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Cyclosporine A (CsA) is a powerful immunosuppressant, but it is an ineffective stand-alone treatment for systemic
lupus erythematosus (SLE) due to poor target tissue distribution and renal toxicity. We hypothesized that CD71
(transferrin receptor 1)-directed delivery of CsA to the lymphatic system would improve SLE outcomes in a
murine model. We synthesized biodegradable, ligand-conjugated nanoparticles [P2Ns-gambogic acid (GA)]
targeting CD71. GA conjugation substantially increased nanoparticle association with CD3* or CD20" lympho-
cytes and with intestinal lymphoid tissues. In orally dosed MRL-Ipr mice, P2Ns-GA-encapsulated CsA increased
lymphatic drug delivery 4- to 18-fold over the ligand-free formulation and a commercial CsA capsule, respectively.
Improved lymphatic bioavailability of CsA was paralleled by normalization of anti-double-stranded DNA
immunoglobulin G titer, plasma cytokines, and glomerulonephritis. Thus, this study demonstrates the transla-
tional potential of nanoparticles that enhance the targeting of lymphatic tissues, transforming CsA into a potent

single therapeutic for SLE.

INTRODUCTION
Systemic lupus erythematosus (SLE) is a chronic inflammatory disease
characterized by the loss of central and peripheral tolerance, emer-
gence of autoantibodies, accumulation of immune complexes, and
extensive damage to vital tissues from infiltrating leukocytes (1-3).
SLE exhibits a broad range of manifestations in virtually every organ,
from cutaneous flares to life-threatening glomerulonephritis (3).
Because the disease cannot be cured, standard SLE treatments have
relied on long-term management with a combination of NSAIDs
(nonsteroidal anti-inflammatory drugs), corticosteroid, antimalarial,
and cytostatic drugs (4). However, the existence of refractory SLE
and numerous side effects of continuous immunosuppressant use
(5, 6) necessitate the research of alternative therapies. On the basis
of the known etiology of SLE (1, 2), an effective drug should simul-
taneously suppress the proliferation or activity of autoreactive
lymphocytes while sparing the homeostatic functions of the immune
system. Some of the antibody-based therapies, such as belimumab
(anti-B cell-activating factor), that target the maladaptive signaling
components of B cells are promising (7, 8), but the development of
many biologics targeting SLE T cells (e.g., abatacept, ruplizumab, and
rontalizumab) has been challenged by poor clinical trial outcomes (7).
Cyclosporine A (CsA) is a fungal-derived cyclic peptide that has
been routinely prescribed to suppress organ rejection in allograft
recipients (9). The core mechanism underlying CsA pharmacology
involves the cyclophilin-dependent inhibition of calcineurin. The
formation of a high-affinity calcineurin/drug complex results in ap-
proximately 1000-fold lower dephosphorylation and nuclear trans-
location of nuclear factor of activated T cells (NFAT) (9), thereby
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interfering with the transcription of genes necessary for T cell activa-
tion and survival [e.g., interleukin-2 (IL-2), IL-4, IL-6, and interferon-y
(IFN-v)], as well as for T cell-dependent B cell maturation (e.g.,
CD40L) (10). In vitro, CsA has also been shown to negatively regu-
late the functions of other leukocytes, such as mast cells, neutro-
phils, natural killer cells, and mononuclear phagocytes, primarily by
attenuating their Ca’™"-dependent response to pro-inflammatory
stimuli (11-13). These broad immunosuppressive capabilities make
CsA an appealing candidate to treat SLE. Off-label use of CsA in
conjunction with corticosteroids was met with moderate success in
treating lupus nephritis while allowing the added benefit of steroid
sparing (14). Moreover, other calcineurin inhibitors, such as tacro-
limus and voclosporin, have been tested in patients with lupus with
positive outcomes (15). No study to date, however, has demonstrated
the efficacy of calcineurin inhibitor as a stand-alone treatment for
lupus. The narrow therapeutic index of CsA, caused by its low and
variable target tissue bioavailability, coupled with high nephrotox-
icity (9), poses a major, unresolved challenge that limits the transla-
tional potential of this potent drug.

Our laboratory has found that nanoparticle encapsulation of CsA
can significantly enhance its oral delivery and tissue disposition in
the healthy rat model (16, 17). The nanoparticle embodiment, called
P2Ns-gambogic acid (GA), consists of a biodegradable, spherical
capsule of polylactide (PLA)/polyethylene glycol (PEG) polymers
that, in turn, are periodically functionalized with carboxyl groups,
each of which conjugated to GA via an ethylenediamine linker (17).
This configuration allows the flexible, outward orientation of GA, a
ligand (16, 17) targeting CD71 (transferrin receptor 1), which is ex-
pressed by the intestinal epithelia, intervillous crypts, and Peyer’s
patches (18) as well as by mature and precursor lymphocytes (19).
The GA-CD?71 binding likely occurs at the extracellular protease-like
domain of CD71 (20) and facilitates the clathrin-dependent, receptor-
mediated endocytosis of nanoparticles (16, 17). Compared to un-
conjugated nanoparticles (P2Ns), P2Ns-GA exhibits better trafficking
across the gastrointestinal barrier (17) and potentially improves
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transcytosis into the intestinal capillary network or gut-associated
lymphatic tissue (GALT). Because SLE is an immunologically driven
disease (I, 2), increased delivery of a potent immunosuppressant
such as CsA to the systemic lymphatic circulation through the
GALT should provide therapeutic benefit. Here, we used mouse pe-
ripheral blood mononuclear cells (PBMCs) and a murine model
(MRL-Ipr) with aggressive lupus-like disease (21) to address the
questions of lymphatic targeting and the efficacy of various CsA
formulations.

RESULTS

FACS analysis of nanoparticle binding to PBMCs

We performed in vitro binding assays (17) with PBMCs isolated
from healthy Institute of Cancer Research (ICR) mice to determine
whether the association of nanoparticles with lymphocytes was in-
fluenced by GA conjugation. Incubation of fluorescent [fluorescein
isothiocyanate (FITC)] P2Ns-GA or P2Ns (ligand-free nanoparticle)
with PBMCs in serum-free media resulted in robust binding for
both groups. However, the fraction of cells with FITC signal (%
events) and the median FITC intensity (MFI) per cell were signifi-
cantly higher for P2Ns-GA (Fig. 1, A, E, and F). We further studied
the lymphocyte subpopulations that underwent differential nano-
particle binding by labeling the PBMCs with anti-CD3 (T cell line-
age marker), anti-CD20 (B cell lineage marker), or anti-CD45
(common leukocyte marker) fluorescent APC (allophycocyanin)
antibodies. Compared P2Ns, P2Ns-GA showed higher FITC %
events and MFI for both CD45" and CD3" subsets, whereas higher
MFI, but similar % events were observed for the CD20" subset
(Fig. 1, B, E, and F). The changes in binding between the two
nanoparticles were most notable in the CD3" subset, which exhibited
a sixfold increase in % events with P2Ns-GA.

