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ABSTRACT

Hemophagocytic lymphohistiocytosis (HLH) is a highly fatal condition with the positive feedback loop between
continued immune cell activation and cytokine storm as the core mechanism to mediate multiple organ
dysfunction. Inspired by macrophage membranes harbor the receptors with special high affinity for proin-
flammation cytokines, lipopolysaccharide (LPS)-stimulated macrophage membrane-coated nanoparticles
(LMNP) were developed to show strong sponge ability to both IFN-y and IL-6 and suppressed overactivation of
macrophages by inhibiting JAK/STAT signaling pathway both in vitro and in vivo. Besides, LMNP also efficiently
alleviated HLH-related symptoms including cytopenia, hepatosplenomegaly and hepatorenal dysfunction and
save the life of mouse models. Furthermore, its sponge effect also worked well for five human HLH samples in
vitro. Altogether, it’s firstly demonstrated that biocompatible LMNP could dampen HLH with high potential for
clinical transformation, which also provided alternative insights for the treatment of other cytokine storm-
mediated pathologic conditions such as COVID-19 infection and cytokine releasing syndrome during CAR-T
therapy.

1. Introduction

including persistent fever, pancytopenia, hepatosplenomegaly and
hepatorenal dysfunction [2,3].

Hemophagocytic lymphohistiocytosis (HLH) is a rare, highly fatal
condition with systematic inflammatory disorder and multiple organ
dysfunction, which may arise from genetic defects (inherited form) and/
or acquired risk factors (non-inherited form) such as infection (partic-
ular virus), autoimmune disease and malignancy (particular lymphoma)
[1]. HLH is characterized by highly stimulated, but ineffective immune
activation and subsequently cytokine storm. In all forms of HLH, T cells
and macrophage/monocytes are continuously activated and accumu-
lated in different organs such as the liver, spleen and bone marrow to
release overwhelming cytokines, leading to various clinical symptoms

Peer review under responsibility of KeAi Communications Co., Ltd.
* Corresponding author.

** Corresponding author.

*** Corresponding author.

The positive feedback loop between sustained, aberrant activation of
inflammatory cells and cytokine storm is the core pathogenic mecha-
nism underlying all forms of HLH. Indeed, hypercytokinemia is often
associated with poor prognosis in HLH patients [4-6]. The treatments
for HLH mainly include induction therapy and etiological therapy. The
induction therapy alleviates cytokine storm-related symptoms,
benefiting etiological therapy. The conventional induction therapies
mainly involve chemotherapeutic agents (eg. etoposide) and immuno-
suppressive agents (eg. steroids and cyclosporine A), leading to inhibi-
tion of inflammatory cells and suppression of cytokine storm. However,
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the efficacy of these treatments is low, as shown by 50% mortality in (eg. etoposide) [9].

adults and children [7,8]. In addition, side effects associated with these Recently, targeted inflammation modulation, as a induction therapy
treatments remain of great concern, as exemplified by increased risk of for HLH, has attracted intensive attention [10]. Several cytokine anti-
leukemia relapse caused by the treatment with topoisomerase inhibitors bodies against either IFN-y, IL-6 or IL-1p [11] showed therapeutic
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Scheme 1. Schematic illustration of the cytokine nanosponges (LMNP) suppressing overactive macrophages and dampening systematic cytokine storm for the
treatment of hemophagocytic lymphohistiocytosis.
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benefits in HLH patients to varying degrees. However, high cost of an-
tibodies limits their wide use in clinics. Furthermore, one antibody can
only target a specific cytokine, leading to less efficacy against cytokine
storm involving multiple cytokines simultaneously [10]. In addition,
some cytokine antibodies, such as IFN-y antibody, may be associated
with increased susceptibility to infections [12], which prevents their use
from treating infection-induced HLH. Since activation of JAK/STAT
pathway is responsible for excessive expression of multiple cytokines in
HLH, ruxolitinib, a selective JAK1/2 inhibitor, was used to alleviate the
symptoms of HLH in a murine HLH model [13] and in patients with
refractory HLH [14]. Ruxolitinib shows better efficacy than the anti-
bodies  against cytokines, highlighting the  benefit of
immune-modulatory therapies that target multiple cytokines in the
treatment of HLH. However, in clinics the remission depth of HLH by
ruxolitinib is always not so sufficient [15-17]. Besides, the high cost of
ruxolitinib and the likelihood to induce lymphoma and skin tumor might
limit its wide use [18,19]. Together, alternative strategies with better
cost-performance and the ability to target multiple cytokines with better
safety are still urgently needed.

Cell membrane-coated nanoparticles that inherit the properties of
source cells are recently emerging as a promising therapeutic platform
[20-23]. For instance, red blood cell (RBC) membrane-coated nano-
particles showed favorable biocompatibility and prolonged circulation
time compared with polyethylene glycol (PEG)-based nanoparticles
[24]. RBC membrane-coated nanoparticles can also absorb different
kinds of RBC-targeted agents such as pore-forming toxins [25], organ-
ophosphate poison [26] and pathological antibodies in autoimmune
disease [27], leading to protection of healthy RBCs. In addition,
neutrophil membrane-coated nanoparticles have been utilized to absorb
cytokines and alleviate joint damage in inflammatory arthritis [28].
Macrophage membrane-coated nanoparticles displayed as a detoxifica-
tion agent in a sepsis mouse model by binding and removing lipopoly-
saccharide (LPS) [29]. These reports suggest that inflammatory cell
membranes with receptors for multiple cytokines maybe utilized to
develop biomimetic nanoparticles and serve as a broad-spectrum anti--
inflammatory agent to calm down the systematic cytokine storm in HLH.

With the advantage of easy preparation, high biocompatibility and
excellent cost-performance, we developed, LPS-stimulated macrophage
membrane-coated nanoparticles (LMNP) by coating cell membrane
derived from LPS-stimulated macrophages onto a biodegradable poly-
meric nanoparticle core (Scheme 1). We further showed the affinity and
clearance ability of LMNP to multiple types of inflammation cytokines
and its subsequent efficacy on inhibiting overactive macrophages and
the underlying mechanism both in vitro and in vivo. Besides, the effect of
LMNP on the clinical manifestations caused by cytokine storm, such as
cytopenia, hepatosplenomegaly and impairment of hepatorenal func-
tion, were also assessed in a CpG-induced HLH mouse model. Finally,
the therapeutic benefit of LMNP on the polyinosinc-polycytidylic acid
(Poly(I:C)) plus LPS-induced lethal HLH mouse model was further
demonstrated by prolonged survival time. Our results show that LMNP
can dampen HLH by suppressing the systematical cytokine storm and
overactive macrophages, providing alternative strategy for the treat-
ment of HLH.

2. Results and discussion
2.1. Characterization of LMNP

As LMNP is covered by macrophage membrane, the amount of
cytokine receptors expressed on the macrophage membrane determine
the cytokine-sponging capability of LMNP. In this study, murine
RAW264.7 cells were used to generate cell membranes and the expres-
sion levels of cytokine receptors including IL-6R and IFN-yR on LPS-
induced pro-inflammatory M1-type macrophages and IL-4-induced
anti-inflammatory M2-type macrophages were investigated. It was
found that LPS-induced M1-type macrophages expressed more IFN-yR
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and IL-6R than naive macrophages and IL-4-induced M2-type macro-
phages by Western blot (Fig. 1A&B, Fig. S1) and flow cytometry
(Fig. 1C-E). This might render M1-type macrophages stronger ability to
release more cytokines than naive macrophages and M2-type macro-
phages, which is consistent to the pro-inflammation nature of M1-type
macrophages [30]. Thus, LPS-stimulated RAW264.7 cells with higher
expression levels of cytokine receptors were used as cell membrane
sources in subsequent experiments.

