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Polymeric nanoparticles (NPs), prepared
via coprecipitation of drugs and polymers, are promising drug delivery vehicles for treating diseases with
improved efficacy and reduced toxicity. Here, we report an unprecedented strategy for preparing polylactide-cyclosporine A (PLA-CsA) NPs (termed CsA-NPs)
through CsA-initiated ring-opening polymerization of
lactide (LA) followed by nanoprecipitation. The resulting CsA-NPs have sub-100 nm sizes and narrow particle
size distributions, and release CsA in a sustained manner without a “burst”-release effect. Both free CsA and
CsA-NPs displayed comparable suppression of T-cell
proliferation and production of inflammatory cytokines
in various T-cell assays in a dose-dependent manner.
The IC50 values for CsA and CsA-NPs were 27.5 and
72.0 ng/ml, respectively. As lymph nodes are the main
loci for T-cell activation, we coupled dendritic cells
(DCs) with CsA-NPs and successfully delivered CsA
selectively to the lymph nodes. Our studies indicated
that CsA-NPs could be internalized in the DCs with a
sustained release of CsA to the culture medium, suppressing alloreactive T-cell proliferation. Allogeneic
DCs loaded with CsA-NPs were able to migrate to the
draining lymph nodes where the T-cell priming was
significantly reduced without any systemic release. This
innovative nanoparticulate CsA delivery technology
constitutes a strong basis for future targeted delivery of
immunosuppressive drugs with improved efficiency
and reduced toxicity.—Azzi, J., Tang, L., Tong, R., El
Haddad, N., Akiyoshi, T., Mfarrej, B., Moore, R., Yang,
S., Jurewicz, M., Ichimura, T., Lindeman, N., Cheng, J.,
Abdi, R. Polylactide-cyclosporin A nanoparticles for
targeted immunosuppression. FASEB J. 24, 3927–3938
(2010). www.fasebj.org

ABSTRACT

hindered by the lack of selectivity and frequently
observed major adverse drug reactions. This problem
is exemplified by cyclosporine A (CsA), the use of
which results in a dramatic improvement in shortterm allograft survival, although chronic CsA nephrotoxicity has been a major issue of chronic renal
allograft loss due to its narrow therapeutic window
(2– 4). Targeted drug delivery systems can minimize
undesired side effects of therapeutics by carrying the
payload to the diseased tissues and directly releasing
it there in a sustained manner (5). Among various
drug delivery platforms being developed, polymeric
nanoparticles (NPs), prepared by coprecipitating
hydrophobic polymers and drugs, hold particular
promise because of their ease of formulation and
potential control of drug release through the degradation of polymers (6). NPs offer the possibility of
incorporating multiple agents and protecting them
from enzymatic degradation, thus enabling the systemic delivery and release of the therapeutic agents
under spatio-temporal control (7). This new delivery
modality has recently been reported for binding
specifically to T cells (8) as a drug delivery vehicle
and a noninvasive diagnostic tool for pathogenic T
cells in situ, for codelivering immunosuppressant and
chemotherapeutic agents, and for carrying antigens
to induce potent cellular immunity for vaccination
(8 –10). However, current NPs typically have low drug
loadings, uncontrolled encapsulation efficiencies,
and significant drug burst-release effects when used
in vivo (6, 11–13). These formulation challenges
significantly limit their potential clinical applications. Here, we report the development of a novel
strategy of preparing cyclosporine A-polylactide
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Immunosuppressive agents have played a pivotal
role in ensuring the success of organ transplantation
and have greatly improved the outcomes of patients
with life-threatening, immune-mediated diseases (1).
However, the use of immunosuppressive agents is
0892-6638/10/0024-3927 © FASEB
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(CsA-PLA) conjugated nanoparticles through CsA/
(BDI)ZnN(TMS)2 [BDI, 2-((2,6-diisopropylphenyl)
amido)-4-((2,6-diisopropylphenyl)-imino)-2-pentene;
TMS, trimethylsilyl] mediated ring-opening polymerizations of lactide (LA). This CsA-PLA conjugate was subsequently used for preparing CsA-PLA NPs (termed CsANPs in this article) via nanoprecipitation. This process is
highly reproducible, can be easily scaled up, and results in
NPs with superior physiochemical properties with excellent size control, narrow size distribution, and very well
controlled release kinetics without burst-release effect.
CsA-NPs showed excellent stability in biological media
with negligible aggregation. Its capability for controlling
the sustained release of CsA in vitro and suppressing T-cell
mediated immune responses render CsA-NPs an excellent
system for delivering immunosuppression for a wide variety of immune mediated disorders. We also developed a
novel strategy combining CsA-NPs with dendritic cells
(DCs) to efficiently deliver CsA to lymph nodes to inhibit
T-cell priming without systemic release. This novel strategy can further improve the efficacy of the DC immune
therapy used recently in various clinical trials as well as
delivery of immunosuppressive drugs in general.

MATERIALS AND METHODS
Reagents
CsA was purchased from LC Laboratories (Woburn, MA,
USA) and used as received. D,L-Lactide (LA) recrystallization, preparation of anhydrous solvents, NMR analysis of
the drug-PLA conjugate, and HPLC analysis of the released
drug (UV ⫽ 207 nm) were reported previously by us
(14 –15). (BDI)ZnN(TMS)2, the catalyst used for CsAinitiated LA polymerization, was prepared according to
literature reported procedures (16) and used in our previous studies of controlled polymerization of cyclic esters
(7, 14, 17–19). The sizes and polydispersities of NPs were
determined on a ZetaPALS dynamic light scattering (DLS)
detector (15 mW laser, incident beam⫽676 nm;
Brookhaven Instruments, Holtsville, NY, USA). The lyophilization of NPs was completed on a benchtop lyophilizer
(Freezone 2.5; Fisher Scientific, Pittsburgh, PA, USA).

