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Abstract

Purpose To inhibit the transmission of SARS-CoV-2, we developed engineered exosomes that were conjugated with anti-
spike nanobodies and type I interferon p (IFN-f). We evaluated the efficacy and potency of nanobody-IFN-f conjugated
exosomes to treatment of SARS-CoV-2 infection.

Methods Milk fat globule epidermal growth factor 8 (MFG-ES) is a glycoprotein that binds to phosphatidylserine (PS)
exposed on the exosomes. We generated nanobody-IFN-f conjugated exosomes by fusing an anti-spike nanobody and IFN-f
with MFG-ES8. We used the SARS-CoV-2 pseudovirus with the spike of the D614G mutant that encodes ZsGreen to mimic
the infection process of the SARS-CoV-2. The SARS-CoV-2 pseudovirus was infected with angiotensin-converting enzyme-2
(ACE2) expressing adenocarcinomic human alveolar basal epithelial cells (A549) or ACE2 expressing HEK-blue IFNo/p
cells in the presence of nanobody-IFN-f conjugated exosomes. By assessing the expression of ZsGreen in target cells and
the upregulation of interferon-stimulated genes (ISGs) in infected cells, we evaluated the anti-viral effects of nanobody-
IFN-p conjugated exosomes.

Results We confirmed the anti-spike nanobody and IFN-f expressions on the exosomes. Exosomes conjugated with
nanobody-hIFN-f inhibited the interaction between the spike protein and ACE2, thereby inhibiting the infection of host
cells with SARS-CoV-2 pseudovirus. At the same time, IFN-f§ was selectively delivered to SARS-CoV-2 infected cells,
resulting in the upregulation of ISGs expression.

Conclusion Exosomes conjugated with nanobody-IFN- may provide potential benefits in the treatment of COVID-19
because of the cooperative anti-viral effects of the anti-spike nanobody and the IFN-f.

Keywords anti-spike nanobody - engineered exosome - SARS-CoV-2 - type I IFN

Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) is a single-stranded RNA coronavirus that has
threatened global public health since December 2019.
The first step of SARS-CoV-2 infection stems from the
receptor-binding domain (RBD) of the SARS-CoV-2 spike
glycoprotein (S-glycoprotein), which binds to its receptor,

P4 Tomoyoshi Yamano
tomoyoshi.yamano @med.kanazawa-u.ac.jp

4 Rikinari Hanayama

hanayama@med.kanazawa-u.ac.jp

Department of Immunology, Graduate School of Medical
Sciences, Kanazawa University, Kanazawa, Japan

2 'WPI Nano Life Science Institute (NanoLSI), Kanazawa
University, Kanazawa, Japan

angiotensin-converting enzyme-2 (ACE2), on host cells
[1]. Therefore, blocking the spike-ACE2 interaction is a
crucial strategy for preventing SARS-CoV-2 infection, and
anti-spike neutralizing antibodies serve as crucial agents
for Covid-19 [2—4]. For instance, bamlanivimab and etese-
vimab are neutralizing anti-spike antibodies developed by
AbCellera Biologics and Eli Lilly and have been used to
treat COVID-19 [5]. In addition, FDA-approved COVID-19
vaccines produced by Pfizer-BioNTech and Moderna have
been applied to individuals worldwide to produce neutral-
izing antibodies to prevent SARS-CoV-2 infection [6, 7].
In addition to conventional antibodies, a nanobody is a
small (12-15 kDa) single domain antibody fragment that
exposes a convex paratope that forms a prolate shape, allow-
ing it to efficiently blocks the essential epitopes on patho-
gens that are inaccessible to conventional antibodies [8, 9].
In contrast, RNA viruses, such as SARS-CoV-2, typically
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have higher mutation rates that allow escape from neutraliz-
ing antibodies or nanobodies [10]. The current SARS-CoV-2
variants, such as the Delta variant and the Omicron variant,
mutations occur on their spike protein and are more resistant
to neutralization antibodies [11, 12]. Hence the anti-spike
nanobodies or antibodies are insufficient to prevent the infec-
tion of SARS-CoV-2 variants as a monotherapy.

