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Abstract
Multivalent carbohydrate interactions play a critical role in many immunological
processes, including pathogen recognition and immune activation. Synthetic polymers
can mimic multivalent glycans and probe different facets of immunity to ultimately
inform the design of effective vaccines. In Chapter 1, I review how antigen physical
properties and lectin signaling can direct dendritic cell (DC)-mediated immune
responses. The DC lectin DC-SIGN is involved in both immune activation and evasion.
In Chapter 2, I generated glycopolymers bearing a multivalent display of a DC-SIGNtargeting aryl mannoside ligand to investigate how antigen features influence DC-SIGNmediated responses. Specifically, I found that antigen size alters trafficking through DCSIGN. Large polymer aggregates were trafficked to the same subcellular DC reservoirs
that harbor HIV, whereas small soluble polymers were routed to endosomes. In light of
these findings, in Chapter 3 we designed a nanoparticle vaccine platform using the same
aryl mannoside ligand to efficiently target antigen to DC-SIGN for endosomal routing
and antigen presentation. Functionalized bacteriophage Q virus-like particles elicited
DC-mediated proinflammatory Thi-type immune responses, which are effective against
intracellular pathogens and tumors.
As many vaccines function by generating neutralizing antibodies, we used polymeric
antigens to interrogate B cell activation. In Chapter 4, I used ROMP polymers to target B
cells and systematically evaluated key antigen features that promote B cell activation
and antibody production. The most robust responses were induced by polymers with a
high valency of B and T cell epitopes where the T cell epitope is readily liberated upon
endosomal processing. Optimal polymer designs stimulated more robust B cell
activation than a comparable protein conjugate. Overall, my thesis work identified
numerous antigen parameters that can be tuned to direct and optimize DC and B cell
activation for the design of effective targeted synthetic vaccines.

Thesis Supervisor: Laura L. Kiessling
Title: Novartis Professor of Chemistry
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Chapter 1: Antigen physical properties and lectin targeting shape
T cell responses
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1.1 Summary
Dendritic cells (DCs) have the power to shape effector T cell responses. As such, DCtargeting subunit vaccines have emerged as powerful tools for eliciting controlled
immune responses against pathogens and tumors. Chemically defined particulate
antigens have shown great potential as vaccine candidates due to their capacity to mimic
features found on pathogens or tumors. By controlling the physical parameters and the
multivalent display of pathogen-specific glycans and immunostimulatory elements,
synthetic antigens can mimic natural infections to promote controlled T cell activation
and polarization. This review aims to highlight the different antigen properties and DC
lectin signaling that can bias responses toward specific T cell lineages for cell mediated,
humoral, or regulatory immune responses. It is meant to serve as a guide for the design
of future DC-targeting vaccine constructs.
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1.2 Introduction
Dendritic cells (DCs) are powerful immune cells that sit at the interface of innate
and adaptive immunity.' As circulating antigen presenting cells (APCs) they encounter
numerous pathogens and are critical in shaping the adaptive immune responses.1,2 DCs
can internalize foreign antigens, degrade them into peptide epitopes, and present those
epitopes on major histocompatibility class I (MHCI) and class II (MHCII) complexes for
cytotoxic CD8+ and helper CD4+ T cell activation, respectively.1,3-5CD4+ T cell plasticity
enables the differentiation and activation of multiple T cell subsets with specialized
functions; however, antigen presentation on MHCII is not sufficient to direct
differentiation into the specific lineages. 6 ,7To provide the necessary signaling for T cell
polarization, DCs secrete an array of cytokines based on the type of antigen that is
encountered (Fig.

1.1).1, 3, 4, 7,

8For

instance, viruses and bacteria have vastly different

physical properties and often contain unique immunostimulatory elements known as
pathogen-associated molecular patterns (PAMPS).9-11 DCs can sense these differences
and modulate their signaling and cytokine secretion accordingly. As a result, when DCs
present antigen to T cells, the secreted cytokines can promote activation and
polarization to the T cell subtype that will most effectively neutralize and clear the
invading pathogen.
Through their control over T cell differentiation, DCs can induce both cellular and
humoral immunity as well as tolerogenic responses (Fig. 1.1). Type 1 CD4+ helper T cells
(Thi) and CD8+ cytotoxic T lymphocytes (CTLs) facilitate cell mediated immunity and
are activated by tumor cells and intracellular pathogens, like viruses.12,13Thi cells are
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Figure 1.1: Dendritic cell signaling and cytokine secretion mediate T cell polarization. DCs
induce cellular immunity in response to intracellular pathogens and tumors. Lectins bind to and
internalize the pathogen or tumor cell. DCs then present degraded antigen to T cells. Lectin and TLR
signaling stimulates DCs to produce IL-12 that promotes Thi cell polarization. Thi cells then produce the
inflammatory cytokine IFN-y that stimulates CTL activation. Conversely, DCs induce humoral immunity
in response to extracellular pathogens. IL-4 is secreted by DCs to promote T cell differentiation into Th2
cells that stimulate B cell activation and antibody secretion. To regulate these inflammatory responses,
DCs secrete IL-10 and TGF-p to induce Treg polarization. Tregs further secrete these immunosuppressive
cytokines to dampen both cell mediated and humoral responses and induce tolerance.
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activated when antigen presentation is accompanied by DC secretion of interleukin-12
(IL-12).14-1 6 Thicells can then secrete the pro-inflammatory cytokines interferon-y (IFNy), tumor necrosis factor-a (TNF-a), and IL-2 to promote activation of CTLs and
macrophages.13,17 Upon activation, CTLs detect and directly target infected or
transformed cells for apoptosis.18,19 Conversely, DCs induce humoral immunity via the
polarization of CD4+ T cells toward type 2 (Th2) responses.
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Th2 cells promote B cell

activation and antibody production through the secretion of IL-4, IL-5, and IL-13.21
These humoral Th2 responses are effective in neutralizing extracellular pathogens
including bacteria and helminths.22 DCs also induce the differentiation of a regulatory
CD4+ T cell subset (Treg) that produces the immunosuppressive cytokines IL-10 and
transforming growth factor-B (TGF- P).23, 24Tregs control the proinflammatory Thi and
Th2 cell populations and effector responses and can promote tolerization against selfantigens to prevent auto-immune responses.25,2 6
As DCs can modulate and shape immunity through their control of T cell
polarization, there is much interest in formulating DC-targeting subunit vaccines that
induce specific responses against a chosen antigen.27Such vaccines could be used to
treat cancers (Thi/CTL), viral and bacterial pathogens (Thi/Th2), as well as autoimmune diseases (Treg). First, however, there must be an understanding of how
individual vaccine design parameters can be modified to shape DC-mediated immune
responses. Pathogens intrinsically contain immunogenic features that promote specific
,

DC polarization, and as such, have been used to guide the design of vaccine constructs. 10
28,29

Chemically defined particulate antigens have shown great potential as vaccine

candidates because their properties can be tuned to mimic pathogens. As a result, they
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can be used to probe what parameters control DC signaling and T cell differentiation.30,
31

Physical properties vary substantially across different classes of pathogens. Many
studies have shown that antigen size, shape, and stiffness can have significant effects on
immune responses.3 2 -34Pathogens also display different PAMPS and surface glycans
that influence DC responses. DCs use toll-like receptors (TLRs) to bind to specific
immunostimulatory PAMPs and identify foreign antigens. These TLR ligands act as
adjuvants to initiate DC activation. 8 ,9,11 DCs are also equipped with an array of lectin
receptors that can bind the diverse glycans present on the surfaces of pathogens and
disease-causing cells.35-3 8 Upon binding, lectins facilitate the internalization of foreign
antigens and promote processing and presentation to T cells.3 8 Lectin engagement also
influences the signaling that shapes T cell responses.39,4 0 Some lectins induce T cell
polarizing signals directly, while other lectins work in tandem with receptors like TLRs
to modulate signaling.39As DC lectins contribute to T cell subset differentiation, they
have become promising targets for vaccine design. It is important to understand how
antigen physical properties and lectin engagement can be tuned to design vaccines that
elicit desired T cell polarization and immune response profiles. To help guide the design
of future vaccine constructs, this review aims to summarize the different physical
parameters and lectin signaling that can induce cell mediated, humoral, and regulatory
immune responses.
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1.3 Cell mediated immunity (ThI/CTL)
1.3.1: Antigen size
DCs are phagocytic cells and can uptake pathogens that vary substantially in size.
From viruses to bacteria to fungi, DCs interact with and internalize pathogens that range
from the nanometer (nm) to micrometer scale (pm) (Fig. 1.2). CTL and Thi cells
promote the inflammatory responses that are necessary to eliminate intracellular
viruses and tumor cells.12,13Intracellular viruses typically range from 10-200 nm in size,
and non-targeted particulate antigens have shown that antigen size contributes to
induction of CTL and Thi cell polarization (Table 1.1). Nanoparticles (NPs) between 100
and 6oo nm in size can induce DC activation and stimulate Thi and CTL responses,
characterized by IFN-y and IgG2a antibody production. NPs between 100 -300 nm in
size showed the most efficient Thi signaling, whereas microparticles larger than 1 Pm
were significantly less efficient at stimulating these T cell populations.41,42 Other studies

Soluble
antigens

Viruses
Bacteria

Fungi & protozoans

1

10

100

1,000

10,000

100,000 nm

Figure 1.2: Size variation across different pathogen classes.

21

demonstrated that smaller NPs (40-5onm) are even better at inducing IFN-y producing
Thi cells than 100 nm sized particles.43,44
These size effects can be attributed to several factors. First, size can directly impact
antigen biodistribution and in vivo trafficking. In turn, this influences the DC subsets
that an antigen encounters, which can impact the overall responses as these subsets
have different signaling capabilities.45For example, DCs present in the lymph node can
often stimulate more cytokine production and T cell priming than cells circulating in
peripheral tissues.4 6 Size is a critical parameter in determining how efficiently an
antigen can drain from the site of injection to lymph nodes. With classical subcutaneous
injections, particles smaller than200 nm rapidly drain to lymph nodes from the site of
injection.45,47Lymph node-resident DCs can efficiently internalize these smaller
antigens through receptor-mediated mechanisms and present them to T cells.33Larger
particles, however, remain at the site of injection and require uptake by APCs for
transport to lymph nodes.45Particles between200- 500 nm are still efficiently
internalized by DCs;33however, particles above 500 nm are internalized less efficiently
by DCs leading to competition with macrophages for antigen phagocytosis.44
Antigen size also determines the mechanism of antigen uptake and sub cellular
routing, which impacts the overall kinetics of antigen degradation and loading on MHC.
Viruses are often internalized by DC receptor-mediated endocytosis. Smaller
nanoparticles (100-200 nm) undergo clathrin-dependent uptake similar to viruses.4 8 ,49

This uptake mechanism facilitates antigen trafficking to endosomes and induces more
prominent DC activation and Thi signaling.41 Additionally, it is proposed that smaller
NPs more effectively translocate into the cytosol for degradation, promoting more
22

efficient MCHI loading and cross presentation to CTLs.50-52Alternatively, particles
larger than 500 nm are internalized and trafficked from phagosomes into early
endosomes. These larger particles are not effectively transported to the cytosol and are
instead degraded through the endolysosomal pathway, which is more efficient at MHCII
loading. When coupled with the size-related biodistribution effects, preferential MHCII
loading of larger antigens promotes Th2 responses over CTL and Thi cell activation.50,51
These trends can reverse when liposome-based NPs are tested. In some cases,
liposomes larger than 200 nm promoted Thi cell and CTL responses while smaller
liposomal particles skewed T cell differentiation toward Th2 cells.53-55 These differences
can likely be attributed to intrinsic properties of the liposomal particles. Liposomes are
more elastic than other nanoparticles, and larger liposomes can deform to allow for
direct lymphatic drainage where other less fluid nanoparticles require APC uptake for
transport past a certain size.56
To summarize, smaller nanoparticles that are similar in size to viruses preferentially
stimulate Thi/CTL responses, except for liposomes, which appear to have different size
limits for biodistribution and T cell polarization. These size effects are most pronounced
when the antigen adopts a spherical shape.57Understanding how size can potentiate
differing immune responses is essential for the design of particulate vaccines and offers
a controllable physical feature that can be manipulated to tune T cell responses and
overall immunity against an antigen.
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1.3.2: Antigen stiffness

Immune cells are exquisitely sensitive to the mechanical properties of their
environment. This mechanosensing can impact cell uptake5 8 ,59as well as T cell
activation. 6 0, 6 1It is proposed that antigen stiffness is another unique feature that
immune cells sense to distinguish pathogens as foreign. Viruses and bacteria can be
orders of magnitude more rigid than mammalian cells with Young's modulus values, a
quantitative measure of elasticity, 102.108-fold stiffer (Fig. 1-3).62-64Furthermore, more
rigid bacterial strains and viruses are internalized more effectively and induce elevated
6 67Therefore, antigen elasticity
Thi-type responses compared to less rigid counterparts. 5-

is another tunable factor for the design of particulate vaccines to enhance immune
responses and modulate cell signaling.

Studies exploring antigen stiffness have seen effects on biodistribution as well as
DC-mediated uptake and signaling. Softer particles have prolonged distribution in
tissues and increased retention in lymph nodes. 68 However, stiffer particles are better at

Viruses

Bacteria

Mammalian
cells

100
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104

106

108

1010

Stiffness(kPa)
Figure 1-3: The Young's modulus of pathogens compared to that of mammalian cells.

Bacteria and viruses are orders of magnitude more rigid than mammalian cells.
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promoting actin polymerization and, thereby, facilitate more efficient uptake by DCs.59,
69Targeting

stiffer particulate antigens to DC-specific lectin receptors could further

augment these effects; however, to date, no studies have investigated the combined
effects of antigen stiffness and lectin-mediated uptake and signaling.
APCs grown on a more rigid substrate show increased secretion of Thi-type
cytokines.70,71Additionally, by altering the lipid composition of NPs, less fluid (more
rigid) particles were shown to be 100-times better at inducing Th1 responses than softer
particles.72,73No apparent differences in antigen deposition were observed at the site of
injection, but the more rigid NPs showed increased DC uptake and Thi-type cytokine
secretion. These studies determined that increasing antigen rigidity can promote cell
mediated immunity; however, only a small range of stiffnesses has been investigated. As
pathogen stiffness can span from 102-19 kPa, it is possible that there are more dynamic
effects present within this broad range. Therefore, further experiments with particles
that can access a wider range of stiffnesses would be helpful in elucidating the full
impact of antigen stiffness on promoting specific immune responses.
1.3.3: Lectin targeting
DCs are equipped with numerous receptors to identify foreign antigens and
stimulate signaling. Among these receptors are TLRs which can bind the unique PAMPs
present on pathogens. These PAMPs act as "danger signals" to initiate signaling
cascades that stimulate strong responses.74,75PAMPs include conserved microbial
elements such as double-stranded RNA, flagellin, and polysaccharides like
peptidoglycan and lipopolysaccharide (LPS). 8 Upon binding these immunostimulatory
elements, TLRs can activate DC signaling and cytokine secretion that influences T cell
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polarization. TLR agonists can be co-administered with NPs or included in the particle
formulation to activate and direct Thi and CTL cell mediated responses against a

pathogen or tumor antigen. 8 ,76-78
In addition to TLR agonists, tumor cells and microbes also display unique cellsurface carbohydrates that are either overexpressed relative to healthy cells or
orthogonal to mammalian glycans. DCs have a host of lectin receptors that bind these
glycans, initiate signaling cascades, and facilitate antigen internalization. Lectins can
either stimulate signaling independently or in tandem with TLRs to further augment
and shape DC responses and T cell polarization.10,39,79Individual lectins have different
signaling capabilities and their expression varies across DC subsets.39,46,80 These DC
populations reside in distinct areas of the body and can have specialized functions
depending on location. For instance, smaller antigens that directly drain to lymph nodes
preferentially induce cell mediated immunity, suggesting that targeting antigen to
lymph node resident DCs via lectin recognition could promote Thi cell and CTL
polarization.4 6 Therefore, lectins represent a promising target for directed vaccine
delivery (Fig. 1.4, Table1.2). This review will specifically focus on the studies that have
examined antigen uptake and signaling through C-type lectins (CLRs).
Mannose is a natural ligand of several CLRs, and therefore, initial studies utilized
mannan as the lectin-targeting moiety. As these mannan conjugates did not selectively
target one lectin, results varied across experiments. Conjugating mannan to the MUC-1
tumor glycoprotein resulted in increased tumor specific CTL and Thi-type responses in
one study 8 1but CTL and Th2-type responses in another. 8 2As a result, subsequent
studies turned to antibodies to target specific lectins.
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DEC-205 was one of the first CLRs to be targeted in particulate antigen design for
polarizing T cell populations toward cell mediated immunity. This CLR is heavily
expressed by CD8a+ DCs, which specialize in cross presentation and CTL activation. 83
When co-administered with an adjuvant, anti-DEC-205 antibody can target antigen to
CD8a+ DCs for improved uptake, 84 prolonged antigen presentation, 8 5 and increased
activation of tumor-specific CTLs and IFN-y-producing Thi cells. 86 Furthermore, while
larger microparticles tend to promote Th2 cell responses, anti-DEC-205-targeted
microparticles promoted nearly three times the DC uptake and CTL activation as the
control particles. 8 7 Though Langerhans cells (LCs), a specific DC subset present in the
skin, express DEC-205 at lower levels, this receptor has also been used to target antigen
to LCs. 88 Intradermal injection of anti-DEC-205 conjugated to Ova protein enabled
uptake by LCs and induced T cell presentation and proliferation, whereas targeting
langerin, another CLR expressed on LCs, did not induce these responses. 89 This study
demonstrated that different receptors on the same DC subset can induce distinct lectinmediated signaling and highlighted the importance of lectin specific targeting.
Another CLR that has been investigated for its ability to induce cell mediated
immunity is DC-SIGN, a mannose and fucose binding lectin expressed on DCs in
lymphoid tissues.9 In this case, the choice of targeting antibody is critical, as those that
bind the carbohydrate recognition domain of DC-SIGN, not the neck region, typically
lead to stronger immune responses.91 When properly targeted and administered with a
TLR agonist, anti-DC-SIGN antibodies can augment and direct DC signaling toward
antigen specific CTL and Thi responses.9 Like DEC-205, DC-SIGN targeting can
2
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Figure 1.4: C-type lectin signaling polarizes T cell responses. DC lectins are grouped by the
specific T cell responses they can induce (Thi/CTL, Th2, or Treg). Some receptors (DC-SIGN, DEC-205,
DCIR) can induce inflammatory or regulatory T cell populations depending on the state of the DC
(activated vs. steady state) and co-delivery of immunostimulatory vs. immunosuppressive factors. For
clarity, lectin oligomerization states are not shown.

increase uptake of larger microparticles; however, only smaller NPs lead to increased
antigen presentation and DC signaling through DC-SIGN.93
DEC-205 and DC-SIGN have been the most explored in terms of their ability to
induce cell mediated immunity; however, several other CLRs have also been effective at
activating similar responses. Targeting antigen to either the mannose receptor (MR)94 or
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MGL-295can increase cross presentation and subsequent CTL activation even in the

absence of TLR signaling. Mincle signaling has also been shown to promote a Thi-type
proinflammatory response.9 6 Similarly, engaging Dectin-1 or Dectin-2 can decrease the
suppressive activity of tumor-induced Tregs and elicit potent CTL responses against
6
tumor antigen.9 -ioo

Pathogens display a dense glycan coat on their surfaces, and multivalent interaction
with these carbohydrates plays a critical role in lectin signaling. Many of the previous
lectin studies used anti-lectin antibodies as the targeting moiety. While antibodies can
be highly specific for individual lectins, they cannot engage in multivalent binding.
Additionally, some lectins like DC-SIGN can distinguish structurally distinct
carbohydrate ligands and differentially modulate their signaling accordingly.39,101-103
Therefore, if the lectin ligands have been identified, it can be advantageous to target
antigen to lectins using glycans104,105 or glycomimetics,106 rather than antibodies.
Conjugating the fucose-containing Lewis b glycan to a dendrimer107or a liposomal
nanoparticle108 enabled multivalent engagement of DC-SIGN and increased antigen
uptake and presentation 1oo-fold. This resulted in more robust antigen-specific CTL
and Thi responses when dosed with a TLR agonist. Other antigen designs have
successfully used oligomannoside ligands to target DC-SIGN for enhanced antigen
uptake and presentation.109-111 Overall, lectin specific targeting can induce cell mediated
immunity and represents a promising strategy for designing effective vaccines against
intracellular pathogens and tumors (Fig. 1.4, Table 1.2).
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1.4 Humoral immunity (Th2)
1.4.1: Antigen physical properties
Antigen physical properties can also impact T cell polarization toward humoral Th2
cell responses (Table 1.1). Upon internalizing bacteria or other extracellular pathogens,
DCs can present the processed antigen to CD4+ T cells and secrete IL-4 to promote Th2
differentiation. Once activated, these cells can secrete the Th2-type proinflammatory
cytokines IL-4, IL-5, and IL-13 to enhance B cell activation and class switching (Fig. 1.1).
The extracellular pathogens that induce this class of immunity are often in the
micrometer size range (Fig.

1.2).

Particulate antigens that are similar in size to bacteria

also preferentially stimulate Th2 cell activation and antibody production in

ivo.112,113

As these larger antigens cannot directly drain to lymphoid tissues, they require uptake
by APCs at the site of injection for subsequent trafficking to lymph nodes.
Particles between 500 nm and 1 pm can be phagocytosed by DCs or macrophages,45,
114,115

degraded in the endolysosomal pathway for preferential MHCII loading,o,11 6 ,117

and presented to antigen specific B and T cells in the lymph node. 113Rather than being
internalized, some microparticles larger than 1 pm attach to the surface of DCs where
they can still efficiently deliver antigen and promote the IL-4 and IgGi production that
is characteristic of Th2-type responses. 1 2,113With these large antigens, the Th2 inducing
size effects are further pronounced when particles mimic the natural rod-shape of many
bacteria.57 While Th2 polarization is often associated with larger antigens, small
spherical particles have also been reported to induce Th2 responses better than larger
microparticles.41,55,57 As a result, further studies are needed to fully elucidate how
antigen size influences Thi and Th2 cell polarization.
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While increased antigen stiffness has been identified as a parameter that can
promote Thi cell activation and cell mediated immunity, there is relatively little known
about the effects of stiffness on inducing humoral responses. Stiffer particulate antigens
can increase APC uptake;59,118however, studies examining the impact of rigidity on
subsequent antigen presentation are lacking. Some studies have reported that
increasingly stiff particles can elicit higher antibody production, but specific Th2
polarization effects have not been experimentally determined.119,120 As bacteria are
much stiffer than mammalian cells, it is likely that more rigid antigens have general
immunostimulatory effects and can further enhance Th2activation when it is induced
by other parameters like size and lectin signaling.
1.4.2: Lectin targeting

Certain DC lectins can also promote Th2cell polarization and subsequent B cell
stimulation (Fig.

