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Artificial antigen-presenting cells (aAPCs) are an emerging
technology to induce therapeutic cellular immunity without the
need for autologous antigen-presenting cells (APCs). To fully
replace natural APCs, an optimized aAPC must present antigen
(signal 1), provide costimulation (signal 2), and release cytokine
(signal 3). Here we demonstrate that the spatial and temporal
characteristics of paracrine release of IL-2 from biodegradable
polymer aAPCs (now termed paAPCs) can significantly alter the
balance in the activation and proliferation of CD8+ and CD4+
T cells. Paracrine delivery of IL-2 upon T cell contact with
paAPCs induces significant IL-2 accumulation in the synaptic
contact region. This accumulation increases CD25 (the induci-
ble IL-2 Ra chain) on responding T cells and increases prolifer-
ation of CD8+ T cells in vitro to levels 10 times that observed
with equivalent amounts of bulk IL-2. These CD8+ T cell
responses critically depend upon close contact of T cells and the
paAPCs and require sustained release of low levels of IL-2. The
same conditions promote activation-induced cell death in
CD4+ T cells. These findings provide insight into the response
of T cell subsets to paracrine IL-2.

Activation of naive T cells to proliferate and acquire effector
function requires, at a minimum, antigen recognition by the
TCR? (signal 1) and costimulation by ligands that engage recep-
tors such as CD28 (signal 2), both of which are provided by
conventional antigen-presenting cells (APCs) (1, 2). IL-2 is a
canonical T cell growth factor and plays a central role in the
expansion and differentiation of CD4+ and CD8+ effector T
cells both in vivo and in vitro (2, 3) and may be described as
signal 3. IL-2 is especially necessary for CD8+ T cell expansion,
as this subset ceases IL-2 production after a few days of stimu-
lation (4 - 6). IL-2 is principally produced by CD4+ T cells (7).
APCs, such as dendritic cells, can foster CD8+ T cell responses
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by facilitating IL-2 delivery from CD4+ T cells to CD8+ T cells.
This is accomplished by bringing CD4+ and CD8+ lympho-
cytes into close contact (1, 7). IL-2 delivery can also occur by
synaptic transmission between T cells without the need for an
APC, as in the case of homotypic T cell interactions. Synaptic
transmission of IL-2, as such, has been demonstrated as a key
signal for T cell cluster initiation and persistence after antigen
priming (8). It has also been suggested that DCs may also
secrete IL-2 at the site of T cell contact, and accumulation of
this cytokine at the DC-T cell interface has been shown to be an
important signal for T cell activation (9). Thus, paracrine IL-2
delivery is a physiologically important process for effective
immune responses.

Both the timing and duration of IL-2 delivery are important
determinants for the extent of T cell expansion (10-12). IL-2
received from CD4+ T cells within the first few hours of CD8+
T cell stimulation is responsible for increased IFN-v and gran-
zyme B secretion and potent anti-tumor activity (11). IL-2 is
also required at later time points in CD8+ T cell stimulation
to maintain proliferation and produce robust secondary
responses (10, 13). However, high concentrations and chronic
exposure to IL-2 can negatively impact T cell stimulation by
sensitizing T cells to activation-induced cell death and toler-
ance induction (14-17). The source of IL-2 is also relevant
because activated CD4+ T cells may sometimes display FasL,
which can result in CD8+ T cell death. Here we constructed a
polymeric artificial antigen-presenting cell (paAPC) from bio-
degradable materials that is capable of providing an antigenic
signal, effective costimulation, and adjustable paracrine IL-2
signals to T cells (17, 18). The polymer that constitutes the core
of this system, poly(lactic co-glycolic acid), and its homopoly-
mers poly(lactic acid) and poly(glycolic acid) have been used for
over 30 years in various human clinical applications, including
drug delivery systems. The biodegradability of the polymer and
subsequent release of bioactive encapsulant allow for dissection
of the spatial and temporal paracrine IL-2 delivery components
and their importance in CD4+ and CD8+ T cell proliferation.

In this report, we explore how local control over IL-2 delivery
impacts lymphocyte activity. Given that peptide-MHC Class I
complexes are recognized by CD8+ T cells whereas peptide-
Class II MHC complexes are recognized by CD4+ T cells, no
single peptide-MHC complex can be used to activate both T
cell subsets. Therefore, in this study, we use a paAPC system
presenting an antigen-independent signal equally effective on
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both T cell subsets, namely anti-CD3 antibody. Anti-CD3,
which binds to invariant signaling proteins associated with all
TCRs on both CD4+ and CD8+ T cells, is widely used as an
antigen mimetic because like peptide-MHC complexes, it acti-
vates T cells by clustering TCR:CD3 complexes on the T cell
surface. This approach allowed us to assess differences in the
responses of these two subsets to paAPC-encapsulated IL-2
acting as a paracrine IL-2 point source.

