J c I The Journal of Clinical Investigation

Nanogel-based delivery of mycophenolic acid ameliorates
systemic lupus erythematosus in mice

Michael Look, ..., Joe Craft, Tarek M. Fahmy

J Clin Invest. 2013;123(4):1741-1749. https://doi.org/10.1172/JC165907.

BECCENCL WG (W Autoimmunity

The ability to selectively inactivate immune cells with immunosuppressants is a much sought-after modality for the
treatment of systemic lupus erythematosus and autoimmunity in general. Here, we designed and tested a novel nanogel
drug delivery vehicle for the immunosuppressant mycophenolic acid (MPA). Treatment with MPA-loaded nanogels
increased the median survival time (MST) of lupus-prone NZB/W F1 mice by 3 months with prophylactic use (MST was
50 weeks versus 38 weeks without treatment), and by 2 months when administered after the development of severe renal
damage (MST after proteinuria onset was 12.5 weeks versus 4 weeks without treatment). Equivalent and greater doses
of MPA administered in buffer were not efficacious. Nanogels had enhanced biodistribution to organs and association with
immune cells. CD4-targeted nanogels yielded similar therapeutic results compared with nontargeted formulations, with
protection from glomerulonephritis and decreases in IFN-y—positive CD4 T cells. DCs that internalized nanogels helped
mediate immunosuppression, as they had reduced production of inflammatory cytokines such as IFN-y and IL-12. Our
results demonstrate efficacy of nanogel-based lupus therapy and implicate a mechanism by which immunosuppression is
enhanced, in part, by the targeting of antigen-presenting cells.

Find the latest version:

https://jci.me/65907/pdf



http://www.jci.org
http://www.jci.org/123/4?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI65907
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/13?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/65907/pdf
https://jci.me/65907/pdf?utm_content=qrcode

Research article

Nanogel-based delivery of mycophenolic
acid ameliorates systemic lupus
erythematosus in mice

Michael Look,! Eric Stern,! Qin A. Wang,! Leah D. DiPlacido,2 Michael Kashgarian,3
Joe Craft,24 and Tarek M. Fahmy'>

"Department of Biomedical Engineering, 2Department of Immunobiology, 3Department of Pathology, “Department of Internal Medicine —
Section of Rheumatology, and 5Department of Chemical and Environmental Engineering, Yale University, New Haven, Connecticut, USA.

The ability to selectively inactivate immune cells with immunosuppressants is a much sought-after modality
for the treatment of systemic lupus erythematosus and autoimmunity in general. Here, we designed and tested
anovel nanogel drug delivery vehicle for the immunosuppressant mycophenolic acid (MPA). Treatment with
MPA-loaded nanogels increased the median survival time (MST) of lupus-prone NZB/W F1 mice by 3 months
with prophylactic use (MST was 50 weeks versus 38 weeks without treatment), and by 2 months when admin-
istered after the development of severe renal damage (MST after proteinuria onset was 12.5 weeks versus
4 weeks without treatment). Equivalent and greater doses of MPA administered in buffer were not efficacious.
Nanogels had enhanced biodistribution to organs and association with immune cells. CD4-targeted nano-
gels yielded similar therapeutic results compared with nontargeted formulations, with protection from glo-
merulonephritis and decreases in IFN-y—positive CD4 T cells. DCs that internalized nanogels helped mediate
immunosuppression, as they had reduced production of inflammatory cytokines such as IFN-y and IL-12. Our
results demonstrate efficacy of nanogel-based lupus therapy and implicate a mechanism by which immuno-

suppression is enhanced, in part, by the targeting of antigen-presenting cells.

Introduction

In systemic lupus erythematosus (SLE), multiorgan injury results
from the dysregulated activation of adaptive and innate immune
cell subsets, which leads to autoantibody deposition in tissues
and subsequent inflammatory damage (1). Pathology reflects a
fundamental loss of self-tolerance where CD4 T and B lympho-
cytes are critical for autoantibody production (2), and dendritic
cells (DCs) produce inflammatory cytokines and help stimulate
autoreactive lymphocytes (3-5). Current treatment strategies are
primarily intended to attenuate these cellular responses and thus
prevent the spontaneous recurrence of lupus flares and worsening
of disease, such as renal failure (6). However, limitations persist.
Small-molecule drugs typically require lifelong, daily dosing (7),
and some are particularly toxic, such as cyclophosphamide (8) and
glucocorticoids (9). Effective treatment outcomes are complicated
by patients’ nonadherence rates to therapeutic regimens that are
as high as 40%-50% (10). Biological therapies that have been tested
in recent clinical trials provided marginal or no benefit despite
being tailored for cell-specific suppression: CTLA4Ig (11) and
rituximab (12) were ineffective for remission induction therapy,
whereas belimumab reduced the 1-year incidence of disease flares
by only about 10% (13).

