrade OVA (highest dose 1ug/mL). 10ug/mL
lipopolysaccharide (LPS, Sigma) and PBS were used as controls. Cells were
resuspended in FACS buffer (PBS with 1mM EDTA, 1% FCS, and 0.1%
sodium azide), incubated with anti-mouse FcyRII-III (supernatant from
hybridoma 2.4G2 cultures) for 15 min at 4°C, and stained with anti-CD80 FITC
(16-10A1, Biolegend), anti-CD86 PE (GL1), anti-B220 PerCP (Biolegend), and

anti-CD11c Allophycocyanin (N418) for 20 min at 4°C.

2.9.  Invivo DC activation and fluorescent particle uptake

10ug microparticles were injected subcutaneously (s.c.) in both hind
footpads of mice (20ug/mouse, 3-4 mice/group). Mice were sacrificed at day 1
for fluorescent particle uptake and day 2 for in vivo DC activation. Popliteal

and inguinal LNs were taken and analyzed by flow cytometry.

2.10. BMDC vaccinations for VSV-OVA challenge

BMDCs were incubated overnight with 0.85ug/mL MP HA, 0.85ug/mL
MP HA + 0.42ug/mL LPS, 0.42ug/mL LPS + 5uM SIINFEKL peptide (OT-I
peptide; derived from OVA257-264, the epitope which CD8 TCR transgenic
OT-I mice are specific for; Genemed Synthesis) or PBS control. 250,000 of

these BMDCs were injected intravenously (i.v.) into mice (4 mice/group). One
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week after BMDC vaccination, mice were challenged i.v. with 1x10° PFU
vesicular stomatitis virus-OVA (VSV-OVA; Dr. Leo Lefrancgois, University of

Connecticut Health Center).
2.11. Vaccination for VSV-OVA challenge

10ug MP HA, 10pg MP HA + 10ug LPS, 10ug LPS + 10pg EndoGrade
OVA, 10ug EndoGrade OVA, or PBS were injected s.c. in both hind footpads
of mice (4 mice/group). 45 days after vaccination, mice were challenged i.v.

with 10° PFU VSV-OVA.
2.12. Flow cytometry

PBL, LNs, or spleen were isolated from mice at various time points. For
DC analysis, LNs were first incubated for 20 min at 37°C with collagenase D
(Tmg/mL; Roche). Single-cell suspensions were prepared and cells from PBL
and spleen were subjected to RBC lysis using ACK. Cell staining was
performed as BMDC staining above. Antibodies used for: in vivo DC
activation—CD80 FITC, CD86 PE, CD11c PE-Cy7, B220 APC-Cy7, and CD3
PerCP-Cy5.5 (145-2C11); in vivo fluorescent microparticle uptake—Ly6G PE
(1A8, BD Pharmingen), B220 APC-Cy7, TCRB APC-Cy7 (H57-597), Ly6C
Allophycocyanin (HK1.4), CD11c PE-Cy7, CD11b eFluor450, CD8 PerCP
(Biolegend), CD4 biotin, and streptavidin Qdot525 (Invitrogen); and VSV-OVA

challenge experiments—B220 FITC, CD11b FITC, Ter119 FITC (used in
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BMDC accelerated vaccination experiment only), CD4 PE-Cy7, CD8 Pacific

Blue (Biolegend), and CD44 APC-Cy7 (IM7).

2.13. Intracellular cytokine staining

For detection of intracellular cytokines, PBL, LNs, or spleen were
isolated and cultured with 5uM OT-I peptide. After 1 hour, Brefeldin A
(1pg/mL; BD Biosciences) was added and the cultures were incubated at 37°C
overnight. Cells were stained as above, then fixed and permeabilized to

detect intracellular IFNy allophycocyanin (XMG1.2).

3. Results

3.1.  Production of pH-sensitive hydrogel microparticles

To produce pH-sensitive hydrogel microparticles, an acid-sensitive
crosslinker (Fig 1A) was produced as described (Paramonov et al., 2008; Jain
et al., 2007) and copolymerized with acrylamide by inverse emulsion
polymerization (Fig 1B). This crosslinker is cleaved by acid-catalyzed
hydrolysis; thus, once a particle is taken up, the acidic environment of the
endosome will initiate particle degradation and release of its contents,
resulting in release of antigen into the cytoplasm. Presumably some endocytic
vesicles are shunted into the MHC class |l presentation pathway, whereas,
access to the cytoplasm also promotes presentation in association with MHC

class | (Fig 1B). We chose ovalbumin (OVA) as the cargo to load in the
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particles, since the experimental tools for studying the immune response to
OVA are extensive. Specifically, to study T cell responses, we used CD8 and
CD4 OVA-specific TCR transgenic mice (OT-lI and OT-II, respectively) and
VSV-OVA, a pathogen engineered to express OVA. The amount of OVA
loaded was 2.4ug per mg of particle, with an encapsulation efficiency of 52.6%
+14.7%. We list particle concentration as the amount of OVA in the particle
and not the dosage of particle. Following particle formulation, anti-DEC205,
anti-HA, and/or anti-CD40 were added via BS3 ligation of amine groups on the
antibodies (MP DEC, MP HA, MP CD40, MP DEC CD40, and MP HA CDA40;
particles without antibodies are referred to as MP). To estimate conjugation
efficiency of the antibodies, a protein gel was run comparing total antibody
loaded and unbound antibody following BS3 conjugation (Fig 1C).
Approximately 75% of antibody starting material was conjugated to the
particle, with only minimal non-specific binding. Finally, the particle’s average
diameter based on volume was 1.5+0.8uM; the measurement was done by
laser diffraction particle sizing using a Mastersizer 2000 instrument (Malvern),

and confirmed using Multisizer 4 (Beckman) and Qnano (Izone).

3.2.  Antibody binding is preserved following production of microparticles

Antibody activity following conjugation to particles is generally not
assessed, even though a particle formulation that destroys antibody activity or

blocks antibody binding sites effectively nullifies addition of that component.
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We developed an assay utilizing fluorescein-tagged HA peptide to determine
whether the binding ability of anti-HA was still active following BS3
conjugation. MP HA and MP were incubated with increasing amounts of the
labeled HA peptide, excess peptide was washed out, and fluorescence
intensity was measured and compared between microparticles (Fig 1D).
Greater than 5-fold binding activity was observed for MP HA versus MP,

indicating that anti-HA is still capable of binding peptide.

3.3. CD8and CD4 T cells incorporate 3[H] in an in vitro proliferation assay in

the presence or absence of targeting antibodies on microparticles

To determine whether targeting antibodies could influence antigen
delivery to DCs and subsequent proliferation by T cells, we incubated
microparticles with BMDCs. Following overnight incubation, BMDCs were
washed to remove free microparticles and incubated with magnetic-bead
sorted OT-I (CD8) and OT-II (CD4) T cells for three days. *[H]-thymidine
uptake was used to quantitate DNA synthesis induced in culture. We found
that OVA was presented by BMDCs on both MHC class | and Il (Fig 2A) for all
microparticles, regardless of conjugated antibodies, whereas, at the
concentrations tested, free OVA was ineffective. 3[H]-thymidine incorporation
was statistically significant for all microparticles by two-way ANOVA,
compared to OVA alone. Fig 2B shows post-hoc testing at the 1ug/mL OVA

dose.
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3.4. Microparticles induce upregulation of activation markers on DCs in vitro

and in vivo

To examine whether microparticles could activate DCs in vitro, we
incubated BMDCs with the different microparticles for two days, then
performed FACS analysis for upregulation of the activation markers CD80 and
CD86. All particles similarly induced both molecules, compared with the same
dose of OVA (Fig 3A-C). All microparticles conjugated with anti-CD40
upregulated CD80 and CD86 to the same levels as MP DEC, MP HA, or MP,
despite the later three not having an activating moiety.

To measure in vivo activation of DCs, we injected microparticles s.c.
into both hind footpads of mice. Two days later, the mice were sacrificed and
popliteal (draining) and inguinal LNs were taken and stained for CD80 and
CD86. The microparticles induced modest upregulation of both markers in
popliteal LNs (Fig 3D), and CD86 was upregulated in inguinal LNs (Fig 3E).

This induction was intermediate compared to LPS activation.

3.5.  Fluorescent microparticles interact with monocytes and DCs in vivo

To determine which cells were interacting with (and potentially taking
up) microparticles in vivo, we made MP, MP HA, and MP DEC using Alexa
Fluor 488-tagged OVA. We injected the microparticles s.c. in both hind
footpads. Free OVA-Alexa Fluor 488 and PBS were used as controls. Mice

were sacrificed 1 day later and popliteal LNs were examined. Cells were
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phenotyped as T cells (TCRB"), B cells (B220"), plasmacytoid DCs (pDCs,
CD11c*B220%), DCs (CD11¢*B220°), monocytes (CD11b™ Ly6C*Ly6G"), and
neutrophils (CD11b™ Ly6C*Ly6G"). Interestingly, a substantial CD11b"
CD11c" population emerged in all microparticle-injected mice that was almost
completely absent from OVA-injected or PBS-injected mice (Fig 4A-B). This
population consisted of both monocytes and neutrophils, based on Ly6G and
Ly6C expression (Fig 4A, bottom row). The percentage of each cell subset
(B, T, monocyte, neutrophil, DC, and pDC) present in the popliteal LNs is
shown in Fig 4B. Monocyte and neutrophil cell subsets were dramatically
increased in these LNs for all microparticle-injected mice versus OVA-injected
mice. No increase was observed for the other four subsets.

