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Introduction
Geometry and spatial organization are critical components in many biological systems. The
cytoskeleton, its organization, and the physical cues that it can transmit, result in dramatic
effects on cell fate [1]. This is seen within the immune system in a variety of ways including
during the interaction of a T cell with an antigen presenting cell (APC), which is a critical
determinant of T cell fate and effector function. With activation, APC such as dendritic cells
have major changes in their cell morphology resulting in significant increases in their overall
cell surface area facilitating interaction with naïve T cells to direct T cell fate. Once an
initial contact has been made by a T cell and an APC or some other target cell, T cell
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activation is further modulated by the formation of the immune synapse, a large surface area
of close membrane apposition between the DC and T cell membrane, with concomitant
cytoskeletal rearrangement and clustering of surface proteins [2-6]. Materials science
approaches have helped to elucidate how the spatial organization and clustering of ligands
that make up this synapse are important [7]. Thus, taking into account the geometry and
spatial organization at cell-cell interfaces is important in studying biological responses.

Reductionist systems have facilitated the study of effective immune responses. One such
system is the acellular artificial antigen presenting cell (aAPC). aAPCs have been made by
coupling proteins required for T cell activation to particles. Minimally, T cell activation
requires two sets of receptor-receptor interactions. One interaction, Signal 1, is the binding
of major histocompatibility complexes (MHC) or a surrogate, such as anti-CD3, to bind the
T cell receptor (TCR). A second interaction, Signal 2, is the binding of co-stimulatory
receptors on the APC, such as B7.1, to ligands on the T cell, such as CD28. aAPC have been
generated by coupling proteins that deliver Signal 1 and 2 to the surface of particles (Fig.
1A) made from a range of materials, including magnetic microparticles [8, 9], polystyrene
particles [10], and PLGA microparticles [11-13]. Such systems have been broadly applied to
tumor immunotherapy, vaccination, and immunosuppression, and are amenable to in vivo or
ex vivo T cell stimulation and offer possible novel translational approaches to
immunotherapy [9, 14-19].

While useful, the Signal 1 and 2 paradigms alone do not capture aspects of spatial
organization or the geometry of interactions. Previous work developing aAPCs have not
attempted to re-capitulate these aspects of APC behavior. As a result, all aAPCs tested thus
far have used spherical particles for their aAPC platforms, which unlike DCs minimize
surface area for a given volume (Fig. 1B).

Further aAPC development may require incorporation of additional biomimetic cues beyond
the presentation of signal 1 and signal 2 such as biomimicry of the surface density, dynamic
protein spatial organization, and the geometry of the interface between the aAPC and the
target. These cues could potentially be incorporated into next-generation aAPCs by
nanoengineering approaches including presentation of cues on fluid membranes or in a
patterned manner and by utilizing non-spherical particle shapes [18, 19].

Particle shape has only recently become a design parameter of interest in the field of
material design for drug delivery. Shape can play a role in tuning the rate and mechanism of
cellular uptake [20], can dramatically reduce internalization by phagocytic cells such as
macrophages [21, 22], can change the biodistribution of the drug delivery vehicle [23, 24],
and has been posited as potentially modulating the ability of a particle to bind a cell in part
by increasing the surface area for interaction [23, 25]. In fact, a recent study by Barua et al.
showed that antibody coated polystyrene nanorods had higher specific and reduced non-
specific cellular uptake than spherical counterparts, demonstrating a significant relationship
between particle shape and cell binding/unbinding [26].

A key consideration in cancer immunotherapy remains the efficient stimulation of antigen
(Ag)-specific CTLs. In vivo, a criticial interaction for generation of activated, effector CD8+
T cells is the interaction between antigen presenting cells, such as dendritic cells or
macrophages, with CD8+ T cells. In the development of acellular systems for T cell
stimulation, previous literature has focused predominantly on the proteins involved in the
interaction between APCs and T cells [8, 9, 13, 27-29], and recent studies extended this to
release of cytokines [12, 30]. However, the biological interaction between T cells and their
targets is distinctly not an interaction most appropriately represented by two interacting
spheres. We hypothesized that non-spherical aAPCs would offer improved activation of
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CD8+ T cells. To test this hypothesis, we adapted a film-stretching method for controlling
the shape of microparticles made from poly (lactic-co-glycolic) acid (PLGA) [31] to
generate ellipsoidal aAPCs with varying long axis lengths and aspect ratios (ARs) To
explore how particle shape might interact with particle dose and surface antigen density, we
synthesized spherical and ellipsoidal aAPCs at different antigen densities, and then varied
the particle dose, antigen density, and aAPC shape used to activate the T cells in vitro. To
investigate the mechanism behind these effects, we performed confocal imaging to analyze
aAPC:T cell conjugate formation. Finally, we compared the ability of spherical and
ellipsoidal aAPCs in an in vivo melanoma tumor prevention model.