5.69 (dd, 1 H), 5.53 (broad, 1 H), 5.48 (d, 1 H), 5.23–5.12
(m, 113 H, CH of PLA), 4.82 (t, 1 H), 4.72 (d, 1 H), 4.64
(t, 1 H), 4.52 (t, 1 H), 4.35 (t, 1 H), 3.53 (s, 3 H), 3.39
(s, 3 H), 3.25 (s, 3 H), 3.10 (s, 3 H), 2.69 (s, 3 H), 2.68
(s, 3 H), and 1.59 –1.53 (m, 339 H, CH3 of PLA).
Preparation of CsA-NPs and Cy5-containing CsA-NPs
(CsA/Cy5-NPs)
A mixture of CsA-PLA (10 mg) and polylactide-bmethoxylated poly(ethylene glycol) (18) (PLA-mPEG,
Mn ⫽ 19,400 g/mol, 10 mg) in acetone (2 ml) was added
dropwise to vigorously stirred nanopure water (40 ml). The NP
suspension was then mixed for 6 h at room temperature to
evaporate the organic solvent completely. CsA-NPs were collected by ultrafiltration using Amicon Ultra tubes (Ultracel
membrane with 105 NMWL; Millipore, Billerica, MA, USA) at
3000 rpm for 15 min. Bovine serum albumin (BSA) was added
as a lyoprotectant to the concentrated NP suspension at a
BSA/NP mass ratio of 10:1. The mixture was lyophilized and
stored at ⫺20°C prior to use. The NPs were reconstituted with
water and redispersed by brief sonication. The sizes and polydispersities of the resulting NPs were determined on a ZetaPALS
DLS detector. To control the size of NPs, N,Ndimethylformamide (DMF) and tetrahydrofuran (THF) were
also used as organic solvents to give smaller or larger particle
sizes, respectively. NPs were prepared via nanoprecipitation as
mentioned above at a CsA-PLA concentration of 1 to 10 mg/ml
and an organic solvent to water volumetric ratio of 1:20. PLA
conjugated with Cy5 (Cy5-PLA) was prepared by the procedure
described previously (15). To prepare Cy5-containing CsA-NPs
(CsA/Cy5-NPs), a mixture of CsA-PLA (5 mg), Cy5-PLA (5 mg)
and PLA-mPEG (Mn ⫽ 19,400 g/mol, 10 mg) in acetone (2 ml)
was added dropwise to vigorously stirred nanopure water (40
ml). Subsequent steps were the same as those described for the
CsA-NPs. Cy5-containing NPs without CsA (Cy5-NPs) were also
prepared via nanoprecipitation and used as a control group.

Determination of CsA-NP release kinetics
A PBS solution of CsA-NPs (0.43 mg/ml in 1⫻ PBS) was
prepared and placed in 6 separate tubes (8 ml) and
incubated at 37°C. At the scheduled times (d 0, 4, 6, 8, 12,
and 14), the NP solution was lyophilized. Ether (10 ml) was
then added to extract released CsA. After the ether was
evaporated, acetonitrile (500 l) was added. This solution
was analyzed by HPLC to quantify the released CsA. The
release kinetics was determined by quantifying the released
CsA relative to the total CsA in CsA-NPs.

Synthesis and characterization of CsA-PLA polymer

Stability of CsA-NPs in salt solution

In a glove box, (BDI)ZnN(TMS)2 (17.8 mg, 0.029 mmol)
and CsA (18.6 mg, 0.015 mmol) were mixed in anhydrous
THF (0.5 ml) for 20 min. The recrystallized LA (54.0 mg,
0.375 mmol) in anhydrous THF (1.0 ml) was added
dropwise to the mixture of CsA and (BDI)ZnN(TMS)2. The
polymerization was monitored by checking the IR band of
LA at 1771 cm⫺1. When the LA was completely consumed,
the CsA-PLA was precipitated with ethyl ether (20 ml),
washed with ethyl ether and methanol (20 ml) to remove
BDI ligand, and dried to give the resulting CsA-PLA
polymer. Any residual unreacted CsA was removed by
washing the CsA-PLA with ethyl ether. The compositions of
CsA-PLA were determined by 1H-NMR. 1H-NMR (CDCl3): ␦
7.99 (d, 1 H), 7.63 (d, 1 H), 7.47 (d, 1 H), 7.18 (d, 1 H),

