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Co—delivery of VEGF and RUNX2 Messenger RNA by Polyplex Nanomicelles improves the process of mandibular
bone regeneration
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1. FERME (1)

1 HH (GoaD

The combine use of different kinds of osteogenic proteins (Runx2 and VEGF) may have some positive implications on the treatment of
bone regeneration who suffers from bone fractures and bone defects. Using Runx2 and VEGF for bone repair and regeneration is feasible
for mRNA delivery treatment strategies in future. The objective of this study is to explore whether local delivering of Runx2 and VEGF
mRNA would enhance mandibular defects repair of rat by in vivo and in vitro study. From this study, | hope to find evidence that Runx2
and VEGF mRNA promote bone repair and provide reliable experimental results for mMRNA treatment in the field of bone regeration.

2) Hkmg (Approach)

From the literature reviews, there are a lot of evidences that Runx2 and VEGF are important promoters of osteogenic differentiation[1,2].
But the intrinsic interactions among Runx2 and VEGF in bone regeration still needs to be well documented. In this study, | plan to use
MRNA encoding Runx2 and VEGF sequences as the method of osteogenic factor transmission, establish an mandibular defect model of
SD rat, and explore the effect of Runx2 and VEGF mRNA on bone repair. By comparing the different effects of two factors and their
combination of mMRNA on mandibular bone defect using histological and molecular biological analysis, | want to find one candidate one
mRNA or one mRNA pair which has the most effective osteo-induction effect.

3) #El & J7iE (Materials and methods)

Materials: VEGFal65 mRNA, Runx2 mRNA, Gluc mRNA, Luc2 mRNA, pladmid, Lipofectamin MessengerMAX, Renilla-Glo™
Luciferase Assay System, NIPPON GENETICS mRNA extraction, TOYOBO Reverse transcription kit, GeneAce SYBR® qPCR Mix a,
PEG-PAspDET(43-63) polymer, Hepes aqueous solution, Masson golden staining, CD-31 antibody, ALP antibody, OCN antibody, 8-
week-old male SD rat, low speed minimotor and handpiece, 4-mm circle drill, micro-CT, n vivo imaging system(IVIS).

Methods:

a) mRNA transfection Lipofectamin MessengerMAX: Seeding primary-osteoblasts(POBs) to be 70% confluent at transfection at dayO0. 24
hours later, dilute MessengerMAX Reagent(5ul) in Opti-MEM Medium(175ul) and prepare diluted mRNA master mix by adding
mRNA(2ug) to OptiMEM Medium(175ul). Then mixing diluted mRNA to each tube of Diluted MessengerMAX Reagent(1:1 ratio).
Finally, change the medium 24 hours later.

b) Gluc expression analyze: Add 100ul of Renilla Luciferase Assay Reagent to the luminometer tube. Add 20ul of cell lysate. Mix quickly
by flicking the tube or vortexing for 1-2 seconds.Place the tube in a luminometer and initiate measurement. Luminescence should be
integrated over 10 seconds with a 2-second delay. Other integration times may be used. If the luminometer is not connected to a printer or
computer, record the Renilla luciferase activity measurement.

¢) Runx2 and VEGF mRNA transfetion: P4-primary cells are seeding into 6-well-plate(1x1075 cells/well), group setting: A-only
medium, B-Lipofectamine+Luc2, C-Lipofectamine+RUNX2, D-Lipofectamine+VEGF, E-Lipofectamine +RUNX2 (1 pg/well)+VEGF(1
ng/well),F-Lipofectamine+osteogenic medium.

d) Realtime PCR: mRNA extraction by fastGene™ RNA Basic Kit. Reverse transfection the RNA by ReverTra AceTM qPCR RT Master
Mix kit. Target gene(ocn and opn) are anlyzed by real-time gPCR using SYBR Green | dye method. All the data are calculated by 2AACT
method. e)
Mandiblular defect: 8-week-old male rats are conducted mandibular defect surgery(4mm defect hole) under anesthesia.

f) IVIS: Luc2 mRNA(10ug)+PEG-PAsSpDET(43-63) polymer with total 50ul volume is injected into mandibular defect area. 4h, 24h, 48h,
72, 96h, 1week after injection, Luciferase expression is imaged by IVIS.

g) Runx2 and VEGF mRNA in vivo treatment: group: A-Hepes solution, B-Runx2(10ug), C-VEGF(10ug), E-RUNX2 (10ug)+VEGF(10u
g), from post-surgury 1week, conduct mRNA injection treatment every week.

h) micro-CT: post-surgury 4week, conduct microCT to analyze the bone mineral density and bone volume for new bone formation.

i) Immunofluorescence staining: 8week mandibular samples are collected to making frozen slides, then using CD-31 antibody to mark the
angeogenesis and ALP and OCN antibody to mark the osteogenesis of the bone defect area by immunofluorescence staining.

b
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1. ARBE(2)

4) EERFE R (Results)

a) mRNA synthesis and validity verification: western blot image showed that Runx2 and Vegf mRNA made in our lab successfully
produced protein in Hela cells (Figurela). successful Gluc mRNA transfection: Gluc expression curve demonstrated that the mMRNA
expression peaked at 24 hours post-transfection and gradually decrease with time.

b) Runx2 mRNA and VEGF mRNA promoted the osteogenic markers in vitro: After transfected with mRNA in different groups,the RT-
PCR results showed that expression of osteoprotin and osteocalcin were relatively highest in RUNX2+VEGF group, while using RUNX2
or VEGF mRNA alone weakly stimulates osteogenic differentiation compared with blank group and Luc2 group(Figure 1d-f). The 3 -
catenin, Lefl, and Osterix mRNA expression at 7 days also showed a slight increase in Runx2 mRNA/VEGF mRNA transfection group
than the Blank and Luc2 group. These in vitro data revealed that the use of Runx2 mRNA or VEGF mRNA alone only upregulated the
expression of OCN at 11 days.

d) PEG-PAsp(DET)-nanomicelles successfully delivered Luc2 mRNA into target area: 1\VVIS observed tha luciferase signal 4 hours after
Luc2 mRNA injection. The images demonstrated the luciferase expression peaked at 24 h then decreased with time. The distribution of
ZsGreenl from microscopic images verified that ZsGreenl mMRNA-loaded by polyplex nanomicelles was nonspecifically delivered into
multiple cells in vivo. And the ZsGreenl signal was dispersed in the mandibular defect area.

e) mandibular defect model identification and mMRNA treament by microCT: 3D construction image showed a clearg4dmm-circle bone
defect was established. The results showed local co-administration of Runx2/VEGF mRNA accelerated the new bone regeneration and
bone mineralization in the early phase of mandible bone healing. After the first mMRNA injection, the new bone tissue was observed in the
Runx2 mRNA group, VEGF mRNA, and Runx2/VEGF mRNA group, and the process of bone regeneration continued after weekly
administration. The ROI of mandible defect showed a large amount of new bone tissue was produced in the Runx2/VEGF mRNA group,
followed by VEGF mRNA group.

5) #%% (Discussion)

The combination of Runx2 and VEGF mRNA treatment in bone tissue regeneration is an exploration of an mRNA-based therapeutic
strategy. In this study, Runx2 and VEGF mRNA transfection enhanced the expression of osteogenic differentiation genes in osteoblasts,
which was confirmed by in vitro experiments. The subsequent in vivo animal experiments provided strong evidence that co-delivery of
Runx2 and VEGF mRNA by polyplex nanomicelles accelerated mandibular defect healing and enhanced new bone formation over the
Runx2 or VEGF mRNA single-administration groups. The morpho-histological analyses of ALP, OCN, and CD31 proteins expression
revealed that osteogenesis and angiogenesis coupling was activated by co-administration in the early phase of bone repair. Our in vitro and
in vivo results substantiated that the co-administration of Runx2 and VEGF mRNA has the advantage of synergistic effect on bone tissue
regeneration and osteogenesis and angiogenesis coupling compared with the single factor administration within a mandibular defect model.
In the complicated bone healing period, not only bone mesenchymal progenitors and osteoblasts lineages but also endothelial progenitors
are recruited into the bone defect area, and the cellular interactions between different types of cells participate in the process of
osteogenesis and angiogenesis[3]. Based on this concept of co-administration therapy, our study provides a feasible approach to add more
candidates of osteogenic factors for combination therapy in bone regeneration medicine.

The mRNA delivery achieves the combined administration of Runx2 and VEGF in the mandible defect area based on its characteristics of
efficiently, low cost, and safely stimulating cells to produce activity proteins. As a protein-replacement therapy, IVT mRNA is designed to
be structurally similar to those that occur naturally in eukaryotic cells and stimulates cells to produce the target bioactive protein, which
overcomes the difficulties such as the high cost of artificial recombinant protein synthesis and strict manufacturing conditions[4]. And it is
also easy to evaluate the optimal dose by adjusting different MRNA doses and dosage ratios, hence achieving better efficacy in bone
regeneration treatment.[5].

mMRNA therapeutics have made rapid progress in the fields of cancer immunotherapies and infectious disease vaccines in recent years, but
their application in bone tissue regeneration is still in its infancy. In our study, the dose ratio and administration time of Runx2 and VEGF
mMRNA in the treatment of mandibular defects need to be further optimized. And the mechanism of synergistic effect between RUNX2 and
VEGF mRNA in osteogenesis and angiogenesis coupling also requires our in-depth exploration. Although this study has some limitations,
the successful application of co-delivery Runx2 and VEGF mRNA for early bone healing in our research has expanded the idea of mMRNA
medicine. Our results provide a reliable experimental basis for the treatment of bone regeneration based on mRNA administration and
support the feasibility of mMRNA-loaded polyplex nanomicelles drugs for bone regeneration.

6) 2% ik (References)
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Metformin Rescues the Impaired Osteogenesis
Differentiation Ability of Rat Adipose-Derived Stem Cells
in High Glucose by Activating Autophagy

Maorui Zhang, ' Bo Yang,* Shuanglin Peng,? and Jingang Xiao'?

The incidence and morbidity of diabetes osteoporosis (DOP) are increasing with each passing year. Patients with
DOP have a higher risk of bone fracture and poor healing of bone defects, which make a poor quality of their life.
Bone tissue engineering based on autologous adipose-derived stem cells (ASCs) transplantation develops as an
effective technique to achieve tissue regeneration for patients with bone defects. With the purpose of promoting
auto-ASCs transplantation, this research project explored the effect of metformin on the osteogenic differentiation
of ASCs under a high-glucose culture environment. In this study, we found that 40 mM high glucose inhibited the
physiological function of ASCs, including cell proliferation, migration, and osteogenic differentiation. Indicators
of osteogenic differentiation were all downregulated by 40 mM high glucose, including alkaline phosphatase
activity, runt-related transcription factor 2, and osteopontin gene expression, and Wnt signaling pathway. At the
same time, the cell autophagy makers BECLIN1 and microtubule-associated protein 1 light chain 3 (LC3 I/IT)
were decreased. While 0.1 mM metformin upregulated the expression of BECLIN1 and LC3 I/Il gene and
inhibited the expression of mammalian target of rapamycin (mTOR) and GSK3, it contributed to reverse the
osteogenesis inhibition of ASCs caused by high glucose. When 3-methyladenine was used to block the activity of
metformin, metformin could not exert its protective effect on ASCs. All the findings elaborated the regulatory
mechanism of metformin in the high-glucose microenvironment to protect the osteogenic differentiation ability of
ASCs. Metformin plays an active role in promoting the osteogenic differentiation of ASCs with DOP, and it may
contribute to the application of ASCs transplantation for bone regeneration in DOP.

Keywords: metformin, adipose-derived stem cells, autophagy, Wnt signaling pathway, GSK3p, osteogenic
differentiation

Introduction

HE BONE TISSUE complication caused by a persistent high

blood glucose of diabetes mellitus (DM) is called dia-
betic osteoporosis (DOP), which is characterized by bone
loss, destruction of the bone microstructure, increased bone
fragility, and high fracture risk [1]. Hyperglycemia is one of
the main manifestations of DM patients, and the abnormal
glucose metabolism in the internal environment leads to os-
teogenesis disorder in bone tissue. Literature showed that
the number of mesenchymal stem cells and osteoblasts de-
creased, and the synthesis and secretion of regulatory factors
of osteogenic differentiation were also impeded in DM [1,2].
The insufficient osteogenic differentiation and bone forma-
tion in DM made it difficult to repair and regenerate bone
tissue. The poor bone healing and remaining bone defects in

DOP patients after the bone defect or fracture leading to a
decline in the quality of life of patients. So it is of great sig-
nificance and urgent necessity to explore the treatment to im-
prove the osteogenesis differentiation process in DOP.

In recent years, the induction of autologous mesenchymal
stem cells for tissue regeneration and cell-based tissue-
engineered bone provides a new therapy for promoting DOP
bone defect repair. Adipose-derived stem cells (ASCs) are a
type of adult mesenchymal stem cells from fat tissue that
have a capacity for self-renewal [3]. ASCs can be direction-
ally differentiated into osteogenesis, adipogenesis, and chon-
drogenesis, which have a wide application prospect in the
research fields of bone regeneration, bone healing, and bone
integration. Under somatic osteogenic induction conditions,
ASCs differentiate into osteogenic precursors expressing
genes and proteins related to osteogenic differentiation such
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as runt-related transcription factor 2 (Runx2), osteopontin
(Opn), DLXS, and Osterix. However, studies have proved
that the internal environment disturbance caused by diabetic
hyperglycemia had an impact on the metabolism of ASCs,
leading to significantly impaired ASCs bone-orientation dif-
ferentiation ability under the DOP microenvironment. How-
ever, the reasons for the osteogenic differentiation injury of
ASCs in the diabetes microenvironment are not fully under-
stood, and the treatment of bone repair and regeneration using
autologous ASCs from DOP still needs further exploration.

Metformin (MF) is one of the first-line drugs for type 2
diabetes treatment. Recent studies presented that metformin
maintained the stability of cell metabolism, activate autop-
hagy, and also had a relieving effect on osteoporosis [4-6].
Autophagy is a process in which cells self-regulate and de-
grade intracellular macromolecules and damaged organ-
elles. The cell degradation products are recycled by cell
autophagy, which maintains the homeostasis of the intracel-
lular environment [7]. Researchers found an increasing num-
ber of autophagic vesicles in femur tissue during postnatal
development, while the femur and tibia were underdevel-
oped in Fgf18"~ transgenic mice [8]. Gao et al. demon-
strated that metformin regulated the development of bone
marrow cells and promoted the differentiation of bone mar-
row mesenchymal stem cells to osteogenesis by regulating
the expression of Cbfal, LRP5, and COLI1 genes [9]. Al-
though studies have shown that metformin promoted the
osteogenic differentiation of mesenchymal stem cell lines,
the regulatory mechanism of metformin on ASCs osteogenic
differentiation under the high-glucose environment is still
not clear, and the relationship between autophagy and ASCs
osteogenic differentiation needs to be clarified.

Our previous study found that the DOP microenviron-
ment significantly inhibited the osteogenic differentiation
of ASCs; then, we want to further study the effect of met-
formin in the osteogenic differentiation process of ASCs.
Therefore, in this project, rat ASCs from fat tissue were
cultured in vitro and treated with high glucose, metformin,
and 3-methyladenine (3-MA) to explore whether metformin
can activate cell autophagy level to promote the process
of bone orientation differentiation of ASCs, as well as the
molecular mechanism and signaling pathway involved.