In cells lacking the ability to secrete IL-2, paracrine delivery is
critical for maximum expansion. We show that CD8+ T cells
proliferate vigorously in response to paracrine IL-2 delivery by
paAPCs, whereas CD4+ T cell expansion is limited by apopto-
sis. These effects cannot be mimicked even by an addition of a
1000-fold excess of exogenous IL-2. We find that synaptic accu-
mulation of IL-2 in the early stages of activation may be impor-
tant. Additionally, a slow and sustained release of IL-2 accounts
for the effects of paracrine delivery, whereas an initial short-
lived burst of cytokine availability (on the order of hours) is
dispensable. The slow, sustained release must occur in close
proximity to T cells to achieve maximal response.

EXPERIMENTAL PROCEDURES

Cell Lines and Primary Sources—Animal studies were
approved by the Institutional Animal Care and Use Committee
at Yale University. All animals were routinely used at 6—10
weeks of age, were maintained under specific pathogen-free
conditions, and were routinely checked by the Yale University
Animal Resource Center. C57BL/6 (B6) mice were obtained
from Charles River Laboratories, Inc. (Wilmington, MA). Pri-
mary splenocytes were obtained from homogenized naive
mouse spleens after depletion of erythrocytes by hypotonic lysis
(Acros Organics, Geel, Belgium). Splenocytes were resus-
pended in complete RPMI-10, consisting of RPMI 1640 (Invit-
rogen) supplemented with 10% FBS (Invitrogen), 2 mm L-glu-
tamine (Invitrogen), 25 um B-mercaptoethanol (American
Bioanalytical, Natick, MA), 2% penicillin-streptomycin (Sigma
Aldrich) and 1% gentamicin (Sigma Aldrich). B6 splenocytes
were either used without further purification or subjected to
negative immunoselection (R&D Systems, Minneapolis, MN)
to produce CD8+, CD4+, or CD4+CD25- populations of at
least 96% purity.

Construction of Biodegradable paAPCs—Poly(lactic co-gly-
colic acid) 50/50 with an average molecular weight of 80 kDa
was obtained from Durect Corp. (Cupertino, CA). Micropar-
ticles were fabricated using a double emulsion water-in-oil-in-
water technique (Jain 2000 Biomaterials). Microparticles were
surface-modified with avidin-palmitate conjugate as described
previously (19, 20). For cytokine encapsulation, 100 g of
recombinant human (rh) IL-2 (Proleukin, Chiron Corp.,
Emeryville, CA) was added to the poly(lactic co-glycolic acid)
solution. Particles were lyophilized and stored at —20 °C until
use. Controlled release profiles were obtained in 1 ml of PBS at
37 °C from 5 mg of particles. An ELISA analysis was performed
to measure rhIL-2 levels (BD Biosciences).

Coupling of Ligand to the Surface of paAPCs—Biotinylated
anti-mouse CD3e (BD Biosciences) and anti-mouse CD28 (BD
Biosciences) were added at 10 pg/ml to a 10 mg/ml solution of
poly(lactic co-glycolic acid) particles in PBS and rotated at room
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temperature for 20 min. IL-2-biotin, where present, was added
after 5 min of particle incubation with antibodies without wash-
ing. Particles were then washed in all cases with PBS + 1% FBS
and resuspended in complete RPMI-10. IL-2 biotin was pre-
pared by reacting rhIL-2 with biotin hydrazide followed by
removal of excess biotin reagent. The activity of IL-2-biotin was
verified (supplemental Fig. S2).

T Cell Stimulation Studies—paAPCs with bound antibody
were added to C57Bl/6 splenocyte or purified T cell cultures
containing 10° cells/ml at 0.5 mg/ml After incubation at 37 °C
for 48 h, cell culture supernatant was assayed for IFN-y and
mouse IL-2 or rhIL-2 using ELISA (BD Biosciences). Cells were
analyzed for viability after 96 h using Cell Titer Blue (Promega
Corp., Madison, WI). For “released particle” studies, paAPCs
were allowed to release IL-2 in PBS at 37 °C for 24 h and then
washed with PBS + 1% FBS prior to coupling to biotinylated
anti-CD3 and anti-CD28 for use in stimulation studies.
Reported values were obtained by using dilutions of superna-
tant that yielded absorbance values within the linear portion of
the standard curve. All reagents were added to cell culture at
time zero and were not supplemented at a later time. Blocking
antibodies (BD Biosciences) were added at 10 ug/ml, carboben-
zoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone
(Promega, Madison, WI) was added at 20 uMm, and exogenous
rhIL-2 (Chiron, Emeryville, CA) was added at the indicated
amount in 2 ml of culture.