LMNP were synthesized by a two-step method described previously
[29]. Firstly, the bare PLGA nanoparticle core (NP) was prepared by a
precipitation method. Secondly, NP was coated with LPS-treated
RAW264.7 cell membranes and naive RAW264.7 cell membranes to
form LMNP and MNP, respectively. LPS residues on LMNP were detected
and the results demonstrated that LMINP was free of LPS (Fig. S2), which
verified the high purity of LMNP. After synthesis, LMNP were uniformly
dispersed and exhibited spherical shell-core structures under TEM and
smooth round surfaces under Cryo-EM (Fig. 1F&G). Compared with NP,
LMNP have a slightly increased diameter from 95.2 nm to 101.1 nm
(Fig. 1H). LMNP performed —20.2 mV in surface zeta potential, which
was equivalent to that of membrane vesicle derived from LPS-treated
RAW264.7 cells (Vesicle) but slightly lower than that of NP (Fig. 1I).
The average size of LMNP was consistent at around 100 nm over 7 days
at 4 °C when suspended in 10% FBS (Fig. 1J). Both SDS-PAGE and
Western blot demonstrated LMNP maintained the key membrane pro-
teins of LPS-treated RAW 264.7 cells (Raw), including IFN-yR and IL-6R
that were responsible for cytokine-sponging (Fig. 1K-N). We further
confirmed that the cell membrane with the right-side-out protein
orientation was coated onto the surface of NP through the identification
of IFN-yR and IL-6R on the surface of NP by flow cytometry (Figure 10,
Fig. §3). Altogether, these results demonstrated that LMNP harbored an
identical antigenic exterior as the source macrophages, and conse-
quently inherited the ability of macrophages to bind with multiple types
of cytokines, which would otherwise stimulate macrophages and other
immune cells to produce more cytokines. The top-down fabrication of
LMNP effectively replicates the key cytokine receptors and related
moieties from the source macrophages and avoids the need for receptor
identification, purification, and conjugation. To this end, LMNP may
serve as a board-spectrum anti-inflammatory tool to alleviate the sys-
tematic cytokine storm in HLH.

2.2. Cytokine-sponging ability of LMNP in vitro

IFN-y and IL-6 mediate the pathophysiological process of HLH [2,3].
Their expression levels were found to be increased in the circulation
system of both primary and secondary HLH mouse models and clinical
samples, and were correlated to the prognosis of HLH patients [13,31].
Indeed, antibodies against IFN-y and IL-6 have already been approved
for HLH treatment in clinics [3,10] and various success has been ach-
ieved in some case reports and clinical trial of HLH [32]. Therefore,
IFN-y and IL-6 were selected as the two representative markers for the
evaluating the cytokine-sponging ability of LMNP. Due to the higher
expression of IFN-yR and IL-6R on LPS-stimulated macrophage mem-
branes, LMNP accordingly demonstrated a much stronger sponging
ability to both IFN-y and IL-6 compared with MNP (Fig. 2A&D). It’s
worth noting that the sponging capability of LMNP on IFN-y was
significantly reduced when IFN-yR antibody was used to block IFN-yR on
the surface of LMNP while the reduction was not observed when
nonspecific IgG was applied, indicating that the binding between LMNP
and IFN-y was IFN-yR-specific (Fig. S4). We then used LMNP in the
following experiments. In addition, apart from the stimulation method
used in this study, an alternative way to improve the cytokine-absorbing
ability of the cell membranes might be the gene engineering technology
which is capable of driving the expression of some particular receptors
[33,34]. However, the gene engineering technology is more complex
and of high price compared with the LPS stimulation method utilized in
the present study.
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Fig. 1. Characterization of LMNP. (A, B) The expression of IFN-yR and IL-6R on macrophages treated with 10 ng/ml of LPS revealed by (A) Western blot and (B)
the corresponding quantitative results analyzed by ImageJ (n = 3). (C-E) The representative flow histogram of (C) IFN-yR and (D) IL-6R expressions on macrophages
treated with 10 ng/ml of LPS and (E) the corresponding quantitative results (n = 3). Macrophages without LPS treatment served as a control. FMO indicated LPS-
treated macrophages without staining with PE-labeled antibody. IFN-yR and IL-6R was stained with PE-labeled anti-mouse IFN-yR antibody and PE-labeled anti-
mouse IL-6R antibody, respectively. (F, G) The morphology of LMNP was observed under (F) transmission electron microscopy (TEM) and (G) cryo-electron mi-
croscopy (Cryo-EM). Scale bar = 100 nm. (H) The diameter and (I) the zeta potential of NP, LPS-treated RAW 264.7 cell membrane vesicles (Vesicle) and LMNP (n =
3). (J) The size stability of LMNP, NP and Vesicle over a span of 7 days in 10% FBS (n = 3). (K) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis of the proteins in the cell lysate of LPS-treated RAW264.7 cells (Raw), Vesicle and LMNP. (L-N) The expressions of IFN-yR and IL-6R in Raw, Vesicle
and LMNP revealed by (L) Western blot and (M, N) the corresponding quantitative results analyzed by ImageJ (n = 3). (0) Comparison of mean fluorescence in-
tensity from Raw and LMNP stained with PE-labeled anti-mouse IFN-yR antibody. LPS-treated RAW 264.7 cells without antibody staining served as a control (n = 3).

MFI, mean fluorescence intensity. *P < 0.05, ***P < 0.001. The abbreviation “n:

We next investigated the sponging capability of LMNP to individual
cytokines. The cytokines of known concentration were incubated with
LMNP or its other counterparts, followed by ultracentrifugation to
remove nanoparticles. The amounts of cytokines remaining in the su-
pernatant were quantified by ELISA to calculate the sponging efficiency.
When 500 pg of IFN-y or IL-6 was incubated with different nanoparticles
in 1 ml of deionized water, 0.5 mg of LMNP sponged 371 pg of IFN-y and
347 pg of IL-6, respectively. The IFN-y and IL-6 sponging efficiency of
LMNP was 74.3% and 69.4%, respectively. They were significantly
higher than those of its counterparts including NP, liposomes (Lip) and
Vesicle (Fig. 2B&E). To investigate the effect of medium on the cytokine-
sponging capability of LMNP, deionized water, mouse plasma, 10% FBS
and PBS (0.01 M, pH = 7.4) (PBS) were tested. The results demonstrated
LMNP had stronger cytokine-sponging ability of both IFN-y and IL-6 in
deionized water and mouse plasma compared with other mediums
(Fig. 2C&F).

We next precisely quantify the capacity of LMNP to adsorb different
types of cytokines. IFN-y or IL- 6 at 500 pg/ml was incubated with LMNP
of various concentrations ranging from 0 to 1000 pg/ml. LMNP sponged
IFN-y or IL-6 in a concentration-dependent manner in the tested dose
range (Fig. 2 G&J). When LMNP solution at 500 pg/ml was incubated
with IFN-y or IL-6 of various concentrations from 0 to 1000 pg/ml, it was
found that with the concentration of cytokines decreased, their amounts
in the supernatant also declined but the removal efficiency of cytokines
didn’t change prominently, around 76.3% for IFN-y and 63.1% for IL-6,
respectively (Fig. 2H&K). The binding affinity (Kq) and the maximal

s”

534

indicated no significant difference.

binding (Bmax) of LMNP to IFN-y were 8346 pg and 14.17 pg/ug nano-
particles, respectively. The Kq and By, of LMNP to IL-6 were 14044 pg
and 18.54 pg/pg nanoparticles, respectively. Of note, there was no sig-
nificant difference in the cytokine concentration in the supernatants
when the incubation last for 0.5 h or 2 h (Fig. S5), indicating the fast
sponging of IFN-y or IL-6 by LMNP within 0.5 h and sponging effect was
relatively stable within 2 h.