To determine the relevance of CD71 in lymphatic transport, we
labeled PBMCs with anti-CD71 fluorescent PE (phycoerythrin)-Cy7
antibody and found that compared to P2Ns, P2Ns-GA was more
abundantly associated with CD71" cells (Fig. 1, C, E, and F). More-
over, the magnitude of P2Ns-GA binding (FITC intensity) in any
particular cell appeared to be directly correlated with the degree
of CD71 protein expression (PE-Cy7 intensity), whereas no such
correlation existed for P2Ns-treated PBMCs (Fig. 1C). Co-labeling
PBMCs with the anti-CD71 antibody and anti-CD3, CD20, or CD45
antibodies revealed that CD71 was expressed in a significant propor-
tion of mononuclear leukocytes, including B and T cells, with
CD20" B cells expressing more CD71 (MFI and PE-Cy7 fluorescence)
than CD3" T cells (Fig. 1, D and G). The higher CD71 expres-
sion in B cells compared to T cells had been indirectly confirmed by
transcriptome-wide datasets (GSE10325 and GSE4588) (22), and
such difference may account for greater P2Ns-GA binding (MFI)
among B cells.

Confocal microscopy of PBMCs

After quantifying the effects of P2Ns-GA on bulk PBMC populations,
we proceeded to examine nanoparticle/lymphocyte interactions at
the cellular level. Multiplex confocal laser scanning microscopy of
formalin-fixed PBMCs was then performed to capture the localiza-
tion of P2Ns and P2Ns-GA, alongside a host of immunological
markers. We found that qualitatively, FITC-labeled P2Ns-GA was
distributed throughout the cell, whereas P2Ns were mainly restricted
to the cell surface (Fig. 2A). Co-staining PBMCs with anti-CD3 or
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CD20 antibodies, together with anti-CD71 antibody, revealed a
generally weak pattern of colocalization between FITC and CD3 or
CD20, respectively (Fig. 2B). Relative to CD3 and CD20, CD71 ex-
hibited better colocalization with FITC-labeled P2Ns-GA than with
P2Ns, based on Manders’ overlap coefficient (Fig. 2B). Along with
fluorescence-activated cell sorting (FACS) analysis, the similar spa-
tial distribution of CD71 and P2Ns-GA implies that CD71 likely
plays a role in nanoparticle binding in a GA-dependent manner.

Ex vivo nanoparticle binding to intestinal tissue

We have previously reported that GA conjugation enables greater
absorption of nanoparticles by the epithelial mucosa and facilitated
transport across the intestinal barrier (16, 17). However, it was im-
portant to determine whether gut absorption could also involve the
lacteals and Peyer’s patches underlying the epithelial mucosa, as
they were constituents of the GALT, and provided a direct route for
nanoparticles to enter lymphatic circulation (23). Using ex vivo je-
junum sections from MRL-Ipr mice, we incubated each section with
P2Ns or P2Ns-GA, followed by antibodies against CD3 or CD20,
and CD71. When focused on the intestinal villi, we observed that
the underlying lamina propria was replete with CD3" signals, which
was consistent with the presence of lacteals and lymphatic circula-
tion (Fig. 2C). In addition, these regions stained positive for both
P2Ns and P2Ns-GA, but the FITC signal appeared stronger from
P2Ns-GA (Fig. 2C). We also observed colocalization of P2Ns-GA
(but not P2Ns) with CD71 at many of the CD3" loci, implying that
CD71/GA interaction could augment nanoparticle association with
T lymphocyte-enriched regions (Fig. 2C). Peyer’s patches, which
were small lymphoid nodules decorating the intestinal mucosa and
whose endogenous function was to mediate immunosurveillance of
pathogenic stimuli (24), also associated more with P2Ns-GA than
P2Ns (Fig. 2D). However, perhaps owing to the high density of
antigen-phagocytosing M cells present (24), we observed much
higher nanoparticle association with Peyer’s patch regions that ap-
peared to be independent of CD3/CD20 and CD71.

Cyclosporine formulations used in the murine lupus model
In humans, the expansion of apoptosis-deficient, autoreactive T and
B cells constitutes a major etiological driver of SLE (1, 2), and a close
analog of this disease is found in the lymphoproliferative MRL-Ipr
mice (21). CsA, the immunosuppressant we chose to modulate auto-
immunity, was formulated in two different nanoparticles: P2Ns and
P2Ns-GA, to obtain P2Ns-CsA and P2Ns-GA-CsA, respectively
(fig. S1). These, along with a commercially available capsule form of
generic Neoral (henceforth referred to as “CsA”), compose of the
oral treatments used in this study. We selected an oral dose (5 mg/kg;
CsA equivalent) for both nanoparticle and generic CsA treatments
to minimize the likelihood of drug-related nephrotoxicity, which
had been reported at dosages exceeding 20 mg/kg per day (25). To
assess possible treatment or side effects without the active pharma-
ceutical ingredient, CsA-void P2Ns-GA was administered to naive,
MRL-Ipr mice for the same study duration, but no major patholog-
ical changes were observed (fig. S2). Both drug-treated and untreated
MRL-Ipr mice were evaluated against the nonautoimmune MRL
wild type on a 10-week dosing protocol.

Hypertrophy of lymphoid organs
Organ-level lymphoproliferation is one of the most prominent

hallmarks of SLE-like MRL-Ipr mice (21). Those receiving no drug
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Fig. 1. FACS analysis of P2Ns/P2Ns-GA binding in PBMCs. (A) Population of murine PBMCs displaying the fluorescence intensities of P2Ns/P2Ns-GA binding (FITC) and
7-amino-actinomycin D (7AAD) staining. (B) P2Ns/P2Ns-GA binding (FITC) among mononuclear leukocyte subsets: CD45 (common leukocyte antigen), CD3 (T cell marker),
and CD20 (B cell marker). (C) P2Ns/P2Ns-GA binding (FITC) as a function of CD71 surface expression showed that the association of P2Ns with PBMCs was not correlated
with CD71 expression, whereas the association of P2Ns-GA was linearly correlated (i.e., dotted red lines overlaying both plots). (D) CD71 surface expression among various
mononuclear leukocyte subsets. (E) Graphical representations of % events (FITC* signals) for (A) to (C). (F) Graphical representations of MFI (FITC* signals) for (A) to (C).
(G) Graphical representations of % events and MFI (CD71* signals) for (D). n =3 for all data, from individual experiments performed on different days. Data are represented
as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not significant; comparisons were made with two-tailed Student’s t test.
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Fig. 2. In vitro and ex vivo association of P2Ns/P2Ns-GA with PBMCs and MRL-Ipr intestinal tissue sections. (A) Confocal imaging of mouse PBMCs in vitro associa-
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overlap between P2Ns-GA and CD71, compared to either CD3 or CD20. In contrast, P2Ns showed no preferential overlap with CD71, CD3, or CD20 (n =4 images). (C) Ex vivo,
deparaffinized tissue sections from MRL-Ipr mouse small intestine appeared to show more P2Ns-GA infiltration of lacteals (top) and (D) Peyer’s patches compared to P2Ns.
Furthermore, triple colocalization of nanoparticles, CD3, and CD71 was qualitatively observed for P2Ns-GA [(C), top, zoomed image with arrowheads], whereas no such triple
colocalization was apparent in the P2Ns ex vivo assay [(C), bottom, zoomed image with arrowheads] (scale bars, 50 um, for all images). Representative images are shown.
Data are represented as mean + SEM. *P < 0.05; comparisons were made with one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test.
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(MRL-Ipr group) exhibited peripheral lymphadenopathy in the
course of the study and upon sacrifice (fig. S3, A and C). The CsA
treatment was unable to achieve a statistically significant reduction
in lymph node size compared to MRL-Ipr, whereas both nanoparticle
CsA treatments were. The same efficacy pattern was observed for
the mitigation of splenomegaly, and thymic hyperplasia was signifi-
cantly attenuated by only CsA and P2Ns-GA-CsA (fig. S3, B, D, and E).
Therefore, of the three lymphoproliferation pathologies examined
at the organ level, only P2Ns-GA-CsA treatment was effective at
addressing all three.