We postulate that nanoparticulate drug delivery systems can
improve lupus therapy because they can be designed to effec-
tively target small-molecule drugs or other agents to immune
cells that contribute to disease. Such particulate modalities have
been actively investigated for cancer therapies (14) and vaccina-
tion (15), but their efficacy in achieving therapeutic immunosup-
pression in lupus has been mostly unexplored. Published reports
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on lupus models are limited to demonstrations of nanoparticles
that can travel to sites of tissue inflammation, such as the kidneys
(16), where they have potential utility as a contrast agent for diag-
nostic imaging (17). But little is known about how nanoparticles
interact with immune cell subsets in lupus, or if these interactions
could be therapeutically exploited.

In this work, we developed a nanoparticle that consists of a
biodegradable, gel-like core containing cyclodextrins that are
enclosed by a lipid bilayer (18). This unique formulation is a nano-
gel (19) that resembles a hybrid of two clinically used platforms,
liposomes (20) and biodegradable polymer matrices (21), and
adopts favorable biophysical features of each. Its liposomal-like
properties are amenable for facile encapsulation of a broad range
of hydrophilic and hydrophobic molecules, while its polymeric
core helps enhance or retain drug loading and imparts stability.
Mycophenolic acid (MPA), whose prodrug form mycophenolate
mofetil (MMF) is used in lupus patients (22, 23), was encapsu-
lated inside nanogels. Although MPA is a hydrophobic drug with
areported partition coefficient (log Pvalue) of 3.88 (24), the use of
cyclodextrins in the particle formulation permits its robust aque-
ous solubilization and encapsulation.

MPA-loaded nanogels effectively treated murine lupus, extend-
ing the mean survival time by 3 months when used prophylac-
tically and by 2 months when given after the onset of elevated
proteinuria. Strikingly, equivalent doses of MPA administered in
saline (not particulate-bound, and referred to as “free MPA”) pro-
vided no benefit. We also evaluated the efficacy of targeting T cells
using particles functionalized with CD4 antibodies, and found no
additional increases in mean survival times compared with parti-
cles without CD4 (referred to as “nontargeted”). Investigations on
how various immune cells responded to therapy revealed that DCs
had attenuated production of inflammatory cytokines and stimu-
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Fabrication and characterization of MPA-loaded nanogels. (A) Nanogels were fabricated by remotely loading liposomes with MPA solubilized
within cyclodextrin, oligomers of lactic acid-poly(ethylene glycol) that were terminated with an acrylate end group, and Irgacure 2959 photoiniti-
ator. Particles were then exposed to ultraviolet light to induce photopolymerization of the PEG oligomers. (B) Transmission electron microscopic
image of nanogels. Nanogels were fixed in Epon resin, sectioned at 60 nm, and then stained with osmium tetroxide. Scale bar: 200 nm. (C)
Hydrodynamic size distribution. The nanogel size was measured in PBS (pH 7.4) using single-particle motion-tracking methods. The median
diameter was approximately 203 nm. (D) MPA release profile from nanogels. The cumulative release of drug was performed by dialyzing parti-
cles against PBS at 37°C. The mean amount of release is shown, with error bars indicating the standard deviation of triplicate measurements
from 1 representative experiment that was repeated at least 3 times. The average loading of MPA in particles was approximately 6.65 + 3.82 ug
MPA/mg particle (mean + standard deviation) among all batches used in experiments.

latory surface markers in vitro. Modulation of DCs was suggestive
of the therapeutic mode of action, for although lymphodepletion
was not observed, 2-fold decreases in the percentage of splenic
IFN-y-producing CD4 T cells occurred in vivo. This ability to sup-
press immune cell activity demonstrates the therapeutic power of
using nanogels to treat murine lupus.

Results
Synthesis and in vitro characterization of a nanogel-based particle. Nano-
gels were fabricated by remotely loading liposomes with a diacry-
late-terminated coblock polymer of poly(lactic acid-co-ethylene
glycol) (25), Irgacure 2959 photoinitiator, and MPA complexed
within nonmethylated fB-cyclodextrin (Figure 1A and ref. 18).
Subsequent photopolymerization under UV light promoted
cross-linking between the acrylated macromers and gelation of the
particle interior into a stable matrix (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI65907DS1). Transmission electron microscopic images revealed
1742
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that lipid-specific osmium tetroxide staining of 60-nm sectioned
nanogels had alocalized staining pattern confined to their exterior
membrane (Figure 1B). The average hydrodynamic diameter was
225 nm, with a median of 203 nm and a mode of 141 nm (Fig-
ure 1C). The average MPA loading (among all lots of particles used
in this study) was approximately 6.65 + 3.82 ug MPA/mg particle
(mean + standard deviation), with an encapsulation efficiency of
approximately 3.79%. Drug was released over several hours (Figure
1D) and retained its potency (Supplemental Figure 2).