To further explore the translational potential of our LMNP, we
evaluated the cytokine-sponging capability in the blood collected from
HLH patients. LMNP could sponge around 40%-100% of IFN-y in pa-
tients’ serum. Strikingly, we observed 100% sponge of IFN-y in 3 out of 5
patient samples (Fig. 2I). In comparison, we found about 20%-80% of
IL-6 was sponged by LMNP in patient samples (Figure 2L). LMNP with
murine IFN-yR and IL-6R on the surface worked well for both murine
and human IFN-y and IL-6, which could be partially explained by that
murine IFN-y, IL-6 and human IFN-y, IL-6 were around 40% homology
[35-37]. These results altogether indicated a potential clinical trans-
lation of our LMNP.

2.3. LMNP inhibits macrophage activation in vitro

Overactivation of inflammatory cells such as macrophages is a key
characteristic of all types of HLH [2]. We next evaluated the effect of
LMNP on cytokine-stimulated macrophages. IL-6 and IFN-y were uti-
lized to stimulate primary BMDMs, followed by isolation of
F4/80"CD80" population as the proinflammatory macrophages by flow
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Fig. 2. Cytokine-sponging ability of LMNP in vitro. (A) IFN-y removal with NP coated with LPS-stimulated macrophage membranes (LMNP) as compared with NP
coated with non-LPS-stimulated macrophage membranes (MNP). (B) IFN-y removal with LMNP, as compared with NP, Liposome (Lip), and the cell membrane vesicle
derived from LPS-stimulated macrophages (Vesicle). (C) IFN-y removal with LMNP in different mediums including denoised water, plasma, 10% FBS and PBS (0.01
M, pH = 7.4) (PBS). (D) IL-6 removal with LMNP as compared with MNP. (E) IL-6 removal with LMNP, as compared with NP, Lip and Vesicle. (F) IL-6 removal with
LMNP in different mediums including denoised water, plasma, 10% FBS and PBS. (G) Quantification of IFN-y removal in denoised water with IFN-y (500 pg/ml)
while varying amount of LMNP were added. (H) Quantification of IFN-y removal with LMNP (500 pg/ml) while varying amounts of cytokines were added. (I) IFN-y
removal with LMNP in the serum of patient HLHs in vitro. (J) Quantification of IL-6 removal in denoised water with IL-6 (500 pg/ml) while varying amount of LMNP
were added. (K) IL-6 removal with a fixed amount of LMNP (500 pg/ml) while varying amounts of cytokines were added. (L) IL-6 removal with LMNP in the serum of
HLH patients in vitro. (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The abbreviation “ns” indicated no significant difference.

cytometry [38]. F4/80"CD80" population accounts for 17.6 + 1.6% of
cells in non-stimulated control group, whereas treatment with 10 and
100 pg/ml of IFN-y elevated the percentages of proinflammatory mac-
rophages to 29.5 + 2.3% and 41.2 + 0.5%, respectively. In contrast,
LMNP treatment reversed the elevation of F4/807CD80™ population and
decreased the percentage to 15.0 & 0.2% and 20.7 + 1.3%, respectively
(Fig. 3A&B). Similarly, 10 and 200 pg/ml IL-6 treatment increased
F4/807CD80" population to 23.6 + 1.3% and 27.4 + 2.6%, respec-
tively, compared with that for the control group (15.4 + 0.7%), while
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further LMNP treatment completely reversed these effects (Fig. 3C&D).

We next explored the molecular mechanism underlying the effect of
LMNP on suppressing overactivated macrophages. Transcriptome
profiling of BMDMs treated with PBS, IFN-y alone or IFN-y plus LMNP
were acquired by RNA-seq. Compared with the PBS group, we observed
a significant upregulation of genes involved in macrophage activation,
such as Statl, Stat2, Stat3, Irf1, Irf2, Irf8, Cd86, Cd40, Nos2, Nfkb1, in the
IFN-y group [39-41]. In comparison, additional LMNP treatment
(IFN-y+LMNP group) abolished the upregulation of these genes
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Fig. 3. LMNP inhibits macrophage activation in vitro. (A-D) Flow cytometry analysis of macrophage activation inhibited by LMINP. (A&C) Representative flow
plots and (B&D) the corresponding quantification results of bone marrow-derived macrophages (BMDMs) treated with different concentrations of (A&B) IFN-y
pretreated with LMNP or (C&D) IL-6 pretreated with LMNP (n = 3). FMO indicated IFN-y-stimulated macrophages without staining with PE-labeled CD80 antibody.
IFN-y 0, IFN-y 10, and IFN-y 100 indicated the IFN-y concentration was 0, 10 ng/ml, and 100 ng/ml, respectively. IL-6 O, IL-6 10, and IL-6100 indicated the IL-6
concentration was 0, 10 ng/ml, and 100 ng/ml, respectively. (E-I) RNA sequencing analyses of macrophage activation inhibited by LMNP. (E) The differentially
expressed genes (DEGS) between the IFN-y group and the PBS group. (F) The DEGS between the IFN-y pretreated with LMNP group (IFN-y+LMNP) and the IFN-y
group. Log2FC > 1 and P < 0.001. (G) Heatmaps illustrating the differentially expressed genes involved in macrophage activation among the PBS, IFN-y and IFN-
y-+LMNP groups based on RNA-seq analysis. (H) KEGG enrichment analyses identifying most significantly enriched pathways in the IFN-y and PBS groups based on
DEGS. (I) KEGG enrichment analyses identifying most significantly enriched pathways in the IFN-y and IFN-y-+LMNP groups based on DEGS. (J-M) Flow cytometry
analysis of pStatl expression in macrophages after LMNP treatment. (J&L) The representative flow plot and (K&M) corresponding quantification results of pSTAT1
in CD45"F4/80*CD80" BMDMs treated with (J&K) IFN-y+LMNP or (L&M) IL-6+LMNP (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

(Fig. 3E-G)

To further reveal the changes in signaling pathways, we performed
KEGG analysis. Pathways linked to macrophage activation, including
JAK/STAT, TNF, HIF-1, PI3K-Akt, MAPK and WNT signaling pathways,
were significantly enriched in the IFN-y group compared with the PBS

group (Fig. 3H) [39-41]. Similar results were also observed in the IFN-y
group when compared with the IFN-y+LMNP group (Fig. 3I). These
results together indicated the state of BMDMs was similar between the

PBS group and the IFN-y+LMNP group.

JAK/STAT pathway is responsible for multiple cytokines production
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and served as a therapeutic target for HLH in the clinic [14,42]. We then
analyzed JAK/STAT pathway to validate the RNA-seq data. By flow
cytometry, we observed an elevation in phosphorylated STAT1
(pSTAT1), a marker for JAK/STAT activation, in cells with IFN-y or IL-6
stimulation. Additional LMNP significantly reduce the elevation
(Fig. 3J-M). Multi-targets LMNP that target multiple macrophage
activation-relevant pathways may exert a synergistic therapeutic effect
and need further exploration in our future work.

2.4. LMNP benefit HLH treatment in the CpG-induced HLH mouse model

Several HLH mouse models has been previously reported, including
the lymphocytic choriomeningitis virus (LCMV)-infected Prfl—/—
mouse model [43], CpG-induced mouse model with or without a-IL-10 R
treatment  [44,45], LPS-induced mouse model based on
senescence-accelerated mice [46] and poly (I:C) plus LPS-induced lethal
mouse model [47]. All these mouse models had the main characteriza-
tions like clinical patients such as pancytopenia, hepatosplenomegaly,
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systematic cytokine storm with high levels of multiple types of inflam-
mation cytokines in the circulation system and lymphoid tissues and the
typical hematophagocytes. To investigate the therapeutic efficacy of
LMNP in HLH, CpG-induced HLH mouse model was firstly used in our
study due to its simplicity and low cost [45]. After five times of CpG
treatment, pancytopenia, hepatosplenomegaly, increased level of in-
flammatory cytokine including IFN-y, IL-6, IL-1p and TNF-« in the cir-
culation system and local tissues and impairment of hepatorenal
function were found in CpG treated mice compared with the control
group, which were well consistent to previous studies [13,45]. In
addition, hematophagocytes could also be found in the smear of spleen
tissues in this HLH mouse model but not in the control group, which is a
stronger indictor for HLH development. Altogether, all these evidences
supported that the CpG-induced HLH mouse model has been success-
fully developed in the present study.