Materials and Methods
Isolation of ASCs

This animal research was approved by the Animal Ethics
Committee of Southwest Medical University, Luzhou, China.
All the procedures, including anesthesia, surgery, nursing,
and euthanasia, were conducted according to the guidelines
of the National Institutes of Health of China.

The Sprague-Dawley male rats were given general anesthe-
sia. After removing the inguinal adipose tissue, the skin wound
was sutured and resuscitated. The tissue sample was cultured by
the tissue block culture method under aseptic conditions. First,
adipose tissue was washed by phosphate-buffered solution
(PBS; HyClone) containing 1% penicillin—streptomycin solu-
tion (FBS; HyClone). Then, it was carefully cut into mince and
laid on the bottom of the culture flask. Next, we gently added
alpha-modified eagle’s medium (o-MEM; HyClone) medium
containing 10% fetal bovine serum (FBS; HyClone), and cul-
tured in an incubator in 5% CO, at 37°C for primary cell culture.

ZHANG ET AL.

The culture medium was changed every 3 days. The multi-
lineage differentiation capacity of ASCs was proved by our
previous article [10]. The cells were passed to third-generation
for the following experiments.

Cell proliferation analysis after reagents treatment

Cell Counting Kit-8 (CCK-8; Dojindo, China) was used to
detect the toxicity of different glucose concentration of ASCs.
The third-passage ASCs (5 x 10* cells/mL, 100 uL/well) were
cultured in 96-well plates with a-MEM for 24 h. Then, ASCs
were treated with different concentrations of glucose (10, 25,
50, 75, and 100 mM; MedChemExpress). After 48 and 96h,
we added a reagent of the CCK-8 into medium and incubated
for 2-3 h. The optical densities of the incubated medium in
different groups were measured at 450nm by an automatic
microplate reader (Spectra Thermo, Switzerland).

Cell wound healing assay

The third-passage ASCs (5x 10* cells/well) were seeded
into 6-well plates, and then, ASCs were treated with 40 mM
glucose and 0.1 mM metformin (MedChemExpress) [11,12].
When the cell density reached 95%—-100%, a 100 uL pipette
tip (Thermo Scientific) was used to make a straight scratch
in the center of each plate. Images were collected at 6-h
intervals to observe the wound healing ability of ASCs.

Alizarin red-S staining

ASCs (5% 10* cells/well) were seeded into 6-well plates
and cultured in an osteogenic medium (Cyagen Biosciences,
Inc.) with high glucose, metformin, and 3-MA. The compo-
nents of osteogenic medium were as follows: basal medium
(175mL), FBS (20mL), glutamine (2mL), penicillin—
streptomycin (2 mL), ascorbate (400 pL), B-glycerophosphate
(2mL), and dexamethasone (20 uL). After 21 days, the num-
ber of mineralized nodes with alizarin red stain was used to
demonstrate the osteogenic differentiation ability of ASCs.
After 21 days, PBS was used to wash cells thrice, and 4%
paraformaldehyde was used to fix ASCs for 30 min. Then
ASCs with mineralized matrix was stained with Alizarin
red-S dye for 1h and the images were collected by inverted
light microscope (Olympus, Japan).

Alkaline phosphatase staining

After drug treatment cultured with osteogenic induction
medium in 7 days, ASCs were fixed by 4% paraformalde-
hyde and washed by PBS thrice. The activity of alkaline
phosphatase (ALP) was examined by 5-bromo-4-chloro-3-
indolyl phosphate/Nitro Blue Tetrazolium Color Develop-
ment Kit (Beyotime, China) overnight. Also, the stained
cells were observed by an inverted light microscope.

Western blot assay

Total protein of ASCs was lysed using the Total Protein
Extraction Kit (Keygen Biotech, China) after drug treatment.
Then, we detected the concentration of total protein by
Bicinchoninic Acid Protein Assay Kit (Thermo Scientific).
Then, different proteins among each group were divided
by 8% or 10% or 12% (v/v) sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) gel
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(Beyotime) with 90V for 1h and 120V for 1h. Also, the
SDS-PAGE gel was transferred to polyvinylidene difluoride
(PVDF) membranes (Bio-Rad) at a constant current of
100 mA for 1 h. All PVDF strips were blocked with 5% skim
milk (Bio-Rad), which was diluted in 0.05% (v/v) Tween-20
Tris-buffer saline (TBST) and incubated with target primary
antibodies (1:1,000) overnight at 4°C, including glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH; ab181602),
OPN (ab91655), GSK3p (ab32391), mammalian target of
rapamycin (mTOR) (ab32028) and BECLINI (ab62557,
Abcam, United Kingdom), and RUNX2 (12556s), LEFI
(2230p), PB-catenin (D10AS), and light chain 3 (LC3) I/II
(12741T; Cell Signaling Technology). Membranes were
washed with TBST thoroughly for 30 min and immersed in
goat-anti-rabbit secondary antibodies (Beyotime) for 1h.
The image results were visualized using an Enhanced
Chemiluminescence Detection System (Bio-Rad).

Immunofluorescence staining and confocal
laser scanning

ASCs (1x10* cells) were inoculated on confocal dishes
(Corning) and treated as previously described with high glu-
cose and metformin for 4 days. Cells were gently washed with
PBS and fixed with 4% paraformaldehyde for 15 min. Per-
meabilized the cytomembrane of ASCs by 0.5% Triton X-100
and immersed them in 5% goat serum (Beyotime) for 1 h. Next,
rabbit primary antibodies of BECLIN1 and GSK3f (1:200)
were used to incubate ASC samples overnight at 4°C, and a
fluorescence-conjugated goat-anti-rabbit secondary antibody
(Beyotime) was used to combine the primary antibody for 1 h.
Finally, the nucleus of ASCs was stained by 4’,6-diamidino-2-
phenylindole (Beyotime). The fluorescence images were
captured by the inverted fluorescence microscope (Olympus).

RNA extraction and real-time fluorescent
polymerase chain reaction

Total RNA of ASCs in each group was extracted by Total
RNA Extraction Kit (BioFlux, China). The mRNAs were

reverse transcribed into cDNA by PrimeScript RT Reagent
Kit (Takara Bio, Japan). Then real-time polymerase chain
reaction (RT-PCR) was conducted by SYBR Premix ExTaq
kit (Takara Bio) with ABI 7900 system machine (Applied
Biosystems) as follows: 95°C for 45 s; then 40 cycles of 95°C
for 55s; and finally 60°C for 30s. All the primer sequences
details are shown in Table 1. The quality of the PCR product
was examined by melting curve, while the gene cycle
threshold (CT) values from all groups were calibrated with
Gapdh CT values and calculated by the 27" method.

Statistical analysis

Experimental results were repeated over three times in-
dependently, and the data were calculated by SPSS
19.0 software (SPSS, Inc.) with Student’s #-test or one-way
ANOVA. Differences were marked as statistically significant
if P<0.05.

Results

High glucose restrained cell proliferation
and cell migration

Cultured with different differentiation induction me-
diums, ASCs derived from adipose tissue were induced
into osteoblasts, adipocytes, and chondrocytes, which
demonstrated the multidirectional differentiation ability
of ASCs (Fig. 1A). After osteogenic induction, ASCs
changed their morphology from spindle shape of fibro-
blasts to typical polygon shape of osteoblast, and mineralized
matrix accumulates around the cells. While in the adipo-
genic medium, the shape of ASCs became ovoid and filled
with lipid, which was dyed orange by Oil Red O. When
ASCs differentiate into chondroblasts, they secreted pro-
teoglycan, collagen, and other extracellular matrices to
make the cells stick together.

Excessive glucose concentrations are toxic to the prolifera-
tion, migration, and differentiation of ASCs. The CCK-8 results
showed that the cell proliferation ability of ASCs was gradually

TABLE 1. PRIMER SEQUENCES INFORMATION FOR AMPLIFICATION OF GENES

Gene name RefSeq transcripts Sequence (5’ —3’)
Gapdh NM_017008.4 Forward: ACAGCAACAGGGTGGTGGAC
Reverse: TTTGAGGGTGCAGCGAACTT
Runx2 NM_001278483.1 Forward: AGGGACTATGGCGTCAAACA
Reverse: GGCTCACGTCGCTCATCTT
Opn NM_012881.2 Forward: CACTCCAATCGTCCCTACA
Reverse: CTTAGACTCACCGCTCTTCAT
p-Catenin NM_053357.2 Forward: AAGTTCTTGGCTATTACGACA
Reverse: ACAGCACCTTCAGCACTCT
Gsk3p NM_019827.7 Forward: AACTCCACCAGAGGCAATCG
Reverse: CGTTGCACTCTTAGCCCTGT
Lefl NM_130429.1 Forward: CAGACCTGTCACCCTTCAGC
Reverse: GTGAGACGGATTGCCAAACG
mTOR NM_019906.2 Forward: AGTGGGAAGATCCTGCACATT
Reverse: TGGAAACTTCTCTCGGGTCAT
Beclinl NM_053739.2 Forward: AGCACGCCATGTATAGCAAAGA
Reverse: GGAAGAGGGAAAGGACAGCAT
LCc3 1 NM_022867.2 Forward: GAGTGGAAGATGTCCGGCTC

Reverse: CCAGGAGGAAGAAGGCTTGG

Gapdh, glyceraldehyde 3-phosphate dehydrogenase; LC3, light chain 3; mTOR, mammalian target of rapamycin; Opn, osteopontin;

Runx2, runt-related transcription factor 2.

-



Downloaded by Southwest Medical University (Sichuan University) from www.liebertpub.com at 12/13/21. For personal use only.

1020

ZHANG ET AL.

FIG. 1. ASCs had multidirectional differentiation ability, but high-glucose inhibited the cell proliferation and migration of
ASCs. (A) ASCs multidirectional differentiation was analyzed by Alizarin red-S staining (in red), Oil Red O staining (in
orange), and Alcian blue assay (in blue) after induction culture; (B) CCK-8 assay data showed that the high-glucose con-
centration inhibited the cell proliferation activity at 48 and 96h. At 40 mM high glucose, the cell proliferation activity was
reduced to 80% which was statistically different from the control group; (C) cell wound healing progress was detected every
6 h with an inverted light microscope, the images showed that the cell migration ability was suppressed in the high-glucose
group and its scratch was not healed within 24 h. The yellow dotted line shows the initial boundary of the scratch. *P <0.05,
**P<0.01. ASC, adipose-derived stem cell; CCK-8, Cell Counting Kit-8. Color images are available online.

declined with the increase of glucose concentration in 48 and
96h (Fig. 1B). Also, the cell migration ability of ASCs was
depressed under 40 mM glucose treatment compared with the
control group at different time points (Fig. 1C). Then, we
studied the inhibiting effect of high glucose on osteogenic
differentiation of ASCs in the following part of our research.

High glucose inhibited osteogenic differentiation
capacity and Wnt signaling pathway in ASCs

To explore the relationship between high glucose and
ASCs osteogenic differentiation, we treated ASCs with 40 mM
glucose and 0.1 mM metformin and detected the changes
of cell mineralization, ALP activity, osteogenic factors, and
Wnt signaling pathway. After osteogenic differentiation in-
duction for 21 days, the mineralized external matrix produced
by ASCs was stained by Alizarin red-S staining. The staining
results demonstrated that high-glucose treatment caused the
lower formation of mineralized nodules in the high-glucose
group, while the addition of metformin in high glucose pro-
moted the formation of mineralized nodules to a certain extent
(Fig. 2A). The ALP staining results of ASCs after osteogenic
differentiation for 7 days also proved that a high-glucose en-
vironment inhibited ALP activity, while metformin upregu-
lated its expression (Fig. 2C). RUNX2 and OPN were the
represent proteins for osteogenic differentiation, f-CATENIN
and LEF1 represented the activity of the Wnt signaling path-
way. After 4 days of ASCs osteogenic differentiation, the
western blot and RT-PCR results were consistent with the re-
sults of Alizarin red-S staining and ALP staining (Fig. 2B, D).

High glucose suppressed the autophagy level
and metformin modulated autophagy inhibition
induced by high glucose

Our results showed a correlation between osteogenic dif-
ferentiation potential damage of ASCs and the inhibition of
autophagy level by high glucose. After being cultured under
high glucose and metformin condition, the protein and mRNA
of ASCs in different groups were analyzed. The western blot
images showed that high glucose inhibited the expression of
two key proteins in autophagy: BECLIN1 and LC3 /I, while
they were upregulated by metformin (Fig. 3A, B). However,
the expression of mTOR and GSK3f, which negatively reg-
ulated the autophagy signaling pathway, was increased in the
high-glucose group. The gene expression results detected by
RT-PCR were consistent with western blot results (Fig. 3D).
Then, the fluorescence signal images showed that the ex-
pression of Beclinl was the weakest in the high glucose
group, while metformin activated the expression of Beclinl
and showed the strongest fluorescence (Fig. 3C).

3-MA antagonized the effect of metformin
on osteogenic differentiation and cell autophagy
in ASCs

To further prove the important role of autophagy in pro-
moting osteogenic differentiation of ASCs, we added 3-MA,
an inhibitor of metformin, to verify that once inhibited by
3-MA, metformin was not able to recover the damaged
osteogenic differentiation potential of ASCs by high

8-
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FIG. 2. The osteogenic differentiation capacity of ASCs and the Wnt signaling pathway were detected after glucose and
metformin treatment. (A) Osteogenesis cultured for 21 days, mineralized nodules were stained by Alizarin red-S; (C) osteo-
genesis cultured for 7 days, and the active ALP in ASCs was dyed purple. Metformin group had the highest of mineralized
nodules formation and ALP activity; (B, D) RT-PCR and western blot data showed that the expression of typical osteogenic genes
Runx2 and Opn and Wnt signaling pathway genes f-catenin and Lef] was higher in the metformin group than that of the high-
glucose group. Although the expression level of the HG+MF group was not as good as that of the metformin group, it was also
higher than that of the HG group. The difference was statistically significant. All the results showed that metformin resisted the
negative effect of high glucose and promoted bone formation. *P <0.05, **P <0.01. ALP, alkaline phosphatase; MF, metformin;
Opn, osteopontin; RT-PCR, real-time polymerase chain reaction; Runx2, runt-related transcription factor 2. Color images are

available online.

glucose. The Alizarin red-S staining images demonstrated
that after the addition of 3-MA, the ability of metformin to
promote osteogenic differentiation was offset by 3-MA
(Fig. 4A). The results of western blot and RT-PCR dem-
onstrated that the expression of Beclinl and LC3 I/I was
successfully inhibited by 3-MA, and metformin could not
upregulate their expression (Fig. 4B, C). The expression of
RUNX2 and OPN was higher in the HG+MF group than in
the HG group. When 3-MA inhibited the effect of metfor-
min, the expression of RUNX2 and OPN was downregulated
in the 3-MA+MF+HG group compared with the MF+HG
group (Fig. 4B, C). The results meant that the positive effect
of metformin on ASCs osteogenesis was inhibited by 3-MA.