A DMF solution (100 l) of CsA-PLA (0.5 mg) and PLAmPEG (0.5 mg) was added dropwise to vigorously stirred
DI water (2 ml). Next, 10⫻ PBS (233 l) was added to
make the salt concentration equivalent to 1⫻ PBS. The NP
sizes were measured by DLS and followed for 40 min.
Non-PEGylated NPs were prepared similarly without adding PLA-mPEG and used as control.
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Mixed lymphocyte reaction (MLR) and CD3/CD28 T-cell
stimulation assays
MLR was performed as described previously (20). Briefly,
in 96-well U-bottom plates, 5 ⫻ 105 each of responder and
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irradiated stimulator splenocytes were cultured in triplicates in the presence of increasing dosages of free CsA,
CsA-NPs (free CsA and CsA-NPs were added at the same
equivalent dosage of CsA) and Cy5-NPs (Cy5-NPs were
added at the same total NP concentration as CsA-NPs) for
48 h. Cultures were pulsed with 1 Ci of tritiated thymidine
and the incorporation efficiencies were determined. Data
are expressed as the mean ⫾ sd [3H]-thymidine uptake
(cpm) by triplicate cultures. For the CD3/CD28 stimulation assay, 100 l of anti-CD3 Ab diluted in PBS (1 g/ml,
BD Biosciences, San Jose, CA) was added to each well of a
96-well flat bottom plate, placed at 37°C for 4 h, and then
washed twice with PBS. Soluble anti-CD28 Ab (1 g/ml, BD
Biosciences) was added to each well in the presence of 5 ⫻
105 responder splenocytes and an increasing concentration
of free CsA, CsA-NPs and Cy5-NPs. Cultures were pulsed
with tritiated thymidine as described above.

Flow cytometry (FACS)
Splenocytes recovered from the recipients were resuspended in FACS buffer (PBS containing 1% FCS and 0.1%
sodium azide). Cells were stained with rat anti-mouse CD8
PerCP, CD44 FITC, CD62l APC, CD69 FITC, CD80 FITC,
CD86 PE, Annexin PE, 7 AAD PerCP, CD11c APC, and
carboxyfluorescein succinimidyl ester (CFSE). All the antibodies were purchased from BD Biosciences and eBiosciences (San Diego, CA, USA). Flow cytofluorometry was
performed using a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed using CellQuest software
(Becton Dickinson).
ELISpot and luminex assays
The enzyme-linked immunosorbent spot (ELISpot) was
performed as described previously by us (22). Briefly,
ELISpot plates were coated with capture antibodies against
interferon (IFN)-␥. A total of 5 ⫻ 105 splenocytes were
cultured in triplicate in the presence of the same number
of allogeneic splenocytes. Irradiated syngeneic splenocytes
and Con A were used as negative and positive controls,
respectively. Different concentrations of free CsA, CsA-NPs,
and Cy5-NPs were added to the wells. After 48 h, the
resulting spots were counted on a computer-assisted ELISpot image analyzer (Cellular Technology, Shaker Heights,
OH, USA). To assess cytokine production of culture supernatant samples, a 21-plex cytokine kit (Millipore) was also
used according to the manufacturer’s instructions to analyze production of indicated cytokines.
Internalization of CsA/Cy5-NPs by DCs and their delivery
to T cells in vitro
To study the capability of DCs internalizing the CsA/Cy5NPs, splenic DCs were purified from naive BALB/c mice
using N418 magnetic beads and MidiMACS columns or
AutoMACS (Miltenyi Biotec, Bergisch Gladbach, Germany)
following the manufacturer’s protocol. The DCs were then
incubated in a CO2 incubator for 3 h with CsA/Cy5-NPs
(20,000 ng CsA equiv/ml) in a 24-well plate. The cells were
then washed with 1⫻ PBS twice before being cytospinned,
fixed on a slide, and stained with DAPI. To test the ability
of the incubated DC with CsA/Cy5-NPs to potentially
release CsA and suppress the proliferation of allogeneic T
cells, 3 ⫻ 105 BALB/c enriched CD4 T cells were incubated
with three groups of 2 ⫻ 105 C57Bl/6 DC treated with
CsA/Cy5-NPs (20,000 ng CsA equiv/ml), medium, or an
NANOPARTICLES

equivalent dose of free CsA. Cultures were maintained for
3 d at 37°C in a humidified atmosphere of 5% CO2 and
then pulsed with 1 Ci of tritiated thymidine.
Measurement of released CsA
Samples (50 l) were mixed with type I water (250 l), 0.1
mM zinc sulfate (250 l), and cyclosporin D (internal
standard) in HPLC-grade methanol (500 l, 0.96 g/ml).
The mixtures were vortexed for 30 s, incubated at room
temperature for 5 min, and centrifuged for 5 min at 14,000
rpm. The supernatant (800 l) was transferred into vials
for HPLC-MS/MS analysis. A reverse-phase column (TDM
C18, 2.1 ⫻ 10 mm; Waters Corp., Milford, MA) was used for
the chromatographic separation of CsA. The supernatant
(10 l) was analyzed by an Alliance 2795 HPLC (Waters)
with a mobile phase of 1:1 methanol/water containing 2
mM ammonium acetate and 0.1% formic acid at a flow rate
of 0.6 ml/min at 55°C. The HPLC fractions were eluted
directly into and analyzed by an LC Quattro-Micro electrospray-tandem quadrupole mass spectrometer (Waters) for
direct measurement of parent to daughter mass transitions
for cyclosporin A (1219.9 –1203.2 m/z) and cyclosporin D
internal standard (1233.9 –1217.0 m/z). The ratio of CsA/
CsD was fit against a 6-point standard curve for quantification. The concentrations of CsA were reported in nanograms per milliliter and adjusted by subtracting the
negative control values.
CsA/Cy5-NPs pulsed DC trafficking to the draining lymph
node in vivo
DCs (5⫻106) were incubated in a 24-well plate in a CO2
incubator for 3 h with CsA/Cy5-NPs (20,000 ng CsA
equiv/ml) and subsequently administered into both footpads of BALB/c mice (106 DCs, 10 l PBS). The mice were
euthanized 24 h after the administration of DCs. The
popliteal lymph nodes were harvested and embedded in
paraffin for histological analysis. Serial 6-m sections were
collected via cryotome and transferred to glass microscope
slides (3 sections/slide). To study the ability of the delivered NPs to suppress proliferation of T cells in vivo, we
injected BALB/c mice footpads with 1 million allogeneic
C57Bl/6 DCs incubated with CsA-NPs (20,000 ng CsA
equiv/ml), medium, and free CsA. The popliteal lymph
nodes were removed, teased into a single suspension in
PBS, and stained for markers of cell activation as described
below. The cells were assessed by a FACSCalibur (Becton
Dickinson) for FACS analysis.