1.4,

Table1.2). Targeting antigen to DCIR on CD8c- DCs induced Th2

signaling and cytokine secretion and enhanced antigen presentation to B cell for
increased antibody production.121 Though DCIR stimulated these initial responses
without TLR co-stimulation, including TLR7 or TLR9 agonists in the antigen design
promoted germinal center formation, which enabled B cell affinity maturation. CLEC9A,
alectin expressed on CD8a+ DCs, can also promote humoral immunity.122 This DC
subset typically induces Thi cell and CTL activation; 83however, targeting antigen
through CLEC9A promotes longer, more efficient MHCII presentation and Th2cell
polarization.123,124 Ova protein conjugated to an anti-CLEC9A antibody stimulated
strong humoral responses without an adjuvant.125Responses could be further tuned
through co-delivery of a TLR9 agonist with the anti-CLEC9A-Ova antigen which
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induced robust CTL activation in addition to humoral responses. 124These studies
revealed another example where targeting different lectins on the same DC subset can
induce different T cell polarization. Targeting DEC-205 on CD8a+ DCs promotes strong
CTL and Thi cell activation but weak antibody production, 85while targeting CLEC9A
induces robust CTL and Th2cell stimulation and strong antibody production.123Initial
studies in mice and non-human primates have shown that CLEC9A can selectively
induce strong humoral responses.1 23-1 25 While lectin expression can be highly variable
from humans to mice, the CLEC9A expression patterns in human DC subsets are very
similar to those in mice,122which underscores the promise of targeting CLEC9A for
human vaccine designs.
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Table 1.1: Antigen size influences DC responses to shape T cell polarization. Particle size
and the observed effect are listed. Results are grouped by Thi/CTL or Th2 polarization.
T cell
polarization

Particle size(s)

Observed effect

Ref

Thl/CTL

350 nm vs. 112 pm

Small NPs increased DC uptake to endosomes,
MHC presentation, CTL priming, and mixed
Thl/Th2 antibody production

[41]

300 nm vs. 1-17 pm

Small NPs (300 nm) induced the highest IgG2a
and CTL responses

[42]

203 nm vs. 708 nm

Smaller NPs induced more CTL activation

[55]

200-600 nm vs. 1-8 pm

Smaller NPs upregulated MHCI and induced
higher IgG2a and IFN-y production

[112]

40-50 nm

Drained to lymph node DCs; increased IFN-y,
CTL cells, and IgG2a titers

[44]

20-2000 nm

40-50 nm NPs: highest DC uptake,
IFN-y-producing Thi cells and CTLs

[43]

193 nm and 521 nm (spheres)

193 nm spherical NPs induced DC uptake and
strongest Th1 (IgG2a, IFN-y)

[57]

500 nm

Liposomes induced IFN-y and IL-10 production
(reverse trend)

[53]

250 nm vs. 980 nm

Larger liposomes induced greater IgG2a
and IFN-y production (reverse trend)

[54]

155 nm vs. 560 nm

Larger particle localized to early phagosomes
for more efficient MHCII antigen presentation

[116]

1-5 pm

APC uptake and antibody production

[113]

200-600 nm vs. 1-8 pm

Larger microparticles attached to the cell
surface, upregulated MHCII, and induced higher
IL-4 and IgG1 production

[112]

193 nm and 521 nm (spheres)
vs.

193 nm spherical NPs induced DC uptake and
slightly stronger Th2 (IgG1, IL-4) responses

376 nm and 1530 nm (rods)

Rod-shaped NPs induced DC uptake and
strongest Th2 (IgG1, IL-4) responses of large
particles (521 vs 1530 nm)

350 nm vs. 112 pm

Small NPs increased DC uptake to endosomes,
MHC presentation, CTL priming, and mixed
Th1/Th2 antibody production (reverse trend)

Th2

[57]

[41]

Large particles did not induce antibody
production
203 nm vs. 708 nm

Smaller NPs induced more IgG1 and Th2-type
responses (reverse trend)

[55]
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1.5 Regulatory responses (Treg)
1.5.1: Antigen physical properties
Tregs are needed to regulate the proinflammatory responses of CTL, Thi, and Th2
effector cells and to initiate tolerance against self-antigen. Understanding the antigen
parameters that promote Treg polarization is critical for the design of vaccines against
autoimmune diseases.12 6 Alternatively, elucidating what factors promote Treg activation
can guide the design of vaccines that activate cellular or humoral immunity without
inducing major populations of immunosuppressive Tregs. There have been relatively
few studies to determine the effects of antigen physical parameters on Treg polarization.
Some evidence suggests that stiffer antigens can increase anti-inflammatory IL-1o
production by APCs which can bias responses toward Tregs.70 Additionally, premature
antigen presentation by resting, immature DCs in the periphery of the body can
preferentially induce Treg differentiation.127,128Antigen size can be tuned to direct
antigen to these"steady state" DC populations. Smaller 10-200 nm antigens promote
direct drainage to lymph node resident DCs with increased activation and are, therefore,
not ideal for inducing Treg populations. Alternatively, soluble antigens smaller than 5
nmin size can drain into the bloodstream where immature DCs circulate,129,130while
larger particulate antigens remain at the site of injection until they are internalized by
immature peripheral APCs.45 In this way, understanding the broader effects of size on
antigen trafficking in vivo can help promote delivery to resting DCs outside of the lymph
nodes for optimal Treg polarization conditions.
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1.5.2: Lectin targeting
Delivering immunosuppressive factors to DCs can promote the induction of Tregs.
Formulating antigen with retinoic acid promotes TGF- production by DCs,131 and
treating DCs with IL-10 helps maintain an immature state for enhanced regulatory
signaling.2 6 Additionally, NPs formulated with rapamycin, an inhibitor of the
inflammatory mTOR signaling pathway, produced a tolerogenic DC phenotype that
induced antigen specific Tregs. These immunosuppressive cell populations dampened B
and T cell effector responses even when proinflammatory TLR agonists were
administered.132
Lectins also have the power to induce DC tolerization (Fig.

1.4,

Table1.2). DC-SIGN

binds to mannosylated lipoarabinomannan (ManLAM), the mannose cap of
Mycobacterium tuberculosis, and induces immune suppression.133-135Similarly, when
co-administered with the Mtb-containing Freund's Complete Adjuvant (CFA),
mannosylated self-myelin peptides were directed to mannose binding receptors (e.g.
DC-SIGN, MR) and resulted in fewer antigen-specific effector T cells, lower antibody
titers, and decreased immunostimulatory cytokine levels. These responses indicated
that lectin engagement increased Treg function.13 6 -13 8 Inclusion of the ManLAMcontaining Mtb adjuvant likely contributed to Treg differentiation in these studies, but it
is not always necessary or helpful in inducing tolerogenic responses.
Targeting steady-state resting DCs preferentially promoted Treg activation when
immunostimulatory elements were absent, because the cells maintained their immature
state. 139Specifically, Ova-anti-DEC-205 conjugates targeted antigen to immature DCs
and induced Treg populations that suppressed T cell proliferation and
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immunostimulatory cytokines. Antigen-specific tolerance was only promoted when mice
were dosed without adjuvant, while co-delivery of CFA generated proinflammatory T
cell proliferation.14oAdditional studies demonstrated that anti-DEC-205 antibodies
targeted antigen to CD8a+ DCs in the spleen and mediated antigen-specific Treg
polarization.141 Anti-DCIR antibodies directed antigen to CD8a- splenic DCs and also
induced Treg activation, but only in the presence of TGF-.141 Hepatic DCs have also
been identified as promising targets for inducing tolerance because of the liver's innate
immunosuppressive environment. Multivalent display of N-acetylgalactosamine and Nacetylglucosamine directed antigen to hepatic DC CLRs and generated antigen-specific
tolerance.142 Overall, these initial studies show promise in exploiting lectin signaling to
induce antigen-specific Treg activation. Further studies are still needed to fully elucidate
optimal conditions for Treg polarization and to identify other lectins with
immunosuppressive signaling potential.
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Table 1.2: Overview of DC lectins that mediate T cell polarization. Lectin receptor,
immunostimulatory element, and the observed effect are listed. Results are grouped by Thi/CTL, Th2, or
Treg polarization.
T cell
polarization

Lectin

Immunostimulatory
element (+/-)

Observed effect

Ref

Thl/CTL

DEC-205

+ (CD40)

Improved CD8a+ DC uptake

[84]

+ (CD40)

Prolonged MHCI presentation and
increased CTL activation

[85]

+ (TLR4)

Increased CTL and Th1 cell activation

[86]

Increased CTL and IFN-y-producing Th1
cell activation

[87]

-

Targeted LC uptake and increased
antigen presentation to CD4+ and CD8+ T
cells

[89]

Langerin

-

Targeted LC uptake, but no T cell
proliferation

[89]

DC-SIGN

-

200 nm and 2 pm particles targeted DC
uptake, but only 200 nm particles induced
antigen presentation

[93]

+ (TLR4)

Increased antigen presentation for CTL
and Th1 cell activation

[92]

- and + (TLR4)

Increased antigen presentation and
CTL/Thl cell activation

[107]

Increased antigen presentation for CTL
and Th1 cell activation

[108]

More robust CTL activation with TLR costimulation
MR

-

Increased cross presentation, CTL
activation, and IFN-y production

[94]

MGL-2

-

DC maturation and increased cross
presentation for CTL activation

[95]

Mincle

-

Induced IFN-y and TNF-a-producing Th1
cells

[96]

Dectin-1

-

Induced CTL activation

[98]

-

Induced Treg conversion to
proinflammatory Th17 cells

[100]
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T cell
polarization

Lectin

Immunostimulatory
element(+/-)

Observed effect

Ref

Thi/CTL
(cont.)

Dectin-1

-

Induced CTL activation and inhibited
Tregs

[99]

Dectin-1/
Dectin-2

-

Induced mixed Th1/Th17 cell activation

[96]

DCIR

-

Targeted CD8a- cells and increased
MHCII presentation

[84]

- and + (TLR7 or 9)

Targeted CD8a- cells and induced Th2
cell and B cell activation

Th2

[121]

Formed germinal centers for B cell affinity
maturation with TLR co-stimulation
CLEC9A

-

Targeted CD8a' cells, increased MHCII
presentation for T and B cell activation,
and induced memory T cell formation

[123]

- and + (TLR9)

Targeted CD8a+ cells,
increased/prolonged MHCII presentation,
and induced strong humoral responses

[124]

Induced CTL activation and humoral
responses with TLR co-stimulation
- and + (TLR7)

Induced strong humoral immunity

[125]

No further humoral enhancements with
TLR co-stimulation
Treg

DEC-205

- and + (CFA)

Induced Tregs and antigen-specific
tolerance without adjuvant

[140]

Induced proinflammatory T cell
proliferation with adjuvant

DCIR
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-

Targeted CD8a+ DCs in spleen and
induced antigen-specific Tregs

[141]

+ (TGF-3)

Targeted CD8a- DCs in spleen and
induced antigen-specific Tregs

[141]

1.6 Conclusions
Major strides have been made toward understanding how antigen parameters can
shape immune responses. Studies have demonstrated that size impacts biodistribution
and DC uptake which can influence T cell polarization toward cell mediated, humoral, or
tolerogenic immunity. Additionally, lectins have emerged as an exciting platform to
target specific DC populations and induce signaling that shapes T cell responses.
Collectively, these findings will guide the design of improved particulate vaccines to
fine-tune antigen-specific immune responses; however, there is still much to learn in
this field. Many studies investigating antigen physical properties do not provide
thorough analysis of immunological responses, while lectin-focused experiments often
lack full physical characterization of the antigen construct. Therefore, the full scope of
how these parameters work together is still unknown. Additionally, comparisons
between studies can be difficult as multiple parameters (e.g. choice of
immunostimulant; antigen composition, charge, or stiffness) are varied or not defined.
Systematic studies using uniform parameters are needed to fully elucidate the impact of
specific antigen features on skewing DC and T cell responses. Such studies can greatly
improve the rational design of vaccines.
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2.1 Abstract
Dendritic cell (DC) lectins mediate the recognition, uptake, and processing of
antigens, but they can also be coopted by pathogens for infection. These distinct
activities depend upon the routing of antigens within the cell. Antigens directed to
endosomal compartments are degraded, and the peptides are presented on major
histocompatibility complex class II molecules, thereby promoting immunity.
Alternatively, HIV-1 can avoid degradation, as virus engagement with C-type lectin
receptors (CLRs), such as DC-SIGN (DC-specific ICAM-3-grabbing nonintegrin) results
in trafficking to surface-accessible invaginated pockets. This process appears to enable
infection of T cells in trans. We sought to explore whether antigen fate upon CLRmediated internalization was affected by antigen physical properties. To this end, we
employed ring opening metathesis polymerization to generate glycopolymers that each
display multiple copies of mannoside ligand for DC-SIGN yet differ in length and size.
The rate and extent of glycopolymer internalization depended upon polymer structurelonger polymers were internalized more rapidly and more efficiently than were shorter
polymers. The trafficking, however, did not differ, and both short and longer polymers
colocalized with transferrin-labeled early endosomes. To explore how DC-SIGN directs
larger particles, such as pathogens, we induced aggregation of the polymers to access
particulate antigens. Strikingly, these particulate antigens were diverted to the
invaginated pockets that harbor HIV-1. Thus, antigen structure has a dramatic effect on
DC-SIGN-mediated uptake and trafficking. These findings have consequences for the
design of synthetic vaccines. Additionally, the results suggest strategies for targeting DC
reservoirs that harbor viral pathogens.
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2.2 Introduction
Dendritic cells (DCs) are sentinels of the innate immune system: they sense
pathogens in the periphery and mount adaptive responses to enable immunity. Glycans
are key determinants of pathogen recognition by DCs. Their importance is reflected in
the multiplicity of carbohydrate-binding protein (lectin) receptors present on the
surface of DCs.1,2 Lectins can recognize antigenic glycans to facilitate pathogen
internalization and subcellular trafficking to endosomal compartments;3pathogens are
then degraded and antigenic peptides are loaded onto major histocompatibility
complexes (MHC) for presentation to T cells.
Despite the apparent function of lectins in mediating immunity, viruses have
developed mechanisms to co-opt lectins for dissemination.4-6The complicated
relationship between HIV-1 and the lectin DC-SIGN (dendritic cell-specific ICAM-3grabbing non-integrin) serves as an example. DC-SIGN is a member of the family of
Ca2+-dependent lectin receptors (C-type lectin receptors or CLRs) that recognizes high
mannose- and fucose-substituted glycans. DC-SIGN binds mannosylated gp120 on the
HIV-1 envelope to mediate internalization.7-9Curiously, the virus is not routed to the
traditional endocytic pathway nor is it degraded; instead, it is trafficked to subcellular
compartments near the cell surface.10 These "invaginated pockets", which are enriched
in tetraspanins such as CD81, can facilitate viral transfer to T cells (i.e. trans
infection).11,12 Similarly, Siglec-1,13another DC lectin, is implicated in facilitating HIV-1
trans infection of T cells.14Thus, HIV-1 exploits lectin trafficking to avoid degradation
and to promote infection of CD4+ T cells in trans.7
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These studies indicate that DCs can take up glycosylated antigens and traffic them
either to the endosomes or to invaginated pockets. In the case of HIV-1, recent studies
implicate actin dynamics." Multivalent glycosylated antigens like HIV-1 can promote
the clustering of immune receptors to facilitate antigen uptake as well as changes in the
actin cytoskeleton.15-18We postulated that glycosylated antigens of different size or
density could vary in their ability to promote lectin-mediated uptake and perhaps even
trafficking (reviewed in

19).

Though this possibility seemed feasible, we could not find

examples in which antigens displaying the same epitope were trafficked to distinctly
different cellular locations.
The binding of multivalent antigens to immune receptors promotes receptor
clustering, and the extent of clustering can influence downstream signaling and alter
actin polymerization and stabilization.20,21 DC-SIGN is a tetrameric lectin and the
binding of multivalent antigens results in their uptake. Specifically, anti-DC-SIGN
antibodies that can cluster DC-SIGN were internalized22,23Similarly, carbohydratesubstituted dendrimers undergo internalization,24and DC-SIGN-expressing cells
appeared to exhibit a preference for taking up higher generation glycodendrimers. The
role of DC-SIGN clustering in antigen internalization is not apparent however, as antiDC-SIGN Fab fragments that presumably do not cluster the lectin are also
internalized.22,23,25Moreover, the role of antigen structure in trafficking was unclear.
Polymeric antigens can promote changes like receptor-capping in B cells, which
depends on the actin cytoskeleton.20,2 6 We therefore used the ring-opening metathesis
polymerization (ROMP) to generate polymers of defined length that act as ligands for
DC-SIGN. The longer polymers were internalized more efficiently than their shorter
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counterparts, but all of these soluble antigens were routed to endosomal compartments.
To access antigens that more effectively mimic the features of pathogens, we aggregated
the polymers to form large particulate antigens. Remarkably, the particulate antigens
were not directed to endosomes; their trafficking paralleled that of HIV-1 in that they
localized in invaginated pockets that contain CD81.10 Thus, control over antigen
structure provides access to different dendritic cell compartments. These findings
suggest the intrinsic, bulk properties of antigens can direct their localization in dendritic
cells. Moreover, they suggest that antigen structure can be tailored for synthetic
vaccines or to target viruses subverting immune surveillance.
2.3 Results
2.3.1: Internalization of glycopolymers by DC-SIGN
Carbohydrate-substituted

0

Ph

n=10, 2.1

polymers have been used to cluster

RH
H

cell surface receptors, includingR
n=100, 2.3

transmembrane lectins

(20,26,27,
R,= AlexaFluor488

n=275, 2.4

reviewed in28).As the length of the

R,=HO"

polymer increases, so does its ability

Figure 2.1: Glycopolymer probes of DC-SIGN
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receptor clustering in a given process,19,28The length of glycan-substituted polymers
can be controlled using modern polymerization chemistry-as was first demonstrated
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using ROMP (Fig.

2.1).30

We therefore used ROMP to generate glycopolymers to probe

the effects of receptor clustering on DC-SIGN-mediated internalization and trafficking.
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Scheme 2.1: Synthetic route for mannoside group appended to polymers.

ROMP effected by defined metal carbene catalysts is a living polymerization in
which the initiation rates can exceed those of propagation.31,32 Control over the length of

the resulting polymer is achieved by altering the ratio of catalyst initiator to monomer.31
33 We generated a panel of glycopolymers of defined lengths (DP = 10, 33, 100, 275)
using a functional group-tolerant ruthenium catalyst that affords polymers of controlled
length and narrow polydispersity. The polymers were functionalized to display an aryl
mannoside, a ligand that is superior to alkylmannosides for binding to DC-SIGN and
enables rapid synthesis of multivalent DC-SIGN ligands (Scheme 2.1).
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We reasoned that the multivalent presentation of this ligand would afford a highly dense
display of mannose residues, as is seen on mannosylated viruses, such as HIV.34The
polymers also carried a fluorophore, which was used to monitor their cellular binding,
uptake, and localization. The mannoside epitope density was held constant between all
four polymers (-35 mol%), such that the effects of glycopolymer length (and thus
receptor clustering) and not ligand density could be assessed (Scheme2.2).
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Figure 2.2: Comparison of fluorophore-labeled glycopolymer uptake in DC-SIGN-positive
(Raji/DC-SIGN) and DC-SIGN-negative (Raji) cells. (A) Cells were treated with glycopolymers 2.1
- 2.4 (40 pM in mannoside ligand for 2.1 and 2.2, 10 M in mannoside ligand for 2.3 and 2.4) for 30
min at 37 °C and internalization was visualized via confocal microscopy. Higher concentrations of
glycopolymers 2.1 and 2.2 were required to visualize internalization. Scale bars, 10 m. (B) Cells were
treated with 2.1 - 2.4 (0.5, 5, 50, 150 pM in mannoside ligand) for 40 min, placed on ice, and flow
cytometry was performed. The resulting fluorescence was normalized to account for the average number

of fluorophores appended to each polymer.
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glycopolymers of defined length,
and internalization was assessed by confocal microscopy. The glycopolymers were
internalized only by the cells expressing DC-SIGN (Fig. 2.2A). Moreover, polymer
internalization was dose-dependent, further supporting the role for a specific interaction
with DC-SIGN (Fig. 2.3).
To assess how the extent of DC-SIGN clustering influences internalization, Raji or
Raji/DC-SIGN cells were treated with polymers of different lengths such that the
mannose-ligand concentration was constant. The uptake of the longest polymer 2.4 (DP
= 275) was approximately

1o-fold

higher than of the next longest 2.3 (DP = ioo), which

in turn was approximately 1o-fold higher than for 2.2 (DP = 33) and 2.1 (DP = io) (Fig.
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2.2B).

These findings indicate that receptor clustering indeed affects the efficiency of

antigen internalization: the longer the polymer, the greater the extent of internalization.
2.3.2: Endocytic trafficking of glycopolymer probes
Given that longer glycopolymers were more efficiently taken up than their shorter
counterparts (Fig.