Assessment of Marker Expression by Flow Cytometry—Cells
were analyzed by flow cytometry after 96 h. Cells were stained
with a 1:200 dilution of antibody in PBS + 1% FBS. All antibod-
ies were obtained from BD Biosciences. Analysis of fluores-
cence was performed after gating on the lymphocyte popula-
tion in side scatter versus forward scatter plots followed by
gating on the CD8+ and CD4+ subsets. Annexin V and the
BrdU flow kits were obtained from BD Biosciences and used
according to the manufacturer’s instructions. Samples were run
ona BD FACScan or LSRII (BD Biosciences) and were analyzed
using Flow]Jo 8.7 (Tree Star, Ashland, OR).

Data Fitting and Statistical Analysis—Data fits were per-
formed using GraphPad Prism 5.0. Controlled release data were
fit to a two-phase exponential association model. Statistical
analysis was performed in GraphPad Prism 5.0 using a one-way
analysis of variance with p < 0.05 considered significant.

Modeling of the Concentration Field Near paAPCs—Diffu-
sion controls the shape of the IL-2 normalized concentration
field (C*) near a paAPC. If the ambience is quiescent and the C
field is steady, the diffusion equation reduces to the Laplace
equation:

V2C* =0 (Eq. 1)

For an isolated (far from a T cell) paAPC with radius a, the
concentration field is spherically symmetric, and the concen-
tration decreases inversely with radial distance (r) from the cen-
ter of the paAPC (see Fig. 1D, left panel).

C(r) a
C* = Cf = ? (Eq.2)
0

where C, is the surface concentration (r = a). The normalized
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FIGURE 1. Enhanced effects of paAPC IL-2 delivery require T cell targeting. A, separation of T cells and uncoated paAPCs was achieved by sequestering the
uncoated paAPCsin a transwell while adding stimulatory aAPCs to the T cell compartment (left panel). To provide untargeted IL-2 that is released in a controlled
manner, aAPCs (no IL-2 encapsulated) were added simultaneously with uncoated paAPCs (center panel). paAPCs interact with T cells at close range through
targeting with anti-CD3 and anti-CD28 immobilized on the paAPC surface (right panel). B, C57BI/6 splenocytes were stimulated with 0.5 mg/ml paAPCs. Fold
expansion (after 96 h) and cytokine secretion (after 48 h) decreased significantly when T cells were separated from particles releasing IL-2. C, up-regulation of
CD25 was not as pronounced on CD8+ cells distanced from paAPCs. Right panel, mean channel fluorescence values. The vertical lines denote isotype control
staining. D, IL-2 release from paAPCs in isolation and in the vicinity of T cells was modeled using the diffusion equation to illustrate the level of IL-2 accumulation
that T cells experience during initial interaction with paAPC (supplemental methods). Scale bar = 8 um. Left panel, a model of IL-2 release from the paAPC.
Contour lines denote the value of the normalized concentration (C*). Center panel, a T cell paAPC interaction at 3 um apart and 20 nm apart (right). Statistical

analysis was performed in GraphPad Prism 5.0 using a one-way analysis of variance. *, p < 0.05, considered significant.

concentration (C*) thus has a value of unity on the surface of an
isolated paAPC. When the paAPC is in proximity with a T cell,
the problem is more complex. The C* field is distorted by the
interaction and will depend not only on the geometric param-
eters such as surface-to-surface spacing and relative cell/parti-
cle size but also on kinetic parameters, including the release
capacity of the paAPC and the absorption characteristics of the
T cell. Because we are interested in the early stages of cell acti-
vation, when there are few, if any, high affinity IL-2 receptors,
the T cell may be considered to be non-absorbing at that stage.
If the paAPC releases IL-2 at a constant rate, then Equation 1
can be solved using a boundary collocation method (supple-
mental methods) (21, 22).

