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Rheumatoid arthritis (RA) is characterized by massive intra-articular infiltra-
tion of pro-inflammatory macrophages, leading to articular immune dys-
function, severe synovitis, and ultimately joint erosion. Comprehensive
remodeling of articular immune homeostasis and bone homeostasis is
essential for alleviating RA. Here we report on Spirulina platensis (SP), a natural
microorganism commercially farmed worldwide as a food, as an efficient
regulator of both synovial inflammation and osteoclast differentiation in male
RA mouse models. SP reduces excessive reactive oxygen species and down-
regulates pro-inflammatory cytokines in synovial macrophages. Moreover, SP
reprograms pro-inflammatory Ml-like macrophages to anti-inflammatory M2-
like phenotype, suppressing synovitis and remodeling redox balance. Notably,
SP inhibits osteoclast activation effectively and blocks the progression of bone
erosion. SP is then engineered with macrophage membranes (SP@M) to
enable immune evasion and RA-targeting in vivo. SP@M increases LC3-
mediated autophagy as well as strengthens ubiquitin-mediated proteasomal
degradation toward KEAP1, which promotes the expression and nuclear
translocation of NRF2. The NRF2 further activates antioxidant enzymes to
terminate macrophages-initiated pathological cascades and reestablish intra-
articular immune homeostasis, conferring a bone recovery and chon-
droprotective effect in collagen-induced arthritis mouse models. This work
shows the therapeutic activity of FDA-approved functional food of SP in sup-
pressing synovial inflammation and osteoclast differentiation, offering an off-
the-shelf strategy for RA treatment.

Rheumatoid arthritis (RA) is a devastating systemic autoimmune dis-
ease characterized by serious synovitis and bone loss, leading to joint
destruction and deformity'. It causes substantial health and economic
burden to patients and modern society. The therapeutic market
worldwide is projected to reach US$33.96 billion by 2025°. The primary
pathophysiological process of RA involves the abnormal activation of
the immune system, leading to synovial inflammation and subsequent

bone destruction. Numerous pro-inflammatory cytokines and immune
cells are involved in this process*. Among them, synovial macrophages
(SMs) are known as the most prominent cells responsible for lesion
formation and aggravation. SMs secrete various types of proin-
flammatory cytokines, overproduce reactive oxygen species (ROS),
and then harass the arthritic synovial microenvironment via compli-
cated inflammation networks>®. The excessive infiltration of SMs into
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synovia causes articular immune dysfunction, accelerates the pro-
gression of synovitis, and leads to osteoclast activation and ultimate
bone erosion and joint destruction’®, Osteoclasts are multinucleated
giant cells differentiated from the monocyte-macrophage lineage,
responsible for bone resorption and playing a central role in bone
homeostasis’. In the pathological environment of RA, due to synovial
inflammation, the osteoclast-osteoblast axis is severely disrupted,
leading to enhanced osteoclast function and RA-related bone
destruction™.

Nowadays, clinical treatment for symptomatic RA faces numerous
challenges. The most frequently used treatment relies on the combi-
nation of several immunosuppressants such as corticosteroids, leflu-
nomide, and standard disease-modifying antirheumatic drugs
(DMARDs) like methotrexate (MTX)" to address joint inflammation.
However, only two-thirds of patients with RA reach satisfactory clinical
remission'?. Moreover, these immunosuppressive treatments often
increase the risk of infections due to the inhibition of the immune
system"*"*. Managing bone remodeling in RA progression suffers the
same difficulty. The indirect control of bone remodeling via inflam-
mation inhibition is ambiguous. For example, although the tight con-
trol of synovial inflammation has proven to arrest the progression of
bone erosions in some cases (for instance TNF-a inhibitor has a pro-
mising effect on mitigating bone erosion in RA)Y, the use of corticos-
teroids and MTX causes even more severe bone destruction in RA
patients'®”. Denosumab (anti-receptor activator of nuclear factor-kB
ligand antibody) is a RANKL monoclonal antibody that directly inhibits
osteoclast-medicated bone resorption by binding to osteoblast-
produced RANKL. It is used in another osteoclast-related disease,
osteoporosis, but shows a limited effect in clinical use for RA®, This
might be attributed to the uncontrolled inflammation persistently
activating inflammatory osteoclast formation. To this end, the devel-
opment of new therapies, ideally targeting synovitis and inflammatory-
related bone erosion in joints, as well as regulating those inflammation-
independent factors that can also interfere with bone homeostasis in
RA, such as the general RANKL signaling pathway, would be promising
for remodeling bone homeostasis in RA.

Natural spirulina platensis (SP) is the only microorganism com-
mercially farmed worldwide as a food". It has been widely used in
preclinical therapy for tumors, intestinal diseases, and anemia via oral
administration?>*, Recent studies have expanded the application of
SP via intravenous injection for magnetic actuation and cargo
delivery’®*?*, which demonstrated its biocompatibility and biosafety
as an intravenous medication. SP has been found to contain multiple
functional compounds including polysaccharides, proteins and lipids
with potential anti-oxidant, anti-inflammatory and immunomodula-
tory effects”, making it a great candidate for handling the complicated
pathology of RA.

The present study unveils that SP alleviates intracellular oxidative
stress and promotes the pro-inflammatory Mi-like to anti-
inflammatory M2-like repolarization of SMs, remodeling the redox
balance and suppressing synovial inflammation (Fig. 1A). It is note-
worthy that SP is also efficient in directly inhibiting RANKL-induced
osteoclast differentiation, which plays a synergistic role in remodeling
bone homeostasis in RA (Fig. 1A). SP can target the macrophages to
accelerate the protein degradation of Kelch-like ECH-associated pro-
tein 1 (KEAP1) via microtubule-associated protein 1 light chain 3 (LC3)-
mediated autophagy and ubiquitin-mediated proteasome degrada-
tion. Following the KEAP1 inactivation, the expression and the nuclear
translocation of nuclear factor-erythroid 2 p45-related factor 2 (NRF2)
are increased, which subsequently promotes the transcription of
antioxidant proteins like superoxide dismutase 2 (SOD2) and heme
oxygenase 1 (HO-1), and leads to the mitigation of synovial inflamma-
tion. The resolution of joint inflammation could inhibit inflammatory
cytokines-induced osteoclast activation and facilitate the remission of
bone erosion. Importantly, SP is engineered with macrophage cell

membranes (SP@M) to enable immune evasion and RA targeting
in vivo. The SP@M recovers the balance of synovial microenviron-
ment, and finally achieves bone remodeling and cartilage restoration
in collagen-induced arthritis (CIA) mouse models (Fig. 1A). Compared
with current therapies for RA, which show success in targeting various
aspects of inflammatory pathways, the SP-based therapy in this work
targeting both the synovial inflammation and RANKL-induced osteo-
clast differentiation is more promising as an off-the-shelf therapeutic
for the alleviation of RA.

Results

SP restores synovial homeostasis by inflammatory modulation

of macrophages

The prokaryotic and photosynthetic microorganism of spirulina pla-
tensis (SP) has a naturally helical morphology and a length of
100-500 pm, as shown by the bright-field microscopy and scanning
electron microscopy images (Fig. 1B, C, and Supplementary Fig. 1).
Importantly, the autofluorescence of chlorophyll in SP endows it with
strong red fluorescence (Fig. 1D), which suggests its potential appli-
cation in biological imaging. The UV-vis absorption spectrum of SP
indicates obvious absorption around 440 and 680 nm, which is
attributed to the abundant chlorophyll in SP cells (Fig. 1E). The broad
absorption band around 620 nm can be ascribed to the specific phy-
cocyanin present in SP.

The main trigger of articular bone erosion is synovitis, including
the overproduction of ROS and proinflammatory cytokines, as well as
RANKL, thereby creating a highly inflammatory and tissue-damaging
microenvironment of RA. Comprehensive regulation of oxidative
stress and production of proinflammatory cytokines is essential for
restoring synovial homeostasis. Raw264.7 cells were selected to
simulate SMs in vitro, and the inflammatory modulation ability of SP
was explored in Raw264.7 cells. Inflammation was induced by the sti-
mulation of lipopolysaccharides (LPS, 100 ng/mL), which led to the
generation of inflammatory mediators and oxidative stress, including
ROS. The intracellular ROS level was initially investigated by the 2’,7"-
dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescent probe. It
was observed that LPS stimulation brought about the overproduction
of ROS, as evidenced by obvious green fluorescence in Raw264.7 cells.
However, the fluorescence intensity in cells was significantly decreased
following the SP treatment, showing a dose-dependent manner
(Fig. 2A, B). Moreover, Real-time reverse transcription polymerase
chain reaction (RT-qPCR) analysis revealed a significant up-regulation
in the mRNA expression of pro-inflammatory cytokines, including
tumor necrosis factor-a (TNF-a), inducible nitric oxide synthase
(iNOS), interleukin-1 (IL-1), interleukin-6 (IL-6), and interleukin-12
(IL-12) in LPS-stimulated Raw264.7 cells (Fig. 2C). In contrast, SP
treatment resulted in a dose-dependent down-regulation of these pro-
inflammatory cytokines, demonstrating the anti-inflammatory effect
of SP (Fig. 2C). Macrophages are phenotypically plastic. In the case of
RA, they differentiated into a pro-inflammatory Mi-like phenotype
because of the over-produced ROS and chemotaxis factors. Next, we
evaluated the modulatory effect of SP on the phenotypic conversion of
Raw264.7 cells using flow cytometry. Most Raw264.7 cells were
polarized into the M1-like phenotype upon LPS stimulation, evidenced
by the high expression of CD86 (phenotype marker of Mi-like mac-
rophages). As shown in Fig. 2D-F, dose-dependent treatment with SP
reduced the proportions of Ml-like macrophages as well as increased
the proportions of anti-inflammatory M2-like macrophages (mannose
receptor CD206 as the phenotypic marker of M2-like macrophages),
suggesting that SP inhibited the polarization of proinflammatory Mi-
like macrophages and promoted the differentiation of anti-
inflammatory M2-like macrophages. Additionally, RT-qPCR analysis
indicated that the mRNA expressions of CD206, interleukin-10 (IL-10),
and arginase-1 (Arg-1), commonly recognized markers of M2-like
macrophages, were significantly upregulated among all SP treatment
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Fig. 1| llustration of the Spirulina platensis (SP)-based therapeutic to remodel
bone homeostasis in rheumatoid arthritis (RA) by suppressing synovial
inflammation and osteoclast activation. A Schematic illustration of the targeting
delivery of macrophage cell membranes-engineered SP (SP@M) toward inflam-
matory arthritis, which acts as a targeted therapeutic to remodel bone homeostasis
in RA by relieving synovial inflammation and independently suppressing osteoclast
activation. The SP accelerates the protein degradation of Kelch-like ECH-associated
protein 1 (KEAP1) via microtubule-associated protein 1 light chain 3 (LC3)-mediated
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autophagy and ubiquitin-mediated proteasome degradation. Following the KEAP1
inactivation, the nucleus translocation of transcription factor nuclear factor-
erythroid 2 p45-related factor 2 (NRF2) is increased, leading to the mitigation of
synovial inflammation and amelioration of RA in collagen-induced arthritis (CIA)
mouse models. B The bright-field microscopic image of SP cells. C The scanning
electron microscopy image of the single SP cell. D The fluorescence image of SP
cells. E UV-vis absorption spectrum of SP cells. For B-E, three independent
experiments were repeated.

groups (Fig. 2G). Overall, the findings supported our hypothesis that
SP could regulate oxidative stress and promote reprogramming of
macrophages to an anti-inflammatory phenotype, which restricted
inflammation in an RA-specific context and restored synovial
homeostasis.

