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We recently reported that poly lactic-co-glycolic acid (PLGA) nanoparticles (NPs) loaded with interleukin (IL)-2 and
targeted to T cells inhibited the development of lupus-like disease in BDF1 mice by inducing functional T regulatory
cells (Tregs). Here we show that the protection from disease and the extended survival of BDF1 mice provided by
IL-2-loaded NPs targeted to T cells is not only due to an induction of Tregs but also contributed by an inhibition of T
follicular helper (TFH) cells. These results identify a dual protective activity of IL-2 in the control of lupus autoimmunity,
namely the inhibition of effector TFH cells, in addition to the previously known induction of Tregs. This newly recognized activity of IL-2 delivered by NPs can help better explain the beneficial effects of low-dose IL-2 immunotherapy
in systemic lupus erythematosus (SLE), and might be considered as a new strategy to slow disease progression and
improve outcomes in lupus patients.
autoimmunity • systemic lupus erythematosus • T follicular helper (TFH) cells • T cells

Introduction
Antibodies to self-antigens (autoantibodies) are occasionally
found in healthy individuals[1] but in systemic lupus erythematosus (SLE), they represent disease hallmarks.[2] When autoantibodies form immune complexes with their target cognate
antigen(s), they often become entrapped and/or precipitate
in tissues, causing local inflammation that over time can lead
to organ damage. The ensuing clinical manifestations seen in
SLE patients depend on the extent of compromised organ function, and can evolve from mild to severe to fatal complications.[3]
Because of the central role of autoantibodies in the immunopathogenesis of SLE, multiple approaches have tried to
reduce their production and/or limit their pathogenic activity. Such strategies have included neutralization,[4] immune
switching,[5, 6] and the suppression of B cell production of

immunoglobulins – either directly or indirectly,[7] or via the
blockade of T cell help to B cells.[8, 9]
We recently reported that the production of autoantibodies
in BDF1 lupus mice could be suppressed by the administration of poly lactic-co-glycolic acid (PLGA) nanoparticles (NPs)
loaded with interleukin (IL)-2 and TGF-β targeted to T cells.[9]
The induction of tolerogenic immune responses by those NPs
resulted in improved renal function and increased survival of
BDF1 lupus mice, and associated with an in vivo induction of
functional T regulatory cells (Tregs) that suppressed production of autoantibodies from B cells.[10] Subsequent analyses
identified a critical role of IL-2 in the NP-mediated protection
from SLE,[11, 12] recognizing a central role of this cytokine in
the protection of lupus mice from disease[13] – in line with past
investigations that had highlighted the benefits of administering low doses of IL-2 to SLE patients.[14]
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Although the general interpretation of the findings of the studies that employ IL-2 is that the alleviation of the immune disturbances could be secondary to a restoration of the deficient
levels of IL-2 in SLE,[15, 16] this explanation does not contemplate the fact that IL-2 has pleiotropic effects on multiple cells
and immune functions.
To further delineate the mechanisms by which the delivery
of IL-2 by NPs to T cells can protect from SLE, we studied
the effects of NPs encapsulating IL-2 on multiple immune cell
populations that are involved in the production of autoantibodies (i.e., key culprits in the pathogenesis of SLE).
Among the T cells that respond to IL-2 because of their expression of the IL-2 receptor, an interesting target was represented by the T follicular helper (TFH) cells, which promote
the formation of germinal center (GC)s and the production of
autoantibodies, and are abnormally expanded in lupus mice
and patients. With a focus on the analysis of the targeted effects of IL-2 on the number and function of TFH cells in BDF1
lupus mice, the results reported herein identify a new modality that could maximize benefits and avoid possible unwanted
consequences of IL-2 administration in lupus settings.