RESULTS

Nanoscale Proximity of IL-2 Release Results in Accumulation
of Synaptic IL-2 that Differentially Impact CD8+ versus CD4+
T Cell Stimulation—Delivering IL-2 from a point source pro-
duces both spatial and temporal gradients. To examine the
effect of spatial proximity of an IL-2 source on T cell stimula-
tion, naive T cells from mouse splenocytes were exposed to
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aAPCs presenting surface-bound anti-CD3 (signal 1) and anti-
CD28 (signal 2) monoclonal antibodies. We then compared the
effects when IL-2 was directly added to the culture medium
(exogenous IL-2) or when it was provided by releasing paAPCs
(encapsulated IL-2) under three different conditions, as shown
in Fig. 1A. Because IL-2 is continually released from paAPCs,
the concentration of IL-2 decreases with increasing distance
from its paAPC source. The closest encounter (Fig. 1A, right
panel) IL-2 is delivered by paAPCs that that are separated from
T cells only by the nanoscale molecular interactions involving
anti-CD3 and anti-CD28 binding to their ligands on T cells.
Typically these interactions are on the order of an antigen-
antibody molecular length scale (approximately 10 -20 nm). In
the second scenario, signal 1 and 2 stimulation was achieved
with aAPCs (i.e. particles decorated with antibodies without
encapsulated IL-2), and IL-2 delivery was achieved with
uncoated paAPCs (Fig. 1A, center panel). In this setting,
paAPCs may get near the responding T cells, but the nanoscale
proximal interactions with T cells are expected to be less fre-
quent, if not absent. In the third scenario, signal 1 and 2 inter-
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actions were achieved with aAPCs (particles with antibodies) in
contact with the T cells, and IL-2 is provided by uncoated
paAPCs that were placed across a transwell with a pore diame-
ter of 0.4 um (Fig. 14, left panel). Released IL-2 freely diffuses
from the transwell into the cell compartment. Again, in this
scenario, cells and IL-2 releasing particles are far from each
other on the order of many microns. The total amount of IL-2,
either exogenously added or encapsulated in particles, was
equal (1 ng of IL-2 in 2 ml of culture).

IL-2 delivered from paAPCs enhanced T cell activation and
proliferation compared with exogenous addition of IL-2 (Fig.
1B) and led to up-regulation of CD25 (C). However, IL-2 deliv-
ery was significantly less effective than paAPCs in molecular
proximity to T cells. Specifically, paAPCs releasing IL-2 pro-
duced higher levels of CD25 on the surface of CD4+ and CD8+
T cells (Fig. 1C) and greater T cell activation as measured by
secretion of IL-2 and IFN-+yand resulted in increased expansion
of CD8+ T cells (Fig. 1B and supplemental Fig. S1). Interest-
ingly, CD4+ T cell expansion was unaffected by distancing the
IL-2 source (Fig. 1B). The results highlight the importance of
colocalization of IL-2 delivery with stimulatory and costimula-
tory signals for efficient CD8+ T cell signaling.

A T cell present in proximity to a paAPC can experience
variable IL-2 gradients depending on its separation distance
from the IL-2 source. To understand the diffusive transfer of
IL-2 when a T cell interacts with a paAPC, it is important to
examine the behavior of the concentration field during the
interaction. The normalized concentration field (C¥) field is
spherically symmetric and decreases inversely with distance
from an isolated paAPC in a quiescent environment (Fig. 1D,
left panel). When a paAPC interacts with a T cell, the spherical
symmetry of C* is compromised. Prior to activation, the naive T
cell can be considered as a poorly receptive to IL-2 compared
with its activated state (7). If the paAPC releases IL-2 at a con-
stant rate, then an accumulation of IL-2 occurs at the interface.
The amount of interfacial IL-2 accumulation will depend on the
proximity of the cells. When the cells are separated by 3 um
(Fig. 1D, center panel), the IL-2 surface concentration will be
non-uniform on the T cell surface and will have a maximum C*
value of 0.7 at the synaptic point, as may be seen from the
underlying magnified view of the synaptic region. If an isolated
paAPC has an IL-2 surface concentration of about 1.8 pm, then
a C* = 0.7 means the concentration near the T cell interface
would be 1.26 pm. When the T cell is separated from the paAPC
by only 20 nm (an approximate distance of synaptic ligand-
receptor interactions, Fig. 1D, right panel), the T cell synaptic
point C* increases significantly to 2.2, which equates to an
actual concentration of 3.96 pM. So, the closer the cells, the
larger the interfacial IL-2 accumulation. At this point, the T cell
contact point is bathed in a concentration of IL-2 that is con-
siderably higher than what would be expected based on an iso-
lated paAPC concentration. This accumulation effect will be
even magnified if the T cell-paAPC interface flattens during the
interaction, thereby increasing the synaptic contact area. The
above calculation is for a non-absorbing T cell interacting with
one paAPC. In our experiments, a T cell may simultaneously
interact with several paAPCs, leading to the hypothesis that the
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cytokine concentration, because of accumulation at multiple
interface points, maybe even further magnified.