We hypothesized that the combining an innate anti-viral
immune response with a neutralizing nanobody would enhance
anti-SARS-CoV-2 immunity efficiently. Following viral infec-
tion, type I interferons (IFNs) are the first cytokines that pro-
duced by viral-infected cells. The secreted type I IFNs activate
neighboring cells, leading to the induction of hundreds of IFN-
stimulatory genes (ISGs), which limit viral replication [13].
Type I IFNs include IFN-a, IFN-f, IFN-w, etc. Especially, IFN-f
inhibits coronavirus replication more efficiently than IFN-o [14].
Furthermore, patients with COVID-19 treated with IFN-f3 were
found in a study to have recovered rapidly [15].

In recent years, the use of newly developed nanomaterials for
drug delivery has become widespread [16, 17]. Among nano-
particle materials, exosomes have recently been well engineered
because of their low immunogenicity, high stability, and wide
distribution throughout biological fluids [18-23]. For example, a
recent study showed that extracellular vesicles expressing ACE2
blocked SARS-CoV-2 receptor-binding domain (RBD) more
efficiently than soluble recombinant ACE2 and may be used as
potential therapeutics for SARS-CoV-2 [24].

Here, we developed nanobody-IFN-f conjugated
exosomes to inhibiting SARS-CoV-2 infection by combining
the nanobody-mediated blocking effects with IFN-f-induced
anti-viral immune response. In addition to inhibiting SARS-
CoV-2 infection, nanobody-IFN-f conjugated exosomes also
upregulated ISGs expression in infected cells, providing a
superior anti-SARS-CoV-2 effects.

Materials and Methods
Cell Lines

Human embryonic kidney cells (HEK293T, Riken BRC), HEK-
blue IFNo/p cells (InvivoGen, hkb-ifnab), and adenocarcinomic
human alveolar basal epithelial cells (A549, ATCC, CCL-185)
were cultured in Dulbecco's Modified Eagle Medium (DMEM,
Gibco), supplemented with 10% heat-inactivated fetal calf
serum (FCS, Gibco), 100U/ml penicillin, and 100 U/ml strep-
tomycin (FUJIFILM Wako). The cells were cultured at 37°C
in a humidified atmosphere containing 5% CO,. To prepare
exosome-free FCS, FCS was mixed with polyethylene glycol
(PEG) 10,000 (Sigma-Aldrich) at a ratio of 5:1 and rotated at
4°C for 3 h. PEG was removed by centrifuging at 2,000 g for 20
min. The supernatant was filtered through a 0.22 um filter and
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used as exosome-free FCS. The exosome-producing cell lines
were cultured in advanced DMEM (Gibco) supplemented with
2% exosome-free FCS, 1nmol/L of sodium pyruvate (Nacalai
Tesque), 100U/ml penicillin, and 100 U/ml streptomycin (FUJI-
FILM Wako).

Preparation of Plasmids

The nanobody-MFG-ES8-IFN-f encoding pCAG vector was
prepared using the Gibson assembly reaction. In particular, the
FLAG sequence (DYKDDDDK) was inserted after the signal
sequence, followed by an anti-spike nanobody (clone N112)
fused to the N-terminus of mutated human MFG-E8 (D48E).
IFN-f was fused to the C-terminus of human MFG-ES. A flex-
ible linker (GGGGS) was used to connect among nanobody,
MFG-ES, and IFN-f. The DNA sequences of the soluble anti-
spike nanobody-IFN-f recombinant proteins were synthesized
by Eurofins Genomics and inserted into the pCAG vector.

Preparation of Engineered Exosomes

4x10°8 293T cells were plated in a 10-cm-dish a day before
transfection. Cells were transfected with 10 ug of the plas-
mid using polyethylenimine (PEI; Polysciences). The cell
culture media was replaced with exosome-free medium 6 h
after transfection, and cells were cultured in exosome-free
medium for another 2 days to produce exosomes. To harvest
the exosomes, the supernatant was collected and centrifuged
at 300 g for 5 min to remove cell debris, followed by cen-
trifugation at 2,000 g for 20 min to remove the cell debris and
apoptotic bodies. The supernatant was centrifuged at 10,000
g for 30 min to remove apoptotic bodies and large extracel-
lular vesicles. The supernatant was centrifuged at 100,000 g
for 4 hours, and the pellet was washed with PBS and centri-
fuged at 100,000 g for 4 hours. The pellet was resuspended
with PBS and used as engineered exosomes. The numbers
and characteristics of engineered exosomes were quanti-
fied using NanoSight LM 10 (Malvern Panalytical, Malvern,
United Kingdom), and used for further experiments.