Drug distribution and diagnostic panels

Tissues collected from the three treatment groups were then as-
sayed for CsA concentrations. Consistent with the higher affinity of
P2Ns-GA for lymphocytes, we found that P2Ns-GA-CsA led to sig-
nificant drug accumulation in the lymph nodes, at a concentration
4- and 18-fold higher than P2Ns-CsA and CsA treatments, respec-
tively (Fig. 3A). P2Ns-GA-CsA treatment also resulted in the highest
drug concentration in both the blood plasma and kidneys, with about
14- and 5-fold increase, respectively, over the CsA group, whereas
the lung CsA concentrations were similar across all treatment groups

(Fig. 3A). The elevated lymphatic disposition of CsA in the P2Ns-
GA-CsA group may indicate improved drug transport through the
GALT, which drains into many peripheral lymph nodes via efferent
mesenteric vessels (26). However, because of the interconnected na-
ture of blood and lymphatic vasculature and the high level of plasma
CsA in the P2Ns-GA-CsA group, we could not rule out recircula-
tion from blood to lymph as a contributing factor to improved lymph
node targeting. In clear juxtaposition with the high plasma and
lymphatic bioavailability of CsA in the P2Ns-GA-CsA group, we
observed also in this group the lowest CsA levels in the liver and
spleen (Fig. 3A). The low CsA concentration in the liver of P2Ns-
GA-CsA group was intriguing given this organ’s importance in first-
pass metabolism (23) and may be consistent with P2Ns-GA-CsA using
lymphatic rather than hepatic route of absorption from the small
intestine. Low spleen CsA levels in the P2Ns-GA-CsA group, on the
other hand, may be explained by a multitude of factors, including
the absence of afferent lymphatic vessels to the spleen, changes in
drug retention due to different severity of splenomegaly among the
treatment groups, changes in the activity of reticuloendothelial system
(27), and increased drug uptake by nonspleen tissues in the P2Ns-
GA-CsA group as a consequence of CD71-mediated active delivery.
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Fig. 3. Efficacy of CsA delivery to plasma, lymph nodes, liver, lung, kidney, and spleen, as well as hematological and renal panels. Treatment groups were ana-
lyzed after euthanasia for the concentration of CsA delivered to various tissues. The CsA group was dosed about twice as frequently as both P2Ns-CsA and P2Ns-GA-CsA
groups (i.e., 5 mg/kg daily versus 5 mg/kg three times per week). (A) Significant, 4- to 18-fold increase in CsA plasma and lymph node bioavailability was attained with
P2Ns-GA-CsA. Kidney, spleen, liver, and lung CsA concentrations [tissue (ng/mg) or plasma (ng/ml)] were also measured (n =3 to 5 individuals). (B) Hematological mani-
festations of SLE appeared to involve increased plasma anti-double-stranded DNA (dsDNA) immunoglobulin G (IgG), as well as (C) white blood cell (WBC), lymphocyte,
and (D) neutrophil counts, and P2Ns-GA-CsA treatment was able to correct these anomalies except for (E) monocyte count (n =4 to 5 individuals). (F) Renal functions with
respect to blood urea nitrogen (BUN) and plasma creatinine were moderately compromised in MRL-/pr, and P2Ns-GA-CsA was capable of reversing these defects (n=3 to
4 individuals). (G) Urinary protein elevation was evident in the untreated and P2Ns-CsA- and CsA-treated groups (n =3 to 4 individuals). Data are represented as
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistics in (A) were conducted against the CsA group. Statistics in (C) to (E) were conducted against
the MRL-Ipr group. Comparisons were made with one-way ANOVA followed by Tukey posttest.
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The mice were further subjected to blood and urine analyses to
detect aberrations in lymphatic and renal function. Untreated
MRL-Ipr mice experienced broad increases in white blood cell, lym-
phocyte, neutrophil, and monocyte absolute counts, as well as plas-
ma anti-double-stranded DNA (dsDNA) immunoglobulin G (IgG)
(a key indicator of lupus) (2, 3), blood urea nitrogen (BUN), creati-
nine, and urinary protein levels (Fig. 3, B to G). P2Ns-CsA and CsA
treatments exhibited varying degree of effectiveness in the reduc-
tion of these inflammatory and nephritic markers. In particular,
lymphocyte count was not affected by either treatment with statisti-
cal significance, even though T cell proliferation should theoretically
be down-regulated with CsA (Fig. 3C). While BUN was decreased
by all three treatments, CsA and P2Ns-CsA failed to correct plasma
creatinine; and considering urine protein levels between fifth and
ninth week, CsA also appeared to have adversely affected renal
function (Fig. 3F). P2Ns-GA-CsA, meanwhile, substantially nor-
malized all of the above markers with the exception of monocyte
count, which remained elevated compared to MRL mice (Fig. 3E).

Plasma cytokine levels

A complex array of cytokines and their cognate receptors orches-
trate the immune system’s response to and resolution of chronic
and acute inflammations. In SLE, control of cytokine levels is often-
times lost because of breakdowns in feedback mechanisms (1, 28, 29).
Accordingly, we observed drastic increases in a majority of plasma
cytokines from the untreated MRL-Ipr mice compared to negative
controls (Fig. 4, A and B). Regulatory and chemotactic cytokines
implicated in both innate and adaptive immunity were affected.
P2Ns-CsA treatment was marginally effective at normalizing some
cytokines, but many remained statistically unchanged (fig. S4). By
contrast, owing perhaps to its effective lymphatic targeting, P2Ns-
GA-CsA was able to restore almost all of the analyzed cytokines to
their baseline levels, affecting not just those directly secreted by
lymphocytes (e.g., IL-2, IL-4, IL-6, IL-10, IL-1B, CXCL12, and
CXCL13) (28, 29). In contrast to the effectiveness of nanoparticle-
based CsA delivery modalities, the CsA treatment not only failed to
attenuate cytokine abnormalities but also appeared to trigger statis-
tically significant increases in CCL22, CXCL10, CXCL16, IL-1B, IL-2,
and IL-6 (fig. S4). These increases may be caused by the dose insuf-
ficiency of the CsA treatment, coupled with slight variations in disease
progression among different MRL-Ipr groups. However, it is also plau-
sible that the CsA group actually underwent more inflammation
because of the drug, this being consistent with multiple researches
showing that low doses of CsA could counterintuitively augment
rather than suppress innate and adaptive immune responses (30).