Transpresentation of IL-2 Is Not as Effective as Paracrine
Delivery—Transpresented IL-2 may enhance availability and
binding of IL-2 to its receptor (7, 23). Given that IL-2 is released
from paAPCs, it is possible that it may associate with the parti-
cle surface in a nonspecific manner and be presented rather
than released, leading to the observed enhancement at nano-
scale separations. To address the effect of non-diffusible, sur-
face-presented IL-2 on T cell activation, IL-2 was biotinylated
and immobilized on the surface of aAPCs without encapsulated
IL-2. Biotinylation of IL-2 did not affect its functional activity
(supplemental Fig. S2). Here the amount of IL-2 immobilized
on paAPCs was varied from the total amount released with
paAPCs to two orders of magnitude greater than that amount.

As shown in Fig. 2, there was little or no enhancement in
stimulation with surface-bound IL-2 aAPCs, and this result was
similar to exogenous IL-2 addition (Fig. 2). Increasing the
amount of IL-2 presented on the surface by two orders of mag-
nitude (100 ng per mg of aAPC) over the amount released from
paAPCs (1 ng per mg of particles) improved CD8+ T cell
expansion (Fig. 2B) and T cell cytokine secretion (C) but was
significantly lower than paAPC stimulation. Similarly, we
observed no changes in the surface density of CD25 on T cells
activated by presentation of IL-2 compared with exogenous
delivery (Fig. 2D). The results demonstrate the importance of
delivering IL-2 as a soluble paracrine factor, similar to its natu-
ral mode of action (24).

Slow Sustained Release of IL-2 Facilitates Efficient
Stimulation—Diffusion of IL-2 from a point source over time
also leads to temporal gradients that may impact T cell func-
tion. IL-2 release from the paAPCs occurs in two distinct
phases, a short burst phase of IL-2 (0-8 h) followed by a long
sustained release phase that has both a lower slope (expressed
as quantity of cytokine per time) and a smaller magnitude of
cytokine released (Fig. 34). These two phases occur because
IL-2 is not homogeneously distributed in the particle, and a
significant fraction is localized near the surface of the particle
with the remainder entrapped in the core. Release from the
surface is triggered upon aqueous exposure, and slow sustained
release from the core takes place over time as the aqueous
medium degrades the polymer, releasing entrapped IL-2. To
investigate the importance of each phase on T cell stimulation,
we stimulated cells with paAPCs that have been depleted of the
burst IL-2 phase and compared the potency of these “released”
particles with “fresh” particles for T cell activation and expan-
sion. Particles denoted as released were suspended in PBS
under constant rotation for 24 h to wash away the burst phase
prior to T cell stimulation. The remaining IL-2 is denoted as R
in Fig. 3A.

Strikingly, released paAPCs expanded CD8+ T cells to alevel
that is 70% of that achieved with fresh paAPCs, despite the fact
that released paAPCs deliver only about 20% as much IL-2 as
fresh paAPCs (Fig. 3B). Cytokine secretion and up-regulation of
CD25 were indistinguishable between released and fresh
paAPCs (Fig. 3, C and D), signifying the importance of slow
sustained paracrine delivery of IL-2 for effective stimulation.
Though only a small amount of IL-2 is released during the sus-
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secretion was reduced, and CD25 levels were not significantly up-regulated from levels observed during stimulation with aAPC lacking encapsulated IL-2 (D).

*, p < 0.05.

tained slow portion of the curve, this amount of cytokine is
sufficient to mimic natural paracrine delivery.

Our data point to the importance of high IL-2 interfacial
transfer rates over prolonged periods as a key factor in the
potency of the paAPC. We hypothesized that increasing the
amount of exogenous IL-2 would at some high concentration
produce similar effects to those resulting from paracrine IL-2
paAPCs. To test this hypothesis, we incubated paAPCs with T
cells derived from wild-type mice and mice deficient in IL-2
production (IL-27/7) to eliminate confounding variables intro-
duced by the presence of other cells that may act as additional
sources of IL-2. The amount of exogenous IL-2 added to the
media at the start of the experiment was increased by up to 3
orders of magnitude with both cell types. Although10-fold and
100-fold higher concentrations of exogenous IL-2 increased
stimulation, we found that 1000-fold more IL-2 was required to
approximate the effects of paAPCs in terms of CD8+ expan-
sion (Fig. 44), cytokine secretion (B), and levels of CD25 on
CD8+ T cells (C) in wild-type T cells. Interestingly, we did not
observe this enhancement with additional exogenous IL-2 in
IL-27/" cells. Stimulation of IL-27/~ T cells was still far greater
with paAPCs compared with a 1000-fold addition of exogenous
IL-2 (Fig. 4, D—F). The data point to the fact that paAPCs facil-
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itate stimulation (in the absence of other sources of IL-2) by
an enhanced transfer rate and concentration gradients that can-
not be mimicked by exogenous sources, even at high
concentrations.