Preparation of the Soluble Anti-spike
Nanobody-IFN-B Recombinant Proteins

The soluble anti-spike nanobody-IFN-f recombinant proteins
were produced in 293T cells using transient transfection and
purified using anti-DYKDDDDK tag antibody beads (FUJI-
FILM WAKO) as previously described [25]. Briefly, The
soluble anti-spike nanobody-IFN-f recombinant proteins
were captured with anti-FLAG tag antibody beads from the
supernatant, washed, and competitively eluted using 150ug/
ml FLAG peptide. The eluates were concentrated with Ami-
con Ultra centrifugal filter 3K (Millipore, Germany) to remove
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the residual FLAG peptide. LILRB3-FLAG was used for the
control recombinant protein.

Bioassay of IFN-

HEK-blue IFNa/f reporter cells were seeded in a 96-well
plate at 5x10 cells/well density. Serial dilutions of recom-
binant human IFN-f (Abcam, ab71475) were added to create
a standard curve. The cells were cultured with recombinant
human IFN-f or the engineered exosomes or the soluble
recombinant proteins for 24 h. The QUANTI-Blue solution
was prepared according to the manufacturer’s instruction.
The QUANTI-Blue solution was mixed with the supernatant
and incubated at 37°C for 30min. The IFN-induced secreted
embryonic alkaline phosphatase (SEAP) level was deter-
mined using spectrophotometer at 650 nm. All samples were
performed in triplicates.

Flow Cytometry

APC-conjugated monoclonal antibodies (mAbs) to FLAG
(clone: L5) and phycoerythrin-Cy7 (PE-Cy7)-conjugated
mAbs to CD81 (clone: 5A6) were purchased from BioLe-
gend. Alexa Fluor 488-conjugated mAbs to human ACE2
(clone: 535919) and APC-conjugated monoclonal antibod-
ies (mAbs) to MFG-ES (clone:278918) were purchased from
R&D Systems. Staining for surface markers was performed
using a PS Capture Exosome Flow Cytometry Kit (FUJIFILM
Wako) according to the manufacturer’s instruction. Flow cyto-
metric analysis was performed using a BD FACSCANTO II.
Flowjo10 (Treestar) software was used for the analysis.

Generation of ACE2-expressing A549 Cells
and HEK-blue IFNa/p Cells

The human ACE2 full-length sequence was synthesized by
gene synthesis (Eurofins) and inserted into a pLIM1 lentivi-
ral vector. The virus supernatant was prepared by transfect-
ing 293T cells. 5x10° A549 cells were plated in a 6-well-
plate one day before infection, and the lentivirus with 10
pg/ml polybrene was used to infect A549 cells or HEK-blue
IFNa/p cells. The A549 cells or HEK-blue IFNo/f cells with
high ACE2 expression were sorted using BD FACSMelody.

SARS-CoV-2 Infection Assay

The SARS-CoV-2 pseudovirus (Takara, 632673) encod-
ing ZsGreen was prepared according to the manufacturer’s
instruction. 4x10* ACE2-expressing A549 cells or 4x10*
ACE2-expressing HEK-blue IFNa/fp cells were plated in
a 96-well-plate 24 h before infection. The SARS-CoV-2
pseudovirus were added to the well, then the engineered

exosomes or the soluble recombinant proteins were mixed
into the well. The applied amount of hIFN-f3 or mIFN-3 on
engineered exosomes or the soluble recombinant proteins
was quantified by human IFN-$ ELISA kit (Abcam) or LEG-
END MAX mouse IFN-p ELISA kit (Biolegend). 2x10°;
4x10%; 8x107 particles of anti-spike nanobody-hIFN-p-
conjugated exosomes contain 4.5ng, 1.1ng and 0.28ng of
hIFN-f, respectively. The same amounts of IFN-f in the
soluble recombinant proteins were used for the experi-
ments. Two days after infection, the infection rate of SARS-
CoV-2 pseudovirus was evaluated by the expression level of
ZsGreen using flow cytometry.