Histological examination of lymphatic tissues

The systemic lymphoproliferation that we observed at the organ
level was further examined with histology. The splenic white pulp, a
region of immunological synapse activity and B cell maturation
(31), was notably expanded in MRL-Ipr, P2Ns-CsA, and CsA groups
(fig. S5A). We continued to observe P2Ns-GA-CsA achieving the
most effective treatment outcome as both quantitative measure-
ment of white pulp area and lymphatic cell number and qualitative
assessment of Peyer’s patch size demonstrated disease regression
(fig. S5, A, C, and D). B (CD20") and T (CD3") cell populations
in the spleen were differentially affected by CsA treatments. While
CD20" cell numbers were reduced significantly in all three treatment
groups, CD3" cell numbers were reduced only with nanoparticle
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Fig. 4. Plasma cytokine/chemokine levels assayed using the multiplex panel.
(A) SLE-like lymphoproliferation in MRL-Ipr was accompanied by drastic increases
in the concentrations of multiple plasma cytokines/chemokines. Cytokine/chemokine
changes were represented as heat map (red, high; yellow, low) and normalized as
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chemokine. (B) Aggregated log-fold increases in plasma cytokines [represented as
log,FC (fold change) from baseline] was plotted to illustrate the near-global up-
regulation of analyzed cytokines/chemokines in the MRL-Ipr group (leftmost col-
umn). Treatments with P2Ns-GA-CsA (middle column) resulted in almost complete
normalization of cytokine/chemokine in the plasma. Data are represented as
mean + SEM. **P < 0.01, ***P < 0.001, and ****P < 0.0001; comparisons were made
with one-way ANOVA, followed by Tukey’s multiple comparisons test.

CsA formulations, with those in the P2Ns-GA-CsA group matching
the MRL baseline level (fig. S5, B, E, and F).

Analysis of kidney pathologies

Renal dysfunctions from glomerulonephritis are the primary culprit
of mortality among SLE-afflicted individuals (3). With Masson’s
trichrome stain, we observed substantial tubulointerstitial fibrosis
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in the MRL-Ipr group, especially surrounding the renal microvascu-
lature (Fig. 5, A and B). Periodic acid-Schiff (PAS) staining revealed
additional abnormalities such as thickening of the basement mem-
brane, mesangial expansion, glomerular hypercellularity, and tu-
bular lesions and casts (Fig. 5A). Loss of terminally differentiated
podocytes (WT1 staining) (Fig. 5A) and slit diaphragm integrity
(nephrin staining) (fig. S6) explained the occurrence of proteinuria
and high plasma creatinine in MRL-Ipr.

Reduction to these pathologies was negligible or borderline in the
CsA group, moderate in the P2Ns-CsA group, and almost eliminated
in the P2Ns-GA-CsA group (Fig. 5, A and B). Last, immunolabeling
of the glomeruli revealed extensive IgG deposits in the mesangial
matrix and periglomerular regions of both the CsA and untreated
MRL-Ipr groups but significant reduction in the P2Ns-CsA and
P2Ns-GA-CsA groups (Fig. 5A). Using the staining information, we
scored multiple kidney sections for glomerulonephritis and found
that disease progression was effectively halted by P2Ns-GA-CsA
treatment (Fig. 5C).

Renal recruitment of Band T cells

Previous studies have shown that renal infiltration of both B and
T cells is necessary for the development of lupus nephritis (1, 3).
Specific subsets of lymphocytes expressing CXCR4 and CXCR5 also
accumulate in the SLE kidney, and antagonism of these receptors

A Masson’s
trichrome

has been proposed to alleviate disease severity (32, 33). We have
shown that a wide spectrum of cytokines, including CXCL12 and
CXCL13 (ligands for CXCR4 and CXCRS5, respectively), was up-
regulated in the MRL-Ipr mice, thereby allowing chemotaxis of lym-
phocytes to the kidneys. With untreated MRL-Ipr mice, we observed
pervasive CD3" and CD20" lymphocyte infiltration throughout the
glomeruli, blood vessels, and interstitial space (Fig. 6, A to C). Fur-
thermore, transcripts for CXCR4 and CXCR5, along with the histo-
logical signals from these receptors, were markedly higher in the
MRL-Ipr kidney samples, suggesting that an enrichment of CXCR4"
and CXCR5" lymphocytes had taken place (Fig. 6, D and E). These
histopathological hallmarks were again virtually absent in the P2Ns-
GA-CsA group.

DISCUSSION

Although many immunological pathways involved in SLE patho-
genesis have been characterized (1-3), the discovery of safe and
effective drugs (such as antibody-based biologics) targeting these
pathways has been challenging and costly (7). We believe that an
often overlooked, but nonetheless promising approach is to en-
hance the therapeutic activity of old, well-established drugs with
novel delivery methods (34). Administration of low-dose CsA (at 3
to 5 mg/kg per day) to patients with SLE has already been confirmed

P2Ns-GA-CsA |

Podocyte number

Glomerulonephritis

Fig. 5. Renal histopathology associated with SLE. (A) Representative micrographs showing staining with Masson’s trichrome (first column), periodic acid-Schiff (PAS;
second and third columns), anti-WT1 antibody (fourth column), and anti-IgG (fifth column). For both MRL-Ipr and CsA groups, extensive renal damages were observed,
whereas P2Ns-GA-CsA treatment prevented most of those damages (scale bar, 200 um for Masson'’s trichrome staining; scale bars, 50 um for all other images). (B) Graphical
representations of fibrosis from Masson’s trichome, (C) podocyte count from WT1 staining, and (D) glomerulonephritis score from IgG micrographs, for each of the five
experimental groups. Representative micrographs are shown; n= 15 to 30 images from at least three individuals. Data are represented as mean + SEM. **P < 0.01,
***P <0.001, and ****P < 0.0001. Statistics were conducted against the MRL-Ipr group. Comparisons were made with one-way ANOVA, followed by Tukey’s multiple com-

parisons test. au, arbitrary units.
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Fig. 6. Infiltration of lymphocytes in SLE kidneys. (A) Histological images showing that renal damage in the untreated MRL-Ipr appeared to have a strong correlation
with lymphocyte infiltration. Both CD20" and CD3" cells were enriched in the glomeruli (CD20 and CD3) and the interstitial space (CD3) (n = 15 to 30 micrographs from at
least three individuals; scale bars, 50 um for first two rows of images; scale bars, 200 um for third row of images). (B) Graphical analyses of CD20" cells and (C) CD3* cells in
the histological images. (D) We observed elevated transcript levels of CXCR4 and (E) CXCR5 in the untreated MRL-/pr mice (n=>5 to 6 individuals). (F) Renal histology also
showed significant up-regulation of CXCR4 (brown) among infiltrating leukocytes and endogenous expression in the proximal tubules. CXCR5* population (red)
appeared to decorate the migrating front of infiltrating leukocytes. (scale bars, 200 um for all images). Representative micrographs are shown. Data are represented as
mean + SEM. *P < 0.05, **P < 0.01, ¥**P < 0.001, and ****P < 0.0001. Statistics were conducted against the MRL-Ipr group. Comparisons were made with one-way ANOVA,

followed by Tukey’s multiple comparisons test.