CD8+ T Cells Are Expanded More Effectively by Paracrine
IL-2 Compared with CD4+ T Cells—Stimulation by paAPCs of
a splenocyte culture in which similar fractions of CD4+ and
CD8+ T cells are present results in a population of T cells that
is skewed strongly toward the CD8+ phenotype (Fig. 5A).
Given that CD4+ T cells are a primary source of IL-2, we dis-
sected this preferential phenotypic expansion by purifying
CD4+ and CD8+ T cell populations and stimulated them sep-
arately with paAPCs. The results paralleled splenocyte (mixed
CD4+ CD8+) observations. CD4+ T cells failed to proliferate
substantially under all conditions, and CD8+ T cells expanded
robustly with paAPCs (Fig. 5B). Purified CD8+ and CD4+ T
cells mixed at defined ratios prior to stimulation by paAPCs
showed the same trend. CD8+ T cells expansion showed a lin-
ear dependence on the initial frequency and hence was directly
proportional to the starting concentration of CD8+ T cells,
whereas CD4+ T cells expanded moderately irrespective of ini-
tial frequency (Fig. 5C). Given that CD8+ T cells can also pro-
duce small amounts of IL-2, we measured IL-2 secretion after

JOURNAL OF BIOLOGICAL CHEMISTRY 34887



T Cell Stimulation with Paracrine IL-2 Delivered from Artificial APCs

>

B.

0

g 157 401 mm cD4+ ~ 50007 gy Ny 400
a [ cps+ E {3 2 &
$3 [R5 3 g 4000 300 o
o e
~ E 1.0 § § 30001 g
=23 £ 204 3 200 o
b 2 5 3 20001 2
= ° Q
E=] 0.5 J L =
sg = Z 1000 100 5
5 £ ""I . Z
5 e 0-—..’—| ..ﬂ . ol— ' Lo
0. . . . . ,
0 20 40 60 80 100 ®\§° N & &Y & &
Time (hours) ®+Oq Q.?»\e ¢ * ®+°Q' qg’\e <
A R
? Q’D ?F Q'b
D. aAPC exog. paAPC AAPC
aAPC IL-2 released
*
+
- o 1°%07mm cD4+ T
(@) & 8op{ [ CD8*
Q.
h 2 6004
&
w0
& 400
o
+ © 200
m E
=
8 oL 0] -.[-] r
&L v L @
ke N4 & \S
] 5 3 o
G OQg R
CD25 & 2
® ]

FIGURE 3. Instant release of IL-2 from paAPCs is not critical for T cell expansion. paAPCs were suspended in PBS and allowed to release their contents for
24 h and then washed prior to use. A, the release curve shows the cumulative amount of IL-2 released from paAPCs over the course of 96 h. R denotes the
amount of IL-2 remaining in paAPCs that have been allowed to prerelease their IL-2 for 24 h before addition to T cell culture (paAPC Released). paAPCs allowed
to release for 24 h were washed before addition of biotinylated anti-CD3 and anti-CD28. C57BI/6 splenocytes were stimulated with 0.5 mg/ml paAPCs.
B, released paAPCs were found to induce expansion at 70% potency of unreleased paAPCs. Cytokine secretion (C) and up-regulation of CD25 (D) were not

significantly different than unreleased paracrine IL-2 paAPCs. *, p < 0.05.

48 h of culture to ascertain whether the enhanced expansion
was due to increased IL-2 production from stimulated CD8+ T
cells. Fig. 5D shows that the level of IL-2 production after 48 h
increases with increasing percentages of CD4+ T cells, and the
opposite effect is seen for IFN-v. This rules out the possibility
that stimulation of CD8+ cells significantly increases their pro-
duction of IL-2 and leads to the conclusion that the enhanced
proliferation of CD8+ T cells is solely due to IL-2 delivery by
paAPCs. These results also indicate that the proliferative pat-
terns of CD4+ and CD8+ T cells are not the result of killing of
the CD4+ subset by CD8+ T cells (25) or competition for IL-2
but rather intrinsic properties of the CD8+ versus CD4+ T
cells’ responses to the intense IL-2 concentration gradient pro-
vided by paAPCs.