Materials and Methods
PLGA Nanoparticles (NPs)
PLGA NPs were prepared as described before[10] and characterized for physical properties according to standard procedures for encapsulation metrics and release kinetics.[11]
The dynamic light scattering indicated that the NPs had a
mean ± SD hydrodynamic diameter of 245 ± 2 nm with a low
polydispersity index and a relatively tight size distribution.
The encapsulation of IL-2 in the NPs was measured by ELISA
after NPs were disrupted using DMSO, and standard curves
were generated using known cytokine concentrations. The
mean content ± SD of IL-2 in the NPs was 1.9 ± 0.1 ng IL-2/
mg NP. For T cell targeting, NPs were diluted in PBS and incubated for 10 min with 2 mg biotinylated anti-CD3 (clone 17A2)
or anti-CXCR5 (clone SPRCL5) antibodies (ThermoFisher
Scientific, Waltham, MA, USA) /mg NP prior to use.
Mice
(C57BL/6 × DBA/2)F1 (B6D2F1/J, hereafter called BDF1)
mice and DBA/2 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and housed in pathogen-free facilities in microisolator cages at the University of
California Los Angeles (UCLA). Only female mice were used.
Mice had unrestricted access to autoclaved food and sterile
water and were used according to protocols that had been approved by the Animal Research Committee of UCLA. Lupuslike disease was induced at 8 weeks of age, according to
standard protocols, by transferring 1 × 108 DBA/2 splenocytes
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into BDF1 mice.[17] In the recipient mice, the recognition of the
host’s major histocompatibility complex (MHC) (named H2 in
mice) leads to lymphoid hyperplasia and elevated production
of anti–double-stranded DNA antibodies that induce immunecomplex glomerulonephritis.[18]
After the transfer of DBA/2 splenocytes for the induction of
SLE in recipient animals, individual BDF1 mice were given
intraperitoneal (i.p.) injections of vehicle (as control) or 1 mg
PLGA NPs loaded with IL-2 and decorated with anti-CD3
or anti-CXCR5 antibodies (clone SPRCL5) to evaluate the
effects of local delivery of IL-2 to T cells and TFH cells. The
protocol of NPs administration was the following: day 0, day
3, day 6, day 9, day 12, and day 19.[10] Uncoated NPs, with
or without encapsulated IL-2, were used as controls. Blood
was obtained via retroorbital bleeding and used for immune
cell phenotyping or for serum monitoring of antibody titers
by ELISA. Proteinuria was measured using Albustix strips
(Siemens Diagnostics, Irvington, NJ, USA).
Cell preparation
Peripheral blood mononuclear cells (PBMCs) were purified
from heparinized venous blood. Spleens were explanted at
sacrifice of the mice and single-cell suspensions were prepared according to standard protocols.[19]
Flow cytometry
Flow cytometry analyses evaluated the possibility of phenotypic changes after administration of NPs. Following red
blood cell lysis with ammonium chloride buffer, PBMCs or
splenocytes were used fresh for flow cytometry. After Fc
blocking, combinations of anti-mouse antibodies were used
for cell staining using standard procedures. The combinations
of FITC-, PE-, PerCP- or APC-conjugated anti-mouse monoclonal antibodies included anti-CD4 (clone RM4-4), anti-PD-1
(clone RMP1-30), anti-CXCR5 (clone SPRCL5), anti-CD45R
(clone RA3-6B2), anti-CD19 (clone 1D3), anti-CD21 (clone
4E3), anti-CD23 (clone B3B4), anti-CD24 (clone M1/69), anti-CD27 (clone LG.7F9), anti-CD40 (clone 5C3), anti-CD80
(clone MEM-233), anti-CD43 (clone eBioR2/60), anti-H2Kb
(clone AF6-88.5.5.3), anti-H2Kd (clone 34-1-2S), anti-IgM
(clone II/41), anti-IgD (clone 11-26c), or isotype controls
(all from ThermoFisher Scientific). Cells were acquired on a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,
USA), and data were analyzed using FlowJo software (BD,
Franklin Lakes, NJ, USA).
ELISA
To study possible changes in Ig levels after treatment with
NPs, serum IgA, IgM, and IgG and the IgG subclasses IgG1,
IgG2a, and IgG3 were measured using commercial kits
(Alpha Diagnostic Intl., San Antonio, TX, USA).
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Statistical analyses
Statistical analyses were done using GraphPad Prism software version 5.0. Parametric testing used the Student’s t test.
Differences in animal Kaplan–Meier survival curves were analyzed by the log-rank test. P values <0.05 were considered
significant.