2.2),

we assessed whether there were differences in glycopolymer

trafficking. Mannosylated dendrimers had been shown to be internalized into
endosomal compartments,35 and we assumed the glycopolymers would be routed to
early endosomes. We therefore assessed whether the glycopolymers colocalized with
transferrin, a marker for early endosomes. We employed Raji/DC-SIGN cells because
they provide the means to dissect DC-SIGN's role in the uptake of these antigens, as this
receptor is the only cell surface C-type lectin expressed. To determine if uptake and
trafficking is similar in DCs, we also tested monocyte-derived dendritic cells (moDCs).
We found that each polymer colocalized with transferrin in either Raji/DC-SIGN cells
(Fig. 2.4A, B) or moDCs (Fig. 2.5B, C). Trafficking occurred via energy-dependent, DCSIGN-mediated uptake (Fig. 2.4A-C). Treatment with anti-DC-SIGN antibodies
abrogated uptake in Raji/DC-SIGN cells though inhibition of polymer uptake in moDCs
was incomplete (Fig. 2.4C, D). Together, our data indicate that DC-SIGN mediates
polymer internalization and trafficking but suggest that other redundant receptors can
effect uptake when DC-SIGN is inhibited. These data also show that polymer length
modulates the efficiency of polymer internalization to endosomal compartments that
lead to antigen processing.
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Figure 2.4: DC-SIGN-mediated internalization and trafficking of soluble (2.1-2.4)
polymers. (A) Soluble glycopolymers (green) were added (1o pM mannose) to Raji or Raji/DC-SIGN
cells at 4 °C or 37 °C for 30 min. Trafficking to transferrin-labeled early endosomes (red) was monitored
via confocal microscopy. Scale bars, 5pm. (B) The colocalization of each polymer with transferrin was
assessed for n

10 cells per treatment using the Pearson's Coefficient obtained by the Colocalization

Threshold plugin in ImageJ. (C) Raji/DC-SIGN or moDCs were pre-treated with a-DC-SIGN blocking
antibody, followed by polymer (ioomer 3) to assess DC-SIGN specific uptake. (D) moDCs were treated
with a-Dectin-2 or a-CD206 blocking antibody and polymer (ioomer 3) to assess uptake by the given
receptor.
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(green) were added (mannose concentration of 10 M) to moDCs at 37 °C for 30 min and their trafficking
to transferrin-labeled early endosomes (red) was monitored via confocal microscopy. (C, E)
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2.3.3: Differences in localization of particulate and soluble glycopolymers
The glycopolymers used in the aforementioned studies are soluble, but pathogens
encountered by DCs (such as viruses and bacteria) are particulate. We therefore
compared DC-SIGN-mediated internalization and trafficking for soluble versus
-

particulate antigens. To access particulate antigens, we aggregated glycopolymers 2.1
2.4 by long term incubation of the compounds in solution. Analysis of the resulting
polymers (termed

2.1p - 2.4p)

by dynamic light scattering (DLS) indicated that the

length of the polymers influenced the particulate sizes that resulted. Specifically,
glycopolymer 2.2p (354 nm) afforded the smallest particles, and the longest polymers,
2-3p and 2.4p, gave rise to the largest particles (432 nm and 402 nm, respectively).
Despite being exposed to conditions that led to the aggregation of the longer polymers,
glycopolymer 2.1p (lomer) did not
aggregate, and its size was similar to that

Glycopolymer

Diameter (nm)

2.1

2.6

2.2

2.0

of the soluble polymers (1.4 nm) (Table

2.3

2.1). Additionally, application of

2.4

9.0
8.8

transmission electron microscopy (TEM)

2.1 p

1.4

to further characterize polymer size and

2.2p
2.3p
2.4p

354
432
402

structure revealed that both soluble and

aggregate polymers were globular in
shape but vastly different in size (Fig.

Table 2.1: Polymer sizes as determined by

dynamic light scattering (DLS).

2.5A).

The trafficking of the particulate antigens differed markedly from that observed for
the soluble polymers. Specifically, the particulate antigens were almost completely
excluded from transferrin-labeled endosomes (Fig. 2.5D, E). Only glycopolymer 2.1p
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Figure 2.6: DC-SIGN-mediated internalization and trafficking of particulate (2.1P-2.4P)
polymers. (A) Internalization of particulate polymers (1o pM mannose residue concentration) was
assessed in Raji/DC-SIGN cells at 4 °C or 37 °C. (B) Total cell associated polymer fluorescence intensity
from A was measured in ImageJ for n>15 cells. Data are normalized to the 37 °C polymer treatment
conditions for each polymer. (C) Particulate glycopolymers (green) were added (1o pM mannose) to Raji
or Raji/DC-SIGN cells at 4 °C or 37 °C for 30 min. Trafficking to transferrin-labeled early endosomes
(red) was monitored via confocal microscopy. (D) The colocalization of each polymer with transferrin
was assessed for n 10 cells per treatment using the Pearson's Coefficient obtained by the Colocalization
Threshold plugin in ImageJ. Scale bars, 5pm.
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colocalized with the endosomal marker transferrin, as it was similar in size to soluble
glycopolymers 2.1

- 2.4

glycopolymers 2.2p

-

and exhibited the same trafficking patterns. In contrast,

2.4p did not colocalize with transferrin; rather, they were

localized to discrete puncta near the cell surface. We quantified the extent of
colocalization over time in individual cells and observed that even at early timepoints,
glycopolymers 2.2p

-

2.4p were not trafficked to transferrin-positive endosomes. Thus,

they appear to be directly routed to non-endosomal compartments. Additionally, while
soluble polymers continued through the antigen presentation pathway, these aggregates
failed to colocalize not only with transferrin but also with other endosomal markers,
including Rab5 (a marker of early endosomes), Rab7 (a marker of late endosomes), and
LAMP-2

(a marker of late endosomes/lysosomes) (Fig. 2-5F). Uptake and trafficking of

the particulate antigens 2.2p

-

2.4p to these compartments occurred via energy-

dependent, DC-SIGN-mediated uptake (Fig. 2.6). The trafficking phenotype of
particulate polymers is the same across Raji/DC-SIGN cells (Fig. 2.6C, D) and moDCs
(Fig. 2.5D, E). Therefore, while polymer uptake is not completely dependent on DCSIGN in moDCs, our findings indicate that DC-SIGN can mediate the non-endosomal
trafficking in both cell types.
2.3.4: Particulate antigens traffic to CD81* compartments with HIV-1

The trafficking of the glycopolymer aggregates is reminiscent of the trafficking of
HIV-1 in DCs. Only a subpopulation of HIV-1 internalized into DCs is routed to
degradative compartments.3 6 ,37 In contrast, HIV-1 is predominantly found in
membrane-proximal, surface accessible invaginated pockets. These locations are
identified by the presence of the tetraspanin CD81.10 To test whether the internalized
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Figure 2.7: Comparison of trafficking of particulate and soluble antigens to HIV. (A) Soluble
and particulate fluorophore-labeled glycopolymers (green, 10 pM mannose) were added to Raji/DCSIGN cells at 37 °C for 30 min. Fluorescence quenching by trypan blue (2 min exposure) was monitored
via confocal microscopy. Arrowheads indicate intracellular fluorescence not quenched by trypan blue.
Scale bars, 10 im. (B) Polymer fluorescence prior to and following trypan blue treatment was measured
in ImageJ (normalized to untreated). Error bars represent the standard error of the mean of at least two
experiments for n > 50 cells. (C, D) Polymers or fluorescently labeled HIV-1 VLPs (green) were added at
37 °C to (C) Raji/DC-SIGN cells transfected with CD81-mCherry or (D) moDCs stained for endogenous
CD81. Colocalization with CD81 was monitored by confocal microscopy. Arrowheads indicate regions of
colocalization. (E) Quantitation of colocalization in moDCs in panel D, utilizing the Mander's coefficient
of antigen fluorescence overlapping with CD81. Error bars represent the standard error of the mean for
at least two experiments for n >35 cells. ns, not significant. (F) Polymer (green) and HIV (red) were
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over the region indicated by a white line. Scale bars, 5 pm. *P<o.oi, ***P<o.ooo1. A.U., arbitrary units.
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glycopolymers 2.2p - 2.4p are trafficked to surface-accessible compartments, we
added trypan blue, a dye that can quench AlexaFluor 488 emission and is not cell
permeable.3 8 ,39 The fluorescence emission of the particulate antigens was quenched,
suggesting that these polymer aggregates are present in a cell-surface accessible
compartment (Fig. 2.7A, B).
The trafficking data suggest that glycopolymer aggregates 2.2p - 2.4p are routed
similarly to HIV-1. To evaluate this possibility, we examined whether 2.2p - 2.4p
colocalized with CD81 in Raji/DC-SIGN cells (Fig. 2.7C). The soluble glycopolymers
2.1- 2.4 did not colocalize with CD81. In contrast, CD81 localized with the fluorescence
of particulate glycopolymers2.2p - 2.4p. We next compared the routing of
glycopolymers and fluorescently labeled HIV-1 virus like particles (VLPs) by analyzing
their localization with CD81. VLPs resemble native virions and thus can be used to model
viral uptake and trafficking from cell-to-cell at viral synapses. 4 -42 To circumvent
potential effects of CD81-mCherry expression on polymer or HIV-1 uptake and
trafficking, we examined antigen colocalization with endogenous CD81 in moDCs and
Raji/DC-SIGN cells. While the soluble polymer
colocalization, the aggregate

2.4p

2.4

showed no appreciable

and HIV-1VLPs colocalized with dense pockets of

CD81 in membrane proximal compartments (Fig. 2.7D, E and Fig. 2.8). To further
validate this finding, we co-incubated cells with HIV-1VLP and polymer and found that
aggregate

2.4p

directly colocalizes with HIV-1 but soluble polymer

2.4

does not (Fig.

2.7F, G). These data confirm that aggregated polymers undergo the same route of

internal trafficking at HIV-1.
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A

2.4 Discussion
We designed glycopolymer antigens to probe DC-SIGN endocytosis, and their
application indicated that glycopolymer internalization depends upon its valency
(length) - longer glycopolymers are internalized more readily than shorter
glycopolymers. These results suggest that receptor clustering promotes DC-SIGNmediated internalization. DC-SIGN is a tetramer with carbohydrate recognition domain
(CRD) binding sites separated by about 40A.43,44 Relatively small multivalent ligands
may be able to cluster DC-SIGN and engage multiple CRDs for enhanced avidity,43,45
but the shortest glycopolymer

2.1

tetramers at most. Glycopolymer

(DP = 10) would likely only cluster two DC-SIGN
2.1's

short (2.6 nm) length suggests it would not be

capable of spanning the 4 nm distance between CRDs within a single DC-SIGN
tetramer. That glycopolymer

2.1

is internalized supports previous findings that minimal

DC-SIGN clustering can induce antigen internalization.4 6 Still, the uptake of this short
polymer is significantly less efficient than that of the longer polymers, which can engage
more binding sites and nucleate larger clusters. These data are consistent with a role for
DC-SIGN clustering in antigen uptake.
Though the efficiency of uptake for the soluble glycopolymers varied with length,
the trafficking of these mannosylated conjugates did not. All soluble mannosylated
polymers were targeted to early endosomes. Since antigen routing to endosomes is an
integral component of efficient antigen presentation in DCs,47-50 these findings suggest
that soluble multivalent ligands can effectively deliver antigenic epitopes to the
endosome for access to antigen presentation pathways. We anticipate that higher
valency polymers may be more effective scaffolds for targeted synthetic vaccines than
those glycoconjugates less capable of clustering DC-SIGN. This advantageous property
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of the higher valency polymers synergizes with their previously demonstrated ability to
deliver multiple copies of antigenic peptides and therefore promote higher levels of T
cell activation.29
In striking contrast to the results with soluble polymers, the particulate antigens are
almost entirely excluded from transferrin-labeled endosomes. Instead, particulate
glycopolymers were routed to distinct CD81+ compartments and colocalized with HIV-1
particles. Another DC lectin, dectin-1 appears to make similar distinctions, as it
preferentially internalizes particulate antigen over soluble antigen.51 Intriguingly,
despite their distinct trafficking patterns, both small and large aggregates alike are
internalized via energy dependent receptor-mediated uptake mechanisms. Antigen
internalization depends only on DC-SIGN in Raji/DC-SIGN cells and partially on the
lectin in moDCs. Consistent with these data, prior studies have shown that HIV-1
internalization and transmission is inhibited bya-DC-SIGN blocking antibodies in
Raji/DC-SIGN cells but not in DCs, implying that other lectins are capable of facilitating
viral uptake in when DC-SIGN is unavailable.2,53The polymer/HIV-1 trafficking
phenotypes observed in Raji/DC-SIGN cells are identical in moDCs, indicating that DCSIGN can route antigen to distinct subcellular location based on the antigen's structure
(summarized in Fig.2.11). Previous studies have demonstrated that changes in antigen
size and shape can affect the extent of receptor-mediated internalization and signaling
(reviewed in54), but this study shows how those features influence antigen trafficking to
different compartments.
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Figure 2.9: Probes of endocytic mechanisms of glycopolymer trafficking. (A, D) After10 min
pre-treatment with10 pM dynasore, 20 pM genistein or vehicle, (A) soluble or (D) particulate
glycopolymers (green) were added (mannose concentration of 10 pM) to Raji/DC-SIGN cells at 37 °C for
30 min. Trafficking to transferrin-labeled early endosomes (red) was monitored via confocal microscopy.
(B, E) The effect of endocytic inhibitors on polymer internalization in (A) and (D) respectively was
assessed. Total cell-associated polymer fluorescence intensity was measured in ImageJ for n >15 cells.
Data are normalized to the DMSO treatment condition for each polymer. (C, F) Polymer colocalization
with transferrin in (A) and (D) was quantified in using the Pearson's Coefficient obtained by the
Colocalization Threshold plugin in ImageJ. Error bars represent the standard deviation for n > 15 cells.
*P< 0.05, **P< 0.01, ***P< 0.001, ****PC

ns, not significant.
.0001.
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Super-resolution microscopy has shown that DC-SIGN exists on the cell surface in
stable, loosely packed ~8o nm diameter nanodomains that can be clustered into larger
microdomains.s5 These microdomains can range in size from 300 nm to

1.5

pm with an

average spacing of 400nm.56,57 The polymer aggregates include species larger than
HIV-1 but in the size range of many pathogens. Both HIV-1 and aggregate polymers can
bridge several DC-SIGN nanodomains, and aggregates can even span multiple
microdomains. These antigen attributes could potentiate unique internalization
mechanisms. In immune cells, engagement and clustering of such receptor domains can
lead to changes in actin organization.15-18,58,59 Recent studies have revealed that HIV-1
endocytosis into DCs and trans infection of CD4+ T cells at the viral synapse depends
critically on actin remodeling factors, in particular dynamin-2.11,

6

0

Similarly, the

internalization of particulate antigens in our studies was partially dependent on
dynamin-2 activity (Fig.

2.9).

In contrast, the endocytosis of soluble antigens did not

depend on dynamin-2 until later steps of trafficking. Particulate polymers also elicited
responses associated with HIV-induced DC-SIGN signaling, including expression of IL12B

and IL-6 and activation of Raf-1 (Fig. 2.1A-C).

6

1,6 2

Consistent with what has been

observed with the lectin dectin-1, only particulate, and not soluble, polymers induce
signaling (Fig. 2.1oA). These findings indicate that DC-SIGN can make similar
distinctions in signaling based on antigen properties.51
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Figure 2.10: Particulate polymers stimulate cytokine expression via Raf-i signaling. (A)
Cytokine expression levels in moDCs were quantified after 6 hr incubation with polymers (400 pM
mannose). *P<o.03 (B) To establish a Raf-1 knockdown, moDCs were transfected with siRNA targeting
either Raf-i or a non-targeting control. Raf-1 mRNA levels were quantified. (C) To determine the role of
DC-SIGN mediated Raf-1 signaling in cytokine expression, moDCs were transfected with a Raf-1 or
control siRNA, incubated with particulate polymer, and analyzed for cytokine expression.

HIV-1 and particulate polymers may stimulate more profound changes in actin
remodeling than soluble polymers, giving rise to their differential trafficking. The larger
polymers appear to be capable of engaging, organizing, and signaling through DC-SIGN
in a similar manner as HIV-1 resulting in alternative trafficking to the invaginated
pockets. These findings suggest that the particulate polymer aggregates can be used to
elucidate the mechanisms governing HIV's divergent trafficking.
With the ability to control glycopolymer features, we found that the physical
characteristics of a DC-SIGN-binding antigen affect its fate. In addition to the utility of
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polymers for understanding antigen uptake mechanisms, our findings provide
opportunities to customize materials to serve as highly effective scaffolds for synthetic
vaccines. By tailoring the properties of the polymer, one could direct antigenic cargo to
specific compartments for classical presentation or cross presentation.4 8,49 Our results
also suggest strategies to target sites where viruses evade immune surveillance. In HIV-1
infected individuals, the persistence of HIV-1 in latently infected cells is a major obstacle
toward completely eradicating the virus. 63Materials such as particulate glycopolymers
could facilitate the identification of latently infected cells and aid in elucidating the
mechanism underlying HIV's ability to escape immune detection.

HIV 1
virion

Aggregate
polymer

DC-SIGN

Soluble
polymer

pnvaginated
pockets

Early
endosome

Dendritic cell

Figure 2.11: Summary of differential routing of soluble and particulate polymers by DCSIGN. Soluble polymers are internalized and routed toward early endosomes. Aggregated polymers are
internalized to non-endosomal invaginated pockets and co-localize with HIV-1virions.
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2.5 Materials and Methods
2.5.1: General synthetic materials and methods
All moisture- and oxygen-sensitive reactions were carried out in flame-dried
glassware under a nitrogen atmosphere. Unless otherwise noted, all reagents and
solvents were the highest commercially available grades and used without further
purification. All chemicals were purchased from Sigma Aldrich with the exception of
Alexa Fluor® 488 cadaverine sodium salt (Life Technologies). Dichloromethane
(CH 2C1 2)was distilled from calcium hydride, methanol (MeOH) was distilled from
magnesium, and water (H 20)was purified with a MilliQ purification system (Millipore).
Analytical thin layer chromatography (TLC) was used to monitor reactions and was
performed on 0.25 mm pre-coated Silica Gel 6o F254 (Merck). Compounds were
visualized with ultraviolet light (254 nm) and/or charring with p-anisaldehyde (15 g Panisaldehyde, 5 mL H 2 SO 4 , 1 mL AcOH,

250

mL ethanol). Flash chromatography was

performed on 230 - 400 mesh SiliaFlash@ P6o silica gel (Silicycle).
1H

and 13C nuclear magnetic resonance (NMR) spectra were recorded on Bruker AC-

300 or Varian MercuryPlus 300 spectrometers, and polymers 1H NMR spectra were
recorded Varian INOVA 6oo spectrometer. Chemical shifts were reported relative to
trimethylsilane or residual solvent peaks in parts per million (CHC1 3 :
77.0; CH 30H:

1H 5

3-31,

13C 5

1H

8 7.26,

13C5

49.o; DMSO-d6:' H NMR5 2.50). Peak multiplicity is

reported as singlet (s), doublet (d), multiplet (m), doublet of doublet (dd), etc. All
spectra are reported in the supplemental information. High resolution electrospray
ionization mass spectra (HRESI-MS) were obtained on a Micromass LCT (electrospray
ionization, time-of-flight analyzer).
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2.5.2: Phenylmannoside synthetic procedure
a-1-0-(4-hydroxyphenylethylbromide)-2,3,4,6-tetra-O-acetyl-D-mannoside
2.6. To a
flask containing peracetylated mannoside

2.5

(0-31g, o. 8o mmol) in CH 2 C 2 (4 mL), 4

A molecular sieves were added and stirred for 30 min. The solution was cooled to o °C,
and 4-hydroxyphenylethyl bromide (0.48 g,
diethyl etherate (0.39 mL,

3.2

2.4

mmol) was added. Boron trifluoride

mmol) was added dropwise. The solution was maintained

at reflux overnight. The reaction mixture was quenched with triethyl amine. The organic
layer was washed with saturated NaHCO 3 and brine, dried over MgSO 4 , filtered, and
concentrated under reduced pressure. The crude oil was purified by column
chromatography (3:7 EtOAc:hexanes) to afford

12 (0.25

colorless oil.1H NMR (300 MHz, CDCl)

- 7.11 (M, 2H), 7.09 - 6.98 (m, 2H), 5.56

8 7.21

, 0.46 mmol, 58%) as a

(dd, J= 10.0, 3.5 Hz, 1H), 5.51 (d, J= 1.8 Hz, 1H), 5.43 (dd, J= 3.5, 1.8 Hz, 1H), 5.37 (t,
J=

1o.1

Hz, 1H), 4.35 - 4.22 (I, 1H), 4.16 - 4.02 (In, 2H), 3.53 (t, J= 7.5 Hz, 2H), 3.11

(t, J= 7.5 Hz, 2H),

2.20

(s, 3H),

2.05

(s, 9H).

13C

NMR (75 MHz, CDC 3 ) 6

170.48,

169-93, 169.90, 169.70, 154-59, 133.53, 129.83, 116.64, 95.90, 69.42, 69.15, 68.88, 65.97,
62.12,

38.49, 33.04, 20.68. HRMS (EMM): calc'd for C H 7 BrO 7 [M+Na]+: 553.0680,
2 2

2

found 553.0699.
a-d-1-0-(4-hydroxyphenylethylazide)-2,3,4,6-tetra-O-acetyl-D-mannoside2.7. To a
flask containing 2.6 (2.39 g,4.49 mmol), NaN 3 (o.88o g, 13.5 mmol) and NaI (0.670g,
13.5

mmol) were added. DMF (15 mL) was added, and the solution was stirred for 48 h.

CH C2 (60mL) was added, and the solution was washed with water
2

(20

(20

mL) and brine

mL). The organic layer was dried with MgSO 4 , filtered, and concentrated under

reduced pressure to afford 7 (1.98 g, 4.0 mmol, 91%) as a pure yellow solid.
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1H

NMR

(300 MHz, CDCl 3)6 7.19 - 7.12 (MI, 2H), 7.07 - 7.01 (m, 2H), 5.56 (dd, J= 10.0, 3.5 Hz,
1H), 5.50 (d, J= 1.9 Hz, 1H), 5.44 (dd, J= 3.5, 1.8 Hz, 1H), 5.37 (t, J= 10.2 Hz, 1H), 4.28

(dd, J= 12.1, 5.2 Hz, 1H), 4.08 (ddd, J= 12-5, 8.4, 3.6 Hz, 2H), 3.47 (t, J= 7.1 Hz, 2H),
2.84 (t, J= 7.1 Hz,

2H), 2.19

(d, J= 0.6 Hz, 3H),

MHz, CDCl) 6 170.46, 169.89,154.50, 132.68,

65.96,

62.12,

2.05

(s, 3H),

129.91,116.72,

2.03

(s, 3H).