RESULTS
Synthesis of CsA-PLA polymer
To ensure a rapid and complete polymerization of
LA at room temperature with CsA as the initiator, we
utilized (BDI)ZnN(TMS)2 as an active catalyst for the
polymerization of LA (Fig. 1A) as previously reported
by us (7, 14, 15). After the CsA was mixed with
(BDI)ZnN(TMS)2, the (BDI)Zn-CsA complex, formed in
situ, initiated and completed the polymerization of LA
at room temperature within 12 h. The loading of CsA
in CsA-PLA polymer was determined with 1H-NMR by
comparing the integrated peak area of the CH
protons of PLA (5.12–5.23 ppm) with the NH proton
3929

Figure 1. Preparation and characterization of CsA-NPs. A) Schematic illustration of preparation of PEG-coated CsA–PLA NPs by
means of CsA-initiated LA polymerization in the presence of (BDI)ZnN(TMS)2, followed by nanoprecipitation and noncovalent
surface modification with polylactide-b-methoxylated PEG (PLA-mPEG). B) The loading of CsA in CsA-PLA polymer was
calculated by comparing the integrated peak area of the CH protons of PLA (indicated by arrow) in the range of 5.12–5.23 ppm
and the NH proton of CsA at 7.98, 7.63, and 7.47 ppm (indicated by arrow) and was found to be 7.1 wt%.

of CsA (7.98, 7.63, and 7.47 ppm) (Fig. 1B). The
average CsA loading in CsA-PLA was found to be 7.1
wt%.
Formulation of CsA-NPs via nanoprecipitation
Nanoprecipitation of CsA-PLA along with PLA-mPEG
resulted in CsA-PLA/PLA-mPEG conjugated NPs
(CsA-NPs) with a particle size of 84.1 ⫾ 0.6 nm and
with nearly monomodal particle size distributions
(Fig. 2A). The narrow, monomodal particle size
distributions of the CsA-PLA/PLA-mPEG conjugated
NPs were confirmed by the analysis of PLA NPs
prepared with similar method by a scanning electronic microscope, as described in our previous
studies (14), and are in sharp contrast to the multimodal particle size distribution typically observed
with the NPs prepared by coprecipitation of a mix3930
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ture of free drug and hydrophobic polymer (6). As
the multimodal distribution of NPs is due in part to
the aggregation of the nonencapsulated drug molecules, the monomodal particle size distribution pattern observed and very low polydispersities with
CsA-NPs are very likely related to the unimolecular
structures of the CsA-PLA.
Size control of CsA-NPs via nanoprecipitation
To control the NP sizes, we first studied the effect of
the polymer concentration on NP size (6). When
polymer concentrations were varied at a fixed solvent
to water ratio, we observed a linear correlation of NP
size with the polymer concentration (Fig. 2B). The
NP size increased from 42.3 to 91.4 nm as the
polymer concentration increased from 1 to 10
mg/ml in DMF. Similar trends were also observed
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Figure 2. Release kinetics and stability against NP aggregation of CsA-NPs in PBS
(1⫻). A) Nanoprecipitation of CsA-PLA together with PLA-mPEG resulted in
CsA-PLA/PLA-mPEG conjugation NPs with size of 84.1⫾0.6 nm and with monomodal particle size distributions. B). Correlation of NP sizes vs. polymer concentrations in different organic solvents at constant ratio of volume of solvent to water.
NP sizes increased from 42.3 to 91.4 nm as the polymer concentration increased
from 1.0 mg/ml to 10 mg/ml in DMF. Similar trends were observed in acetone and
THF. C). Release of CsA from CsA-NPs (7.1%) proceeded in a controlled fashion,
with 14.1% at d 4 and 21.0% at d 14. D). PEGylated CsA-NPs kept their original size
and remained nonaggregated for an extended period of time. However, when the
non-PEGylated NPs were tested in PBS (1⫻), they were very unstable and formed large
aggregates rapidly (particle size increased from 59.0 –1409.6 nm within 3 min).

with acetone or THF as the solvent (Fig. 2B). As
reported previously, the miscibility of the organic
solvent also affects the size of NPs (6 –7, 22). An
increase in water miscibility leads to a decrease in the
mean NP size when all other formulation parameters
are held constant. We next investigated the effect of
the type of organic solvent on the CsA-NP size. As
expected, NPs prepared in DMF, the most watermiscible solvent tested, resulted in the smallest particles, which is presumably due to more efficient
solvent diffusion and polymer dispersion into water
(6). NPs prepared in acetone showed increased sizes
(20 –30 nm larger than those prepared in DMF). NPs
prepared in THF, the least water-miscible solvents
among solvents tested, had the largest particle size
(Fig. 2B). Because acetone can be easily removed by
evaporation, as compared to DMF, and the NPs
prepared with this solvent have well-controlled,
smaller sizes as compared the NPs prepared with
THF as the solvent, we mainly used acetone as the
solvent of PLA-CsA conjugate for the nanoprecipitation to prepare CsA-NPs (Fig. 2B).
Determination of the release kinetics of CsA-NPs
Drug burst release is a long-standing formulation
challenge of drug-encapsulated NPs, which results in
undesirable side effects and reduced therapeutic
efficacy (13). Conventional drug-encapsulated NPs
typically burst-release 60 –90% of their payloads, because the release of the drug is controlled solely by
diffusion (9). Since the CsA release kinetics from
CsA-NPs is determined not only by diffusion but also
by the hydrolysis of the CsA-PLA ester linker, the
release of CsA from CsA-PLA conjugated NPs should
NANOPARTICLES