Popliteal LN cells were analyzed for Alexa Fluor 488 staining to identify
the populations that had taken up the microparticles. Monocytes and DCs
were most effective at taking up antigen in microparticle-injected mice, while
neutrophils were comparatively less efficient (Fig 4C). There was no
difference in the efficiency of microparticle uptake compared with OVA in the
monocyte and DC subsets, however, as there were many more monocytes in
the popliteal LNs of the microparticle-injected mice there was a much larger
total number of Alexa Fluor 488+ monocytes in these groups. DC uptake of
particles versus OVA was not significantly different (Fig 4C), and no difference

was seen in uptake amongst DC subsets (CD4*, CD8+, CD4-CD8- or
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DEC205+; data not shown). Finally, no differences in uptake were observed

between the different microparticles (Fig 4C).

3.6. VSV-OVA challenge following vaccinations produces increased IFNy+

CD8 T cells

To assess memory-inducing potential of the microparticles, two
vaccination strategies were used: accelerated vaccination using BMDCs pre-
incubated with microparticles, and injection of mice directly with microparticles.
As no differences had been observed between the particles in the previous
experiments, only MP HA was selected for these experiments.

For accelerated vaccination using BMDCs, we incubated cells with MP
HA, MP HA+LPS, PBS, or LPS plus the 8-amino acid antigenic peptide
(SIINFEKL) peptide overnight. Cells were then collected and washed, and
250,000 were injected per mouse i.v. (4 mice/group). After 1 week, mice were
challenged with VSV-OVA. Mice were bled over the following 2 months and
sacrificed at day 55, when spleens were taken. To track immune response to
OVA, PBL or spleen cells were restimulated overnight with SIINFEKL in the
presence of Brefeldin A, and then analyzed for intracellular IFNy. Mice given
MP HA or MP HA+LPS BMDCs had a large percentage of IFNy+ CD8 T cells
(15-20% out of CD8+), as tracked in blood at the peak of the response (Fig
5A). This response was significantly greater than that of the PBS control

group. MP HA+LPS was also significantly greater than LPS+OT-I peptide and
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MP HA. At sacrifice, spleens from the MP HA+LPS group had a significantly
greater percentage of IFNy+ CD8 T cells than PBS; LPS+peptide and MP HA
groups were also elevated, though not statistically significant (Fig 5B).

The direct immunogenicity of microparticles was also tested. Mice were
given MP HA, MP HA+LPS, LPS+OVA, OVA, or PBS s.c. in both hind
footpads, and at day 45 they were challenged with VSV-OVA. Immune
responses were then tracked in blood, as for the BMDC accelerated
vaccination (Fig 5C). At day 17, mice were sacrificed and spleens and LNs
were taken. Immune responses of MP HA- and MP HA+LPS-injected mice
were similar to the LPS+OVA-injected mice (a secondary immune response to
the challenge), while OVA-injected mice displayed an immune response
similar to PBS (a primary immune response). No additive effect was observed
for MP HA+LPS compared to MP HA. IFNy+ CD8 responses in spleen and
LNs were elevated in MP HA and MP HA+LPS to similar levels as LPS+OVA

(Fig 5D-E).

4. Discussion

We have produced 1.5uM, OVA-encapsulated, pH-sensitive hydrogel
microparticles, with or without targeting and activating antibodies. These
particles were all effective at generating CD4 and CD8 T cell responses in
vitro and activating DCs in vitro and in vivo. No preferential uptake was
observed with MP DEC versus MP HA. No increased activation was observed

with microparticles displaying an antibody that binds CD40 and stimulates an
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activation program in DCs and B cells (Rolink et al., 1996). Testing of MP HA
construct revealed that antibody binding sites were still active, indicating that
particle production did not damage the antibodies. MP HA immunization and
BMDC-MP HA transfer both showed an expanded CD8 T cell response to
VSV-OVA challenge, more comparable to a secondary than a primary immune
response.

Interestingly, in vivo uptake of our microparticles is dominated by
monocytes. DCs also take up the particles, though at the same level as
fluorescent OVA. Monocytes and neutrophils are both recruited to the draining
LN in large numbers, with ~10-fold more monocytes and ~40-50-fold more
neutrophils in microparticle-injected versus OVA-injected counterparts.
However, monocytes are the primary cell type that interacts with the particles;
in the draining LN, mice immunized with any of the microparticles have ~10-
fold more particle-positive monocytes compared to OVA™ monocytes in mice
immunized with OVA. Monocytes can differentiate into monocyte-derived DCs
(moDCs) in cases of inflammation, infection, or even at steady state
(Randolph et al., 1999; Ledn et al., 2007; Varol et al., 2007). We hypothesize
that monocytes may pick up the particle in the footpad and then move to the
draining LN, where they may further differentiate into these APCs. In fact,
fluorescent microspheres 0.5-1uM in size injected s.c. have demonstrated this
same occurrence (Randolph et al., 1999). Additionally, it has been shown

recently that in mice treated with LPS or gram-negative bacteria, peripheral
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monocytes migrate to LNs, differentiate into moDCs, and become the
predominant APC (Cheong et al., 2010). The large neutrophil recruitment we
observe may be due to their phagocytic nature, an acute inflammation
occurring in response to the particles, or perhaps even to modulate the DC or
moDC response. While neutrophils are typically thought of as short-lived cells
that are recruited to phagocytose cells and release effector molecules, they
have also been shown to compete for antigen in the LN (Yang et al., 2010)
and induce maturation of DCs or moDCs (van Gisbergen et al., 2005b; a;
Megiovanni et al., 2006; Bennouna and Denkers, 2005).

The results illustrate a pathway to improved vaccination by focusing on
the facilitated uptake of microparticles and on their ability to induce DC and

myeloid activation.
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Figure 1. Antibodies can be conjugated to pH-sensitive hydrogel
microparticles and maintain binding activity. A) Synthesis of acid-
sensitive crosslinker. B) Schematic of microparticle production, uptake by a
cell, and release of cargo in the endosome. C) Conjugation efficiency of
antibodies to particles. D) Fluorescein-HA peptide binding activity of MP HA
compared to MP.
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Figure 2. Co-culture with microparticle-injected BMDCs produced CD8
and CD4 proliferation in vitro. BMDCs were incubated with 3-fold dilutions

of microparticles or OVA (highest dose: 1ug/mL) for 1 day. Cells were then
incubated with OT-I (CD8) or OT-II (CD4) T cells for 3 days. 1uCilwell *[H]-
thymidine was added for the final 8 hours of culture. A) Graph of CPM vs
dose (amount of OVA in microparticles). Data shown are mean+SD. Two-way

ANOVA was ***p<0.001 for OT-l and OT-Il. B) CPM graphs for microparticles
at 1pg/mL OVA with two-way ANOVA Dunnett’s post-hoc test. Microparticles