13C

NMR (75

95.91, 69.41, 69.14, 68.89,

52.49, 34.51, 20.85. HRMS (EMM) calc'd forC 22 H 27 N3 0 10 [M+NH 4 ]+:

511.2035, found 511.2015.

a-1-O-(4-hydroxyphenylethylazide)-D-mannoside2.8. To a solution of
0.284

mmol) in methanol

(2.9

2.7

(0.140 g,

mL), 0.5 M sodium methoxide in methanol (o.6o mL,

0.28 mmol) was added. The solution was stirred for 1 h, and then quenched with
strongly acidic resin. The solution was filtered and concentrated under reduced
pressure. The oil was purified by column chromatography (3:14 MeOH:CH 2Cl 2) to
afford 2.8 (0.089 g, 0.27 mmol, 96%) as a colorless residue. 1H NMR (300 MHz,
CD3 COD) 6 7.15 (d, J= 8.6 Hz, 2H), 7.07 -

7.02

(M, 2H), 5.47 (d, J= 1.7 Hz, 1H), 4.03

(dd, J= 3.3,1.8 Hz, 1H), 3.94 (dd, J= 9.4, 33 Hz, 1H), 3.85 - 3.71 (m, 3H), 3.61 (dt, J=
9.8, 3.7 Hz, 1H), 3.42 (t, J= 7.0 Hz, 2H), 2.78 (t,J= 7.1 Hz, 2H).

13C

NMR (75 MHz,

CD 3 OD) 6 155.51,132.45, 129.80, 116.8o, 99.03, 74-03, 71.30, 70.84, 61.42, 52.49, 34.28.
HRMS (EMM) calc'd for C 14 H1 9 N 3 06 [M+Na]+: 348.1167, found 348.1150.
a-1-0-(4-hydroxyphenylethylamino)-D-mannoside2.9. To a solution of 2.8 (0.089 g,
0.27

mmol) in methanol (1.4 mL), palladium on carbon (0.017 g) was added. The flask

was evacuated under a balloon of hydrogen gas and left overnight. The mixture was
filtered through a Celite plug, and the plug was washed with methanol. The solution was
concentrated in vacuo to afford

2.9

(0.063 g, 0.23 mmol, 84%) as a clear residue. The

77

product purity was verified via 'H NMR. 'H NMR (300 MHz, CD 3 0D) 5 7.18 - 7.09 (m),
7.09 - 6.97 (m), 5.44 (d, J= 1.8 Hz), 4.01 (ddd, J= 5.3,3.4, 1.9 Hz), 3.92(ddd, J= 9.0,
5-3, 3.3 Hz), 3.81 - 3.70 (m), 3.61 (ddt, J= 9.7, 4.3, 2.7 Hz), 3.35,2.86- 2.74(M), 2.69
(q, J= 6.6 Hz).

13C

NMR (75 MHz, CD 3 0D) 8 156.57, 134.98,130-91, 118.o6, 100.44,

75.39, 72.55,72.15, 68.46, 62.75, 51.88, 44.43, 39-48,35.78. HRMS (EMM) calc'd for
C 14 H2 NO6
[M+H]+: 300.1442, found 300-1145.
1
5-oxo-norbornene2-exo-N-hydroxylsuccinimidy ester2.10. To a flask containing exo5-oxo-norbornene-2-carboxcylic acid 6 4(0.048 g, 0.35 mmol) in dichloromethane (1

mL), N-hydroxysuccinimide (0.053 g,

0.49

mmol) and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (o.o81 g, 0.45 mmol) were added under argon. The
solution was stirred for 14 h and then concentrated under reduced pressure. The residue
was purified by column chromatography (1:4 to 1:1 EtOAc:hexanes) to afford monomer
2.10 (0.028

g, 0.14 mmol, 37%) as a white solid.

1H

NMR (300 MHz, CDC 3)5 6.47 (dd,

J= 5.8, 1.7 Hz, 1H), 6.40 (dd, J= 5.8,1.7 Hz, 1H), 5.34 (t,J= 1.2Hz, 1H), 5.19 - 5.11 (m,
1H),2.92- 2.78

1.72(dd,

(m, 4H),2.72(dd, J= 8.5, 4.0 Hz, 1H),

2.25

(dt,J= 11.6, 4.3 Hz, 1H),

J= 11.7, 8.5 Hz, 1H).

2.5.3: General polymer synthesis
The synthesis of 10-mer2.12is provided as a general protocol. The degree of
polymerization was adjusted by varying the catalyst-to-monomer ratio. To a vial
containing monomer2.10(0.098 g, 0.42 mmol),CH 2 Cl2 (4.1 mL) was added, and the
solution was cooled to -78 °C under argon. A solution of catalyst

2.11

in CH C1
2

2

(0.1

M,

0.42mL, 0.042mmol) was added. The solution was allowed to warm to o °C, at which

point TLC analysis indicated no monomer remained. Ethyl vinyl ether(0.2 mL,
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2.0

mmol) was added, and the solution was stirred overnight at rt. The polymer was
precipitated into ether (45 mL), and the suspension was centrifuged at 3,ooo rpm for

20

min. The supernatant was decanted, and this procedure was repeated two more times.
The polymer was allowed to dry overnight. Comparison of the integration values of the
phenyl end cap moiety to the vinylic protons of the polymer backbone by

1H

NMR

spectroscopy gave the degree of polymerization. Polydispersity indices (PDIs) and
number-average molecular weights (Mn) were measured on a Waters gel permeation
chromatography (GPC) using two Viscotek ViscoGEL I-series columns (I-MBL MW3078 and I_MBH MW-3078) with 0.1 M LiBr in DMF as the eluent, and Varian
polyethylene glycol/polyethylene oxide polymer were used as standards.
2.5.4: Polymer functionalization
The functionalization procedure for io-mer

2.12

is provided. The mannose epitope to

polymer molar ratio could be varied to alter polymer density. Polymer 2.12 (1.97 mg,
o.ooo8o mmol) was dissolved in DMSO (o.8 mL) in a polypropylene tube. A solution of
2.9

in DMSO (oo mg/mL, 9.6 pL,

0.0032

mmol) was added followed by a solution of

Alexa Fluor@ 488 cadaverine sodium salt in DMSO (1

mg/mL, 77 pL,1.2 pmol). The

tube was protected from light and spun gently overnight. Ethanolamine

(1.2 pL, 0.02

mmol) was added and the resulting solution was spun gently on rotisserie for 8 h. The
polymer solution was transferred to

2K MWCO

dialysis tubing and dialyzed three times

against water. The water was removed by lyophilization to afford glycopolymer

2.1

orange powder. Percent conjugation of the mannoside epitope was calculated by

as an

1H

NMR spectroscopy. For the longer polymers, aggregates formed over time (several
months) when left at room temperature in a concentrated DMSO solution. The speed of
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aggregate formation could be enhanced by incubation in a high salt buffer (1.8M
phosphate buffer, pH 7.3) at room temperature. Aggregate size was consistent using
both aggregation methods.
2.5.5: Dynamic light scattering

Dynamic light scattering was performed on a DynaPro NanoStar DLS. All polymer
solutions were measured at 40 pM in phosphate buffered saline (pH 7.4). DLS
measurements were performed in triplicate and evaluated with regularization analysis.
The size distributions are provided in Table Si below.
2.5.6: Transmission electron microscopy

Polymer was dilutedto

20pM

in phosphate-buffered saline (pH 7.4). Carbon coated

grids were ionized and floated in polymer for 1 minute. The grid was washed with tris
buffer and floated on1-2% acidic uranyl acetate for20-60 seconds. Excess stain was
drawn off with filter paper, and the grid was air dried. Polymer was then imaged using a
FEI Technai Spirit Transmission Electron Microscope.
2.5.7: Production of fluorescently labeled virus like particles

HEK293T cells plated in 10c m tissue culture dishes were cotransfected to express
plasmids encoding HIV-1 Gag-mCherry, HIV-1 Rev and HIV-1 CCR5 tropic Env. 48
hours post transfection, viral supernatants were collected, filtered through a 0.2 Pm
filter, and spun through a o.1% sucrose cushion in a Beckman Coulter LE8oK
ultracentrifuge at 14000 RPM at 4 °C for 2 hours to sediment the virus like particles
(VLPs). Pellet was re-suspended in 10 mL of culture media (DMEM
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1o%

FBS 1%

PenStrep 1% L-glutamine), filtered through a 0.2

m sterile filter, aliquoted and stored

at -8o0 C until use.
2.5.8: Cell culture
Raji and Raji/DC-SIGN cells were obtained from the NIH AIDS Reference and Reagent
Program. 65 Cells were maintained in RPMI media (Gibco) supplemented with 10% fetal
bovine serum and penicillin/streptomycin at 37 °C and 5% carbon dioxide.
2.5.9: Isolation and culture of monocyte-derived dendritic cells (moDCs)
Blood was drawn under UW Madison IRB approved Human Subjects minimal risk
protocol M-2012-0130. Peripheral blood mononuclear cells from whole blood freshly
drawn from healthy human volunteers were isolated via centrifugation using RosetteSep
and Lymphoprep reagents (StemCell Technologies). Monocytes were separated by
adherence to tissue culture flasks. Immature dendritic cells were prepared by treatment
of monocytes with 500 U/ml human IL-4 and 8oo U/ml human GM-CSF (R&D
Systems) in CellGenix media for 6 days. Flow cytometry indicate that samples contain
about 98% dendritic cells.
2.5.10: Cell Stimulation and Transfections
MoDCs, Raji or Raji/DC-SIGN cells were suspended at 1-4 x 106 cells/mL in 1 mM CaCl
0.5 mM

2

MgCl 2 PBS pH 7.4 containing o.1% BSA. Where indicated, cells were pre-treated

at 37 °C for

15

min with inhibitors: Dynasore (8o pM), Genistein (oo IM) or vehicle

(o.1% DMSO). With inhibitor present, cells were treated with indicated polymers at 1040 MM mannose for indicated time periods prior to immunofluorescence analysis. For
the expression of mCherry fusion constructs, Rab 5 and Rab 7 cDNA (a gift of M. Sandor
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from University of Wisconsin - Madison) and human CD81 cDNA (Open Biosystems)
were cloned into pmCherry-Ni vector (Clontech). Raji/DC-SIGN cells were
electroporated with 1 pg of indicated plasmid using the Eppendorf Multiporator in isoosmolar electroporation buffer using a 90 ps,

1200

V pulse. Cells were then transferred

to pre-warmed culture media and utilized 48 hours post-transfection.
2.5.11: Polymer internalization confocal microscopy
Raji and Raji/DC-SIGN cells were spun and resuspended in PBS supplemented with
CaCl2 (Gibco) and 1% BSA at one million cells per mL. Polymers were added to 200,000
cells to a final mannose concentration of 40 pM (lo-mer and 33-mer) or 10 pM (1oomer and 275-mer). Cells were then incubated with polymer for 30 minutes at 37 °C,
washed, and transferred to eight-chambered cover glass slides (Nunc). Cells were
visualized on a Nikon Eclipse Ti-E AiR confocal microscope with a 6ox oil immersion
lens and the NIS Elements software package.
2.5.12: Flow cytometry
Raji and Raji/DC-SIGN cells were treated with each polymer at mannose residue
concentrations that ranged from 0.5 to 150 PM. Polymer interaction with cells was
analyzed using a BD FACS Calibur flow cytometer. Geometric mean of AF488
fluorescence for each sample was calculated using the FlowJo software package. To
identify DC-SIGN-specific polymer interactions, the fluorescence value measured for
Raji cells was subtracted from that of Raji/DC-SIGN cells for each point measured.
These values were then normalized to fluorophore content per polymer. In Figure 2, the
fluorescence values measured at 0.5 pM mannose were set to one for each curve. For
receptor blocking antibodies studies, cells were pre-treated with antibodies against the
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indicated receptor (a-DC-SIGN [BD Bioscience, 10 pg/mL], a-Dectin-2 [R&D Systems,
20 pg/mL], a-CD206 [BD Biosciences, 20 pg/mL]) for 20 minutes on ice, immediately
followed by incubation with 0.5 pM polymer for

15

minutes at 37 °C.

2.5.13: lmmunofluorescence and confocal microscopy
Where indicated, cells were incubated with 8 pg/mL Cy3-transferrin (Jackson
Immunoresearch) for 30 min in 1% BSA/RPMI. Cells were washed and treated with
polymer for the indicated time periods at either 4

°C or 37 °C and then placed

on ice

prior, washed and transferred to LabTek II Chambered Coverglass (#1.5). For HIV VLP
internalization, cells were pre-treated overnight with LPS and then incubated with HIV1::Gag-mCherry particles for 24 hr. In CD81 immunostaining experiments, cells were
treated with polymer or HIV/VLP, fixed in 4 %paraformaldehyde, washed,
permeabilized in 0.05 % saponin/PBS, and stained with mouse a-hCD81 (1.3.3.22)
(Santa Cruz Biotechnology) and either Alexa Fluor 594- or Dylight 649-a-mouse IgG
secondary antibody (Jackson Immunoresearch). The same procedure was used for
LAMP2 colocalization experiments using rat a-LAMP2 primary antibody (Santa Cruz
Biotechnology) and Alexa Fluor 594 donkey a-rat IgG secondary antibody (Thermo
Fisher Scientific). For the trypan blue quenching experiments, fluorescence images were
acquired before and after a 2 min incubation with trypan blue (o.1%; Bio-Rad), which
was added carefully to minimize sample movement. Cells were imaged on a Nikon AiR
confocal microscope (6oX oil immersion lens,

1.4

numerical aperture [NA]) or an RPI

spinning disk confocal microscope (63X oil immersion lens,

1.4

NA). Images were

despeckled or background subtraction was performed prior to colocalization.
Colocalization analysis was performed in Fiji using the Colocalization Threshold or
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Coloc 2plugin to obtain the Pearson's Coefficient and Mander's coefficient of antigen
overlap with the different markers. All p-values reported were acquired from the Mann
Whitney U-test performed using GraphPad Prism.
2.5.14: Cell stimulation and quantitative real-time PCR

Cytokine expression was measured by quantitative real-time PCR (qPCR) following 6 h
incubation of the moDC with polymer (400 pM mannose). After polymer stimulation,
total RNA was extracted with Trizol using Direct-zol

TM RNA

Kits (Zymo Research).

cDNA was synthesized using iScript cDNA Synthesis Kit (BioRad), and PCR
amplification was performed in the presence of SYBR green (BioRad) in a CFX96 RealTime PCR Detection System (BioRad). Specific primers were designed using
PrimerQuest tool (Integrated DNA Technologies, Inc.) (TableS2). Expression of specific
genes was normalized to GAPDH expression (ACt) and expression fold change was
calculated using the delta Ct method( 2 -(Act

Stim- ACt Unstim>).

2.5.15: RNA interference of DCs

The moDCs were transfected with 50 nM SMARTpool small interfering RNAs (siRNAs)
including Raf-1, GAPDH, and nontargeting siRNA as a control using transfection
reagents DF4 according to the manufacturer's protocol (Dharmacon). After 26 h of
transfection, cells were stimulated with particulate polymer (400 M mannose) for 6h
and RNAs were extracted for gene expression analysis. Gene silencing and cytokine
expression was verified by qPCR.
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Gene

Forward Primer

Reverse Primer

IL-6

Gene
ID
3569

TGCAATAACCACCCCTGACC

TGCGCAGAATGAGATGAGTTG

IL-io

3586

GCTCCAAGAGAAAGGCATCTAC

CCCTGATGTCTCAGTTTCGTATC

IL-12B

3593

CACAGGAGGATGACACAGAAA

ACAATTTCATGTCCTTAGCCATAAC

GAPDH

2597

CCATGTTCGTCATGGGTGTG

GGTGCTAAGCAGTTGGTGGTG

1-Actin

6o,

TCAGAAGGATTCCTATGTGGGCGA

TTTCTCCATGTCGTCCCAGTTGGT

Raf-1

5894

CTCGTGGACAGAGAGATTCAAG

CTCCGTGCCATTTACCCTTAT
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Chapter 3: Glycan-modified bacteriophage induces Thi-type
responses through DC-SIGN

Contributions:
Aryl mannoside ligand design and synthesis performed by Cassie M. Jarvis.
Virus-like particle and trimannose synthesis performed by Robert Hincapie, Craig S. McKay, Jiri
Schimer, and Carlos A. Sanhueza-Chavez with support from M.G. Finn.
In vivo experiments performed by Cassie M. Jarvis and Mohammad Murshid Alam with support
from Jake M. Olson and Mark E. Cook.
Biochemical experiments performed by Mohammad Murshid Alam and Ke Xu.
Research designed by Cassie M. Jarvis, Mohammad Murshid Alam, and Laura L. Kiessling.
92

3.1 Abstract
Dendritic cell (DC) lectins facilitate antigen uptake, processing, and presentation to
T cells. Lectin engagement also induces signaling to shape T cell responses. As such,
targeting antigens to these DC lectins is a promising approach to improve vaccine
efficacy. Specifically, the C-type lectin receptor DC-SIGN is involved in the recognition
and processing of many pathogens and has emerged as a promising target for vaccine
design. Virus-like particles are immunostimulatory and modular, making them effective
scaffolds to examine the efficacy of DC-SIGN-targeted antigens. We engineered
bacteriophage Qp virus-like particles (VLPs) bearing multiple copies of DC-SIGN ligand
to efficiently deliver antigen to DCs. Using copper-catalyzed azide-alkyne cycloaddition
reactions, QB VLPs were functionalized with varying densities of an aryl mannoside or
trimannoside ligand and assessed for targeting and signaling potential. We found that
mannosylated Q pmediated DC-SIGN-specific internalization to endosomes.
Additionally, higher mannoside loading enhanced particle uptake. Surprisingly, only
VLPs with high loading of the aryl mannoside ligand (QP-Man 4 o) stimulated expression
of proinflammatory Thi-type cytokines by DCs. Furthermore, mice immunized with Q
bearing aryl mannoside elicited antigen-specific IFN-y and TNF-a producing T cell
populations. These data demonstrate that aryl mannoside-functionalized QP VLPs can
target DC-SIGN to deliver antigen and modulate a Thi-type immune response. These
findings highlight the utility of such DC-SIGN-targeted particles as vaccine scaffolds to
induce cell mediated Thi-type responses against intracellular pathogens and tumors.
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3.2 Introduction
Dendritic cells (DCs) are powerful antigen presenting cells that serve as sentinels of
the immune system.1, 2 They circulate in the periphery of the body, bind and internalize
foreign antigen, and present it to adaptive immune cells to mount robust responses.3,4
To assist in pathogen recognition, DCs express carbohydrate binding lectins on their
surface. C-type lectin receptors (CLRs) are a prominent class of DC lectins that facilitate
pathogen uptake and processing for subsequent presentation to T cells.

5-8CLR

engagement also stimulates DC activation and can direct signaling to shape adaptive
immune responses through T cell polarization.8-11 T cell plasticity enables differentiation
into numerous subsets with specialized function. Lectin signaling directs DCs to secrete
cytokines during antigen presentation that can skew T cell activation toward cellular,
humoral, or regulatory subsets. Due to their immunomodulatory capacity, targeting DC
lectins is a promising strategy for the design of effective vaccines.12,13
DC-specific ICAM-grabbing non-integrin (DC-SIGN) is involved in the recognition
and uptake of many pathogens and is of great interest for DC-targeted therapies.14,15
Antigen internalization through this receptor can facilitate antigen loading on both
major histocompatibility complex (MHC) class I and II for presentation to cytotoxic
CD8+ and helper CD4+ T (Th) cells, respectively.1 6,17DC-SIGN binding can induce DC
signaling that promotes CD8+ T cell activation and CD4+ T cell polarization toward Thi
cells for cellular mediated immunity.18,19 DC-SIGN engagement can also induce
immunosuppressive responses. For example, pathogens like HIV and Mycobacterium
tuberculosis (Mtb) exploit DC-SIGN signaling to induce immune suppression and
evasion for increased infectivity.20-22Due to its potential for both immunostimulatory
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and immunosuppressive signaling, targeting DC-SIGN has great potential for directing
vaccine responses against intracellular pathogens and tumors as well as autoimmune
diseases.
Lectin-specific antibodies have been used to target antigen to DC-SIGN and other
CLRs for DC uptake and T cell polarization.18,19, 23These targeting antibodies, however,
can be immunogenic, decreasing the overall efficiency of the approach.24Additionally,
receptor clustering is important for CLR signaling, and antibodies cannot easily
facilitate the multivalent binding necessary for clustering. Therefore, the use of the
synthetically derived carbohydrate ligands has emerged as an alternative to target DC
lectins. Synthetic glycans have low immunogenicity and can be multivalently displayed
on nanoparticle scaffolds for increased CLR clustering, binding, and signaling.25-27
Furthermore, some lectins can distinguish structurally distinct carbohydrate ligands
and differentially modulate their signaling to induce distinct signaling pathways. For
example, DC-SIGN recognizes both mannose- and fucose-containing glycans on
pathogens but activates different signaling cascades for mannose and fucose binding.2 8
Therefore, synthetic carbohydrate ligands can access additional signaling potential in a
way that antibodies cannot.
Nanoparticles have become prevalent in vaccine design because their physical
features can be tuned for optimal in vivo characteristics. They are also chemically
defined and can be readily functionalized in a controlled manner to display different
ligands. In particular, virus-like nanoparticles (VLPs) are modular and
immunostimulatory, making them attractive vaccine scaffolds.29-31 Therefore, we
envisioned using VLPs to display multivalent glycans to investigate the benefits of
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antigen targeting to DC-SIGN. The coat protein of bacteriophage QP self assembles to
form stable nanoparticles and contains surface exposed lysines that can be utilized for
multivalent ligand conjugation.29,30,32,33We previously designed an aryl mannoside
ligand and demonstrated that multivalent display on soluble polymers induces DCSIGN binding and efficient endosomal routing for antigen processing.34We postulated
that VLPs that engage DC-SIGN would be more effective if the lectin routed them to
endosomes and activated signaling. Therefore, we employed copper-catalyzed azidealkyne cycloaddition reactions to functionalize Qp VLPs with varying densities of aryl
mannoside. We also functionalized Qp with a trimannoside ligand that more closely
mimicked the structure of mannose glycans found on pathogens. We found that Qp
VLPs with a high loading of mannoside induced DC-SIGN-specific uptake and
trafficking to endosomal compartments. Additionally, Q displaying high densities of
aryl mannoside (QP-Man

4

o) induced robust proinflammatory, Thi-type signaling

pathways and cytokine expression. When loaded with Ova peptide, QP-Man 4 o elicited
antigen-specific CD8+ T cell and CD4+ Thi cell activation. These T cell populations are
critical for effective responses against tumors and intracellular pathogens and indicate
that our DC-SIGN-targeted VLP construct offers great potential for vaccine design.
3.3 Results and discussion
3.3.1: QP virus-like particle design and synthesis
When expressed in Escherichiacoli (E. coli), bacteriophage Q pcoat protein selfassembles into nanoparticles-20 nmin diameter. During formation, VLPs encapsulate
immunostimulatory toll-like receptor (TLR) ligands.33Specifically, Q encapsulates
lipopolysaccharide (LPS) and ssRNA, the respective ligands for TLR 4 and 7.11,35,36
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QP particles displaying mannoside ligand. (A)

Fluorescent Q pVLPs were functionalized with azide handles to append the desired density of mannoside
ligand (3.3 or 3-4). Low density particles were also functionalized with enough pentaerythritol
monoether (PE) to achieve the same levels of overall loading across particles. (B) The panel of prepared
particles included

QP functionalized with high and low density of aryl mannoside (Qp 35 and 3.6) or

trimannose (Qp 3-7 and 3.8) and a control particle with only PE (Q 3-9).
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TLRs are expressed on DCs and recognize conserved pathogen associated motifs to
initiate "danger signals" that stimulate DC activation and signaling.11,37,38Many lectins
including DC-SIGN induce cooperative signaling with TLRs to shape Th cell
polarization.10, 39Therefore, DC-SIGN-targeted Q can induce both TLR and lectin
signaling for optimal control over DC responses.
Upon assembly, surface exposed Qp lysine residues were functionalized with Alexa
Fluor 488 and azide handles using N-hydroxysuccinimidyl ester couplings (Scheme
3.1A). Aryl mannoside (Man) 3.3 or trimannose (Man3) 3.4 were then conjugated to

fluorescent Qp 3.2using copper-catalyzed azide-alkyne cycloaddition reactions. To
investigate the role of multivalency on DC targeting and signaling, VLPs were
functionalized with different densities of each mannoside ligand. Particles with lower
ligand densities were also functionalized with control pentaerythritol monoether (PE)
to achieve consistent levels of lysine modification across particles. Additionally, to
ensure that any observed differences in particle activity resulted only from ligand
identity and density, Qp size and level of encapsulated RNA were quantified and
Table 3.1: Quantification of QO VLP size and RNA
encapsulation.

