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Abstract

Vaccines and immunotherapies that elicit specific types of immune responses offer transformative
potential to tackle disease. The mechanisms governing the processing of immune signals — events
that determine the type of response generated — are incredibly complex. Understanding these
processes would inform more rational vaccine design by linking carrier properties, processing
mechanisms, and relevant timescales to specific impacts on immune response. We pursued this
goal using nanostructured materials — termed immune polyelectrolyte multilayers — built entirely
from antigens and stimulatory toll-like receptors agonists (TLRas). This simplicity allowed
isolation and quantification of the rates and mechanisms of intracellular signal processing, and the
link to activation of distinct immune pathways. Each vaccine component is internalized in a co-
localized manner through energy-dependent caveolae-mediated endocytosis. This process results
in trafficking through endosome/lysosome pathways and stimulation of TLRs expressed on
endosomes/lysosomes. The maximum rates for these events occur within four hours, but are
detectable in minutes, ultimately driving downstream pro-immune functions. Interestingly, these
uptake, processing, and activation kinetics are significantly faster for TLRas in particulate form
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compared with free TLRa. Our findings provide insight into specific mechanisms by which
particulate vaccines enhance initiation of immune response, and highlight quantitative strategies to
assess other carrier technologies.

Graphical Abstract

Nanostructured materials composed entirely of immune signals allow isolation and quantification
of the interactions between immune cells and new carriers. These electrostatically-assembled
complexes of antigens and adjuvants were used to measure the routes and rates that signals reach
distinct intracellular receptors, and the link to activation of downstream immune pathways.
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1. Introduction

Vaccines have reduced the public health threat of many infectious diseases, including polio,
measles, mumps, and small pox. [1] However, exploiting the immune system to combat
emerging pathogens such as Zika virus, persistent challenges such as HIV, and the
heterogeneous features of cancer require more elaborate control over the specific features of
immune responses elicited. Biomaterials offer the potential to enable this control, and are
being intensely studied to improve the efficacy of vaccines and immunotherapies. We
recently described immune polyelectrolyte multilayers (iPEMs) composed entirely of
disease-relevant antigens and stimulatory molecular adjuvants. iPEMs juxtapose these
vaccine components at high densities, enhancing immune responses and antitumor
immunity. [2, 3] Here, we use iPEMs as simple tools to isolate the timescales and
mechanisms by which nanostructured materials can interact with and be processed by
antigen presenting cells (APCs), insight to support more rational design and assessment of
technologies for vaccines and immunotherapy.
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Despite the clinical success of vaccines, the complexity of many new and existing diseases
requires greater control over the design and composition of vaccines and immunotherapies.
One of the major limitations in this area is the lack of simple, modular approaches to vaccine
design. For example, vaccines are generally developed through trial-and-error approach that
requires significant resources and time compared with future methodologies that might allow
de novo selection of the immune signal combinations and formulation properties needed for
a given vaccine or immunotherapy. Additionally, most vaccines being developed, and those
already in the clinic, are complex formulations consisting of antigens, adjuvants, stabilizers,
carriers, attenuated pathogens, or other components required to increase potency. [4] The
complexity of these mixtures further hinders development because of the increased difficulty
of vaccine characterization, stability testing, and elucidation of mechanism of action. [5]

A potential route to tackle the inefficiencies above is development of well-defined adjuvants
that target specific immune pathways. Once such set of pathways are toll like receptors
(TLRs), which detect pathogen-associated molecular patterns (PAMPS) common in viruses
and bacteria, but not in humans. [6, 7] TLR signaling pathways are activated when their
respective ligand binds to the TLR. [8, 9] In the past few decades, more than a dozen TLRs
have been identified and characterized. TLRs are found both on the cell surface and on
intracellular membranes. [10] Generally, surface TLRs recognize PAMPs associated with
bacteria, while intracellular TLRs recognize PAMPs associated with viruses; thus, this
spatially-restricted distribution of receptors allows for recognition of multiple classes of
pathogens. Intracellular TLRs are primarily found on endoplasmic reticulum and endosomal
membranes where the TLRs can detect nucleic acid ligands. Some of the important
intracellular TLRs include TLR3, TLR7/8, and TLR9. TLR3, for example, recognizes
double stranded RNA such as polyinosinic-polycytidylic acid (polyIC), while TLR9
recognizes unmethylated CpG motifs. These moities each have molecular features
uncommon in humans.

Due to their well-defined structure and selective pathway activation, TLR agonists are being
intensely investigated as molecular adjuvants to improve vaccine efficacy and control. [6,
11-13] Importantly, different patterns of TLR signaling can result in different types of
immune responses against an antigen. [14] TLR3as are already being investigated as a
means of generating cytotoxic T cells and enhancing antigen cross presentation [6, 11]
TLR3 agonists, such as polyIC, have shown potential as adjuvants in many mouse models of
disease, inclduing influenza and cancer. [15-17] However, polyIC has seen limit success as
an adjuvant in non-human primates and humans thus far due to degradation by serum
nucleases and safety concerns during clinical trials. [6] Meanwhile, CpG —a TLR9a — has
enhanced antigen-specific immune responses in vaccine trials for malaria, hepatitis B,
influenza, and anthrax. [6] Taken together, TLRas are promising as adjuvants because of
both the well defined nature, and these recent promising clinical results. TLRas could help
address the broader need mentioned above for technologies that elicit specific types of
immune responses, but this advance will require better understanding and control of the
kinetics, trafficking, and processing of TLR-based adjuvants.