RESULTS
Treatment of BDF1 lupus mice with IL-2-loaded NPs
targeted to T cells alters the distribution of B cell subsets
Our original focus on the effects of treatment of BDF1 lupus
mice with IL-2-loaded NPs had been on T cells and NK cells
because NPs targeted those cells via the coated antibodies.
Those studies did not investigate the effects of the NPs on
B cells mainly because NPs had not targeted directly those
cells, yet this ancillary information could help understand
how NPs affect the humoral response – which has a central
role in the pathogenesis and clinical manifestations of SLE.
Therefore, we measured the frequency of major splenic B cell
subpopulations in BDF1 lupus mice treated with IL-2-loaded
NPs that had been targeted specifically to T cells (due to
coating with anti-CD3 antibodies).

The percentages and absolute counts of multiple CD19+
B cell subpopulations were significantly different between
BDF1 mice treated with T-cell-targeted NPs and controls that
had received untargeted NPs (Figure 1). Specifically, there
was an altered distribution in the frequency and total numbers of immature CD24+IgM+CD21int/lo transitional 2 (T2) cells
and mature follicular B cells, being both those cell subsets
decreased in mice treated with T-cell-targeted, IL-2-loaded
NPs as compared to mice that had received untargeted NPs
(Figure 1B, C). An apparent reduction in CD24+IgM+CD21−
transitional 1 (T1) cells and increased CD24+IgM+CD21hi marginal zone (MZ) B cells did not reach statistical significance
(Figure 1B, C). Comparable results were obtained by phenotyping T1 cells as CD24+IgM+IgDlo, T2 cells as CD24+IgM+IgD+,
and MZ B cells as CD21hiCD23loIgMhi (not shown).
The finding that the elevated frequency of immature T2
cells in SLE was reduced by the treatment with IL-2loaded NPs has relevance when considering the causal involvement of transitional B cells in the early loss of B cell
tolerance.[20]
After showing that IL-2-loaded NPs targeted to CD3+ T cells
had imparted changes on B cells, we wondered whether the
NPs had also modulated the frequency of B cell subsets

Figure 1: T
 reatment of BDF1 lupus mice with T cell-targeted NPs loaded with IL-2 associates with changes in the frequency of different B cell
subsets. (A) Gating strategy for the identification of B cell subsets by flow cytometry. Costaining of CD19+ B cells with additional
markers allowed the identification of transitional 1 (T1) B cells as CD24+IgM+CD21−, transitional 2 (T2) B cells as CD24+IgM+CD21int/lo,
follicular (FO) B cells as CD24loIgMloCD21int, and marginal zone (MZ) B cells as CD24+IgM+CD21hi. Percentages (B) and absolute
numbers (C) of splenic B cell subsets from BDF1 lupus mice treated with T cell-targeted NPs loaded with IL-2 (red boxes) or
non-targeted unloaded NPs (blue boxes). Data are at week 2 after treatment with NPs; n = 4–8 mice per group; *P < 0.04. NPs,
nanoparticles.
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Figure 2: Treatment of BDF1 lupus mice with IL-2-loaded NPs targeted to CD3+ T cells does not affect the pool of Bregs. (A) Gating strategy
to identify splenic B220+CD23+CD43+ Bregs, and B220+CD23−CD43− germinal center (GC) B cells. B-C. BDF1 lupus mice treated
IL-2-loaded, T cell-targeted NPs (red boxes) had similar frequencies of splenic Bregs (B) but reduced numbers of GC B cells (IgM−)
as compared to control mice treated with non-targeted unloaded NPs (blue boxes) at week 2 post-treatment (C). n = 5–6 mice per
group; *P < 0.04. Bregs, B regulatory cells; NPs, nanoparticles.