Quantitative PCR

3,000 infected ACE2-A549 cells (ZsGreen+) and 3,000
non-infected cells (ZsGreen-) were sorted using a BD FAC-
SMelody. mRNA was isolated using a NucleoSpin RNA
PLUS XS kit (Takara, 740990.50). qPCR was performed
using QuantStudio 3 (ThermoFisher) with the One-Step TB
Green PrimeScript RT-PCR Kit II (Takara, RRO86A). Prim-
ers used for gPCR were described elsewhere [26].

Results

Generation of Anti-spike Nanobody-IFN-
Conjugated Exosomes

MFG-ES is a secreted protein that binds phosphatidylserine
(PS) on the surface of exosomes via its tandem discoidin-like
domains (C1 and C2 domains) [27]. MFG-ES contains an Arg-
Gly-Asp (RGD) motif, that binds to avf3 integrin and promotes
phagocytosis [28]. Since an RGD motif may shorten the half-
life of MFG-ES8 conjugated exosomes in vivo, we utilized the
MFG-E8 (D48E) mutant [29], which does not bind to integ-
rin. To create engineered exosomes that conjugated anti-spike
nanobodies and human IFN-f (hIFN-f), we developed a fusion
protein with MFG-ES (Fig. 1). We selected a clone of anti-spike
nanobody, N112, which was screened in a previous study as a
lead anti-spike nanobody candidate with a high binding affin-
ity [30]. FLAG sequence was fused to the N-terminal of the
nanobody (Supplementary Fig. 1A, B). To evaluate the func-
tion of hIFN-f, we prepared an anti-spike nanobody-MFG-ES8-
mouse-IFN-f fusion protein as a control since mouse-IFN-3
(mIFN-B) does not cross-react with the human IFN receptor.
We transfected pCAG vectors that encoded fusion proteins into
293T cells and isolated engineered exosomes from the culture
supernatant by serial centrifugation. As a control, we also puri-
fied the soluble anti-spike nanobody-IFN-f recombinant pro-
teins (Supplementary Fig. 1C, D).
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Fig.1 Schematic diagram A
of the engineered exosomes.

(A) Schematic diagram of the
fusion proteins. The anti-

spike nanobody and either
human IFN-f (hIFN-p) or
mouse IFN-f (mIFN-B) were
fused with MFG-E8. A FLAG
sequence was inserted before
the anti-spike nanobody. (B)
Schematic diagram of the
engineered exosomes. The
anti-spike nanobody-hIFN-f
fusion protein was conjugated
with the exosomes via the C1C2
domains of MFG-E8.
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Characteristics of Engineered Exosomes

First, we performed a nanoparticle tracking analysis (NTA)
to evaluate the size of engineered exosomes. We found
that the engineered exosomes had a similar size distribu-
tion compared to the exosomes from 293T cells (Fig. 2A).
To confirm the expressions of nanobody and IFN-f on the
exosomes, we performed fluorescence-activated cell sorting
(FACS) analysis using the PS Capture Exosome Flow Cytom-
etry Kit. The expression of CD81 reflected the number of
exosomes, allowing us to compare the expression levels of the
nanobody-hIFN-f fusion protein and the nanobody-mIFN-f
fusion protein on the exosomes. We observed the compara-
ble expression of nanobody-hIFN-f3 and nanobody-mIFN-3
on the exosomes (Fig. 2B). Next, we verified the function of
hIFN-f on the exosomes. We performed a bioassay of hIFN-3
on exosomes using HEK-blue type I interferon reporter cells.
Reporter cells produce SEAP under the control of the IFN-
o/f inducible ISG54 promoter (Fig. 2C). We stimulated the
reporter cells with nanobody-hIFN-f or nanobody-mIFN-f3
exosomes for one day and evaluated the level of SEAP in the
cell culture supernatant. The results showed that hIFN-f on
exosomes stimulated the reporter cells (Fig. 2D). We also
observed that the nanobody-mIFN-f3 exosomes did not stimu-
late reporter cells, indicating that mIFN-f did not cross-react
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with the human type I IFN receptor (Fig. 2D). The soluble
anti-spike nanobody-hIFN-} recombinant protein but not anti-
spike nanobody-mIFN-f recombinant protein also stimulated
reporter cells (Supplementary Fig. 2).