Biomaterials are being investigated to improve vaccine design because of advantages such as
co-delivery, tunable loading, control over release Kinetics, and protection of cargo from

Small. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bookstaver et al.

Page 4

enzymatic degradation. [18] More specifically, for delivery of TLRas, biomaterials offer the
opportunity to target these signals to specific receptor domains, which, as just described, can
directly control the type of response generated against an antigen of interest. For example, a
biomaterial matrix-based vaccine system has been developed that can deliver nanoparticles
of CpG and drives strong cytotoxic T lymphocyte responses (CTL) responses in a mouse
model of melanoma; this technology is now in human clinical trials for melanoma. [19]
Another biomaterial approach has used polymer particles to co-deliver TLRas and antigen
for induction of protective immunity against influenza in rhesus macaques. [20] Conversely,
biomaterials have also been used to deliver regulatory TLR ligands that target intracellular
TLRs signaling to promote tolerance in mouse models of multiple sclerosis. [21, 22]
Recently, biomaterials are also being used to deliver TLRa and other signals for engineering
or reprogramming immune tissues. [23] However, as with traditional vaccines, the
incorporation of biomaterials for all of these applications adds complexity that can slow or
even hinder vaccine design. Further, recent studies show that many common polymers
exhibit intrinsic materials properties that can activate, suppress, or alter immune signaling.
These phenomena can further complicate vaccine design because the carrier component
might change the response to the antigen or other vaccine components. [24-29] Some key
examples driving these intrinsic immunogenic features include physicochemical
characteristics such as shape, [25] hydrophobicity, [26] and molecular weights [27, 28].

We recently developed a platform to self-assemble immune signals into nanostructured
capsules. The materials mimic many of the attractive features of biomaterial carriers, but
simplify vaccine design and remove complicating immunogenic effects because they are
built entirely from immune signals. These capsules are assembled by electrostatic interaction
of cationic peptide antigen and polylIC to form immune polyelectrolyte multilayers (PEMSs).
[2] While PEMs comprised of synthetic polymers have been used for sensing, drug delivery,
catalysis [30-32] — and more recently, vaccine delivery [33—-41] — iPEMs are unique in that
they are built only from immune signals. This feature ensures a high density of signals,
juxtaposition of antigen and TLRa adjuvant, and also eliminates the need for complicated
carriers and excipients. [2, 3, 42]

Understanding how nanoparticulate materials — such as iPEMs, polymer particles, and
liposomes — interact with distinct steps involved in initiation of adaptive immunity is critical,
particularly for technologies that deliver TLRas, which are spatially restricted to distinct
regions of APCs. [7] Thus, while our past studies with iPEMs focused on /n vivo
performance, here we use iPEMs as simple tools to probe and quantify interactions involved
in antigen and adjuvant uptake, trafficking to target intracellular domains, activation of
specific innate signaling pathways, and ultimately, initiation of downstream APC processes
that directly drive adaptive immune responses in T cells. We show iPEMs promote co-
delivery of antigen and TLRa into APCs through time and energy-dependent caveolae-
mediated endocytosis uptake. This route leads to trafficking through endosomes/lysosomes,
triggering of TLRs spatially-restricted to these sites, and downstream activation of APCs to
present T cell co-stimulatory signals. Importantly, the rates most of these process occur at
are significantly faster compared with equivalent doses of free TLRas. These findings are
significant for iPEMs and other nano- and micro-particulate vaccine candidates targeting
TLR signaling because understanding the mechanisms and timescale by which TLRs are

Small. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bookstaver et al.

Page 5

activated could enable design of technologies to tailor immune responses by directing TLR
signaling.

Results and Discussion

iPEM assembly results in well-defined capsules composed from antigen and TLRa

iPEMs were assembled on sacrificial calcium carbonate templates through electrostatic
interaction of SIINFEKLRg (SIINRg) — a cationic peptide antigen, and anionic TLR3a
polylIC, an immunostimulatory double stranded RNA. After assembly of 3 bilayers, the core
was removed using a chelator to create hollow capsules, (SIINRg/polyIC)3. We used these
structures to quantify the kinetics and uptake mechanisms of processing, as well as the link
to activation of TLR signaling and immune function (Figure 1a). Fluorescence microscopy
was used to visualize the colocalization of each iPEM component after assembly, which
were labeled with distinct fluorophores (Figure 1b). iPEMs exhibited diameters of 5.01