Qp VLP
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Radius (nm)

RNANLP (pg/mg)

QP-Mans4o3.5

30.2

448 ±12

QP-Mango 3.6

22.6

680 ±10

QP-Man34753.7

26.7

592± 8

QP-Man32003.8

21.8

659 ±12

QP-PE54o3.9

22.4

507 ±13

confirmed to be similar for all particles (Table 3.1). In summary, the panel of VLPs for
DC targeting and signaling studies included QP with high and low densities of aryl
mannoside 3.3 (Q-Man 54 o 3.5 and Qp-Mango 3.6) or trimannose 34 (Qp-Man3 4 o
3.7 and QP-Man3 2 oo3-8) as well as a control particle with only PE (Qp-PE 4 o3.9)
(Scheme 3.1B).
3.3.2: DC-SIGN-mediated QP particle uptake is enhanced by high mannose valency
To assess Q internalization through DC-SIGN, we incubated Raji cells and Raji
cells that have been stably transfected to express DC-SIGN (Raji/DC-SIGN) with the
panel of fluorescent Q VLPs 3.5 - 3.9 and assessed uptake by flow cytometry (Fig.
3.2A, B). Raji cells could not internalize any of the VLPs. This was expected as these B
cells do not naturally express mannose-binding receptors. However, Raji/DC-SIGN cells
internalized mannose-displaying Qp 35, 3.7, and 3.8, but not Qp-Mango 3.6. This
trend was also observed with human monocyte derived DCs (moDCs) (Fig. 3.1C). As
CLR binding is calcium dependent, addition of EDTA abrogated Q internalization and
confirmed that particle uptake in moDCs is CLR-mediated (Fig. 3.1F). Furthermore,
pre-treatment with anti-DC-SIGN (CD2o9) but not anti-mannose receptor (CD2o6)
antibodies decreased internalization of Qp3.5, 3.7, and 3.8 (Fig. 3.1D, E). Increasing
ligand valency has been shown to enhance antigen uptake through DC-SIGN.16,34,40
Together, these data demonstrate that Qp uptake is DC-SIGN-mediated and dependent
on high mannose valency.
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3.3.3: Mannosylated Q traffics to endosomal compartments

DC-SIGN can mediate different antigen trafficking patterns, 34 but small antigens are
typically internalized and routed to endosomes for antigen processing and presentation.
Efficient endosomal routing and antigen presentation is important for effective DCtargeted vaccines. Therefore, to assess the fate of internalized QP, we incubated moDCs
with VLPs 3.5 - 3.9 and assessed their trafficking using confocal microscopy.
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Figure 3.2: Q§ VLP trafficking toearlyand lateendosomes. (Aand C) Q-Man 4 35 (green)
was added to moDCs at 37°C for 30min and trafficking to (A) transferrin-labeled (red) early endosomes
and (C) LAMP-2-labeled (red) late endosomes was visualized by confocal microscopy. (B and D)
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Internalized Qpstrongly colocalized with both transferrin and LAMP-2, markers of the
early endosome and late endosome/lysosome (Fig.

3.2).

Thus, mannosylated particles

mediate efficient trafficking to the endolysosomal pathway through DC-SIGN regardless
of the extent of mannoside loading. These findings further demonstrate the potential of
mannose-functionalized QP VLPs as DC-targeting vaccine scaffolds.
3.3.4: Qp-Manso induces proinflammatory Th1-type cytokines through DC-SIGN

After confirming routing to antigen presenting compartments, we wanted to assess
the signaling capabilities of QP VLPs through DC-SIGN. Differences in DC-SIGN ligand
identity and binding affinity can have profound effects on DC cytokine expression and
subsequent T cell polarization. For example, in the presence of LPS (TLR4 agonist),
dendrimers or nanoparticles displaying fucose-containing Lewisx or Lewisb glycans can
induce robust CD4+ and CD8+ T cell activation for proinflammatory responses.1 6 ,41
Alternatively, with TLR4 signaling, the mannose-capped lipoarabinomannan
(ManLAM) of Mtb engages DC-SIGN and directs the secretion of immunosuppressive
cytokines IL-10 and TGF- for induction of Treg populations.21,

22,

28, 42,43Therefore,

we

hypothesized that the aryl mannoside 3.3 and trimannose 3.4 ligands could potentiate
different signaling when displayed on QP VLPs.
We incubated moDCs with Q particles 3.5 - 3.9 and measured cytokine mRNA
expression using quantitative real-time PCR (qPCR). The addition of exogenous TLR
agonists was unnecessary because Q contains encapsulated LPS and ssRNA for TLR4
and TLR7 activation, respectively. QB-Man 4o3.5 induced robust expression of the
proinflammatory cytokines IL-6, IL-12B, and TNF, but not the immunoregulatory
cytokine IL-10 (Fig. 3.3). Additionally, Q 3.5 promoted significant production of the
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).

complete, functional IL-12 heterodimer (IL-12p70) as confirmed by ELISA (data not
shown). To determine if cytokines produced by Qp-Man 54 o 3.5 treatment were DCSIGN-dependent, we pre-treated moDCs with an anti-DC-SIGN antibody (CD-2o9) and
measured cytokine expression upon incubation with QP VLPs. Consistent with the
specificity of particle uptake, expression of IL-6, IL-12B, and TNF is significantly
reduced upon antibody mediated blocking of DC-SIGN (Fig. 3.4). The local cytokine
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milieu directs CD4+ Th cell differentiation toward specific cellular subsets.44The
cytokine profile induced by Q1-Man

54

o3.5 is indicative of a Thi-type response that

can direct naive Th cells toward Thi cell polarization.45-49Activated Thi cells can then
secrete IFN-y which promotes CD8+ T cell activation.4 8 Thus, induction of Thi cells can
promote cell mediated immunity that is beneficial against intracellular pathogens and
tumors.
Interestingly, while trimannose functionalized QP-Man3 4753.7 and Q -Man3 2oo
3.8 displayed similar levels of internalization as Qp 3.5, they did not induce
significant expression of any Thi-type cytokines (Fig. 3-3). This suggests that DCSIGN-mediated immune modulation by QP particles is specific to the structure of the
mannoside ligand that is displayed. It is striking that our aryl mannoside ligand elicited
robust DC responses, whereas the trimannoside failed to induce cytokine production
despite having a structure closer to native DC-SIGN mannose ligands. The carbohydrate
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recognition domain (CRD) of many lectins are often enriched in aromatic residues. As
such, we incorporated the phenyl group into aryl mannoside 3.3 to potentially engage
these CRD aromatic residues and enhance DC-SIGN binding. Therefore, we postulated
that the different signaling potential between the two ligands 3.3 and 3.4 was arising
from differences in DC-SIGN binding affinity. As determined by an ELISA-based
competitive binding assay, the ligands showed similar binding to DC-SIGN at
physiological pH; however, at lower pH, aryl mannoside 3.3 displayed a 3-fold
enhancement in binding compared to trimannose 3.4 (data not shown). Extracellular
Q pbinding to DC-SIGN occurs at physiological pH, therefore QB displaying aryl
mannoside or trimmanose can bind to DC-SIGN with similar affinity and induce the
same level of uptake. VLPs are then routed through the endolysosomal pathway where
the pH begins to acidify, and only

Q-Man 54 o3.5 bearing

aryl mannoside can maintain

DC-SIGN binding and signaling. In this way, Qp-Man 4 o3.5, QP-Man3 475 3.7, and QPMan3 2oo 3.8 can exhibit similar uptake and trafficking, but only Q 3.5 elicits sufficient
DC signaling for robust immunostimulatory Thi-type cytokine secretion. Therefore, aryl
mannoside-functionalized Qp VLPs have the capacity to effectively shape adaptive
immunity.
3.3.5: Mannosylated Qp induces Thi-type responses in vivo
To investigate the ability of the Q platform to shape T cell responses in vivo, we
designed mannosylated Qp VLPs to display a Th cell peptide epitope from the protein
ovalbumin. We genetically engineered the Ova 3 23 -3 39 (Ova) sequence into the C-terminus
of Qp coat protein. The Ova-modified coat protein was co-expressed with wild type
protein to assemble hybrid VLPs with approximately 30 copies of the Ova epitope (Qp-
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Ova VLPs). Additionally, the Ova peptide was designed to contain a cathepsin D
protease-sensitive linker to enable epitope cleavage in endosomes for efficient MHCII
loading and subsequent antigen presentation.50,51Q-Ova VLPs were then
functionalized with aryl mannoside (QP-Man 4oOva 3-10), trimannose (QP-Man3 2ooOva 3.11), or PE (QP-PE5 4 oOva 3.12) (Fig. 3-5).
Mice were immunized with three doses of Q VLPs 3.10 - 3.12 formulated with

equal volume Freund's Complete Adjuvant (CFA) (primary injection) or Incomplete
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Figure 3-5:

QP VLP design for in vivo studies. The panel of prepared particles for in vivo

immunizations incorporated a CD4+ T cell peptide epitope from Ovalbumin (Ova

23 -339)that

included a

cathepsin D protease sensitive linkage sequence. The CatD-Ova 323 peptide sequence was genetically
engineered into the C-terminus of Qp coat protein and co-expressed with wild type QP coat protein for a

QP-Ova VLPs were then functionalized with Man (QMan 54 0-Ova 3-9), Man3 (Qp-Man3 2 oo-Ova 3.11), or PE (control Qp-PE5 40 -Ova 3.12).
total of 30 Ova peptide/hybrid VLP. The hybrid
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Adjuvant (IFA) (booster injections) at day o,

14,

and 28. Splenocytes were isolated at

day 41, stimulated with exogenous Ova peptide, and analyzed for Ova-specific cellular
responses. QP-Man

4

oOva 3.10 immunized mice generated the most robust antigen-

specific Thi CD4+IFN- y+TNF-a+ cells (Fig. 3.6A). Generation of Thi cells stimulates
increased CD8+ cytotoxic T cell activation,45,4 8 and

Q-Man

4

oOva 3-10 also induced

significant Ova-specific CD8+IFN-y+ TNF-a+ cell activation (Fig. 3.6B). Such responses
were not observed with

A

Q-Man3 2ooOva 3.11 or control QP- PE5 4 oOva
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QP-Man4o-Ova induces Thi-type immune responses in vivo. Mice (n=4) were
immunized with QpVLPs3.10-3-12formulated with Freund's Complete Adjuvant (CFA) on day o and
Figure 3.6:

Freund's Incomplete Adjuvant on day 14 and 28. Splenocytes were isolated on day 41, and T cell
responses were analyzed by flow cytometry. Cells were stimulated with Ova 323 peptide for2h, treated
with Brefeldin A for 6 h, and stained for intracellular cytokines as well as CD4+ (A) and CD8+(B) T cell
markers. (*P<O.05) between

Q-treated and naive responses.
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Weekly serum was also collected to assess Ova-specific IgG antibody responses.
Mice immunized with QP-Man

4

oOva 3.10 produced diminished anti-Ova IgG

responses compared to Q3-Man3 2ooOva 3.11 and Q-PE 54 oOva 3.12immunized mice
(Fig. 3-7). Increased antibody responses are characteristic of DC-mediated Th2cell
polarization and facilitate humoral immunity. Conversely, Thi-type cytokines secreted
by DCs induce Thi cell polarization and as a result minimize the induction of Th2
cells.47,52,53This can decrease overall antibody production and instead promote

cytotoxic cell mediated immunity. Therefore, decreased antibody production in mice
treated with Qp-Man 4oOva 3.10 corresponds to enhanced Thi-type cytokine
production and increased Thi
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formulated with Freund's Complete Adjuvant (CFA) on day
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3.4 Conclusions

In summary, we have engineered a QP VLP scaffold that possesses several key
features of a potent vaccine scaffold. Mannoside-functionalized QP VLPs can specifically
target antigens to DCs and facilitate efficient antigen uptake and presentation through
DC-SIGN. Moreover, Q VLPs with a highly valent display of aryl mannoside ligand can
induce DC-SIGN-mediated signaling and cytokine secretion that shapes adaptive
immunity toward a Thi-type immune response (Fig. 3.8). These VLPs induce antigenspecific Thi and cytotoxic CD8+ cells and have great potential in generating robust
immune responses against intracellular pathogens and tumors. Future studies are
underway to examine the efficacy of mannosylated Qpagainst tumors in experimental
animal models.
Cellular immunity
(viruses, tumors)

DC
Thi cell

T cell

•
11L12, TNF-a

•

IFN-y

Figure 3-8: Aryl mannoside-functionalized QP effectively targets DCs and stimulates
antigen-specific Thi-type immune responses.
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3.5 Materials and methods
3.5.1: General synthetic materials and methods

All moisture- and oxygen-sensitive reactions were carried out in flame-dried
glassware under a nitrogen atmosphere. Unless otherwise noted, all reagents and
solvents were the highest commercially available grades and used without further
purification. All chemicals were purchased from Sigma-Aldrich (MilliporeSigma).
Solvent was obtained from a solvent purification system (Pure Process Technology), and
water (H 20)was purified with a MilliQ purification system (Millipore). Analytical thin
layer chromatography (TLC) was used to monitor reactions and was performed ono.25
mm pre-coated Silica Gel 6o F254 (Merck). Compounds were visualized with ultraviolet
,

light (254 nm) and/or charring with p-anisaldehyde (15 g p-anisaldehyde, 5 mL H 2 SO 4
1

mL AcOH,

250

mL ethanol). Flash chromatography was performed on 230 - 400

mesh SiliaFlash@ P60 silica gel (Silicycle).
1H

and

13C

nuclear magnetic resonance (NMR) spectra were recorded on Bruker

Avance-500 with DCH cryoprobe or Bruker-Avance-400 with BBFO probe
spectrometers. Chemical shifts were reported relative to trimethylsilane or residual
solvent peaks in parts per million (CHCl 3:
49.o; DMSO-d:

1H

NMR 8

2.50).

1H

8 7.26,13C 8 77.0; CH 30H:

1H

8 3.31,13C 8

Peak multiplicity is reported as singlet (s), doublet

(d), multiplet (m), doublet of doublet (dd), etc. High resolution electrospray ionization
mass spectra (HRESI-MS) were obtained on a Micromass LCT (electrospray ionization,
time-of-flight analyzer).
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3.5.2: Qp-(AF488) 20(N 3) 700(3.2) synthetic procedure
A solution of WTQp (200 pL from 10mg/mL stock solution in o.1 M K-Phos, pH 7.0,
0.14 pmol subunit, 0.56 pmol reactive amines) was cooled in an ice bath. The 1.7 mL
microfuge tube was wrapped in aluminum foil to protect from light, and Alexa Fluor@
488 NHS Ester (1o pL from 10 mM stock solution in DMSO, 0.1 imol) was added. The
tube was gently inverted to mix the reagents and then was incubated at rt for 3 h. The
extent of acylation on

Q

3.1 was approximated to 20 AF488 molecules per particle

from analysis of ESI-MS of the reaction mixture. The reaction was cooled in an ice bath
and NHS-azide (40 pL from 100 mM stock solution in DMSO, 4.0pmol) was added.
The reaction was inverted several times to mix the reagents, then was incubated at rt for
3 h. ESI-MS indicated that all remaining amine groups had been acylated with azide
functionality to form Q 3.2. The reaction mixture was purified by centrifugal filtration
against o.1 M K-Phos (3 x 15 mL, 3500g, 4 °C, 7 min runs) and on the last spin was
concentrated to -o.8 mL. The sample was then sterile filtered through a0.2 pm PTFE
syringe filter, and total protein content was quantified by Bradford assay against BSA
standards. Recovery of protein was approximately 70%. The extent of modification was
determined by ESI-TOF HRMS and electrophoresis. The azide modified particles was
composed of >95% intact particles as determined by analytical size exclusion FPLC and
DLS.
3.5.3: Mannoside synthetic procedure
N-(4-(((2R,3S,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2yl)oxy)phenethy)pent-4-ynamide 3.3. To a flame dried flask containing a-1-0-(4hydroxyphenylethylamino)-D-mannoside4 (0.100 g, 0.334 mmol) was added 4I1

pentynoic acid (o.039g, 0.401 mmol) and EDCI-HCl (0.154 g, 0.802 mmol). DMF (4.2
mL) and DIEA (0.28 mL, 1.604 mmol) were added, and the solution was stirred
overnight at room temperature. The reaction mixture was concentrated under reduced
pressure and purified by column chromatography (10-30% MeOH/DCM) to afford 3.3
(0.528 g, 0.176 mmol, 53%) as a clear residue. The product purity was verified via NMR.
1H

NMR (500 MHz, CD 3OD) 6 7.15 (d, J= 8.6 Hz, 2H), 7.04 (d, J= 8.6 Hz, 2H), 5.43 (d,

J= 1.9 Hz, 1H), 3.98 (dd, J= 3.4, 1.8 Hz, 1H), 3.89 (dd, J= 9.5, 3.4 Hz, 1H), 3.78 - 3.67
(m, 3H), 3.60 (ddd, J= 9.8, 5.1, 2.6 Hz, 1H), 3.37 (dd, J= 7.9, 6.7 Hz, 2H), 2.74 (t,J=
7.3 Hz, 2H), 2.44 (tdd, J= 7.1, 2.6, 1.1 Hz, 2H), 2.34 (td, J= 7.2, 1.1 Hz, 2H), 2.26 (t,J=
2.6 Hz, 1H). 13C NMR (126 MHz, MeOD)6 173.95, 156.57, 134-38, 130.86, 117.86,
100.33,

83-51, 75.28, 72.42, 72.06, 70.29, 68.35, 62.66, 42.18, 36.04, 35.74, 15-73.

HRMS (EMM) calc'd for C1 9 H 25NO7 [M+H]+: 380.1704, found 380.1697.
3.5.4: Ligand-functionalized Qp synthetic procedure (3.5-3.9)
Qp-(AF488)2 (Man) 4 3.5.
An aluminum foil wrapped 1.7 microfuge tube containing
0
Qp(AF488) 2 (N 3 )70 3.2 (250 ML from 5.3 mg/mL stock solution in o.1 M K-Phos, pH
7.0, 87 nmol subunit, 0.35 pmol reactive azides) was added aryl mannoside alkyne 3.3
(21 pL from 50 mM stock solution in DMSO, 1.05 pmol), THPTA (35 ML from 50 mM
stock solution in H 20,

1.75

Pmol), CuSO4 (10 pL from 50 mM stock solution in H 0, 0.5

pmol), amino guanidine (35 ML from

2

100

mM stock solution in H 20, 3.5 pmol) and

sodium ascorbate (35 ML from 100 mM stock solution in H 2 0, 3.5 pmol). The tube was
gently inverted to mix the reagents and then was incubated at 37 °C for 4 h. Upon
completion, the reaction was purified by PD-1i desalting column, and the sample was
concentrated briefly by centrifugal filtration using an Amicon Ultra
112

1ook

MW cut-off

device. Total protein content was determined by Bradford assay against BSA standards.
Recovery of protein was approximately 71%. The extent of modification was determined
by ESI-TOF HRMS and by electrophoretic analysis. Particle stability following ligand
conjugation was confirmed by FPLC and DLS.
Qf-(AF488)2 (PE)45 (Man)
containing Qp (AF488) 2 (N)

90

7

3.6. An aluminum foil wrapped 1.7 microfuge tube
3.2(250 pL from 5.3 mg/mL stock solution in o.1 M K-

00

Phos, pH 7.0, 87 nmol subunit, 0.35 pmol reactive azides) was added aryl mannoside

3.3, THPTA (35 pL from 50 mM stock solution in H 2 0,

1.75Pmol),

CuSO 4

(10

pL from

50 mM stock solution in H 0, 0.5 pmol), amino guanidine (35 pL from 100 mM stock
2

solution in H 2 0, 3.5 pmol) and sodium ascorbate (35 pL from 100 mM stock solution in
H 20, 3.5 pmol). The tube was gently inverted to mix the reagents and then was
incubated at 37 °C for 4 h. LCMS was used to determine the level of modification.
Without purification the rest of the azides were capped by adding2,2-bishydroxymethyl-3-prop-2-ynyloxy-propan--ol (PE) (31.1 pL from 50 mM stock solution
in DMSO, 5 eq to reactive azide), THPTA(12.5

L from 1 M stock solution in H 20,50 eq

to reactive azide),CuSO4 (12.5 pL from 200mM stock solution in H 0, 10 eq to reactive
2

azide), amino guanidine (62pL from 500 mM stock solution in H 0, 100 eq to reactive
2

azide) and sodium ascorbate (62pL from 500 mM stock solution in H 0, 100 eq to
2

reactive azide). The tube was gently inverted to mix the reagents and then was incubated
at 50 °C for 1.5 h. Upon completion, reaction mixture was purified by centrifugal
filtration against o.1 M K-Phos (dilution factor >10000x, 4000g, 4 °C, 7 min runs) and
on last spin was concentrated to -0.3 ml. Upon completion, the reaction was purified by
PD-10 desalting column, and the sample was concentrated briefly by centrifugal
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filtration using an Amicon Ultra iook MW cut-off device. Total protein content was
determined by Bradford assay against BSA standards. Recovery of protein was
approximately 62%. The extent of modification was determined by ESI-TOF HRMS and
by electrophoretic analysis. Particle stability following ligand conjugation was confirmed
by FPLC and DLS.