Anti-spike Nanobody-IFN-B Conjugated Exosomes
Exerted a Potent Anti-viral Effect

To evaluate whether anti-spike nanobody-hIFN-f-conjugated
exosomes inhibit the infection of SARS-CoV-2, we used the
SARS-CoV-2 pseudovirus with the spike of D614G mutant
to mimic the infection process of SARS-CoV-2. We gener-
ated A549 cells and HEK-blue IFNo/f cells stably expressing
ACE?2 as target cells (Fig. 3A). We added the SARS-CoV-2
pseudovirus that encodes ZsGreen to the target cells, and then
we mixed either nanobody-mIFN-f exosomes, nanobody-
hIFN-p exosomes, or soluble anti-spike nanobody-IFN-f
recombinant proteins. We observed that nanobody-mIFN-3
exosomes partially blocked SARS-CoV-2 pseudovirus infec-
tion. In contrast, nanobody-hIFN-f conjugated exosomes
showed a superior ability to inhibit viral infection (Fig. 3B,
C and Supplementary Fig. 3). Note that anti-spike nanobody-
IFN-p conjugated exosomes are much more effective in block-
ing SARS-CoV-2 pseudovirus infection than soluble anti-spike
nanobody-hIFN-f recombinant protein. To further confirm
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Fig.2 Evaluation of the engineered exosomes. (A) The size distribution of isolated exosomes was analyzed by Nano Tracking Analysis (NTA)
using NanoSight LM10. The red area surrounding the lines represents the standard error of the mean. (B) The fusion protein expression on
the exosomes was analyzed with flow cytometry using the PS Capture Exosome Flow Cytometry Kit. Histograms show expressions of FLAG,
MFG-E8 and CD81 on the exosomes. (C) Schematic diagram of the HEK-blue IFNo/f reporter cell assay. (D) The activity of hIFN-f on the
engineered exosomes. 1x10° particles of engineered exosomes were applied to the HEK-blue IFNa/p cells. After 24 h, the IFN-induced secreted
embryonic alkaline phosphatase (SEAP) level was determined using a spectrophotometer at 650 nm.

whether hIFN-f was selectively delivered to SARS-CoV-2-in-
fected cells, we sorted SARS-CoV-2 pseudovirus infected cells
(ZsGreen+) and non-infected cells (ZsGreen-) and evaluated
the expression of interferon stimulated genes (ISGs) family by
quantitative PCR (qPCR). The qPCR results showed upregula-
tion of ISGs mRNA in ZsGreen+ A549 cells supplemented
with nanobody-hIFN-p conjugated exosomes (Fig. 3D).
Upregulation of ISG mRNA was not observed in ZsGreen+
A549 cells that were supplemented with nanobody-mIFN-f
conjugated exosomes. These results indicated that nanobody-
hIFN-f conjugated exosomes blocked the entry of SARS-
CoV-2 pseudovirus into the target cells, and additionally,

hIFN-f signals enhanced the expression of ISGs to mount an
anti-viral state (Fig. 4).