Metformin-modulated autophagy activated Wnt
signaling pathway in the process of osteogenic
differentiation

So far, we have proved that high glucose inhibited the
osteogenic differentiation potential of ASCs through auto-

phagy, while metformin reversed this negative effect. How-
ever, we still need to find the clues behind the osteogenesis
damage of ASCs and autophagy. The literature review found
that GSK3f could not only negatively regulate the level of
autophagy but also targeted to bind the B-CATENIN to in-
hibit the Wnt signaling pathway [13,14]. Therefore, we were
committed to exploring whether GSK3p is a link between
the Wnt signaling pathway and cell autophagy. After treat-
ment with high glucose, metformin, and 3-MA, we detected
the expression activity of mTOR, GSK3f, p-CATENIN, and
LEF1 among each group (Fig. 5A, C). The protein expres-
sion of mTOR and GSK3p was upregulated in the high-
glucose group, and metformin could not depress them in the
HG +3-MA+MF group. The expression of f-CATENIN and
LEF1 was higher in the HG+MF group than that in the HG
group and the HG +3-MA+MF group. The results demon-
strated that the Wnt signaling was activated when the cell
autophagy level was upregulated by metformin, which pro-
moted the progress of osteogenic differentiation. The fluo-
rescence staining of GSK3f showed that it was highly

-
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FIG. 4. Metformin alleviated the high glucose-induced damage to the osteogenic capacity of ASCs by activating
autophagy. (A) The Alizarin red-S staining images showed that metformin was helpful for osteogenesis and promoted
the production of mineralized nodules even in the HG+MF group. But after adding 3-MA, the size and the number of
mineralized nodules were reduced, especially in the HG +3-MA+MF group; (B, C) the protein and gene expression
of Beclinl and LC3 I/Il was downregulated in the 3-MA+MF group and the HG +3-MA+MF group. The expression of
Runx2 and Opn was also decreased and could not recover in the HG +3-MA+MF group. *P<0.05, **P<0.01,
*##%¥P<0.001. 3-MA, 3-methyladenine. Color images are available online.

>

FIG. 5. Metformin regulated Wnt signaling pathway. (A) Western blot image and bar graph showed that the expression of
mTOR and GSK3 was the lowest in the MF group, but was increased under the treatment of 3-MA. Because of the inhibitory
effect of 3-MA on metformin, the expression of B-CATENIN and LEF1 was suppressed in the HG +3-MA+MF group. The
activation effect of metformin on the expression of f-CATENIN and LEF1 was negatively influenced by 3-MA. (B) The red
fluorescence showed the expression of GSK3[ of ASCs. It was obvious that the fluorescence signal of GSK3f was weakest in
the MF group, and it was weaker in the HG+MF group than the HG group and HG +3-MA+MF group. These images showed
that GSK3f was significantly inhibited by metformin. (C) The mRNA expression results of f-Catenin, LEFI, mTOR, and
GSK3[ were consistent with western blot analysis, which demonstrated that the depress effect of metformin on GSK3f
activated the Wnt signaling pathway. *P <0.05, **P <0.01, ***P <0.001. Color images are available online.
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expressed in the HG group and downregulated by metformin
in the HG+MF group. But metformin failed to work on
GSK3 in the presence of 3MA in the 3-MA+MF group and
HG +3-MA+MF group (Fig. 5B).

Discussion

Although studies have reported that the risk of bone met-
abolic disease due to diabetes is not consistent across ethnic
groups, it has become a global public health issue affecting
over 422 million individuals all over the world [15-19]. It
was found that skeletal fragility in diabetes caused an in-
creased incidence of osteoporosis, a higher risk of fracture
and poor bone healing [20]. Rodent models of diabetes pro-
ved that obesity, insulin resistance, and hyperglycemia of
the T2D diabetes model caused skeletal abnormalities, in-
cluding lower femoral cortical thickness, decreased stiffness,
and abnormalities of multiple trabecular and cortical mi-
croarchitectural [21]. Studies of osteoblast cell lines based
on diabetes and hyperglycemia environment also showed
that diabetes has a significant negative effect on cell phys-
iological function. Previous studies in my research group
showed that the osteogenic differentiation ability of ASCs was
significantly suppressed by advanced glycation end prod-
ucts, which is a kind of glucose and protein metabolites
due to hyperglycemia [10,22]. In this study, we used high-
dose glucose to simulate a hyperglycemia environment, and
the results showed that the proliferation, migration, and os-
teogenic differentiation of ASCs are significantly inhibited,
which is consistent with the published literature.

To solve the problem of osteogenic differentiation inhi-
bition of ASCs with high glucose, we set our sights on the
first-line hypoglycemic drugs, trying to find the positive ef-
fect of metformin on osteogenic differentiation of ASCs.
Numerous researches give experimental evidence for a
promising benefit of metformin for skeletal metabolism
[23,24]. In vitro studies (Wang P et al.) found that metfor-
min contributed to the differentiation of human-induced
pluripotent stem cell-derived mesenchymal stem cell to os-
teoblast cell line by mediating the LKB1/AMPK pathway
[25]. Agnieszka S et al. proposed that low concentration
metformin promoted the metabolic activity of ASCs, while
high-concentration metformin inhibited it [26]. On the flip
side, high-concentration metformin had a stronger effect on
osteogenesis, while low-concentration metformin appeared
to have a weak effect. According to existing literatures,
0.1 mM metformin is a nontoxic concentration for different
types of cells and showed good effects on osteogenic differ-
entiation [11,12]. Therefore, the 0.1 mM metformin was used
in our study as the treatment concentration. Our research data
based on ASCs proved a positive effect of 0.1 mM metfor-
min in expediting the osteogenic differentiation of ASCs.
Most intuitively, there is a significant increase in the pro-
duction of mineralized nodules visible to the naked eye after
0.1 mM metformin treatment. In addition, the expression of
osteogenic markers and the Wnt signaling pathway was
upregulated by metformin.

In recent years, the role of metformin as an autophagy
activator has been gradually discovered. Our study analyzed
the expression of autophagy key proteins Beclinl and LC3 I/11,
which was significantly inhibited under high-glucose con-
ditions while was rescued by metformin. At the same time,

metformin decreased the expression of the negative regu-
latory factors of autophagy, mTOR, and p-GSK3f (Fig. 3).
Some research work has demonstrated that the distur-
bance of physiological activity of cells in a high-glucose
environment is closely related to the change of auto-
phagy level [27,28]. Metformin prominently regulates the
osteoprotegerin-mediated inhibition of osteoclasts differen-
tiation by upregulating the level of autophagy [29]. Another
study on metformin showed that the autophagic capacity,
antiaging ability, and osteogenic differentiation were posi-
tively improved after being treated with metformin every
day [6]. In this study, we demonstrated that the high ex-
pression of autophagy-related genes and proteins altered
by adding metformin, and their changes are positively cor-
related with osteogenic differentiation of ASCs. Therefore,
the activating effect of metformin on autophagy maybe its
key mechanism to promote osteogenesis.

With the development of autophagy study, researchers
revealed that the negative regulator of autophagy is also an
important factor affecting autophagy. A close relationship
between autophagy level and cell osteogenesis was found
not only in osteoblasts and osteoclasts but also in hemato-
poietic progenitors and macrophagocyte [30,31]. GSK3p
was reported to have negative regulatory effects on the
autophagy pathway in cancer cells but also in other diseases
[32,33]. Azoulay-Alfaguter et al. reported that a high level
of GSK3a and GSK3f activated mTORC1 and suppres-
sed Beclinl expression in MCF-7 human breast cancer
cells, contributing to cancer therapy [34]. It was also showed
a negative correlation between Akt/GSK3p/fB-catenin sig-
naling and autophagy in atrial fibrosis of human atrial fi-
broblasts [32]. Our data found that the inhibition of high
glucose on the autophagy pathway was related to the over-
expression of GSK3p and mTORI1 in ASCs. Metformin
appeared to inhibit the expression of GSK3[ while activating
autophagy.

As we know, GSK3 is also an important protein that in-
hibited the key factor, f-Catenin, in the Wnt signaling path-
way [10,14,22,35]. Glucagon-like peptide-1 improved the
glucose tolerance and insulin tolerance in a diabetic mouse
model and promoted the expression of osteogenic markers
via the Wnt/GSK3f/B-catenin pathway [14]. The osteogenic
differentiation ability of human BMSCs was activated by
Ginsenoside Rgl because of its inhibitory effect on GSK3f3
[35]. What’s more, it is worth noting that direct evidence
showed that GSK3p is a link factor between the autophagy
pathway and the Wnt signaling pathway [36]. The authors
proved that electroacupuncture pretreatment provided neu-
roprotective effects and ischemic stroke prevention by up-
regulating autophagy and B-catenin through the inhibition of
GSK3p in the cerebral ischemia injury model. Therefore,
based on the literature and our research, we believe GSK3[
might be an important connection point on the impetus of
metformin on osteogenic differentiation of ASCs. When
metformin activated the cell autophagy of ASCs, it also
gave a negative feedback effect on GSK3f. The expression
suppression of GSK3B by metformin relieved its inhibit-
ing effect on the cell autophagy and Wnt signaling path-
way ultimately promoted the recovery of osteogenic
differentiation ability of ASCs. In our next stage, we will
continue to in-depth study about the molecular mecha-
nisms of metformin and GSK3p regulating the osteogenic
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differentiation of ASCs in the diabetic microenvironment
and provide more experimental evidence to promote the
application of metformin in bone repair and regeneration
with diabetic osteoporosis.

Conclusion

Current results demonstrated that the expression of auto-
phagy and the Wnt signaling pathway was significantly
inhibited under the high-glucose culture environment, re-
sulting in the damage of the osteogenic differentiation abil-
ity of ASCs. As an autophagy agonist, metformin resisted
the negative effects of high glucose and restored the activity
of autophagy and the Wnt signaling pathway, playing a
positive role in the osteogenic differentiation process of ASCs.
This study elaborated a mechanism of metformin reducing
the inhibitory effect of high glucose on the osteogenic dif-
ferentiation of ASCs by activating cellular autophagy and
the Wnt signaling pathway, which provided a possibility for
the application of metformin in transplantation of ASCs for
bone repair under diabetes osteoporosis conditions.

Acknowledgments

The authors thank Oral & maxillofacial Reconstruction
and Regeneration Laboratory, The Affiliated Stomatology
Hospital of Southwest Medical University for experimental
equipments in this research.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

This work was funded by National Natural Science Foun-
dation of China (81870746), Program of Southwest Medi-
cal University (2019ZQN167, 2019ZQN143), Program of
The Affiliated Stomatology Hospital of Southwest Medical
University (202017), Climb Plan Project of The Affiliated
Stomatology Hospital of Southwest Medical University
(2020QY04), and Open Project of the State Key Laboratory
of Oral Disease Research (SKLOD20210F08).

References

1. Hofbauer LC, CC Brueck, SK Singh and H Dobnig. (2007).
Osteoporosis in patients with diabetes mellitus. J Bone
Miner Res 22:1317-1328.

2. Tan J, L Zhou, Y Zhou, P Xue, G Wu, G Dong, H Guo
and Q Wang. (2017). The influence of diabetes mellitus on
proliferation and osteoblastic differentiation of MSCs. Curr
Stem Cell Res Ther 12:388—400.

3. Wallner C, S Abraham, JM Wagner, K Harati, B Ismer,
L Kessler, H Zollner, M Lehnhardt and B Behr. (2016).
Local application of isogenic adipose-derived stem cells
restores bone healing capacity in a type 2 diabetes model.
Stem Cells Transl Med 5:836-844.

4. Aung M, S Amin, A Gulraiz, FR Gandhi, JA Pena Escobar and
BH Malik. (2020). The future of metformin in the prevention of
diabetes-related osteoporosis. Cureus 12:¢10412—10418.

5. Bahrambeigi S, B Yousefi, M Rahimi and V Shafiei-
Irannejad. (2019). Metformin; an old antidiabetic drug with

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

-

ZHANG ET AL.

new potentials in bone disorders. Biomed Pharmacother
109:1593-1601.

. Lin J, R Xu, X Shen, H Jiang and S Du. (2020). Metformin

promotes the osseointegration of titanium implants un-
der osteoporotic conditions by regulating BMSCs autop-
hagy, and osteogenic differentiation. Biochem Biophys Res
Commun 531:228-235.

. Djajadikerta A, S Keshri, M Pavel, R Prestil, L Ryan and

DC Rubinsztein. (2020). Autophagy induction as a thera-
peutic strategy for neurodegenerative diseases. J Mol Biol
432:2799-2821.

. Greenhill C. (2016). Bone: autophagy regulates bone

growth in mice. Nat Rev Endocrinol 12:4.

. Gao Y, Y Li, J Xue, Y Jia and J Hu. (2010). Effect of the

anti-diabetic drug metformin on bone mass in ovariecto-
mized rats. Eur J Pharmacol 635:231-236.

Zhang M, Y Li, P Rao, K Huang, D Luo, X Cai and J Xiao.
(2018). Blockade of receptors of advanced glycation end
products ameliorates diabetic osteogenesis of adipose-
derived stem cells through DNA methylation and Wnt
signaling pathway. Cell Prolif 51:e12471-e12482.

Ma J, Z-L Zhang, X-T Hu, X-T Wang and AM Chen.
(2018). Metformin promotes differentiation of human bone
marrow derived mesenchymal stem cells into osteoblast via
GSK3p inhibition. Eur Rev Med Pharmacol Sci 22: 7962—
7968.

Jia L, Y Xiong, W Zhang, X Ma and X Xu. (2020). Met-
formin promotes osteogenic differentiation and protects
against oxidative stress-induced damage in periodontal
ligament stem cells via activation of the Akt/Nrf2 signaling
pathway. Exp Cell Res 386:111717.

Ren J, T Liu, Y Han, Q Wang, Y Chen, G Li and L Jiang.
(2018). GSK-3beta inhibits autophagy and enhances ra-
diosensitivity in non-small cell lung cancer. Diagn Pathol
13:33-43.

Li Y, H Fu, H Wang, S Luo, L Wang, J Chen and H Lu.
(2020). GLP-1 promotes osteogenic differentiation of hu-
man ADSCs via the Wnt/GSK-3beta/beta-catenin pathway.
Mol Cell Endocrinol 515:110921.

Koromani F, L Oei, E Shevroja, K Trajanoska, J Schoufour,
T Muka, OH Franco, MA Ikram, MC Zillikens, et al.
(2020). Vertebral fractures in individuals with type 2 dia-
betes: more than skeletal complications alone. Diabetes
Care 43:137-144.

Moayeri A, M Mohamadpour, SF Mousavi, E Shirzadpour,
S Mohamadpour and M Amraei. (2017). Fracture risk in
patients with type 2 diabetes mellitus and possible risk
factors: a systematic review and meta-analysis. Ther Clin
Risk Manag 13:455-468.

Looker AC, MS Eberhardt and SH Saydah. (2016). Dia-
betes and fracture risk in older U.S. adults. Bone 82:9-15.
Hothersall EJ, SJ Livingstone, HC Looker, SF Ahmed,
S Cleland, GP Leese, RS Lindsay, ] McKnight, D Pearson,
et al. (2014). Contemporary risk of hip fracture in type 1
and type 2 diabetes: a national registry study from Scot-
land. J Bone Miner Res 29:1054-1060.