Qp-(AF488) 2 (Man)

47

3.7. An aluminum foil wrapped 1.7 microfuge tube containing

Qf (AF488) 2 (N 3 )70 3.2 (150 ML from 12.5 mg/mL stock solution in o.1 M K-Phos, pH
7.0,126 nmol subunit, 0.470 pmol reactive azides) was added trimannose alkyne 3.4
(112 pL from 50 mM stock solution in water, 12 eq to reactive azide), THPTA (18.7 pL
from 1 M stock solution in H 2 0, 50 eq to reactive azide), CuSO 4 (18.7 PL from 200 mM
stock solution in H 0, 10 eq to reactive azide), amino guanidine (93 PL from 500 mM
2

stock solution in H 2 0, 100 eq to reactive azide) and sodium ascorbate (93 PL from 500
mM stock solution in H 2 0, 100 eq to reactive azide). The tube was gently inverted to

mix the reagents and then was incubated at 50 °C for 1.5 h. Upon completion, reaction
mixture was purified by centrifugal filtration against o.1 M K-Phos (dilution factor
>10000x, 4000g, 4 C, 7 min runs) and on last spin was concentrated to ~-0.3 ml. Total
protein content was determined by Bradford assay against BSA standards. Recovery of
protein was approximately 67%. Particle stability following ligand conjugation was
confirmed by FPLC and DLS. Note: the trimannose alkyne 3.4 was contaminated with a
small amount of free pentynoic acid, roughly ~60 copies got co-clicked on the particle.
3.8. An aluminum foil wrapped 1.7 microfuge tube
Q/-(AF488)2 0(Man) 2 0(PE)340
0
containing

Qp (AF488) 2

(N3 ) 70 3.2 (oo

L from 12.5 mg/mL stock solution in o.1 M

K-Phos, pH 7.0, 84 nmol subunit, 0.311 pmol reactive azides) was added trimannose
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alkyne 3.4 (14.3 pL from 50 mM stock solution in water, 2.3 eq to reactive azide),
THPTA (12.5 pL from 1 M stock solution in H 2 0, 50 eq to reactive azide),CuSO

4 (12.5

ML

from 200 mM stock solution in H 0, 10 eq to reactive azide), amino guanidine (62 PL
2

from 500 mM stock solution in H 0, 100 eq to reactive azide) and sodium ascorbate (62
2

pL from 500 mM stock solution in H 0, 100 eq to reactive azide). The tube was gently
2

inverted to mix the reagents and then was incubated at 50 °C for 2.5 h. LCMS was used
to determine the level of modification. Without purification the rest of the azides were
capped by adding 2,2-bis-hydroxymethyl-3-prop-2-ynyloxy-propan-1-ol (PE) (31.1 PL
from 50 mM stock solution in DMSO, 5 eq to reactive azide), THPTA (12.5 pL from 1 M
stock solution in H 2 0, 50 eq to reactive azide),CuSO

4 (12.5

PL from 200 mM stock

solution in H 0, 10 eq to reactive azide), amino guanidine (62 pL from 500 mM stock
2

solution in H 0, 100 eq to reactive azide) and sodium ascorbate (62 pL from 500 mM
2

stock solution in H 0, 100 eq to reactive azide). The tube was gently inverted to mix the
2

reagents and then was incubated at 50 °C for 1.5 h. Upon completion, reaction mixture
was purified by centrifugal filtration against o.1 M K-Phos (dilution factor >0oooox,
4000, 4 °C, 7 min runs) and on last spin was concentrated to ~o-3 ml. Total protein

content was determined by Bradford assay against BSA standards. Recovery of protein
was approximately 77%. The extent of modification was determined by ESI-TOF HRMS.
Particle stability following ligand conjugation was confirmed by FPLC and DLS. Note:
the trimannose alkyne 3.4 was contaminated with a small amount of free pentynoic
acid, roughly ~60 copies got co-clicked on the particle.
Qf-(AF488)2 (PE) 4 03-9. An aluminum foil wrapped

(AF488) 2 o(N 3 )7

o0 3.2

1.7

microfuge tube containing Qp

(250 [L from 5.3 mg/mL stock solution in o.1 M K-Phos, pH 7.0,
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87 nmol subunit, 0.35 pmol reactive azides) was added 2,2-bis-hydroxymethyl-3-prop2-ynyloxy-propan-1-ol (PE) (21 pL from 50 mM stock solution in DMSO, 1.05pmol),
THPTA2 (35 pL from 50 mM stock solution in H 0,
2

1.75

pmol), CuSO4 (10 pL from 50

mM stock solution in H 0,0-5 pmol), amino guanidine (35 pL from 100 mM stock
2

solution in H 20, 3.5 pmol) and sodium ascorbate (35 pL from 100 mM stock solution in
H 2 0, 3.5 pmol). The tube was gently inverted to mix the reagents and then was
incubated at 37 °C for 4 h. Upon completion, the reaction was purified by PD-10
desalting column, and the sample was concentrated briefly by centrifugal filtration using
an Amicon Ultra iook MW cut-off device. Total protein content was determined by
Bradford assay against BSA standards. Recovery of protein was approximately 77 %. The
extent of modification was determined by ESI-TOF HRMS and by electrophoretic
analysis. Particle stability following ligand conjugation was confirmed by FPLC and
DLS.
3.5.5: Preparation of QP-CatD-Ova

23-339

particles

VLP preparation was performed as previously described.33, 54The complete
sequence of the extended particle is as follows:
AKLETVTLGNIGKDGKQTLVLNPRGVNPTNGVASLSQAGAVPALEKRVTVSVSQPSRN
RKNYKVQVKIQNPTACTANGSCDPSVTRQAYADVTFSFTQYSTDEERAFVRTELAALLA
SPLLIDAIDQLNPAYGGASESGADGSPLEFISQAVHAAHAEINEAGR.

Incorporation of

the ~30 copies of extended capsid protein per particle was determined by a protein chip
analysis and LCMS analysis. The preparation of the azide-modified particle is identical
to WT Qp 3.2.
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3.5.6: Ligand-functionalized Qp-Ova synthetic procedure (3.10-3.12)
Q#-CatD-OVA(AF488)2 (Man)4o3.l:To an aluminum foil wrapped 1.7 microfuge
tube containing Qp-CatD-OVA(AF488) 2 o(N 3 )70 0 (150 pL from

10mg/mL

stock solution

in o.1 M K-Phos, pH 7.0, 101 nmol subunit, 0.373 pmol reactive azides) was added aryl
mannose alkyne 3.3 (30 pL from 50 mM stock solution in water, 4 eq to reactive azide),
THPTA (15 pL from 1 M stock solution in H 2 0, 50 eq to reactive azide),CuSO

4

(15 PL

from 200mM stock solution in H 2 0, 10 eq to reactive azide), amino guanidine (75 PL

from 500 mM stock solution in H 0, 100 eq to reactive azide) and sodium ascorbate (75
2

L from 500 mM stock solution in H 0, 100 eq to reactive azide). The tube was gently
2

inverted to mix the reagents and then was incubated at 50 °C for 1.5 h. Upon
completion, reaction mixture was purified by centrifugal filtration against o.1 M K-Phos
(dilution factor >1oooox, 4000, 4 °C, 7 min runs) and on last spin was concentrated to
~0.2ml.

Total protein content was determined by Bradford assay against BSA

standards. Recovery of protein was approximately 73 %. The extent of modification was
determined by ESI-TOF HRMS. Particle stability following ligand conjugation was
confirmed by DLS.
Q#-CatD-OVA(AF488)2 (Man) 200 (PE)4 o3.11:
To an aluminum foil wrapped 1.7
3
microfuge tube containing QP-CatD-OVA(AF488) 2o(N 3 ) 700
stock solution in o.1 M K-Phos, pH 7.0, 67 nmol subunit,

(100

0.250

pL from

12.5

mg/mL

pmol reactive azides)

was added trimannose alkyne 3.4(12.5 pL from 50 mM stock solution in water,2.5 eq
to reactive azide), THPTA (5 pL from 1 M stock solution in H 2 0, 50 eq to reactive azide),
CuSO4 (5 pL from 200 mMstock solution in H 2 0, 10 eq to reactive azide), amino

guanidine(25 ML from 500 mM stock solution in H 0, 100 eq to reactive azide) and
2
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sodium ascorbate (25 pL from 500 mM stock solution in H 0, 100 eq to reactive azide).
2

The tube was gently inverted to mix the reagents and then was incubated at 50 °C for 2.5
h. LCMS was used to determine the level of modification. Without purification the rest
of the azides were capped by adding 2,2-bis-hydroxymethyl-3-prop-2-ynyloxy-propan-1ol (PE) (20 pL from 50 mM stock solution in DMSO, 4 eq to reactive azide), THPTA (1o
pL from 1 M stock solution in H 20, 50 eq to reactive azide), CuSO4 (1

pL from

200 mM

stock solution in H 0, 10 eq to reactive azide), amino guanidine (5o PL from 500 mM
2

stock solution in H 2 0, 100 eq to reactive azide) and sodium ascorbate (50 pL from 500
mM stock solution in H 0,
2

100

eq to reactive azide). The tube was gently inverted to

mix the reagents and then was incubated at 50 °C for 1.5 h. Upon completion, reaction
mixture was purified by centrifugal filtration against o.1 M K-Phos (dilution factor
>10000x, 4000g, 4 C, 7 min runs) and on last spin was concentrated to ~0.25 ml.
Total protein content was determined by Bradford assay against BSA standards.
Recovery of protein was approximately 60 %. The extent of modification was
determined by ESI-TOF HRMS. Particle stability following ligand conjugation was
confirmed by DLS. Note: the Man3-alkyne was contaminated with a small amount of
free pentynoic acid, roughly ~25 got co-clicked on the particle.
Qf#-CatD-OVA(AF488)20 (PE)

40

containing QP-CatD-OVA(AF488)

3.12: To an aluminum foil wrapped 1.7 microfuge tube
2

(N 3 )7 oo (150

L from

10mg/mL

stock solution in o.1

M K-Phos, pH 7.0, 101 nmol subunit, 0.373 pmol reactive azides) was added 2,2-bishydroxymethyl-3-prop-2-ynyloxy-propan--ol (PE) (30 pL from 50 mM stock solution
in water, 4 eq to reactive azide), THPTA (15 ML from 1 M stock solution in H 20, 50 eq to
reactive azide), CuSO4 (15 pL from 200 mM stock solution in H 0, 10 eq to reactive
2
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azide), amino guanidine (75 pL from 500 mM stock solution in H 0, 100 eq to reactive
2

azide) and sodium ascorbate (75 pL from 500 mM stock solution in H 0, 100 eq to
2

reactive azide). The tube was gently inverted to mix the reagents and then was incubated
at 50 °C for 1.5 h. Upon completion, reaction mixture was purified by centrifugal
filtration against o.1 M K-Phos (dilution factor >10000x, 4000g, 4 °C, 7 min runs) and
on last spin was concentrated to -0.2 ml. Total protein content was determined by
Bradford assay against BSA standards. Recovery of protein was approximately 73 %. The
extent of modification was determined by ESI-TOF HRMS. Particle stability following
ligand conjugation was confirmed by DLS.
3.5.7: Cell culture
Raji and Raji/DC-SIGN cells were obtained from the NIH AIDS Reference and Reagent
Program.55 Cells were maintained in RPMI media (Gibco) supplemented with 1o% fetal
bovine serum and penicillin/streptomycin at 37 °C and 5% carbon dioxide.
3.5.8: Isolation and culture of monocyte-derived dendritic cells (moDCs)
Blood was drawn under UW Madison IRB approved Human Subjects minimal risk
protocol M-2012-ol30. Peripheral blood mononuclear cells from whole blood freshly
drawn from healthy human volunteers were isolated via centrifugation using RosetteSep
and Lymphoprep reagents (StemCell Technologies). Monocytes were separated by
adherence to tissue culture flasks. Immature dendritic cells were prepared by treatment
of monocytes with 500 U/ml human IL-4 and 800 U/ml human GM-CSF (R&D
Systems) in CellGenix media for 6 days. Flow cytometry indicate that samples contain
about 98% dendritic cells.
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3.5.9: QP particle (3.5-3.9) internalization flow cytometry
Raji cells, Raji/DC-SIGN cells, or moDCs were treated with each Q VLP at 2nM.
Particle internalization was analyzed using a BD FACS Calibur flow cytometer.
Geometric mean of AF488 fluorescence for each sample was calculated using the FlowJo
software package. These data were then normalized to unstimulated cells. For receptor
blocking antibodies and EDTA studies, cells were pre-treated with antibodies against
the indicated receptor (a-DC-SIGN [BD Bioscience,
Biosciences,

20

pg/mL]) or with EDTA for

20

10

g/mL], a-CD2o6 [BD

minutes on ice, immediately followed by

incubation with 2nM Qp particle polymer for 15 minutes at 37 °C.
3.5.10: QP particle (3.5-3.9) trafficking confocal microscopy
MoDCs were incubated with 8 pg/mL Cy3-transferrin (Jackson Immunoresearch) for
30 min in

1%

BSA/RPMI. Cells were washed and treated with Q (2 nM) for the

indicated time periods at 37

°C and then placed

on ice, washed and transferred to

LabTek II Chambered Coverglass (#1.5) for imaging. For LAMP-2 staining, moDCs with
incubated with Qpfor 30 min at 37 °C, placed on ice, and washed. Cells were then fixed
in 4% paraformaldehyde, washed, permeabilized in 0.05 % saponin/PBS, and stained
with rat a-LAMP2 primary antibody (Santa Cruz Biotechnology) and Alexa Fluor 594
donkey a-rat IgG secondary antibody (Thermo Fisher Scientific). Imaging was
performed on a Nikon AiR confocal microscope (6oX oil immersion lens, 1.4 numerical
aperture [NA]). Images were despeckled or background subtraction was performed
prior to colocalization. Colocalization analysis was performed in Fiji using the
Colocalization Threshold.
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3.5.11: Cell stimulation and quantitative real-time PCR
Cytokine expression was measured by quantitative real-time PCR (qPCR) following 6 h
incubation of the moDC with Q pVLP (4 nM). To determine DC-SIGN mediated cytokine
expression, moDCs were treated with a-DC-SIGN [BD Bioscience,

10

pg/mL] for

20

minutes on ice, immediately followed by particle stimulation. After parcticle
stimulation, total RNA was extracted with Trizol using Direct-zol

TM

RNA Kits (Zymo

Research). cDNA was synthesized using iScript cDNA Synthesis Kit (BioRad), and PCR
amplification was performed in the presence of SYBR green (BioRad) in a CFX96 RealTime PCR Detection System (BioRad). Specific primers were designed using
PrimerQuest tool (Integrated DNA Technologies, Inc.). Expression of specific genes was
normalized to GAPDH expression (ACt) and expression fold change was calculated
using the delta Ct method (2-(At Stim-ACt Unstim)).

3.5.12: Immunizations
Animals were maintained in accordance with the University of Wisconsin-Madison
Research Animal Resources Center and with the MIT Committee for Animal Care (CAC)
and Institutional Care and Use Committee (IACUC), which adhere to both national and
local guidelines. Groups of 4-6 weeks old female C57BL/6 mice (Jackson Laboratories)
received s.c. immunizations on day o with indicated dosage of antigen in 50 PL sterile
saline mixed with equal volume CFA (Invivogen). Mice received s.c. booster injections
on day

14

and 28 with indicated dosage of antigen in 50 pL sterile saline mixed with

equal volume IFA (Invivogen). Serum samples were collected weekly post-injection.
Mice were euthanized on day 41 and tissue was collected for splenocyte isolation.
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3.5.13: Splenocyte isolation and T cell cytokine analysis by flow cytometry
Spleens were isolated from mice and kept on ice in sterile media. Connective tissue and
excess fat were removed from spleen using sterile instruments. The spleen was mashed
through a cell strainer and washed with media. Cells were spun down, resuspended in 1
mL of media and 1 mL of ACK/RBC lysis buffer, and incubated for 2 minutes at rt.
Media was added (1

mL) and cells were centrifuged for 5 min at 4 °C. Cells were

resuspended in media at 0.5 x 106 and plated in a 96 well U-bottom plate (200 pL/well).
Cells were pulsed with Ova 3 2 3 -3 3 9 peptide or left unstimulated and incubated for

2

h at 37

°C. Brefeldin A (1 pL)was added and incubated for 6 h at 37 °C. Cells were transferred to
a V-bottom plate, centrifuged, washed 2 times with PBS, and resuspended at 1x

106

cells/mL in azide- and protein/serum-free PBS. Ghost dye was added (1:100), incubated
for 30 min at 4 °C, and washed twice with PBS (0.5% BSA). FcBlock (5o PL at 1:100 in
o.5% BSA/PBS) was added and incubated for 5 minutes at 4 °C. An antibody cocktail
was prepared to stain CD3, CD4, and CD8 and incubated for 30 minutes at 4 °C. Cells
were washed twice, resuspended with fixation/permeablization solution (ioo PL), and
incubated for 20 minutes at 4 °C. An antibody cocktail was prepared to stain IFN-y and
TNF-ct and incubated for 30 minutes at 4 °C. Cells were washed twice, resuspended in
0.5% BSA/PBS, and analyzed by flow cytometry.

3.5.14: Serum anti-Ova IgG detection
Serum anti-Ova total IgG was assessed using an ELISA. 96-well polysorp plates were
coated for 1 h at rt (21 C) with Ova in PBS. Washing steps were performed 3 times with
0.05% Tween-20 in PBS (PBS-T) and the plate was blocked for one hour at rt with1%
BSA in PBS-T (BSA/PBS-T). The plates were washed, and dilutions of serum in
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BSA/PBS-T were added and incubated for 2 h at rt. Again, the plates were washed, and
horseradish peroxidase-conjugated goat anti-mouse IgG (H+L) (SouthernBioTech)
diluted 4000:1 in BSA/PBS-T was added. Following a

2

h incubation at rt, the plates

were washed. Wells were then incubated with 50 pL Ultra TMB (ThermoFisher
Scientific) for 5 min then quenched with 50 pL 1 aqueous sulfuric acid. Plates were read
at 450 nm. To measure titers for each IgG antiserum, absorbance curves were fitted, and
the titer was assigned as the dilution giving an absorbance of 0.3 O.D. This cutoff value
was determined as the mean plus

3 times the standard deviation of the negative

control group (untreated mice). If no dilution gave an absorbance at or above the cutoff,
the titer was considered to be

102.