are compared to OVA. ***p<0.001
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Figure 3. All microparticles, regardless of antibody conjugation, induce
upregulation of CD80 and CD86 on BMDCs. BMDCs were incubated with
3-fold dilutions of microparticles or OVA (highest dose: 1ug/mL). Controls
were PBS or LPS. After 2 days, cells were stained with CD80, CD86, B220
and CD11c and analyzed by flow cytometry. A) Graphs are MFI of CD80 or
CD86 for CD11c+B220- cells. Two-way ANOVA for CD80 and CD86 ***
p<0.001. B) CD80 and CD86 graphs for microparticles at 1ug/mL OVA with
two-way ANOVA Dunnett’s post-hoc test versus OVA. PBS and LPS were not
included in ANOVA analysis. C) Representative histograms of CD80 and
CD86 staining. Shown: OVA, MP HA, both 1ug/mL OVA, and PBS.
Microparticles induce intermediate activation of DCs in vivo. Mice were
given 10ug microparticles s.c. in both hind footpads. After 2 days, mice were
sacrificed and popliteal and inguinal LNs were taken. Cells were stained for
CD11c, B220, CD3, CD80, and CD86. Graphs are MFI of D) CD86 or E)
CD80 for CD3-B220-CD11c+ cells. 4 mice/group. Statistics are one-way
ANOVA with Dunnett’s post-hoc test (compared to OVA). *p<0.05, **p<0.01,
***p<0.001
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Figure 4. Fluorescent particles recruit neutrophils and monocytes to the
draining LN. 10ug microparticles encapsulating OVA Alexa Fluor 488 were
injected s.c. in both hind footpads. Mice were sacrificed after 1 day, and
popliteal LNs were taken. Cells were stained for CD11c, CD11b, B220, TCR},
CD4, CD8, Ly6G and Ly6C. A-B. Graphs shown were previously gated on
live cells (FSC vs SSC). A) All microparticle groups caused a large
recruitment of CD11b™ CD11c" cells that was not observed in OVA- or PBS-
injected mice. Shown are representative FACS plots from MP HA-, OVA-, and
PBS-injected mice. B) CD11b™ CD11c" cells were both neutrophils and
monocytes. C-D. Data was combined from two experiments, three mice
each. C) The percentage of monocytes and neutrophils was increased in
microparticle- versus OVA-injected popliteal LNs. D) The efficiency of particle
or OVA uptake for each cell subset.
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Figure 5. Secondary immune response to VSV-OVA challenge. A-B.
BMDCs were incubated overnight with 0.85ug/mL MP HA, 0.85ug/mL MP HA
+ 0.42ug/mL LPS, 0.42ug/mL LPS + 5uM SIINFEKL (OT-I peptide), or PBS
control. 250,000 of these BMDCs were given to mice i.v. 7 days post-BMDC
injection, mice were challenged with 10° PFU VSV-OVA i.v. and A) the T cell
response was tracked via blood on days 0, 3, 5, 7, 10, 24, 38, and 55 post-
challenge. Lymphocytes from blood were purified, restimulated with OT-I
peptide, and stained for CD4, CD8, IFNy, CD44, B220, Ter119, and CD11b.
Antigen-specific cells were detected by IFNy+CD44+ staining. Data shown is
previously gated on CD8+ T cells. B) At day 55, mice were sacrificed, spleens
were taken, and antigen-specific cells were detected as in blood. One-way
ANOVA was done with Bonferroni post-hoc testing. C-D. Microparticle
vaccination and VSV-OVA challenge. Mice were given 10ug MP HA, 10ug
MP HA + 10ug LPS, 10ug LPS + 10ug EndoGrade OVA, 10ug EndoGrade
OVA, or PBS s.c. in both hind footpads. At day 45, mice were challenged
with 10° PFU VSV-OVA i.v., C) and subsequently bled at days 3, 5, 7, 9, 12,
and 17. Lymphocytes from blood were purified, restimulated with OT-I peptide
and stained for CD4, CD8, IFNy, CD44, B220, and CD11b. Antigen-specific
cells were detected by IFNy+CD44+ staining. Data shown is previously gated
on CD8+ T cells. D) At day 17, mice were sacrificed, spleens and LNs were
taken, and antigen-specific cells were detected as in blood.
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Supplementary Information:

5. Supplemental Methods
5.1.  Preparation of micropatrticles

5.1.1. Materials

EndoGrade OVA (Biovendor)

N-(3-Aminopropyl) methacrylamide-HCI (Polysciences)

Acrylamide, ammonium persulfate (APS), Span 80, Tween 80, N,N,N,",N'
Tetramethylethylenediamine (TMED), and Docusate sodium salt (AOT, Sigma)
Mannitol (Pearlitol 25C, Roquette, France)

OVA Alexa Fluor 488 (Invitrogen)

Bis(Sulfosuccinimidyl)suberate (BS3, Thermoscientific)

5.1.2. Preparation of acid sensitive crosslinker

Synthesis of the acid-sensitive crosslinker (1) is depicted in Fig 1A and
described in ref (Jain et al., 2007; Paramonov et al., 2008). 'H NMR is shown

in Fig 6.
5.1.3. Formulation of hydrogel micropatrticles

Ovalbumin (1mg) was dissolved into 250l 10mM Tris-HCI buffer, pH 8,

followed by the addition of acrylamide (61.3mg, 862.4pumol), N-(3-
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Aminopropyl) methacrylamide-HCI (1.3mg, 9.15umol), acid-sensitive
crosslinker (12.4mg, 45.9umol) and APS (8mg, 35umol). To produce an
emulsion, 2.5mL 3% 3:1 Span 80:Tween 80 in hexanes were added to the
aqueous phase followed by 30 seconds of sonication at an amplitude of 40
(1/8" tip, Misonix 4000s). The polymerization was initiated by the addition of
25ul TMED and the particles were left to stir for 10 min at room temperature
(R.T.). The particles were collected by centrifugation at 4,000xg for 5 min and
washed with hexanes (10mL, two times) then with acetone (10mL, three
times), and then in PBS, pH 8. The particles were dispersed in PBS, pH 8,
passed through a 30um filter, and lyophilized after the addition of 5% mannitol.
OVA Alexa Fluor 488 was used to prepare particles used for in vivo uptake

studies.

5.1.4. Encapsulation efficiency

The encapsulated OVA was released from the particles by acidifying
the solution with 0.1N HCI to dissolve the particles followed by neutralization
with 0.1N NaOH. The amount of OVA was determined using the BCA assay
(Pierce) and compared to that of OVA dilutions treated the same as that of the
particles. Encapsulation efficiency of OVA was 52.6% +14.7%.

Amounts of microparticles are listed as the absolute amount of
encapsulated OVA (ug) or as OVA concentrations in a certain volume (ug/ml).

Encapsulated OVA was determined to be 2.4ug OVA/mg particle powder.
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5.1.5. Particle conjugation to antibodies

To allow BS3 to react with the amine group in N-(3-Aminopropyl)
methacrylamide-HCI, microparticle powder corresponding to 0.5mg OVA was
resuspended in 1mL PBS pH 8, 1mg BS3 was added (1.7umol), and the
mixture was shaken at R.T. for 30 min. The free BS3 was removed by
centrifuging the particles at 12,100xg for 30 seconds and washing with PBS,
pH 8. Then, antibody solution corresponding to 0.1mg (0.1mg for one
antibody, or 0.1mg each for two antibodies) was added and the microparticles
were mixed by placing on the shaker at R.T. for another 30 min. Unbound
antibody was separated by washing the particles, centrifugation, and
resuspension in 10mM Tris-HCI, pH 8. Finally, the particles were lyophilized in

the presence of 5% mannitol.
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Supplemental Figure
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Figure 6. '"H NMR of acid-sensitive crosslinker. 'H NMR (400 MHz, CDCI3)
0 6.28 (dd, J =17.0, 1.6 Hz, 4H), 6.16 (dd, J = 17.0, 10.1 Hz, 2H), 5.63 (dd, J
=10.1, 1.6 Hz, 2H), 3.49 (dt, J = 14.4, 5.1 Hz, 8H), 1.33 (s, 6H).



48

The text of Chapters I, in full, has been submitted for publication. | was
the primary researcher and author and the co-authors, Enas A. Mahmoud,
Jagadis Sankaranarayanan, José M. Morachis, Carol D. Katayama, Maripat
Corr, Stephen M. Hedrick, and Adah Almutairi, directed and supervised the

research which forms the basis for this chapter.



Chapter lll
Multivalent Porous Silicon Nanoparticles Enhance the Immune Activation

Potency of Agonistic CD40 Antibody

49



50

Abstract

One of the fundamental paradigms in the use of nanopatrticles to treat
disease (Peer et al., 2007; Wagner et al., 2006; Gao et al., 2004; Lee et al.,
2007) is to evade or suppress the immune system in order to minimize
systemic side effects and deliver sufficient nanoparticle quantities to the
intended tissues (Peer et al., 2007; Ruoslahti et al., 2010; Moghimi et al.,
2001). However, the immune system is the body’s most important and
effective defense against diseases. It protects the host by identifying and
eliminating foreign pathogens as well as self-malignancies. Here we report a
nanoparticle engineered to work with the immune system, enhancing the
intended activation of antigen presenting cells (APCs). We show that
luminescent porous silicon nanoparticles (LPSiINPs), each containing multiple
copies of an agonistic antibody (FGK45) to the APC receptor CD40, greatly
enhance activation of B cells. The cellular response to the nanoparticle-based
stimulators is equivalent to a 30-40 fold larger concentration of free FGK45.
The intrinsic near-infrared photoluminescence of LPSINPs is used to monitor

degradation and track the nanoparticles inside APCs.
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1. Introduction