+ 0.84 um prior to core removal, and 2.32 £ 0.68 um after the core was removed to create
the capsules (Figure S1a, Supporting Information). Capsules were composed of 57.7 + 4.1 %
SIINRg and 42.3 £+ 4.1 % polyIC by weight percent (Figure S1b, Supporting Information).
Loading of antigen and adjuvant in this study varied from the previous studies with these
cargos because the synthesis was performed entirely in water, which created a more facile
and consistent synthesis result. [2, 3] Biomaterials offer many advantages to improve
vaccine design such as co-delivery and cargo protection but have also been shown to activate
an immune response. [18, 24] iPEMs are a promising alternative that offer many of the same
advantages of biomaterials, such as co-delivery of signals, while eliminating the
complicating intrinsic immune effects exhibited by many synthetic polymers. Further, due to
the synthesis approach, iPEMs are composed 100 % of cargo, in this case, SIINRg and
polylIC. This is in contrast to traditional carriers involving encapsulation or adsorption of
vaccine or immunotherapy components in or on polymer matrices and particles. iPEMs are a
modular platform that can in principle be extended to any peptide antigen; antigens that are
cationic do not need to be modified, while the epitope sequence of other antigens can be
preserved by appending arginine or other cationic amino acids. In our past /7 vivo studies we
have not observed the appended amino acids to hinder antigen-specific responses using
either CD4 and CD8 dominant epitopes, however, it is possible such modifications could
change antigen processing. [2, 3, 21, 41, 42]. For example, if a different (non-functional)
subsequence of a an antigen appended with charged amino acids were loaded into MHC, the
selectivity of response would be altered. Future molecular docking experiments might allow
this possibility to be quantified as a function of peptide modification.

iPEM components are co-localized in DCs and internalized at similar rates

We synthesized iPEMs to deliver immune signals intracellularly where spatially-restricted
intracellular TLRs reside. To investigate the rates at which iPEMs are internalized, and the
density of iPEMs per cell, we incubated iPEMs with primary CD11c* dendritic cells (DCs)
for defined intervals. Fluorescence microscopy (Figure 2a) and automated image analysis
(Figure 2b) revealed an increase in iPEMs in DCs over time, with a mean density of 2 iPEM
events/cell after 15 minutes, and a mean density of 12 iPEM events/cell after 1 hour. These
results were further confirmed by flow cytometry, which revealed an increase in the iPEM
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cargo signals over 1 hour, and continuing for 4 hours (Figure 2c). We note that the absolute
MFI values across fluorophores is not indicative of the amounts of each cargo relative to one
another since the labeling density and excitation/emission efficiency are different. However,
analysis of the frequency of cells positive for each cargo revealed a significant increase in
cargo uptake between 15 minutes and 4 hours (Figure 2d). Quantifying uptake kinetics over
longer durations of ~1 day revealed a maximum in the antigen and adjuvant signal in cells
after 2 to 4 hours incubation (Figure 2e). Interestingly, the maximums for each iPEM
component (i.e., antigen and adjuvant) occurred at approximately the same interval,
suggesting the components were co-delivered and entered cells at similar rates, as expected
for juxtaposed cargos.

Initiation of immune response requires a combination of antigen and co-stimulatory
molecules. Activation of the TLR signaling cascade leads to an upregulation of these co-
stimulatory molecules. [10] Thus, co-delivery of antigen and TLRa to APCs provides the
necessary components for immune activation in one structure. In contrast, cells treated with
a dose-matched amount of soluble polylC (“Free polylC”) did not take up polyIC as rapidly
or to the same extent as cells treated with iPEMSs containing equivalent levels of polyIC. For
example, at 4 hours 16 % of cells were positive for free polylC compared to over 72 % of
cells positive for antigen and polyIC delivered by iPEMs, (Figure 2d). This result indicates
iPEMs deliver TLRas more efficiently and more quickly to APCs compared with free TLRa.
The clinical efficacy of TLRas is limited by rapid clearance and degradation following
soluble delivery in vivo. [6, 11-13] Thus, several biomaterial strategies — which allow
sustained delivery and targeting — are being tested in the clinic. [18] iPEMs may create
unique advantages in these contexts, for example, Figure 2 suggests iPEMs might allow
more rapid or concentrated delivery of TLR over a given interval (e.g., before being cleared
or degraded) relative to free cargo. Further, this more concentrated cell delivery might
improve vaccine efficiency and limit off-target effects by reducing the total injected dose.
However, these possibilities will need to be validated /n7 vivo and compared with other
particulate-based delivery systems. Overall, the data in Figure 2 reveals iPEMs increase the
rate and magnitude that TLRas are delivered to immune cells, which peaks between 2 and 4
hours.