We next explored whether nanogels could be targeted against
CDA4 T cells to suppress their proliferation. In lupus, CD4 T cells
stimulate autoreactive B cells (26, 27) and cause cytolytic damage
in inflamed tissue (28). Depletion of T cells ameliorates disease in
murine models (29-33), and we incorporated this strategy by cova-
lently attaching a CD4 antibody (clone RM4-4) to nanogels. Cell
binding was verified in vitro (Supplemental Figure 3), whereby
purified CD4 T cells were incubated with particles for 20 minutes,
washed to remove everything unbound to cells, and then cultured
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for 4 days with CD3 and CD28 antibodies. Only targeted, MPA-
loaded nanoparticles inhibited proliferation; in contrast, nontar-
geted nanoparticles and free MPA failed to do so.

MPA-loaded nanogels enbance survival of lupus-prone NZB/W F1 mice.
The in vivo efficacy of nanogels was tested in female New Zealand
black/New Zealand white (NZB/W F1) mice, which develop auto-
immunity that resembles human SLE and is characterized by anti-
nuclear autoantibodies (ANA), abnormal lymphoproliferation,
and fatal glomerular nephritis. We first administered particles pro-
phylactically, where weekly dosing was started at 18 to 20 weeks of’
age, before the onset of proteinuria. The MPA dosage was 0.625 mg
of MPA per kilogram of animal body weight (mpk). Control mice
that received only saline buffer had a median survival age of 38
weeks, but treatment with CD4-targeting particles extended sur-
vival to 50 weeks (P < 0.0083), and to 51 weeks with nontargeted
particles (P < 0.0304) (Figure 2). MPA delivery in nanogels was crit-
ical for achieving therapeutic benefit, with nontargeted particles
being as effective as CD4-targeted ones. Equivalent dosing of free
MPA at 0.625 mpk did not extend survival, nor did 16-fold more
of free drug at 10 mpk. These results demonstrate the therapeutic
advantage of using nanoparticles, as published reports have shown
that much larger and more frequent free MPA regimens of 30 to
100 mpk every day are used for treating murine lupus (34, 35).

The Journal of Clinical Investigation

http://www.jci.org

research article

Figure 2

Nanogels (ngel) extend lupus survival better than equivalent and
16-fold greater doses of free MPA. NZB/W F1 mice were treated with
a lifelong weekly dose of MPA, at 0.625 mpk, using nanogels begin-
ning at 18 to 20 weeks of age. MPA that was not encapsulated within
particles, which is referred to as “free MPA,” was dosed at 0.625 mpk
or at a 16 times greater dose at 10 mpk; vehicle controls are particles
without MPA encapsulated, dosed at approximately 5 mg of particle per
animal. The (A) Kaplan-Meier survival curve and (B) mean survival age
are shown. Statistical analysis was performed using the log-rank test,
with significance comparisons among groups indicated in B; *P < 0.05,
with error bars in B representing the standard error measurement. The
sample size is 9-19 animals per group. The use of CD4-targeted and
nontargeted nanogels extended the mean survival time by approxi-
mately 2 to 3 months, whereas free drug doses were not efficacious.
CD4-targeted and nontargeted treatment groups were not significantly
(NS) different when compared with each other.

Particles given after the onset of proteinuria were also effective;
survival time lasted 12 weeks with particles compared with only
4 weeks with buffer (P < 0.0198) (Supplemental Figure 4).

Nanogels protected against nephritis. Mice receiving prophy-
lactic treatment had delayed onset of proteinuria (Figure 3A) and
presence of leukocyte esterases in the urine (Figure 3B) compared
with free drug and buffer treatments. Moreover, the percentage
of mice with abnormally elevated blood urea nitrogen (BUN) lev-
els (greater than 18-29 mg/dl), which is an indicator of impaired
renal function, was lower in 36- to 40-week-old mice (Figure 3C).
Consistent with these observations, H&E-stained sections of kid-
neys from particle-treated groups had reduced glomerular damage
(Figure 3D and Supplemental Figure 5).

We also evaluated the acute hematological and organ toxicity
of nanogels in C57BL/6 mice. After 4 daily doses of 0.625 mpk
MPA in particles were administered, complete blood counts
(CBCs) and clinical chemistries for liver and kidney function
were measured 4, 7, and 14 days after the first dose. White blood
cell, platelet, hemoglobin, and hematocrit levels were within nor-
mal physiological ranges (Supplemental Figure 6, A-D). Further-
more, no liver or renal toxicities were observed. Body weight and
serum concentrations for alkaline phosphatase (ALKP), alanine
transferase (ALT), total bilirubin (¢BIL), and BUN were normal
(Supplemental Figure 7, A-E).