Nanomaterials of porous silicon have attracted intense interest for
imaging and treatment of diseases including cancer due to their
biocompatibility, large specific capacity for drug loading, non-toxic degradation
products, and efficient photoluminescence (Park et al., 2009b; Tasciotti et al.,
2008; Salonen et al., 2005; Low et al., 2009; Xiao et al., 2011; Wolkin et al.,
1999; Canham, 1990; Anderson et al., 2003; Erogbogbo et al., 2008). One of
the main barriers to any nanoparticle intended for in vivo use is the
surveillance by the immune system. For example, the mononuclear
phagocyte system (MPS) recognizes and intercepts substantial quantities of
systemically administered nanoparticles before they can reach the diseased
tissues (Ruoslahti et al., 2010; Moghimi et al., 2001; Park et al., 2009b;
Tasciotti et al., 2008; Brigger et al., 2002), and this can lead to significant
damage to major organs such as liver, spleen, etc., especially when the
nanomaterials carry lethal anticancer drugs. In contrast, approaches to
intentionally activate the body’s own immune system to fight against diseases
can be quite effective (Kantoff et al., 2010; Hodi et al., 2010; Porter et al.,
2011; Hunder et al., 2008; Pardoll, 2002; Waldmann, 2003; Rosenberg et al.,
2004). The goal of active immunotherapy is to elicit or amplify an immune
response to harness the body’s inherent defenses against foreign pathogens
and self-malignancy. The experimental use of nanomaterials for such active

immunotherapies has not been explored to a great extent in part due to the
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limited understanding of the interactions between the immune system and
nanomaterials (Dobrovolskaia and McNeil, 2007). Nevertheless, recent
studies have shown that some nanoparticle-based vaccines can be much
more potent than soluble peptide or protein antigens (Shen et al., 2006; Slutter
et al., 2010; Uto et al., 2007; Copland et al., 2005; Elamanchili et al., 2004;
Cho et al., 2011; Li et al., 2011; Makidon et al., 2008, 2010), and it has been
proposed that nanovaccines are more adaptable and perhaps safer than viral
vaccines (Peek et al., 2008; Demento et al., 2009; Moon et al., 2011) .

Most studies using nanomaterials in immunotherapies focus on antigen
delivery, with little emphasis on the ability of nanomaterials to alter the potency
of immunomodulators. In addition, the majority of nanovaccine systems are
based on lipids or polymers such as poly(lactic-co-glycolic acid) (PLGA), or
polystyrene (Slutter et al., 2010; Uto et al., 2007; Diwan et al., 2003; Petersen
et al., 2009; Li et al., 2010; Reddy et al., 2007; Klippstein and Pozo, 2010; Cui
et al., 2005), many of which display some intrinsic immune stimulation that
may limit their use for immunotherapies (due to unintended stimulation of
APCs) or that may interfere with the function of loaded immunomodulators.
For many immunotherapeutic or immunomodulation applications, a desirable
criterion is that the nanomaterial itself show low intrinsic immune stimulation.

CD40 is a co-stimulatory receptor as well as a member of the family of
tumor necrosis factor (TNF) receptors found on APCs such as dendritic cells,

B cells, and macrophages (Banchereau et al., 1994; Schoenberger et al.,
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1998; Bennett et al., 1998). Agonistic monoclonal antibodies to CD40 (CD40
mADb) can activate APCs and improve immune responses when used in
combination with antigens or vaccines (Pardoll, 2002; Dougan and Dranoff,
2009; Palucka et al., 2010). In addition, CD40 mAb can produce substantial
antitumor efficacy and can also potentially be used to treat chronic
autoimmune inflammation (Beatty et al., 2011; Vonderheide et al., 2007;
Jackaman et al., 2011; Mauri et al., 2000). However, the therapeutically
effective dose of CD40 mAb is high and the high dose can result in severe
side effects (Jackaman et al., 2011; Barr et al., 2003). We have recently
developed nanoparticles based on luminescent porous silicon that display low
systemic toxicity and degrade in vivo into renally cleared components (Park et
al., 2009b; Heinrich et al., 1992; Gu et al., 2010). The porous nanostructure
and intrinsic near-infrared photoluminescence of porous silicon nanoparticles
(LPSiINPs) enable the incorporation of drug payloads and the monitoring of
distribution and degradation in vivo (Park et al., 2009b). In this study, we
show that when multiple copies of the CD40 mAb FGK45 are incorporated
onto a LPSINP, the activation potency on B cells is significantly amplified,
equivalent to using ~ 30-40 fold larger concentration of free FGK45. LPSIiNPs

without FGK45 appear inert to B cells.
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2. Results

LPSiNPs were prepared by electrochemical etch of highly doped p-type
single-crystal Si wafers in an electrolyte consisting of aqueous hydrofluoric
acid and ethanol, lift-off of the porous layer, ultrasonic fracture, filtration of the
resulting nanoparticles through a 0.22 um filter membrane, and finally
activation of luminescence by treatment in an aqueous solution following the
published procedure (Park et al., 2009b; Heinrich et al., 1992; Gu et al., 2010).
To incorporate FGK45 onto the nanoparticles, we first coated the LPSINPs
with avidin by physisorption (av-LPSiNPs). Biotinylated FGK45 was then
conjugated to the nanoparticles through the strong biotin-avidin binding
interaction (FGK-LPSINPs), Fig. 1a. Approximately 0.058mg of FGK45 was
loaded per milligram of LPSINPs, as measured by bicinchoninic acid (BCA)
protein assay. The structure of FGK45 loaded on nanoparticle-FGK45
construct was also confirmed by gel electrophoresis and immunoblotting (Fig
5). The FGK-LPSiINPs appeared similar to LPSiNPs in the transmission
electron microscope (TEM) images (Fig. 1b), but the mean hydrodynamic size
measured by dynamic light scattering (DLS) increased from ~ 130 £ 10 nm to
~ 188 £ 15 nm after protein attachment (Fig 6).

The intrinsic photoluminescence from the silicon nanostructures in
FGK-LPSINPs under ultraviolet excitation appeared in the near-infrared region
of the spectrum (Amax = 790 nm), similar to the non-loaded LPSiNPs.

However, the intensity of photoluminescence was somewhat lower from the
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protein-coated formulation (Fig 1c) (Park et al., 2009b). In a physiologically
relevant aqueous solution of phosphate buffered saline (PBS) at pH 7.4 and
37 °C, the FGK-LPSINP construct was observed to degrade within 24 h (Fig.
1d). The degradation was tracked by monitoring disappearance of the
photoluminescence signal, which decreased gradually upon dissolution of the
quantum confined silicon nanostructure (Canham, 1990; Lehmann and
Gosele, 1991), and by appearance of free silicic acid in solution (by inductively
coupled plasma-optical emission spectroscopy, ICP-OES), Fig. 1d.

The FGK-LPSINPs were more readily taken up by APCs compared to
bare LPSiNPs. When cultured with mouse bone marrow-derived dendritic
cells (BMDC), LPSiNPs showed limited (but still detectable) presence in the
cells (Fig. 2a); in contrast, BMDC incubated with FGK-LPSiINPs under the
same conditions showed much higher uptake of nanoparticles (Fig. 2b). This
uptake was substantially blocked by pre-treatment of the BMDC with free
FGK45 (Fig 2c), indicating that FGK45 binding to the BMDC was responsible
for the increased internalization of FGK-LPSINP. It has been shown that
CD40 ligand and agonistic antibodies can induce CD40 endocytosis upon
binding (Chen et al., 2007, 2006) , which may be responsible for uptake of
FGK-LPSINP in the present case. Interaction of Fc receptors of BMDC with
the Fc region of FGK45 antibody could also have contributed to the uptake.
As reported by Li and Ravetch, agonistic CD40 antibodies also engage

FcyRIIB on APCs (Li and Ravetch, 2011). Pre-incubation of BMDC with anti-
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mouse FcyRII-1ll prior to FGK-LPSINP somewhat reduced, but did not
eliminate, uptake of the nanoparticles (Fig 7).

Subcellular localization of FGK-LPSINPs was further examined by
confocal fluorescence microscopy. By following the near-infrared
photoluminescence spectrum of the nanoparticles, we visualized FGK-
LPSIiNPs outside of the lysosomes of the dendritic cells (Fig. 2d). This finding
is consistent with previous reports that various types of silicon or silica based
nanomaterials can escape from lysosomes and distribute inside the cytosol
(Park et al., 2009b; Slowing et al., 2006; Serda et al., 2009; Ashley et al.,
2011). Although LPSIiNPs are expected to degrade within a few hours at pH
7.4 due to dissolution of the protective oxide coating (Park et al., 2009b; Wu et
al., 2008), they are much more stable in acidic environments similar to the
interior of lysosomes. In the present case, less than 5% of the nanoparticles
dissolved over 24 h in pH 4 buffer solution (Fig. 2e and Fig 8).

We next investigated the activity of FGK-LPSINPs added to B cells, by
measuring the expression of cell surface molecules indicative of B cell
activation. The nanoparticles in this experiment contained avidin labeled with
fluorescein isothiocyanate (avidin-FITC). The resulting construct emits both in
the green (from the FITC label) and in the near-infrared (from the silicon
nanostructure) when excited with ultraviolet light (Fig. 3a). B cells enriched
from mouse splenocytes were incubated with FGK-LPSINPs or av-LPSiNPs

and then analyzed by flow cytometry. After 42 h of culture, the FITC signal
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was only detected from B cells that had been exposed to FGK-LPSINPs (Fig.
3b-e). B cells incubated with FGK-LPSiINPs also displayed increased
expression of the cell surface receptors, CD86 and MHC II, the response
typical of B cells that have received a signal through CD40 (Fig. 3b-e) (Beatty
et al., 2011).