CpG-induced mouse models were treated with LMNP, MNP and NP at
a dose of 2 mg/kg for ten days, and o—IFN—y was used as a positive
control as previously reported (Fig. 4A) [44,45]. We observed no
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Fig. 4. LMNP treatment ameliorated hypercytokinemia and improved blood laboratory features of HLH. (A) Treatment schedules of different groups
including PBS, LMNP, and IFN-y antibody (o«~IFN-y) for CPG-induced HLH mouse models. (B-E) The effect of LMNP on cytokine storm were assessed by quantifi-
cation of serum levels of multiple cytokines including IFN-y (B), IL-6 (C), TNF-a (D) and IL-1f (E) (n = 6). (F-I) The effect of LMNP on cytopenia were investigated by
blood routine test indicated by RBC (F), WBC (G), Plt (H), HgB (I) (n = 6). (J-M) The effect of LMNP on hepatorenal function indicated by TG (J), AST (K), ALT (L)

and BUN (M) (n = 3). *P < 0.05, **P < 0.01, ***
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significant change in the body weight of mice during the timeframe of
experiment (Fig. S6). Due to the critical role of cytokine storm in HLH
development, we first evaluated the effect of LMNP on dampening
cytokine storm, presented by overexpression of IFN-y and its down-
stream, including IL-6, TNF-a and IL-1p [48]. The expression levels of
these four cytokines in the serum samples, measured by ELISA, were
significantly reduced by LMNP or a—IFN-y treatment compared with PBS
treated group (Fig. 4B-E). However, almost no significant reduction of
cytokine concentrations in the serum was observed after MNP and NP
treatment (Fig. S7I). Compared with a-IFN—y treatment, LMNP treat-
ment showed a significantly stronger effect in reducing the expression
levels of IFN-y, IL-1f, and TNF-a in the serum. However, there was no
significant difference in the expression levels of the anti-inflammation
cytokines such as IL-10 [48] between PBS treatment and LMNP treat-
ment (Fig. S8).

Then the effect of LMNP treatment on systematic cytokine storm-
related manifestations including pancytopenia, hepatosplenomegaly
and impairment of hepatorenal function was assessed (Fig. 4F-M, Fig. 5).
As compared with CpG-induced HLH mouse models treated with PBS,
pancytopenia, in particular the counts of RBC, WBC, PIt and HgB were
significantly increased after LMNP or a-IFN—y treatment (Fig. 4F-I). In
addition, the indicators of the hepatorenal function including TG, AST,
ALT and BUN were significantly improved after LMNP or o-IFN-—y
treatment (Fig. 4J-M). Besides, hepatosplenomegaly in the HLH mice
was also significantly alleviated after LMNP or a-IFN-y treatment.
Compared with PBS treatment, the weight of spleen and liver after
LMNP treatment was reduced by 48.8% and 20.9%, respectively
(Fig. 5A&D, Fig. S9). The number of splenic cells as well as the proin-
flammatory macrophages were decreased by 28.7% and 56.5%,
respectively, which were in line with the change of F4/80" positive
inflammatory cells in the sections of spleen and liver tissues shown by
IHC staining (Fig. 5C, E-G, Fig. S10). Intriguingly, we observed hemo-
phagocytic cells in PBS treated HLH mice, but not in the normal mice
and LMNP or a-IFN—y treated HLH mice, suggesting LMNP or a-IFN-y
treatment could inhibit hemophagocytosis, which is consistent to the
therapeutic benefits obtained by LMNP or a-IFN—y treatment. As a
comparison, HLH-related manifestations of CPG-induced HLH mouse
models including pancytopenia, abnormal hepatorenal function,
splenomegaly, proliferation and activation of macrophages, and hemo-
phagocytosis were not found to be alleviated and improved after MNP
and NP treatments (Fig. S7).

Besides, IHC staining also showed lower expression levels of IFN-y
and IL-6 in the liver and spleen tissues after LMNP or o—IFN—y treatment
compared with PBS treatment (Fig. 5H, Fig. S11&12). These results
validated the capacity of LMNP to alleviate cytokine storm in vivo, which
attributed to the capability of LMNP to bind IFN-y and IL-6. Conse-
quently, LMNP reduced the stimulatory effect of IFN-y and IL-6 on
macrophages, leading to less amounts of downstream cytokines. As
JAK/STAT pathway was a main pathway responsible for multiple
cytokine production and closely involved in the HLH development, the
effect of LMNP treatment on JAK/STAT pathway was further investi-
gated to understand the mechanism of cytokine storm alleviation by
LMNP treatment. Flow cytometry analysis showed that LMNP treatment
significantly reduced pSTAT1 and pSTAT3 in macrophages compared
with PBS or a-IFN-y treatment (Fig. 5I-L). Altogether, LMNP treatment
could successfully inhibit macrophage activation and dampen cytokine
storm by, at least partially, inhibiting JAK/STAT signaling pathway.

Overall, LMNP treatment presented an overall superior effect to
inhibit cytokine storm, leading to alleviation in HLH-related manifes-
tations including pancytopenia, hepatosplenomegaly, multi-organ
dysfunction and the presence of typical hemophagocytic cells.

2.5. Anti-HLH efficacy in the lethal HLH model

To expand the application of LMNP in HLH, a lethal secondary HLH
mouse model induced by Poly(I:C) plus LPS induction was tested
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(Fig. 6). The timeline of model establishment and drug administration in
C57BL/6 J mice was illustrated in Fig. 6A. This model shows much more
severe cytokine storm compared with the CpG-induced HLH mouse
model (Fig. 6D-H) [47]. The expression levels of IFN-y, IL-6 and TNF-a
in the serum in this HLH mouse models were around 270-600 times fold
higher than those in the CpG-induced HLH mouse models (Fig. 6D-G),
which was well consistent to previous report [45,47] and might be the
main reason for the short survival time of this HLH mouse models. All
HLH mice died at around 12 h after induction of HLH. For LMNP treated
mice, 33% of the HLH mice treated twice survived after 96 h. Amazingly,
increasing the treatment to 4 times with a 2-h interval between each
treatment, further boosted the survival rate to 100% (Fig. 6B). In
contrast, a~-IFN-y treatment exerted no obvious improvement in survival
rate of these mice. It did not prolong the survival time at a dose of 10
mg/kg once or just prolonged the survival time to around 17 h at a dose
of 10 mg/kg for four times as compared with PBS treatment (Fig. 6B),
which consisted well to previous studies [47,49].

In addition, hematophagocytes were observed in HLH mouse spleen
after PBS treatment or o—IFN-y treatment but not in those after LMNP
treatment (Fig. 6C). And coagulation disorder indicated by PT, APTT
and FIB was alleviated after LMNP treatment in contrast to PBS or
o~IFN—y treatment (Fig. 61-K). To understand the mechanism of the
therapeutic benefit obtained by LMNP treatment, the effect of LMNP on
dampening cytokine storm was further explored. ELISA results demon-
strated that the expression levels of IL-1p, TNF-a, IFN-y and IL-6 in the
serum of LMNP treated HLH mice were reduced by 44.3%, 78.9%,
82.4% and 64.0%, respectively, as compared with those of PBS treated
HLH mice (Fig. 6D-G). As a protective cytokine, IL-10 concentration in
the serum of LMNP treated HLH mice was increased by 84.1% when
compared with that of PBS treated HLH mice (Fig. 6H). Consistent well
to the survival curve, o-IFN-y treatment almost exerted no inhibitive
effect on cytokine storm (Fig. 6D-H). As a comparison, HLH-related
manifestations of this lethal HLH mouse models including the power-
ful cytokine storm, the dysregulated coagulation parameter, hema-
tophagoctosis, and the survival time were not significantly improved
after MNP and NP treatments (Fig. S13).