Nanogels associate with immune cells in vivo. We originally hypoth-
esized that CD4 targeting would augment the ability of particles
to abolish T-dependent autoimmunity. However, CD4-targeting
and nontargeting particles provided similar efficacy in vivo (Fig-
ures 2 and 3). To explain why, we compared their biodistribution
using rhodamine, a fluorescent label. Regardless of targeting,
nanogels had greater accumulation in the spleen, kidneys, liver,
heart, lung, and pancreas compared with free rhodamine (Figure
4A). This trend is consistent with other reports which show that
particulate drug delivery systems can increase the bioavailability of
compounds (21). In the spleen, particles localized to the red pulp
(Figure 4B) and had some infiltration into the T cell zone (Figure
4C) after 2 to 3 hours. T and B220* cells associated with particles,
with the greatest binding (based on the percentage of the cell sub-
set) observed with DCs, macrophages, and plasmablasts (Figure
4D). Additional particle accumulations were observed with cells
in the bone marrow (Supplemental Figure 8).

Particulate therapy partially modulates T cell phenotype without caus-
ing lymphocytopenia. White blood cell counts were not reduced
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Nanogel therapy delays the onset of renal damage. NZB/W F1 mice were monitored for the onset and severity of renal damage; weekly treatments
with nanogels beginning at 18 to 20 weeks of age resulted in the delayed onset of (A) proteinuria (defined as =300 mg/dl of protein in urine), and
(B) the presence of leukocyte esterase content in the urine (which corresponds to >10 leukocytes/ul in the urine), as determined by dry reagent
Uristix assay. For urinalysis (A and B), treatment with CD4-targeted or nontargeted MPA particles compared with free MPA, buffer, and vehicle
groups was statistically significant (P < 0.05 by 1-way ANOVA with Bonferroni’s multiple comparison test), though no significant difference was
detected between CD4-targeted MPA particles compared with nontargeted ones. The sample size is 9—19 animals per group. (C) Renal function
was assessed by BUN in mice at 36 to 40 weeks of age; an elevated BUN was defined as greater than the physiological reference range of 18
to 29 mg/dl. The sample size is 8 mice per group. *P < 0.05 by 2-tailed Student’s t-test. (D) Representative images of H&E-stained sections of

kidneys from mice at 36 to 40 weeks of age. Mice that received nanogel

after 4 consecutive daily doses of nanogels in wild-type mice
(Supplemental Figure 6A). This observation led us to suspect
that particulate-based immunosuppression occurs by modu-
lating immune cell function or activation state rather than by
lymphodepletion. Although abolishing autoreactive germinal
center responses is one method to ameliorate lupus (26), this was
not completely accomplished with particulate therapy. In 36- to
40-week-old NZB/W F1 mice, anti-dsDNA antibody serum titers
were only marginally reduced, and not eliminated (Supplemen-
tal Figure 9). No differences were observed in the percentage of
splenic germinal center B cells or CD4 T follicular helper cells
(Supplemental Figure 10), though there were mild reductions in
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MPA therapy had reduced nephritis. Scale bar: 500 um.

the percentages of peripheral blood CD138MB220' antibody-
secreting B cells (Supplemental Figure 11A).

Despite the persistence of autoantibodies, inflammatory and
activated (CD44h) T cells were diminished. Mild reductions in
the percentage of activated peripheral blood and splenic CD4
T cells (CD62L°CD44") were observed (Supplemental Figure 11B
and Supplemental Figure 12, A and B). The percentage of splenic
IEN-y-producing CD4 T cells was significantly reduced by approx-
imately 2-fold (Supplemental Figure 12C), from 10% of CD4
T cells in untreated controls to 5% with particle treatment. How-
ever, there were no effects on the percentage of CD4 T regulatory
(Treg) cells (Supplemental Figure 12D).
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Figure 4

Biodistribution of nanogels. Rhodamine-loaded nanogels were injected intraperitoneally into 12-week-old NZB/W F1 mice. (A) Organ-specific
fluorescence was measured and rhodamine encapsulated in nanoparticles (both CD4-targeted and nontargeted) had statistically significantly
higher accumulations than free rhodamine. Targeted particles had statistically significantly higher accumulation than nontargeted particles
as well (P < 0.05 by Student’s 2-tailed ¢ test for all organs). Trace amounts of fluorescence could be detected in particle groups at 48 and 72
hours (not shown). Error bars represent the standard deviation. The sample size is 3 or 4 mice per group. The localization of rhodamine nano-
gels within the spleen was also analyzed by immunofluorescence histology (B and C). Histological analysis of spleens was performed 1 hour
after rhodamine nanoparticle (red) injection, and stained for, in B, CD4 T cells (green) and F4/80 macrophages (blue); or in C, CD4 T cells
(green), and CD19 B cells (blue). Scale bars (B and C): 100 um. (D) Rhodamine-loaded nanogels were injected intraperitoneally into C57BL/6
mice that had been vaccinated with sheep red blood cells 7 days earlier. Approximately 2—3 hours later, the percentage of rhodamine-positive
immune cells in the spleen and the lymph nodes (pooled inguinal, cervical, and brachial) was quantified by flow cytometry. CD4-targeted and
nontargeted particles had greater binding with immune cells, particularly in the spleen compared with lymph nodes. P < 0.05 by 1-way ANOVA
comparison between particles and free rhodamine for both spleen and lymph node. Error bars represent the standard error measurement,
with a sample size of 4 mice per group.