Furthermore, the extent of activation induced by FGK-LPSINPs was
concentration dependent (Fig 9). When exposed to a low concentration of
FGK-LPSINPs, not all of the B cells were activated, as indicated by the wide
distribution of the fluorescence intensity from the cells in flow cytometry dot
plots (Fig 3b, 3d). However, the population of B cells that displayed high FITC
signals also expressed high levels of CD86 and MHC II, indicating that the
cells bound with nanoparticles were the ones that upregulated their activation
markers (Fig 3b, 3d). In contrast, B cells cultured with various concentrations
of av-LPSINP all showed low FITC signals and low activation marker levels
(Fig 10).

Multivalency is one of the notable advantages of using nanomaterials
for biomedical applications. For example, studies using nanoparticles as
cancer diagnostic and therapeutic agents have shown that when multiple
copies of tumor targeting ligand are displayed on an individual nanoparticle, its
tumor targeting efficiency can be significantly enhanced (Hong et al., 2007;
Park et al., 2009a; Liu et al., 2007; Montet et al., 2006). This enhancement is

generally ascribed to the multivalent effect which is also observed in many
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natural processes such as antibody interactions and clotting interactions
(Ruoslahti et al., 2010). To determine if multivalency plays a strong role in the
activation potency of the agonistic antibody to APCs, we cultured B cells with
either FGK-LPSINPs or an equivalent concentration of free FGK45 and
analyzed the cells by flow cytometry. Both FGK-LPSINPs and free FGK45
activated B cells, and the activation level of the cells correlated with the
concentration of FGK45 (Fig. 4a). However, at a given total concentration of
FGK45 antibody, FGK-LPSiNPs showed substantially higher activation
potency than free FGK45. Activated B cells upregulated CD86 and MHC Il to
a detectable level when cultured with FGK-LPSINPs containing as little as
~3.6-7.2ng/mL of FGK45; whereas a similar level of B cell activation was only
observed when the concentration of free FGK45 was 2140 -200 ng/mL (Fig.
4a). Comparison of the titration curves of FGK-LPSiINPs and free FGK45
revealed that the B cell activation potency of FGK45 in the FGK-LPSINP
constructs is equivalent to using ~30-40 fold larger concentration of free
FGK45 (Fig. 4a).

To test if the enhancement of APC activation is caused by the uncoated
porous silicon nanomaterial itself, we cultured B cells with various
concentrations of LPSINPs as control experiments. No induction of CD86 or
MHC Il was observed at all tested LPSINP concentrations (up to 5000 ng/mL,
equivalent to the highest concentration of FGK-LPSiNPs used in the

stimulation study). This suggests that the amplification induced by the FGK-
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LPSINP construct results from enhancement of the agonistic antibody’s
intrinsic function rather than an immune response from the nanomaterial itself
(Fig. 4b and Fig 11). The very low stimulation of APC by LPSiINPs is attributed
to their primarily inorganic chemical composition; their chemical structure and
biodegradation products possess little similarity to natural pathogens or other
“‘danger signals” normally presented to the immune system (Anderson et al.,

2003; Dobrovolskaia and McNeil, 2007; Van Dyck et al., 2000).

3. Conclusion

This study represents the first example of a nanoparticle that amplifies
APC activation potency of an agonistic CD40 antibody. In addition to the
enhancement effect, the inert inorganic composition and biodegradable
property of LPSiNPs could overcome some of the disadvantages of lipid or
polymer-based materials for immunotherapy applications. Their intrinsic
photoluminescence also provides a means to monitor the degradation of
LPSiNPs and track their interaction with the immune system. The amplifying
effect and the synthetic versatility of the silicon nanomaterial provide a

promising means to develop immunomodulators or nanovaccines.
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4. Methods

4.1.  Preparation of FGK45 loaded luminescent porous silicon nanoparticles

(FGK-LPSINPs)

LPSiNPs were first prepared using a previously described method (Park
et al., 2009b; Sailor, 2012). In brief, (100)-oriented p-type single-crystal Si
wafers (0.8-1.2 mQ cm, Siltronix) were electrochemically etched in an
electrolyte containing aqueous 48% hydrofluoric acid and ethanol in a 3:1
ratio. The resulting porous Si films were lifted from the Si substrate, fractured
by ultrasound and filtered through a 0.22 um membrane. Finally, the
photoluminescence of the nanoparticles were activated by soaking in
deionized water for 14 d. To prepare FGK-LPSINP, an avidin coating was first
applied. A 1 mL aliquot of an aqueous dispersion of 0.2 mg of LPSINP was
mixed with a 0.08 mL aliquot of water containing 0.04 mg of avidin (Thermo
Fisher Scientific, Inc.). The mixture was stirred for 1 h at room temperature,
rinsed with water three times by centrifugation. The particles were
resuspended in water to 0.2 mg/mL and were then mixed with a 0.045 mL
aliquot of water containing 0.022 mg of biotin conjugated FGK45 (Enzo Life
Sciences, Inc.). The mixture was stirred for 1 h at room temperature, rinsed
with water three times by centrifugation to remove any excess FGK45. The
supernatant of each wash was combined and the quantity of excess FGK45 in

the supernatant was measured by micro BCA (bicinchoninic acid) protein
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assay (Thermo Fisher Scientific, Inc.) to calculate the quantity of FGK45

loaded on LPSINP.
4.2. Nanopatrticle characterization

Transmission electron micrographs (TEM) were obtained with a FEI
Tecnai G® Sphera. Dynamic light scattering (Zetasizer Nano ZS90, Malvern
Instruments) was used to determine the hydrodynamic size of the
nanoparticles. The photoluminescence (PL, Aex = 370 nm and 460 nm long
pass emission filter) spectra of LPSINP or FGK-LPSINP were obtained using a
Princeton Instruments/Acton spectrometer fitted with a liquid nitrogen-cooled

silicon charge-coupled device (CCD) detector.
4.3.  In vitro degradation of FGK-LPSINP

A series of samples containing 0.05 mg/mL of FGK-LPSINP in 1 mL of
PBS solution or pH 4.0 buffer solution were incubated at 37 °C. An aliquot of
0.5 mL of solution was removed at different time points and filtered with a
centrifugal filter (30,000 Da molecular weight cut-off, Millipore, inc.) to remove
undissolved LPSINP. 0.4 mL of the filtered solution was diluted with 5 mL
HNO3; (2%(v/v)) and subjected to analysis by inductively coupled plasma
optical emission spectroscopy (ICP-OES, Perkin Elmer Optima 3000DV). The

decrease in PL of the above samples over time was also monitored.
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4.4. Mice

C57BL/6 mice were maintained in specific pathogen-free facilities at the
University of California, San Diego. Animal protocols were approved by the

Institutional Animal Care and Use Committee.

4.5. Cell uptake of FGK-LPSIiNP

Mouse bone marrow-derived dendritic cells (BMDC) were prepared as
described (Dejean et al., 2009) and harvested on day 8 for use in microscopy
experiments. BMDC (40,000-60,000 cells per well) were seeded into 8-well
chamber glass slides (Millipore, inc.) and cultured overnight. The cells were
washed with RPMI (Roswell Park Memorial Institute) medium once and
incubated with 0.05 mg/mL LPSINP or FGK-LPSINP in RPMI medium for 1.5
hours at 37°C. For the competitive binding experiment, BMDC were first
incubated with 0.03 mg/ml free FGK45 for 30 min in RPMI medium, then
incubated with 0.05 mg/mL FGK-LPSINP as above. The cells were washed 3
times with RPMI medium and incubated with Alexa Fluor 488 conjugated
CD11c antibody (clone N418, eBioscience—all antibodies are from
eBioscience unless otherwise indicated; 1ug/ml) in RPMI medium for 10 min
to visualize the BMDC. The cells were then rinsed three times with PBS, fixed
with 4% paraformaldehyde for 20 min and then observed with a Zeiss LSM

510 confocal fluorescence microscope. An excitation wavelength of 405 nm
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and an emission filter with a bandpass at 700 + 50 nm were used to image the

near-IR photoluminescence of the nanopatrticles.
4.6. In vitro stimulation of B cells

Single-cell suspensions of C57BL/6 splenocytes were prepared and
subjected to red blood cell lysis using ACK lysis buffer (0.15 M NH4Cl, 1 mM
KHCOs3, 0.1 mM EDTA, pH 7.3). B cells were sorted out via CD43 (Miltenyi
Biotec) magnetic bead depletion. Sorted cells were plated at 2x10° cells/well
and incubated with LPSINP, av-LPSINP, FGK-LPSINP, free agonistic anti-