Materials and Methods
Film formation and particle stretching

Lyophilized PLGA microparticles that were synthesized by single emulsion (see
supplemental methods) were added to a solution containing 10% PVA and 2% glycerol by
weight at 5 mg/ml (particles/ml solution). The solution was poured on a flat surface and
allowed to dry overnight. After drying, strips of the resulting film were cut out and placed
on an aluminum-stretching device consisting of two aluminum blocks that can be separated
by sliding on aluminum rods. The film and custom-made stretcher were placed in a 90°C
oven for 10 minutes and then the film was slowly stretched inside of the oven to the desired
stretch ratio by separating the two blocks. After allowing the film to cool down to room
temperature, the film was removed and dissolved in 10 ml of deionized water, then the
particles were centrifuged (4000 rpm for 5 min) and washed 3×, and finally resuspended in
deionized water, frozen, and lyophilized. Spherical particles in all experiments were also
prepared similarly; they were heated along side of the ellipsoidal particles but simply not
stretched.

aAPC synthesis
Soluble MHC-Ig dimers were prepared and loaded with peptide as described (see
supplemental methods) [32]. Spherical and ellipsoidal microparticles were resuspended in
coupling buffer (0.1M MES pH 6.0), and activated with EDC (1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide, Sigma-Aldrich) and sulfo-NHS (N-
hydroxysulfosuccinimide). As an example, 5 mg of microparticles were resuspended in 1 ml
of coupling buffer and activated with 10 mg of EDC and 13 mg of sulfo-NHS for 15 min at
1000 rpm on a multitube vortexer (VWR). Activated microparticles were then centrifuged,
the supernatant was removed, and the activated particles were resuspended in 1 ml PBS (pH
7.4) and transferred to a 5 mL glass scintillation vial for coupling. As an example, 8 μg of
MHC-dimer and 10 μg of anti-CD28 antibody (always in this ratio) were added to 2 μg of
activated PLGA microparticles, and then the reaction was allowed to proceed in the cold
room (4°C) for 4 hours. After 4 hours, the aAPCs (here, 2 mg of aAPCs) were centrifuged
and washed 2× with PBS, then centrifuged, re-suspended in 200 μl of 0.2 mm-filtered
sterilized 100 mg/ml endotoxin-free sucrose solution, frozen, and lyophilized overnight.

In vitro CTL induction and CFSE dilution
pMEL TCR/Thy1a Rag−/− transgenic mice were a gift from Nicholas Restifo (National
Institutes of Health, Bethesda, MD) and maintained as homozygotes. C57BL/6j were
purchased from Jackson Laboratories (Bar Harbor, ME). All mice were maintained
according to Johns Hopkins University’s Institutional Review Board. The pMEL T cells
used were obtained from homogenized pMEL mouse spleens after depletion of RBC by
hypotonic lysis. CD8+ T cells were isolated using a CD8-negative isolation kit and magnetic
enrichment column from Miltenyi Biotec (Cologne, Germany) and labeled with
carboxyfluorescein succinimidyl ester (CFSE) for 15 minutes at 37°C, then washed
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extensively. Cells and aAPCs at the indicated amounts and dosages were mixed and cultured
for 4-7 days in complete RPMI media supplemented with T cell factor, a cytokine cocktail
harvested from human plasma [33]. Cell proliferation was quantified by manual cell
counting, and final T cell count was divided by the initial T cell count for fold-change data.

aAPC-T cell conjugate formation evaluation
For confocal imaging, PLGA microparticles with encapsulated 5(6)-carboxy-
tetramethylrhodamine dye (TAMRA, Nova Biochem, San Diego, CA) were synthesized (see
supplemental methods). These labeled particles were then cast into a film, and the film
stretching and subsequent sythesis of aAPC from spherical and ellipsoidal TAMRA-loaded
particles were done as before. 1×106 CFSE-labeled CD8+ T cells were incubated with 1 mg
spherical or ellipsoidal aAPC for 60 minutes at 37°C in a No. 1.5 glass bottom dish
(MatTek, Ashland, MA). Images were acquired on a Zeiss LSM 510 META (Zeiss,
Oberkochen, Germany) laser scanning confocal at 40× magnification at the Johns Hopkins
School of Medicine Microscopy Facility. aAPC/T cell areas of contact were quantitated by
image analysis on ImageJ.