In the present study, LMNP exerted a stronger inhibition than
o~IFN-y in the expression levels of multiple types of inflammation fac-
tors in both CpG-induced HLH mouse models (Fig. 4B-E) and Poly(L:C)
plus LPS-induced HLH mouse models (secondary lethal secondary HLH
mouse model) (Fig. 6D-G). Particularly, in the Poly(I:C) plus LPS-
induced lethal HLH mouse model, LMNP could significantly extend
the survival of mice, showing a better efficacy than o—IFN—y (Fig. 6B).

These results again demonstrated the necessity of simultaneous
modulation of multiple types of inflammation cytokines by using
nanosponges. In addition, what needs to be noticed was that the ther-
apeutic benefit of a~-IFN-y was mouse model type-dependent. It could
only lesson cytokine storm and alleviate cytokine storm-related mani-
festation on CpG-induced HLH mouse models (Figs. 4 and 5), but almost
exerted no therapeutic effect on Poly(I:C) plus LPS-induced lethal HLH
mouse models (Fig. 6B). Besides, IFN-y concentration in the serum of
HLH patients was found to be varied greatly between patients (Fig. S14),
ranging from extremely high to almost undetectable as previously re-
ported [48], which further demonstrated that IFN-y was not a universal
target for all HLH patients and single drug treatment with o—IFN—y might
not effectively manage HLH and save patients’ life. Thus, the reasons for
the superior therapeutic benefit of LMNP on HLH could be summarized
as following. As a board-spectrum anti-inflammation agent, LMNP could
remove [FN-y and IL-6 or other cytokines in the circulation system and
HLH-related organs, especially the liver and the spleen, which can then
reduce the stimulation of IFN-y and (or) IL-6 to macrophages and
therefore less cytokines were produced by macrophages. And inhibition
of macrophages activation in the liver could help restore normal liver
function (Fig. 4J-M) [50]. As a comparison, antibody targeting only one
single type of cytokines was not sufficient for dampening HLH [49] in
which multiple different types of cytokines were involved. LMNP could
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Fig. 5. Reduced macrophage activation in vivo through LMNP treatment. (A) Image of spleen from normal mouse group and different treatment groups for CPG-
induced HLH mouse models including PBS, LMNP and o—IFN-y groups. (B) The representative images of Liu’s staining of smear of splenocytes. The arrow indicated
the hemophagocytes. Bar = 20 pm. (C) The representative image of F4/80™ cells in spleen sections by THC staining. Bar = 50 pm. (D-G) The wet weight of spleen (D),
the total splenic cell numbers (E), the percentage (F) and absolute number (G) of splenic CD45"F4/80"CD80" macrophages from different treatment groups (n = 3).
(H) The representative images of IFN-y (the upper panel) and IL-6 (the lower panel) expression in spleen tissues by IHC staining of spleen sections. (I-L) The
representative flow plot (I&K) and corresponding quantification results (J&L) of pSTAT1 and pSTAT3 in macrophages (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001,
and ##**P < (0.0001. The abbreviation “ns” indicated no significant difference.
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Fig. 6. Anti-HLH efficacy in the lethal HLH model. (A) Treatment schedules of different groups including PBS, LMNP, and o~IFN—y for poly (I:C) and LPS-induced
HLH mouse model. (B) Survival curves of HLH mouse model treated with LMNP, a~IFN—y or PBS (n = 5). (C) The representative images of Liu’s staining of smear of
splenocytes. The arrow indicated the hemophagocytes. Bar = 50 pm. (D-H) The effect of LMNP on cytokine storm were assessed by quantification of serum levels of
multiple cytokines including IFN-y (D), IL-6 (E), TNF-a (F), IL-1f (G) and IL-10 (H) (n = 6). (I-K) The effect of LMNP on coagulation function including PT (I), ATPP
@, FIB (K) (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001. The abbreviation “ns” indicated no significant difference.

successfully interrupt the positive feedback loop between systematic cells (Figs. 4 and 5) and prolonged survival time of mouse models
cytokine storm and overactive macrophages, which was the core (Fig. 6). Almost no therapeutic benefits were obtained in the MNP and
mechanism underlying HLH development. Therefore, the positive NP groups in both CPG-induced HLH mouse models and the lethal HLH
feedback loop interruption and cytokine storm alleviation by LMNP mouse models, which further demonstrated the specificity of LMNP in
treatment (Figs. 4 and 6) was accompanied with improved parameters of the present study (Figs. S7 and 13).

blood routine test, reduction of the size of liver and spleen, less
impairment of hepatorenal function, disappearance of hemophagocytic
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2.6. Biocompatibility and pharmacokinetics of LMNP

Finally, we investigated the biocompatibility and pharmacokinetics
of LMNP. Normal mice were employed for this study. We observed no
obvious difference in the expression of inflammation cytokines
including TNF-a, IL-1p, IFN-y and IL-6 between PBS and LMNP treated
group (Fig. 7A-D). In addition, we observed no abnormality in the blood
of LMNP mice, as shown by RBC, WBC, Plt and HgB counts, and
biochemistry test such as TG, AST, ALT and BUN (Fig. 7E-L). Further-
more, no obvious damage was observed in the major organs including
the heart, liver, spleen, lung and kidney by H&E staining (Figure 7M).
Altogether, these results indicated a favorable biocompatibility of LMNP
treatment in mice. According to the pharmacokinetic results (Fig. S15),
LMNP and NP showed 16.8% and 6.4% retention in the blood at 24 h
after injection, respectively. The clearance of LMNP was much slower
than NP in the blood, consistent with the fact that the macrophage
membrane coating could prolong the circulation time of nanoparticles
[21]. LMNP was distributed mainly in the liver and the spleen (Fig. S15),
suggesting that it is mainly cleared through the mononuclear phagocyte
system, which consisted well to previous reports [51,52].

It was previously reported that biomimetic nanoparticles, taking
advantage of the inflammation targeting ability of platelet membranes
or macrophage membranes, could deliver anti-inflammation agents [5-
(p-fluorophenyl)-2-ureido]  thiophene-3-carboxamide (TPCA-1) or
tacrolimus to the inflammation sites in mouse lung caused by acute
injury or rheumatoid arthritis [20,21,38]. Besides, nanoparticles coated
by cell membranes derived from macrophages or neutrophils could also
bind and remove inflammation factors in sepsis and arthritis mouse
models [28,29]. Previous studies mainly focus on inhibiting inflamma-
tion response in local sites such as tumors, acute lung injury, arthritis,
heart injury and inflammatory bowel diseases [28,38,53-55], while the
effect on controlling systematic cytokine storm using biomimetic
nanoparticles were largely unknown. To the best of our knowledge, this
study, showed that LMNP, which are nanoparticles coated with cell
membrane derived from activated macrophages, could calm down sys-
tematic cytokine storm in HLH. LMNP thus represents a promising
strategy to improve the treatment of HLH by potentially shifting the
current cytotoxic chemotherapy and immunosuppression paradigm to-
wards the multiple-target immune modulation therapy. Apart from
macrophages, T lymphocytes, dendritic cells and neutrophils are also
involved in the cytokine storm loop in HLH [3,13]. It will be interesting
to explore whether biomimetic nanoparticles based on these cell mem-
branes show similar effect in the treatment of HLH.