CD40 (clone FGK45), PBS, or CpG (Pfizer) for 42 h at 37 °C.
4.7.  Flow cytometry

Approximately 1-2 million cells were resuspended in Hank’s Balanced
Salt Solution (Invitrogen) with 1% fetal calf serum (Omega Scientific) added
(HBSS 1% FCS), incubated for 15 min at 4 °C with anti-mouse FcyRII-llI
(supernatant from hybridoma 2.4G2 cultures), and stained with fluorescently
conjugated antibodies for 20 min at 4°C. For particles using avidin-FITC, cells
were stained with MHC Il biotin (M5/114.15.2), washed with HBSS 1% FCS,
stained with streptavidin PerCP, CD86 Phycoerythrin (GL1; PE) and B220
Allophycocyanin (RA3-6B2) and analyzed by flow cytometry. For particles
using non-labeled avidin, cells were stained with B220 FITC, CD86 PE and

MHC Il Allophycocyanin and analyzed by flow cytometry.
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Figure 1. Preparation and characterization of FGK45 loaded luminescent
porous silicon nanoparticles (FGK-LPSiINP). a, Schematic representation
of the preparation of FGK-LPSINP. LPSINP was first coated with avidin by
physisorption (av-LPSiINP). Biotinylated FGK45 was then conjugated to the
nanoparticles through biotin-avidin binding to form FGK-LPSINP. b,
Transmission electron microscope image of FGK-LPSINP (inset shows the
porous nanostructure of one of the nanoparticles). Scale baris 1 ym (100 nm
for the inset). ¢, Photoluminescence (PL) spectra of LPSINP, av-LPSiNP and
FGK-LPSINP. PL was measured using UV excitation (Ae= 370 nm). d,
Appearance of dissolved silicon in solution (by ICP-OES) and decrease in
photoluminescence intensity from a sample of FGK-LPSIiNP (50 ug/mL)
incubated in PBS solution at 37°C as a function of time.
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Figure 2. Dendritic cell uptake of FGK-LPSiNPs. Fluorescence
microscope images of mouse bone marrow-derived dendritic cells (BMDC)
incubated with (a) LPSiNPs or (b) FGK-LPSINPs for 1.5 h at 37 °C. c, Free
FGK45 inhibits uptake of FGK-LPSINPs. BMDC were blocked with free
FGK45 for 30 min and then incubated with FGK-LPSINPs for 1.5 h at 37 °C.
BMDC were detected by staining with Alexa Fluor 488 conjugated CD11c
antibody (green). FGK-LPSiNPs were detected by their intrinsic visible/near-
infrared photoluminescence (red, Aex= 405 nm and Aem= 700 £ 50 nm). The
scale bars are 40 um. d, FGK-LPSINPs distribution in BMDC. BMDC were
incubated with FGK-LPSINP for 1.5 h at 37 °C. The lysosomes (green) of the
cells were stained with LysoTracker (Invitrogen). Blue and red indicate the cell
nucleus and FGK-LPSINPs, respectively. The scale bar is 10 um. e,
Degradation of LPSiNPs (50 pg/mL) in pH 4 buffer solution at 37 °C as a
function of time.
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Figure 3. Interaction of FGK-LPSiNPs with B cells. a, Photoluminescence
spectrum of LPSiNPs coated with FITC-labeled avidin, showing the emission
bands from both the FITC label (Amax ~ 520 nm) and porous silicon (Amax ~790
nm). b-e, Flow cytometry data quantifying the level of expression of the B cell
activation markers CD86 (b, ¢) and MHC Il (d, e) after incubation with 5 ug/mL
of FGK-LPSINPs (b, d) or av-LPSiNPs (c, e) for 42 h. The nanoparticles used
in this experiment were coated with FITC-labeled avidin. The FITC signal from
the cells is plotted against the expression level of CD86 (b, ¢) or MHC Il (d, e)
after stimulation. FGK-LPSINPs used here contain 36 ug of FGK45 per
milligram of nanoparticles. Note the quantity of FGK45 loaded is smaller when
LPSiNPs are coated with FITC conjugated avidin compared with non-labeled
native avidin.
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Figure 4. Amplified activation potency of FGK-LPSiNPs compared to
free FGK45. a, Flow cytometry analysis of the expression of B cell activation
markers CD86 and MHC I, represented as the relative mean fluorescence
intensity of the marker staining, after incubation with either FGK-LPSIiNPs or
free FGK45 for 42 h at 37 °C. The concentration of FGK45 on the FGK-
LPSiNP constructs is reported based on the total loading of FGK45 on the
nanoparticles (58 ug of FGK45 per mg of nanoparticles). Data are from
independent experiments. b, Flow cytometry histograms of B cell activation
markers CD86 and MHC Il after incubation with various concentrations of
LPSiNPs for 42 h at 37 °C. PBS (red shaded) and CpG (blue shaded) were
used as negative and positive controls, respectively.
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Supplementary information:

5. Supplemental Methods

5.1.  Immunoblot analysis

FGK-LPSiINPs and FGK45 were diluted in lithium dodecyl sulfate (LDS)
sample buffer and reducing agent (Invitrogen), incubated at 80 °C for 10 min,
loaded on a 4-12% Bis-Tris gel (Invitrogen) and run under reducing conditions.
The gel was then transferred to PVDF membrane and a western blot was
performed to detect rat IgG. Briefly, the membrane was blocked in 5% milk in
tris-buffered saline Tween 20 (TBST) for 30 min, probed with goat anti-rat IgG
(H+L) HRP (Southern Biotech, diluted 1:10,000 in 5% milk in TBST) for 60
min, washed three times with TBST, prepared with ECL Plus substrate
(Amersham Biosciences) and signal was detected on a Typhoon 9400 variable

mode imager (Amersham Biosciences).

5.2. Photoluminescence measurement of LPSIiNPs in acidic buffer solutions

LPSiNPs were suspended in pH 3, 4 or 5 buffer solutions (VWR
International, LLC) at a concentration of 0.05 mg/mL. The photoluminescence
(PL, Xex = 370 nm and 460 nm long pass emission filter) spectra of LPSiNPs in

various pH buffer solutions were obtained using a Princeton Instruments/Acton
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spectrometer fitted with a liquid nitrogen-cooled silicon charge-coupled device

detector.

5.3.  In vitro stimulation of B cells

Single-cell suspensions of C57BL/6 splenocytes were prepared and
subjected to red blood cell lysis using ACK lysis buffer (0.15 M NH4Cl, 1 mM
KHCO3, 0.1 mM EDTA, pH 7.3). B cells were sorted out via CD43 (Miltenyi)
magnetic bead depletion. Sorted cells were plated at 2x10° cells/well and
incubated with LPSiNP, av-LPSIiNP, FGK-LPSINP, free agonistic anti-CD40

(clone FGK45), PBS, or CpG (Pfizer) for 42 h at 37 °C.

5.4.  Flow cytometry

Approximately 1-2 million cells were resuspended in Hank’s Balanced
Salt Solution (Invitrogen) with 1% fetal calf serum (Omega Scientific) added
(HBSS 1% FCS), incubated for 15 min at 4 °C with anti-mouse FcyRII-llI
(supernatant from hybridoma 2.4G2 cultures), and stained with fluorescently
conjugated antibodies for 20 min at 4°C. For particles using avidin-FITC, cells
were stained with MHC Il biotin (M5/114.15.2), washed with HBSS 1% FCS,
stained with streptavidin PerCP, CD86 Phycoerythrin (GL1; PE) and B220
Allophycocyanin (RA3-6B2) and analyzed by flow cytometry. For particles
using non-labeled avidin, cells were stained with B220 FITC, CD86 PE and

MHC Il Allophycocyanin and analyzed by flow cytometry.
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Supplemental Figures