be more controllable with significantly reduced burst
release (Fig. 2C). As expect, the release of CsA from
CsA-NPs (7.1 wt%) proceeded in a controlled fashion, with 14.1% being released at d 4 with negligible
burst-release effect.
Stability of CsA-NPs in salt solution
It is known that polymeric NPs tend to aggregate in
biological conditions. To achieve prolonged systemic
circulation and potential disease targeting, NPs should
stay nonaggregated in physiological conditions. One approach is to modify NP surfaces PEGylation with poly(ethylene glycol) (PEG) (6, 23, 24). To reduce the efforts
of removing unreacted reagents and by-products, we
attempted to use a noncovalent approach to PEGylate
NPs surface instead of covalently conjugating PEG to
NPs (6, 25). We mixed CsA-PLA with PLA-PEG, an
amphiphilic copolymer that has a 13-kDa PLA segment and a 5-kDa PEG, and used this mixture to
prepare the PEGylated CsA-NPs. Significantly enhanced
stability in PBS was observed; CsA-PLA/PLA-PEG NPs
stayed nonaggregated for 40 min as compared to NPs
without the PEG shell (Fig. 2D).

Capability of the CsA-NPs to suppress T-cell
proliferation
To determine and compare the immunosuppressive
abilities of CsA-NPs and free CsA in an in vitro model
relevant to transplantation, various concentrations of
CsA-NPs, free CsA, and Cy5-NPs were added to the
MLR. MLR was performed using 5⫻105 BALB/c
responder and C57Bl/6 irradiated stimulator spleno3931

cytes. We added free CsA and CsA-NPs at the equivalent dosage of CsA. Cy5-NPs were added at the same
total NP concentration as CsA-NPs. Cy5-NPs containing no free CsA were used to assess any potential,
undesired effect of NP materials on T cells. As
compared to the positive control, free CsA delivered
a dose-dependent inhibition of splenocytes proliferation in this assay (Fig. 3A). We found the same
pattern of suppression by adding CsA-NPs (Fig. 3B).
Equivalent concentrations of Cy5-NPs showed no suppression of T-cell proliferation (data not shown). In addition,
the CD3-CD28 stimulation assay has traditionally been
used to test the immunosuppressive effects of newly
introduced drugs for various immune mediated diseases
(26). Splenocytes (5⫻105) were stimulated with anti-CD3
and anti-CD28 Abs in triplicates in the presence of increasing dosage of free CsA, CsA-NPs, and Cy5-NPs for 2 d
as described above. Similar to MLR, as compared to free
CsA, our CsA-NPs efficiently suppressed T-cell proliferation in a dose-dependent manner (Fig. 3C, D, respectively).

Ability of the CsA-NPs to suppress production
of inflammatory cytokines in a similar fashion to
free CsA
In addition to T-cell proliferation, it has been shown
that the pattern of cytokines produced by activated T
cells has an important role in the pathogenesis of
T-cell-mediated diseases (27–29). We therefore
tested the ability of our CsA-NPs to suppress the
production of inflammatory cytokines. The fre-

quency of IFN-␥-producing cells was first measured
by ELISpot assay from cultured splenocytes of
C57Bl/6 animals responding to BALB/c stimulating
splenocytes in vitro (Fig. 4A–D). Measuring IFN-␥ by
ELISpot has become a sensitive and common assay
with highly reproducible results to examine alloreactive T-cell priming in the context of transplantation.
All assays showed significant response to Con A (too
numerous to count), indicating adequate viability of
these cells. The number of spots in the wells with
syngeneic splenocytes was used as the negative control. In all cases, the number of background spots was
taken into consideration when analyzing the data. As
compared to the positive control, the untreated
stimulated cells, both free CsA and CsA-NPs comparably reduced the frequency of IFN-␥-producing cells
in a concentration-dependent manner starting at 10
ng/ml (Fig. 4A, B, respectively) (P⬍0.05). No suppression was observed with Cy5-NPs (Fig. 4C). Figure
4D represents the actual ELISpot plate at various
conditions. The IC50 values for free CsA and CsA-NPs
were calculated using the suppression of IFN-␥ producing cells in the ELISpot assay to be 27.5 ng/ml
and 72.0 ng/ml, respectively (Fig. 4E). The higher
IC50 of CsA-NPs is well correlated with the controlled,
slow release property of CsA-NP. To evaluate the
effect of the CsA-NPs on the production of inflammatory cytokines, which have increasingly been recognized for their role in the pathogenesis of autoimmunity and inflammatory diseases (27–29), we
measured the production of IL-2, IL-4, IL-10, and
IL-17 cytokines important in the regulation of T cells.
Various concentrations of free CsA, CsA-NPs, and