as an effective adjuvant for reduced corticosteroid regimen and
concomitant side effects (35). Here, we showed that a useful appli-
cation of nanoparticles could be to transform CsA into a stand-
alone therapy for SLE, thereby sparing steroids entirely. A notable
advantage of P2Ns-GA-CsA appeared to be 4- to 18-fold improve-
ment in lymph node targeting. As a microenvironment where anti-
gen presentation, affinity maturation, and isotype switching occur,
lymph nodes are critical for the pathogenesis of many autoimmune
disorders (36). For orally delivered drugs, entry into peripheral
lymph nodes involves one of two routes: recirculation from blood
to lymph or transport through the GALT (23). The former route
requires initial absorption by the intestinal capillaries and passage
through the hepatic portal vein, which inevitably subjects the drug
to first-pass metabolism (23), a process that can have negative phar-
macokinetic consequences. Alternatively, the drug can be brought
into lymphatic circulation directly via the GALT, which connects to
peripheral lymph nodes through a network of efferent mesenteric
vessels (23). By achieving better lymphatic bioavailability, drugs
that treat inflammatory diseases, metastatic cancers, and infections
of lymphopoietic origins should, in theory, acquire greater potency
(37, 38).

Ganugula et al., Sci. Adv. 2020; 6 : eabb3900 12 June 2020

P2Ns-GA, unlike P2Ns, displayed consistently higher asso-
ciation with CD3", CD20", and CD45" PBMCs, in a manner cor-
relating with CD71 expression. GA-CD71 interaction exhibits high
binding affinity according to several in vitro and in silico analyses
(20, 39), but this interaction is probably not exclusive among a spec-
trum of cell surface proteins. Although healthy, ICR mouse lym-
phocytes were analyzed, there was little evidence suggesting that
CD71 expression was reduced in lupus lymphocytes, and on the
basis of a publicly available transcriptome database (GSE10325) (22),
the opposite appeared to be true. In general, mice with lymphopro-
liferative mutations (such as FASPr in MRL-Ipr mice) will have
much higher numbers of T and B cells in circulation, when com-
pared to normal mice, so it is reasonable to expect more nanopar-
ticle binding to MRL-Ipr than PBMCs given the greater availability
of binding partners. In line with this, we observed increased ex vivo
P2Ns-GA binding to CD717/CD3" and CD71"/CD20" GALT regions
of MRL-Ipr mice, such as lacteals and Peyer’s patches. The latter, in
particular, was known to be involved in the nonspecific uptake of
polyester nanoparticles (40) and delivering them to lymphatic cir-
culation. Cross sections of Peyer’s patches had generally larger area
in untreated MRL-Ipr mice compared to MRL mice. Whether such
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disparity further enhances lymphatic delivery of nanoparticles is
unknown and certainly warrants further investigation. These obser-
vations imply that P2Ns-GA can better exploit the CD71-rich GALT
than P2Ns, and potentially hitchhike on lymphocytes migrating be-
tween the gut and peripheral lymph nodes.

Although susceptibility to SLE is multifaceted, the failure to ef-
fectively suppress autoreactive T cells has been acknowledged as a
primary driving force (2). In MRL-Ipr mice, this defect is mimicked
by the Fas™”"P" mutation, which nullifies a key regulatory check-
point for the negative selection of immature thymocytes and the
clonal deletion of effector T cells by activation-induced cell death
(41). The uncontrolled lymphoproliferation in the MRL-Ipr genetic
background is manifested in the lymphadenopathy, splenomegaly,
and leukocytosis phenotypes (41), which we have observed in this
study. The expansion of CD3*/CD20" populations in lymphoid or-
gans and the ablation of this phenomenon by P2Ns-GA-CsA im-
plied that the formulation was reducing the proliferation of both
B and T cells in a Fas-independent manner, but the exact mecha-
nism remained to be elucidated.

Because the administered CsA dose was significantly below the
nephrotoxic threshold, we observed few renal irregularities arising
from treatments aside from the moderately higher proteinuria in the
CsA group. As a popular commercial formulation of CsA, Neoral is a
microemulsion that improves upon the bioavailability of its prede-
cessors (25). Even so, we observed relatively low plasma CsA levels
from the bioequivalent, generic Neoral compared to nanoparticle
formulations in our rat pharmacokinetics study (17), and the complete
lack of efficacy in the present study recapitulated the consensus that
CsA must be supported by corticosteroids to treat SLE (35). P2Ns-GA-
CsA, on the other hand, appeared to have halted SLE progression in
virtually every metrics analyzed. Perhaps the most prominent effect was
in its normalization of plasma cytokines, several of which, such as
CCL5/RANTES, CXCL2/MIP-2, CXCL12/SDF-10, and CXCL13/BCA-1,
were known biomarkers of lupus severity (32, 33, 42). These positive
results may be attributable to much better association of CD3" T cells
with P2Ns-GA-CsA compared to P2Ns-CsA, as determined by flow
cytometry, which can lead to more CsA-mediated inactivation of
these cell types. A significant portion of circulating CD3" T cells in
patients with lupus are activated effector cells (43) that hyperregulate
the systemic inflammatory rheostat by not only secreting substan-
tial amounts of cytokines but also indirectly amplifying cytokine
secretion by other lymphoid, myeloid, and epithelial cells (28, 29).

Congruent with high plasma cytokine levels, there was promi-
nent tissue homing of lymphocytes to untreated MRL-Ipr kidneys,
particularly in the periglomerular regions (CD3" and CD20") and
tubulointerstitial space (CD3"). These events were accompanied by
diffused in situ IgG depositions, basement membrane thickening,
mesangial expansion, tubular casts, fibrotic lesions, loss of podocytes,
and disruption of slit diaphragm, all of which indicative of moder-
ate to severe nephritis (3). We also observed elevated signals of CXCR4
and CXCR5 in MRL-Ipr kidneys with quantitative polymerase chain
reaction (PCR) and histology, implying that there could be recruit-
ment of highly pro-inflammatory, CXCR4-expressing B cells (32)
and CXCR5-expressing double-negative T cells (33) to the renal
parenchyma. P2Ns-GA-CsA treatment returned much of the SLE-
associated renal histopathology, along with protein filtration, BUN,
and plasma creatinine to their normal states. The near total inhibi-
tion of immune-related tissue damage by P2Ns-GA-CsA suggested
that the treatment may be targeting a signaling component funda-
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mental to the etiology of lupus. Because the reconfiguration of T cell
receptor (TCR) by FcRy/Syk, increased Ca'" influx, and calcineurin
hyperactivation (43) were known defects of SLE T cells, intervention
with CsA (at the sufficient dosage and acting on the appropriate
lymphoid tissue) may drastically attenuate autoreactive T cell activa-
tion, thereby leading to the positive outcomes observed in this study.