SP blocks the progression of bone erosion by suppressing
osteoclast activation

Articular bone erosion is a central clinical feature of RA and can occur
soon after disease onset. Herein, bone marrow-derived macrophages
(BMMs) were employed to investigate the effects of SP on suppressing
osteoclast activation in vitro. As shown in Fig. 3A, B, RANKL-induced
BMMs showed apparent osteoclastic characteristics, including more

tartrate-resistant acid phosphatase (TRAP)-positive cells by TRAP
staining and mature osteoclast formation by F-actin staining. In con-
trast, the number and area of TRAP-positive cells, and the average
osteoclast area indicated by F-actin staining were significantly reduced
after the SP treatment, showing a dose-dependent manner (Fig. 3A, B).
This observation indicated the inhibitory effects of SP on the differ-
entiation of osteoclasts. To further explore the effect of SP on the
osteoclastogenesis in BMMs, the expressions of critical
osteoclastogenesis-related genes like nuclear factor of activated T cells
1 (NFATcI), c-Fos proto-oncogene (c-Fos), and cathepsin K (CTSK) were
analyzed by RT-qPCR. It was found that SP treatment downregulated
the expression of these genes in RANKL-induced BMMs (Fig. 3C).
Besides, compared with the control group, the protein expression
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levels of NFATCc1, c-Fos, and CTSK in cells after the SP treatment were
also suppressed at 0, 1, 3, and 5 days (Fig. 3D, E), suggesting an obvious
inhibition of osteoclast formation. Mitogen-activated protein kinase
(MAPK) and nuclear factor kB (NF-kB) signaling pathways are the major
signal transduction steps in osteoclast differentiation. To clarify these
signaling pathways involved in osteoclastogenesis, we pretreated
RANKL-induced BMMs with various concentrations of SP for 24 h.

Then, Western blotting (WB) analysis was employed to quantify the
phosphorylation levels of P65 within the NF-kB signaling pathway,
along with those of ERK and P38 in the MAPK signaling pathway. It was
observed that SP blocked the phosphorylation of all these proteins
(Fig. 3F, G), suggesting suppressed osteoclastogenesis. This result was
further verified by the fluorescence staining of phosphorylation of P65
and P38, which showed that SP could inhibit the phosphorylation and
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Fig. 2 | SP restores synovial homeostasis by alleviating oxidative stress and
inflammatory modulation of macrophages. A Fluorescence analysis of 2/,7"-
dichlorofluorescein diacetate (DCFH-DA) in macrophages stimulated with lipopo-
lysaccharides (LPS, 100 ng/mL) and different doses of SP (cells/mL, 1.2 x 10°,
2.5%10°, 5.0 x10°, 1.0 x 107) for 24 h. Scale bar =75 pm. B Quantification of relative
fluorescence intensity of DCFH-DA shown in panel A. C Real-time fluorescence
quantitative PCR (RT-qPCR) analysis of TNF-a, iNOS, IL-1, IL-6, and IL-12 in macro-
phages stimulated with LPS (100 ng/mL) and different doses of SP (cells/mL,
1.2x10°% 2.5 x10°, 5.0 x10°, 1.0 x 107) for 24 h. D Flow cytometry of CD86 marker in
macrophages stimulated with LPS (100 ng/mL) and different doses of SP (cells/mL,

1.2 %106, 2.5x10°, 5.0 x 10°, 1.0 x 10) for 24 h. E Flow cytometry of CD206 and
CD11b markers in macrophages stimulated with interleukin-4 (IL-4, 20 ng/mL) and
different doses of SP (cells/mL, 1.2 x10°, 2.5 x 10°, 5.0 x 10°, 1.0 x 107) for 24 h.

F Quantification of CD86- or CD206-labeled positive cells shown in panels D and E.
G RT-qPCR analysis of CD206, IL-10, and Arg-1 in macrophages stimulated with IL-4
(20 ng/mL) and different doses of SP (cells/mL, 1.2 x 10, 2.5 x 10, 5.0 x 10°,

1.0 x 107) for 24 h. All data presented as mean (SD) are from three replicates. Sta-
tistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc
test. The exact p-values were labeled.

translocation of P38 and P65 proteins in RANKL-induced BMMs
(Fig. 3H, I). Collectively, these results indicated that SP effectively
blocked the differentiation of osteoclasts, thereby restoring bone
balance and alleviating the progression of bone erosion in RA. Since
MTX, one of the DMARDs used in clinical practice, showed no obvious
influences on the differentiation of osteoclasts (Supplementary
Fig. 2A-D), the inhibition capacity of SP on both the synovial inflam-
mation and the osteoclast differentiation makes it an ideal candidate
for RA treatment.

SP remodels bone homeostasis in vitro via NRF2/

KEAP1 signaling pathways

NRF2 is a redox-sensitive transcription factor that codes for versatile
cytoprotective proteins, including antioxidant, detoxification, and
anti-inflammatory proteins®. Besides, NRF2 acts as a vital transcription
factor that regulates bone homeostasis”. The deficiency of NRF2
promotes osteoclast differentiation and osteoclast activity, leading to
an increase in bone resorption. In this work, SP was found to remodel
bone homeostasis in vitro by alleviating oxidative stress levels, sup-
pressing synovial inflammation, and inhibiting osteoclast differentia-
tion. Given the comprehensive role of NRF2 in stress response,
inflammation, and bone metabolism, we thus hypothesized that NRF2
might be involved in the biological activity of SP. To confirm this, the
expression of important proteins involved in redox homeostasis,
including the NRF2/KEAP1 complex, SODs, and glutathione peroxidase
(GPX) enzymes families in both macrophages and RANKL-stimulated
BMMs was analyzed by WB. As shown in Fig. 4A, B, SP upregulated the
expression of SOD2, HO-1, NRF2, GPX1, and GPX4, while it down-
regulated the KEAP1 dose-dependently in macrophages. Similarly, SP
suppressed the KEAP1, whereas it increased the expression of SOD2,
HO-1, NRF2, GPX1, and GPX4 in RANKL-stimulated osteoclasts
(Fig. 4C, D). These alterations in protein expression could potentially
be ascribed to the intricate regulatory network of the NRF2/KEAP1
complex: Under homeostatic conditions, NRF2 is continuously ubi-
quitinated and targeted for 26S proteasomal degradation by its
negative regulator KEAP1. SP might inactivate KEAP1, which allowed
NRF2 to escape ubiquitination, accumulate within the cell, and trans-
locate to the nucleus®. It was found that SP had no impact on the
mRNA transcription of Keapl, whereas the transcription levels of Nrf2
and Homxl were significantly elevated (Supplementary Fig. 3A-C).
Thus, SP may function by interfering with the protein degradation
process of KEAPL. To verify this hypothesis, the interactions between
KEAP1 and NRF2, and the effect of SP on KEAP1 production and
NRF2 stabilization were then studied. Given that the degradation of
KEAP1 encompasses two distinct pathways, namely autophagy” and
proteasomal degradation®®, we employed the protein synthesis inhi-
bitor cycloheximide (CHX), the proteasome inhibitor MG132, and the
autophagy inhibitor chloroquine (Chlq) to further explore the under-
lying mechanism in macrophages (Fig. 4E). As shown in Fig. 4F, G, SP
effectively facilitated the degradation of the KEAP1 protein, yet this
process could be impeded by MG132, demonstrating that the degra-
dation of KEAP1 is dependent on the proteasome-mediated pathway.
Moreover, we transfected 293T cells with Myc-labeled ubiquitin and
Flag-labeled KEAP1 plasmids for further ubiquitination assay. It was

found that KEAP1 was poly-ubiquitinated, and the ubiquitinated
modification level of KEAPI increased with SP in a dose-dependent
manner. This result confirmed that SP could enhance the ubiquitinated
modification of KEAP1 (Fig. 4H). Interestingly, we transfected
293T cells with Myc-labeled ubiquitin, HA-labeled KEAP1, and Flag-
labeled NRF2 plasmids and observed that the upregulation of KEAP1
promoted the poly-ubiquitination of NRF2, and SP could down-
regulate the KEAP1 expression and block the NRF2 ubiquitination
dose-dependently (Supplementary Fig. 4). These findings suggested
that SP regulated the NRF2 expression mainly via the modulation of
KEAPL. Moreover, as shown in Fig. 41, J, Chlq could also block the SP-
mediated degradation of KEAP1, indicating that the autophagy-
mediated pathway was also involved. To further verify the autop-
hagy pathway, macrophages were labeled with an RFP-GFP-LC3 probe
(LC3 thereafter). It was observed that SP significantly upregulated the
number of LC3-labeled autophagosomes (Supplementary Fig. 5).
Besides, the protein expression of LC3 increased with SP in a dose-
dependent manner, regardless of the existence of Chlq (Supplemen-
tary Figs. 6, S7). Moreover, immunofluorescence assays showed that SP
decreased the mean fluorescence intensity of KEAP1, whereas it
increased the co-localization of KEAP1 and ubiquitin dose-dependently
(Fig. 4K, L). Meanwhile, SP enhanced the mean fluorescence intensity
of LC3. Moreover, it promoted the co-localization of LC3 with KEAP1
(Fig. 4M, N). These results collectively suggested that SP could pro-
mote the engulfment of KEAP1 by autophagosome.