Negative control mice did not raise detectable IgG.
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Chapter 4: Modular polymer antigens to optimize immunity
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4.1 Abstract
Subunit vaccines can have excellent safety profiles, but their ability to give rise to
robust immune responses is often compromised. For glycan-based vaccines, insufficient
understanding of B and T cell epitope combinations that yield optimal immune
activation hinders optimization. To determine which antigen features promote desired
IgG responses, we synthesized epitope-functionalized polymers using ring-opening
metathesis polymerization (ROMP) and assessed the effect of B and T cell epitope
loading. The most robust responses were induced by polymers with a high valency of B
and T cell epitopes. Additionally, IgG responses were greater for polymers with T cell
epitopes that are readily liberated upon endosomal processing. Combining these
criteria, we used ROMP to generate a non-toxic, polymeric antigen that elicited stronger
antibody responses than a comparable protein conjugate. These findings highlight
principles for designing synthetic antigens that elicit strong IgG responses against
inherently weak immune targets such as glycans.
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4.2 Introduction
Subunit vaccines are powerful agents for combatting infectious disease. They
overcome many limitations of traditional whole-cell vaccines by incorporating select
antigens that produce a protective response. As a result, these simplified subunit
scaffolds have improved safety profiles, particularly for immune-compromised
individuals.1,2 Additionally, they afford substantial freedom in the choice of antigen,
enabling the development of vaccines against diverse targets including cancers,3
autoimmune diseases,4drug addiction,5and pathogens for which traditional constructs
have been ineffective. Despite these benefits, subunit vaccines are often less
immunogenic, especially when they target inherently weak antigens such as
carbohydrates. 6 Diseased cells and pathogenic microbes typically display unique glycans
that are rarely present or completely absent from human cells, making them ideal
immune targets for vaccination.7,8Insight into the optimization of subunit vaccines
would reap multiple benefits.
Some subunit vaccines that incorporate carbohydrate antigens can elicit
neutralizing antibodies that protect against cancer or infectious disease. For example,
vaccines containing capsular polysaccharides from Streptococcus pneumoniae,
Neisseria meningitidis, or Haemophilusinfluenzae have been highly effective in
eradicating infections caused by these pathogens.9-11 Additionally, glycoconjugates
incorporating tumor-associated carbohydrate antigens have shown early promise as
therapeutic cancer vaccines in clinical trials.3,12 Despite these successes, glycans remain
challenging vaccine targets. Polysaccharide and oligosaccharide antigens are often
inherently poor immunogens because they lack peptide epitopes that can recruit CD4 T
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cells to the immune response. The most widely used strategy to address this issue is to
conjugate glycans to protein carriers such as diphtheria toxoid or keyhole limpet
hemocyanin to generate strong T cell responses.13"4However, proteins suffer
limitations as vaccine platforms. They are prone to off-target antibody responses and
can be challenging to functionalize efficiently and in a homogenous manner.15-19
Additionally, the choice of carrier protein can affect glycoconjugate efficacy which adds
variability and ambiguity to the design of protein conjugate vaccines.20
A promising alternative to protein carriers is to link the essential elements required
for a strong IgG antibody response, namely a carbohydrate epitope and a CD4 T cell
epitope. One strategy is to use chemical synthesis to link immune epitopes directly.21-25
Such component vaccines can generate robust anti-carbohydrate IgG responses, yet they
are challenging to synthesize which complicates the optimization of their activities. For
example, increasing the carbohydrate epitope valency of a component vaccine could
improve immunogenicity but is synthetically difficult to accomplish. Glycan epitopes
can also be attached to synthetic scaffolds such as linear polymers,2 6 dendrimers,27 or
nanoparticles.2 8 -32 In this way, many B and T cell epitopes can be displayed from such
platforms. Given the many permutations by which epitopes can be attached, defining
which parameters influence the activation of a B cell response is advantageous. We
reasoned that polymeric scaffolds would be ideal for probing how epitope quantity,
density, and mode of linkage influences outcomes. Such information is critical for the
rational design of vaccine constructs that will induce potent antibody responses.
B cell activation is sensitive to the structural features of the antigen. For antigens
lacking T cell epitopes, the valency of the B cell epitope is one parameter that can
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influence the magnitude of the antibody response.33-3 6 A mechanism for this influence is
that high valency antigens can induce B cell receptor (BCR) clustering and the signals
that promote a B cell response, while low valency antigens fail to trigger signals that
surpass the threshold for activation of an antibody response.3However, few studies
have been performed to determine whether responses to antigens bearing B and T cell
epitopes require multivalency. In some instances, monovalent protein-based antigens
such as hen egg lysozyme have been reported to stimulate B cell activation37,38and
induce antibody responses.39By contrast, vaccine platforms for immunization against
HIV,40influenza,32 and malaria41 exploit multivalency to induce potent antibody
responses. Thus, how B cell epitope valency influences the magnitude of the antibody
response for antigens bearing both B and T cell epitopes remains unclear.
A related antigen feature that has not been explored is the quantity of T cell epitopes
available for antigen presentation. Following antigen engagement, the BCR facilitates
antigen uptake and trafficking to compartments containing major histocompatibility
complex type II (MHCII) molecules.42-44Antigen peptides are loaded onto MHCII
complexes and shuttled to the cell surface for presentation to T cells. Successful
recruitment of T cells results in an immunological synapse wherein the T cells provide
CD40 stimulation and cytokine signals that activate B cell proliferation and
differentiation.45,

46T

cell recruitment and synapse formation are essential for antigen-

specific B cells to initiate the events required for high-affinity IgG production.47The
presentation of even a single peptide can activate T cells.4 8 However, the likelihood of B
cells engaging T cell help is dependent upon the level of antigen presentation.4 8 ,49Thus,
antigens that increase the quantity of presented peptide-MHCII (pMHCII) complexes
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should be more effective at recruiting T cell participation. We hypothesized two factors
could critically alter the level of B cell pMHCII presentation. First, the concentration of
peptide epitope in MHCII-loading compartments should affect the number of pMHCII
complexes. Second, antigen presentation requires an antigen-bearing peptide epitope
that is sensitive to endosomal processing.50 Thus, we predicted that antigens with
cleavage-sensitive T cell epitopes would be more effective at inducing T cell activation
and robust IgG responses.
To establish criteria for the design of synthetic vaccine constructs, we sought to
define the effect of B and T cell epitope loading on the immunogenicity of multivalent
antigen constructs. We developed a polymer scaffold that can be equipped with B and T
cell epitopes with control over epitope loading.5oPolymers are versatile epitope carriers
for evaluating antigen structural properties.35,51,52 Using ring-opening metathesis
polymerization (ROMP),53,54we can generate polymersof defined length that are

functionalized with multivalent B and T cell epitopes. Altering either the length of the
polymer or the level of substitution of attached epitopes affords polymers bearing
different levels of epitope functionalization. We previously used this approach to
examine the effect of B cell epitope valency on B cell signaling and antigen presentation.
We found that long polymers with high B cell epitope valency are more effective at
clustering the BCR and triggering signaling than low valency polymers.35Moreover, long
polymers are more effective at inducing BCR internalization and presentation of
attached peptides to T cells.50
For the present study, we generated a library of polymer constructs that varied in
length, level of epitope substitution, and mode of epitope attachment. We compared the
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ability of these polymers to induce IgG antibody responses in vivo. We found that
polymers with T cell epitopes tethered by a linker amenable to endosomal processing
afforded optimal responses. We also determined that the magnitude of the antibody
response positively correlates with both the valency of the B cell epitope and the
abundance of the T cell epitope present on the polymer scaffold. To establish a
molecular mechanism for this latter effect, we examined the impact of T cell epitope
loading on antigen presentation and found that polymers with high T cell epitope
density are more effective at inducing T cell activation. Our results provide a blueprint
for optimizing the immunogenicity of synthetic antigens for the design of effective
subunit vaccines.
4.3 Results
4.3.1: Polymers with controlled epitope functionalization

To evaluate antigen properties that influence antibody responses, we required
defined antigens with control over the quantity of attached B and T cell epitopes. We
exploited ring-opening metathesis polymerization (ROMP) to derive polymers amenable
to functionalization with immune epitopes. This polymer synthesis method allows
control over the number of epitopes present on the polymer by variation of either
polymer length or the level of epitope substitution (Fig. 4.1A). To alter polymer length,
we employed a ruthenium initiator, which allows access to polymers with narrow
dispersity and length.55The monomer-to-initiator ratio controls the length (Scheme
4.1A).53,54To vary the number of epitopes on a polymer, we used a norbornene

monomer bearing an N-hydroxysuccinimidyl (NHS) ester.56The ester is susceptible to
attack by amine-bearing epitopes to yield functionalized polymers. By modifying the
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polymer length or degree of substitution allows
variation of the number of displayed epitopes. (B)

haptens such as carbohydrates. As a T

Polymer B cell epitopes enable B cell receptor (BCR)

cell epitope, we employed a peptide

engagement and activation, while a protease-sensitive
T cell epitope can undergo endosomal processing for

derived from ovalbumin

antigen presentation and T cell activation through the

(Ova 3 23 -33 9

denoted Ova3 2 3). To facilitate the

T cell receptor (TCR).

endosomal release of T cell epitope following polymer internalization by B cells, we
attached the peptide to the polymer using a linker sensitive to cleavage by the protease
cathepsin D (catD) (Scheme 4.1B and Fig. 4.2A).50 CatD is an aspartyl protease
implicated in antigen processing,5 8,59 and we postulated that engineered release of T cell
epitopes would yield more effective T cell epitope presentation. We quantified the level
of B and T cell epitopes attached to the polymer backbone using NMR spectroscopy
(Scheme 4.1C).50 With this overall approach, we accessed a set of polymers that varied
systematically, and we used these agents to evaluate the effect of epitope loading on
antibody responses in vivo (Fig. 4.2).
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4.3.2: Peptide-functionalized polymers promote IgG antibody responses with a
dependence on a cleavable linker

We first determined whether

A
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Figure 4.3: IgG responses from polymers with B

antigens-they can induce antibody
responsesbecausetheyengage the
BCR in multivalent interactions that

and T cell epitopes compared to haptenated
protein. BALB/c mice were immunized s.c. with
antigen mixed with 5 pg MPLA on day o and 34. AntiDNP IgG sera titers were assessed on day 21 by ELISA.
(A) Animals were immunized with 0.2 nmol of DNP

trigger signaling.33,35This response
lacks T cell help and typically affords

polymer

4.1,

DNP/Ova 323

polymer

or

4.3

DNPio/Ovalbumin. (B) Animals were immunized with
0.02 nmol of DNP polymer bearing either catD-sensitive

low IgG titers. To test whether dualfunctionalized DNP/Ova

23 polymers

Ova

23

(4.10) or catD-insensitive Ova 323 (4-11). Shown

are day 21 anti-DNP IgG sera titers with mean ±SD of
n=6-10 per group.

recruit T cell help, we formulated
polymers with monophosphoryl Lipid A (MPLA), a TLR-based adjuvant, and compared
the anti-DNP IgG titers for DNP-only polymer 4.1 and DNP/Ova 323 polymer 4.3. Mice
were injected with polymer 4.1 or 4.3 or ovalbumin functionalized with DNP
(DNPio/Ova). The anti-DNP IgG responses were significantly higher for DNP/Ova

23

polymer 4.3 compared to DNP-only polymer 4.1, suggesting that treatment with the
peptide-functionalized polymer recruits T cell help (Fig. 4.3A). Interestingly, responses
for a single antigen dose were significantly stronger for DNP/Ova 323 polymer than those
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from the DNPio/Ova protein conjugate. The haptenated protein required a second dose
administration to reach similar titers as DNP/Ova 32 3 polymer 4.3 (Fig. 4.4A).
B

A
.- 5'-----4.1, DNP 300mer

10r

-4-3, DNP/Ova
*DNP/Ova

E 105

300mer

-4.10,
ES10,.
103E43

.4.11,

DNP/S-Ova3M
DNP/IS-Ova

Z 10

Z 103

102

102
0

20

40

60
Days

80

020

40
Days

60

80

Figure 4.4: Polymer with B and T cell epitopes promotes IgG production with a
dependence on the nature of the peptide linker. BALB/c mice were immunized s.c. on day o and
34. Anti-DNP IgG sera titers were assessed over time by ELISA. (A) Animals were immunized with 0.2
nmol of DNP polymer 4.1, DNP/Ova 2 3 polymer 4.3 or DNPio/Ovalbumin mixed with 5 pg MPLA. (B)
Animals were immunized with 0.02 nmol of DNP polymer bearing either catD-sensitive Ova 32 3 (4-10) or
catD-insensitive Ova 3 23 (4.11) mixed with 5 pg MPLA. Shown are anti-DNP IgG sera titers with mean

SD of n=6-10 per group.

We previously demonstrated that peptides attached to the polymer backbone
through a linker susceptible to catD protease result in more effective antigen
presentation and T cell activation.5o We hypothesized that a polymer with the proteasesensitive linker would elicit superior IgG responses than those with linkers that lack
specific cleavage sites. We compared 3oomer polymers bearing equivalent substitution
levels of DNP and Ova 323 but varying in whether the peptide was attached through a
catD-sensitive or catD-resistant linker (Fig. 4.2B). DNP/Ova

23 polymer

with the

protease-sensitive linker yielded higher levels of anti-DNP IgG (Fig. 4.3B, Fig. 4.4B).
Given that treatment of B cells with the cleavage-sensitive polymer results in more T cell
activation,50the elevated response in vivo is likely due to better recruitment of T cell
help.
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4.3.3: Higher valency results in greater IgG responses
We varied polymer length and found that the longer polymers (e.g., 3omers versus
3oomers) cluster the BCR more effectively.35 Longer polymers promote enhanced
signaling35 and uptake of antigen5o by B cells. Because they induce stronger B cell
activation, long polymers should afford a more robust IgG response than short
polymers. We tested this hypothesis by immunizing mice with DNP/Ova 323 polymers of
different length. (Fig. 4.2B). Mice were vaccinated with

0.2

nmol of polymer on day o

and 34, and serum anti-DNP IgG titers were determined. Titers were significantly
higher for the long polymer 4.3 on each day tested (Fig. 4.5A). Additionally, we
investigated the biodistribution and toxicity profiles for long and short polymer
scaffolds (Scheme

4.2,

Fig. 4.6-4.7). Both 3omer and 3oomer polymers were cleared

through the liver, and no visible toxicity was detected. We anticipate the titer difference
between lengths is due to the potency with which high valency polymer can stimulate B
cell activation. Still, the longer polymer delivers larger doses of the B cell epitope DNP
because it has more copies.
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IgG response. BALB/c mice were immunized s.c. with 0.2 nmol of polymer mixed with 5 pg MPLA on
day o and 34. Anti-DNP IgG sera titers were assessed over time by ELISA. (A) IgG responses to 3oomer
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Figure 4.7: ROMP polymers show no acute toxicity. BALB/c mice were immunized s.c. with 0.75
nmol of DNP/Ova 3 23/AF647 polymers 4.18 or 4.19 and 5 pg MPLA in 100 pL PBS. Tissues at 24- and
72-hours post-injection were harvested and stained with hematoxylin and eosin. Histological analysis
showed no visible distortions or toxicity in the polymer-treated samples.

To determine whether the short polymer could induce this level of activation at
higher doses, we immunized with this agent at higher concentrations. Specifically, we
compared titers for mice immunized with 3omer 4-5 at a high dose (2 nmol polymer, 30
nmol DNP) and a low dose (0.2 nmol polymer, 3 nmol DNP) relative to 3oomer 4-3 (0.2
nmol polymer, 30 nmol DNP). In this way, we compared the 3omer 4.5 and 3oomer
4.3 at either the same polymer concentration (0.2 nmol polymer) or the same DNP
concentration (approximately 30 nmol DNP). The responses to the short polymer were
always modest (Fig. 4.8). These data indicate that the ability of the polymers to
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4.3.4: High peptide loading affords a
robust IgG antibody response
Robust B cell activation requires B

IgG response. BALB/c mice were immunized s.c.

on day o and 34 with 3oomer 4.3 (0.2 nmol

cell signaling but also effective antigen

polymer, 30 nmol DNP), low dose 30mer 4-5 (0.2

presentation and T cell help. We tested

nmol polymer, 3 nmol DNP) or high dose 3omer

4.5(2nmol polymer, 30 nmol DNP). Shown are

whether antigens with high B cell epitope

anti-DNP IgG sera titers measured by ELISA with

valencybutdifferentTcellepitope

mean ± SD of n=3-4 per group.

loadings would vary in their ability to
recruit T cell help. Polymers are ideal vehicles to address this question as the mole
fraction of T cell epitopes can be controlled. Thus, we synthesized polymers of the same
length (3oomer) with comparable DNP substitution (36-40%), but variable levels of
substitution of the catD-sensitive linked Ova 32 3 epitope: polymers 4.2(0.5%), 4.3 (5%),
and 4.4(12%) (Fig. 4.2B). The lowest substitution we tested had a molar ratio of
peptide-to-polymer of about 1:1, while the highest was approximately 38:1. To ensure a
homogenous level of peptide substitution, we compared polymers by gel permeation
chromatography and determined that DNP/Ova 323 polymer retained narrow dispersity
following functionalization (data not shown). Mice were immunized with polymers 4.1,
4.2,

4.3, or 4.4(0.2nmol polymer) on day o and 34. As anticipated, the inclusion of a

single Ova 3 23 epitope resulted in elevated serum anti-DNP IgG titers for polymer

4.2

compared to DNP-only polymer 4.1 (Fig. 4.5B). Still, titers were significantly more
robust for polymers 4.3 and 4.4, each of which had higher levels of Ova2 3
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functionalization, indicating that antigens bearing more T cell epitopes were superior
immunogens (Fig. 4.5B).
Given that increased peptide loading generates more IgG production, we assessed
whether that response remained sensitive to B cell epitope valency. We, therefore,
prepared 3oomer 4.6 with high Ova32 3 substitution (5%), but a low level of DNP
substitution (4%) (Fig. 4.2B). If higher peptide loading can compensate for low B cell
epitope valency, we anticipated that the response to 3oomer 4.6 would be stronger than
for 3omer 4.5. Instead, we found the responses to be comparable, both immediately
after immune priming on day o and following a boost injection on day 34 (Fig. 4.5C).
These data suggest multivalent clustering of the B cell receptor is a critical contributor
to IgG responses and that T cell activation does not compensate for BCR signaling.
4.3.5: High peptide loading increases antigen presentation

We hypothesized that the augmentation observed with polymers displaying many
peptide copies resulted from increased antigen presentation that leads to effective T cell
recruitment. To test this hypothesis, we compared the extent of antigen presentation
elicited by 30omer polymers with different Ova2 3 substitution levels. We employed a B
cell line expressing a DNP-specific BCR (A20.2J HLNP denoted as A2oHL) 60, 6 1and a T

cell line expressing an Ova2 3 -specific TCR (DO-11.10). 62,63The polymers had the same
DNP valency; however, polymers with different levels of Ova2 3 T cell epitope
substitution might adopt different conformations. We, therefore, measured the rate and
extent of internalization to ensure similar levels of antigen uptake by B cells regardless
of T cell epitope loading. Polymers 4.7, 4.8, and 4.9 were prepared with DNP and
Ova 323 epitopes as well as a fluorescent dye (Alexa Fluor 488 or AF488), and the level of
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cell-surface BCR following exposure to polymer (5 gM DNP) was compared (Fig. 4.9A).
Regardless of peptide loading, the polymers induced internalization of 50-60% of cellsurface BCR within 30 minutes. Additionally, we saw that the fluorescence signal for the
internalized polymer was comparable (Fig. 4.9B).
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treatment for the indicated duration, mean fluorescence intensity was measured by flow cytometry for
(A) cell surface BCR labeled with fluorescent anti-BCR Fab and (B) fluorescent polymers. The data were
normalized to A2oHL cells at t=o min (A) or unstimulated A2oHL cells (B). Error bars represent

±1
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function of Ova
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These data indicate that there is no difference in the rate or extent of antigen
internalization for polymers that differ in T cell epitope loading. Because the polymers
are internalized to a similar extent, we tested whether polymers with high Ova 3 23
substitution levels afforded more efficient antigen presentation. We quantified T cell IL2production in response to polymer-treated B cells as a measure of antigen
presentation. Low substitution polymer 4.2elicited IL-2production, but the levels were
reduced by 4-fold relative to those obtained with polymer 4.3 or 4.4 substituted with 5
or

12%Ova 3 2 3

(Fig. 4.9C). Thus, polymers with high peptide loading boost antigen

presentation, consistent with their ability to elicit more IgG production.
4.4 Discussion
Vaccine safety is a critical public health issue, and subunit vaccines are
advantageous in that they can be used in individuals with weakened immune systems.'
Subunit vaccines that target epitopes such as carbohydrates can be prepared by
attaching the epitopes to carrier proteins. However, proteins have drawbacks including
off-target responses and inefficient antigen functionalizationsi5-19, and so researchers
are seeking alternative scaffolds. To design immunogenic synthetic antigens, structural
properties that allow immune recognition and activation must be defined. Using
polymers generated by ROMP, our goal has been to determine the parameters that give
rise to strong antibody responses.
ROMP is a polymerization reaction that produces polymers with a high degree of
control3,4, so distinct parameters (length, substitution level) can be varied
systematically. Thus, we have generated polymers bearing B and T cell epitopes with
well-defined and tunable epitope functionalization. We can control the average number
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of epitopes per antigen by altering either polymer length or the degree of epitope
substitution (Fig. 4.1A). We used this approach to assess the effect of changing B or T
cell epitope quantity on the antibody response. First, we validated that equipping the
polymer with T cell epitope affords a T-cell dependent antigen that can induce robust
IgG responses. We found that while polymer bearing only B cell epitope can yield classswitched IgG antibody, the levels are low; however, attachment of a T cell epitope
dramatically increases the response (Fig. 4.3A).
Our results also reveal that the IgG response can be augmented by using a peptide
linker sensitive to endosomal protease catD (Fig. 4.3B). We found this linker was
necessary for in vitro antigen presentation to T cells.5o To explain this observation, we
suggest that the catD-sensitive linker facilitates peptide release during a stage in the
endolysosomal pathway that augments MHCII loading. MHCI presentation in dendritic
cells has been shown to depend upon antigen processing kinetics where antigen release
must occur within a narrow window of time following uptake for successful presentation
to occur. 64A similar dependence is likely for B cell MHCII presentation given that
MHCII-loading is tightly coordinated with BCR signaling and antigen uptake. 65 In this
scenario, the sensitive linker enables processing when the antigen-loaded endosome
reaches MHCII enriched compartments. In the absence of the linker, processing appears
to be too slow to release the epitope within the requisite time frame. Polymer lacking the
cleavage site likely fails to release the antigen to induce productive B-T cell interactions
that promote B cell proliferation and differentiation. Several material-based strategies
have been developed to allow epitope release in endolysosomal compartments for
MHCII presentation, including the use of linkers that exploit the acidic
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66