Previous research on CsA has posited a direct relationship be-
tween the inhibition of calcineurin/NFAT signaling and the de-
velopment of autoimmunity (44, 45). Such seemingly paradoxical
observation arises from CsA’s disruption of NFAT-induced expres-
sion of Fas, which serves to limit maximum TCR response by me-
diating the negative selection of autoreactive thymocytes and the
clonal deletion of effector T cells (41). We could not investigate
changes in Fas activity among our treatment groups primarily be-
cause the MRL-Ipr mice were genetically defective in this receptor.
Nevertheless, because many of the CsA-autoimmunity studies were
performed using neonatal, irradiated, or otherwise immunocom-
promised animals, their relevance on preexisting autoimmune con-
ditions such as SLE seemed questionable. CsA had been investigated
as a possible therapy for atopic dermatitis, psoriasis, uveitis, and
rheumatoid arthritis (46), making it unlikely that the drug will aug-
ment autoimmunity in situations where the basal immune response
is already high. Future experiments, however, will seek to elucidate
the mechanisms behind P2Ns-GA-CsA’s modulation of auto-
immunity, particularly with respect to T cell subsets. As cytotoxic, reg-
ulatory, T helper 1 (Ty1)/2/17, double-negative, and follicular helper
T cells each have important and sometimes diametrically opposite
roles to play on the progression of SLE (43), it is beneficial to under-
stand how the administration of P2Ns-GA-CsA may affect their
long-term balance.

There has been much debate in the literature surrounding the
question of particle size cutoff of nonconventional (nanoparticle)
formulations for drug uptake following oral dosing. Despite the fact
that even though there is no agreement on the cutoff for particle size
for optimal oral absorption, it is a relative phenomenon whereby
smaller is generally believed to be better. Recent studies suggest that
smaller (0.5 um) vehicles lead to greater uptake compared to larger
(5 um) vehicles. The polymer systems will invariably have poly-
dispersity coming from polymers/emulsion-based preparations, and
this, to some extent, can influence the pharmacokinetic profile, with
a probability of affecting pharmacodynamics; however, such exper-
imental reports in literature are scarce. To this extent, our earlier
reports suggest that particle size (nanoscale versus microscale) showed
that nanoscale particles (~300 nm) were moderately better at the
oral delivery of CsA compared to microscale particles (~1.2 pm)
(47). Last, it remains to be explored the full extent of P2Ns-GA-CsA
efficacy in murine SLE models, including, but not limited to, survival
analysis, dose-dependent response, the effect of particle size, induc-
tion of drug treatment at different stages of SLE, and the presence of
side effects from chronic immunosuppressant use. These studies
will allow a more comprehensive insight into the pharmacological
strengths and weaknesses of P2Ns-GA-CsA and establish its trans-
lational potential for human SLE treatment.

MATERIALS AND METHODS

Mice and reagents

MRL/Mp]—FaslP'/] (MRL-Ipr) and MRL/Mp]J (MRL) mice were ob-
tained from the Jackson laboratory (Bar Harbor, ME). Blood from
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ICR mice was made available through the Texas A&M Comparative
Medicine Program (CMP) tissue share, which was accredited by the
Association for the Assessment and Accreditation of Laboratory
Animal Care, International. All reagents were analytic grade, unless
mentioned otherwise, and were purchased from Fisher Scientific
(Hampton, NH). GA was purchased from BroadPharm (San Diego,
CA). CsA to be used for nanoparticle formulations was purchased
from Alfa Aesar (Haverhill, MA). Generic Neoral or cyclosporine
USP (US Pharmacopeia) modified (100-mg capsule, Teva Pharma-
ceutical Industries, Petah Tikva, Israel) was purchased through CMP.
Lymphoprep and SepMate tubes were purchased from STEMCELL
Technologies (Vancouver, Canada). Hydrophobic LabSand for urine
collection was purchased from Braintree Scientific (Braintree, MA).
Immunohistochemistry and immunofluorescence antibodies for
CD20 (polyclonal) and IgG (polyclonal, Alexa Fluor 488) were pur-
chased from Thermo Fisher Scientific (Waltham, MA); antibodies
for WT1 (D8175), CXCR4 (D4Z7W), and CXCR5 (D6L3C) were
purchased from Cell Signaling Technology (Danvers, MA); antibody
for CD3 (polyclonal) was purchased from Agilent (Santa Clara, CA);
and antibody for nephrin (polyclonal) was purchased from R&D
Systems (Minneapolis, MN). Fluorescent antibodies for CD71 (R17217),
CD20 (SA275A11), CD3 (17A2), and CD45 (30-F11) were purchased
from BioLegend (San Diego, CA). DNA primers were ordered at
standard purity and without modification from Integrated DNA
Technologies (Coralville, IA).

Synthesis of polymer

Prepolymer containing L-lactide and PEG 400 was synthesized
using a two-step polycondensation method. The first step was a
ring-opening reaction, which provided the required backbone for
the polymer. The polymeric chain was further drawn-out using a
chain extension compound, cyclohexanetetracarboxylic dianhydride
(HCDA), in the second step of the reaction. The final polymer ob-
tained, called Precision Polymer (P2s), had the appearance of a
white powder with six to eight free carboxylic acids along the poly-
ester backbone.

"H nuclear magnetic resonance (NMR) spectra of the prepolymer
(PLA-PEG-PLA) confirmed peaks at 1.55 to 1.58 parts per million
(ppm) and 5.11 to 5.15 ppm, designated to PLA methyl and meth-
ylene protons, respectively, and at 3.60 to 3.62 ppm, designated to
PEG methylene. The peaks at 3.65 and 4.20 to 4.30 ppm were due to
PEG methylene linkage to the carbonyl ester ends of PLA. P2s ob-
tained with chain extension revealed the presence of HCDA using
3C NMR spectroscopy, in addition to the aforementioned PLA and
PEG peaks.