World Health Organization. (2016). World Health Orga-
nization: Global Report on Diabetes. World Health Orga-
nization, Geneva, Switzerland.

Rubin MR. (2017). Skeletal fragility in diabetes. Ann N 'Y
Acad Sci 1402:18-30.

Gimble JM. (2011). Leptin’s balancing act between bone
and fat. J] Bone Miner Res 26:1694-1697.



Downloaded by Southwest Medical University (Sichuan University) from www.liebertpub.com at 12/13/21. For personal use only.

METFORMIN PROMOTES ASCs OSSIFICATION VIA AUTOPHAGY 1027

22. LiY, L Wang, M Zhang, K Huang, Z Yao, P Rao, X Cai
and J Xiao. (2020). Advanced glycation end products
inhibit the osteogenic differentiation potential of adipose-
derived stem cells by modulating Wnt/beta-catenin sig-
nalling pathway via DNA methylation. Cell Prolif 53:
e12834-e12847.

23. Hampp C, V Borders-Hemphill, DG Moeny and DK
Wysowski. (2014). Use of antidiabetic drugs in the U.S.,
2003-2012. Diabetes Care 37:1367-1374.

24. Jang WG, EJ Kim, IH Bae, KN Lee, YD Kim, DK Kim, SH
Kim, CH Lee, RT Franceschi, HS Choi and JT Koh. (2011).
Metformin induces osteoblast differentiation via orphan
nuclear receptor SHP-mediated transactivation of Runx2.
Bone 48:885-893.

25. Wang P, T Ma, D Guo, K Hu, Y Shu, HHK Xu and A
Schneider. (2017). Metformin induces osteoblastic differen-
tiation of human induced pluripotent stem cell-derived mes-
enchymal stem cells. J Tissue Eng Regen Med 12:437—446.

26. Agnieszka S, AT Krzysztof, K Katarzyna and M Krzysztof.
(2018). Metformin promotes osteogenic differentiation of
adipose-derived stromal cells and exerts pro-osteogenic ef-
fect stimulating bone regeneration. J Clin Med 7:482-507.

27. Zhou DM, F Reng, HZ Ni, LL Sun, LXiao, XQ Li, WD Li.
(2020). Metformin inhibits high glucose-induced smooth
muscle cell proliferation and migration. Aging 12:5352—
5361.

28. Zhao K, H Hao, J Liu, C Tong, Y Cheng, Z Xie, L Zang, Y
Mu and W Han. (2015). Bone marrow-derived mesenchy-
mal stem cells ameliorate chronic high glucose-induced
beta-cell injury through modulation of autophagy. Cell
Death Dis 6:¢1885—1898.

29. Tong X, C Zhang, D Wang, R Song, Y Ma, Y Cao, H Zhao,
J Bian, J Gu and Z Liu. (2020). Suppression of AMP-
activated protein kinase reverses osteoprotegerin-induced
inhibition of osteoclast differentiation by reducing autop-
hagy. Cell Prolif 53:e12714-12730.

30. Li Z, X Liu, Y Zhu, Y Du, X Liu, L Lv, X Zhang, Y Liu,
P Zhang and Y Zhou. (2019). Mitochondrial phospho-
enolpyruvate carboxykinase regulates osteogenic differen-
tiation by modulating AMPK/ULK1-dependent autophagy.
Stem Cells 37:1542—-1555.

31. Chen Z, S Ni, S Han, R Crawford, S Lu, F Wei, J Chang,
C Wu and Y Xiao. (2017). Nanoporous microstructures

mediate osteogenesis by modulating the osteo-immune re-
sponse of macrophages. Nanoscale 9:706-718.

32. Lin R, S Wu, D Zhu, M Qin and X Liu. (2020). Osteopontin
induces atrial fibrosis by activating Akt/GSK-3beta/
beta-catenin pathway and suppressing autophagy. Life Sci
245:117328.

33. Mancinelli R, G Carpino, S Petrungaro, CL Mammola,
L Tomaipitinca, A Filippini, A Facchiano, E Ziparo and
C Giampietri. (2017). Multifaceted roles of GSK-3 in
cancer and autophagy-related diseases. Oxid Med Cell
Longev 2017:4629495.

34. Azoulay-Alfaguter I, R Elya, L Avrahami, A Katz and H
Eldar-Finkelman. (2015). Combined regulation of mTORC1
and lysosomal acidification by GSK-3 suppresses autop-
hagy and contributes to cancer cell growth. Oncogene 34:
4613-23.

35. Peng S, S Shi, G Tao, Y Li, D Xiao, L Wang, Q He, X Cai
and J Xiao. (2021). JKAMP inhibits the osteogenic capacity
of adipose-derived stem cells in diabetic osteoporosis by
modulating the Wnt signaling pathway through intragenic
DNA methylation. Stem Cell Res Ther 12:120-135.

36. Chen C, Q Yu, K Xu, L Cai, BM Felicia, L Wang, A
Zhang, Q Dai, W Geng, J Wang and Y Mo. (2020). Elec-
troacupuncture pretreatment prevents ischemic stroke and
inhibits Wnt signaling-mediated autophagy through the
regulation of GSK-3beta phosphorylation. Brain Res Bull
158:90-98.

Address correspondence to:

Dr. Jingang Xiao

Department of Oral Implantology
The Affiliated Stomatology Hospital
of Southwest Medical University
No. 2 Jiangyang South Road
Luzhou 646000

People’s Republic of China

E-mail: drxiaojingang@163.com

Received for publication July 23, 2021
Accepted after revision August 30, 2021
Prepublished on Liebert Instant Online September 5, 2021

-



Zhang et al. Stem Cell Research & Therapy (2022) 13:397
https://doi.org/10.1186/s13287-022-03088-4

RESEARCH Open Access

. ®
Downregulation of DNA s

methyltransferase-3a ameliorates

the osteogenic differentiation ability

of adipose-derived stem cells in diabetic
osteoporosis via Wnt/[3-catenin signaling
pathway
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Abstract

Background: Diabetes-related osteoporosis (DOP) is a chronic disease caused by the high glucose environment
that induces a metabolic disorder of osteocytes and osteoblast-associated mesenchymal stem cells. The processes

of bone defect repair and regeneration become extremely difficult with DOP. Adipose-derived stem cells (ASCs), as
seed cells in bone tissue engineering technology, provide a promising therapeutic approach for bone regeneration in
DOP patients. The osteogenic ability of ASCs is lower in a DOP model than that of control ASCs. DNA methylation, as a
mechanism of epigenetic regulation, may be involved in DNA methylation of various genes, thereby participating in
biological behaviors of various cells. Emerging evidence suggests that increased DNA methylation levels are associ-
ated with activation of Wnt/[3-catenin signaling pathway. The purpose of this study was to investigate the influence of
the diabetic environment on the osteogenic potential of ASCs, to explore the role of DNA methylation on osteogenic
differentiation of DOP-ASCs via Wnt/{3-catenin signaling pathway, and to improve the osteogenic differentiation abil-
ity of ASCs with DOP.

Methods: DOP-ASCs and control ASCs were isolated from DOP C57BL/6 and control mice, respectively. The multi-
potency of DOP-ASCs was confirmed by Alizarin Red-S, Oil Red-O, and Alcian blue staining. Real-time polymerase
chain reaction (RT-PCR), immunofluorescence, and western blotting were used to analyze changes in markers of
osteogenic differentiation, DNA methylation, and Wnt/3-catenin signaling. Alizarin Red-S staining was also used to
confirm changes in the osteogenic ability. DNMT small interfering RNA (siRNA), shRNA-Dnmt3a, and LVRNA-Dnmt3a
were used to assess the role of Dnmt3a in osteogenic differentiation of control ASCs and DOP-ASCs. Micro-computed
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tomography, hematoxylin and eosin staining, and Masson staining were used to analyze changes in the osteogenic
capability while downregulating Dnmt3a with lentivirus in DOP mice in vivo.

Results: The proliferative ability of DOP-ASCs was lower than that of control ASCs. DOP-ASCs showed a decrease in
osteogenic differentiation capacity, lower Wnt/3-catenin signaling pathway activity, and a higher level of Dnmt3a
than control ASCs. When Dnmt3a was downregulated by siRNA and shRNA, osteogenic-related factors Runt-related
transcription factor 2 and osteopontin, and activity of Wnt/B-catenin signaling pathway were increased, which res-
cued the poor osteogenic potential of DOP-ASCs. When Dnmt3a was upregulated by LVRNA-Dnmt3a, the osteogenic
ability was inhibited. The same results were obtained in vivo.

Conclusions: Dnmt3a silencing rescues the negative effects of DOP on ASCs and provides a possible approach for
bone tissue regeneration in patients with diabetic osteoporosis.

Keywords: DNA methyltransferase-3a, Diabetic osteoporosis, Adipose-derived stem cells, Osteogenic differentiation,

Wnt/B-catenin signaling pathway

Background

Diabetic osteoporosis (DOP) is a systemic metabolic
bone disease that involves bone mass reduction, destruc-
tion of the bone tissue microstructure, and prone frac-
tures [1, 2]. The high glucose environment and metabolic
disorders caused by diabetes disrupt physiological activi-
ties such as cell growth, proliferation, and differentia-
tion [3]. Glucose metabolism disorders break the balance
between osteogenesis and osteoclast processes, which
reduces the numbers of osteoblasts and mesenchymal
stem cells (MSCs), and activation of osteoclasts [4, 5].
The imbalance of bone metabolism also reduces the bone
differentiation ability and makes it difficult to repair bone
tissue and regenerate bone [6].

In recent years, bone tissue engineering technology
has provided a new approach for regeneration of bone
defects. Adult stem cells are a major element of bone
regeneration and have become a major research topic
[7-9]. Adipose-derived mesenchymal stem cells (ASCs),
as a type of MSC, have a multi-directional differentia-
tion potential for osteogenic, cartilage, and adipose cell
lineages [10-12]. They are widely used in studies of
bone defect repair and regeneration, and have positive
application prospects. However, the proliferation and
differentiation of ASCs may be affected in the diabetic
environment. Therefore, it is worth exploring whether
DOP-ASCs have a normal osteogenic differentiation
ability.

DNA methylation is a mechanism of epigenetic regu-
lation. It is generally believed that the hypermethyla-
tion status of DNA sequences is related to inhibition
of gene expression [13, 14]. There are three kinds of
DNA methyltransferases (DNMTs) in animals, namely
DNMT1, DNMT3a, and DNMT3b [15-17]. Studies
have shown that DNMT?3a is essential for establishment
of mammalian DNA methylation during development
[18, 19]. Scholars believe that the increased expression
of DNMT3a regulates the increased DNA methylation

level [19, 20]. Under catalysis mediated by DNMTs, the
cytosines of two nucleotides of CG in DNA are selec-
tively conjugated with methyl groups to form 5-methyl-
cytosine (5-MC). The occurrence of various skeletal
diseases, which include osteoporosis and osteoarthritis,
is closely related to impaired DNA methylation in stem
cells [10, 13, 21].

The canonical Wnt pathway is activated when B-catenin
transfers to the nucleus and binds to TCF/LEF in the
nucleus to regulate target genes [22]. B-catenin and LEF1
may reflect the status of Wnt/p-catenin pathway [23, 24].
Emerging evidence indicates that increased DNA meth-
ylation levels are associated with activation of Wnt/p3-
catenin pathway [25-28]. Liu T et al. [26] reported that
miR708-5p inhibits the expression of Dnmt3a, resulting
in the reduced global DNA methylation and, preventing
[-catenin nuclear transport, thereby inhibiting Wnt/[3-
catenin signaling pathway. Exploring the role of DNA
methylation in osteogenic differentiation of DOP-ASCs
via Wnt/B-catenin signaling is not only conducive to elu-
cidate the mechanism of DOP, but also to develop bone
tissue engineering.

In our previous study, we found that advanced glyca-
tion end products inhibit the osteogenic differentiation
ability of normal ASCs with a high level of DNA methyla-
tion [5]. This suggested that DNA methylation is a cause
of the decline in the osteogenic differentiation ability of
DOP-ASCs in the diabetic environment. In this study,
we isolated ASCs from control and DOP C57BL/6 mice
and compared their osteogenic differentiation potentials.
Moreover, we investigated whether DNA methylation
inhibits the osteogenic differentiation potential of DOP-
ASCs by modulating Wnt/(-catenin signaling pathways.

Methods

Isolation and culture of ASCs and DOP-ASCs

All procedures that involved animals were reviewed
and approved by the Southwest Medical University
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Ethical Committee. Anesthesia and animal care were
implemented by following the guidelines for the Care
and Use of Laboratory Animals (Ministry of Science
and Technology of China, 2006). Adipose tissue in the
inguinal region was collected from C57BL/6 DOP and
control mice under sterile conditions. The adipose tis-
sue was cut finely and fragments were seeded in 25-cm?
culture flasks (Corning Inc., NY) and cultured in alpha-
modified Eagle’s medium (a-MEM, Hyclone, USA) sup-
plemented with 10% fetal bovine serum (FBS, Hyclone)
and 1% penicillin/streptomycin (Hyclone) at 37 °C
with 5% CO,. The medium was changed every 3 days.
Adherent cells were cultured and non-adherent cells
were removed.

DOP-ASCs were passaged three times to obtain rela-
tively pure ASCs. Osteogenic, adipogenic, and cartilage
media (Cyagen, USA) were used to define the multipo-
tential differentiation capacity of DOP-ASCs. DOP-ASCs
(5 x 10* cells) were seeded in a 6-well plate for osteogenic
induction. DOP-ASCs (1 x 10° cells) were also seeded for
adipogenic induction. All cells were cultured for 21 days.
Then, the cells were washed three times with PBS and
fixed with 4% paraformaldehyde for 1 h. Alizarin Red-S
(osteogenic dye) and 0.3% Oil Red-O (adipogenic dye)
were used to stain mineralized nodules and lipid droplets,
respectively, for 30 min. The stained cells were imaged
under an inverted phase contrast microscope (Nikon,
Japan). For cartilage induction, DOP-ASCs (2.5 x 10°
cells) were centrifuged and cell aggregates were cultured
in cartilage medium. After 21 days, the cell aggregates
were washed three times with PBS and fixed with 4% par-
aformaldehyde. The cartilage pellets were imaged under
a stereo fluorescence microscope (Carl Zeiss Microscopy;,
Germany). Then, they were embedded in paraffin and
sections were stained with Alcian blue. Cartilage matrix
was imaged under an optical microscope (Nikon).

Proliferation assay

A Cell Counting Kit-8 (CCK-8) assay (Sigma-Aldrich, St
Louis, Missouri, USA) and xCelligence system for real-
time cellular analysis (RTCA) (Roche Diagnostics GmbH,
Basel, Switzerland) were used to assess cell proliferation.
For the CCK-8 assay, cells were seeded in 96-well plates
(Corning Inc.) at a density of 3 x 10® cells per well and
cultured in a-MEM with 10% FBS for 5 days. A BioTek
ELX800 (Bio-Tek, USA) was used to measure absorb-
ance at 450 nm. For RTCA, cells were seeded in 96-well
E-plates (Roche Diagnostics GmbH) at 3 x 10® cells per
well. Cell proliferation in the RTCA SP xCelligence sys-
tem was monitored in real-time as the impedance value
over 5 days. Data were analyzed by the provided RTCA
software.
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Alizarin red-S staining

Mineralized nodule formation in ASCs was stained by
Alizarin Red-S (Cyagen). DOP-ASCs and control ASCs
(5x 10* cells) in 6-well plates were treated with osteo-
genic medium for 21 days. Cells were then washed with
PBS three times, fixed in 4% paraformaldehyde for 1 h,
and stained with Alizarin Red-S for 30 min.