and reducing 6 7-

69environment

of the endosome. However, protease-sensitive linkers are advantageous

because they are readily incorporated and are stable during the synthesis of the T cell
epitope. The specificity of the site can also be tuned to allow release at a stage during the
endosomal passage that is ideal for antigen presentation. 64Given these advantages and
our results showing that the linker benefits the immune response, we anticipate that
protease linkers can be exploited to improve immunogen design.
For antigens lacking T cell epitopes, high BCR epitope valency is a critical parameter
for engendering antibody responses.33,35We compared IgG responses to long and short
polymers to define whether valency is important when antigens have both B and T cell
epitopes. The data show that long polymers with high BCR epitope valency yield
substantially stronger responses than short polymers with low valency (Fig. 4.5A). One
explanation for this effect is a difference in BCR signaling. We previously determined
that long polymers induce extensive BCR clustering and stronger signaling than short
polymers.35Superior BCR signaling likely yields potent B cell activation, thereby
affecting the outcome of the antibody response. Additionally, we have shown that long
polymers are better internalized than short polymers, resulting in elevated antigen
presentation.50 Thus, the long polymer may induce both stronger BCR signaling and
more effective antigen presentation, thereby delivering signals that drive a robust IgG
response. Observations that multivalent particle-based vaccines bearing pathogenderived epitopes give strong antibody responses7 0 suggest a crucial role for valency in
responses to antigens bearing B and T cell epitopes. Still, the immunogenicity of these
scaffolds could be due to other features, such as physical dimensions that allow effective
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trafficking to lymphoid tissues. By comparing antigens with different valency, we have
validated an essential role for this parameter in generating strong IgG responses.
We also investigated the impact of the number of T cell epitopes delivered on the
antibody response. This parameter cannot be readily studied with protein carriers, but
polymers provide the means to vary the number of T cell epitopes delivered. Although
polymers bearing a single peptide give rise to increased responses relative to those
lacking T cell epitopes, a 15-fold increase in peptide substitution affords increased IgG
titers by about two orders of magnitude (Fig. 4.5B). We postulated that polymers with
high peptide functionalization give rise to higher peptide concentration in MHCIIloading compartments, thereby leading to more antigen presentation. We compared
polymers with increasing peptide substitution and found that highly substituted
polymers give rise to stronger T cell activation (Fig. 4.9C). This finding is corroborated
by recent evidence that during B cell division, the cell that retains higher antigen
concentration is capable of more effective antigen presentation.71. Thus, delivery of
increased intracellular stores of peptide should drive presentation and T cell activation.
However, we found that high peptide functionalization does not compensate for
minimal BCR epitope valency. Polymer 4.6 with high levels of peptide substitution but
low BCR epitope valency failed to induce a potent response (Fig. 4.5C). Our finding that
low valency antigens are not internalized effectively suggests that such antigens will not
afford the intracellular concentration of peptide necessary for effective antigen
presentation, regardless of the level of peptide functionalization.
Together, our findings suggest a set of parameters that affect the magnitude of the
antibody responses. Antigen valency determines whether BCR signals exceed a
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minimum threshold for B cell activation and whether an antigen is effectively
internalized. A secondary parameter is the concentration of intracellular peptide
available for presentation and recruitment of T cell help. Including a protease cleavage
site to efficiently release antigen in the endolysomal compartments can lead to more
efficient pMHCII complex formation. Adding additional copies of T cell epitopes can
also augment responses. In designing vaccine antigens, BCR epitope valency and
loading and release of T cell epitopes are critical considerations for maximizing the
magnitude of the antibody response. These findings can be broadly applied to classical
carbohydrate-helper T cell paired constructs as well as the recently reported constructs
combining glycans and the invariant natural killer T cell epitope a-GalCer.72,73
Moreover, our findings are also relevant for the design of constructs that seek to elicit
enhanced antibody responses against other epitopes like peptides or small molecules.
Finally, we determined that a single dose of polymer with optimized epitope loading
produced a stronger IgG response than a haptenated protein (Fig. 4.3A). Our findings
indicate that this difference arises from higher B and T cell epitope quantities for the
polymer relative to the protein antigen (>oo DNP and >10 Ova 3 23 for a 3oomer
polymer versus 10 DNP and 1 Ova 323 epitopes for DNP/Ova protein). Our data
demonstrate that access to antigens with high epitope functionalization offers a distinct
advantage for enhancing the antibody response. Synthetic scaffolds, such as ROMPderived polymers, can be highly substituted, while functionalization of protein carriers
is limited. Additionally, with synthetic scaffolds, the level of substitution is quantifiable
and uniform, which is a challenge when generating haptenated protein antigens. These
features of polymer scaffolds highlight compelling advantages for creating vaccine
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antigens that can elicit antibody responses against pathogen- or tumor-derived
carbohydrate epitopes.
4.5 Conclusions
The design of subunit vaccines can be improved through better understanding of the
combinatorial effects of B and T cell epitope display. We used defined ROMP polymers
to reveal key criteria for epitope attachment to enhance antigen immunogenicity. A
highly valent display of B cell epitope alone induced IgG class switching. These IgG
titers greatly increased upon addition of optimally presented T cell epitope. Specifically,
we showed that multivalent display and controlled endosomal release of T cell epitopes
yield robust IgG responses. These criteria for T cell attachment influence the level of B
cell antigen presentation, a requirement for strong IgG responses. Together, our results
demonstrate that antigens with high B cell epitope valency and abundant cleavable T
cell epitopes function as robust immunogens. Considering these parameters in the
design of vaccine constructs could optimize immune responses against weakly
immunogenic carbohydrate antigens.

B cell epitope T cell epitope

n

~~Increasingvaec

Polymeric antigen

Protein conjugate
Figure 4.10: Optimized multivalent polymer antigens enhance immune responses.
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4.6 Materials and methods
4.6.1: General procedures and materials
All chemicals were purchased from Sigma-Aldrich (MilliporeSigma). Endotoxin-free
ovalbumin was purchased from InvivoGen. The fluorescent dye Alexa Fluor 488
cadaverine was purchased from ThermoFisher Scientific. DNP8-BSA (DNP-conjugated
BSA) used for ELISA was purchased from Biosearch Technologies. The ruthenium
carbene catalyst,74exo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid methyl ester
monomer,5 6 (R, Z, E)-6-methoxy-3-(4-(trifluoromethyl)phenyl))hex-5-en-1-ol capping
agent5o and Ova3 23 peptide5owere prepared as described previously. Dichloromethane
(CH 2 C 2 )was distilled from calcium hydride. Anhydrous DMSO obtained from Sigma
Aldrich was used for polymer conjugation reactions. Water (H 2 0)was purified with a
MilliQ purification system (Millipore). All reactions were run under nitrogen
atmosphere unless otherwise stated.
1H

and 19F nuclear magnetic resonance (NMR) spectra were recorded on a Bruker

Avance-500 spectrometer or a Bruker Avance Neo-600 spectrometer equipped with a
5mm helium-cooled QCI-F cryoprobe. Chemical shifts were reported relative to
trimethylsilane or residual solvent peaks in parts per million (DMSO-d6:H NMR 8
2.50). Polymer NMR spectra were acquired using samples in DMSO-matched NMR

Microtubes (Shigemi, Inc). Polymer spectra were recorded using a 900 pulse width and a
relaxation delay equivalent to four times the longest T1 value. Spectra were analyzed
using MestreNova processing software. The degree of polymerization (DP) was
determined based upon integration of the terminal phenyl protons relative to polymer
backbone alkene protons. The mole fraction of conjugated DNP ligand was determined
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based upon integration of DNP aromatic protons relative to polymer alkene protons.
The mole fraction of conjugated Ova 3 23 peptide was determined based upon integration
of peptide relative to polymer

19F

NMR spectroscopy signals. UV-Vis absorption spectra

were obtained on a Varia Cary 50-Scan UV-Visible Spectrophotometer. All optical
measurements were taken in a quartz cuvette.
4.6.2: General procedure for succinimidyl ester-substituted polymer
A solution of exo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid succinimidyl ester
monomer

(4.12) 56

(100 mg, 0.43 mmol, 300eq) in deoxygenated dichloromethane

(1.36 mL) was cooled to -78 °C under N .. Freshly prepared ruthenium carbene
2

initiator74(H 2 IMes)(Py)2Cl 2 Ru=CHPh (4.14) (1.0 mg,

1.4

pmol, 1eq) in deoxygenated

dichloromethane was added to stirring monomer to give a final monomer concentration
of 0.3 M. The reaction was allowed to warm to -20 °C over approximately 1.5 hours and
stirred until TLC indicated consumption of monomer. Capping agent 4.13 (11.8 mg,
0.043 mmol, 3oeq) was added as a0.5 M solution in deoxygenated dichloromethane,
and the reaction was warmed to ambient temperature and stirred for 12 hours. The
mixture was added dropwise to diethyl ether (45 mL) to give a gray precipitate. The
solution was centrifuged and decanted. The solid was dissolved in dichloromethane (1
mL) and the precipitation was repeated. The precipitate was dried in vacuo to give 4.15
as an off-white solid. Polymer 4.16 was synthesized in the same manner using a
monomer to initiator ratio of 25:1. (aRatio of monomer 4.12 to catalyst 4.14 (theoretical
degree of polymerization or DP). bDP derived by quantifying the polymer alkene protons
relative to the polymer terminal phenyl group in the
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1H

NMR spectrum.)

Compound

n (theo.)a

DPb

4.15

300

310

4.16

25

32

4.6.3: Procedure for functionalization of DNP polymer (4.1)
To an Eppendorf tube was added a o.1 M solution of polymer 4.15 in DMSO (4.0 mg,
17.0 pmol monomer units, 1eq) and a solution of 0.1 M N-DNP-L-lysine hydrochloride
in DMSO (2.4 mg, 6.8 pmol, o.4oeq). N-Methylmorpholine (94 pL, 0.85 mmol, 5oeq)
was added. The tube was capped and place on a mechanical rotator to mix for 3 h.
Ethanolamine (20 pL, 0.34 mmol, 2Oeq) was added and allowed to mix for 1 h. The
polymer solution was diluted 5-10 fold with water and loaded onto a 3 mL 3.5K MWCO
dialysis cassette (Pierce). The polymer solution was dialysed into 1L water for 24 hours
with the water reservoir being changed at 2 and 4 hours. The sample was concentrated
by lyophilization to yield a bright yellow flocculent solid.

1H

NMR spectroscopy in

DMSO-d6 was used to determine the percent DNP substitution on the final DNPsubstituted polymer. A stock solution of 4.1 was prepared in DMSO (0.03 M DNP) and
used for subsequent experiments. The DNP concentration of the stock solution was
measured by UV-Vis spectroscopy (absorbance at 360 nm, e = 17,300 M1 cm).
4.6.4: General procedure for functionalization of DNP/Ova

23

polymer (4.3)

To an Eppendorf tube was added a o.1 M solution of polymer 4.15 in DMSO (5.0 mg,
21.2

pmol monomer units, 1eq) and a solution of0.1 M Ne-DNP-L-lysine hydrochloride

in DMSO (3.0 mg, 8.5 pmol, 0.4oeq). N-Methylmorpholine (115 PL, 1.1 mmol, 5oeq)
was added. The tube was capped and place on a mechanical rotator to mix for 3 h. A
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20.0

mg mL-1 (w/v) solution of Ova 3 2 3 peptide 4.17 in DMSO (3.3 mg, 1.1 pmol, 0.05eq)

was added. The tube was allowed to mix for 24 h. Ethanolamine was added (25 pL, 0.42
mmol, 2oeq) and allowed to mix for 1 h. The polymer solution was diluted 5-10 fold with
water and loaded onto a 3 mL 10K MWCO dialysis cassette (Pierce). The polymer
solution was dialysed into 1L water for 36 hours with the water reservoir being changed
at 2, 4, 8 and 16 hours. The sample was concentrated bylyophilization to yield a bright
yellow flocculent solid.

1H

NMR spectroscopy in DMSO-d6 was used to determine the

percent DNP substitution and

19F

NMR spectroscopy was used to determine the percent

Ova 323 substitution on the final DNP/Ova3 23-substituted polymer. The same procedure
was used to prepare all DNP/Ova

23 polymers,

but with modification of the solution

volume added of either DNP-Lys and/or Ova2 3 peptide 4.17. Polymer stock solutions
were prepared in DMSO (25 - 30 mM DNP for animal injections and 5 - 10 mM DNP
for in cellulo assays) and used for subsequent experiments. The DNP concentration of
the stock solution was measured by UV-Vis spectroscopy (absorbance at 360 nm,

=

17,300 M-1cm-). Dynamic light scattering was performed on polymer 4.10 using a
DynaPro NanoStar DLS to test for aggregates upon dilution into PBS. The polymer
diameter suggests that insoluble aggregates do not form (polymer diameter = 3.8 nm).
4.6.5: General procedure for functionalization of DNP/Ova

23/AF488

polymer (4.8)

To an Eppendorf tube was added a o.1 M solution of polymer 4.15 in DMSO (1.0 mg, 4.3
pimol monomer units, 1eq). A solution of0.1 M Ne-DNP-L-lysine hydrochloride in
DMSO (0.6 mg, 1.7 pmol, 0.4oeq) and a solution of 10 mg mL-1 Alexa Fluor 488
cadaverine in DMSO (17 pg, 0.03 pmol, o.oo6eq) were added. N-Methylmorpholine (24
kL, 0.22 mmol, 5oeq) was added. The tube was capped, wrapped with foil, and place on
a mechanical rotator to mix for 3 h. A 20.0 mg mL-1 (w/v) solution of Ova 3 23 peptide
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4.17 in DMSO (0.7 mg, 0.2 pmol, 0.05eq) was added. The tube was allowed to mix for

24 h. Ethanolamine was added (5 pL, 0.09 mmol, 2oeq) and allowed to mix for 1 h. The
polymer solution was diluted 5-10 fold with water and loaded onto a 3 mL 1oK MWCO
dialysis cassette (Pierce). The polymer solution was dialysed in the dark into 1L water
for 36 hours with the water reservoir being changed at 2, 4, 8 and 16 hours. The sample
was concentrated by lyophilization to yield a bright yellow-green flocculent solid.

1H

NMR spectroscopy in DMSO-d6 was used to determine the percent DNP substitution
and 19F NMR spectroscopy was used to determine the percent Ova2 3 substitution on the
final DNP/Ova 323 -substituted polymer. The same procedure was used to prepare all
DNP/Ova 323 /AF488 polymers with modification of the Ova2 3 peptide stoichiometry.
Polymer stock solutions were prepared in DMSO (5 - 10 mM DNP) and used for
subsequent experiments. The DNP concentration was calculated based upon polymer
mass and polymer molecular weight.
4.6.6: Procedure for functionalization of DNP/Ova

23/AF647

polymers (4.18, 4.19)

For biodistribution and toxicity experiments, polymers 4.18 and 4.19 were prepared
and characterized as described above for polymer 4.8.
4.6.7: Preparation of DNP-functionalized Ovalbumin
1-fluoro-2,4-dinitrobenzene (DNFB) was prepared as a 29 mg mL-1 stock solution in
DMSO and diluted 3.6-fold into o.1M NaHCO 3 /PBS pH 8.5 immediately prior to use. A
20

mg mL-1 solution of Ova in o.1M sodium bicarbonate (NaHCO3 )/PBS pH 8.5 (105 pL,

2 mg Ova, 1eq) was diluted with an equal portion of DNFB (105 pL, o.6 mg, 67eq). The

reaction was mixed for 5h at room temperature, then loaded into a10 kDa MWCO
dialysis cassette (Pierce) and dialysed into il PBS then 1L water. The solution was then
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lyophilized to yield a bright yellow powder. The protein was diluted in PBS at 7.5 mg
mL-1 for subsequent studies. A DNP to Ova conjugation ratio of 10:1 was determined by
measuring the absorbance at 360 nm and using the extinction coefficient of DNP = 1.73
x 104M-1cm-1.

The conjugation ratio was defined as the molar ratio of DNP to

Ovalbumin assuming the molecular weight of Ovalbumin is 45,000 Da.
4.6.8: Cell culture and media
A20/2J cells stably transfected with heavy and light chains for DNP/TNP-specific

mIgM, termed A20/2J HLmp 6 1,75were provided by A. Ochi (University Health Network,
Toronto, ON, Canada). A20/2J HLmP cells were cultured in Rosewell Park Memorial
Institute (RPMI)

1640

media supplemented with

bovine serum (FBS), 50 PM

2

mM L-glutamine, 10% (v/v) fetal

-mercaptoethanol, 100 U mL-1 penicillin and 100 U mL-1

streptomycin (A2oHL medium). For cell culture and experimentation,

A20/2J HLmP

(denoted A2oH L)cells were stripped from adherent flasks by incubation at 37 °C in PBS
pH 7.1 containing 1 mM EDTA (Sigma) for 10 min. DO-11.io cells specific for Ova 3 2 3
were provided by the Marrack and Kappler Group (National Jewish Health, Denver,
Colorado, USA). DO-11.10 cells were cultured in advanced RPMI medium
supplemented with

2

mM L-glutamine,

1o%

1640

(v/v) FBS, 50 pM p-mercaptoethanol,

U mL-1 penicillin, and 100 U mL-1 streptomycin (DO-11.1

100

medium).

4.6.9: Endotoxin measurement
Polymer endotoxin level was measured using an LAL chromogenic endotoxin
quantification assay (ThermoFisher Scientific). The assay was performed according to
the manufacture's protocol. Polymers samples were measured at one-half the polymer
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concentration used for injection (1 pM polymer in PBS, 50 pL volume). All polymers and
proteins used for immunization had endotoxin levels < o.1 EU/mL.
4.6.10: BCR and polymer internalization measured by flow cytometry
A2oHL cells were suspended in cell assay buffer at 4x1o6 cells mL-1. Cells were
incubated at 37 °C for 5 min before stimulation. Alexa Fluor 488-labeled antigens were
diluted at 10 pM DNP in cell assay buffer and pre-warmed at 37 °C for 20 min. Equal
volume aliquots of antigen and cell suspension were combined and incubated at 37 °C,
then placed on ice at indicated time points. The A2oHL aliquots were then labeled on ice
with 2.1 pg mL-1 anti-IgM p-chain specific Fab fragment Dylight 649 conjugate (Jackson
Immunoresearch) for 30 min. Cells were then rinsed twice using ice-cold 1% (w/v)
BSA/PBS and resuspended at a final concentration of 1x106 cells mL-1. The extent of
BCR labeling and antigen uptake was measured by flow cytometry using a FACScaliber
(BD). For each sample, the geometric mean of Dylight 649 and AF488 fluorescence was
calculated using the FlowJo software suite. The relative level of surface BCR and the
extent of antigen was determined using aliquots of unstimulated cells as a reference and
plotted versus time.
4.6.11: T cell IL-2 production
A2oHL cells were plated at 2x10 5 cells per well in A2oHL medium onto tissue culturetreated 96-well plates (BD). Antigen dilutions were prepared in A2oHL medium, and
plated cells were incubated in the presence or absence of antigen for 3 h. Culture
medium was removed by aspiration, and the cells were fixed at a final concentration of
2%

(v/v) paraformaldehyde/PBS for

BSA/PBS pH 7.4 containing

0.7

20

min at rt. Wells were quenched with

M lysine, then washed twice with DO-11.1

1%

(w/v)

medium.
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Unstimulated, fixed A2oHL cells were also treated with antigens at a final concentration
of 1 pM Ova 3 2 3 . The wells were plated with DO-11.10 cells at105cells per well, and the
co-culture was incubated for20-24 h at 37 °C. The plate was centrifuged, and the coculture medium, along with IL-2standards (R&D Systems) prepared in DO-11.1o
medium (two-fold dilution series from 1 ng mL-1 to 7 pg mL-1), were transferred to an
ELISA plate that had been pre-coated with 4 pg mL-1 anti-IL-2capture antibody (R&D
Systems) and blocked with 0.05% (v/v) Tween-2o/PBS (PBS-T) containing

1%

(w/v)

BSA. The plate was incubated at 4 °C overnight and then washed three times with PBS-T
for 5 min. Biotinylated IL-2antibody (R&D Systems) was added to each well at 0.4 Pg
mL-1 and allowed to incubate2h at rt. The washing procedure was repeated, and
streptavidin-HRP (Jackson Immunoresearch) was added at 0.5 pg mL-1 for 30 min at rt.
The washing procedure was repeated, and TMB substrate (Pierce) was added; the
reaction was then quenched with the addition of 1 M aqueous sulfuric acid. The
absorbance at 450 nm was measured using a plate reader (Bio-Tek).
4.6.12: Immunizations

Animals were maintained in accordance with the University of Wisconsin-Madison
Research Animal Resources Center and with the MIT Committee for Animal Care (CAC)
and Institutional Care and Use Committee (LACUC), which adhere to both national and
local guidelines. Groups of 4-6 weeks old female BALB/c mice (Jackson Laboratories)
received s.c. immunizations on day o and 34 with indicated doses of antigen mixed with
5 pg vaccigrade MPLA (Invivogen) in 100l pL PBS. Serum samples were collected weekly
post-injection.

160

4.6.13: Serum anti-DNP IgG detection
Serum anti-DNP total IgG was assessed using an ELISA. 96-well polysorp plates were
coated for 1 h at rt (21 C) with 5 pg mL DNP-BSA (DNP-conjugated BSA; Biosearch
Technologies) in PBS. Washing steps were performed 3 times with 0.05% Tween-20 in
PBS (PBS-T) and the plate was blocked for one hour at RT with

1%

BSA in PBS-T

(BSA/PBS-T). The plates were washed, and dilutions of serum in BSA/PBS-T were
added and incubated for 2 h at rt. Again, the plates were washed, and horseradish
peroxidase-conjugated goat anti-mouse IgG (H+L) (SouthernBioTech) diluted 4000:1 in
BSA/PBS-T was added. Following a 2 h incubation at rt, the plates were washed. Wells
were then incubated with 50 pL Ultra TMB (ThermoFisher Scientific) for 5 min then
quenched with 50 pL 1 aqueous sulfuric acid. Plates were read at 450 nm. To measure
titers for each IgG antiserum, absorbance curves were fitted, and the titer was assigned
as the dilution giving an absorbance of 0.3 O.D. This cutoff value was determined as the
mean plus

3 times the standard deviation of the negative control group (untreated

mice). If no dilution gave an absorbance at or above the cutoff, the titer was considered
to be

102.

Negative control mice did not raise detectable IgG.

4.6.14: Biodistribution and toxicity studies
BALB/c mice (female, 8-12 weeks old, Taconic; n = 3 mice/group) were used for
biodistribution and toxicity studies. All animals received an alfalfa-free diet (TestDiet) at
least 2 weeks prior to the start of the studies to minimize auto-fluorescence. Mice
received s.c. immunizations with polymer 4.18 or 4.19 (0.75 nmol polymer) mixed with
5ig vaccigrade MPLA (Invivogen) in

100l

pL PBS. To determine biodistribution profiles,

organs from the mice were harvested and subjected to fluorescence imaging with a
Xenogen IVIS Spectrum Imaging System (AlexaFluor647Xex/m = 640/720 nm). To
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determine toxicity of DNP/Ova polymers, mice were injected with polymer 4.18 or 4.19
and euthanized at 24 or 72 h post-injection. Acute toxicity was evaluated from
histological analyses of tissue micrographs taken after hematoxylin and eosin staining.
Tissue samples were imaged using a Thermo Fisher EVOS M7000 Imaging System.
4.6.15: Statistical analysis
Comparison of serum anti-DNP IgG was made using one-way or two-way analysis of
variance (ANOVA), followed by a Tukey-Kramer test for multiple comparisons with
Prism 5.0 (GraphPad software). P values less than 0.05 were considered statistically
significant and marked with a single asterisk. P values less than o.01 were marked with
two asterisks. P values less than 0.001 were denoted with three asterisks. All values are
reported as the mean ±SD.
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