Preparation of SP@M and target delivery of SP@M to inflam-
matory ankle joints in CIA mice

The modulation of immune homeostasis and the blockade of osteo-
clast differentiation of SP inspired us to evaluate its in vivo perfor-
mance in RA. The lack of specificity of SP in vivo, however, may lead to
adverse effects that must be carefully managed for clinical application.
Encouragingly, cell membrane coating provides an effective top-down
platform functionalization strategy, producing biomimetic formula-
tions and enabling them to navigate complex biological environments
effectively®. In the progression of RA, a large proportion of infiltrating
cells are macrophages, which play a pivotal role in RA. Therefore, live
macrophages might be an ideal choice for the biomimetic modifica-
tion of SP due to their immune response and proactive migration to
inflammatory sites. Herein, the SP was engineered with macrophage
cell membranes (MCMs) to avoid immune clearance and increase the
targeted accumulation of the SP at disease sites. To realize the mod-
ification of MCMs on SP, MCMs were initially isolated and purified.
MCMs were derived from murine macrophage cell line (RAW264.7
cells) by sequential hypotonic lysis, homogenizer extrusion, gradient
centrifugation, and low-temperature sonication processes, following
established literature protocols®*? (Fig. 5A). Simultaneously, SP was
processed under continuous stirring, resulting in the generation of
fragmented SP with a length of 5-100 pm (Fig. 5B, C). After this
treatment, the autofluorescence and the viability of SP were still well-
maintained (Fig. 5C, Supplementary Fig. 8). The fragmented SP was
then filtrated through a 5 um cell strainer. Afterward, the concentrated
SP cells and the isolated MCMs were repeatedly coextruded through a
5 pm porous polycarbonate membrane (as depicted in Fig. 5A),
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resulting in the generation of MCMs-engineered SP (denoted as
SP@M). This fragmentation and membrane modification process did
not impair the biological effects of SP (Supplementary Figs. 9, 10). The
microstructure of native SP and SP@M was visualized by transmission
electron microscopy. Compared with native SP, it is clear that mac-
rophage membranes were partially modified on the SP surface in the
SP@M (Fig. 5D, E, and Supplementary Fig. 11). The study conducted by
Liu et al. revealed that up to 90% of the biomimetic nanoparticles are

only partially coated by cell membranes®, which is in contradiction to
the common assumption of perfect coating. The partial coating of SP
with macrophage membranes in our study was consistent with the
findings reported in previous literature®. The zeta potential of SP@M
was more negative than that of native SP, while consistent with the zeta
potential of MCMs (Supplementary Fig. 12). Maintaining the proteins
of MCMs on the SP surface enables them to effectively navigate
complex biological environments. In this regard, the protein
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Fig. 3 | SP blocks the progression of bone erosion by suppressing osteoclast
activation. A Tartrate-resistant acid phosphatase (TRAP) staining and fluorescent
F-actin staining of bone marrow-derived macrophages (BMMs) stimulated with
macrophage colony-stimulating factor (M-CSF, 30 ng/mL) and receptor activator of
nuclear factor-k B ligand (RANKL, 50 ng/mL), followed by treatment with different
doses of SP for 5 days. B Quantification of number and area of osteoclasts in TRAP
stain and area of F-actin belt shown in panel A. C RT-qPCR analysis of Nfatcl, C-fos,
and Ctsk in BMMs stimulated with M-CSF and RANKL, followed by treatment with
SP for 5 days. D Western-blot (WB) analysis of NFATcI, c-Fos, and Ctsk in BMMs
stimulated with M-CSF and RANKL, followed by treatment with SP. (For c-Fos, the
samples derive from the same experiment and that gels/blots were processed in
parallel, and image was cropped at the dotted line only for the purpose of this

figure.) E Semi-quantification of greyscale value in NFATcI, c-Fos, and Ctsk in panel
D. F WB analysis of phospho-P38, P38, p-ERK, ERK, IkBa, p-P65, and P65 in BMMs
stimulated with M-CSF and RANKL, followed by treatment with SP. G Semi-
quantification of greyscale value in p-P38/P38, p-ERK/ERK, IkBa, and p-P65/P6S5 in
panel F. H Immunofluorescence analysis of p-P38 and p-P65 in BMMs stimulated
with M-CSF and RANKL, followed by treatment with SP. I Quantification of the
integrated optical density (I0D)/DAPI of p-P38 and p-P65 as shown in panel H. All
data presented as mean (SD) are from three replicates. Statistical analysis was
performed using the Kruskal-Wallis test with Dunn’s post hoc test for ordinal data
such as osteoclasts number and the one-way ANOVA followed by Tukey’s post-hoc
test for continuous data. The exact p-values were labeled.

composition of SP@M was determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). As shown in
Fig. 5F, protein banding patterns of MCMs and SP@M were nearly
identical according to the Coomassie blue staining assay, demon-
strating the effective translocation of MCMs proteins onto the SP
substrates. Meanwhile, the SDS-PAGE assay also indicated that
important protein bands, such as TNFR2 (50 kDa), CCR2a (35 kDa), and
CD36 (36 kDa) in MCMs, were well maintained in the as-prepared
SP@M (Fig. 5G).

The collagen-induced arthritis (CIA) mouse model (at both
paws of the mouse) was established in vivo. The targeting ability of
SP@M toward the inflammatory ankle joints of CIA mice was then
investigated. Mice were exposed to intravenous injection of Cy5-
labeled SP and Cy5-labeled SP@M, respectively, and then subjected
to in vivo imaging. As shown in Fig. 5H, I, within the initial 0.5h,
fluorescence signals were detected in the paws of the SP@M group.
This clearly indicated that SP@M rapidly accumulated at the
inflammatory sites of RA. Additionally, even after 24 h, the fluores-
cence signals in the paws of the SP@M group remained strongly
maintained. In contrast, the fluorescence signals in the paws of SP
group were weak during the 24 h observation. The enhanced tar-
geting efficiency of SP@M was likely ascribed to the functional
proteins on the MCMs, which showed an inherent immune affinity
for the inflammation in RA. The study conducted by Liu et al. indi-
cated that partially coated NPs could still be internalized by the
target cells®. The in vivo imaging of SP@M further validated the
successful modification of MCMs and the targeting ability of SP@M
toward the inflammatory sites.

SP@M enables synovial homeostasis, bone recovery, and
chondroprotection in vivo

Next, we investigated the in vivo therapeutic efficiency of SP and
biomimetic SP@M using the abovementioned CIA mouse model
(Fig. 6A). The CIA mice showed typical RA symptoms and developed
severe swelling and erythema in paws (Fig. 6B). Following this, saline,
free MCMs, SP, and SP@M were then intravenously injected into CIA
mice every three days. MTX, one of the standard DMARDs for RA in
clinics, was used as the gold-standard treatment group (Fig. 6A, B). A
sham intervention was also carried out as a sham control. The degree
of paw swelling was observed over time as a direct indicator of RA. As
shown in Fig. 6B, C, the paw swelling thickness was increased over time
in the saline group. Besides, MCMs and SP showed no obvious
reduction in paw inflammation and edema. In contrast, SP@M mark-
edly ameliorated paw swelling and suppressed the severity of RA by
the end of the treatment period, achieving better results than MTX
(Fig. 6B, C). The therapeutic efficacy of SP@M was further quantita-
tively evaluated using a clinically tested scoring system. The SP@M
group obtained a significantly lower score than the MTX group, indi-
cating its superior therapeutic efficacy (Fig. 6C). Bone erosion is a
central feature of RA and is associated with disease severity. Accord-
ingly, the rate of bone erosion in each group was determined by micro-
computed tomography analysis (Fig. 6D). For bone surface erosion, we

could see that SP@M could considerably inhibit bone erosion in the
ankle and toe joints of CIA mice, which is even better than that in the
MTX group. In contrast, SP could only partially recover the bone ero-
sion while MCMs showed no effect. Quantitative analyses of the ero-
sion index demonstrated that the SP@M treatment showed the best
bone erosion recovery (Fig. 6E). Moreover, the significantly higher
bone volume/total volume (BV/TV) of talus bone levels after the SP@M
treatment further suggested its superior performance to ameliorate
the RA-induced bone degradation (Fig. 6D, E). Furthermore, the
functional assessments of lower limbs of mice, including the reflexive
mechanical pain-related responses experiment* and thermal pain-
related responses experiment”, were conducted using the von Frey
test and hot plate test, respectively. The standard response value for
the von Frey test is 5.0-10.0 g, and the normal response value for the
thermal test is 5-9's. As shown in Fig. 6F, the response value of CIA
mice in both the saline and the MCMs groups decreased to approxi-
mately 2.0 g in the von Frey test and to 4 s in the hot plate test, indi-
cating a pain-sensitive phenotype of chronic inflammation.
Encouragingly, the SP@M and MTX treatments could mitigate these
pains and increase the threshold and latency of pain reflection,
respectively (Fig. 6F). Additionally, gait analysis was carried out using a
CatWalk system to assess the gait performance in mice. The gait
parameters, including maximum contact area and print area, were
collected to analyze the walking stability. A smaller maximum contact
and print area of the four limbs, manifested as a shorter stance phase
and a longer swing phase when the mice make contact with the glass
plate, generally indicates that the mice avoid putting weight on their
affected limbs due to pain®. Compared to the saline, MCMs, and SP
groups, the SP@M treatment could satisfactorily increase the max-
imum contact and print area, even higher than that of the MTX treat-
ment (Supplementary Fig. 13A-C).