Conjugating GA with P2s

To achieve the extra functionality and better absorption of the
nanoparticles, P2s was decorated with GA using the linker ethylene
diamine and EDC chemistry. All the free carboxylic acids on P2s
were coupled via amide bonding with ethylene diamine through
one of the latter’s free amines, and then, GA was conjugated to the
polymer using the remaining free amine on the ethylene diamine
linker. The GA-modified polymer, called P2s-GA, was confirmed
using 'H NMR, in which peak at 8 ppm corresponded to the pres-
ence of amide bond, while doublets at 5.5 and 7.5 ppm are the char-
acteristic peaks of GA. Fourier transform infrared spectroscopy
further confirms correct polymer synthesis with C=0 stretching at
1640 to 1690 cm™" and N—H bending at 1550 to 1640 cm ™.
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CsA and fluorescent P2Ns/P2Ns-GA
CsA nanoformulations (P2Ns-CsA or P2Ns-GA-CsA) were prepared
by a scaled-up version of the single emulsification process described
previously by our group (17). Because GA was a high-molecular
weight molecule, there would be significant weight loss of the poly-
mer during preparation of P2s-GA. To compensate for that loss,
equivalent amount of P2s was added to P2s-GA during the prepara-
tion of nanoformulation (P2Ns-GA-CsA). The process consisted of
two steps: emulsification and evaporation. In brief, (i) organic phase
containing 500 mg of polymer (P2s or P2s-GA) was initially stirred
for 10 min in 5 ml of dichloromethane, followed by adding 15 ml of
ethyl acetate. Separately, 20% (w/w) CsA was dissolved in 5 ml of
ethyl acetate. After 1 hour, both polymer and drug were mixed and
stirred for further 30 min. (ii) Aqueous phase containing 500 mg of
polyvinyl alcohol in 50 ml of water was prepared and used to emul-
sify the polymer/drug-containing organic phase with homogeniza-
tion at 15,000 rpm for 30 min. This emulsion was then added to
200 ml of water to facilitate the diffusion of organic solvent, which
was subsequently evaporated over 3 to 4 hours. The resultant sus-
pension was then centrifuged at 15,000¢ for 30 min at 4°C. The pellet
was suspended in 25 ml of 5% (w/v) sucrose solution and frozen
overnight at —80°C. Freeze-drying of this suspension was carried
out using a benchtop freeze dryer (FreeZone Triad, Labconco, Kansas
City, MO) at —55°C for 54 hours, followed by heating at 20°C for
20 hours under vacuum (0.008 mbar). The freeze-dried product
was crimp sealed and stored at 4°C until further use. The resulting
nanoparticle preparations contained approximately 0.22 mg of CsA
per 1 mg of polymer, identified according to previously reported
methods (17). When compared to most of the literature that usually
report 50-mg lots, this batch size was about 10 times higher than
such preparations. The accompanying fig. S1 depicts the represent-
ative data from polymer synthesis and nanoparticle formulations.
Fluorescent nanoparticles of P2Ns and P2Ns-GA were prepared
as described by our group (17). In brief, the amine-reactive
N-hydroxysuccinimide-fluorescein was conjugated to P2s via the
ethylene diamine linker to form P2s-FL (fluorescent) prepolymers.
Thereafter, P2s-FL was mixed with P2s or P2s-GA prepolymers
at 1:24 (w/w) ratio in dichloromethane and ethyl acetate before
emulsification and evaporation in aqueous solvent containing 1%
didodecyl dimethylammonium bromide (DMAB). The nanoparticle
pellets were recovered after centrifugation, suspended in 5% trehalose
dihydrate solution, and freeze-dried.

PBMCisolation

PBMCs were isolated from the whole blood of ICR mice. Blood
samples collected from approximately 50 16-week-old female mice
were pooled. Phosphate-buffered saline (PBS) + 2% fetal bovine serum
(FBS) was used to dilute the blood at 1:1 ratio, and then, the mixture
was slowly added to 4.5 ml of Lymphoprep density gradient medium
in a SepMate tube (both from STEMCELL Technologies). The tubes
were centrifuged at 1200g for 20 min at room temperature to segregate
the PBMCs, which would be enriched in the top layer. The PBMCs
were decanted into new tubes, washed two times with cold PBS + 2%
FBS, and suspended in freezing medium (Bambanker). The cells
were counted by hemocytometer and stored at —80°C.

In vitro nanoparticle binding assay
From the same frozen stock, each sample consisting of approxi-
mately 2 x 10° PBMCs was incubated with 50 ug of FITC-labeled
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P2Ns or P2Ns-GA for 60 min at room temperature. PE/Cy7-
conjugated antibody against CD71 (0.25 ug/ml per sample), along
with APC-conjugated antibodies against either CD3 (0.5 pg/ml per
sample), CD20 (0.5 ug/ml per sample), or CD45 (0.25 ug per sam-
ple), was then added to the PBMCs and incubated for 15 to 20 min
on ice. All antibodies were diluted in PBS containing 3% goat serum.
After incubation, the PBMCs were washed three times in PBS +
2% FBS, and 5 ul of 7-amino-actinomycin D (7AAD) (Invitrogen,
Carlsbad, CA) was added to discriminate between live and dead cells.
Flow cytometry was performed with MoFlo Astrios EQ (Beckman
Coulter, Brea, CA), and data analyses were carried out with Flow]Jo
version 10 (Becton Dickinson, Franklin Lakes, NJ). Following flow
cytometry, PBMCs were fixed in 4% formalin and mounted onto
glass slides with a mounting medium containing DAPI (4’,6-
diamidino-2-phenylindole; Vectashield with DAPI, Vector Labora-
tories, Burlingame, CA). Fluorescent images of individual PBMCs
were captured at 40x with confocal microscopy (Zeiss LSM 780,
Oberkochen, Germany).

Ex vivo intestinal binding assay

Unstained, formalin-fixed and paraffin-embedded (FFPE) tissue
sections (5-um thickness, on glass slides) were obtained from
17-week-old, untreated MRL-Ipr mice. Following deparaffinization
and hydration, antigen retrieval was undertaken by boiling in sodium
citrate buffer (0.01 M, pH 6.0) for 5 min and three times. Fifty
micrograms of either FITC-labeled P2Ns or P2Ns-GA was added
onto each sample slide and incubated for 60 min at 37°C. After in-
cubation, the slides were rinsed several times with PBS to remove
unbound nanoparticles and stained with PE/Cy7-conjugated anti-
CD71 antibody (0.25 ug/ml) and either APC-conjugated anti-CD3
or anti-CD20 antibody (0.5 pug/ml) for 2 hours at room tempera-
ture. All antibodies were diluted in PBS containing 3% goat serum.
The sections were mounted using Vectashield plus DAPI to visual-
ize nuclei and imaged with LSM 780 confocal laser scanning micro-
scope (Zeiss). Microscopy images were processed using ZEN 2 Black
Edition image processing software. Colocalization analysis was per-
formed with Coloc2 plugin in Image]J software to compute Manders’
overlap coefficients. Images were at taken at x20 (small intestines)
or x40 (PBMCs) magnification with image dimension of 212 um by
212 um or 106 um by 106 pum, respectively.

Efficacy study in SLE model mice

MRL-Ipr and MRL mice, aged 7 weeks, were acclimatized for 1 week
before study. The mice were then divided into five groups with the
following sample size and composition: groups 1 to 4 (designated
MRL-Ipr, P2Ns-CsA, P2Ns-GA-CsA, and CsA, respectively)—five
female MRL-Ipr mice; and group 5 (designated MRL)—three female
and three male MRL mice. The animals were housed at five per cage
(or three per cage and gender-segregated for group 5). Starting from
the eighth week of age, CsA formulations were administered via
oral gavage to each mouse in groups 2 to 4, whereas groups 1 and 5
had no intervention. Groups 2 and 3 received P2Ns-CsA or P2Ns-
GA-CsA formulations, respectively, at 5 mg/kg (CsA equivalent)
and with three doses per week (i.e., Monday, Wednesday, and Friday).
Group 4 received generic Neoral (CsA) at 5 mg/kg and with daily
dosing. Mice were weighed at the beginning of each week to adjust
dosage. At treatment weeks 5 and 9 (or weeks 12 and 16 of age, re-
spectively), using a clean cage with approximately 0.5 kg of hydro-
phobic sand (LabSand), individual mouse was placed therein, and
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urine droplets on LabSand were collected. The lymph node weight
at the 17th week of age (at sacrifice) was measured using digital bal-
ance. Thereafter, all mice were sacrificed by CO, asphyxiation and
cervical dislocation. Relevant tissues (i.e., kidneys, spleen, thymus,
cervical, and axillary lymph nodes) were immediately isolated,
washed in ice-cold saline, and weighed. Tissues were split between
10% formalin fixation or flash-frozen in liquid N,, followed by
—80°C storage. To compute hypertrophy, the major dimensions of
spleen and thymus were measured while freshly dissected. Blood
from cardiac puncture was collected in heparinized tubes and split
into two fractions; one of which was spun down at 3000 rpm for
20 min, after which plasma was decanted and stored at —80°C; the
other whole-blood fraction was immediately sent for hematological
analyses at 4°C. All animal experimentations were approved by the
Texas A&M University Institutional Animal Care and Use Com-
mittee and assigned as protocol no. 2018-0062.