In vivo activity of aAPCs
We performed a subcutaneous B16 melanoma tumor prevention mouse model (Fig 6a). The
animals were preinjected intravenously (i.v.) with naïve pMEL CD8+ T cells (day −1, 2×106

cells/animal), subcutaneously (s.c.) in the flank with aAPCs (day 0, 2 mg aAPCs/animal),
then injected with 2×105 tumor cells in the hindlimb (day 3). Responses were boosted with
subsequent s.c. injection of a second aAPC batch (day 6, 2 mg aAPCs/animal), and tumor
growth over the course of the experiment was followed by measurement with external
calipers. Once the tumor size reached 200 cm2, the mice were sacrificed. Treatment groups
consisted of ellipsoidal and spherical cognate aAPC (n=8), and control groups consisted of
ellipsoidal non-cognate (n=8) and CD8+ T cell alone groups (n=5).

Statistics
All statistics were performed in GraphPad Prism. For analysis of surface protein
quantification, we performed pairwise t-tests. For analysis of specific CD8+ T cell
proliferation in response to specified aAPC dose, protein density, and shape of aAPC, we
performed two-tailed t-tests with a Bonferroni correction for multiple comparisons. For
analysis of quantification of cognate formation and area of contact between aAPCs and
CD8+ T cells, we performed pairwise t-tests. For analysis of tumor size, we performed a 1-
way ANOVA with Tukey post-test. For in vivo survival analysis, we used the Log-rank
(Mantel-Cox) test. Data in text are presented as mean ± SEM.

Supplemental methods
For description of microparticle fabrication, preparation of MHC-Ig Dimers, measuring size
and aspect ratio by SEM, surface protein quantification and release, and intracellular
cytokine staining, see supplemental methods.

Results and Discussion
Ellipsoidal aAPC synthesis and characterization

Ellipsoidal, biodegradable aAPCs were synthesized by first fabricating PLGA microparticles
which were then stretched into ellipsoids using a film stretching method [31]. This method
offers the advantage of allowing a direct comparison of particle shape and surface area,
while retaining equivalent volumes.
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The single emulsion PLGA (50:50 LA/GA, MW 38,000-54,000) microparticle synthesis
resulted in spherical microparticles (Fig. 1D, spheres) with a number-weighted average
diameter of 4.3 μm and a volume-weighted diameter of 6.7 μm (Fig. 1E). We were able to
control the aspect ratio (AR) of ellipsoidal microparticles with a high degree of accuracy by
imposing different degrees of stretch (STR) onto the film (Fig. 1D). This technique exhibits
a high correlation between predicted AR and empirically measured AR (by SEM) for a fixed
volume ellipsoid that has been elongated in one direction (AR = STR1.5) (Fig. 1F). This
indicates that particle stretching is a feasible, controllable process that allows for flexibility
in specifying the shape of the resulting particles. Ellipsoidal and spherical microparticles
were then made into aAPCs by EDC/sulfo-NHS mediated covalent coupling of a dimeric
MHC-Ig fusion protein [32] and an antibody against CD28 to free carboxyl groups on the
particle surface.

Key parameters to evaluate these aAPCs include characterizing the total protein on the
surface, the protein density, the dimer/anti-CD28 antibody ratio and the surface distribution
on the spherical and ellipsoidal aAPCs. To characterize the conjugation efficiency with
different amounts of protein added, we synthesized spherical and ellipsoidal (STR 2/AR 2.8)
aAPC with fluorescently labeled MHC-Ig dimer and unlabeled anti-CD28 antibody, and
characterized the particles by fluorimetry (Fig. 1G). By increasing the amount of MHC-Ig
used during synthesis, we achieved protein coupling of up to 0.75 μg MHC-Ig/mg PLGA
(Fig. 1G). Coupling efficiency was 15-20% over the entire range of protein analyzed, and
there were no statistically significant differences between spherical and ellipsoidal aAPC in
terms of their total protein content or protein density (p > 0.35 for all comparisons) (Fig.
1G). PLGA microparticles showed only minor auto-fluorescence and did not interfere with
dye emission (Fig. S1). Of note, while total surface area increases modestly with stretching,
with a modest increase of only 16% for AR 2.8 particles and maximum increase in net
surface area of the aAPCs of 50% for AR 6.6 aAPCs (Table 1C), stretching the aAPCs
dramatically increases surface flatness along the long axis of the aAPCs, with the radius of
curvature increasing 23-fold over the same range (Table 1E).