Then, the histopathological analysis was performed and scored
according to the Standardized Microscopic Arthritis Scoring of His-
tological sections (‘SMASH’). According to the hematoxylin and eosin
(HE) staining, tartrate-resistant acid phosphatase (TRAP) staining, and
Safranin O/Fast green (SO/FG) staining, the ankle joint tissues in the
saline group exhibited extensive inflammatory cell infiltration, syno-
vial hyperplasia, severe bone erosion, and cartilage destruction
(Fig. 6G, H). The SP@M treatment markedly reduced synovitis, miti-
gating SMs infiltration in the synovium. Besides, bone surface erosion,
talus bone destruction, and articular cartilage degeneration were sig-
nificantly recovered in the ankle joint, suggesting the bone recovery
and chondroprotection roles of SP@M (Fig. 6G, H). Moreover, the
number of osteoclasts in the inflammatory area was significantly
reduced in the SP@M group compared to the saline group, demon-
strating a promising osteoclast inhibition effect of SP@M in vivo
(Fig. 6G, 1). Since proinflammatory cytokines play an essential role in
re-balancing immune cells and osteoclasts, we subsequently evaluated
the proinflammatory cytokine expression of TNF-a by immunohis-
tochemistry. As shown in Fig. 6}, K, the expression of TNF-a was sig-
nificantly elevated in the saline group, whereas the positive cells
labeled by TNF-a were decreased considerably after the SP@M
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treatment. This result was consistent with the alleviated synovial
inflammation and attenuated cartilage erosion in the SP@M group
(Fig. 6G, H). Moreover, Cathepsin K (CTSK), a well-known key enzyme
highly expressed in the bone resorption process in RA, was analyzed to
mark the osteoclast differentiation. The expression of CTSK was
upregulated in the saline group, while the SP@M treatment effectively
suppressed this upregulation (Supplementary Fig. 14). Overall, these

findings suggested that SP@M showed a promising rescuing effect on
RA in vivo by enabling synovial homeostasis, bone recovery, and
chondroprotection. More importantly, the alleviation effect of SP@M
in the CIA mouse model was comparable to, or even better than that of
MTX used in clinics. The hemolytic assay revealed that SP and SP@M
did not show hemolytic activity (Supplementary Fig. 15). The histo-
pathological analysis indicated that major organs after the SP or SP@M

Nature Communications | (2025)16:4434


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59579-4

Fig. 4 | SP remodels bone homeostasis via nuclear factor erythroid 2-related
factor 2 (NRF2)/Kelch-like ECH-associated protein 1 (KEAP1) signaling path-
ways in vitro. A WB analysis of SOD2, HO-1, NRF2, GPX1, GPX4, and KEAP1 in
macrophages stimulated with varying doses of SP. B Semi-quantification of grays-
cale value in SOD2, HO-1, NRF2, and KEAP1 in panel A. C WB analysis of SOD2, HO-1,
NRF2, GPX1, GPX4, and KEAP1 in BMMs stimulated with M-CSF, RANKL, and SP for
24 h. D Semi-quantification of grayscale value in SOD2, HO-1, NRF2, and KEAP1 in
panel C. E lllustration of the protein degradation assay of KEAP1 (Created in
BioRender. Yang, X. (2025) https://BioRender.com/nriylby). F WB analysis of HO-1,
NRF2, KEAP], and GPX4 in macrophages stimulated with varying doses of SP,
cycloheximide (CHX, 50 nM), and MG132 (10 pM) for 8 h. G Semi-quantification of
grayscale value in NRF2 and KEAPI in panel F. H Ubiquitylation analysis of KEAP1 in
293T cells treated with MG132 (10 pM) and varying doses of SP using HA-KEAP1 and

Myc-ubiquitin plasmids with HA-tagged beads. Three independent experiments
were repeated. I WB analysis of HO-1, NRF2, KEAP1, and GPX4 in macrophages
stimulated with varying doses of SP, CHX (50 nM), and chloroquine (Chlg, 25 nM)
for 8 h. J Semi-quantification of greyscale value in NRF2 and KEAP1 in panel 1.

K Immunofluorescence analysis of KEAP1 and ubiquitin in macrophages stimulated
with varying doses of SP for 24 h. Scale bar =20 um. Zoomed-in scale bar =5 pm.
L Quantification of the mean fluorescence intensity of KEAP1 and the merged color,
as shown in panel K. M Immunofluorescence analysis of KEAP1 and LC3 in mac-
rophages stimulated with varying doses of SP for 24 h. Scale bar = 20 pm. Zoomed-
in scale bar =5 pm. N Quantification of the mean fluorescence intensity of KEAP1,
LC3, and the merged color, as shown in panel M. All data presented as mean (SD)
are from three replicates. Statistical analysis was performed using the one-way
ANOVA followed by Tukey’s post-hoc test. The exact p-values were labeled.

treatment remained normal tissue structures without obvious inflam-
matory lesions or damage (Supplementary Fig. 16). Moreover, the
SP@M exerted no significant influence on mice serum based on the
biochemical analysis (Supplementary Fig. 17). It is reasonable to infer
that SP@M is biosafe in vivo as an intravenous medication and is
promising for future application in clinics.

To explore the underlying mechanism of SP@M in alleviating RA,
the synovium and proliferated inflammation tissue around the joints in
upper limbs in the saline group and SP@M group were isolated,
respectively, for RNA sequencing analysis (Supplementary Fig. 18A).
An initial investigation was conducted on the whole-transcriptome
changes in these two groups. The differentially expressed genes
(DEGs) were identified and shown in the volcano plot (Supplementary
Fig. 18B). Compared to the saline group, 1907 genes were upregulated
and 1765 genes were downregulated in the SP@M group. The Gene
Ontology (GO) analysis showed that these DEGs were involved in
multiple mitochondrial respiration-related processes, including
respiratory chain complex I and electron transport (Fig. 7A). Moreover,
GO analysis of the cellular component also showed that mitochon-
drion, mitochondrial inner membrane, mitochondrial matrix, and
mitochondrial respiratory complex | were enriched in the top 20 cel-
lular components, which suggested the regulation of cellular home-
ostasis (Supplementary Fig. 18C). In accordance with this, oxidative
phosphorylation was enriched according to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis (Fig. 7B) and the gene set
enrichment analysis (GSEA) (Fig. 7C), confirming the oxidative redox
regulation after the SP@M treatment. Importantly, the osteoclast dif-
ferentiation signaling pathway was also involved according to the
KEGG analysis (Fig. 7B), which was consistent with the inhibitory effect
of SP@M on osteoclast differentiation. Moreover, “the immune system
process”, “inflammatory response” and “negative regulation of MAP
kinase activity” were also involved in the biological processes via GO
analysis (Fig. 7A). Collectively, following the SP@M treatment, oxida-
tive stress, inflammatory response, and osteoclast differentiation were
regulated, which restored the osteoimmunology homeostasis for RA
alleviation.

Immunofluorescent staining of tissues was used to further clarify
the specific remodeling of inflammatory response. The SP@M treat-
ment led to a significant decrease in the fluorescence intensity of CD86
(the phenotypic marker of Mi-like macrophages) and an increase in the
intensity of CD206 (the phenotypic marker of M2-like macrophages),
indicating the remission of pro-inflammatory microenvironment
(Supplementary Fig. 19A, B). Following the re-balance of the macro-
phage phenotype, we found that SP@M could inhibit the upregulated
KEAP1 signal intensity and recover the decreased NRF2 signal intensity,
compared to the saline group (Fig. 7D, E). Further immuno-
fluorescence assay showed that SP@M upregulated the co-localization
of ubiquitin to KEAP1 (Fig. 7F). Meanwhile, the interaction of LC3 to
KEAP1 was increased after the SP@M treatment (Fig. 7F), which was in
good agreement with the in vitro results.

Discussion

Significant progress in targeted therapy of RA has led to improved
quality of life and outcomes for RA patients. Despite this, a notable
percentage of affected individuals still experience persistent inflam-
mation and progressive disability, clinically manifested as synovial
inflammation and joint damage primarily. Unmet needs include partial
response and non-response to treatment in many patients, failure to
achieve immune homeostasis or drug-free remission, and inability to
repair damaged tissues. Nowadays, the development of drug delivery
systems has brought new insights into RA treatment. A variety of
carriers based on bioengineered probiotics, dendrimers, polymer-
somes, and nanocarriers (such as nanoparticles, nanocapsule, nanoli-
posome, and nanopolymer) have been explored to deliver cargos
(such as small molecule drugs, peptides, miRNA, siRNA, and plasmid
DNA) for the treatment of RA and autoimmune diseases” *. These
anti-RA drug delivery systems demonstrated the critical role of anti-
inflammation and immunomodulation for effective RA treatment and
underlined the importance of SMs-targeting therapy. For instance,
Zhang et al. constructed an innovative macrophage-hitchhiking IL-10
pDNA delivery system, which could effectively accumulate at inflam-
matory sites of RA and alleviate symptoms of inflammation in vivo by
inducing the re-polarization of macrophages®. Wang et al. found a
targetable method for M1-like to M2-like repolarization via clearance of
cell-free DNA in RA treatment*e.

Apart from SMs, osteoclast represents another joint-specific
pathogenic cell, which is responsible for bone resorption in RA.
However, current treatments targeting osteoclasts still face a lot of
challenges for clinical usage and this therapy still needs long-term
observation. For example, denosumab, a RANKL mono-antibody, can
hardly control the inflammation of RA in clinical practices'. Interfering
with the metabolism in osteoclasts showed promising curing effects
for RA but only on animal models for pre-clinical usage*’. Emerging
therapies like certolizumab pegol (Cimzia) focus on the inflammatory
cytokines to co-regulate the bone and immune environment and
achieve dramatic effects in clinical trials*®. Recent research has indi-
cated that treatment focused on only the bone or the inflammation is
not enough for the treatment of RA*. Systematic management of
synovial inflammation and concurrent and independent regulation of
osteoclast activation are highly desirable for remodeling bone home-
ostasis in RA. However, no therapy has yet been reported.

In our study, we explored the innate function of SP toward SMs
and osteoclasts, and offered a targeted therapy of RA by a
macrophage-cell-membrane-cloaked Spirulina platensis (denoted as
SP@M) (Fig. 1A). SP is a natural microorganism and is widely cultured
around the world. It is a rich source of protein and several fatty acids,
vitamins, and minerals, making it a valuable superfood resource and
dietary supplement. SP has been reported to function in reducing
cholesterol and regulating blood sugar and is widely used in preclinical
therapy for tumors. We unveiled that SP could remodel bone home-
ostasis in RA by simultaneously targeting SMs and osteoclasts in vitro.
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Fig. 5 | Preparation and characterization of MCMs-engineered SP (SP@M) and
targeted delivery of SP@M to the inflammatory ankle joints of CIA mice.