Real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted using a Total mRNA Extraction
Kit (Takara Bio, Japan). cDNA was synthesized by reverse
transcription using a Prime Script Reverse Transcrip-
tion Reagent Kit (Takara Bio). Then, RT-PCR was con-
ducted to measure the gene expression of Runt-related
transcription factor 2 (Runx2), osteopontin (Opn), DNA
methyltransferase 1/3a/3b (Dnmtl/3a/3b), [-catenin,
and lymphoid enhancer-binding factor-1 (LefI). Primer
sequences are shown in Table 1. Samples were analyzed
using a SYBR Premix ExTaq kit (Takara Bio), following
the standard procedure, in an ABI 7900 system (Applied
Biosystems, USA), which included melting curve analysis
and obtaining CT values. The results were normalized to
Gapdh CT values and the 2742 method was used to cal-
culate gene expression.

Western blot assay

A Total Protein Extraction Kit (Keygen Biotech, China)
was used to extract total cellular proteins. A bicin-
choninic acid protein assay kit (Thermo Fisher Scientific,
MA, USA) was used to measure the protein concentra-
tion. Proteins were separated by 10% (v/v) sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis and then

Table 1 Primer sequences for RT-PCR

Genes Sequence (5’ — 3')
Gapdh Forward GGTGAAGGTCGGTGTGAACG
Reverse CTCGCTCCTGGAAGATGGTG
Runx2 Forward CCGAACTGGTCCGCACCGAC
Reverse CTTGAAGGCCACGGGCAGGG
Opn Forward GGATTCTGTGGACTCGGATG
Reverse CGACTGTAGGGACGATTGGA
Dnmtl Forward CCGAACTGGTCCGCACCGAC
Reverse CTTGAAGGCCACGGGCAGGG
Dnmt3a Forward GAGGGAACTGAGACCCCAC
Reverse CTGGAAGGTGAGTCTTGGCA
Dnmt3b Forward AGCGGGTATGAGGAGTGCAT
Reverse GGGAGCATCCTTCGTGTCTG
B-Catenin Forward AAGTTCTTGGCTATTACGACA
Reverse ACAGCACCTTCAGCACTCT
Lef1 Forward ACAGATCACCCCACCTTCTTG
Reverse TGATGGGAAAACCTGGACAT

BB~
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transferred onto a polyvinylidene difluoride membrane
at 200 mA for 1 h. Tris-buffered saline with 0.05% (v/v)
Tween-20 (TBST) was used to dissolve dry skimmed
milk (Keygen Biotech). PVDF membranes were blocked
with 5% dry skimmed milk for 1 h and then incubated
with antibodies against GAPDH (ab181602), DNMT3a
(ab188470), DNMT3b (ab79822), and OPN (ab91655)
(Abcam, UK), RUNX2 (12556 s), DNMT1 (5032S),
[-catenin (D10A8), or LEF1 (2230p) (Cell Signaling Tech-
nology, USA) for 1 day at 4 °C. Then, PVDF membranes
were washed three times with TBST and incubated with
a goat anti-rabbit secondary antibody (Beyotime, Shang-
hai, China) for 1 h. They were then washed again with
TBST and developed with an enhanced chemilumines-
cence detection system (Bio-Rad, USA).

Immunofluorescence staining

Cells were seeded on round coverslips (Corning Inc.)
and cultured for 4 days. After various treatments, the
cells were carefully washed three times with PBS, fixed
with 4% paraformaldehyde for 1 h, and permeabilized
with 0.5% Triton X-100 for 10 min. Then, they were
blocked with 5% goat serum (Beyotime) for 1 h and incu-
bated for 1 day at 4 °C with antibodies against RUNX2,
OPN, DNMT1, DNMT3a, DNMT3b, 5-MC (286925),
[-catenin, or LEF1. The next day, the samples were incu-
bated with a fluorescent dye-conjugated secondary anti-
body (Beyotime) for 1 h. Nuclei were counterstained with
4'6-diamidino-2-phenylindole (Beyotime) for 10 min and
phalloidin (Beyotime) was used to stain microfilaments

Table 2 siRNA sequences for gene silencing
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for 10 min. Cells were imaged under a laser scanning
confocal microscope (Olympus, Japan).

Transfection of small interfering RNA (siRNA)

Small interfering RNA (siRNA) that targeted Dnmtl,
Dnmt3a, and Dmnmt3b was designed and provided
by GenePharma Co., Ltd (Shanghai, China). siRNA
sequences are shown in Table 2. DOP-ASCs (5 x 10*
cells) were seeded in a 12-well plate before siRNA trans-
fection. The transfection reagent (Lipofectamine 2000;
Thermo Fisher Scientific) was diluted with Opti-MEM
I Reduced Serum Medium (Hyclone) and incubated at
room temperature for 5 min. The siRNA was added to
the diluted Lipofectamine 2000 and gently mixed to form
the siRNA-lipofectamine-Opti-MEM complex. Then, the
mixture was added to cells at 1 ml per well and incubated
at 37 °C with 5% CO,,.

Transduction of shRNA-Dnmt3a and LVRNA-Dnmt3a

The Dnmt3a overexpression lentiviral vector (pLenti-
EF1a-EGFP-P2A-Puro-CMV-Dnmt3a-3Flag) and
Dnmt3a-silencing lentiviral vector (pLDK-CMV-EGFP-
2A-Puro-U6-shRNADnmt3a) were designed and manu-
factured by OBiO Technology Corp., Ltd. (Shanghai,
China). The oligonucleotide sequences of shRNA with
Dnmt3a RNA interference targets are shown in Table 3.
Various virus concentrations were used to determine
the multiplicity of infection (MOI). The transduction
efficiency was evaluated by analyzing the percentage of
green fluorescent protein (GFP)-positive cells under a
fluorescence microscope. ASCs at a density of 5 x 10%/
ml were seeded in a 6-well plate at 2 ml per well. After
12 h of culture, the medium was replaced with a lentivi-
rus suspension medium (MOIL80; 0.6 pg/ml puromycin;

siRNA Sequence (5’ — 3/) 5 pg/ml polybrene). The gene and protein expression
were analyzed by RT-PCR and western blotting, respec-
Dnmti Sense CCGAAGAUCAACUCACCAATT . L . .
. tively, after 4 days of osteogenic induction and their
Antisense UUGGUGAGUUGAUCUUCGGTT . .1 L ..
osteogenic ability was assessed by Alizarin Red-S staining
Dnmt3a Sense CCAUGUACCGCAAAGCCAUTT . .
after induction for 21 days.
Antisense AUGGCUUUGCGGUACAUGGTT
Dmt3b sense CCUCAAGACARRUAGCUAUTT Analysis of DOP-ASCs seeded on BCP by scanning electron
Antisense AUAGCUAUUUGUCUUGAGGTT .
N i / Sense UUCUUCGAACGUGUCACGUTT microscopy (SEM)
egative contro A Before seeding DOP-ASCs, scaffolds sterilized by ultra-
Antisense ACCUGACACGUUCEEAGAATT  yiolet light were placed in 12-well plates. Then, 1 ml of
Table 3 Dnmt3a shRNA sequences
5/ STEM Loop STEM 3
sh-Dnmt3a-F Ccgg CCACCAGGTCAAACTCTAT TTCAAGAGA ATAGAGTTTGACCTGGTGG TTTTTTg
sh-Dnmt3a-R aattcaaaaaa CCACCAGGTCAAACTCTAT TCTCTTGAA ATAGAGTTTGACCTGGTGG
sh-NC-F CCGG TTCTCCGAACGTGTCACGT TTCAAGAGA ACGTGACACGTTCGGAGAA TTTTTTG
sh-NC-R AATTCAAAAAA TTCTCCGAACGTGTCACGT TCTCTTGAA ACGTGACACGTTCGGAGAA
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passage 2 DOP-ASCs at a density of 5x 10%*/ml was
seeded on the surface of BCP in each well. After culture
at 37 °C with 5% CO, for 3 days, samples were fixed with
paraformaldehyde. After alcohol gradient dehydration,
critical point drying, and spraying the cells with gold,
scaffolds were observed by SEM.

Implantation of BCP seeded with DOP-ASCs transduced
with shRNA into a DOP mouse model with critically sized
calvarial defects

DOP-ASCs were divided into DOP-blank, negative con-
trol, and Dnmt3a shRNA groups. DOP-ASCs infected
with the silence-Dnmt3a lentivirus were cultured in
osteogenic induction medium. Al-ml cell suspension
(5 x 10* cells/ml) was added to the surface of BCP in
a 12-well plate and cultured for 48 h. Nine DOP mice
received calvarial surgery to establish critically sized cal-
varial defect models. After anaesthetization, the DOP
mice were subjected to prone fixation, skin preparation,
and disinfection at the top of the skull. An incision was
made along the median of the calvarium and the perios-
teum was bluntly separated to expose the calvarial bone
surface. Then, a 4-mm diameter trephine bur was applied
to drill a standardized round defect on the side of the
sagittal suture. A 0.9% saline solution was used to irrigate
the skull surface during drilling. Subsequently, the BCP
seeded with DOP-ASCs was implanted into the skull
defect area and the periosteum and dermis were sutured
in position. After 8 weeks, mice were euthanized and
skull specimens were obtained.

Micro-computed tomography (Micro-CT), hematoxylin

and eosin staining (HE) staining, and Masson staining

At 8 weeks, the calvarium was removed intact and fixed
in freshly prepared 4% formaldehyde for 24 h at 4 °C.
Micro-CT scans of skull defects were performed to
observe new bone formation. Then, three-dimensional
reconstructed images were analyzed. The ratio of the
bone volume to total volume available in the scaffold
(BV/TV) was calculated. A high ratio indicated that more
bone had grown into the scaffolds. Then, tissue samples
of the mouse skull defect were decalcified for HE and
Masson staining. Next, the samples were dehydrated in
an alcohol gradient, clarified, and embedded in paraf-
fin for sectioning. Lastly, the sections were stained with
hematoxylin and eosin and Masson trichrome.

Statistical analysis

All experiments were repeated at least three times inde-
pendently. Two group comparisons were made by the
independent-samples t-test and multiple comparisons
were made by one-way ANOVA with SPSS 18.0 software
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(SPSS Inc., Chicago, USA). P<0.05 was regarded to be
statistically significant.

Results

Cell proliferation and multipotent differentiation

of DOP-ASCs

ASCs from inguinal adipose tissue were isolated and pas-
saged three times (Fig. 1A). RTCA (Fig. 1B) and CCK-8
assays (Fig. 1D) showed that the proliferation rate of the
DOP group was relatively lower than that of the control
group. After culture in osteogenic and adipogenic media,
the morphology of DOP-ASCs had distinctly changed to
osteogenic-like in osteogenic medium and adipose-like in
adipogenic medium (Fig. 1C). In cartilage medium, ASCs
were aggregated to culture for 21 days and then stained
with Alcian blue to indicate cartilage-like cells. The
findings demonstrated the multipotency of DOP-ASCs
(Fig. 1C).

Osteogenic differentiation capacity decreases in DOP-ASCs
To investigate the osteogenic differentiation capacity, we
cultured control ASCs and DOP-ASCs to analyze min-
eralized nodule formation as well as gene and protein
expression of OPN and RUNX2. Alizarin Red-S staining
showed that the degree of mineralized nodule forma-
tion was reduced in DOP-ASCs compared with control
ASCs (Fig. 2A). RT-PCR showed that the mRNA levels of
Runx2 and Opn in DOP-ASCs were significantly lower
than those in control ASCs at 3 and 7 days (Fig. 2B).
The protein levels of OPN and RUNX2 were analyzed
by immunofluorescence and western blotting, which
showed that the fluorescence signals (Fig. 2C) and band
intensities (Fig. 2D) at 4 days in DOP-ASCs were weaker
compared with those in control ASCs.

DNA methylation increases in DOP-ASCs

DNMT1, DNMT3a, and DNMT3b are major enzymes
in DNA methylation and 5-MC is the product of this
process. We analyzed the expression of these factors
by RT-PCR, western blotting, and immunofluores-
cence. The expression of Dnmtl, Dnmt3a, and Dnmt3b
in DOP-ASCs increased compared with that in control
ASCs (Fig. 3A, B). Immunofluorescence confirmed the
increases in 5-MC, DNMT1, DNMT3a, and DNMT3b at
4 days (Fig. 3C-F).

Wnt/B-Catenin signaling pathway is suppressed

in DOP-ASCs

The Wnt/B-Catenin signaling pathway is a major regu-
latory pathway in the process of osteogenic differentia-
tion [29, 30]. Therefore, the main factors, which included
[S-catenin and Lefl, were detected to demonstrate the
activation level of Wnt/p-Catenin signaling pathway.

15—
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Fig. 1 Cell proliferation and multipotent differentiation of ASCs. A: Normal morphology of primary, first, and second passages of control ASCs and
DOP-ASCs under light microscopy. B, D: RTCA and CCK-8 assays showed that the proliferation rate of the DOP group was lower than that of the
control group. C: Multipotent differentiation of DOP-ASCs into osteogenic cell-like, adipose-like, and cartilage-like cells

RT-PCR showed that the expression of f-catenin and
Lefl decreased in DOP-ASCs compared with that in
CON-ASCs, and the results of western blotting were
consistent with those of RT-PCR (Fig. 4A, B). Immuno-
fluorescence confirmed that the expression of -catenin
and LEF1 was low in DOP-ASCs (Fig. 4C, D).

Inhibiting DNA methyltransferases rescues loss

of the osteogenic potential in DOP-ASCs

The results showed that the reduced osteogenic differ-
entiation capacity of DOP-ASCs was related to increases
in DNA methylation levels and suppression of Wnt/p-
Catenin signaling pathway. Next, we used siRNA to
inhibit the expression of DNA methylation enzymes and
explored the relationship between DNA methylation and
the osteogenic differentiation ability of DOP-ASCs. After
siRNA treatment, the formation of mineralized nodules
was increased when the DNA methylation level was
downregulated (Fig. 5A). RT-PCR and western blotting
showed that RUNX2 was increased in Dnmtl-siRNA,
Dnmt3a-siRNA, and Dnmt3b-siRNA groups, and OPN

was particularly increased in the Dnmt3a-siRNA group
(Fig. 5B, C). In terms of Wnt/B-Catenin signaling path-
way, B-catenin and LEF1 were upregulated after siRNA
treatment and their expression was the highest in the
Dnmt3a-siRNA group compared with the other groups
(Fig. 5D, E). These data suggested that downregulation of
Dnmt3a inhibited osteogenic differentiation and activity
of Wnt/B-Catenin signaling pathway.