with an immunosuppressive activity—namely, the B regulatory cells (Bregs) that inhibit proinflammatory responses.[21, 22]
NP-treated mice and controls had similar numbers of splenic
B220+CD23+CD43+ Bregs (Figure 2A, B), suggesting uninfluential effects of the NPs on Bregs, as also confirmed by analogous counts of splenic B220+CD21+IgM+CD24hi Bregs in
mice treated with IL-2, T-cell-targeted NPs, or in mice treated
with untargeted NPs (1.26 ± 0.32 × 106 vs. 1.33 ± 0.26 × 106,
respectively). Interestingly, these phenotypic investigations
that indicated inconsequential effects of the NPs on Bregs
unveiled in the meantime a reduction in CD43− B cells in
NP-treated mice. In particular, the count of germinal center
(GC) B220+CD43−IgM− B cells[22] showed reduced numbers
of these cells in mice treated with IL-2-loaded, T-cell-targeted
NPs as compared to controls (Figure 2C).
IL-2-loaded NPs targeted to T cells inhibit TFH cells
Since B cells that enter the GC reaction have been activated
by cognate interactions with TFH cells and TFH cells are critical
players of imprinting the B cell fate upon cell-to-cell contact,
we studied the effects of IL-2-loaded NPs on TFH cells. The
first step was to discriminate between the possibilities that
our observations had to be ascribed to a modulation of host
TFH cells (Figure 3A) or that they were rather secondary to effects on the DBA/2 TFH cells transferred to BDF1 mice for the
induction of SLE (see Materials and Methods). This discrimination is possible because host (BDF1) and donor (DBA/2)
cells can be sorted on the basis of H2 differences, i.e., DBA/2
donor H2d cells that induce disease in BDF1 hosts cannot
stain for H2b,[11] so a staining for H2b is due to host (BDF1)derived B cells.
Ex vivo monitoring by flow cytometry of the 2 H2 haplotypes
on TFH cells indicated that the administration of T-cell-targeted
NPs loaded with IL-2 associated with reduced numbers of
H2b (host) TFH cells (Figure 3B, C). There was neither an increase in circulating H2b cells nor an increase in H2d donor
TFH cells in BDF1 mice that did not receive NPs, suggesting
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that the reduced frequency of B cells in NP-treated BDF1 lupus mice had been the result of a decrease in host-derived
TFH cells. Thus, the modulating effects of IL-2-loaded NPs on
TFH cells in BDF1 lupus mice directly affected host cells.
Together, the results shown so far indicated that the treatment of BDF1 lupus mice with IL-2-loaded NPs targeted to T
cells resulted in an altered distribution of B cell subsets that
associated with a modulation of host TFH cells.
Treatment of BDF1 mice with NPs loaded with IL-2 and
targeted to TFH cells reduces antibody production and
lupus disease manifestations
Given the critical role of TFH cells in the B cell response (i.e.,
production of antibodies) and given the finding that NPs encapsulating IL-2 influenced host TFH cells (Figure 3), we targeted the delivery of IL-2 directly to TFH cells (rather than to all
T cell as before, when using anti-CD3 antibody-coated NPs).
This was done by coating IL-2-loaded NPs with anti-CXCR5
antibodies.
Treatment of lupus mice with IL-2-loaded NPs targeted
to TFH cells resulted in a reduced frequency of TFH cells
as compared to mice that had received untargeted NPs
(Figure 4A). Importantly, the reduced frequency of TFH
cells in mice treated with IL-2-loaded, CXCR5-targeted
NPs correlated with a reduced antibody production and
altered IgG subclasses profiles (Figure 4B), i.e., the serum IgG, and IgG1 and IgG2a subclasses were all significantly lower in NP-treated BDF1 lupus mice as compared
to controls (Figure 4B). Since lupus mice have glomerular
deposition of IgG and IgG2a,[23] the reduction of these antibodies in BDF1 lupus mice receiving NPs supported a
disease-protective role. This possibility was confirmed by
the finding of reduced renal disease manifestations (proteinuria, Figure 5A) and extended survival (Figure 5B) in
comparison to control mice that had received no NPs or
untargeted NPs.
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Figure 3: Treatment of BDF1 lupus mice with IL-2-loaded NPs targeted to CD3+ T cells associates with a reduced frequency of host-derived
TFH cells. (A) Gating strategy for the identification of (CXCR5+PD-1+) TFH cells from the T cells. (B, C) Reduced frequency of host
(H2Kb+) TFH cells in spleens from mice treated with IL-2-loaded NPs targeted to CD3+ T cells (NPs) as compared to mice treated
with untargeted NPs (ctrl). Monitoring by flow cytometry was done by costaining with H2 marker to allow discrimination between
(CXCR5+PD-1+ pre-gated) TFH cells from DBA/2 donors (H2Kb-) vs. BDF1 recipient hosts (H2Kb+). Representative (B) and cumulative (C) results from 4 mice per group; *P < 0.05. NPs, nanoparticles; TFH, T follicular helper.