A Schematic illustration of the preparation process of SP@M (Created in BioR-
ender. Yang, X. (2025) https://BioRender.com/ndq30fv). B, C The bright-field and
fluorescence microscopy images of SP@M. D, E Transmission electron microscopy
images of SP (D) and SP@M (E). F Protein composition of SP, MCMs, and SP@M was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Coomassie blue staining. G WB analysis of TNFR2, CCR2q, and CD36 in

SP, MCMs, and SP@M groups. H In vivo fluorescence imaging of CIA mice after
intravenous administration of Cy5-labeled SP or Cy5-labeled SP@M (100 L, at an
SP concentration of 5.0 x 107 cells/mL). Low = 5*10’. High = 5*10%. I The time-
dependent quantitative data of in vivo fluorescence signals in paws, and the
quantitative data of fluorescence signals in limbs and other tissues at 24 h. All data
presented as mean (SD) are from three biological replicates. Statistical analysis was
performed using the one-way ANOVA followed by Tukey’s post-hoc test. The exact
p-values were labeled. For B-G, three independent experiments were repeated.

On one hand, it could regulate oxidative stress and promote the
reprogramming of SMs to an anti-inflammatory phenotype, which
restricted inflammation in an RA-specific context and restored synovial
homeostasis (Figs. 1 and 2). On the other hand, it effectively blocked
the differentiation of osteoclasts, thereby restoring bone balance and
alleviating the progression of bone erosion in RA (Figs. 1 and 3).

How to efficiently deliver SP to inflammatory lesions in RA in vivo
is another problem that urgently needs to be solved. Biomimetic
engineering techniques with immune cell membranes are now

receiving more and more attention for the advantages of drug
delivery*®. Camouflaging with cell membranes could fully utilize the
ligands, such as antibodies and peptides, to enhance specific binding
to receptors overexpressed in the tumor and inflammation®. These cell
membranes exert multiple functions, such as immune evasion,
inflammation/tumor targeting, and antigen presentation®. For exam-
ple, Gao et al. applied macrophage membrane-coated nanoparticles
for tumor immunotherapy with great targetable effect™, Su et al.
developed stem cell membrane-coated micro-ribbon scaffolds for
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bone defect regeneration due to the abilities of cell chemotaxis,
adhesion, and collection®.

In the progression of RA, SMs are dramatically increased in the
synovium, and they invade joints and proliferate in cartilage and
bones, causing synovium swelling, cartilage destruction, and bone
erosion®. Macrophages are dynamic cells and are frequently used as a
“ship” for chemotaxis toward inflammation and tumors®*”’. In this

work, SP was engineered with macrophage cell membranes (MCMs) to
enhance the inflammation-targeting ability of SP in the synovial
microenvironment (Fig. 5). This MCMs engineering was expected to
help camouflage the antigenicity of SP to improve the pharmacoki-
netics of SP@M and strengthen its bioavailability in in vivo RA
treatment. Consequently, SP@M could domesticate SMs into an anti-
inflammatory phenotype of M2-like, and suppress synovial
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Fig. 6 | SP@M enables synovial homeostasis, bone recovery and chon-
droprotection in vivo. A Scheme of the collagen-induced arthritis (CIA) mouse
model and relative therapy strategy (Created in BioRender. Yang, X. (2025) https://
BioRender.com/bab9l0q). n = 6, biological repeats. B Gross photo of right lower
limb in mice shown in panel A. Scale bar =2 cm. C Quantification of the mean paw
thickness and clinical score of mice shown in panel A. D Micro-computed tomo-
graphy analysis of right ankle joint and focused talus bone in mice shown in panel A.
Scale bar =1 mm. Zoomed-in scale bar = 500 pm. E Quantification of erosion index
and bone volume/total volume (BV/TV) of talus bone in mice shown in panel C.

F Quantification of threshold of mice in mechanical and thermal pain-related
responses experiments shown in panel A. G Hematoxylin and eosin (HE) stain (scale
bar =50 um), tartrate-resistant acid phosphatase (TRAP) stain (scale bar =50 or

25 um), and Safranin O/Fast green (SO/FG) stain (scale bar =200 pm) of focused
area in ankle joints of mice shown in panel A. *Tibia bone. H Quantification of
‘SMASH'’ score (synovitis, cartilage destruction, and bone erosion) of mice paraffin
section shown in panel G. I Quantification of number of TRAP positive osteoclasts in
mice paraffin section shown in panel G. J Immunohistochemistry stain of TNF-a in
the focused area in ankle joints of mice shown in panel A. Scale bar =25 um.

K Quantification of relative integrated optical density (I0D) value of TNF-« in ankle
joints of mice shown in panel J. All data presented as mean (SD) are from six
biological replicates. Statistical analysis was performed using the Kruskal-Wallis
test with Dunn’s post hoc test for ordinal data such as osteoclasts number, erosion
index, SMASH scoring, and the one-way ANOVA followed by Tukey’s post-hoc test
for continuous data. The exact p-values were labeled.

inflammation in vivo (Fig. 6). Remarkably, this inflammation-targeting
SP@M restored osteoimmunology homeostasis, inhibited the activa-
tion of osteoclasts, protected bone formation, and promoted cartilage
recovery in CIA mouse models in vivo (Fig. 6). Notably, the alleviation
effect of RA in the mouse model by SP@M was comparable to, or even
better than that by MTX used in clinical practice (Fig. 6). Since MTX
showed no obvious influence on osteoclasts’ differentiation (Supple-
mentary Fig. 2), the inhibition capacity of SP on both synovial inflam-
mation and osteoclast differentiation made it an ideal candidate for RA
treatment.

SP possesses high biocompatibility and is widely used as a carrier
to deliver materials or drugs into the focus of disease®®. Its effects
relied on the “cargo on the ship”. Differently, the SP alone in our work
acted as a missile attacking the inflammatory lesion of RA and led to
bone homeostasis remodeling. We wonder how SP exerts its biological
functions. We initially compared the therapeutic effects of live SP and
inactivated SP (including SP powder and boiled SP), trying to clarify
whether SP needs to be biologically active to exert its therapeutic
effects. Unlike the live SP, which displayed remarkable antioxidant
effects and osteoclastogenesis-inhibitory properties, both SP powder
and boiled SP lost these biological functions (Supplementary Figs. 9,
10). It is likely that SP functions by secreting substances or producing
metabolic byproducts. Exosomes are extracellular vesicles (EVs) that
are mainly composed of nucleic acids, proteins, lipids, amino acids,
and metabolites. They are secreted by all cells*®. Exosomes could
mediate the substance exchange between cells, thereby affecting the
biological properties and activities of recipient cells*’. We therefore
hypothesized that SP exerted its biological effects through the secre-
tion of exosomes. To verify this hypothesis, we proceeded to extract
SP-derived exosomes (as shown in Supplementary Fig. 20) and then
evaluate their biological properties. Remarkably, these SP-derived
exosomes (denoted as SP EVs) showed similar anti-inflammatory and
anti-osteoclastogenic properties when compared with the live SP
(Supplementary Figs. 9, 10). Consequently, it can be inferred that SP
might exert its therapeutic effects in part through the secretion of
exosomes. The more exact mechanisms will be further explored in our
future studies.

Mammalian cells have evolved elaborate mechanisms for restor-
ing redox homeostasis and resolving acute inflammatory responses.
Among them, NRF2/KEAP1 is a classical signaling pathway to regulate
the redox balance in cells*. KEAP1 modifies NRF2 via specific cysteinyl
residues, leading to the ubiquitination of NRF2 for proteasomal
degradation. Under oxidative stress, NRF2 was released from KEAP1,
translocated into and accumulated in the nucleus to induce expression
of its target genes, and increased the expression of antioxidant
enzymes like SODs and HOs families®®. This redox stress-sensing
adaptive response system has been extensively studied in terms of
molecular mechanism and biological significance®. It is a ubiquitous,
evolutionarily conserved intracellular defense mechanism, a master
regulator of cytoprotective enzymes that regulates redox metabolism,
inflammation, bone remodeling, and detoxification in multiple auto-

immune diseases like inflammatory bowel disease and asthma®.
Indeed, we observed increased KEAP1 and decreased NRF2 in both
macrophages and RANKL-induced osteoclasts, as well as in ankle joints
of CIA mouse models, indicating an unbalanced redox environment
(Fig. 6). It has been demonstrated that NRF2 over-activation may be
therapeutically beneficial for ameliorating RA owing to its anti-
inflammatory and anti-oxidative activity associated with limiting
cytokine production, cartilage-matrix degradation, and bone
resorption®. In this work, we found that SP and SP@M could down-
regulate the expression level of KEAPI in vitro (Fig. 4) and in vivo
(Fig. 7), which played a key role in SP@M-mediated RA alleviation.
Specifically, SP and SP@M increased the LC3-mediated autophagy as
well as strengthened the ubiquitin-mediated proteasomal degradation
toward KEAP1 (Figs. 4, 7). Protein degradation is a complicated post-
translational process in cells. Directly regulating the protein expres-
sion level could be beneficial in treating diseases®’. For example, a
lysosome-targeting chimera was created to engulf membrane
protein®. Our previous work also revealed that proteasomal mod-
ification of GPX4 and autophagy to AGEs is helpful in managing
intervertebral disc degeneration®®. In this work, the post-translational
modification toward KEAP1 was observed, which subsequently pro-
moted the expression and nuclear translocation of NRF2. The NRF2
further activated the antioxidant enzymes like SODs and GPXs to
recover bone homeostasis and suppress the progression of RA both
in vitro and in vivo (Fig. 7G).

Natural Spirulina platensis (SP) was found to act as an off-the-shelf
therapeutic to remodel bone homeostasis in RA by simultaneously
suppressing synovial inflammation and osteoclast activation. SP
regulated oxidative stress and reprogrammed SMs to an anti-
inflammatory M2-like phenotype, which restricted inflammation in
an RA-specific context and restored synovial homeostasis. Notably, it
effectively blocked the differentiation of osteoclasts, thereby restoring
bone balance and alleviating the progression of bone erosion in vitro.
We engineered SP with macrophage cell membranes (MCMs) to con-
struct an inflammation-targeting “missile” (SP@M) to attack the
inflammatory lesion in vivo. It was unveiled that SP@M downregulated
the expression of KEAP1 via LC3-mediated autophagy and ubiquitin-
mediated proteasomal degradation, which subsequently promoted
the accumulation and nuclear translocation of NRF2 to activate the
antioxidant systems. Consequently, SP@M restored the osteoimmu-
nology homeostasis, suppressed the activation of osteoclasts, pro-
tected bone formation, and promoted cartilage recovery in CIA mouse
models in vivo. This work offers insights for RA treatment by targeting
synovial inflammation and osteoclast differentiation via FDA-approved
and natural microalgae, showing promise for clinical application in RA
treatment.