Knockdown of Dnmt3a promotes osteogenic
differentiation of DOP-ASCs

To further demonstrate the effect of Dnmt3a on osteo-
genic differentiation of DOP-ASCs, we used lentiviruses
to knockdown or overexpress Dnmt3a in DOP-ASCs.
The cells were successfully infected by the lentiviruses
and showed green fluorescence at an MOI of 80 (Fig. 6A).
RT-PCR and western blotting showed that Dnmt3a
was successfully knocked down by Dnmt3a shRNA and
overexpressed by Dnmt3a LVRNA. 3-Flag was a marker
of positive overexpression (Fig. 6B, D). Immunofluo-
rescence confirmed the differences in expression of
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Fig. 2 Decrease of the osteogenic differentiation capacity in DOP-ASCs. A: Alizarin Red-S staining of control ASCs and DOP-ASCs. B: mRNA levels of
osteogenesis-related molecules Runx2 and Opn after 3 and 7 days of osteoinduction. C: Immunofluorescence staining of RUX2 and OPN proteins in
control ASCs and DOP-ASCs after 4 days of osteoinduction. D: Protein levels of osteogenesis-related molecules RUNX2 and OPN after 3 and 7 days
of osteoinduction. Data represent the mean 4= SD of at least three independent experiments, *P<0.05, **P < 0.01

DNMT3a among the DOP-blank group, Negative Con-
trol, Dnmt3a shRNA and Dnmt3a LVRNA. (Fig. 6C).
Next, we found that the formation of mineralized
nodules was the highest in the Dnmt3a shRNA group
and the lowest in the Dnmt3a LVRNA group (Fig. 7A).
Expression of Opn and Runx2 was upregulated in the
Dnmt3a shRNA group compared with the other three
groups and the results of western blot assays were con-
sistent with those of RT-PCR (Fig. 7B-D). Detection of
osteogenic differentiation by Alizarin Red-S staining,
RT-PCR, and western blotting showed that knockdown

of Dnmt3a rescued the osteogenic differentiation
capacity of DOP-ASCs. Although Dnmt3a LVRNA
treatment decreased the expression of f-catenin and
Lefl compared with DOP-ASC and negative control
groups, the expression of these factors was recovered
by Dnmt3a shRNA treatment. This suggested that the
low activity of the Wnt signaling pathway in DOP-ASCs
was recovered by knocking down Dnmt3a (Fig. 7E-Q).
Taken together, these results suggested that knock-
down of Dnmt3a decreased the DNA methylation
level, alleviated inhibition of Wnt by DNA methylation,



Zhang et al. Stem Cell Research & Therapy (2022) 13:397

Page 8 of 17

Fig. 3 Increase of the DNA methylation level in DOP-ASCs. A, B: RT-PCR and western blot analyses showing that the expression of Dnmt1, Dnmt3a,
and Dnmt3b in DOP-ASCs was increased compared with that in control ASCs. €, D: Immunofluorescence showing increases in 5-MC, DNMTT,
DNMT3a, and DNMT3b after 4 days of osteoinduction. Data represent the mean = SD of at least three independent experiments, *P < 0.05, **P < 0.01

and rescued the loss of the osteogenic capacity of
DOP-ASCs.

Downregulation of Dnmt3a promotes the osteogenic
capacity of DOP-ASCs in vivo

RT-PCR and western blotting showed that Dnmt3a was
successfully knocked down by Dnmt3a shRNA (Fig. 8A,
B). SEM and fluorescence microscopy showed that DOP-
ASCs grew adherently on the surface and pores of BCP
(Fig. 8C). The DOP mouse model with critically sized
calvarial defects was successfully established and BCP
seeded with transfected DOP-ASCs were implanted into

the defect area (Fig. 8D). Eight weeks later, Micro-CT
showed new bone matrix on BCP at sagittal and coronal
levels. Three-dimensional reconstruction showed that
the amount of new bone matrix in the Dnmt3a shRNA
group was significantly larger than that in DOP-ASC and
negative control groups.BV/TV, BS/BV, and TbTh analy-
ses further demonstrated that the osteogenic capacity
was greatly increased when Dnmt3a was downregulated
by shRNA in vivo (Fig. 9A, B). HE and Masson stain-
ing were also used to observe the osteogenic capacity of
DOP-ASCs in vivo. HE staining showed new bone matrix
as red and Masson staining showed new bone matrix as

18-
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mean = SD of at least three independent experiments, *P <0.05, **P<0.01

Fig. 4 Wnt/B-Catenin signaling pathway is suppressed in DOP-ASCs. A, B: RT-PCR and western blot analyses showing that the expression of
B-catenin and LEF1 was decreased compared with that in CON-ASCs. C, D: Immunofluorescence staining of 3-catenin and LEF1. Data represent the

blue. Both staining showed that the staining degree in the
Dnmt3a shRNA group was stronger than that in DOP-
ASC and negative control groups (Fig. 9C). These results
suggested that knockdown of Dnmt3a rescued the loss of
the osteogenic capacity of DOP-ASCs.

Discussion

Many studies have shown that hyperglycemia and the
glycolytic metabolites of diabetes decrease cell viabil-
ity and proliferation, and even promote apoptosis of
MSCs, which impairs osteogenic differentiation [29-33].
Heilmeier et al. found that serum miR-550a-5p inhibited
the osteogenic differentiation of ASCs in postmenopausal
women with type 2 diabetes [34]. Liu et al. reported that
osteogenic differentiation of hPDLSCs was significantly
inhibited in a high glucose environment and the levels of
osteoblast-related factors expressed by cells were reduced
significantly [35]. In this study, DOP-ASCs were isolated
from DOP mice by the tissue block method, which had
osteogenic, adipogenic, and chondrogenic differentiation

abilities. However, the expression of osteogenic-related
genes Runx2 and Opn was downregulated in DOP-ASCs
compared with control ASCs, which demonstrated inhi-
bition of the differentiation process of DOP-ASCs to
osteoblasts.

The differentiation of MSCs into osteogenic progenitor
cells is regulated by various growth factors and signaling
pathways [36, 37]. The Wnt/B-Catenin signaling path-
way plays a major role in regulating the proliferation and
differentiation of MSCs. Activation of Wnt/B-Catenin
signaling pathway promotes osteogenic differentiation
of ASCs [38, 39]. Moldes et al. reported that p-catenin
expression was higher in 3T3-L1 precursor adipocytes
and the expression level of B-catenin was significantly
reduced during adipogenesis [40]. In our previous stud-
ies, after activation of Wnt/B-Catenin signaling pathway,
the expression of Wnt-related signaling molecules, such
as B-catenin and LEF1, was upregulated in normal ASCs,
which promoted the expression of osteogenic differ-
entiation factors such as Opn and Runx2 [5, 41]. In this

—1/B-
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Fig. 5 Dnmt siRNAs increase the osteogenic potential of DOP-ASCs. A: Alizarin Red-S staining showing that the formation of mineralized nodules
in Dnmt3a shRNA was increased compared with that in Negative Control after Dnmt siRNA treatment of DOP-ASCs (osteoinduction for 21 days).
B-E: mRNA and protein levels of Wnt/(-Catenin signaling pathway markers and osteogenesis-related molecules were upregulated after Dnmt
SIRNA transfection into DOP-ASCs (osteoinduction for 4 days). Data represent the mean = SD of at least three independent experiments, *P < 0.05,

**P<0.01
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independent experiments, *P < 0.05, **P<0.01

Fig. 6 Dnmt3a shRNA and Dnmt3a LVRNA were successfully transduced into DOP-ASCs. A: Cells were successfully infected with lentiviruses and
exhibited green fluorescence at an MOI of 80. B, D: mRNA levels of Dnmt3a and protein levels of 3-Flag showed that Dnmt3a was knocked down by
Dnmt3a shRNA and overexpressed by Dnmt3a LVRNA. C: Immunofluorescence staining of Dnmt3a. Data represent the mean 4 SD of at least three

study, we compared DOP-ASCs and control ASCs and
demonstrated that osteogenic differentiation and Wnt/f3-
Catenin signaling pathway were suppressed in ASCs of
DOP mice.

The high glucose environment caused by diabetes
increases DNA methylation in cells, which affects their
differentiation processes [42, 43]. Many studies have sug-
gested that DNA methylation is involved in the osteo-
genic differentiation of stem cells [44—48]. Wang et al.
reported that KDM6A promoted chondrogenic differ-
entiation of periodontal ligament stem cells by dem-
ethylation of SOX9 [49]. Zhang et al. reported that a
demethylated Runx2 gene in bone marrow mesenchymal
stem cells promoted their differentiation into osteoblasts
[47]. These studies showed that, during the process of
osteogenic differentiation of ASCs, the DNA methylation
levels of osteogenesis-specific genes DIx5 and Runx2,
and the CpG island region of the Osterix promoter were
downregulated significantly, and the expression of these
genes was upregulated. Seman et al. found that the DNA
methylation level of the promoter region of the SLC30A8
gene in a diabetic population was higher than that in
non-diabetic patients, which suggested that high DNA
methylation of the SLC30A8 gene affects the occurrence
of diabetes [50]. We observed that the DNA methyla-
tion levels and expression of DNMT genes in DOP-ASCs
were upregulated significantly. After decreasing DNMTs
by siRNA, we found that the expression of osteogenic
differentiation factors RUNX2 and OPN was relatively

increased, which indicated that DNA methylation had a
close relationship with the osteogenic differentiation pro-
cess of ASCs.

DNA methylation at specific sites is catalyzed by
DNMTs, which might play various roles in cell differen-
tiation. Dnmt3a, as the main methyltransferase in embry-
onic development and differentiation, is mainly located
in the chromatin region and is highly expressed in
oocytes, spermatogonia, and stem cells [51, 52]. Mark A.
Casillas Jr NL et al. found that the expression of Dnmt3a
was highly abundant in oocytes, but gradually decreased
during maturation [53]. They observed that the overall
methylation level of genomic DNA in senescent cells was
reduced, which corresponded to the decrease in expres-
sion of Dnmtl, while some genes were hypermethyl-
ated with high expression of Dnmt3a and Dnmt3b [53].
Disturbances in epigenetic regulation may be a factor
that contributes to diseases [54, 55]. In our study, RNA
interference was used to silence the expression of Dnmtl,
Dnmt3a, and Dnmt3b. Silencing of Dnmt3a promoted
the expression of bone-related genes and Wnt/(3-Catenin
signaling pathway-related genes were induced, thereby
promoting the osteogenic differentiation of DOP-ASCs.
Overexpression of Dnmt3a by lentivirus infection con-
firmed that Dnmt3a significantly inhibited the expression
of osteogenic-related genes and Wnt/(-Catenin signaling
pathway in DOP-ASCs and the osteogenic differentia-
tion ability of DOP-ASCs was restored after inhibition of
Dnmt3a.

18-
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Fig. 7 Knockdown of Dnmt3a promotes osteogenic differentiation of DOP-ASCs. A: Alizarin Red-S staining showing that the formation of
mineralized nodules was the highest in the Dnmt3a shRNA group and the lowest in the Dnmt3a LVRNA group (osteoinduction for 21 days). B-D:
mRNA and protein levels of osteogenesis-related molecules were upregulated in the Dnmt3a shRNA group compared with the other three groups
(osteoinduction for 4 days). E-G: mRNA and protein levels of Wnt signaling pathway markers were recovered by knockdown of Dnmt3a. Data
represent the mean = SD of at least three independent experiments, *P<0.05, **P < 0.01

We also confirmed the osteogenic effects of Dnmt3a
in DOP mice in vivo. BCP is considered to be a bioma-
terial with high porosity and penetration, which creates
a favorable microenvironment for bone regeneration
[56, 57]. Tang et al. implanted various BCP scaffolds
into a critically sized bone defect model in OVX rats
and applied Micro-CT to analyze new bone formation
[58-60]. In our study, we seeded DOP-ASCs on BCP
and implanted the scaffold into a mouse critically sized

skull defect to assess the osteogenic capacity in vivo.
Three-dimensional reconstruction of Micro-CT images
showed that new bone formation in the Dnmt3a shRNA
group had obviously increased compared with that in
DOP-ASC and negative control groups. Furthermore,
histology of the corresponding tissue samples was con-
sistent with the results of Micro-CT, i.e., the amount of
new bone formation in the Dnmt3a shRNA group was
more obvious than that in DOP-blank and Negative
Control.

T
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into the defect area

Fig. 8 BCP was successfully implanted into the skull defect of mice. BCP seeded with transfected DOP-ASCs were implanted into critically

sized calvarial defects in DOP mouse models. A, B: mRNA and protein levels of Dnmt3a were successfully knocked down by Dnmt3a shRNA
(osteoinduction for 3 days). C: SEM and fluorescence microscopy showing that DOP-ASCs grew adherently on the surface and pores of BCP. D: The
DOP mouse model with critically sized calvarial defects was successfully established and BCP seeded with transfected DOP-ASCs were implanted

DOP has become a severe public health problem.
DNA methylation as a kind of stable epigenetic alter-
ation is involved in bone formation and resorption
[61]. Epigenetic modifications play an implant role in
cell differentiation and development [62]. Many stud-
ies have demonstrated that DNA methylation is a
therapeutic target for bone diseases [61]. Our study

demonstrated that a high level of Dnmt3a may impair
the osteogenic ability of ASCs, and the osteogenic dif-
ferentiation ability of DOP-ASCs was restored after
inhibition of Dnmt3a. Therefore, this study explains
the decrease in the osteogenic capacity of DOP-ASCs
from the viewpoint of epigenetics and provides a
potential therapeutic target for the prevention and
treatment of DOP.
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Fig. 9 Downregulation of Dnmt3a promotes the osteogenic capacity of DOP-ASCs in vivo. A Micro-CT showed that the amount of new bone
matrix (green) in the Dnmt3a shRNA group was significantly higher than that in DOP-ASC and negative control groups. B BV/TV, BS/BY, and TbTh
analysis demonstrated that the osteogenic capacity was greatly increased when Dnmt3a was downregulated by shRNA in vivo. Data represent the
mean = SD of at least three independent experiments, *P < 0.05, **P < 0.01. C: HE and Masson staining of BCP showed that the staining degree in the
Dnmt3a shRNA group was stronger than that in DOP-ASC and negative control groups
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Conclusions

Our study showed that Wnt/B-catenin signaling path-
way is a major player in the process of osteogenic dif-
ferentiation of DOP-ASCs and DNA methylation is an
important factor that affects the osteogenic differen-
tiation of DOP-ASCs, which has significance for bone
regeneration in DOP. Downregulation of Dnmt3a acti-
vated Wnt/B-catenin pathway, and promoted the oste-
ogenic differentiation of DOP-ASCs. These findings
indicate that Dnmt3a knockdown rescues the impaired
osteogenic ability of DOP-ASCs in vitro and in vivo,
thereby providing a possible approach for bone regen-
eration using DOP-ASCs in DOP patients.
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The elucidation of the mechanism of the development of renal disease, and its control
HEIER mXiEt v SRiEEL O
1. BIRBEM)
1) B # (Goal)

Hematuria and proteinuria after infection is the most common clinical manifestation of IgA nephropathy (IgAN). However, the
pathophysiological mechanisms is not fully studied because lacking of animal models similar to the patient. Although
inflammasome are reported to contribute to immunomodulation following injury, proinflammatory cytokine manufacturing and
microvascular barrier dysfunction are unclear, we hypothesized that innate immune—induced HIGA mice will set one active and
progressive IgAN model.