Nanogels suppress inflammatory responses in DCs. The in vivo effects
on T cells led us to consider whether DCs had impaired stimula-
tory capacity, since lymphodepletion was not identified in CBCs
(Supplemental Figure 6A) to be a dominant mechanism for immu-
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nosuppression. The involvement of DCs is implicated by their
internalization of nanogels (Figure 4D, Figure 5A, and Supple-
mental Figure 8) and in reports showing that free (36, 37) and par-
ticulate-based MPA (38) suppresses DC inflammatory responses.
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Figure 5

DCs internalize nanogels and have suppressed inflammatory phenotype and allostimulatory capability. (A) BMDCs were cultured in vitro for
7 days and then incubated with rhodamine-labeled nanogel particles for 1 hour. Confocal images were acquired from BMDCs treated with
nanoparticles (red) and stained with actin-specific phalloidin-Alexa 488 (green) and DNA-specific TO-PRO-3 (blue). Scale bar: 50 um. (B and C)
BMDCs were treated with 125 ng/ml of MPA beginning on day 1 of culture, and then on day 6, BMDCs were challenged with 50 ng/ml of LPS for
18 hours. The (B) BMDC surface marker expression and (C) cytokine secretion were decreased in cells treated with MPA. Results are the aver-
age of 3 separate experiments, with error bars representing the standard error measurement. (D) CD11c* DCs from treated mice have reduced
allostimulatory capability. Female BALB/c mice were injected interperitoneally with 0.125 mpk of MPA on days 0, 3, and 7.On day 8, CD11c* cells
from the spleen were isolated, irradiated with 30 Gy, and then cocultured for 4 days with CD4 T cells from female C57BL/6 mice, at a ratio of
1 x 105 DCs to 5 x 105 T cells. IFN-y production was lower using DCs from mice that received MPA-loaded nanogels. Error bars represent the
standard deviation, with triplicate measurements from 1 representative experiment shown. This experiment was performed twice, with similar

trends. *P < 0.05 by ANOVA comparison with Bonferroni’s post test.

In agreement with these observations, splenic conventional DCs
from nanogel-treated mice had slight reductions in their expres-
sion of CD40 and MHC class II (Supplemental Figure 13), though
this trend was not seen in plasmacytoid DCs or macrophages.
The suppression of DC activation markers by MPA is reversible
invitro and requires the continued presence of MPA in media to
maintain attenuated responses (36). Hence, the slight reduction
in CD40 and MHC class II in vivo may be a consequence of the
intermittence of weekly dosing. Much greater suppression was
observed with constant nanogel exposure to cells in vitro. Bone
marrow-derived DCs (BMDCs) treated with 125 ng/ml of MPA in
nanogels had substantially decreased surface expression of CD40,
CD80, and CD86 (Figure 5B), as well as MHC class I and MHC
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class IT (Supplemental Figure 14), and also had decreased produc-
tion of the inflammatory cytokines IFN-y, IL-12, and TNF-a. (Fig-
ure 5C). Allogeneic CD4 T cells that were cocultured with these
DCs were less proliferative (Supplemental Figure 15A) and had
some increased differentiation into FOXP3*CD25" Treg cells (Sup-
plemental Figure 15B). Furthermore, CD11c* DCs isolated from
wild-type mice that were treated with nanogels elicited weaker pro-
duction of IFN-y from allogeneic CD4 T cells (Figure SD).

We also explored whether nanogels affected IFN-a production
by plasmacytoid DCs in vitro. Plasmacytoid DCs that were incu-
bated with nanogels for 30 minutes and then challenged with CpG
oligonucleotides had reduced production of IFN-o. (Supplemental
Figure 16). Our results implicate MPA delivery within nanogels to
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DCs as a method to attenuate aberrant inflammatory responses
that contribute to lupus autoimmunity.