Methods

Cell cultures

The Raw264.7 cell line is immortalized cells bought from Shanghai
Fuheng Biological Company (cat. No. FH0328). Dulbecco’s modified
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Fig. 7| SP@M restores osteoimmunology homeostasis in CIA mouse models via
NRF2/KEAP1 signaling pathways in vivo. A Gene Ontology (GO) analysis of bio-
logical processes of the saline and SP@M groups (n = 3, biological repeats). B Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis between the saline and
SP@M groups. C Gene set enrichment analysis (GSEA) of oxidative phosphorylation
signaling pathway between the saline and SP@M groups. D Immunofluorescence
analysis of KEAP1 and NRF2 in the focused area of ankle joints in RA mice paraffin
section. Ta: Talus bone, Tb: Tibia bone, *synovium. Scale bar = 500 um. E Integrated
optical density (I0D)/DAPI quantification of KEAP1 and NRF2 as shown in panel D.
F Immunofluorescence analysis of KEAP1, ubiquitin, and LC3 in the focused area of
ankle joints in RA mice paraffin section. Ta Talus bone, Tb Tibia bone, *synovium.
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Scale bar =500 pm. Zoomed-in scale bar = 25 pm. Six independent biological
experiments were repeated. G SP@M regulates the macrophages and osteoclasts to
suppress synovial inflammation and osteoclast differentiation, leading to inflam-
mation antagonism, bone protection, and cartilage recovery in joints of RA mice
in vivo. Mechanistically, SP@M suppresses KEAP1 via LC3-mediated autophagy and
ubiquitin-mediated proteasomal degradation, promoting the nuclear translocation
of NRF2 for antioxidant system activation (Created in BioRender. Yang, X. (2025)
https://BioRender.com/vdfpvOu). All data presented as mean (SD) are from six
biological replicates. Statistical analysis was performed using the one-way ANOVA
followed by Tukey’s post-hoc test. The exact p-values were labeled.
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Eagle’s medium (DMEM) with 5% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) was used for the culturing of the Raw264.7 cells.

Primary bone marrow-derived macrophages (BMMs) cells were
extracted from the whole bone marrow of the tibia and femur bone in
male 6-week-old C57BL/6 mice (GemPharmatech, Nanjing, China).
Then, cells were cultured in minimal essential medium alpha (ax-MEM)
supplied with 30ng/mL macrophage colony-stimulating factor
(M-CSF; cat. no. 416-ML; R&D Systems, Minneapolis, MN, USA), 10%
FBS, and 1% penicillin-streptomycin. Both cells were cultured in an
incubator at 37 °C and 5% CO,.

Intracellular ROS detection

Raw264.7 cells (30-40% confluence) seeded onto a confocal dish were
stimulated with lipopolysaccharide (LPS; 100 ng/mL; cat. no. S1732;
Beyotime Institute of Biotechnology, China) and treated via different
concentrations of spirulina (SP, cells/mL, 1.2 x10¢, 2.5x10°, 5.0 x10°,
1x107) for 24 h. Then, these cells were incubated with 2’,7-dichlor-
odihydrofluorescein diacetate (DCFH-DA; 10 pM; 30 min; Beyotime
Institute of Biotechnology, China), and the ROS level was analyzed per
the manufacturer s protocol. Finally, the pictures were captured using
a Leica DM4000 B epifluorescence microscope (Leica Microsystems,
Wetzlar, Germany), and the relative fluorescence intensity was calcu-
lated using Image-Pro Plus 6.0 software (Media Cybernetics, Rock-
ville, MD, USA).

Quantitative real-time PCR analysis

Raw264.7 were cultured in six-well plates at the density of 3 x 10° cells/
well. Then these cells were stimulated to Ml1-like (LPS; 100 ng/mL) or
M2-like (Interleukin-4; IL-4; 20 ng/mL; Beyotime Institute of Bio-
technology, China) polarization and treated via different concentra-
tions of SP (cells/mL, 1.2 x10%, 2.5 x10°, 5 x10¢, 1x107) for 24 h.

For Keapl, Nrf2, and HomxI detection, Raw264.7 were cultured in
six-well plates at a density of 3 x10° cells/well. Then, these cells were
treated with different concentrations of SP (cells/mL, 6.2x10°
1.2x10°, 2.5x10° 5x 109, 1x107) for 24 h.

Primary BMMs were seeded onto six-well plates at a density of
3 x10° cells/well. Then, these cells were stimulated to the osteoclast
phenotype with 30 ng/mL M-CSF and 50 ng/mL receptor activator of
nuclear factor-kB ligand (RANKL; R&D Systems, Minneapolis, MN, USA)
and treated by SP (2.5x10° cells/mL) or MTX (4puM) for O, 1, 3,
and 5 days.

For RNA extraction, TRIzol reagent (Thermo Fisher Scientific,
Waltham, MA, USA) was used to isolate total RNA from both cells. The
complementary DNA (cDNA) was reverse transcribed from the
obtained total RNA using the cDNA Synthesis Kit. RT-qPCR was per-
formed using the TB Green Premix Ex Taq Kit on an Applied Biosys-
tems QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) per the following conditions: Dena-
turation at 95 °C for 30 s; 40 cycles of 95 °C for 3 s and 60 °C for 34 s;
and then 95 °C for 15's, 60 °C for 60 s and finally, 95 °C for 15 s. Specific
primer pairs were designed using NCBI blast, and the sequences are
provided in Supplementary Table 1.  actin gene expression was used
as the internal control. Target gene expression levels were determined
using the 274 method.

Flow cytometry analysis

Raw264.7 were cultured in six-well plates at the density of 3 x 10° cells/
well. Then these cells were stimulated to M1-like or M2-like polariza-
tion and treated via different concentrations of SP (cells/mL, 1.2 x 10°,
2.5x10°%, 5 x10° 1 x 107) for 24 h. Next, cell suspensions were prepared
and blocked in a 0.3% bovine serum albumin (BSA) solution, incubated
with primary antibodies (including PE-CD86, APC-CD206, and FITC-
CD11b; BD Biosciences, USA) for 30 min, washed with fresh 0.3% BSA,
and applied to flow cytometry analysis on an LSRFortessa flow

cytometer (BD Biosciences, USA) to count at least 10 000 events.
Finally, the Flowjo software (Version 10.4, BD Biosciences, USA) was
used to analyze the result with a gating strategy shown in Supple-
mentary Fig. 21.

TRAP staining assay

Primary BMMs were seeded onto 96-well plates at the density of 8 x 10
cells/well (or onto a 24-well plate at the density of 2 x10* cells/well).
Then these cells were stimulated to osteoclast phenotype with
30 ng/mL M-CSF and 50 ng/mL RANKL and treated via different con-
centrations of SP (cells/mL, 6.2 x10°, 1.2 x10°, 2.5 x 10, 5 x 10°, 1 x 107)
or different concentrations of MTX (uM; 0.25, 0.5, 1, 2, 4) for 5-7 days
until the matured osteoclasts could be observed in the plates. Then,
plates were washed with phosphate-buffered saline (PBS) 3 times and
fixed with 4% paraformaldehyde for 15min. Then, tartrate-resistant
acid phosphatase (TRAP) staining was applied immediately at 37 °C for
30 min at dark. Images were captured using an optical microscope
(Olympus, Tokyo, Japan). The osteoclasts were TRAP-positive cells
with more than three nuclei, and the area and number of these
osteoclasts were quantified using the Image] software (NIH,
Bethesda, MD, USA).

Immunofluorescence of podosome actin belt

Primary BMMs were seeded onto 24-well plates at the density of 2 x 10*
cells/well. Then these cells were stimulated to osteoclast phenotype
with 30 ng/mL M-CSF and 50 ng/mL RANKL and treated via different
concentrations of SP (cells/mL, 6.2 x10°, 1.2x10°%, 2.5x10° 5x10°,
1x107) or different concentrations of MTX (uM; 0.25, 0.5, 1, 2, 4) for
5-7 days until the matured osteoclasts could be observed in the plates.
Then, plates were washed with PBS, fixed with 4% paraformaldehyde,
permeabilized by 0.2% Triton X-PBS solution, repeatedly washed by
PBS, and stained with FITC-labeled phalloidin to bounds with the
F-actin ring in cells for 1 h in darkness. The nuclei were stained at RT for
10 min without light by 4/, 6-diamidino-2-phenylindole (DAPI). Images
were captured using a Leica DM4000 B epifluorescence microscope.

Protein extraction and western blot (WB) analyses

Primary BMMs were seeded onto six-well plates at a density of 3 x 10°
cells/well. Then, these cells were stimulated to the osteoclast pheno-
type with 30 ng/mL M-CSF and 50 ng/mL RANKL and treated by SP
(2.5x10° cells/mL) or MTX (4 pM) for O, 1, 3, 5 days; or 0, 10, 20,
40 min, or 24 h.

Raw264.7 were cultured in six-well plates at a density of 3 x10°
cells/well. Then these cells were treated via different concentrations of
SP (cells/mL, 6.2 x10°%, 1.2 x10°, 2.5 x 108, 5 x 10°, 1x 107) for 24 h.