Urine and blood analyses

Approximately 300 to 500 pl of whole blood per sample per mouse
were sent to the Texas A&M Veterinary Medical Diagnostic Labo-
ratory (TVMDL), which provided service for blood panel, BUN,
and creatinine analyses. Urine samples procured at treatment weeks 5
and 9 with hydrophobic LabSand were also sent to TVMDL to
quantify protein content.

Histopathology

After at least 2 weeks of fixation in 10% formalin, tissues were stored
in 70% ethanol and then sent for paraffin sectioning. Both sstained
and unstained FFPE tissue sections (5-um thickness) were prepared
by the Texas A&M College of Veterinary Medicine (CVM) Histology
Laboratory. Staining with hematoxylin and eosin, PAS, PAS/Alcian
blue, or Masson’s trichrome reagents was applied to hydrated sec-
tions using standard protocols. Immunohistochemistry was carried
out using primary antibodies against mouse CD3 (1:300), CD20
(1:500), CXCR4 (1:300), CXCR5 (1:300), and WT1 (1:300). Secondary
antibodies conjugated to AP (alkaline phosphatase) were used for
CD20 and CXCR5, whereas those conjugated to horseradish perox-
idase were used for CD3, CXCR4, and WT1. Chromogenic signals
were developed using commercial kits for DAB (ImmunoCruz Rabbit
ABC Staining System, Santa Cruz, Dallas, TX) and Warp Red (MACH
4 Universal AP Polymer Kit, Biocare, Pacheco, CA). The sections were
counterstained with hematoxylin before dehydration and mounting.
Direct immunofluorescence was carried out using fluorescent anti-
body against IgG (1:500). Primary antibody against nephrin (1:1000)
was followed by fluorescent secondary antibody (NL557) to assay for
slit diaphragm. The sections were mounted with a medium containing
DAPI (Vectashield with DAPI, Vector Laboratories). Stitched ultra-
resolution images were captured using Cytation 5 (BioTek, Winooski,
VT) at x4 magnification, and single images were captured using
confocal microscopy (Zeiss LSM 780) at x40 magnification, or with
a bright-field microscope at x4 and x40 magnification (Accu-Scope,
Commack, NY). At fifteen to 30 representative images taken from
different mice within the same group were subjected to subsequent
analyses. The built-in analyze feature of Image] was used to deter-
mine CD3"/CD20" cell number, white pulp area, fibrotic area (blue
color in Masson’s trichrome), podocyte number, and nephrin den-
sity. Briefly, full-resolution images were loaded into Image], and
regions of interest (e.g., those with CD3/CD20, white pulp, and WT1
containing pixels) were selected under color threshold. Threshold
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regions were then measured by particle analysis to determine their
number and average and total size. Monochromatic images from
the anti-nephrin antibody fluorescent channel were directly sub-
jected to measurement analysis to determine the integrated density
of signals. Assessment of glomerulonephritis scores was based on
the standard set forth by the International Society of Nephrology
and International Pathology Society Classification of lupus nephritis.
Lymph node cell count was computed by Cytation 5 (BioTek) using
the built-in cell count algorithm.

Immunoassay of CsA, anti-dsDNA IgG,

and chemokines/cytokines

For CsA determination, portions of the cervical lymph node, kid-
ney, and spleen were excised from the same anatomical positions of
the whole frozen tissue and, after weighing, were immersed in PBS
at 1:9 (w/v) ratio. Tissue samples were then homogenized with probe
sonicator (Qsonica, Cole-Parmer, Vernon Hills, IL) at 40% ampli-
tude for 20 to 40 s. Plasma samples were diluted 1:5 with PBS. CsA
concentrations from tissue homogenates and diluted plasma sam-
ples were determined with the Mouse Cyclosporine A ELISA Kit
(MBS720488, MyBioSource, San Diego, CA). For antinuclear anti-
body determination, plasma samples diluted 1:800 with PBS were
used as inputs to Mouse Anti-dsDNA IgG Antibody Assay Kit
(no. 3031, Chondrex, Redmond, WA). Signals from both CsA and
anti-dsDNA IgG assays were detected using a microplate reader
(TECAN Infinite M200, Morrisville, NC). Chemokine/cytokine
concentrations were assayed with Bio-Plex Pro Mouse Chemokine
Panel 33-Plex (Bio-Rad, Hercules, CA) using plasma samples diluted
at 1:5 with the manufacturer-provided diluent solution. Signals from
the multiplex panel were detected using the Bio-Plex 200 system
(Bio-Rad). All assays were performed according to the manufacturer’s
instructions. Heat map was generated by first calculating the log,FC
(fold change) of each chemokine/cytokine’s mean concentration in
each group compared against the group with the lowest mean con-
centration observed for that particular chemokine/cytokine. All
log,FC values were positive numbers with zero indicating no change,
and all other values indicating increase from baseline. The array
containing log,FC of all cytokines/chemokines from all groups was
imported into GraphPad Prism version 8.01 to create the dual-color
heat map.

Real-time PCR

Mice kidneys were cut at the midpoint, along the transverse plane,
to obtain slices of approximately 5 mg. These were then homoge-
nized in E.Z.N.A. Total RNA Kit I (Omega Bio-Tek, Norcross, GA)
using a handheld tissue homogenizer. RNA was extracted by fol-
lowing the manufacturer’s instructions and quantified at 260 nm
with a microplate reader (TECAN Infinite M200). Genomic DNA
digestion and reverse transcription were carried out with iScript
gDNA Clear cDNA Synthesis Kit (Bio-Rad) using 1 ug of RNA input.
The CFX96 Touch Real-Time PCR Detection System (Bio-Rad),
along with the iTaq Universal SYBR Green Supermix (Bio-Rad),
was used to amplify target transcripts with primers: 5'-GAAGTGG-
GGTCTGGAGACTAT-3" and 5'-TTGCCGACTATGCCAGT-
CAAG-3' for CXCR4, 5'-ATGAACTACCCACTAACCCTGG-3’
and 5'-TGTAGGGGAATCTCCGTGCT-3’ for CXCR5, and
5'-AGGTCGGTGTGAACGGATTTG-3" and 5'-TGTAGAC-
CATGTAGTTGAGGTCA for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). AC; values were calculated with GAPDH
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normalization, and fold change of the gene of interest was expressed
—AACt
s2 .

Statistical analysis

Statistical analysis was performed using GraphPad Prism version
8.01. For PBMC in vitro nanoparticle binding MFI, % events, and
urine protein, the unpaired Student’s t test was used to compare the
groups. For all other experiments, one-way analysis of variance, fol-
lowed by Tukey’s multiple comparisons test, was performed. Signif-
icant differences were considered when P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/24/eabb3900/DC1

View/request a protocol for this paper from Bio-protocol.
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