Studies about the inflammatory factor profile in HLH are attracting
extensive attention nowadays, which not only helps distinguish HLH
and other severe pathologic conditions like sepsis, but also contributes
to seeking alternative therapeutic targets or disease monitoring markers
for HLH. Many inflammatory factors including IFN-y, IL-6, TNF-a, IL-1p,
and IL-10 were reported to be elevated in HLH to various degrees. Some
success has already been achieved by using antibodies for IFN-y or IL-6
in HLH case reports and clinical trials [12,32]. Therefore, IFN-y and IL-6
were selected as the main subjects in the present study. In addition,
other inflammation factors such as C-X-C motif chemokine ligand 9
(CXCL9), CXCL10, G-CSF, and MIP-a were also reported to be increased
in both primary and secondary HLH animal models [44]. CXCL9, an
IFN-y-induced chemokine, the serum level of which has also been
showed to associate with the severity of HLH patients [56] and has been
used as a marker to evaluate the efficacy of IFN-y antibody in HLH
clinical trials [12]. The two HLH mouse models presented in this study
had significantly elevated IFN-y, so we did not detect the level of
CXCL-9. To facilitate clinical transformation of our study, it is desirable
to detect serum CXCL-9 levels as well. Besides, inflammation factor
pattern analysis of HLH by integrating different types of inflammation
factors might provide a more elaborate tool for disease severity and
therapeutic efficacy evaluation.

As recently reported, IL-6 binding to membrane-bound IL-6R could
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activate classical signaling mainly on immune cells, and it could also
initiate trans signaling when binding to soluble IL-6R (sIL-6R) in other
organs including the lung and the nervous system [57,58], which could
also be attacked by the systematic cytokine storm in HLH patients [59].
Based on this important finding, it is believed that LMNP in the present
study could block the membrane-bound IL-6R-associated classical
signaling and also the sIL-6R-mediated trans signaling, which work
together to relieve HLH-related manifestations.

Cytokine storm can arise from different pathologic conditions like
HLH [11], SARS [49], coronavirus disease 2019 (COVID-19) [60],
Castleman disease [61] and some intragenic situations such as the
cytokine releasing syndrome during CAR-T therapy [11,62], radio
therapy [63] and monoclonal antibody [64] treatments. As cytokine
storm is a core pathogenic mechanism leading to multi-organ damage,
accelerated calming down the cytokine storm is expected to improve the
prognosis. Our LMNP not only provides an alternative strategy for HLH
treatment, but also may benefit the treatment of a range of systematic
cytokine storm-related diseases as mentioned above, providing different
insights for the treatment of these diseases.

3. Conclusions

HLH represented a highly fatal disease characterized by aberrant
activation of inflammation cells and resultant cytokine storm with a
dismal prognosis. A biomimetic activated macrophage membrane-
coated LMNP was successfully developed to serve as alternative treat-
ment for the management of HLH. LMNP could sponge multiple types of
inflammation cytokines, leading to superior therapeutic effect for HLH
treatment in both mild and lethal HLH mouse models. In addition, its
sponge effect also worked well for human HLH samples, and the
biocompatible nature of LMNP further support its potential for clinical
translation. The strategy proposed by this study also provides insights
for the management of other systematic cytokine storm-based patho-
logic conditions such as COVID-19 and cytokine releasing syndrome
during CAR-T therapy.

4. Materials and methods
4.1. Materials and animals

CpG 1826 oligonucleotide was synthesized by Sangon Biotech
(Shanghai, China), TNF-a, IL-1p, IL-10, IL-6 and IFN-y ELISA kits were
obtained from MultiSciences Biotechnology Co., Ltd. (Hangzhou,
China). The mouse LPS ELISA kit was acquired from Jianglai Biotech-
nology (Shanghai, China). Egg yolk lecithin (EPC, PL-100 M) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyeth-
ylene glycol)-2000] (DSPE-PEG2000) were purchased from AVT Phar-
maceutical Tech Co., Ltd. (Shanghai, China). Ultra-LEAF™ Purified anti-
mouse IFN-y antibody (a-IFN-y), mouse IFN-yR antibody, Cytofix/
Cytoperm Kit and fluorochrome-conjugated anti-mouse antibody (Pa-
cific Blue™-CD45, PE-CD80, APC-F4/80, PerCP/Cyanine5.5-pSTAT1,
FITC-pSTAT3, PE-IFN-yR and PE-IL-6R) were purchased from Bio-
legend (San Diego, CA, USA). Fetal bovine serum (FBS), dulbecco’s
modified eagle medium (DMEM) and penicillin—streptomycin were from
Gibco (Carlsbad, CA, USA). Carboxyl group-terminated poly(lactide-co-
glycolide acid) (PLGA) (lactide: glycolide monomer ratio of 50:50) was
from Corbion Purac (Netherlands). Plastic cell culture dishes and plates
were supplied by Corning Incorporation (Corning, NY, USA). Deionized
water was acquired from the Millipore Simplicity System (Millipore,
Bedford, MA, USA). Laser confocal Petri dish was ordered from Absin
Biological Technology Co., Ltd. (Shanghai, China). Liu’s stain was pur-
chased from BaSO Biological Technology Co., Ltd. (Zhuhai, China).
Recombinant murine macrophage colony stimulating factor (M-CSF), IL-
6, IL-4 and IFN-y were from PeproTech (Cranbury, NJ, USA). High
molecular weight Poly (I:C) was purchased from InvivoGen (USA). LPS
and cholesterol was obtained from Sigma (USA). BCA protein assay kit



H. Wang et al.

Normal

LMNP

A 81 ns
Sei i
m Y
8 4-
in
& 2]

0_

> R
oé& &
& v

E 15- ns
)

N 104
=
Q5
14

0_

> R
&
é v

I 9 ns
4
£ 3-

E,
21
0_
> &
& S
&V
M

-

AST (U/L)

iy

o (=

(=} [ =] =]
1 1 1
=

n

IL-6 (pg/ml)

WBC (10°/L)

15

C  20-
£ 1.5- L
g-' v
}:;1.0- !
L 0.5
'—
0.0-
> R
& &
o \)‘\
C 20000
S 1500-
=] [ ]
(=]
T 1000
o 500-
0_
> &
éo"& &
K 60- ns
=T an.
s 40
ar
2 20
0_
» KR
«*& &
v

Bioactive Materials 21 (2023) 531-546

150- ns
I
-5,100-
a
< 50-
=
0-
* &
&
H 2200
ono'
52180-
@ 160-
T
140
120-
> &
éO‘ \?
L 15_ ns
=
'3,10—
E
Z 54
S
o
c 1 1
> &
eo* \?

Fig. 7. The safety and biocompatibility of LMINP. (A-D) The cytokines level in mouse serum from Normal and LMNP treated groups including IFN-y (A), IL-6 (B),
TNF-a (C) and IL-1f (D) (n = 5). (E-L) Blood routine test (E-H) and hepatorenal function (I-L) of mice from LMNP and control groups. Blood routine test was indicated
by RBC (E), WBC (F), Plt (G) and HgB (H). The hepatorenal function was indicated by TG (I), AST (J), ALT (K) and BUN (L) (n = 3). (P) The representative H&E
images of major organs (from left to right: heart, liver, spleen, lung, kidney) at the endpoint of treatment (Bar = 50 pm). The abbreviation “ns” indicated no sig-
nificant difference.
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and 1,1’-Dioctadecyl-3,3,3’,3'-Tetramethylindodicarbocyanine,4-Chlor-
obenzenesulfonate Salt (DiD) were purchased from Beyotime Biotech-
nology Co. Ltd. (Nantong, China). Protease inhibitor cocktail (PierceTM
Protease Inhibitor Mini Tablet) was obtained from Thermo (Rockford,
USA). The other chemicals and reagents of analytical reagent grade were
purchased from Sinopharm Chemical Reagent (Shanghai, China).

Murine RAW264.7 cell line was obtained from the Chinese Academy
of Sciences Cell Bank (Shanghai, China), and was cultured in DMEM
containing 10% FBS at 37 °C and 5% CO2. Male C57BL/6 J mice aged six
weeks were obtained from Lingchang Biotech (Shanghai, China), and all
mice were raised in the Center for Experimental Animals at School of
Pharmacy, Fudan University. The animal experimental protocol was
approved by the Animal Ethics Committee of Fudan University in
compliance with national and institutional guidelines.