Figure 3. CsA-NPs suppress T-cell proliferation in a MLR assay and CD3-CD28
stimulation. CsA-NPs showed dose-dependent inhibition in both MLR (A, B) and
CD3-CD28 stimulation assays (C, D), comparable to free CsA. Cy5-NPs were
unable to suppress. Data are expressed as the mean ⫾ sd [3H]-thymidine uptake
(cpm) by triplicate cultures and represented by the y axis. Different concentrations used are represented by the x axis. Data are representative of two separate
experiments. *P ⬍ 0.05.
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Figure 4. CsA-NPs suppress IFN-␥ production in an ELISpot assay. Incidence of
cells producing IFN-␥ was first measured by ELISpot assay from cultured splenocytes of C57Bl/6 animals responding to BALB/c stimulating splenocytes in vitro. A,
B) As compared to the positive control (untreated stimulated cells), both free CsA
(A) and CsA-NPs (B)comparably reduced the frequency of IFN-␥-producing cells in a concentration-dependent manner.
C) No suppression was observed with Cy5-NPs. D) Representative wells of 100 ng/ml concentration of free CsA, CsA-NP,
and Cy5-NP. E) IC50 curves for free CsA and CsA-NP. Data are representative of 3 separate experiments. *P ⬍ 0.05.

Cy5-NPs were added to the MLR (described above),
and the supernatant was collected to measure the
level of aforementioned cytokines using a 21-plex
cytokine kit (Millipore). Both free CsA and CsA-NPs
comparably suppressed the production of these cytokines (Fig. 5). Cy5-NPs had no effect on cytokine
production (data not shown).

Internalization of the CsA/Cy5-NPs by DC in vitro
and their ability to suppress a MLR through release
of CsA
To develop a strategy to efficiently deliver our NPs to
the lymph nodes, we first examined whether the
CsA-NPs could be effectively internalized by the

Figure 5. CsA-NPs suppress cytokine production in a similar fashion to free CsA. CsA-NPs (right panels) and free CsA (left
panels) show the same pattern of suppression for the inflammatory cytokines measured: IL-2 (A), IL-4 (B), IL-10 (C), and IL-17
(D). Data are representative of 3 separate experiments in duplicate.
NANOPARTICLES
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splenic DCs. Splenic DCs from BALB/c mice were
MACS enriched, incubated in a CO2 incubator at
37°C for 3 h with CsA/Cy5-NPs (20,000 ng CsA
equiv/ml) in a 24-well plate. Cells were washed twice
with PBS and then fixed on a slide. As shown in
Fig. 6A, CsA/Cy5-NPs could be observed inside the
DCs. To test the ability of our NPs loaded with DCs to
deliver CsA to T cells in vitro and subsequently
suppress T-cell proliferation, we compared T-cell
proliferative responses when stimulated with CsA/
Cy5-NPs pulsed allogeneic DCs and untreated DCs
used as positive control. CD4 cells alone were used as
a negative control. In addition, free CsA was used as
another control. Thus, isolated DCs were treated with
either CsA/Cy5-NPs, free CsA, or medium for 3 h and
then washed twice with PBS to eliminate contamination. As shown in Fig. 6B, compared to CD4 T cells

alone, CD4 T cells efficiently proliferated when stimulated with untreated allogeneic DCs as positive
control. When we stimulated CD4 T cells with CsANP-pulsed DCs (DC-CsA-NPs), we found that CD4
T-cell stimulation was significantly decreased as compared to untreated DCs (P⫽0.007). However, virtually no proliferation was observed with DCs treated
with free CsA (DC-free CsA) as compared to untreated DCs (P⬍0.0001) (Fig. 6B).
To provide an explanation for the lack of proliferation using the DC-NP-CsA and DC-free CsA, we
investigated whether NP-CsA and free CsA caused an
increased DC death rate. We measured DC expression of apoptosis markers by FACS calibur in the
three groups of cells. These include DCs treated with
either 20,000 ng/ml free CsA, CsA/Cy5-NPs (at
equivalent CsA dosage), or medium for 3 h. Cell

Figure 6. DCs uptake CsA/Cy5-NPs in vitro and suppress allogeneic T-cell proliferation in a MLR assay through release of free
CsA. A) DCs incubated with CsA/Cy5-NPs were stained with DAPI (DNA stain, blue). Asterisk indicates two DCs engulfing
Cy5-labeled particles. B) As compared to control or untreated CD4 cells, DC-CsA-NPs showed a significant decrease in
stimulating CD4 T-cell proliferation (P⫽0.007). DC-free CSA resulted in virtually no proliferation as compared to untreated DCs
(P⬍0.0001). Data are representative of 3 separate experiments. C) DCs treated with free CsA showed a ⬎1-fold increase in cell
death compared to cells treated with CsA/Cy5-NPs. Data are representative of 2 separate experiments. D) Supernatant was
removed in triplicates at 2, 24, 48, 72, and 96 h to measure the release of CsA from DC-CsA-NPs; there was an increase in
measured free CsA with respect to time. Data are representative of 2 separate experiments. E) As compared with untreated DCs,
DCs treated with NP-CsA showed no significant change in the expression of maturity markers CD80 and CD86. Data are
representative of 2 separate experiments.
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death (positive for 7AAD and Annexin) and apoptosis (positive for Annexin and negative for 7 AAD)
were comparable in the three groups early on after
3 h of incubation (Fig. 6C). Those DCs, after 3 h of
incubation, were then washed twice to eliminate
contamination, cultured in a new medium for 48 h,
and then apoptosis markers were checked again. The
DCs treated with free CsA showed greater cell death
compared to DCs treated with CsA/Cy5-NPs or medium (59.77⫾1.135 vs. 27.03⫾1.431 vs. 38.20⫾1.1%,
respectively, Fig. 6C). These results indicate that the
DCs incubated with CsA containing NPs were not
only protected from the toxicity of the CsA but were
also able to suppress T-cell proliferation, through the
sustained release of CsA over time. We therefore
measured CsA release from the CsA/Cy5-NPs pulsed
DCs over time. We incubated naive DCs with media
containing 20,000 ng CsA equiv./ml CsA/Cy5-NPs
for 3 h in a 24-well plate. DCs incubated with only
medium were used as negative control. The DCs were
then washed twice with PBS to eliminate contamination and were incubated in a CO2 incubator at 37°C
for 48 h in a 96-well plate. Supernatant was removed
in triplicates at 2, 24, 48, 72, and 96 h. Figure 6D
showed an increase in measured free CsA over time.
Values of the negative controls were taken into
consideration. We also assessed the effect of CsA-NPs
and free CsA on DC maturation as a potential
confounding reason contributing to the differential
rate of proliferation of alloreactive T cells. DCs were
incubated with either medium, CsA-NPs, or free CsA
for 3 h. DC were then washed twice and cultured in
a new medium for 16 h. The DC maturation (defined
as CD80⫹CD86⫹ cells by flow cytometry) showed a
statistically insignificant increase in DC treated with
CsA-NPs compared to untreated DC (88.35⫾0.2 vs.
75⫾0.5%, respectively) (Fig. 6E).