We next directly quantified the extent of cargo co-localization in DCs as a function of time.
Flow cytometry revealed the change in the frequency of cells positive for both iPEM
components (i.e., SIIN-Rg*/polyIC* cells) over the course of 24 hours (Figure 3a). At all
assessment times, the fraction of cells positive for a single component was small, and
generally decreased as time increased (Figure 3a). As expected from Figure 2, the maximum
for value for cells positive for both iPEM components occurred after just 4 hours, then began
to wane by 24 hours (Figure 3b). Since the rate of change (i.e., slope) in the frequency of
cells double positive for both components was greatest at the earliest time points during flow
cytometry studies (Figure 3b), we next used fluorescence microscopy and automated image
analysis to measure the spatial co-localization of iPEM components within cells over one
hour. In these experiments, each image pixel was plotted according to fluorescence intensity
in the polyIC (x-axis) and SIIN-Rg (y-axis) channels for that same pixel position (Figure 3c).
These scatterplots allowed calculation of the fraction of pixels positive for SIIN-Rg that were
also positive for polyIC (Figure 3d). Intriguingly, while the frequency of cells positive for
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both iPEMs component increased with time (Figure 3b), the fraction of antigen (SIIN-Rg)
associated with adjuvant (polylC) remained constant at all time points (Figure 3d). This
result indicates components used to build iPEMs are internalized into DCs together. This co-
delivery characteristic is important because generating adaptive immune response requires
both an antigen (e.g., SIIN-Rg) and inflammatory signal (e.g., polyIC) to be processed and
presented by APCs. [10] Past mechanistic studies have elucidated specific mechanistic
benefits associated with co-delivering immune signals to improve vaccine efficacy. [19]
Further, many biomaterials strategies achieve co-delivery of signals to provide synergistic
effects in pre-clinical models. [43, 44] Taken together then, our studies show that iPEMs
provide a simpler, alternative platform to effectively co-deliver immune signals to APCs
without need for additional components or carriers that complicated characterization and
design, or that introduce intrinsic immunogenic carrier properties.

2.3. Uptake of iPEMs is energy-dependent

Since iPEMSs were internalized in a time dependent manner, we next tested the hypothesis
that this uptake was energy dependent. iPEMs were incubated with DCs at either 4 °C —to
inhibit energy-dependent uptake — or a standard culture temperature of 37 °C. [45]
Fluorescence microscopy revealed iPEMs were nearly absent in DCs after incubation at

4 °C, while iPEMs were ubiquitous in cells for the same interval at 37 °C (Figure 4a).
Quantification by image analysis confirmed a significant increase in iPEM density following
incubation at 37 °C compared to incubation at 4 °C (Figure 4b). This was further confirmed
using flow cytometry, which also revealed a significant increase in mean signal intensity and
percent of iPEM positive cells comparing incubation at 37 °C versus 4 °C (Figure 4c and
4d). We initially hypothesized that the Rg cationic anchor on SIIN may serve as a cell-
penetrating moiety. [46-48] The energy dependence of uptake in Figure 4 suggests
otherwise, since this alternate mechanism would be expected to occur even at low
temperature. However, a fraction of cells contained low levels of iPEMs following
incubation at 4 °C, so cell-penetrating mechanisms may still be a contributing factor. In
future studies the cationic anchor (i.e., Rg) will be altered using different lengths and
compositions of amino acids to test if these parameters increase cell-penetration. The
findings in Figure 4 added greater evidence that iPEMs are taken up by energy-dependent
endocytosis processes, motivating studies to identify specific mechanisms of internalization
by DCs.

2.4. iPEMs are internalized by caveolae-mediated endocytosis

To dissect the specific pathways by which iPEMs are internalized and processed through, we
cultured DCs with iPEMs and either a total inhibitor of endocytosis (2-deoxy-D-glucose,
2DG), or a selective inhibitor of caveolae-mediated endocytosis (Filipin). We first confirmed
the inhibitors had no impact on the viability of DCs relative to untreated cells at several
concentrations (Figure 5a). Next we measured the impact of the inhibitors on iPEM uptake
by DCs using flow cytometry (Figure 5b). These studies revealed that 80 mM 2DG inhibited
60 % of iPEM uptake. This result indicates that uptake of iPEMs is dependent on
endocytosis. Further, 10 pg mL=1 Filipin inhibited nearly 50 % of iPEM uptake by DCs,
indicating more specifically that iPEMSs are internalized to a significant extent by caveolae-
mediated endocytosis. Caveolae are smooth invaginations of the plasma membrane.
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Endocytosis involving these structures relies on the presence of cholesterol and dynamin
function. During caveolae-mediated endocytosis, caveolae buds containing endocytosed
cargo are pinched off from the cell membrane to form caveolar vesicles that ultimately move
to the endosomal pathway. [49] Caveolae-mediated endocytosis is known to be involved in
cellular uptake of large bacteria and viruses [50] and has been shown to play a part in the
uptake of microspheres as well. [51] Thus, although particles size and chemistry can impact
the uptake route, it is not surprising that iPEMs are at least in part internalized by caveolae-
mediated endocytosis. The uptake experiments in Figure 3 confirmed iPEM components are
taken up together and co-delivered to APCs, suggesting iPEMs are still likely in capsule
form at the onset of uptake. In light of this possibility, it is possible that the carrier-free,
capsular nature of iPEMs provides a degree of flexibility during uptake compared to solid
particulate delivery systems. Measuring the mechanical properties of iPEM capsules directly
might reveal if such features exist, and help further explain the link between material
properties and the caveolae-mediated endocytosis route. Downstream, with respect to
stimulating immune response, iPEMs must be trafficked through endosomal pathways to
deliver TLR3a to the TLR3 located in endosomes. [10] Caveolae-mediated endocytosis
uptake aligns with this trafficking route, so we investigated the next processing step along
this route.