FGK- free
LPSINP FGK45

50 kDa
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Figure 5. Immunoblot analysis of FGK45 loaded on luminescent porous
silicon nanoparticles (LPSiNPs). A western blot used to detect rat IgG
(H+L) in FGK-LPSINPs and free FGK45 is shown. The gel was run under
reducing conditions, yielding both heavy (50kDa) and light (25kDa) chain
antibody bands of FGK45. Antibody that had been loaded on LPSiNPs
appears similar to free FGK45.
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Figure 6. Representative hydrodynamic size data. Hydrodynamic size
distribution of (a) LPSiINPs and (b) FGK-LPSIiNPs obtained by dynamic light
scattering. Note that the mean size increases from ~130 nm to ~188 nm due
to the attached protein molecules.
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Figure 7. Dendritic cell uptake of FGK-LPSiNPs. Fluorescence
microscope images of mouse bone marrow-derived dendritic cells (BMDC)
incubated with FGK-LPSiNPs for 1.5 h at 37 °C. a, BMDC were incubated with
FGK-LPSIiNPs directly. b, BMDC were blocked with anti-mouse FcyRII-IlI for
30 min prior to incubation with FGK-LPSiNPs. BMDC were detected by
staining with Alexa Fluor 488 conjugated CD11c antibody (green). FGK-
LPSiNPs were detected by their intrinsic visible/near-infrared
photoluminescence (red, Aex= 370 nm and Aem= 720 £ 80 nm). The scale bars
are 40 ym.
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Figure 8. Photoluminescence spectra of LPSiNPs in acidic buffer
solutions at room temperature. The nanoparticles are stable in all three
acidic pH values indicated (excitation wavelength 370 nm, emission filter 460
nm longpass).
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Figure 9. Stimulation of B cells using various concentrations of FGK45
loaded LPSiNPs (FGK-LPSIiNPs, top row in (a) and (b)) or avidin coated
LPSiNPs (av-LPSiNPs, bottom row in (a) and (b)). FGK-LPSINPs used in
this study contain 0.036 mg of FGK45 in 1 mg of nanoparticles. Avidin was
conjugated with FITC before coating on the nanoparticles. After 42 h of
culture, the FITC signal is only detected from B cells that had been stimulated
with FGK-LPSiNPs. The B cells stimulated with FGK-LPSINPs upregulated
the activation markers CD86 (a) and MHC Il (b), and the cells with high FITC
signal also expressed high levels of CD86 (a) and MHC Il (b), which indicates
the cells that bound FGK-LPSiINPs were also the ones that upregulated the
activation markers.
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Figure 10. No CD86 or MHC Il upregulation of B cells incubated with
LPSiNP. Flow cytometry histograms of B cell activation markers CD86 and
MHC II after incubation with 5 pg/mL of LPSINPs (green curve), 5 ug/mL of
FGK-LPSIiNPs containing 0.29 ug of FGK45 (maroon curve), or 0.29 ug of free
FGK45 (magenta curve) for 42 h at 37 °C. PBS (red shaded) and CpG (blue
shaded) were used as negative and positive controls, respectively.
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Antibody-OVA LPSiNPs Target and Activate APCs in vitro, but Fail to be

Effective Long-Term In vivo

6. Introduction

In addition to silicon nanoparticles displaying FGK, we also produced
and tested nanoparticles displaying both antigen and targeting antibodies. For
targeting, we used full-length DEC205 antibody, with whole ovalbumin
incorporated at the 3’ end of the Fc region as the antigen (DEC-OVA). This
antibody-OVA hybrid was first described a decade ago (Hawiger et al., 2001),
and may now be produced by transfection of heavy and light chain antibody
plasmids into 293T cells. As a control, anti-hemagluttinin (HA) antibody was
expressed with OVA in a similar manner (HA-OVA). LPSINPs were made with
antibody-OVA only or antibody-OVA and agonistic CD40 antibody (FGK; Enzo
Life Sciences) on the same particle. In vitro results indicated the nanoparticles
containing DEC-OVA did target antigen to APCs better than HA-OVA, and
nanoparticles containing FGK could all induce upregulation of CD86 and MHC
Il on B cells. Short-term T cell proliferation was observed in vivo with
nanoparticles containing DEC-OVA, however, by two weeks post-vaccination,
these cells seemed to be undergoing deletion, even when the particle also

displayed FGK.
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7. Methods and Results

7.1.  Molecular cloning

cDNA was purified from hybridomas expressing the HA and CD40
antibodies (clones: 12CA5 and FGK). Variable region heavy chain (VH) or
variable region kappa light chain (VL)-specific PCRs were performed for HA.
Constant region light chain (CL, kappa light chain)-specific PCR for CD40
antibody was done. Anti-HA VH was cloned in frame into the pFuse-CHIg-
mlgG2a vector (Invivogen), directly in front of the CH. The pFuse-CHIg-
mlgG2a vector expresses the full-length constant region of migG2a heavy
chain antibody (CH), preceded by a multicloning site for insertion of VHs. The
light chain was also expressed in the pFuse vector, with all CH inserts
removed. The CL from anti-CD40 was cloned into the multi-cloning site,
directly preceded, in frame, with anti-HA VL. The VH and VL constructs were
both inserted with their leader sequences intact, meaning upon transfection,
the antibody constructs were secreted. Finally, whole OVA was cloned by
PCR from OVA cDNA (Dr. Marc Jenkins, University of Minnesota, Twin Cities),
given a 5’ linker sequence, and inserted in frame, following the CH region of
the heavy chain construct. A biotinylation site (BirA) was also added at the 3’
end of this construct. This allows biotinylation of the vaccine construct and
subsequent multimerization. A schematic of the proposed plasmids is

presented in Figure 11A.
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DEC-OVA heavy and light chain plasmids in the pPRKW2 vector were
obtained from Dr. Michel Nussenzweig (Rockefeller University, New York).
Light chain plasmid was not altered. Heavy chain plasmid alteration removed
the stop codon directly after the OVA, inserted a BirA site 3’ of OVA, and
inserted a stop codon 3’ of the BirA site. To accomplish this, a 250bp
fragment was cloned by PCR from the HA-OVA heavy chain plasmid and
inserted into the DEC-OVA heavy chain plasmid. The 5" end of the fragment
begins at a unique EcoRYV site in OVA. The 3’ end contains the BirA site,
followed by a stop codon and a Not | site, which is unique in the pPRKW2-
DEC205 heavy chain plasmid and occurs 3’ of OVA and the original stop

codon.

7.2.  Protein expression and purification

Protein was expressed in the mammalian 293T cell line by transient co-
transfection of VH (expressing full-length OVA) and VL constructs with
polyethylenimine (Sigma). Supernatant was collected and the expressed
protein was purified via protein G columns (GE Healthsciences). Purified
constructs were biotinylated at the BirA site in their heavy chains with BirA
enzyme (Avidity). Constructs were then quantitated by BCA assay and
conjugated to avidin-coated LPSiNPs with or without biotinylated FGK (Fig
11B) in the same manner as described previously in this chapter (Fig 1A).

Verification of constructs’ production was done by western blot, protein

gel, and cell staining. Western blot for heavy chain, light chain, and OVA was
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done on supernatants from transfected 293T cells, under both reducing (Fig
11C) and non-reducing (not shown) conditions to verify full length expression
and heavy and light chain assembly. A 4-12% Bis-Tris gel (Invitrogen) was
run under reducing conditions to verify purity of the protein preparations (Fig
11D). To verify functional binding specificity, splenocytes were stained with
one of the antibody-OVA constructs, followed by rabbit anti-OVA secondary
antibody (Chemicon) and anti-rabbit FITC (BD Pharmingen) tertiary antibody
(Fig 11E). B220 PE and CD11c Allophycocyanin staining was also done. As

expected, HA-OVA did not stain B cells or DCs, and DEC-OVA stained both.

7.3.  In vitro testing

Next, antibody-OVA LPSiNPs (with or without FGK conjugated) were
tested in vitro for their ability to stimulate and deliver antigen to APCs. Splenic
B cells were sorted via CD43 magnetic bead depletion (Miltenyi Biotec) and
incubated with 5-fold dilutions of the purified protein constructs (highest dose:
20ug/ml particle) for two days at 37°C (Fig 12A). Free FGK was also done for
comparison. Stimulation of B cells was detected by upregulation of CD86
(CD86 PE) and MHC II (MHC Il Allophycocyanin). All LPSiNPs displaying
FGK induced upregulation of the markers to a similar extent. The dose of
FGK required for activation was ~5-fold less on the particles than free FGK.
HA-OVA LPSiINPs and DEC-OVA LPSINPs did not induce upregulation.

Antibody-OVA LPSiNPs were next tested for their ability to deliver

antigen to APCs. Bone marrow cells were cultured for 9 days in GM-CSF as
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described (Dejean et al., 2009) to generate bone marrow derived DCs
(BMDCs). 10,000 BMDCs were plated/well in a 96-well round bottom plate in
complete media and incubated for 1 day with nanoparticles. Nanoparticles
were: 1 or 10pg/ml of LPSINP, av-LPSIiNP (LPSINP coated with avidin only),
FGK LPSiNP, HA-OVA LPSINP, HA-OVA FGK LPSiNP, DEC-OVA LPSIiNP,
DEC-OVA FGK LPSINP, and FGK LPSINP. Non-nanoparticle vaccines were
also used in doses similar to the amount on the nanoparticles: 50 or 500ng/ml
HA-OVA or DEC-OVA (z 35 or 350ng/ml FGK). Finally, controls of PBS,
LPS+OVA, FGK (35 or 350ng/ml) + OVA (16.8 or 168ng/ml), and FGK (35 or
350ng/ml) were included.

After 1 day, cells were washed twice and incubated with 250,000
carboxyfluorescein succinimidyl ester (CFSE)-labeled CD4+ OT-II T cells or
CD8+ OT-I T cells. The T cells and BMDCs were incubated at 37°C for 2
days, then washed and stained with CD69 PE (1.2H3) and CD4 or CD8
Allophycocyanin and analyzed by flow cytometry (Fig 12B). All DEC-OVA
treatments (antibody or LPSINP, +FGK) induced upregulation of CD69 and
CFSE dilution (proliferation) for CD4 T cells. A similar result was observed for
CD8 T cells, except that DEC-OVA LPSINP without FGK did not induce either

CD69 upregulation or CFSE dilution.