Efficient trafficking of CsA/Cy5-NPs pulsed DC to
the draining lymph nodes and suppression of T-cell
proliferation in vivo
To examine the trafficking ability of our pulsed DCs to the
draining lymph nodes, one million allogeneic C57Bl/6 DCs
incubated with CsA/Cy5-NPs, suspended in 10 l of PBS,
were injected in the footpads of BALB/c mice. Mice were
harvested 24 h later and popliteal lymph node embedded in
paraffin. Figure 7A shows Cy5-stained cells in the popliteal lymph node, indicating successful delivery.
Furthermore, we tested the ability of our delivered
CsA-NPs to suppress T-cell stimulation at the level of
the lymph node. We repeated the same experiment
using DCs pulsed with CsA-NPs, free CsA, or medium
as positive control. Popliteal lymph nodes were removed, teased into a single suspension in PBS and
stained for markers of cell activation. CD8 effector T
cells (CD44high CD62Llow) were reduced in the group
using DCs pulsed with CsA-NPs compared to mice
treated with DCs incubated only with medium (6.3⫾1
NANOPARTICLES

vs.14.8⫾1.4%, respectively, P⫽0.002; Fig. 7B, left
panel). The expression of CD69 by CD8 T cells, as a
marker of proliferation, was also significantly reduced in the group using DC pulsed with CsA-NPs
compared to control as shown in Fig. 7B, right panel
(15.3⫾0.9 vs. 22.2⫾1.7%, respectively, P⫽0.019). On
the other hand, when DCs were incubated with free
CsA, CD8 effector cells were slightly reduced compared to control (13.15⫾2 vs.14.8⫾1.4%, respectively, P⫽0.5) as was CD69 expression of CD8 T cells
(18.8⫾0.3 vs. 22.2⫾1.7%, respectively, P⫽0.16; Fig.
7B). We then examined whether this decrease in
stimulation was due to differential migration of CsAand CsA-NP-treated DCs to the lymph nodes. We
repeated the same experiment with the CsA- and
CsA-NP-pulsed DCs stained with CFSE. DCs incubated with medium or with NPs showed no difference
in migration to lymph nodes at 24 h (Fig. 7C). The
cells incubated with free CsA migrated less than the
CsA-NP-treated cells (0.05⫾0.01 vs. 0.15⫾0.02%, respectively, P⫽0.04; Fig. 7C), most likely due to cell
death as shown earlier (Fig. 6C). To check for
systemic release of CsA, blood was drawn to measure
CsA levels in mice injected with NP-CsA-loaded DCs
or DCs treated with free CsA or medium at 2 and 24 h
after injection. CsA measurements were comparable
to negative control at both time points (data not
shown).

DISCUSSION
The past decade has witnessed major advancements
in the development of new immunosuppressive
drugs. The number of patients experiencing the
toxicity associated with the use of these drugs, however, has also increased dramatically (1). Drug delivery techniques coupled with nanotechnology have
provided therapeutic modalities for the treatment of
a variety of diseases with improved efficacy and
reduced side effects. Among various nanoparticle
delivery systems being developed and evaluated, polymeric NPs represent one of the most promising and
extensively investigated systems (12). Conventional
polymeric NPs prepared via coprecipitation of polymers and drugs, however, have several formulation
challenges remaining to be addressed (25). NPs
typically have burst release of drugs when they are
applied in aqueous solution. As much as 80 –90% of
the encapsulated drugs are burst released during the
first few to tens of hours (19). The rapid dose
dumping causes severe systemic toxicities (30). Unencapsulated drugs may self-aggregate (6) and can be very
difficult to remove from the NPs, which challenges the
processability and the clinical translation of NP delivery.
An ideal solution to these problems is to covalently
conjugate the drug molecules to the polymer through
cleavable linkers, for instance ester linker. Formation of
ester linker via conventional coupling chemistry (e.g.,
3935
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Figure 7. DCs deliver CsA/Cy5NPs to the draining lymph
nodes. DCs were incubated with
CsA/Cy5-NPs and were injected
in the footpad of a BALB/c
mouse. Popliteal lymph nodes
were harvested 48 h later and
imaged with a Nikon 90I microscope. A) Cy5-stained cells in the
popliteal lymph node. Inset: magnification of the lymph node image, representing a few cells and a
Cy5-labeled compound. B) Popliteal lymph nodes were also
teased into a single suspension
in PBS and stained for markers
of cell activation. As compared
to the untreated DCs (control), percentages of CD8 effector T cells (CD44high CD62Llow)
and CD8⫹CD69⫹ were significantly lower using DC-CsA-NPs
(14.8⫾1.4 vs. 6.3⫾1%, respectively,
P⫽0.002). Although a lower percentage of effector cells was observed using the DC-free CsA, it
did not reach statistical significance C) DCs incubated with medium or with CsA-NPs showed
comparable migration to lymph
nodes at 24 h. Cells incubated
with free CsA migrated significantly less than the CsA-NPreated cells (0.05⫾0.01 vs. 0.15⫾
0.02%, respectively, P⫽0.04). Data
are representative of 3 separate experiments; 3–4 mice/group.