Discussion
We report that the treatment of BDF1 lupus mice with NPs
loaded with IL-2 and targeted to TFH cells reduces autoantibody production and disease manifestations in lupus mice,
extending their survival.
These results further our past work that had ascribed the
therapeutic benefits of NP-mediated delivery of IL-2 to an

expansion of Tregs,[10] identifying now TFH cells as a possibly equally important target. The inhibition of TFH cells can be
particularly relevant to SLE because these cells support the
maturation of B cells that produce antibodies in secondary
lymphoid organs,[24] and we found that NP-mediated delivery
of IL-2 inhibited antibody production sustained by TFH cells.
Differential effects were seen for different Ig classes and subclasses, being the IgG and its IgG1 and IgG2a subclasses
downregulated.
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Figure 4: TFH (CXCR5+ cell)-targeted NPs loaded with IL-2 limit the expansion of TFH cells in BDF1 lupus mice and reduce antibody production.
(A) TFH cells (gated as in Figure 3A) at week 2 after treatment. BDF1 lupus mice were either left untreated or treated with untargeted
NPs as controls, or received TFH-targeted NPs (IL-2-loaded). n = 8–11 mice per group; *P < 0.003; **P < 0.04. (B) Reduced antibody
production in BDF1 lupus mice that received TFH-targeted NPs loaded with IL-2. Data are at week 4 after treatment. n = 4–6 per
group; *P < 0.03; **P < 0.04; **P < 0.02. NPs, nanoparticles; TFH, T follicular helper.

Figure 5: Reduced lupus disease manifestations in BDF1 mice treated with TFH-targeted NPs. Proteinuria (A) and survival (B) were monitored
in treated mice and controls at the times indicated on the x-axes. n = 5 per group; *P < 0.05 vs. untargeted NPs. NPs, nanoparticles;
TFH, T follicular helper cells.