7.4.  Invivo testing

LPSiNPs were tested in vivo for ability to induce T cell proliferation.

CD45.1 mice were injected with 1x10° CFSE-labeled OT-I CD8+ T cells
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(CD45.2 background) i.v. One day later, mice were immunized (3 mice/group)
with 1ug or 5ug of HA-OVA LPSINP, HA-OVA FGK LPSINP, DEC-OVA
LPSINP, or DEC-OVA FGK LPSINP in the footpad s.c. Also, one mouse was
given PBS and one mouse was given 10ug LPS + 50ug OVA. Three days
post-immunization, mice were sacrificed and spleen, inguinal lymph nodes,
and popliteal lymph nodes were taken, counted, stained, and analyzed by flow
cytometry. Stains were CD8 PerCP and CD45.2 PE (104). Both LPSIiNPs
containing DEC-OVA showed increased CD8 T cell proliferation in all organs
(Fig 13A), more notably in the inguinal LN and spleen. The popliteal lymph
node is the draining lymph node, and therefore, all OVA-containing
vaccinations did induce some proliferation in this organ. Total numbers of
CD45.2+CD8 T cells were also increased in the 5ug DEC-OVA LPSINP and
5ug DEC-OVA FGK LPSINP vaccinations, most notably in inguinal LN (1-2 x
10* cells vs 1-1.3 x 10° cells for HA-OVA LPSiNP or HA-OVA FGK LPSiNP;
Fig 13A).

To examine the immune response at a later timepoint, CD45.1 mice
were again given 1x10° CD45.2 OT-1 CD8 T cells i.v. and immunized with
LPSIiNPs s.c. 1 day later. Nanoparticles given were: HA-OVA LPSINP, HA-
OVA FGK LPSiNP, DEC-OVA LPSIiNP, or DEC-OVA FGK LPSINP, all at 24ug
dosage. Individual antibodies and controls were also given as follows: 4ug
HA-OVA + 100ug FGK, 4ug DEC-OVA + 100ug FGK, PBS and 10ug LPS +

100ug OVA. Mice were sacrificed at day 13 post-vaccination and inguinal,
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axillary, and brachial lymph nodes and spleen were taken. Cells were stained
with B220 FITC, CD11b FITC, Ter119 FITC, CD4 FITC, CD45.2 Pacific Blue,
CD44 APC-Cy5, and CD8 PE-Cy7, and analyzed by flow cytometry. The
CD45 marker allowed detection of the transferred CD45.2 T cells as the
resident host T cells had the CD45.1 isoform. DEC-OVA + FGK vaccination
induced a large expansion of OT-I cells, similar to prior reports (Bonifaz et al.,
2002), while DEC-OVA FGK LPSINP vaccination did not induce this

expansion, and in fact seemed to have induced their deletion (Fig 13B-C).

8. Discussion

By displaying DEC-OVA and FGK together on nanoparticles, we aimed
to simultaneously target antigen delivery and activation to the same APC, thus
minimizing unnecessary inflammation that may occur when antigen and
adjuvant are administered together, but as two separate entities. In addition,
these particles might have produced a multivalent effect, in which the
antibodies on the particle engaged multiple receptors on the cell. In vitro and
short-term in vivo experiments showed that DEC-OVA nanoparticles targeted
APCs effectively compared to HA-OVA nanoparticles. Unfortunately, the
DEC-OVA nanoparticle was not sufficiently potent enough to generate T cell
memory, and in fact, it seemed to induce deletion of antigen-specific T cells.
Refinements to the nanoparticles, such as additional adjuvants like TLRs,
altered ratios of components, or a different size particle may improve the

efficacy of this approach as a vaccine. Conversely this approach could prove



useful to delete deleterious clones in autoimmune diseases for known

antigenic specificities.
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Figure 11. Antibody-OVA constructs. A) Plasmids used to generate HA-
OVA construct. B) Schematic of protein expression, purification, and final
LPSiNP configuration. C) Western for heavy chain, light chain, and OVA (non-
reducing). D) Protein gel of constructs, and biotinylated constructs (non-
reducing). E) B cell and DC staining with constructs.
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Figure 12. Antibody-OVA LPSIiNP constructs in vitro. A) LPSiNPs were
incubated with purified B cells from spleen for 2 days and analyzed by flow
cytometry for their ability to upregulate CD86 and MHC Il on B cells. B)
LPSINPs, antibody-OVAs + FGK, or controls were incubated with BMDCs for 1
day, and then incubated with 250,000 CFSE-labeled OT-I (CD8) or OT-II
(CD4) T cells for 2 days. Cells were stained for CD69, CD4, and CD8, and
analyzed by flow cytometry for division (CFSE dilution) and upregulation of

CD69 expression.
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Figure 13. Antibody-OVA LPSIiNP constructs in vivo. A) Short-term
proliferation of antigen-specific cells is induced by DEC-OVA-containing
LPSiNPs. 10° CFSE-labeled OT-I (CD8) T cells were given to CD45.1 mice
i.v. and 1 day later, 1ug or 5ug LPSiNPs were given to mice s.c. in 1 hind
footpad. Mice were sacrificed at day 3 and OT-I cells from popliteal (draining)
LN, inguinal LN, and spleen were assessed by flow cytometry. Divided cells
(CFSE dilution) and total transferred cell number are shown for each organ.
B-C. Deletion of antigen-specific cells 2 weeks after injection of DEC-OVA-
containing LPSiNPs. B) Cell transfer and injection were performed as in A
(but cells were not CFSE-labeled). Mice were sacrificed at day 13 and
assessed for total transferred cells by flow cytometry. C) Representative
FACS plots.
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In these studies, we used particle-based vaccination to target APCs,
deliver antigen, and deliver costimulation in a single package. We tested two
particles, pH-sensitive hydrogel microparticles and luminescent porous silicon
nanoparticles (LPSINPs), for their ability to target APCs and induce a
subsequent CD4 or CD8 T cell response. These particles varied in several
aspects. The hydrogel microparticles were much bigger than the LPSiNPs
(1.5uM vs 188nm) and they were immunostimulatory on their own, without
adding FGK (anti-CD40) to the particle. Both particles could induce CD4 and
CD8 responses in vitro and CD8 responses in vivo (at least in the short-term
for LPSINPs). CD4 responses may be induced in vivo by hydrogel
microparticles, however, the OVA-specific CD4 response to VSV-OVA in blood
was below the detectable limit of the assays and was not further explored.
Both particles could induce upregulation of costimulatory markers on APCs in
vitro, and hydrogel microparticles were also shown to induce this upregulation
on DCs in vivo. LPSINPs presented OVA on the surface of the particle, as
part of an antibody-antigen hybrid protein, while hydrogel microparticles
entrapped OVA in the particle. As the LPSINPs seemed to be causing
deletion of T cells, an antibody response was not tested for them. It was felt
that the hydrogel microparticles would not be able to initiate a B cell response,
as OVA was not present on the particle surface, and the particle would not

hydrolyze until it reached the endosome.



92

One of the more interesting findings for the hydrogel microparticles was
their recruitment of monocytes and neutrophils to the draining lymph node and
their uptake by predominantly monocytes (greater than the amount of DCs that
took them up). Particles in this size range generally have to be picked up by
phagocytic cells and carried to the draining lymph node, as they are too big to
migrate there themselves. Randolph et al. injected fluorescent microspheres
into mice s.c. and found an influx of inflammatory monocytes to the site of
injection, with 25% of those monocytes proceeding to the draining lymph node,
where they expressed high levels of costimulatory markers and started
expressing DC markers, becoming monocyte-derived DCs (moDCs; Randolph
et al., 1999). We hypothesized that the monocytes taking up hydrogel
microparticles in our system were also responding in this fashion. We did try
to verify this, however, our attempts at showing that the moDCs were
presenting antigen have been unsuccessful. The antibody which detects OT-I
peptide (SIINFEKL) in the context of MHC H-2K® (25-D1.16) could not detect
differences in vivo in any condition (including positive control conditions). A
magnetic bead purification kit for mouse monocytes does not exist, and our
attempts at enriching for monocytes did not yield high enough purity. Thus, to
isolate moDCs for use in an in vitro antigen presentation assay (i.e. ’[H]
proliferation assay), we will need to sort the cells via FACS. This experiment
has not yet been done, and may require too many mice or particles to be

feasible.
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Particle-based vaccine delivery offered different advantages in these
two systems. The hydrogel microparticles conferred immunostimulatory
properties on the vaccine themselves, and targeting and/or activating
antibodies did not improve the product. The LPSiNPs produced a multivalent
effect of anti-CD40 compared to free antibody in vitro and a targeting effect in
vitro and in vivo. However, they did not consistently produce long-lasting T

cell responses, and it seemed they were not optimized for in vivo effects.
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