B

DCC/NHS coupling chemistry) can have extremely poor
efficiency and require prolonged reaction. For molecules
like CsA with complex structure, the steric bulk around its
hydroxyl group will further complicate the ester bond
formation. Here, we report the synthesis of CsA-PLA
conjugate with CsA attached to PLA with an ester bond
through CsA initiated ring-opening polymerization in the
presence of (BDI)ZnN(TMS)2 (Fig. 1). The uncontrolled
burst release of conventional polymeric NPs prepared via
simple encapsulation was overcome by the preparation of
CsA-PLA polymer conjugates through the LA polymerization mediated by CsA/(BDI)ZnN(TMS)2 with CsA being
attached to PLA through a hydrolysable ester bond (Fig.
1). CsA-NPs with narrow size distribution and controlled
release kinetics were readily achieved. By incorporating
the favorable features of both conjugation and encapsulation in our design, our CsA-NPs were able to efficiently
release CsA, which suppressed the proliferation and cyto3936
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kine production of activated T cells. Polymeric NPs prepared with encapsulating strategies in a hydrophobic
polymer (e.g., PLA) shielded the drug from the external
environment, which limited its toxicity and allowed its
coupling to cellular therapy. Because CsA-NPs were obtained through the entanglement of a large number of
CsA-PLA conjugates, their sizes (⬃100 nm) were much
larger than typical polymer-drug conjugates (2–5 nm). To
compensate for the increase in NP size, which may limit its
trafficking ability to lymph nodes, we coupled our NPs to
DCs to create a new drug delivery strategy. DC immunotherapy has emerged over the recent years as a promising
strategy to treat various diseases. There are several clinical
trials that are currently underway in which DCs are being
used as an adjuvant for vaccines, either as a direct therapy
for type 1 diabetes (T1D) or to induce immunity against
cancer (please refer to clinical trials.gov). In T1D, DCs
were able to migrate to pancreatic lymph nodes when
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injected subcutaneously in close proximity to the pancreas, which lead to the inhibition of T-cell interaction
with pancreatic beta cells (31). Similarly, lymph nodes are
a primary site where naive T cells meet antigen presenting
cells, priming them into becoming alloreactive T cells
(32). Lymph nodes therefore become attractive targets of
systemically-administered, new immunotherapeutic modalities, such as NPs (8) or DCs, aiming for prolonged
allograft survival (33) and efficient autoimmunity inhibition (31). While the trials mentioned above have created
much excitement, we are proposing a novel strategy to
further improve the efficacy of the DCs for immunotherapy by loading them with NPs that can carry different
classes of drugs, such as CsA. We hypothesized that DCs
would phagocytose the NPs and readily migrate to the
draining lymph nodes since our conjugated nanoparticle
technique on CsA would protect the DCs from cell death.
We demonstrated that the CsA-NPs internalized by DCs in
vitro were able to release CsA to the culture medium (Fig.
6D) and suppress T-cell proliferation. This observation
cannot be ascribed to DC death, as our apoptosis studies
showed that there was no significant difference of apoptosis for cells treated with medium or CsA-NPs. In contrast,
DCs treated with free CsA showed significantly reduced
viability at 48 h compared to the control and NP-treated
cells. Thus, CsA-NPs provided protection for the carrier
cells from the toxicity of the medication, thus allowing
the cells to migrate to the target organ. In addition, DCs
coupled with CsA-NPs did not show decreased maturation, which could have explained some of the observed
suppression of T cells. We then tested whether pulsed DCs
with CsA/Cy5-NPs were able to traffic to lymph nodes.
Our data using the injection of pulsed DCs into footpads
showed efficient trafficking of DC to the draining lymph
nodes. Interestingly, compared to trafficked allogeneic
DCs, which naturally give rise to a robust generation of
alloreactive T cells (control DCs), CsA/Cy5-NPs loaded
DCs efficiently suppressed proliferation and activation of
CD8 T cells in the lymph node without any systemic
release of CsA. In summary, we report the development of
a novel CsA-PLA conjugated NP delivery system for targeted immunosuppression. The CsA-NPs that stay nonaggregated in physiological media were able to release CsA
in a sustained manner in vitro and suppress the T-cellmediated immune response through the released CsA.
Coupling CsA-NPs with allogeneic DCs allowed for increased delivery of drugs to the lymph nodes which
facilitated efficient inhibition of T-cell priming in draining lymph nodes in a locally controlled and sustained
manner with no systemic release. Our study demonstrated
that employing nanotechnology in immunosuppression
may not only provide a far more efficient way to inhibit
autoreactive or alloreactive T cells but also minimize
undesirable organ toxicity.
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