To evaluate whether spherical or ellipsoidal aAPCs might show differences in dimer/anti-
CD28 antibody ratio or surface distribution of the two proteins, we synthesized spherical
and ellipsoidal aAPCs with fluorescently labeled MHC-Ig dimer and labeled anti-CD28
antibody, and characterized the particles by fluorimetry and by confocal microscopy (Fig.
S2). Spherical and ellipsoidal aAPC did not show significant differences in MHC-dimer
amount or density, anti-CD28 amount or density, or MHC-dimer/anti-CD28 ratio (Fig. S2).
Approximately 85-90% of the protein on the surface required the EDC/NHS pre-activation
step and non-specific protein adsorption was low and equivalent between aAPC shapes (Fig.
S2). The fluorescence signals from the two proteins were co-localized in both cases
(quantified here by the Pearsons correlation), and the distribution pattern was equivalent
between the two groups (Fig. S2). Taken together with the only modest increase in total
surface area (16%) for 2-fold stretched particles (AR 2.8) as compared to spherical particles
(Table 1), the protein surface characterization data indicate that the spherical and ellipsoidal
particles are equivalent with respect to protein density, total protein amount, protein ratio,
protein organization and co-localization, and surface release.

While bulk polymer degradation from PLGA microparticles has been well investigated in
the drug delivery field [34-36], the effect of degradation on release of surface-coupled
proteins is less well studied. For aAPCs, presentation of immobilized proteins are critical for
cytotoxic T cell (CTL) activation and thus it is important to study release of these proteins
[10]. To characterize surface degradation, aAPCs bearing fluorescently labeled MHC-Ig
were incubated for varying amounts of time in PBS at 37°C. Supernatants were recovered
through centrifugation of the aAPCs and released protein quantified by protein fluorescence.
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For both spherical aAPCs and ellipsoidal aAPCs, 60-70% of the protein that was conjugated
to the surface was released over 7 days, with 30-40% of the protein released in the first 3
days. At 7 days, 30-40% of the protein remained on the surface of the aAPCs, as quantified
by total fluorimetry from the particles (Fig. 1H). There was no significant difference in this
release profile between ellipsoidal and spherical aAPCs.

We characterized the stability of the ellipsoidal aAPC shape by analyzing their relaxation
rate to the more stable spherical shape. Previous studies have indicated that relaxation rates
are dependent on surface characteristics, molecular weight, polymer composition, and
temperature [31]. We observed very little shape relaxation for high aspect ratio ellipsoidal
aAPC over 1 week at 37°C in PBS, indicating that the shape transition is slow for ellipsoidal
aAPCs with the chosen lactide to glycolide ratio (Fig. S3). This agrees with published
relaxation timescales for high aspect ratio PLGA with hydrophilic surfaces, such as those
used here [31].

Effect of aAPC shape, dose, and antigen density on T cell activation
In order to assess the impact of particle elongation, we measured the ability of aAPC to
induce antigen specific CD8+ T cell expansion of pMEL TCR transgenic CD8+ T cells.
Spherical and 2-fold stretched (AR = 2.8) ellipsoidal aAPCs were synthesized at 3 different
cognate MHC-peptide densities by adding 4, 1, and 0.5 μg of Db-Ig GP100/mg PLGA with
corresponding amounts of anti-CD28 antibody, resulting in spherical and ellipsoidal aAPC
with 0.75, 0.14, and 0.08 μg of MHC-dimer/mg PLGA (Fig. 1G). Spherical aAPCs bearing
non-cognate Db-Ig ASN at the highest protein density were used as a negative control. The
aAPCs were added to pMEL TCR transgenic CD8+ T cells at 3 aAPC to cell ratios (1, 0.1
and 0.01 mg aAPC/105 cells). Proliferation was assessed at day 4 by CFSE dilution (see
methods for details) and on day 7 by cell counts. Day 4 CFSE dilution for a representative
Db-Ig density (0.75 ug Db-Ig/mg PLGA) is shown at each aAPC:cell ratio (Fig. 2A), while
day 7 fold proliferation data are shown for all three parameters of aAPC shape, aAPC:cell
ratio, and Db-Ig density (Fig. 2B).