Discussion
Clinically available therapies for lupus suffer from refractoriness
in some cases (23, 39), typical requirements for daily dosing (7),
high toxicity (8, 9), or high nonadherence rates among patients
(10). We reasoned that localized drug delivery to immune cells
could greatly mitigate these challenges, and thus used a nanogel
formulation to achieve better therapeutic immunosuppression.
Weekly nanogel treatments prolonged lupus survival, whereas
equivalent, and at least an order of magnitude greater, dose of free
MPA did not. Toxicological analyses with CBCs and clinical chem-
istry tests demonstrated the safety of this nanoscale platform.
The suppression of immune cells is the principal mechanism of
action of many current and investigative drugs for lupus. There-
fore, nanogels are attractive because of their intrinsic abilities to
enable greater systemic accumulations of their cargo and to bind
more immune cells in vivo than free fluorescent tracer, which,
we reason, permits high, localized concentrations of MPA. In the
spleen, particles associated with approximately 10% of T and B220
B cells, 15% of conventional DCs, and 40% of plasmacytoid DCs.
Although CD4 targeting moderately increased the systemic accu-
mulation of particles, it conferred no additional survival benefit
compared with nontargeted particles. The lack of benefit with
CD4 targeting could be explained by the fact that DCs avidly inter-
nalized particles and had suppressed inflammatory responses,
thereby disrupting lymphocyte stimulation or tissue damage.
This view is supported by studies on the genetic deletion of CD11c
DCs in MRLFas#" mice, which results in diminished disease but is
insufficient to prevent the initiation and expansion of T and B cell
autoreactivity (3). At the dosage of nanogels tested, such a DC-
centric mechanism of therapy is consistent with our finding that
germinal center responses are not abolished in 36- to 40-week-old
mice receiving prophylactic therapy. Survival benefits are accom-
plished even when nanogel treatment is started after the onset
of proteinuria, which occurs after the expansion of autoreactive
lymphocytes and elevation of autoantibody titers in NZB/W F1
mice. Nonetheless, the contribution of CD4 T cells in lupus is well
documented (2, 29, 40-42), and further optimization of nanopar-
ticles so that they better or more selectively target T cells remains
important. T cell depletion, in conjunction with the modulation
of DCs so that they are less potent stimulators or become tole-
rogenic, could increase the duration of remission by suppressing
T cell-mediated autoimmunity through two distinct but additive
pathways. Thus, the balance of nanoparticle targeting to both cell
types is crucial. Further improvements in formulation or dosing
regimen that increase nanoparticle binding to cells could yield
even greater efficacy. For example, nanoparticles designed with
enhanced penetration to the white pulp of the secondary lym-
phoid organs may better inhibit T and B lymphocyte proliferation.
While we have focused our analysis of nanogel effects on immune
cell modulation, it is possible that particles may also impact other
cells that are critical to disease. In particular, mesangial cells in
the kidney promote the glomerular damage associated with lupus
mortality (43), and methods that inhibit these cells represent an
alternative, and potentially synergistic, mechanism of therapy.
Mesangial cell proliferation is inhibited by MPA (44), and some
published studies have demonstrated the treatment of IgA neph-
ropathy in rats using MPA-loaded liposomes (45). Our nanogels
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have enhanced accumulation in the kidneys, and future investiga-
tions warrant a closer study of particle-cell interactions within the
renal architecture. Indeed, many nanoparticle systems, including
our nanogels, can be flexibly modified for targeted drug delivery
to the kidney (16, 17), but this therapeutic aspect for lupus has yet
to be more fully explored.

This work is a comprehensive study to demonstrate the in vivo
efficacy of using nanoparticles containing a clinically relevant
drug to treat murine lupus. We show that these survival bene-
fits are uniquely provided by particles, due in part to their inter-
nalization by DCs and their subsequent suppression of inflam-
matory responses. The ability to more potently attenuate lupus
autoimmunity with nanogels than is possible with free drug is an
advancement for disease treatment strategies, with the potential
for broader application to other autoimmune conditions.

Methods

Fabrication of nanogels. Nanogels were fabricated by remotely loading
liposomes with MPA (Sigma-Aldrich) and cross-linkable poly(ethylene
glycol) oligomers. To prepare liposomes, a molar ratio mixture of 2:1:0.1
phosphatidylcholine/cholesterol/DSPE-PEG(2000)-amine (Avanti Polar
Lipids) in chloroform was evaporated under a nitrogen gas stream and
then lyophilized. The resulting dry lipid film was rehydrated with PBS and
then extruded 5 times through a 200-nm pore filter (Whatman, GE Health-
care) and then 5 times through a 100-nm pore filter. Liposomes were then
surface functionalized with a nondepleting CD4 antibody (clone RM4-4;
BD Biosciences) using sulfo-NHS/EDC (Pierce Biotechnology) covalent
conjugation, and lyophilized overnight.

Next, 20 mg of MPA in 400 ul of methanol was complexed to 100 mg of
aminomethacrylate/succinylated B-cyclodextrin and 300 mg of hydroxy-
propyl B-cyclodextrin (CTD Holdings) in PBS under vigorous mixing
for 15 minutes at room temperature. Methanol was evaporated from the
MPA-cyclodextrin mixture using a nitrogen gas stream. Next, the cyclodex-
trin-MPA mixture was combined with Irgacure 2959 (Ciba) photoinitiator
and a PEG oligomer consisting of 4,000 Da linear poly(ethylene glycol)
flanked on each side by approximately 1-2 lactic acid monomers with a
terminating acrylate group. The synthesis of this cross-linkable oligomer
is described by Sawhney (25).