Total cellular proteins were extracted from cultured cells using a
RIPA lysis buffer supplemented with phosphatase and protease inhi-
bitors (Roche, Basel, Switzerland). and the content of proteins was
quantified with BCA assay (Thermo Fisher Scientific, Waltham, MA,
USA). The exact amount of proteins was resolved on 4-20% SDS-PAGE
gel for separation and was electroblotted onto 0.22-pm PVDF mem-
branes (Merck-Millipore, CA, USA). Membranes were blocked with 5%
skimmed milk-PBS at room temperature for 1h and then incubated
overnight at 4 °C with primary antibodies (diluted 1:1000 in 5% BSA-
TBST). Primary antibodies included NFATcI (cat. no. ab2796; mouse
mAD), c-Fos (cat. no. 9F6; rabbit mAb), CTSK (cat. no. E7U5N; rabbit
mAb), phospho-P38 (cat. no. Thr180/Tyr182, D13.14.4E; rabbit mAb),
P38 (cat. no. D13E1; rabbit mAb), phospho-ERK (cat. no. Thr202/
Tyr204, and D3F9; rabbit mAb), ERK (cat. no. 137F5; rabbit mAb), IkBa
(cat. no. L35A5; mouse mAb), phospho-P65 (cat. no. Ser536, 93H1;
rabbit mAb), P65 (cat. No. D14E12; rabbit mAb), SOD2 (cat. no. 10701-1-
AP; rabbit mAb), HO-1 (cat. no. 10701-1-AP; rabbit mAb), NRF2 (cat. no.
80593-1-RR; rabbit mAb), KEAPI(cat. no. 80744-1-RR; rabbit mAb),
GPX1 (cat. no. ab22604; rabbit mAb), GPX4 (cat. no. ab125066; rabbit
mAD), HA-tag (cat. no. C29F4; rabbit mAb), Ubiquitin (cat. no. 10201-2-
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AP; rabbit mAb), LC3 (cat. no. #4108; rabbit mAb), and [-actin (cat. no.
D6AS; rabbit mAb). Membranes were washed three times using Tris-
buffered saline-Tween20 (TBST) and subsequently incubated with
anti-rabbit or anti-mouse IgG (H + L; DyLight™ 800 4 x PEG conjugate;
Cell Signaling Technology, Danvers, MA, United States) secondary
antibody (1:5000 dilution) for 1h at RT in the dark. Membranes were
washed extensively in TBST, and protein immunoreactivity was
detected on a LI-COR Odyssey fluorescence imaging system (LI-COR
Biosciences, Lincoln, NE, USA). The gray values of each protein were
measured using Image J software (National Institutes of Health, United
States). The original scans of blots and gels were displayed in the
Source data file.

Confocal fluorescence microscopy

Primary BMMs (30-40% confluence) seeded onto a confocal dish
were stimulated to osteoclast phenotype with 30 ng/mL M-CSF and
50 ng/mL RANKL and treated with 2.5 x 10° cells/mL SP for 30 min.

Raw264.7 cells (30-40% confluence) seeded onto a confocal dish
were treated via different concentrations of SP (cells/mL, 1.2 x10°,
2.5x10°%, 5x10°) for 24 h.

Then, the dishes were washed by PBS, fixed with 4% paraf-
ormaldehyde, permeabilized by 0.2% Triton X-PBS solution, and then
incubated with primary antibodies (p-P38, p-P65, KEAP1, Ubiquitin,
and LC3) at 4 °C overnight. The next day the dishes were repeatedly
washed by PBS and stained with Alexa Fluor 488 and 555 Conjugate
secondary antibodies (anti-rabbit, anti-mouse, 1:500; Cell Signaling
Technology) for 1h in darkness. The nuclei were stained at RT for
10 min without light by DAPI. Images were captured using a Leica
DM4000 B epifluorescence microscope. The IOD/DAPI and the relative
fluorescence intensity were calculated using Image-Pro Plus
6.0 software.

Protein degradation assay

Raw264.7 cells were cultured in six-well plates at the density of 3 x 10°
cells/well. Then these cells were pretreated with cycloheximide (CHX;
50 nM; cat. no. S7418; Selleck Chemicals, China) for 2 h to inhibit the
synthesis of proteins, and the next step the lower three well cells were
treated with MG132 (10 pM; cat. no. S2619; Selleck Chemicals, China)
or chloroquine (Chlq; 25 nM; cat. no. S6999; Selleck Chemicals, China)
for 10 h. Concurrently, cells were treated via different concentrations
of SP (cells/mL, 2.5 x 10° and 5 x 10°) for 12 h. Finally, the proteins were
extracted and applied to WB analysis.

Ubiquitylation modification assay

293T cells were transfected with HA-PLVC, HA-KEAP1, and Myc-
Ubiquitin or transfected with Flag-PLVC, Flag-NRF2, HA-KEAPI1, and
Myc-Ubiquitin (synthesized, purchased from Shanghai Ai Bosi Biolo-
gical Technology Co., Ltd.) using lipofectamine 3000 (cat. no.
L3000015; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The next
day, cells were treated via different concentrations of SP (cells/mL,
2.5x10° and 5x10°. After 24 h, cells were stimulated with MG132
(10 M) for 8 h at 37 °C and then suspended and washed three times
with PBS. The proteins were extracted with 1.2 ml NETT solution (1%
Triton X-100, 2.5M NaCl, 0.9M Tris-HCI [pH 7.5], 0.25M EDTA,
100 mM PMSF), 200 pL lysate was used as input whilst the remaining
1000 pL samples were incubated with 30 pL HA-tagged or Flag-tagged
magnetic beads at 4 °C overnight. The samples were then boiled at
99 °C for 10 min and finally subjected to WB analysis.

RFP-GFP-LC3B assay

RFP-GFP-LC3B (Component A, Premo™ Autophagy Tandem Sensor
RFP-GFP-LC3B Kit, Invitrogen Waltham, MA, USA; #P36239) were
added to Raw264.7 cells (30-40% confluence) seeded onto a confocal
dish for 16 h, then these cells were treated via different concentrations
of SP (cells/mL, 1.2 x 109, 2.5 x 10%, 5 x 10°) for 24 h. Finally, cells were

processed using confocal laser scanning microscopy with Hoechst
stain to nuclei.

Isolation of cell membrane from macrophage

RAW 264.7 cells were obtained from the American Type Culture Col-
lection (ATCC) and maintained in Dulbecco’s modified Eagle medium
(DMEM, Corning) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin-streptomycin (Beyotime). The macrophage
cell membranes (MCMs) were prepared using previously reported
methods with some modifications. Briefly, RAW 264.7 cells were
washed three times with phosphate buffer saline (PBS, Corning) and
then incubated in ice-cold hypotonic lysing buffer (50 mM Tris-HClI,
10 mM magnesium sulfate at pH 7.5) for 4 h at 4 °C. Then, sucrose was
added to the cell suspension and eventually reached a sucrose con-
centration of 0.25 M. RAW264.7 cells were repeatedly disrupted using
a dounce homogenizer with a tight-fitting pestle. After that, the cell
suspension was centrifugated at 300 x g for 20 min (4°C). The
supernatant was collected while the precipitate was resuspended in
the hypotonic lysing buffer and subjected to the dounce homogenizer
treatment again. The supernatants were saved and centrifuged at
18,000%g for 40 min (4 °C) to collect the cell membrane. The super-
natant was washed twice with cold PBS and stored at —80 °C for further
use. The protein quantity of the purified MCMs was determined by a
bicinchoninic acid protein (BCA, Beyotime) assay.

Synthesis of macrophage cell membranes (MCMs)-

engineered SP

Spirulina platensis (SP) and Zarrouk’s media were obtained from
Guangyu Biological Technology (Shanghai, China). SP was maintained
in Zarrouk’s medium at 25 °C under light irradiation (3000-6000 Ix).
SP powder was purchased from the Macklin Biochemical Technology
(Shanghai, China). The macrophage cell membranes (MCMs)-cloaked
SP were synthesized by a reported extrusion method®**°, Briefly, SP
was cracked into small fragments by continuous magnetic stirring at
room temperature for 12 h. Afterward, the fractured SP was filtrated
through a 5 um cell strainer and concentrated to a concentration of
5x10°® cells/mL. To prepare MCMs-cloaked SP, MCMs were physically
extruded through a 5pum porous polycarbonate membrane (Mem-
brane Space). Then, MCMs were cloaked onto the SP by co-extruding
the two components through a 5pm porous polycarbonate mem-
brane. The extrusion process was repeated for at least 20 times. The
SP@M was then collected and redispersed in DI water at 4 °C for fur-
ther use. Fresh SP@M was recommended to be prepared before use.

Dead/alive assay of SP

Fragmented SP was obtained by continuously stirring SP for 12 h.
Boiled SP was obtained by boiling the SP for 10 min. Then, SP, frag-
mented SP, and boiled SP were gathered and stained with fluorescein
diacetate (FDA) for 30 min at 37°C. Then, the CLSM images were
captured using a Leica DM4000 B epifluorescence microscope.

Protein identification of MCMs and SP@M

Then, SP, MCMs, and SP@M protein were subjected to SDS-PAGE gel
electrophoresis for separation and following the electroblotting pro-
cess for further WB assay. The protein pattern was identified with
Coomassie blue staining. The primary antibodies used were TNFR2
(cat. no. 19272-1-AP), CCR2a (cat. no. 16153-1-AP), and CD36 (cat. no.
18836-1-AP) purchased from Proteintech Inc, Wuhan, China.

Isolation and characterization of SP-derived exosomes

100 mL of SP cell culture media (1 x 107 cells/mL, free of FBS, cultured
for 24 h) was harvested and centrifuged at 2000xg for 30 min to
remove cells and debris. Then, the supernatant containing the cell-free
culture media was transferred to a new tube, and 50 mL of the Total
Exosome Isolation reagent (Cat. no. 478359; Thermo Fisher Scientific,
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Waltham, MA, United States) was added, mixed, vortexed, and incu-
bated at 4 °C overnight. We centrifuged this mixture at 10,000xg for
1h at 4 °C, and gathered and resuspended the extracted exosomes in
400 pL saline. Then, the TEM test was carried out and images were
captured using a Hitachi TEM system (HC/HR select=HC-1, accel-
erating voltage = 80,000, emission =10.2, vacuum = 6.9E-05 Pa). The
nanoparticle size distribution and concentration were measured using
a ZetaView instrument (Particle Metrix).

Establishment of CIA model

All animal experiments were authorized by the Institutional Animal
Ethics Review Board of the Shanghai Ninth People’s Hospital, Shanghai
Jiao Tong University School of Medicine (Approve No. SH9H-2024-T246-
1). Bovine type-lI collagen solution (2mg/mL) and complete Freund’s
adjuvant (CFA) (4 mg/mL) were shaken to emulsion. For the first
immunization, male mice (n =36; DBA/1J; divided into six groups: Sham
group without immunization; saline group; Macrophage membrane
[MCMs] group; macrophage membrane-cloaked spirulina [SP@M]
group; Spirulina [SP] group; Methotrexate [MTX] group, GemPharma-
tech, Nanjing, China) were treated by intradermal injection of the
complete emulsion at the end of the tail. For the boost immunization,
the mice were injected with the emulsion of bovine type-ll collagen
solution (2 mg/mL) with incomplete Freund’s adjuvant (IFA) on day 21.