At a subsaturating dose of aAPC, 0.01 mg/105 cells, ellipsoidal but not spherical aAPCs
induced CD8+ T cell proliferation as measured by CFSE dilution (Fig. 2A 0.01mg). This
was reflected in Day 7 cells counts, with only ellipsoidal aAPC bearing 0.75 or 0.14 μg Db-
Ig/mg PLGA inducing CD8+ T cell expansion, of 22-fold and 11-fold expansion,
respectively (Fig. 2B 0.01mg; p<0.001 and p<0.01 for 0.75 and 0.14 μg Db-Ig/mg,
respectively). At an intermediate aAPC:cell ratio (0.1 mg/105 cells), ellipsoidal aAPC also
induced higher levels of CFSE dilution (Fig. 2A 0.1mg) than spherical aAPC. Cell counts
indicated ellipsoidal aAPC conferred an approximately 3-fold increase in total CD8+ T cell
expansion by day 7 compared to spherical aAPCs (Fig. 2B 0.1mg; p<0.001 and p<0.01 for
0.75 and 0.14 μg Db-Ig/mg, respectively). At saturating high aAPC:cell ratios (1 mg/105

cells) and the highest Db-Ig density, differences between ellipsoidal and spherical aAPCs
were substantially smaller but still statistically significant (p<0.05) (Fig. 2A/2B, 1mg).
However, when Db-Ig density on aAPC was titered to 0.1 μg Db-Ig/mg PLGA, ellipsoidal
aAPC regained their advantage, stimulating significantly more CD8+ T cell expansion than
spherical aAPC (p<0.001). aAPC bearing non-cognate MHC-peptide did not induce CFSE
dilution or CD8+ T cell proliferation (Fig. 2A left).

Two parameters that are important in T cell activation are total amount of antigen-MHC
complex and antigen density [37-39]. We wanted to study the impact of shape independent
of total antigen-MHC complex or antigen density. To separate the effect of shape from the
effect of total antigen-MHC dose or antigen density, we replotted the expansion data from
Fig. 2B versus total antigen-MHC dose (Fig. 2C) and antigen density (Fig. 2D). Increasing
total dose results in increased CTL expansion, but at all total doses, ellipsoidal aAPC (in
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red) outperform their spherical counterparts (in black) (Fig. 2C). For example, at a total dose
of MHC near 0.1 μg/105 cells, all 3 ellipsoidal formulations showed higher fold-expansion
than the 3 spherical formulations. There is also a positive correlation between increased
antigen density and CD8+ T cell proliferation at a given particle dose (Fig. 2D), but across
the probed density ranges, ellipsoidal particles (in red) show higher fold-expansion than
comparable spherical particles (in black). For example, in Fig. 2D 0.1mgs, ellipsoidal
particles with an MHC density of 400±140 and 240±70 MHC-Ig dimer/μm2 displayed
higher fold expansion (19.7±0.7 and 6.3±0.8 fold respectively) than spherical particles with
a similar MHC density of 350±60 MHC-Ig dimer/μm2 (2.3±1 fold expansion). Thus, across
a range of total antigen doses and protein densities, when controlling for dose and density,
ellipsoidal aAPC were more efficient at inducing CD8+ T cell expansion than spherical
aAPC.

To further study the importance of AR on CD8+ T cell stimulation, PLGA microparticles
were synthesized, stretched varying amounts, and made into aAPCs. There was a striking
correlation between increased AR and increased CD8+ T cell proliferation (Fig. 3).
Interestingly, the greatest gain in CD8+ T cell numbers was seen by increasing the aspect
ratio of the ellipsoidal aAPC by increasing the applied stretch from 1.5-fold to 2-fold, which
resulted in approximately 2 fold CD8+ T cell expansion up to approximately 20 fold CD8+
T cell expansion at a 0.01 mg aAPC/105 cells dose (Fig. 3C). Analysis of the number of
divisions from the CFSE dilution data (Fig. 3A) revealed that increasing AR further resulted
in a larger percentage of cells going through a significantly greater number of divisions (Fig.
3B). The fraction of non-responders (generations 0-1) progressively decreases with
increasing AR, eventually resulting in only 11% non-responders for the 3.5-fold stretched
(AR 6.6) aAPCs. The number of cells undergoing 4-5 or 6-7 divisions also increases with
every additional .5-fold increase in applied film stretch. This effect was also saturable with
very high doses of aAPCs (Fig. S4). Therefore, increasing aspect ratio of the aAPCs resulted
in increased CD8+ T cell expansion consistently up to 3.5 fold stretched aAPCs (AR 6.6),
with the greatest improvement in overall CD8+ T cell expansion seen when going from 1.5-
fold to 2-fold applied stretch, which corresponds to a change in AR from 1.8 to 2.8.