CD4+ T Cells Divide in Response to paAPCs Releasing IL-2
and Then Undergo Apoptosis—The observed attenuation in the
CD4+ T cell response compared with CD8+ T cells upon para-
crine stimulation may be due to one or both of the following
mechanisms: 1) CD4+ T cells are simply slower in activation
and proliferation upon encounter with paAPCs, or 2) CD4+ T
cells also activate and proliferate, but their numbers are
reduced by programmed cell death. To determine whether
CD4+ T cells divide in culture with paAPCs, BrdU incorpora-
tion was used to detect cellular division. Division of CD4+ and
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CD8+ cells was evident after 48 h in all aAPC and paAPC stim-
ulations but was significantly higher when IL-2 was present
(Fig. 6A). There was no significant difference in the percentage
of CD4+ T cells engaged in cell division between the exogenous
and paracrine IL-2 groups. To examine the number of divisions
that occurred in each case, splenocytes were labeled with the
cytoplasmic dye carboxyfluorescein succinimidyl ester prior to
stimulation, and dilution of the dye was examined after 96 h.
Although more CD8+ T cells were found to undergo extensive
cell division after exposure to paracrine IL-2 versus exogenous
IL-2 addition, CD4+ T cells showed similar but moderate cell
division patterns regardless of treatment (Fig. 6B and supple-
mental Fig. S3), indicating that CD4+ T cells are responding to
paAPCs by undergoing cell division under all conditions. How-
ever, in all cases, the percentage of apoptotic cells was higher for
CD4+ T cells, as indicated by annexin V staining, compared
with CD8+ T cells (Fig. 6C). This percentage increased dramat-
ically when cells were exposed to paAPCs (Fig. 6C). Interest-
ingly, levels of CD4+ T cell apoptosis equivalent to that result-
ing from paAPC treatment were observed with aAPC
stimulation in the presence of high exogenous IL-2 concentra-
tions (Fig. 6D). Together this indicates that CD4+ cells
undergo only a few cell division cycles and that this limited
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proliferation is accompanied by apoptosis upon exposure to
high IL-2 concentrations. This phenomenon is in accordance
with previous literature reports involving T cell response to
anti-CD3 stimulation with high concentrations of exogenous
IL-2 (26).

Addition of the apoptosis inhibitor Z-VAD-FMK, a general
caspase inhibitor, or a blocking antibody to FasL increased
CD4+ T cell expansion in cultures with paAPCs (Fig. 6E). Still,
the relatively modest increases in expansion observed with apo-
ptosis inhibitors indicate that apoptosis is not the only factor
limiting CD4+ expansion by paAPCs. Rather, apoptosis is
combined with a low number of cell divisions to produce few
CD4+ T cells during paAPC stimulation highlighting intrinsic
differences in the response of CD4+ and CD8+ T cells to para-
crine IL-2.

Another possible factor that could limit CD4+ T cell prolif-
eration is the presence of regulatory T cells (Tregs). Although
we did not observe expansion of CD4+FoxP3+ T cells follow-
ing stimulation of splenocytes by any paAPC or particle config-
uration (supplemental Fig. S4B), previous work has demon-
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strated the ability of small numbers of Tregs to suppress large
populations of effector T cells (27). To determine whether
Tregs contributed to the lack of CD4+ T cell expansion by
paAPCs, we depleted CD25+ cells (natural Tregs) from the
CD4+ T cell population prior to paAPC stimulation. We
observed a small increase in the expansion of CD4+ T cells over
96 h (supplemental Fig. S4B), suggesting that the presence of
Tregs is not a major factor limiting CD4+ T cell expansion.

DISCUSSION

In this study, we recapitulated a critical set of features for
antigen presentation in a configurable, artificial system that can
be easily adopted for future therapeutic applications. The
paAPC platform used here is a flexible, tunable system fabri-
cated from Food and Drug Administration-approved polymers
that have been used in humans for controlled drug delivery (28,
29). Here we sought to understand how paAPCs’ temporal and
spatial IL-2 gradients impact T cell function. We found that
CD4+ and CD8+ T cells respond very differently to high local
concentrations of IL-2. Paracrine IL-2 delivery results in signif-
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icant expansion of CD8+ T cells, whereas CD4+ T cells prolif-
erate minimally and undergo apoptosis (Fig. 7C). This is in con-
trast to exogenous IL-2 addition or IL-2 derived from CD4 cells,
which leads to only moderate proliferation of CD4+ and CD8+
subsets (Fig. 7, A and B). These findings indicate that continu-
ous release of small amounts of IL-2 in a paracrine manner can
dramatically alter the homeostatic milieu in which T cells
interact.