A brief digression is needed. IgG1 underscore Th2 responses, while IgG2a indicate a Th1 profile,[25] and Th1 responses
(which are critically involved in the generation of autoantibodies with more pathogenic potential in SLE) promote a
switch to IgG3.[25] Also, the different IgG subclasses in SLE
associate with differences in pathogenic potential. For example, in lupus mice, autoantibodies of the IgG2a and IgG3
subclasses are considered as highly pathogenic and associate with lupus nephritis.[26] Our findings that lupus mice that
received IL-2-loaded NPs targeted to TFH cells had reduced
IgG1 and IgG2a responses (Figure 4) suggest a protection
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from pathogenic events that was confirmed by the extended
survival and reduced disease manifestations (Figure 5) in
TFH-inhibited mice. A possible explanation for the limited effects on IgG3 levels could be that the reduced Th1 response
(as manifested by reduced IgG2a) had hampered the switch
to this subclass. This possibility will be addressed in future
studies. Apart from these considerations, the current study
provides new information that has relevant immunotherapeutic potential. We had previously shown that the delivery of
IL-2 to T cells via NPs to BDF1 lupus mice associated with
an expansion of functional Tregs in vitro and in vivo.[9, 11] Here
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we found that the distribution of antibody-producing B cells in
BDF1 lupus mice had also been altered by the treatment with
IL-2-loaded NPs targeted to T cells. This apparently untargeted effect of the NPs was explained by changes in the activity
of TFH cells, which were inhibited by IL-2. These new results
lead to conclude that the beneficial effects of IL-2 delivered
to T cells in SLE include the inhibition of pro-pathogenic TFH
cells, in addition to the known promotion of immunoregulatory Tregs.[12] Both effects contribute, in a complementary fashion, to a readjustment of the dysfunctional immune response
that characterizes the disease.
TFH cells are key contributors to the overproduction of pathogenic autoantibodies and tissue damage in SLE, being necessary for B cell help in T cell-dependent immune responses
and GC formation.[27] TFH cells are considered interesting immunotherapeutic targets in SLE[28] because their abnormally
elevated numbers in SLE promote and sustain the breakdown
of B cell tolerance, fueling production of autoantibodies.[29, 30]
However, despite the observation that the inhibition of TFH
cells in lupus mice decreases production of autoantibodies and reduces lupus nephritis,[31] a translational approach
toward clinical settings has been delayed by difficulties in
finding modalities to selectively target TFH cells with no side
effects. We show here that it is possible to inhibit TFH cells
in lupus mice by targeting these cells with IL-2 delivered by
NPs, extending the findings of an IL-2-mediated suppression
of TFH cells in infection.[32]
IL-2 has a critical role in immunity, and its levels are dramatically reduced in SLE.[33] Clinical trials have shown significant
benefits in lupus patients treated with low-dose IL-2, garnering much enthusiasm.[14] Although the advantages deriving
from this treatment have been ascribed to an improved function of otherwise hypofunctional Tregs,[14] the changes in
Treg cell numbers in those trials were generally transient and
dropped to placebo control levels quickly after the last cycle
of IL-2 administration.[14, 34] Moreover, low-dose IL-2-treated
patients displayed improved clinical outcomes for weeks after the last cycle of IL-2 administration, without concomitant
changes in the frequency of Tregs over time.[14, 34] Together,
the finding of only transient changes in Tregs frequency and
the presence of enduring therapeutic effects after discontinuation of IL-2 administration suggest the likelihood of additional
mechanisms—concomitant and/or prolonged after the Tregs

effects—to explain the long-lasting immune suppression after
the end of treatment with low-dose IL-2. In view of our current
data, in addition to the Tregs, it would be interesting to see
whether—in SLE patients treated with low-dose IL-2—there
is a downregulation of TFH cells that drive B cell differentiation
and autoantibody production.
We acknowledge that a limitation of our study is the lack of
investigations on the effects of NP-derived IL-2 on additional
immune cell populations such as Th17 cells, CD3+CD4−CD8−
double-negative T cells,[13, 35] and T follicular regulatory
(TFR) cells.[36] Future studies will evaluate how NPs influence those immune cells including the TFR/TFH ratio[37, 38] and
long-term B cell memory (although we did not see changes
in short-term development of B220lo/+CD27mid/+CD40+CD80+
memory B cells, not shown). Other investigations could also
include analyses of the metabolic control of immune cell signaling and effector programs - cell metabolism being a key
player in the post-transcriptional mechanisms of TFH cell differentiation and humoral immunity.[39]
To summarize, we report a new NP-based approach to reduce TFH cell-mediated promotion of pathogenic humoral
responses in SLE. The use of NPs is gaining much traction as a tool that allows the delivery of minute yet consequential amounts of payload to selected target cells in
many diseases. There is a significant advantage in delivering small quantities of cargo locally, for in situ actions on a
specific target to modulate cell differentiation, proliferation,
and function. For example, the dosage of IL-2 packaged
in our targeted NPs was about 1000-fold less than what is
given systemically in typical low-dose IL-2 protocols (i.e., in
mice, our total dose of IL-2 is 5 ng vs. 7 μg used for lowdose IL-2). Using NPs to deliver small amounts of the same
drugs or other therapeutic molecules that would be given
systemically minimizes side effects, making off-target reactions virtually negligible, overall avoiding risks of unwanted
consequences.[16] In our case, the microscale delivery of
IL-2 to TFH cells via NPs had no measurable side effects in
treated mice (normal complete blood count and chemistry
metabolic panel, not shown) and efficiently inhibited autoantibody production, reduced lupus disease manifestations,
and improved outcomes with resulting extended mice survival. This encourages new investigations on the possible
translatability to lupus patients.
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