Thus, increasing aspect ratio of ellipsoidal aAPC results in improved CD8+ T cell
activation, and this enhanced proliferation that is mediated by ellipsoidal aAPC is primarily
dependent on aAPC geometry rather than any differences in the density or amount of
conjugated surface protein.

T cell quality, as reflected by the amount and diversity of cytokines and cytotoxic markers
produced when T cells are re-challenged by antigen, is a critical parameter for assessing
responses [40]. To determine the functional status of the expanded CD8+ T cell population,
we re-challenged aAPC-activated CD8+ T cells with peptide-pulsed splenocytes and
measured the production of a key cytokine, IFNγ, as well as measured the degranulation
marker, CD107a in an intracellular cytokine staining (ICS) assay. Function tracked with
proliferation; there was no significant difference in the quality of CD8+ T cells generated
from spherical or ellipsoidal aAPCs as determined by IFNγ or CD107a expression (Fig. S5).
There was no significant difference when comparing CD8+ T cell quality after equal doses
of aAPCs (which resulted in higher proliferation with the ellipsoidal aAPC) or when
comparing equal proliferation (from lower doses of ellipsoidal aAPC).

aAPC aspect ratio and T cell conjugate formation
Antigen recognition on APC is known to trigger coordinated cytoskeletal rearrangements in
both T cells and APCs, leading to close apposition of their cellular membranes. The
resulting interactions mediate T cell activation and, when visualized by imaging or flow
cytometry, are termed cell-cell conjugates [41].
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To evaluate the formation of T cell-aAPC conjugates, naïve CD8+ T cells were incubated at
37°C with spherical or ellipsoidal aAPCs. Cell-aAPC interactions were visualized after a
one-hour incubation by confocal imaging. In the presence of ellipsoidal aAPCs bearing
cognate MHC/peptide, T cell membranes could be observed in close apposition to the
aAPC’s long but not short axis, creating a T cell “cap”, characteristic of conjugate formation
(Fig. 4A).

Conjugate formation was observed for CD8+ T cells incubated in the presence of either
ellipsoidal (Fig. 4B) or spherical (Fig. 4C) aAPC. Importantly, conjugate formation was a
process driven by recognition of cognate antigen, as neither spherical nor ellipsoidal aAPCs
bearing non-cognate MHC/peptide induced cap formation (Fig. 4D, E). When quantitated,
conjugate formation was approximately 2.5-fold more frequent with ellipsoidal aAPC, with
4.6 ± 0.9% of the CD8+ T cells forming conjugates with the ellipsoidal aAPC compared to
1.8 ± 0.4% with spherical aAPC (p = 0.01, Fig. 4F). In addition to being 2.5-fold more
frequent, we observed a significant increase (p = 0.01, Fig. 4G) in the contact length
between the CD8+ T cells and the ellipsoidal aAPC (3.6 ± 0.6 μm/interface) as compared to
spherical aAPC (1.9 ± 0.2 μm/interface).

Time-lapsed imaging revealed a striking reorientation and rearrangement of the CD8+ T cell
surface against the aAPC long axis. Initially, the CD8+ T cell appears to contact the aAPC
along the short axis but with time migrates along the long axis rearranging its membrane
against the long axis of the ellipsoidal aAPCs (Fig. 4H). Membrane reorientation and
alignment against the long axis of ellipsoidal aAPC strongly suggests a preference for the
flat surface presented by the long axis of ellipsoidal aAPC. We thus observe that ellipsoidal
aAPCs generate increased biomimetic interactions with T cells compared to spherical
aAPCs, and suggests that the improved T cell expansion seen in vitro is due to increased
frequency and size of T cell-aAPC contact along the long axis of the ellipsoidal aAPCs.