4.2. Macrophage membrane derivation and characterization

To determine whether cytokine receptor expression enriched in
RAW264.7 after LPS treatment, IFN-yR and IL-6R expressions of whole
cell lysate were assessed by Western blot as previously described [29]. In
brief, RAW264.7 cells were stimulated with LPS at a dose of 10 ng/ml for
24 h, besides cells without LPS treatment served as a control. Then cells
were lysed using RIPA buffer. After protein quantification by BCA Kkit,
the cell samples with equal amount of proteins were separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
underwent electrophoresis and blocking, incubated with primary anti-
bodies for IFN-yR or IL-6R overnight at 4 °C, followed by washing 3
times with TBST (10 mM Tris, pH 7.5, 0.2% Triton X-100 and 150 mM
NacCl), exposed to corresponding secondary antibodies, and detected by
using Immobilon™ Western Chemiluminescent HRP Substrate (Milli-
pore). The band density of the scanned blots was analyzed by using
Image J and the expression of IFN-yR or IL-6R relative to the internal
parameter (GAPDH) was calculated. The cells were also stained with
PE-labeled primary antibodies for IFN-yR or IL-6R and subjected to flow
cytometry according to the standard protocol to evaluate the expression
level of IFN-yR or IL-6R on the cell membranes.

For macrophage membrane deviation, RAW264.7 cells treated with
LPS or not were collected and washed in PBS (0.01 M, pH 7.4) (PBS) for
3 times, and grinded in 10 ml of hypotonic fluid (75 mM sucrose, 20 mM
Tris-HCl, pH 7.5; 2 mM MgCly; 10 mM KCl) supplemented with one table
of protease inhibitor cocktail, and then centrifuged at 3200xg for 5 min.
The collected supernatant was centrifuged at 20,000 x g for 20 min, after
which the collected supernatant was further ultracentrifuged at
100,000xg for 35 min in a centrifuge (CP100NX, Hitachi, Japan). After
centrifugation, the supernatant was discarded and off-white precipita-
tion was collected as macrophage membranes which was quantified
with BCA assay reagents to identify the protein concentration. The
macrophage membrane was finally suspended in the hypotonic fluid and
stored in —80 °C for further use.

4.3. Preparation and characterization of LMNP

LMNP was prepared as previously described [21]. Firstly, PLGA
polymer was dissolved in acetone at a concentration of 10 mg/ml. Then
500 pl of the solution was rapidly injected into 1 ml of water followed by
vacuum evaporation to remove acetone and form the bare PLGA nano-
particle core (NP). Secondly, LPS-treated macrophage membranes con-
taining 2.5 mg of membrane proteins were added to NP and sonicated in
an ice bath for 5 min to synthesis LPS-treated macrophage
membrane-coated NP (LMNP). LPS-treated macrophage membrane
vesicles (Vesicle) were prepared with the same procedures as LMNP in
the absence of NP. Naive macrophage membranes without LPS stimu-
lation were used to develop naive macrophage membrane-coated NP
(MNP) as a counterpart control.

The morphology of LMNP was observed under the transmission
electron microscopy (TEM) (JEOL JEM-2010, Tokyo, Japan) after
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staining with uranyl acetate (1%) and cryo-electron microscopy (Cryo-
EM) (Tecnai G2 F20; FEI, Eindhoven, The Netherlands) under liquid
nitrogen. Size distribution and zeta potential of NP, Vesicle and LMNP
were measured by using dynamic light scattering (ZEN3600 Zetasizer,
Malvern, UK). The change of the size of LMNP, NP and Vesicle in 10%
FBS was measured during one week as an indicator of stability.

4.4. Analysis of protein composition and orientation

The SDS-PAGE was utilized to confirm the proteins in the cell lysate
of LPS-treated RAW264.7 cells (Raw), Vesicle and LMNP. The expres-
sions of IFN-yR and IL-6R on Raw, Vesicle and LMNP were also identified
by Western blot. The protocol was described in detail as
aforementioned.

The orientations of IFN-yR and IL-6R on LMNP were identified by
flow cytometry. In brief, LMNP were incubated with PE-anti IFN-yR and
PE-anti IL-6R separately for 15 min followed by dialysis for 1 h. Then
LMNP were analyzed by using a flow cytometer (CytoFlex S, Beckman
Counter, California, USA).

4.5. Cytokine-sponging capability of LMNP

To investigate the cytokine sponge capability of different nano-
particles, LMNP (500 pg/ml) or its counterparts including MNP, NP,
liposomes (Lip) and Vesicle were mixed with recombinant murine IFN-y
or IL-6 (500 pg/ml) at 37 °C for 30 min or 2 h in 1 ml of deionized water.
Afterward, the mixture was spin down at 100,000xg for 30 min in a
centrifuge and the IFN-y or IL-6 concentration remained in the super-
natant was determined by ELISA according to the routine protocols. To
investigate the effect of medium on the cytokine sponge capability of
LMNP, LMNP (500 pg/ml) was incubated with recombinant murine IFN-
y or IL-6 (500 pg/ml) in 1 ml of different mediums including deionized
water, plasma, 10% FBS or PBS at 37 °C for 30 min. Afterward, the
mixture was spin down and the IFN-y or IL-6 concentration in the su-
pernatant was determined as described above. To quantify the capacity
of LMNP sponging cytokines, various concentrations of LMNP (0, 250,
500, 1000, 2000 pg/ml) were incubated with 500 pg/ml of recombinant
murine IFN-y or IL-6 in 1 ml of deionized water at 37 °C for 30 min. The
mixture was spin down and the IFN-y or IL-6 concentration in the su-
pernatant was determined as described above. Furthermore, 500 pg/ml
of LMNP was incubated with varied concentrations of recombinant
murine IFN-y (1000, 500, 250, 125, 0 pg/ml) or IL-6 (500, 250, 125, 25,
0 pg/ml) in 1 ml of deionized water at 37 °C for 30 min. Then the
mixture was spin down and the IFN-y or IL-6 concentration in the su-
pernatant was determined as described above.

The serum samples of five patients diagnosed as HLH were collected
and approved by the institutional review board of Huazhong University
of Science and Technology. All HLH patients were diagnosed according
to HLH-2004 diagnostic criteria. The serums of patients were tested for
cytokine-sponging capability of LMNP in vitro. Briefly, LMNP (1 mg/ml)
were mixed with the serum of HLH patient at 37 °C for 30 min. And then
the mixture was spin down at 100,000xg for 30 min in a centrifuge and
the IFN-y or IL-6 concentration remained in the supernatant was
determined by ELISA according to the routine protocols.

4.6. Extraction and culture of bone marrow-derived macrophages
(BMDMs)

The extraction of BMDMs were performed as described previously
[65]. BMDMs were isolated via flushing bone marrow from mouse fe-
murs and tibias with sterile PBS, and then the suspension was filtered
through a 40 pm Falcon cell strainer to discard large tissues, followed by
erythrocyte lysis according to the standard procedure. After centrifu-
gation at 600xg for 5 min at 4 °C, the collected cells were cultured in
DMEM containing 10% FBS, 1% Penicillin-Streptomycin and 20 ng/ml
of M-CSF to facilitate macrophage differentiation. Three days later, the



H. Wang et al.

medium was replaced with fresh cell culture medium. On day 7, BMDMs
were fully differentiated for further experiments.