2) Bk B& (Approach):

Immunoglobulin A nephropathy (IgAN) is the most common form of primary glomerulonephritis worldwide among patients
undergoing renal biopsy, especially in the Asian Pacific region. It’ s recognized that 20-50% of affected patients progress to kidney
failure over 10 to 20 years.(1,2) The most characteristic clinical feature of this disease is hematuria and proteinuria coinciding
with or immediately following an upper respiratory or gastrointestinal tract infection. Thus, a dysregulation of innate immunity has
been extensively postulated in IgAN.(3) Recent progress in understanding of how metabolic regulation relates to type 2 immunity
firstly by considering specifics of metabolism within type 2 immune cells and type 2 immune cells are integrated more broadly into
the metabolism of the organism as a whole.(4) Here, recent reports have both confirmed and analyzed in more detail the
importance of glycolysis and fatty acid metabolism for the development and airway inflammation initiated by epithelial cells.(5)
Glucose metabolism was shown to be essential for the function, proliferation, and differentiation capacity of airway progenitor
cells.(6) In contrast, complete inhibition of glycolysis inhibited both the differentiation and proliferation of the progenitor cells.(7)
Type 2 immunity has been noticed by researchers in the field of IgAN. Chintalacharuvu S. reported that the glycosylation of IgA
produced by murine B cells is altered by Th2 cytokines.(8) Yamada K also find that down—regulation of core 18 1,3—
galactosyltransferase and Cosmc by Th2 cytokine alters O—glycosylation of IgA1.(9) However, the effects of type 2 immune—
related glycolysis metabolic reprogramming on renal epithelial cells have not been studied in [gAN. Podocytes and proximal
tubular epithelial cells (PTECs) is important in the pathogenesis of IgAN.(10) Segmental sclerotic lesions are commonly seen in
glomeruli in IgAN, which regarded as a form of podocyte dysregulation and transdifferentiation. In the Oxford Classification, the
presence of segmental sclerosis was found to predict an adverse outcome.(11,12) However, evidence has shown that in many
cases the sclerotic lesions in IgAN are more like those found in primary focal segmental glomerulosclerosis (FSGS).(13) Detailed
biopsy examinations from a homogeneous group of IgAN patients has shown that it was very common to find capsular adhesion
without any inflammation in the underlying glomerular tuft. This was present in 41% of cases of IgAN studied, compared with only
8% of cases of lupus glomerulonephritis. In primary FSGS, this figure was 69%.(14) Therefore, in terms of adhesions and segmental
sclerosis, IgAN behaves more like primary FSGS than like an immune complex glomerulonephritis. Shimizu's study demonstrated
that there was an association between severity of glomerular endothelial cells (GEC) damage and FSGS activity. GEC injury
contributes to the process of sclerosis and may be a potential therapeutic target in the future. And GEC injury is associated with
the formation of necrotizing and crescentic lesions in crescentic glomerulonephritis.(15,16) They also proved that the severity of
GEC injury is associated with infiltrating macrophage heterogeneity in endocapillary proliferative glomerulonephritis.(17) Shimizu's
found that GEC injury in acute and chronic glomerular lesions in patients with IgA nephropathy.(18) Hou Fanfan discovered
glomerular macrophage can predict IgAN patients’ response to subsequent immunosuppression.(19) But the relationship and
mechanism of macrophage and GEC injure in IgAN still unknown. Therefore, it’ s important to focus on type 2 immunity mediates
innate immune and develops inflammation in glomeruli and renal tubules in IgAN. A high IgA strain (HIGA) of ddY mice have been
reported to constantly increase serum levels of IgA and IL—4 from the age of 10-60 weeks.(20,21) We hypothesis that the innate
immune responses of LPS—induced play an important role in activate and progressive pathophysiology due to their metabolism
change respond to type 2 cytokines in this inbred murine model of IgAN.

3) # ¥} &5 % (Materials and methods)

3.1. Experimental animals and in vivo mouse models.

3.2. Histopathological examination, Light microscopy.

3.3. Electron microscopy.

3.4. Immunohistochemistry and OPAL IHC, imaging and quantifications.
3.5. RNA sequencing, library construction and analysis.

3.6. Enzyme-linked immunosorbent assays.

3.7. Low vacuum scanning electron microscopy.

3.8. Statistical analysis.
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1. AEEE(2)
4) RERHE R (Results)

4.1. A model of IgA nephropathy similar to human phenotype was successfully established. During day3—35, proteinuria increased
significantly in 36w LPS-induced HIGA mice and part of them accompanied by hematuria. Compared to age matching HIGA mice,
under light microscopy, IgA deposition in mesangial region increased significantly, complement activate and mesangial cells
proliferated. Under electron microscope, foot process effacement with focal detaching from glomerular basement membrane

(GBM).

4.2. Immunohistochemistry showed that CD68+WT1+ cells pyropotosis mediated inflammation and injury with much higher iNOS
express in HIGA mice after LPS stimulation at 36w old. But only co—deposition with Argl in hematuric HIGA mice.

4.3. CD68+WT1+ cells is aerobic glycolysis metabolic and epigenetic reprogramming after type 2 inflammatory primer.

4.4. After the intervention of LPS in vivo, mitochondrial ROS mediated the pyroptosis of CD68+WT 1+ cells, showing significantly
enhanced glycolytic and oxidative phosphorylation metabolism, and expressing obvious pro—inflammatory phenotypes of H3K4me3
and H3K27ac. By electron microscopy abnormal mitochondria and lysosome swelling were observed in both podocytes and tubular
epithelial cells, and endoplasmic reticulum meshing in endothelial cells.

4.5. NT-GSDMD mediated GBM holes caused hematuria and tubular injury significantly aggravated after GBM broken.

4.6. Blocking GSDMD by disulfiram significantly aggravate proteinuria, activation of the inflammasome promotes
CASPAS8(C362S)-mediated apoptosis and tissue pathology in LPS—HIGA mice.

4.7. CD68+WT1+ cells is distinguished to be yolk sac macrophage of kidney resident macrophages based on their expression of

Lyvel but not MHC-IL.

4.8. Zymosan induced monocytes transformed into F4/80 macrophages in the glomeruli in C57B/6 and 36w HIGA mice, but not

BALAB/C and 12w HIGA mice.

4.9. F4/80 macrophage expressing iINOS triggered pyroptosis in GEC of zym—primered 36w HIGA mice with high serum IFN- 7.
4.10. To further verify which subtypes of human IgAN have the pyroptosis phenotype. And macrophage infiltration predicted the

progressive histological change in human kidney biopsy specimen.

5) & 22 (Discussion)

In this work, we find that a hallmark of pro—inflammatory CD68+WT1+ cells is the upregulation of aerobic glycolysis in 36w HIGA
mice. Type 2 inflammatory induce this kind of cells proliferation and transdifferentiation by increasing glycolytic metabolism and
epigenetic reprogramming. LPS stimulates macrophage—-like responses by enhancing the state of aerobic glycolysis and oxidative
phosphorylation in CD68+WT1+ cells.CD68+WT1+ cells in tubular area is distinguished to be yolk sac macrophage of kidney
resident macrophages based on their expression of Lyvel.Pyroptosis is induced CD68+WT 1+ cells when ROS levels rise beyond
the cellular lysosomal processing capacity, mediate inflammation and podocyte damage. Progressive histological change of
segmental sclerosis related to IFN ¥ and CD68+iINOS+ macrophage induced TNF— & mediated impaired angiogenesis and GEC
pyroptosis. The epigenetic state of IL—4—polarized macrophages enables inflammatory cistromic expansion and extended
synergistic response to TLR ligands.22The glycolysis/HIF-1a axis defines the inflammatory role of IL-4-primed
macrophages.23Glycolysis—dependent phagocytic activity of LPS/IL-4-induced macrophages was strongly enhanced as was that
of M1 macrophages; however, the energy metabolism of LPS/IL-4-induced macrophages, such as activation state of glycolytic
and oxidative phosphorylation, was quite different from that of M1 or M2 macrophages.24We found the resident macrophage
CD68+WT1+LYVE1+ show proinflammatory phenotype upon LPS stimulation in the HIGA mice with high IL-4.LPS/IL-4~induced
CD68+WT1+LYVET1+ cell have a higher ROS production capacity induced pyroptosis. Glycolytic ATP serving as a rheostat to
gauge PI3K-Akt-Foxo1 signaling in T cell immunity control CD8+ T cell expansion and differentiation.25Aerobic glycolysis
promotes T helper 1 cell differentiation through an epigenetic mechanism.26 IFN-gamma and IL-4 gene polymorphisms could
influence disease susceptibility and disease progression in IgA nephropathy in Japanese patients.27IFN- 7 exposure inhibited
basal glycolysis of quiescent primary human coronary artery endothelial cells by 20% through the global transcriptional suppression
of glycolytic enzymes resulting from decreased basal HIF1 & .28TNF and IFN ¥ synergistically inhibited endothelial—cell
proliferation by up to 80%.29When we indued M1 macrophage in the glomeruli, causing GFB barrier both in C57BL/6 and HIGA
mice. However, vascular repair and angiogenesis were impaired only in HGA mice with high IFN 7. It showes TNF-«& and IFN ¥
synergistically inhibits angiogenesis following vascular injury induced progessive IgAN tissue change.

In conclusion, CD68+WT1+cell is progenitor pro—inflammation cell of IgA nephropathy, by which LPS—induced pyropotosis
mediates innate immune and developes inflammation state in glomeruli and renal tubules, and the inhibition of its activation is not a
safe therapeutic method. F4/80 macrophage induced pyroptosis in GEC relate to progressive histological change in IgAN.
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1. BIRBEM)
1) B # (Goal)

Esophageal cancer is the eighth most commonly diagnosed cancer and the sixth most common cause of cancer death in the world
[1]. In addition to esophagectomy, there are neoadjuvant chemotherapy, chemoradiotherapy molecular targeted therapy,
immunotherapy, or a combination of modalities, but the prognosis for esophageal cancer is extremely poor, with a 5—year survival rate
of less than 30% [2, 3]. Therefore, it is urgent to identify biomarkers that can predict treatment effects and to find new molecular
targets.

Fibroblasts present in tumors are called cancer—associated fibroblasts (CAFs), which have been shown to promote cancer cell
proliferation and malignant transformation [4]. Research on CAFs’ function has been active in breast cancer, pancreatic cancer, and
other areas, and some reports suggest that they contribute to tumor growth, metastasis, and treatment resistance in esophageal
cancer [5].

In this study, we used immortalized fibroblasts to create CAFs using semi—artificial methods. CAFs produced by this method are
called experimental CAFs, which have long—term stability and can be cultured on a large scale. They can also be used in in vitro co—
culture experiments of cancer cells and CAFs, as well as in in vivo co—implantation experiments of cancer cells and CAFs. By
creating these experimental CAFs and using them in various experiments, we will elucidate the characteristics and functions of CAFs
in esophageal cancer. In addition to cancer cell lines, we also aim to create experimental CAFs that are more similar to in vivo CAFs
by using cancer organoids in this study.

2) BXB& (Approach)

To create experimental CAF and analyze it, two different types of cells (immortalized normal esophageal fibroblasts and patient—
derived esophageal cancer organoids) were co—transplanted into immunodeficient mice.

3) # ¥} & 5% (Materials and methods)

(Dlmmortalization of normal esophageal fibroblasts:

Immortalized fibroblasts are obtained by introducing the hTERT (telomerase) gene into fibroblasts derived from human esophagus.
The fibroblasts are obtained from Cell Biologics and normal human esophagus specimens.

(@Establishing patient—derived esophageal cancer organoids

Organoids derived from human esophageal cancer samples provide a novel and unique platform to model esophageal development,
homeostatic regenerative differentiation, and benign and malignant esophageal diseases.

®)Creation of experimental CAFs using esophageal cancer cells (cell lines/organoids):

CAF can be obtained by primary culture from surgical samples, but there are reports that their properties change after several
passages and they become unstable, and it is difficult to use them as stable experimental materials due to cell aging. The method for
creating experimental CAFs was developed in this course. This cell can be massively propagated and its properties are stable.
Immortalized fibroblasts with antibiotic resistance are mixed with cancer cells and co—transplanted into immunodeficient mice to
convert fibroblasts into CAFs within the tumor.

@ Analysis using established experimental CAFs:

By comparing the gene expression of normal fibroblasts and established experimental CAFs, signal pathways that are upregulated in
CAFs are identified, and the mechanism of CAF formation is predicted. In addition, functional evaluation is performed by mixing
experimental CAFs with cancer cells and transplanting them into mice (to investigate tumor growth and cancer malignancy function).
4) RE&FER (Results)

(Dlmmortalization of normal esophageal fibroblasts:

By detecting the population doubling level (PDL) of the cells, it was determined that the normal esophageal fibroblasts had become
immortalized normal esophageal fibroblasts (by introduction of hTERT gene (hygromycin resistance)).

(@Establishing patient—derived esophageal cancer organoids

Esophageal cancer organoids have been established using patient—derived esophageal cancer tissue. These are three—dimensional
culture systems that can be grown in vitro to form miniaturized, self-organizing structures that mimic the architecture and function
of the original tumor. These organoids are composed of different types of cells, including cancer cells, stromal cells, and immune
cells, and can recapitulate the heterogeneity and complexity of the original tumor.

(BEstablishing an esophageal cancer patient—derived xenograft (PDX) model by co—transplanting esophageal cancer
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organoids or esophageal cancer cell lines with immortalized esophageal fibroblast. Inject subcutaneous injections into both sides of the
mice, and tumor were resected 2 weeks, 1 month, 2 month, and 3 months after co—transplantation, respectively. Then culture the cells
in medium containing hygromycin. Only hygromycin—resistance fibroblast can survive and proliferate.

@Performing Immunohistochemistry on the resected tumor, we found that the expression of human vimentin 9 was very little.
®Immunofluorescent staining revealed that human vimentin 9 was expressed in counterpart fibroblasts, and exp—~CAFs. a—-SMA was
expressed in counterpart fibroblasts, exp—CAFs and 10T1/2.

(®Examing maker expression of CAF subtypes mCAF and iCAF by RT-gPCR.

KYSE150 esophageal cancer+ Normal hTERT fibroblast cells tend to express SDF1 (CXCL12). ): KYSE270 esophageal cancer + Normal
hTERT fibroblast cells can be seen upregulation of inflammatory cytokines.

5) Z& %X (Discussion)

This study represents the first establishment of experimental cancer—associated fibroblasts (CAFs) related to esophageal cancer.
Experimental CAFs can be used to simulate the microenvironment surrounding esophageal cancer cells, providing researchers with a
more physiologically relevant experimental platform.

CAFs are stromal cells that are mainly induced in tumor microenvironment, and are involved in cancer cell proliferation and
invasion, angiogenesis, inflammation, immunosuppress, and extracellular matrix remodeling [6]. There are 2 main subtypes of CAFs:
myofibroblastic CAFs (mCAFs), which is a subtype that expresses a—SMA and exhibits myofibroblast phenotype, and inflammatory
CAFS (iCAFs), which is a subtype that produces inflammotry cytokines [7]. In our study, we successfully established two subtypes of
CAFS respectively.