Discussion

In this study, we developed the engineered exosomes that
conjugated with anti-spike nanobodies and IFN-f. The
engineered exosomes selectively delivered IFN-f to SARS-
CoV-2 pseudovirus infected cells and upregulated ISGs,
which in turn induced an anti-viral state.
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«Fig.3 Anti-viral efficacy of engineered exosomes. (A) ACE2 was
lentivirally infected to the A549 cells or HEK-blue IFNa/p cells..
The expression of ACE2 on A549 cells or HEK-blue IFNo/f cells
were analyzed using flow cytometry. (B) Engineered exosomes or the
soluble nanobody-IFN-f recombinant proteins containing 0.28ng of
IFN-B were used to block the infection. The expression of ZsGreen
in ACE2-A549 cells represents the infection of the SARS-CoV-2
pseudovirus. The percentage of ZsGreen positive cells was analyzed
by flow cytometry. (C) The percentage of ZsGreen positive cells
in ACE2- HEK-blue IFNo/f cells was analyzed by flow cytometry.
(D) The ZsGreen positive cells and negative cells were sorted. The
expressions of ISGs were analyzed using qPCR. The Mean + SEM of
triplicates experiments was calculated.

It has been demonstrated that the non-structural protein
(NSP) of SARS-CoV-2, such as NSP1, NSP3, ORF3, and
ORF®6, suppresses the transcription of ISGs, inhibiting the
host’s type I interferon response [31-33]; however, an addi-
tional IFN-p treatment induces ISGs in the infected host
cells. In addition, pre-exposure to IFN-f can inhibit SARS-
CoV-2 replication [34], indicating that the timing of expo-
sure to IFN-f is key to control SARS-CoV-2 replication.
However, the systemic administration of IFN-f3 may cause
a series of side effects, including flu-like symptoms, men-
strual disorders, fatigue, or worsened depression or head-
ache [35, 36]. Considering that our engineered exosomes
selectively delivered IFN-p to the infected cells, it may be
possible to control the replication of SARS-CoV-2 with less
side effects.

Fig.4 An illustration of how
engineered exosomes play a
dual role in protecting against
viral infection. Exosomes
conjugated with the anti-spike
nanobody and IFN-f blocked

the entry of the SARS-CoV-2 2y

pseudovirus into the host cells.

At the same time, IFN-f binds %
to the SARS-CoV-2 pseudovi- Ay
rus. Therefore, the host cells

infected with the SARS-CoV-2 ‘
pseudovirus received IFN-f and
upregulated ISGs, creating an
anti-viral state.

It is well known that proteins of interest (POI) fused with
the C1 and C2 domains of MFG-ES8 can be expressed on the
exosomes [37]. To selectively deliver IFN-f to target cells,
we prepared the nanobody-MFG-E8-hIFN-f conjugated engi-
neered exosomes and the soluble nanobody-hIFN-f recom-
binant protein. We found that engineered exosomes more
efficiently blocked SARS-CoV-2 pseudovirus infection than
the soluble nanobody-IFN-f recombinant proteins. The higher
blocking efficacy of engineered exosomes is probably because
several dozen nanobody-MFG-E8-hIFN-f are conjugated on a
single exosome [37], so the engineered exosomes delivered a
higher concentration of nanobody and IFN-f to the target cells.
On top of that, the advantage of engineered exosomes over
recombinant proteins is their convertibility [37]. For example,
integrins expression has been reported to determine the orien-
tation of the exosomes in specific organs [38]. Adding specific
integrins to the engineered exosomes would enable delivery to
the infection site. Furthermore, ribonucleases could be incor-
porated into the engineered exosomes so that the viral genome
could be digested, or chemicals that inhibit the replication
of the virus could be included. Although further studies are
needed to evaluate the pharmacokinetics of nanobody-MFG-
E8-hIFN-P conjugated exosomes in-vivo [18-22], it is pos-
sible that our engineered exosomes that block virus entry and
selectively deliver IFN-f may be applicable to other viruses as
well as variants of SARS-CoV-2.
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Conclusion

Our engineered exosomes conjugated with multiple anti-
spike nanobody-IFN-f fusion proteins induced dual anti-
virus effects. The anti-spike nanobody on the exosomes
blocked the entry of SARS-CoV-2 into the host cells. IFN-f
signaling upregulates the expression of ISGs, which induces
an anti-viral state. Since anti-spike monoclonal antibodies
are insufficient to prevent the highly transmissible SARS-
CoV-2 variants, our nanobody-hIFN-f conjugated exosomes
may be a promising treatment for SARS-CoV-2 treatment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11095-022-03400-0.
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