Effect of aAPC shape in vivo
To test the activity of high aspect ratio aAPCs in vivo, we utilized a subcutaneous B16
melanoma tumor model. We injected a dose of aAPC subcutaneously 3 days before and a
second dose 3 days after tumor injection into the hindlimb (see Fig. 5A). Treatment with
either ellipsoidal (p = 0.0009 vs. non-cognate) or spherical (p = 0.02 vs. non-cognate)
cognate aAPCs led to significant reductions in tumor size as compared to controls that
received control non-cognate aAPCs or CD8+ T cells alone (Fig. 5B). By day 19, cognate
ellipsoidal aAPC treated tumors had only reached a size of 42.5 ± 14.9 mm2, compared to
90.5 ± 33.8 mm2 for cognate spherical, 164.5 ± 28.6 mm2 for non-cognate ellipsoidal, and
154.4 ± 35.4 mm2 for CD8+ T cell alone treated mice. Area under the curve (AUC) of tumor
growth over the course of the entire experiment showed a similar pattern, with tumors
growing a total of 44.3 ± 15.6 mm2, compared to 105.3 ± 34.7 mm2 for cognate spherical,
251.0 ± 46.6 mm2 for non-cognate ellipsoidal, and 238.0 ± 46.6 mm2 for CD8+ T cell alone
treated mice. Cognate ellipsoidal aAPCs thus reduced tumor size more than spherical
aAPCs, but this effect did not achieve statistical significance (p = 0.13).

Survival studies revealed statistically significant differences in survival between mice
injected with ellipsoidal cognate aAPC over spherical cognate aAPC (Fig. 5C)(p=0.05), as
well as ellipsoidal non-cognate control aAPCs (p=0.004). 25% of the animals in the cognate
ellipsoidal aAPC group completely cleared tumor by day 19 and survived the course of the
experiment, which did not occur in any other treatment or control groups. Furthermore,
ellipsoidal aAPC treatment led to a significant delay in tumor growth, with no mice reaching
substantial tumor burden until 22 days after tumor injection, compared to 19 days for the
other three groups.
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Critically, this research demonstrates that increased aspect ratio acellular aAPCs, which only
differ in their shape (and have equivalent volume, antigen dose, antigen co-localization, and
antigen density) as compared to spherical controls, not only engender enhanced antigen
specific activation in vitro but in vivo as well, and this enhanced activation has functional
consequences which lead to reduced tumor burden and enhanced survival.

Conclusions
Previous aAPC systems have utilized spherical particles, yet the biological interaction
between T cells and APCs is dramatically dissimilar from two spheres interacting. In this
study, we investigated how engineering the shape of an aAPC might enhance aAPC activity
both in vitro and in vivo. When antigen dose, antigen density, protein ratio, protein co-
localization, and particle volume were held equivalent between spherical and ellipsoidal
aAPCs, high aspect ratio ellipsoidal aAPCs showed significantly enhanced activity over
spherical aAPCs. Increasing the aspect ratio of ellipsoidal aAPCs led to enhanced activity up
to AR 6.6. This enhanced activity was also observed in vivo, where ellipsoidal cognate
aAPCs caused increased survival in mice compared to ellipsoidal non-cognate aAPCs
(p=0.004) as well as cognate spherical aAPCs (p=0.05). Additionally, confocal imaging
suggests that the observed improvement in CD8+ T cell activation is due to increased
interaction along this flatter, long axis of the biomimetic, ellipsoidal aAPCs. These findings
indicate that shape matters and that aAPC geometry is a critical design criterion to consider
in the synthesis of biomimetic acellular aAPC systems. aAPCs that more closely mimic
endogenous cell-cell interactions may provide a more complete understanding of the
underlying biological processes, such as the role of close membrane apposition and a large
surface area of contact in the APC/T cell interaction. aAPCs thus may not only be an
enabling tool for antigen-specific immunotherapy, but also for studying basic aspects of T
cell biology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Schematic of an aAPC. (B-D) Schematic of the interaction between a T cell, modeled as
a sphere, interacting with (B) a sphere; (C) an ellipsoid (AR 2.83; stretch ratio 2). (D)
Characterization by SEM (2000× magnification) of spherical and ellipsoidal aAPCs. Scale
bar corresponds to 10 μm. (E) Size distribution of aAPCs. (G) Comparison of degree of
stretch imposed on the film (STR) with the aspect ratio (AR) of the generated ellipsoidal
aAPCs. Predicted AR = STR3/2 (F) Coupling efficiency for protein during synthesis of
aAPC from spherical and ellipsoidal microparticles (n=2). (G) Protein release from the
surface of aAPC at 37°C in PBS (pH 7.4) over the course of 1 week.