2.5. iPEMs are trafficked through lysosomes

Because iPEMs are taken up at least in part by caveolae-mediated endocytosis, we
investigated if these capsules are processed through lysosomes. Fluorescence microscopy
was used to track colocalization of iPEMs within lysosomal compartments of DCs over time
(Figure 6a). These experiments revealed an immediate increase in lysosome signal after
iPEM treatment, which was expected since a known outcome of antigen internalization by
DCs is an increase in lysosomal acidification. [52] To determine if iPEMs were co-localized
with lysosomes, we quantified the colocalization of signal from each of these sources over
time using pixel intensity plots (Figure 6b). Within 30 minutes, iPEM signal began to co-
localize with lysosome signal, reaching a mean value of approximately 40 % that persisted
for the remaining time points (Figure 6c¢); after 1 hr, for example, roughly 44 % of iPEMs
were colocalized with lysosomes. Analysis of the frequency of lysosomes colocalized with
iPEMs also revealed an increase by 30 minutes, but the stabilization point was at a much
higher value of approximately 85 % (Figure 6d). This indicates that while most lysosomes
contain iPEMs, a fraction of iPEMs in cells are not co-localized with lysosomes. One
explanation is that iPEMs entering the DCs are in structures not yet exhibiting the
characteristics of endosomes. Some early evidence supporting this possible explanation is
the observation that after 15 min., a very small fraction of iPEMs are in lysosomes (Figure
6¢), whereas at the same time, a significant fraction of lysosomes contain iPEMs (Figure
6d). However, there are several other considerations around this discovery. As referenced
earlier, it is possible that a certain number of iPEMs are entering the cell using cell-
penetration, which would not result in endosomal delivery to lysosomes. Another possibility
is degradation of iPEMs occurs during uptake, leading to some components escaping the
endosome/lysosome pathway. These possibilities can be tested by observing iPEM uptake
with both signals labeled in live cells and staining for early endosomes in addition to
lysosomes. This study would also reveal whether improved uptake and activation kinetics of
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iPEMs are preferentially associated with early or late endosomal stages. As already
mentioned, the TLR for polyIC is located within endosomes and lysosomes of DCs. [53, 54]
Thus, the ability of iPEMs to traffic through lysosomes is critical to fulfilling their
immunostimulatory function in the context of vaccination and immunotherapy.

activate DCs more efficiently than soluble TLRa

Uptake of iPEMs is time dependent (Figure 2) and involves processing through lysosomes
(Figure 6). Thus, we hypothesized activation of endosomal/lysosomal TLRas such as TLR3
would be time dependent, and subsequently, lead to DC activation. To test these ideas we
incubated DCs with either iPEMs or dose-matched free polyIC for defined times, then used
flow cytometry to analyze cells for surface markers associated with DC activation, CD86
(Figure 7a) and CD40 (Figure 7b). iPEMs activated DCs much more quickly and to greater
extents compared with free polyIC. This was true for all markers over the first 4 hours, and
at even longer times for CD86. These data were particularly interesting since the dose of
polyIC was fixed in all cases, irrespective of whether cells were treated with free polylC or
iPEMs. Based on the results in Figure 2, this rapid DC activation is likely because iPEMs
are taken up at much greater levels than free polylC, and further, quickly associate with
lysosomes (Figure 6). To assess a further step in the cascade of activating antigen-specific T
cells, we tested if antigen in iPEMs is displayed in the appropriate antigen presented
complexes Major histocompatibility complex I (MHC-I) - at rates equivalent to controls of
free antigen mixed with polyIC (“Free mix of polylC & SIIN-Rq") (Figure 7c). After 2
hours, and continuing through 24 hours, treatment with iPEMs led to significant increases in
antigen presentation (Figure 7c). The levels were similar to those measured in cells treated
with simple mixtures of antigen and polylC, though at some points the simple mixtures
exhibited slight to modest increases. The results of these studies are important because they
indicate that despite being tightly bound to polyIC, antigen is still displayed and processed
in the appropriate machinery. Further, our data show iPEMs also lead to more rapid and
potent activation. Thus, to specifically assess TLR signaling and confirm the enhanced
activation driven by iPEMs results from improved uptake and trafficking — not from more
efficient TLR activation, we treated TLR3 reporter cell line with iPEMs or polylC and
assessed TLR3 signaling over time (Figure 7d). Treatment with iPEMs and Free polyIC both
drove high levels of TLR3 signaling relative to untreated control wells. The levels were
generally similar, though iPEMs activated TLR3 signaling to slightly greater extents at early
time points, while free polyIC activated TLR3 to slightly greater extents at the longest time
points. These studies reveal that the kinetics of iPEM uptake and localization with
endosomes and lysosomes — where TLR3 are expressed — are primary drivers of enhanced
DC activation. Interestingly, although TLRa delivery peaked at 4 hours (Figure 2), DC
activation persisted much longer, for at least 24 hours, illustrating the potential of using
these types of analyses to dissect the specific roles and mechanisms involved in the
immunogenicity of nanoparticulate vaccines and immunotherapies.