4.7. Inhibiting IFN-y or IL-6-induced BMDMs activation by LMNP in vitro

IFN-y (100 or 1000 pg/ml) or IL-6 (100 or 2000 pg/ml) was pre-
incubated with 1 mg/ml of LMNP for 30 min at room temperature. After
centrifugation at 100,000xg for 30 min to remove nanoparticle pellet,
the supernatant was collected for subsequent tests. To evaluate the effect
of LMNP on macrophage activation induced by IFN-y or IL-6, BMDMs
were seeded into a 12-well plate at the density of 4 x 10° cells per well
and incubated overnight. Afterward, BMDMs were incubated with
DMEM containing 10% (v/v) supernatant or various concentrations of
IFN-y (100 and 1000 pg/ml) or IL-6 (100 and 2000 pg/ml) for 24 h. Then
BMDMs were collected, resuspended in FACS buffer (PBS containing 2%
FBS), incubated with APC-F4/80 and PE-CD80 for 20 min at 4 °C with
gentle shaking, and subjected to flow cytometry analysis to identify the
proportion of proinflammatory macrophages indicated by F4/
80"CD80*. BMDMs without any treatment were used as a control group.
BMDMs were fixed, permeated by Cytofix/Cytoperm Kit, stained with
Percp/Cy5.5-pSTAT1 antibody or FITC-pSTAT3 antibody, washed once
with PBS, and subjected to a flow cytometer to detect the intracellular
expression levels of pSTAT1 and pSTAT3. RNA sequencing (RNA-seq)
was adopted to explore the mechanism of inhibiting BMDMs activation
by LMNP treatment. In brief, IFN-y (100 ng/ml) was incubated with
LMNP (1 mg/ml) for 30 min at room temperature, then the supernatant
was collected. BMDMs were cultured and treated with DMEM containing
10% (v/v) supernatant or 10 ng/ml of IFN-y for 24 h as described above.
BMDM:s treated with DMEM containing 10% (v/v) PBS served as control.
Afterward, BMDMs were collected and total RNA was extracted from
BMDMs using Trizol (Invitrogen, Carlsbad, CA, USA) according to the
commercial instruction. Subsequently, total RNA was quantified using
the Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, USA) and
passed quality control analysis on a Nano Drop (Thermo Fisher Scien-
tific, MA, USA). Oligo(dT)-attached magnetic beads were utilized to
purified mRNA. Purified mRNA was then subjected to reverse tran-
scription for the purpose of cDNA synthesis. Next, obtained cDNA
fragments were amplified by PCR, and products were purified by
Ampure XP Beads, and validated on the Agilent Technologies 2100
bioanalyzer for quality control. The final library was prepared via
circularizing the cDNA by the splint oligo sequence and was amplified
with phi29 to make DNA nanoball (DNB) with more than 300 copies of
one molecule. Finally, DNBs were loaded into the patterned nanoarray
and sequenced as single end 50 bases reads on BGIseq500 platform (BGI-
Shenzhen, China). The differentially expressed genes (DEGS) were
screened according to Logy of fold-change and Q value (|logy (fold-
change)|>1, Q value < 0.05). Volcano map, Cluster analysis, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and Key
driver analysis (KDA) of the DEGS were conducted by Dr. Tom system
(https://biosys.bgi.com).

4.8. Anti-HLH efficacy in the CpG-induced HLH model

CpG-induced mouse models of HLH were established as previously
reported [45]. In brief, C57BL/6 J mice received intraperitoneal (i.p.)
injection of CpG at a dose of 2 mg/kg per mouse every other day for five
times. LMNP was administrated via the tail vein at a dose of 2 mg/kg per
mouse every day (From Day 1 to Day 9). Mouse models receiving 100 pl
of PBS served as a negative control and mouse models received a—IFN-y
injection at a dose of 5 mg/kg per mouse on Day 1, 3, 5, 7, 9 served as a
positive control [44]. MNP and NP was administrated via the tail vein
per mouse every day at a dose of 2 mg/kg (From Day 1 to Day 9) as
controls.

At the end of the study, mouse models were sacrificed and blood was
collected for inflammation cytokine analysis and blood routine test with
the parameters including the count of red blood cell (RBC), white blood
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cell (WBC), platelet (Plt), hemoglobin (HgB) and hepatorenal function
test with the parameters including triacylglycerol (TG), alanine trans-
aminase (ALT), aspartate aminotransferase (AST) and blood urea ni-
trogen (BUN). Important organs including livers and spleens were
obtained and weighed. The image of spleens was acquired, and there-
after the spleen tissues were smashed into single cell suspension and
passed through a 40 pm cell strainer snap cap to remove large fibrous
tissues. After centrifugation, RBCs in the precipitate were lysed with
RBC lysis buffer. Then splenic cells were resuspended in FACS buffer
(PBS containing 2% FBS), stained with Pacific Blue-CD45, APC-F4/80
and PE-CD80 for 20 min at 4 °C with gentle shaking, and subjected to
flow cytometry to record the number of macrophages and the proportion
of proinflammatory macrophages indicated by CD45"F4/807CD80"
cells. The intracellular expression of pSTAT1 and pSTAT3 in the
macrophage was also evaluated by flow cytometry. Briefly, splenic cells
were fixed, permeated by Cytofix/Cytoperm Kit (Biolegend), stained
with PE-pSTAT1 antibody or FITC-pSTAT3 antibody, washed with PBS,
and subjected to a flow cytometer. For hematophagocyte analysis,
smears of spleen tissues from different treatment groups were prepared
and Liu’s stain was performed to detect hematophagocytes under a
microscope (Olympus CKX53 Inverted Phase Contrast Fluorescence
Microscope, Olympus, Japan). With regard to immunohistochemistry
(IHC) staining of IFN-y and IL-6, livers and spleens from different
treatment groups were fixed in 4% paraformaldehyde overnight, rinsed
in PBS, dehydrated, embedded in paraffin, and sectioned into slices of 8-
pm thickness. Then the slices were subjected to IHC staining of IFN-y and
IL-6 according to commercial instructions.

4.9. Anti-HLH efficacy in the lethal HLH model

To establish the lethal HLH model, mice received an intravenous (i.
v.) injection of 10 mg/kg of poly I:C and an i.p. administration of 5 mg/
kg of LPS 24 h later. Afterward, LMNP was i.v. injected to the diseased
mice at a dose of 8 mg/kg every 2 h for 2 or 4 times after LPS admin-
istration. a~IFN-y was also given to the diseased mice at a dose of 10
mg/kg every 2 h for once or 4 times as positive controls. Equal volume of
PBS was i.v. injected to the diseased mice every 2 h as a negative control.
MNP and NP was administered intravenously to mice at a dose of 8 mg/
kg every 2 h for 4 times after LPS administration. Mouse survival was
recorded to plot the survival curve. Before the second treatment, blood
samples were collected to measure the expression levels of IL-6, IL-10,
IL-1f, TNF-a and IFN-y in the serum by ELISA according to the manu-
facturer’s instructions. And plasma was tested for prothrombin time
(PT), activated partial thromboplastin time (ATPP) and fibrinogen (FIB).
For hematophagocyte analysis, 4 h post the last treatment, mouse
models were sacrificed. Smears of spleen tissues from different treat-
ment groups were prepared and Liu’s stain was performed to detect
hematophagocytes under Olympus CKX53 Inverted Phase Contrast
Fluorescence Microscope as described above.

4.10. Safety evaluation of LMNP

Equal volume of PBS and LMNP (at a dose of 40 mg/kg per mouse)
were administrated into normal mice through the tail vein, and their
blood was collected from the retro-orbital vein for the blood routine test,
hepatorenal function test and inflammation cytokine analysis. Then the
mice were sacrificed and their major organs including hearts, livers,
spleens, lungs and kidneys were collected and sectioned for H&E
staining.

4.11. Statistical analysis

Data were analyzed with Graphpad Prism (version 8), and all data
were presented with mean + SD (standard deviation). Statistical com-
parisons were conducted with an unpaired Student’s t-test between two
groups and one-way ANOVA with posttest among multiple groups.
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Survival curves were plotted by using the Kaplan-Meier method.
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