Sunshine et al. Page 12

Biomaterials. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Specific CD8+ T cell proliferation in response to specified aAPC dose, protein density, and
shape of aAPC. (A) CFSE dilution data for ellipsoidal (red) and spherical aAPC (black) at
the highest protein dose (0.75 μg dimer/mg PLGA) at 3 doses of aAPC (0.01 mg, 0.1mg,
and 1mg/105 CD8+ pmel CD8+ T cells) compared to non-cognate. (B) CD8+ T cell
proliferation (fold expansion/105 cells) 7 days after aAPC addition to T cells with indicated
doses, shapes (ellipsoidal in red, spherical in white), and protein densities. (For comparison
of ellipsoid vs. spherical, * p<0.05, **p<0.01, ***p<0.001; n=3). (C) CD8+ T cell
proliferation (fold expansion/105 cells) versus total MHC-dimer dose (in μg) for ellipsoidal
(red) and spherical (black) aAPCs. (D) CD8+ T cell proliferation (fold expansion/105 cells)
versus MHC-dimer density (in MHC-Ig/μm2) for ellipsoidal (red) and spherical (black)
aAPC at 3 doses of aAPC (0.01 mg, 0.1mg, and 1mg/105 CD8+ pmel CD8+ T cells).
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Figure 3. Response to differential stretching
Specific CD8+ T cell proliferation in response to 0.01 mg particles/100,000 cell dose for
ellipsoidal aAPCs with different applied stretch compared to spherical aAPCs. (A) CFSE
dilution after aAPC addition to CD8+ T cells. (B) Fraction of cells which underwent 0-1,
2-3, 4-5, 6-7 rounds of proliferation after aAPC addition to CD8+ T cells. (C) CD8+ T cell
proliferation (fold expansion/100,000 cells) 7 days after aAPC addition to CD8+ T cells.
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Figure 4.
Confocal imaging of aAPC (green) conjugate formation to CD8+ T cells (red). (A)
Conjugates appear as areas of close membrane apposition between aAPC and cells, with
CD8+ T cell morphology rearrangement into a distinctive cap. (B) Spherical and (C)
ellipsoidal aAPC form cell-bead conjugates, which are more frequently observed with
ellipsoidal aAPC. (D-E) Conjugate formation is not observed with aAPC bearing non-
cognate MHC-peptide. (F) 4.6 ± 0.9% of CD8+ T cells incubated with ellipsoidal aAPC
(red) compared to 1.8 ± 0.4% with spherical aAPC (unfilled) were observed to have formed
conjugates (p=0.01). (G) The length of contact between cells and aAPC was 1.9 ± 0.2 μm
for spherical (unfilled) and 3.6 ± 0.6 μm for ellipsoidal (red) cognate aAPC (p = 0.01). (H)
Time-lapse image of a single CD8+ T cell interacting with one ellipsoidal cognate aAPC;
images acquired 2 s apart.
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Figure 5.
In vivo tumor-prevention model. (A) Experimental protocol and timeline. (B) Tumor size
measurements for mice injected with cancer and CD8+ T cells alone or also injected with
non-cognate ellipsoidal (NonCognate), cognate spherical (Spherical), and cognate
ellipsoidal aAPC (Ellipsoidal). AUC = area under the curve. * p = 0.02 vs. non-cognate; **
p = 0.0009 vs. non-cognate. For comparison of ellipsoidal cognate and spherical cognate by
AUC, p = 0.13. (C) Survival curve – mice were sacrificed and declared “dead” when tumor
size reached 200 mm2. Subcutaneous injection of ellipsoidal aAPC resulted in increased
survival vs. spherical non-cognate particles (p=0.05), ellipsoidal non-cognate particles
(p=0.004), and CD8+ T cells alone (p=0.05).
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Table 1

Key physical parameters altered by stretching of particles. A prolate ellipsoid (a > b = c) with axes labeled and
key points numbered. AR = Aspect ratio. Rel. SA = Surface area of ellipsoidal particles, relative to sphere.
Rel. Density = Protein density on surface of aAPC with assumed equivalent total protein content relative to
spheres. Ra, Rb, Rc = Radius of curvature, R, for the tip (point 1) of the ellipsoid (Ra), and for the flat face of
the prolate spheroid (point 2) in either the ba plane (Rb) and the ca plane (Rc). For equations used and
description of derivations, see Supplemental calculation.

Stretch AR Rel. SA Rel. Density Ra Rb Rc

Sphere 1 1 1 1 1 1

1.5 1.84 1.06 0.94 0.44 2.8 0.82

2 2.83 1.16 0.86 0.25 5.7 0.71

2.5 3.95 1.27 0.78 0.16 9.9 0.63

3 5.20 1.38 0.72 0.11 16 0.58

3.5 6.55 1.48 0.67 0.08 23 0.53
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