Lyophilized liposomes were rehydrated with the aqueous MPA-cyclodex-
trin-Irgacure-PEG mixture. Vigorous mixing was applied for 30 minutes.
The liposomes were then cross-linked under a 430 W UV lamp with UVA
light (315-400 nm transmission filter) for 8 minutes on ice to form the
nanogel, rinsed with PBS, and pelleted by ultracentrifugation at 98,205 rcf
for 1 hour at 4°C. Nanogels were stored at -20°C until use.

Nanoparticle characterization. The hydrodynamic diameter of nanoparticles
in PBS was measured with an NS500 nanoparticle tracking system (Nano-
Sight). For transmission electron microscopy, 60-nm sections of nanogels
were stained with osmium tetroxide and then imaged on an FEI Tecnai Biot-
win microscope. The amount of MPA loaded in nanoparticles was deter-
mined from a known dry weight of particles dissolved in 1% Triton X-100
in 0.1 M NaOH for atleast 1 hour at 37°C. MPA concentration was detected
by fluorescence, using an excitation wavelength of 340 nm and an emission
wavelength of 450 nm on a SpectraMax plate reader (Molecular Devices).

Animal studies. For prophylactic treatments, female NZB/W F1 mice (The
Jackson Laboratory; stock no. 100008) were given a weekly intraperitoneal
injection of nanogels beginning at 18 to 20 weeks of age, with dosing con-
tinued until the survival endpoint was reached. Particles were administered
by intraperitoneal injection, as opposed to intravenous tail vein injection,
to prevent long-term tail vein damage from repeated injections. Mice urine
was collected by bladder compression and blood samples were obtained via
Number 4 1747
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retro-orbital bleeds in isoflurane-anesthetized mice. The survival endpoint
was reached when cachexia (more than 5%-10% body weight loss) and over-
all poor condition were visible, at which time the mice were euthanized. For
treatments initiated after the development of more severe nephritis, weekly
treatments were started in mice that had 2 consecutive daily readings of
elevated proteinuria (>300 mg/dl) based on Uristix (Siemens) measurement.

Flow cytometer analysis. Peripheral blood lymphocytes were collected

in 50 U/ml heparin in PBS and isolated with Ficoll gradient separation.
Splenocytes were harvested and red blood cells were removed with ACK
lysis buffer. Lymphocytes were blocked with 1% FBS in PBS, and then
stained with the following combinations: T cells (CD4 [clone RM4-5],
CD8, CD62L, CD44, PD-1, and CXCRS-biotin); B cells (B220, CD138,
IgD, GL-7, PNA-biotin from Vector Laboratories, and MHC II); and innate
APCs (F4/80, CD11c, PDCA-1, CD40, CD80, and MHC II; all antibodies
from BD Biosciences or eBioscience). Streptavidin Pe-Cy7 (Invitrogen) was
used as a detection agent for biotinylated antibodies. Cells were fixed with
2% paraformaldehyde and then analyzed on an LSRII flow cytometer (BD
Biosciences). For in vitro proliferation studies, T cells were labeled with
0.5 uM CFDA-SE (Invitrogen) in PBS for 10 minutes at 37°C at a con-
centration of 4 x 10° cells/ml, and then washed twice with RPMI-1640
complete media (10 mM HEPES, 1 mM L-glutamine, 100 U/ml penicillin,
100 ug/ml streptomycin, 50 uM B-mercaptoethanol), with 10% heat-in-
activated FBS. For intracellular IFN-y staining, 1 x 10° splenocytes were
first stimulated with 20 ng/ml PMA and 2 pug/ml ionomycin for 3 hours
in brefeldin A (BD Biosciences) at 37°C in complete RPMI-1640 media.
Cells were labeled for extracellular CD4 and CD25, treated with fixation/
permeabilization buffer (eBioscience), and then stained with antibodies for
FOXP3 and IFN-y according to the manufacturer’s specifications.

Renal analysis and bistology. Urinalysis was performed with Uristix assays.
A proteinuria measurement corresponding to 300 mg/dl or greater was
considered a positive test. Leukocyte esterase content in the urine that
corresponded with 10 or more leukocytes per microliter was considered
a positive test. Renal function was assessed by the BUN content in serum,
using a kinetic assay (Teco Diagnostics). For histology analysis, kidneys
from 36- to 40-week-old mice were fixed in 10% neutral buffered formalin,
and H&E-stained sections were prepared by the Yale University Pathology
Histology Service (New Haven, Connecticut, USA). Tissues were imaged on
aNikon TE-2000U microscope with a Nikon DS Fil color camera and NIS
Elements AR software (version 2.30). Glomerular damage was scored on a
scale of 0 to 6, and intertubular infiltration from 0 to 3, where a low score
indicates less disease severity.