3. Conclusion

In this work, we investigated the mechanism by which nanostructured assemblies of immune
signals are taken up and processed to initiate adaptive immunity. Our data reveal iPEM
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uptake is time and energy dependent, involves caveolae-mediated endocytosis, and
trafficking through lysosomes. This is significant because the adjuvant component in the
iPEMs is a TLR3 agonist found on endocytic compartments of DCs. More significant is the
discovery that iPEMs increase DC activation through TLR3 signaling because these
structures are internalized more rapidly than free TLRas, and to a lesser extent, because of
more efficient activation of TLRs. The ability to individually understand how antigens and
adjuvants are processed in iPEMs — without confounding intrinsic immune activity of
common synthetic polymers — creates a tool to better understand how specific features of
nanostructures materials interact with antigen presenting cells. New insight such as this
could help speed design and translation of biomaterial carriers being investigated for
vaccination and immunotherapy.

4. Experimental Section

Synthesis of iPEMs:

SIINFEKLRg (SIINRg) was synthesized by Genscript with >98 % purity, with a FITC label
on the N-terminus. Low molecular weight polyinosinic-polycytidylic acid (polyIC) was
purchased from Invivogen. iPEMs were synthesized as previously described with the
exception that all cargo and wash solutions were in DI water. [2] After the final layer, the
calcium carbonate core was removed by resuspending the iPEMsin 1 mL 0.1 M
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich), adjusted to pH 4 with 1 M HCI and
1 M NaOH solutions. Capsules were then centrifuged at 2000g for 2 min and washed with
100 pL 1X PBS. iPEMs were collected by centrifuging at 1000g for 1 min and then
resuspended in 100 uL PBS. In some studies, iPEM capsules were formed from FITC
SIINRg and Cy5 labeled polyIC following the same protocol as above. Label-1T nucleic acid
labeling kits (Cy5) were purchased from Mirus Bio LLC. PolyIC was labeled according to
the Mirus Bio instructions.

Characterization of iPEMs:

iPEMs composed of FITC SIINRg and Cy5 labeled polylC were used for characterization
studies. iPEMs were imaged using a 60X objective on a fluorescent microscope (Olympus
IX-83) and analyzed using ImageJ. 1,825 iPEMs were sized by manually thresholding the
capsules and using the analyze particle plugin to get the area of each iPEM. The diameter
was calculated using the areas of each iPEM by assuming iPEMs are circles. PolyIC loading
was determined by incubating iPEMSs in 200uL trypsin (0.05 %) at 37 °C for 1 hr, then
measuring the Cy5 signal by fluorimetry using a Gemini XPS fluorescence microplate
reader (Molecular Devices). Loading the SIINRg was measured as previously described
using a MicroBCA Protein Assay Kit (Thermofisher Scientific). [2]

DC isolation.

Splenic DCs were isolated from C57BL/6 mice purchased from the Jackson Laboratory with
CD11c positive magnetic isolation kit (Miltenyi Biotec) following manufacturer’s protocol.
Following isolation, cells were resuspended in DC medium (RPMI11640, 10 % FBS, 0.5 %
pen/strep, 50 UM 2-mercaptoethanol). The care of animals from which cells were isolated
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was approved and overseen by the institutional animal care and use committee (IACUC) at
University of Maryland, College Park.

Time and Temperature dependent uptake:

To image cell internalization, DCs (1x10° cells in 2mL glass bottom dish) were incubated
overnight with 10 pg CpG ODN at 37 °C. The following day, 50 pL iPEMs, composed of
FITC SIINRg and Cy5 labeled polylC, were incubated with DCs for varying times at 4 °C or
37 °C. After incubation, cells were washed with PBS and fixed with 4 % paraformaldehyde,
then stained as previously described. [3] Fluorescence microscopy (Olympus IX-83) was
used to visualize both fluorescently tagged SIINRg (FITC) and polyIC (Cy5) in DCs. iPEM
uptake was quantified using the FITC SIINRg, Texas Red cell membrane signal, and ImageJ.
At least 18 cells were analyzed for number of iPEMs for each time point and temperature.
Cells were outlined and defined as regions of interests and iPEMSs were thresholded and
counted using the particle analyzer function in ImageJ within each region of interest. To
calculate the co-localization of each iPEM signal, 3 replicates were used for each time point.
Each iPEM signal was thresholded manually on ImageJ and then the JACoP plugin was used
to determine the fraction of one signal co-localized with the other.