Biodistribution in the CIA mouse model

SP was initially labeled with Cy5-PEI to obtain Cy5-labeled SP. Then,
Cy5-labeled SP@M was prepared using the previously described
macrophage cell membrane modification process. CIA mice were
intravenously injected with Cy5-labeled SP or Cy5-labeled SP@M
(100 pL, at an SP concentration of 5 x 107 cells/mL). The biodistribution
of Cy5-labeled SP and Cy5-labeled SP@M was then tested by in vivo
imaging measurement of fluorescence intensity using a Caliper IVIS
Lumina III In Vivo Imaging System (Perkin Elmer, USA) at specific time
points (0.5, 6, and 24 h post-injection) (n =3 in each group). Then, the
major organs and the four limbs were dissected to evaluate the
fluorescence intensity.

Assessment of paw swelling and clinical score

The CIA mice were administered 100 uL of PBS, MCMs, SP@M (4 x 107
cells/mL), SP (4 x 10 cells/mL), and MTX (5 mg/kg) intravenously every
three days for a total of 10 times. Non-immunized mice in the sham
group were administered PBS intravenously. And mice were evaluated
every 3 days for paw swelling scores and clinical scores, and the hind
paw diameters were measured by a digital caliper. A blinded researcher
gave paw scorings (score ~0-4) based on the following criteria: O,
normal; 1, mild redness of ankle or tarsal joints; 2, mild redness and
swelling extending from the ankle to the tarsals; 3, moderate redness
and swelling from ankle to metatarsal joints; 4, severe redness and
swelling encompassing the ankle, foot, and digits®’. Clinical severity
was graded as 0 (normal), 0.5 (erythema and edema in only one digit), 1
(erythema and mild edema of the footpad, or ankle or two to five
digits), 2 (erythema and moderate edema of two joints [footpad or
ankle, two to five digits]), 3 (erythema and severe edema of the entire
paw), or 4 (reduced swelling and deformation leading to incapacitated
limb)®®, At the end, images of the left hind paws of mice were captured.

Behavioral assessment

On day 60, the behaviors of the mice were analyzed via the Von Frey
test, hot plate test, and gait analysis. In this study, the von Frey test was
performed on each animal to measure mechanical allodynia in mice.
We used flexible nylon von Frey filaments in logarithmic increments of
force (0.04-2 g), and the “up-down method” was used. Every result was
recorded to assess the 50% mechanical paw withdrawal threshold
response (g).

To determine behavioral response to noxious heat, the surface
temperature of the hot plate was maintained at 55 °C. We placed the
mice on the hot plate and started timing until a quick withdrawal or
flick of the paw was observed, which is defined as latency (s). Twenty
seconds was set as a cutoff time to prevent mouse paw injury. For the
accuracy of the results, we measured three times at 10-min intervals,
and the results were averaged.

All our gait analyses were based on a CatWalk runway; animals
were trained daily on a CatWalk runway until they were able to make
consecutive uninterrupted runs for at least one week. Valid data were
recorded at least four times for each animal, with an average of six
animals per group; all trials marked by the software as compliant were
reviewed manually; if the animal stopped or turned back during the
experiment, the recording was discarded. Print area and max contact
area parameters were collected for each paw, respectively, and blindly
evaluated.

pCT

In the end, the right ankles of mice were collected and applied to
UCT analysis. A high-resolution Skyscan 1275 micro-CT scanner
(Bruker micro-CT, Kontich, Belgium) was used to perform the
micro-computed tomography (CT) scanning with the following
parameter settings: source voltage, 46 kV; source current, 75 pA; Al,
no filter A; A pixel A size A, 9.000546 pum; rotation step, 0.4°. The
bone volume (BV)/total volume (TV) of talus bone was calculated
with software (Version: 6.5-3, SCANCO Medical AG, Switzerland) by
evaluating and analyzing the three-dimensional region of interest
(ROI). For the erosion index, six sites in the ankle joint were scored:
the talus, navicular bone, medial cuneiform bone, and the bases of
the first, second, and third metatarsals. Each site was scored on a
scale of 0-3 (0 = normal; 1 = pitting; 2 = full thickness holes in small-
medium areas; and 3 = full thickness holes in medium-large areas)
with a maximum score of 18. The scores of the arthritic hind paw
determined by the two observers were averaged to obtain the final
erosion score®’.

Histology and immunofluorescence staining

Ankles from mice were fixed in 4% paraformaldehyde for 48 h and
embedded into paraffin. Then, they were cut into 8 um sections
and stained with Safranin O/Fast Green (SO/FG), TRAP, and
Hematoxylin and eosin (H&E). The SMASH score, including syno-
vitis, cartilage destruction, and bone erosion, was analyzed
according to a previous article*®, The number of osteoclasts and
TRAP-positive multinucleated osteoclasts per field (Oc.S/BS) was
calculated.

These tissue sections were deparaffinized in graded xylene,
rehydrated in graded alcohol solutions, and then incubated in antigen
retrieval buffer (Roche, Basel, Switzerland) at 37 °C for 30 min. After
natural cooling, the slides were placed in PBS (pH 7.4) and washed
thrice for 5 min each. An autofluorescence quencher was added to the
tissue sections for 5min, rinsed with running water for 10 min, and
then blocked with BSA for 30 min. The sections were subsequently
incubated with primary antibodies in a wet box at 4 °C overnight.
Primary antibodies were used at 1:100 dilution and included Anti-
NRF2, Anti-KEAPI, anti-ubiquitin, anti-LC3, anti-CD86, and anti-CD206.
The next day, the slides were immersed in PBS and washed three times,
then incubated with Alexa Fluor 488 and 555 Conjugate secondary
antibody (anti-rabbit, anti-mouse, 1:500; Cell Signaling Technology)
for 50 min at room temperature in the dark. The slides were again
immersed in PBS, washed three times in PBS, and then counterstained
in the dark with DAPI solution for 10 min at room temperature. Finally,
sections were observed using a Leica DM4000 B epifluorescence
microscope. The IOD/DAPI was calculated using Image-Pro Plus
6.0 software.
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Immunohistochemistry staining

The paraffin sections were processed using an immunohistochemistry
kit (cat. no. G1215-200T; Servicebio Technology) according to the
manufacturer’s instructions. The primary antibodies used were anti-
TNF-a and anti-CTSK. Images were captured using a Leica DM4000 B
microscope. The 10D value and positive cells (%) were calculated using
Image-Pro Plus 6.0 software.

RNA seq analysis

Total RNA of ankles from the saline group (n=3) and SP@M group
(n=3) were extracted as per the manufacturer’s protocol. Then, they
were analyzed via RNA (transcriptome) sequencing as Wuhan Huada
Gene Technology Co., Ltd. (China): Volcano Plot ([log2FC|>1, FDR <
0.001), Gene Oncology (GO) of biological pathway and cellular com-
ponent analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, and gene set enrichment analysis (GSEA) was used by mRNA
relative expression as Transcripts PerKilobase Million (TPM) to review
further pathways involved on the Mybgi platform (WuhanHuada Gene
Technology, https://mybgi.bgi.com/tech/login).

Hemolysis assay

The hemolytic toxicity of SP and SP@M on mice red blood cells (RBCs)
was preliminarily assessed using a hemolysis assay. Briefly, 500 pL of
mice with 5% erythrocytes (Shanghai Lab, Animal Research Center Co.,
Ltd) was centrifuged at 200xg for 15 min, after which the supernatant
was removed. The erythrocytes were resuspended to 10 mL with saline
following three washes of the precipitate. The SP and SP@M were
added to the erythrocyte suspension at a final concentrations range of
1.25x10° 2.5x10°% 5.0x10° 1.0x10” cells/mL, whereas the RBCs
treated with saline as negative control and Triton X-100, 2% (v/v) as
positive control. The RBCs of each group were incubated at 37 °C for
1h and then centrifuged at 200xg for 15 min. Subsequently, 100 uL of
the supernatant was taken, and the absorbance at 540 nm was mea-
sured via Infinite M200 Pro microplate reader (Nanoquant, Tecan,
Swiss). The percentage of hemolysis was calculated using the following
formula:

Hemolysisrate (%) = (ODsamples — ODbackground)

1
/(ODpositivecontrol — ODnegativecontrol) x 100% @

Biocompatibility assay
The major organs, including the heart, liver, spleen, lungs, and kidneys
of the previous CIA mouse models, were harvested from the eutha-
nized mice for further H&E staining and histology assay to evaluate the
toxicity of MCMs, SP, and SP@M.

The supplementary biochemical analysis was applied to the DBA/
1) mice (n=12; divided into 2 groups: saline group and macrophage cell
membranes-cloaked spirulina [SP@M] group). 100 pL saline and
SP@M (4 x 10 cells/mL) were administrated intravenously in the tail
once every three days (10 times). When injections finished, all mice
were euthanized, and the serum was harvested. Then the levels of
albumin (ALB), total bilirubin (TBIL), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), gamma-glutamyltransferase (y-GT),
triglyceride (TG), cholesterol (CHOL), glucose (GLU), urea nitrogen
(BUN), and creatinine (CRE) ion Calcium (Ca), and ion Phosphote (P)
were measured using the Pointcare V3 automatic biochemical analyzer
(Tianjin MNCHIP Technologies Ltd., Tianjin, China) with commercial
diagnostic kits.

Statistics and reproducibility

Data in this study were obtained from three to six independent
experiments or repeated measurements. Significant differences
among groups were analyzed using one-way analysis of variance
(ANOVA) with Tukey’s post hoc test or the Kruskal-Wallis test with

Dunn’s post hoc test. All analyses were calculated with GraphPad
software (version 8.0; NY, USA). Differences were defined as significant
with a p-value of <0.05 (*p<0.05, *p<0.01, **p<0.001, and
#*p <0.0001).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study are available on the National
Center for Biotechnology Information (NCBI) database with SRA
accession code: PRJNA1212571. Source data are provided with
this paper.
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