Antibody ELISAs. For dsDNA ELISAs, a coating layer of 10 ug/ml of meth-
ylated BSA (Calbiochem) in bicarbonate buffer (pH 9.5) was adsorbed onto
high-binding 96-well plates, followed by incubation with 10 ug/ml of calf
thymus DNA (Sigma-Aldrich). BSA (1%) was used as a blocking agent and
diluent, and 0.05% Tween-20 in PBS was used as a wash buffer. HRP-con-
jugated antibodies for mouse-specific pan-IgG (ICL Laboratories), IgG1,
IgG2a, IgG2b, and IgG3 (Invitrogen) were used for detection, followed by
TMB (KPL) substrate development.

Particle biodistribution studies. Nanogels were loaded with rhodamine and
then injected intraperitoneally into mice. For organ biodistribution and
histology studies, 12-week-old NZB/W F1 mice were used. Organs were
harvested, weighed, and imaged with the IVIS imaging system (Perkin-
Elmer) to quantify rhodamine fluorescence. For histological analysis,
spleens were snap-frozen in OCT embedding medium (Sakura) and then
sectioned at 5-um thickness. Samples were fixed in ice-cold acetone for
10 minutes and subsequently stained with antibodies for CD4, CD19, or
F4/80. Immunofluorescent histological samples were imaged on a Nikon
TE-2000 microscope with a Roper Cool SNAP EZ camera using the fol-
lowing dichroic filters (bandwidths indicated): FITC channel (470/40,
1748
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525/50); rhodamine channel (540/25, 605/55); and Alexa647 channel
(620/60, 700/75). For flow cytometric measurement of particle binding
to immune cells, the analysis was performed in C57BL/6 mice immunized
with 1 x 106 sheep red blood cells (Colorado Serum Company). Seven days
after immunization, rhodamine-labeled particles were injected, and 2-3
hours later, cells from the spleen, lymph nodes (pooled inguinal, brachial,
and cervical), and bone marrow were harvested and analyzed the same day
on an LSRII flow cytometer.

Studies of nanogel interactions and effects on DCs. Bone marrow cells were
isolated from the femurs and tibias of BALB/c mice. CD11c* DCs were
cultured from bone marrow cells using 10 ng/ml GM-CSF (eBioscience)
and 5 ng/ml IL-4 (eBioscience) in RPMI-1640 complete media. On day 1
of the culture (24 hours after initial plating), 125 ng/ml MPA was added.
Media was changed thereafter every 2 days with fresh MPA-loaded particles
in the media. On day 6 of the culture, cells were replated at 200,000 cells
per well in a 96-well round-bottom plate, and then challenged with 50 ng/
ml LPS (Sigma-Aldrich; catalog no. L2630) for 18 hours to induce mat-
uration. The CD11c* cell purity after 7 days was approximately 70%. For
mixed lymphocyte reactions, DCs were irradiated with 30 Gy in an X-Rad
320 (Precision XRay) and then cultured with CD4 T cells purified from
C57BL/6 mice. Cell purification was performed by magnetic separation
(StemCell Technologies).

Samples for confocal imaging were prepared by seeding 7-day-old
BMDCs onto ProbeOn Plus glass slides (Fisher Scientific), incubating with
lissamine-rhodamine-labeled particles for 1 hour, and then staining cells
with Alexa 488-phalloidin and TO-PRO-3 (Invitrogen). Cells were imaged
with an LSM 510 Meta confocal microscope (Carl Zeiss)

For plasmacytoid DC studies, bone marrow cells were incubated with
particles or free MPA for 30 minutes at 37°C in RPMI-1640 complete
media, washed, and then challenged with 1 uM CpG-A oligonucleotide
(ODN 1585; InvivoGen) for 18 hours.

Cytokine analysis. ELISAs for IL-12 p70 and TNF-a (eBioscience) and
IEN-y (BD Biosciences) were performed according to the manufacturer’s
protocols. ELISAs for IFN-a were performed as described by Lund (46).

Toxicology studies. Acute toxicity studies were performed in 10-week-old
C57BL/6 female mice. Mice were dosed with indicated treatment groups
ondays 0, 1,2, and 3. Serum concentrations of ALKP, ALT, tBIL, and BUN
were measured using reagents from Teco Diagnostics. Blood was collected
in EDTA spray-coated tubes and immediately analyzed by CBC on a
Hemavet blood counter (Drew Scientific). Urine was collected by bladder
compression and analyzed with a Uristix test.

Statistics. All statistical analyses were performed using GraphPad Prism
software (version 5.03). For comparisons in survival studies, the Mantel-Cox
log-rank test was used. Experimental comparisons with multiple groups
used ANOVA analysis with Bonferroni’s post test. Two-tailed Student’s
t tests were performed for some comparisons, as indicated in the figure cap-
tions. A Pvalue of 0.05 or less was considered statistically significant.

Study approval. All animal studies were performed with the approval of
the IACUC of Yale University.
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