Quantifying iPEM internalization by DCs was performed as previously described. [3]
Briefly, DCs were incubated with 20 pL iPEMs composed of FITC SIINRg and polyIC for
varying times at 4 °C or 37 °C. After incubation, cells were washed with FACs buffer (1 %
BSA in PBS) and resuspended in 100 uL FACs buffer. 50 pL Trypan Blue Solution
(ThermoFisher Scientific) was mixed in by pipetting to quench extracellular FITC signal
from iPEMs. Samples were analyzed by flow cytometry (Cantoll, BD) and Flowjo. iPEM
positive cells were quantified using the FITC SIIN-Rg signal under a lymphocyte gate,
manually determined using the forward and side scatter plots.

Inhibitor-dependent uptake:

Inhibitor experiments were performed by incubating DCs (1x10° cells per well in 24 well
plate) with endocytosis inhibitors (2-deoxy-D-glucose (2DG, total inhibitor), Filipin
(caveolae-mediated endocytosis)) for 1 hr at 37 °C. After 1 hr, 20 uL iPEMs composed of
FITC SIIN-Rg and polylC were added and cells were incubated for an additional 1 hr at

37 °C. Untreated, and iPEMSs with no inhibitor were used as controls. Following incubation,
cells were washed with FACs buffer and resuspended in 100 L of either viability dye
(DAPI, Invitrogen) diluted 1000x in FACs buffer or 100 uL FACs buffer with 50 L Trypan
Blue mixed in and analyzed by flow cytometry and Flowjo. iPEM uptake was quantified
using the FITC SIIN-Rg signal in the lymphocyte population manually gated using the
forward and side scatter plot.

Intracellular trafficking:

Intracellular trafficking studies were performed by incubating DCs with 2 uM LysoTracker
Red DND-99 (ThermoFisher Scientific) and iPEMs composed of FITC SIIN-Rg and polylC
at 37 °C for 2 hrs. After incubation, cells were washed with PBS and fixed with 4 %
paraformaldehyde, then stained with Hoescht and imaged using fluorescence microscopy.
iPEM colocalization with lysosomes was determined using the JACoP plugin on ImageJ. 3
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replicated were used for each time point. Both the FITC signal from iPEMs and LysoTracker
Red signal were first thresholded manually on ImageJ before running the JACoP plugin to
determine the fraction of one signal co-localized with the other.

DC activation and antigen presentation:

DC activation was quantified as previously described. [3] Briefly, DCs were incubated with
20 uL iPEMs composed of FITC SIIN-Rg and Cy5 polyIC for 15 mins to 24 hrs. Untreated,
and soluble dose-matched Cy5 polylC (20 pg) were used as controls. After incubation, cells
were collected, washed, and stained as previously described. [3] Antibody stained samples
were analyzed by flow cytometry and Flowjo. Cells to analyze for activation were selected
by gating for lymphocytes and then excluding DAPI positive cells as dead cells. For antigen
presentation studies, DCs were treated similarly with 20 pL iPEMs composed of FITC SIIN-
Rg and polyIC for 1 hr to 24 hrs. Untreated, soluble dose-matched SIIN-Rg, soluble dose-
matched polyIC, and soluble dose-matched SIIN-Rg + polylC were used as controls. After
incubation, cells were collected, washed, and stained to assess antigen presentation as
previously described. [3] Cells to analyze for activation were selected by gating for
lymphocytes and then excluding DAPI positive cells as dead cells.

TLR3 signaling assay:

To assess the kinetics of TLR3-specific signaling, HEK-Blue mTLR3 reporter cells
(InvivoGen) were plated at 5x10° cells/well in HEK-Blue Detection medium (InvivoGen) as
previously described. [2] Cells were treated with Free polyIC (20 pg) or iPEMs for 15
minutes to 24 hours and the absorbance at 620 nm was measured using a Gemini XPS
fluorescence microplate reader (Molecular Devices) per manufacturer’s instructions. To
verify that increase in signaling was TLR3 specific, soluble CpG (1 pg), a TLR9a, soluble
SIIN-Rg (20 pg), and media only were used as controls. Results are shown relative to media
only absorbance.

Statistical Analysis:

Error bars were calculated using standard deviation. Statistical analysis was performed by
either a one-way ANOVA with a Tukey post-test to correct for multiple comparisons ora T
test. A P value less than or equal to 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
iPEMs can control immune cell activation by delivering multiple immune signals. A)

Schematic of iPEM synthesis and immune activation following treatment with iPEMs.
Starting at the top left, iPEMs are synthesized through the electrostatic interactions between
cationic peptide antigen and anionic nucleic acid-based TLR3a agonist. iPEMs can be used
to control the kinetics of APC uptake and activation by delivering signals over time to target
receptors in endosomes. B) Fluorescent microcopy images of iPEMs composed of model
antigen SIINFEKLRg (green) and TLR3a, polylIC (red). iPEMs colocalize both signals
(yellow) in carrier-free capsules. Scale bar is 10 pm.
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Figure 2.