Ultimately, successful paracrine delivery of IL-2 depends on
the ability of the T cell to capture IL-2. Although the high-
affinity IL-2 receptor, composed of «, 8, and 'y subunits, does
not appear on the T cell surface until approximately 24 h fol-
lowing the antigen encounter (30, 31), high concentrations of
IL-2 can be detected by the low-affinity IL-2 receptor (com-
posed of B and vy subunits), which is constitutively expressed by
T cells. Previous work has suggested that paracrine delivery of
IL-2 from CD4+ to CD8+ T cells takes advantage of high IL-2
concentrations in the T cell-T cell synapse to signal through the
low-affinity IL-2 receptor (8). This is consistent with our obser-
vation that a paAPC that delivers a high local synaptic concen-
tration of IL-2 in the presence of stimulatory and costimulatory
signals can satisfy the requirement of an initial high concentra-
tion of the needed IL-2 followed by a slow sustained and lower
concentration of the cytokine. The slow sustained provision of
the cytokine eventually results in up-regulation of CD25 on the
surface of CD8+ T cells, similar to dendritic cell-derived IL-2
signals that have been shown to induce CD25 up-regulation
(32).
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We demonstrated that both temporal and spatial gradients
can affect how T cells perceive and respond to IL-2 signals.
During the incipient activation when the T cell is essentially
non-absorbing, there is a significant increase in the synaptic
IL-2 concentration. The accumulation is a sensitive function of
cell separation and increases significantly with decreasing sep-
aration. Our modeling suggests that at the synaptic point there
is more than a 3-fold increase in IL-2 concentration when the
separation is decreased to nanoscale ligand-receptor interac-
tion distances.

At the molecular distances involved in synaptic APC-T cell
interactions, IL-2 transmission increases dramatically com-
pared with an isolated IL-2 source. Thus, even a 1000-fold
increase in the local concentration of exogenous IL-2 cannot
approximate the effect of paracrine IL-2 delivery on T cells in
the absence of other sources of IL-2. This observation high-
lights an unappreciated phenomenon involving how paracrine
signaling arising from intense diffusive interactions can affect T
cell activation. CD4+ and CD8+ T cells perceive this interac-
tive signal very differently. CD8+ T cells thrive on an intense
paracrine IL-2 signal and are able to expand vigorously,
whereas the same conditions result in CD4+ T cell death that is
likely caspase-dependent. This is consistent with previous
results demonstrating that CD4+ T cell expansion by IL-2 is
largely regulated by the rate of cell death. IL-2 has the most
dramatic influence on the rate at which the death rate increases
with the division number (26). This suggests that physiologi-
cally, the mode of T cell exposure to IL-2 has a significant role in
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These populations do not respond the same way to growth
stimuli. We note, however, that in our experiments to date we
have observed a very similar significant expansion of melano-
ma-specific and flu-specific human T cells, with paAPCs pre-
senting the cognate antigens and encapsulating IL-2 compared
with exogenous IL-2.?

simultaneously regulating the expansion and contraction of
specific subsets.

The paAPC platform studied in this investigation is very well
suited for future human therapeutic applications. There are
differences between human and mouse T cells, and our current
findings will have to be extended to humans. One important
contributor to such species differences is that the mouse T cells
in our experiments are comprised predominantly of naive pop-

ulations, whereas human T cells isolated from the peripheral
blood of adults are a mixture of naive and memory T cells.
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Until now, dose-related toxicity of IL-2 has hampered its
therapeutic benefits (33—36). Initial studies used “dose-dense”
administration of the cytokine that can cause capillary leak,
possibly mediated by natural killer cells (33, 34). Second-gener-
ation formulations of IL-2 that have been developed increase its
half-life in circulation while simultaneously reducing the
administered dose. Some examples include fusion proteins (IL-
2/1g) (35, 36), pegylated IL-2 (37), IL-2-anti-IL-2 complexes
(23), liposomal formulations (38 -40), and viral and plasmid
vectors (41, 42). paAPCs offer a further advantage by not only
increasing cytokine half-life but also by delivering IL-2 at higher
doses selectively to T cells and away from NK cells and thereby
potentially reducing toxicity while improving efficacy.
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