Time dependent uptake of iPEMs by primary DCs. A) Fluorescent microscopy images of
primary CD11c* DCs incubated with iPEMs for 15 to 60 minutes reveals an increase in
iPEMs taken up over time. Scale bar is 10 um. B) Image analysis shows quantitatively an
increase in the number of iPEMs per cell between 15 and 60 minutes. C) Flow cytometry of
DCs incubated with iPEMs for O to 4 hours, showed an increase in iPEM cargo fluorescent
intensity. D) Flow cytometry analysis of cells positive for iPEM cargo show an increase in
iPEM cargo uptake (red and green bars) over 4 hours. Free polylC was also taken up over 4
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hours but to lesser extent. E) Flow cytometry analysis of DCs incubated with iPEMs for 24
hours shows an increase in iPEM signals over the first 4 hours followed by a decrease over
the course of the next 20 hours. DCs incubated with dose-matched soluble polylC show only
a modest increase in polyIC intensity after 24 hours. Error bars are standard deviation.
Statistical analysis performed by 2 way ANOVA; **** = P<0.0001.
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Figure 3.
Co-delivery of immune signals to primary DCs with iPEMs. A) Flow cytometry analysis of

primary DCs incubated with iPEMs shows that in roughly 40-80% of cells, iPEMs deliver
both antigen and adjuvant. B) Flow cytometry analysis of cells positive for both antigen and
adjuvant reveals an increase in the frequency of cells over the first 4 hours which was
sustained for up to 18 hours. C) Image analysis of fluorescent microscopy images of iPEM
uptake shows an increase in pixels positive for iPEM signals over time. Each pixel is plotted
by the fluorescent intensity of both the FITC signal resulting from antigen and Cy5 signal
from polylC with the highest intensity of both signals in the top right corner. D) Quantifying
the fraction of SIIN-Rg signal co-localized with polylC signal from the image analysis plots
in B, shows that over 80% of immune signals are colocalized, which is sustained over 1
hour. Error bars are standard deviation.
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Figure 4.
Energy dependent uptake of iPEMs by primary DCs. A) Fluorescent microcopy images of

primary DCs incubated with iPEMs at 4°C and 37 °C shows that DCs require energy to take
up iPEMs. Scale bar is 10um. B) Images analysis quantitatively reveals a decrease in the
number of iPEMSs per cell when energy dependent processes are inhibited by incubating at
4°C. C) Representative flow cytometry plots and D) analysis of the percentage of cells
positive for iPEM signal FITC from SIIN-Rg confirm a statistically significant decrease in
iPEM uptake when energy dependent processes are inhibited. Error bars are standard
deviation. Statistical analysis performed with one-way ANOVA with a Tukey post-test to
correct for multiple comparison. **** = P<0.0001.
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Figureb.

Inhibitor dependent uptake of iPEMs by primary DCs. A) Flow cytometry analysis of
primary DCs incubated with iPEMs show no change in viability relative to untreated when
incubated with a total inhibitor of endocytosis, 2-deoxy-D-glucose (2DG), or caveolae-
mediated endocytosis inhibitor, Filipin. B) Analysis of the percentage of cells positive for
the FITC signal from iPEMs relative to no inhibitor shows a reduction in uptake following
incubation with either inhibitors. Error bars are standard deviation. Statistical analysis was
performed with one-way ANOVA against the group without inhibitors using a Tukey post-
test to correct for multiple comparisons. **** = P<0.0001, n.s. = not significant.
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Figure 6.
Trafficking of iPEMSs through primary DCs. A) Fluorescent microscopy images of primary

DCs incubated with iPEMSs shows iPEMs co-localizing with lysosomes over time. B) Image
analysis of fluorescent microscopy images of iPEM uptake shows an increase in pixels
positive for iPEM signal FITC and lysosomes over time. Each pixel is plotted by the
fluorescent intensity of both the FITC signal resulting from antigen and Texas-red signal
from lysotracker red with the highest intensity of both signals in the top right corner. C and
D) quantifying the fraction of iPEMs and lysosomes colocalized from the image analysis
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plots in B, shows an increase in colocalization after 30 minutes that was sustained over 60
minutes. Error bars are standard deviation. Statistical analysis performed with a T test
comparing each time point to the 15 min time point. * = P<0.05, ** = P<0.01, **** =
P<0.0001.
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DC activation with iPEMs analyzed by flow cytometry. Flow cytometry analysis of surface
markers of DC activation A) CD86 and B) CD40 reveals an increase in DC activation

following incubation of DCs with iPEMSs over time, to a greater extent than dose-matched
soluble delivery of polyIC, especially over the first 4 hours. C) Flow cytometry analysis of

antigen presentation in MHCI shows an increase in antigen presentation over time following
treatment with iPEMs comparable to treatment with dose-matched soluble components. D)
TLR3 reporter cell activity shows iPEMs more efficiently activate the TLR3 signaling
pathways than a dose-matched treatment with Free polylIC. Error bars are standard deviation.
Statistical analysis performed with a T test comparing iPEMs to Free polylC and SIINRg. *
= P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001, n.s. = not significant.
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