CAFs can be used to simulate the microenvironment surrounding cancer cells, providing researchers with a more physiologically
relevant experimental platform. CAFs can also be utilized for screening potential drugs targeting the cancer microenvironment, as well
as assessing the effects of these drugs on the microenvironment. Research on CAFs can aid in the development of therapeutic
strategies targeting the cancer microenvironment to improve cancer treatment outcomes [6, 8].

Experimental cancer—associated fibroblasts (CAFs) are CAFs created using immortalized fibroblasts through semi—artificial methods.
CAFs produced using this method have long—term stability and can be cultivated on a large scale. They can also be used in in vitro
co—culture experiments of cancer cells and CAFs, as well as in in vivo co—implantation experiments of cancer cells and CAFs. By
creating these experimental CAFs and using them in various experiments, we will elucidate the characteristics and functions of CAFs
in esophageal cancer.

In our study, we also use establish patient—derived esophageal cancer organoids. Organoid technology can cultivate gastrointestinal
tumors in a way that preserves their genetic, phenotypic, and behavioral characteristics, which is far superior to traditional tumor cell
cultures [9].

In subsequent experiments, we need to conduct another round of animal transplant experiments to ensure that the performance of
experimental CAF is more stable. Then study the mechanism of CAF's influence on esophageal cancer tumorigenesis.
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Association of hospital volume
and long-term survival after
esophagectomy: A systematic
review and meta-analysis

Qing Wang"’, Shinji Mine'*, Motomi Nasu', Tetsu Fukunaga',
Shuko Nojiri* and Chun-Dong Zhang'

'Department of Esophageal and Gastroenterological Surgery, Juntendo University Graduate School of
Medicine, Tokyo, Japan, 2Department of Thoracic Surgery, The Fourth Affiliated Hospital of China Medical
University, Shenyang, China, *Medical Technology Innovation Center, Juntendo University, Tokyo, Japan,
“Department of Gastrointestinal Surgery, Graduate School of Medicine, The University of Tokyo, Tokyo,
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Background: It remains controversial whether esophageal cancer patients may
benefit from esophagectomy in specialized high-volume hospitals. Here, the
effect of hospital volume on overall survival (OS) of esophageal cancer patients
post esophagectomy was assessed.

Methods: PubMed, Embase, and Cochrane Library were systematically searched
for relevant published articles between January 1990 and May 2022. The
primary outcome was OS after esophagectomy in high- vs. low-volume
hospitals. Random effect models were applied for all meta-analyses. Subgroup
analysis were performed based on volume grouping, sample size, study country,
year of publication, follow-up or study quality. Sensitivity analyses were
conducted using the leave-one-out method. The Newcastle-Ottawa Scale was
used to assess the study quality. This study followed the Preferred Reporting
ltems for Systematic Reviews and Meta-analysis guidance, and was registered
(identifier: INPLASY202270023).

Results: A total of twenty-four studies with 113,014 patients were finally included
in the meta-analysis. A significant improvement in OS after esophagectomy was
observed in high-volume hospitals as compared to that in their low-volume
counterparts (HR: 0.77; 95% Cl: 0.71-0.84, P<0.01). Next, we conducted
subgroup analysis based on volume grouping category, consistent results were
found that high-volume hospitals significantly improved OS after
esophagectomy than their low-volume counterparts. Subgroup analysis and
sensitivity analyses further confirmed that all the results were robust.
Conclusions: Esophageal cancer should be centralized in high-volume hospitals.

KEYWORDS

esophageal carcinoma, esophagectomy, hospital volume, overall survival, centralization

1. Introduction

Centralization of demanding cancer surgeries to improve the safety and effectiveness of
cancer treatment is a topic of ongoing concern in many countries around the world (1-4).
Esophagectomy is one of the most complex surgery with high morbidity and mortality, and
whether it should be centralized in high-volume hospitals remains controversial (5-9).

Abbreviations
CI, confidence interval; HR, hazard ratio; HV, hospital volume; HVH, high-volume hospital; LVH, low-volume
hospital; No., number; NR, not reported; ref, reference; USA, United States of America.
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Clinical long-term outcomes of esophageal cancer after surgery
are usually affected by standardization of surgical procedures,
chemotherapy, radiation therapy, molecular targeted therapy and
immunotherapy (10-12); moreover, hospital volume also
influences mortality after esophagectomy (13). Some previous
studies have been reported that esophagectomy for cancer
benefited

prognosis outcomes (6, 7, 14, 15), whereas, there are also some

centralized in high-volume hospitals long-term
reports showing inconsistent results (5, 8, 9, 16). Therefore,
whether a better long-term overall survival after esophagectomy
showing high-volume hospitals remains to be established.

In the present study, we evaluated the influence of high- vs.
low-volume hospitals on the long-term OS of patients with

esophageal cancer after esophagectomy.

2. Materials and methods
2.1. Literature search strategy

This systematic review was registered in https://doi.org/10.
37766/inplasy2022.7.0023 (identifier: INPLASY202270023) (17).
We conducted a systematic search for all relevant articles on the
relationship between hospital volume of esophagectomies and
long-term OS (17). The search was performed in PubMed,
Embase, and Cochrane Library. For example, we combined
Medical Subject Headings (MeSH) terms and text terms for the
search in PubMed. The following search terms were used:

«

(“esophagectomy” OR “esophageal surgery “ OR “esophageal
cancer surgery” OR “esophageal resection” OR “esophageal
cancer resection”) AND (“hospital volume” OR “high volume”
OR “low volume” OR “healthcare institution size” OR “surgical
volume”). We also searched the references of the included studies
to search for potentially eligible articles. The last search was
completed on May 30, 2022. This study followed the Preferred
Reporting Items for Systematic Reviews and Meta-analysis
guidance (PRISMA) (17, 18).

2.2. Study selection and eligibility criteria

As we previously described, after the retrieval of the relevant
articles, they were screened to remove the duplicates (17). All
studies were published in English. Search results were screened
by two authors (Q.W. and C.D.Z.) independently according to
the titles and abstracts. To better reflect modern surgical
practices and perioperative management, this study focuses only
on articles published after 2002. Next, the retained studies were
searched for their full text and further were screened according
to the following eligibility criteria: publication in English
language; surgery for esophageal carcinoma as the theme;
primary outcomes included hospital volume and long-term OS;
comparison of OS between high- and low-volume hospitals;
original articles with informative data; articles reporting adjusted
hazard ratios (HRs) in multivariate analysis; publication before
2002; and articles in which procedural volume was an exact
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cutoff. Any disagreements were resolved through consultation
with the third author (17).

2.3. Data extraction

Two authors (QW and CDZ) independently extracted data
from the included studies and collated the following information:
author, published year, country, study period, population, the
unit of exposure (hospital volume), volume classification for
hospitals, volume grouping (dichotomies, tertiles, quartiles,
quintiles or others) and the longest follow-up and clinical
outcomes (OS) (17). Any disagreements were resolved by
discussion with the third author. We further assessed the extent
of risk adjustment (17).

2.4. Study quality evaluation

All  included
methodological quality and risk of bias by two authors (QW and
CDZ) by using the Newcastle-Ottawa Scale (17, 19). This scale
assesses the quality of studies from three aspects: selection of

studies were rigorously assessed for

study population (0-4 points), comparability between groups
(0-2 points), and outcome measurement (0-3 points) (17). The
total score is 9 points.

2.5. Data integration

High-volume hospitals or low-volume hospitals were defined
by the authors of the included studies. We used hazard ratios
(HRs) in low-volume groups as the reference. If an included
study reported more than two surgical volume groups, only the
lowest and highest volume groups were compared in the analysis.
The primary outcome was OS at the last follow-up, excluding
30-day mortality, 90-day mortality, in-hospital mortality, and
postoperative mortality (17).

2.6. Statistical analyses

The results were calculated by HRs with 95% confidence
intervals (CIs) for long-term outcomes. Heterogeneity among the
studies was quantified by the I? test, and studies with a statistic
of 25%-50% of I* were regarded as low heterogeneous, 51%-75%
as moderate, and more than 75% as highly heterogeneous (20).
Regarding the clinical

heterogeneity  (inconsistency in

pathological  staging, other

confounding factors among the studies), we applied random-

therapeutic  regimens, and
effect models for all the analyses. To obtain adequate statistical
power, subgroup analysis was conducted based on volume
grouping category. Then meta-analyses of at least five included
studies were performed for different cutoff values (high-volume
hospital vs. low-volume hospital). In addition, subgroup analyses
in relation to volume group, sample size, study country, year of
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publication, follow-up or study quality and sensitivity analyses of a
leave-one-out method were conducted to verify the results. Funnel
plots were used to evaluate potential publication bias. P < 0.05 was
considered to be statistically significant. All statistical analyses were
performed by Review Manager 5.4.1 and Stata 13.1.

3. Results
3.1. Study selection and characteristics

This systematic review was registered in https://doi.org/10.
37766/inplasy2022.7.0023 (identifier: INPLASY202270023).
Figure 1 shows the process of literature selection. We retrieved
115 articles from PubMed and 66 from Embase; of these, 136
studies were retained for primary selection after 59 duplicate

10.3389/fsurg.2023.1161938

studies were excluded. After screening of titles and abstracts, 30
studies were excluded. Among the remaining 106 articles, which
were related to the volume-outcome relationship in esophageal
cancer surgery, we further excluded 24 reviews without primary
data, three articles not related to esophagectomy, 23 articles
without data of long-term survival, 10 articles without data of
hospital volume, three articles without data of low-volume
hospitals, four articles published before 2002. Finally, 24 studies
published from 2002 to May 2022 with 113,014 participants were
included in the meta-analysis.

Among the 24 included studies, six were from the United States
(6-8, 21-23), four from Sweden (9, 15, 24, 25), three each from
Australia (26-28) and Netherlands (29-31), two each from Japan
(32, 33) and England (14, 34), and one each from China (35),
Korea (36), Brazil (37), and Canada (38) (Table 1). The longest
follow-up period was 24 years.

FIGURE 1
The PRIMSA flow diagram for included studies.
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3.2. Quality assessment

The quality of the included studies was assessed using the
Newcastle-Ottawa Scale. The median Newcastle-Ottawa Scale

score of the included studies was 7, with a range of 6-9 (Table 2).

3.3. Long-term os in relation to hospital
volume

A total of 24 studies was included to assess the impact of high-
volume vs. low-volume hospitals on long-term overall survival after
esophagectomy. Regarding to the longest period of follow-ups, high-
volume hospitals showed significantly better overall survival than low-
volume hospitals (HR: 0.77; 95% CI: 0.71-0.84, P < 0.01) (Figure 2).

Next, we analyzed the pooled HRs of OS (high-volume hospital
vs. low-volume hospital) for multiple cutoff values (Table 3).
Consistent results were found that high-volume hospitals showed
a significant improvement in OS after esophagectomy than their
low-volume counterparts (all P <0.05).

3.4. Subgroup analysis

Subgroup analysis was conducted based on volume grouping
category in Figure 2. A significant improvement in OS after

10.3389/fsurg.2023.1161938

esophagectomy was observed in high-volume hospitals as
compared to that in their low-volume counterparts in each
volume grouping category. The pooled HRs were 0.76 (95% CI:
0.71-0.81) for quintiles, 0.72 (95% CI: 0.61-0.85) for quartiles,
0.77 (95% CI:0.62-0.96) for tertiles, and 0.82 (95% CI:0.78-0.87)
for dichotomies, respectively (Figure 2, Table 4).

In addition, we carried out subgroup analyses in relation to
sample size, study country, year of publication, follow-up or
study quality. Overall, the results were robust and that patients
with esophagectomy significantly benefited from high-volume
hospitals than from low-volume hospitals (Table 3).

3.5. Sensitivity analyses

Sensitivity analyses with the leave-one-out method further
revealed the consistent results, which were observed a significant
improvement in OS after esophagectomy in high-volume
hospitals as compared to that in their low-volume counterparts,
with HRs ranging from 0.75 (95% CI: 0.68-0.83) to 0.79 (95%
CI: 0.73-0.85) (Table 5).

3.6. Publication bias

We further assessed the publication bias (Figure 3). Because of
the relatively small number of included studies in some volume

TABLE 2 Quality assessment of all included studies by Newcastle-Ottawa scale.

Selection Comparability Outcome Total score
I 11} \Y VI
Dikken 2012 (29) * * * * % * * * 8
Van de Poll-Fanse 2011 (30) * * * ** * * * 8
Yang 2019 (21) * * * * * * * 7
Coupland 2013 (14) * * * * * % * * * 9
Derogar 2013 (15) * * * * ** * * * 9
Patel 2022 (6) * * * * ok * * * 8
Han 2021 (7) * * * * * % * * * 9
Gasper 2009 (8) * * * * * * * * * 9
Bilimoria 2008 (22) * * * * * % * * * 9
Birkmeyer 2007 (23) * * * * * ok * * * 9
Sundelof 2008 (24) * * * ok * * * 7
Rouvelas 2007 (9) * * * * * * 6
Wenner 2005 (25) * * * *k * 6
Narendra 2021 (26) * * * * * * 6
Smith 2014 (27) * * * * %k * * * 8
Stavrou 2010 (28) * * * %k * * * 7
Verhoef 2007 (31) * * * * * * * * 8
Taniyama 2021 (32) * * * ** * * 7
Toka 2007 (33) * * * ok * * 6
Bachmann 2002 (34) * * * * * * * * 8
Hsu 2014 (35) * * * % * * * 7
Kim 2021 (36) * * * * * * * 7
Duarte 2020 (37) * * * * * * 6
Simunovic 2006 (38) * * * * * * 6

*One score. |, representativeness of the exposed cohorts; I, selection of the non-exposed cohorts; Ill, ascertainment of exposure; IV, demonstration that outcome of
interest was not present at start of study of interest; V, comparability of cohorts on the basis of the design or analysis; VI, assessment of outcomes; VII, was follow-up

long enough for outcomes to occur; VIII, adequacy of follow-up of cohorts.
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FIGURE 2

Forest plot of long-term survivals following esophagectomy comparing high- with low-volume hospitals (reference) according to volume grouping.

grouping category meta-analyses, we consider that publication bias
should exist.

4. Discussion

This meta-analysis outlined the most up-to-date evidence on
the relationship between hospital volume and long-term survival
outcomes in esophagectomy. We found for the first time that
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centralization of esophagectomy in high-volume hospitals
improved OS as compared to that in low-volume hospitals and
with  esophageal benefit

esophagectomy conducted in a higher volume hospital than in a

patients cancer will from an
lower one, whether in total or in volume grouping category.
However, we were still unable to decide the optimal cutoff value
of dividing high- and low-volume hospitals in current study.
Centralization of esophageal cancer surgery has been common

in the Netherlands, England, and Canada (18, 39, 40), Comparing a
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TABLE 3 Comparisons of the overall survivals between high- and low-
volume hospitals by different cutoff values of hospital volume.

Cutoff values of = No. of No. of Effect estimate

hospital volume = studies patients

(CV) HVH (>CV) HR (9% = P

vs. LVH (<CV) value
5 6 55,152 076 | 0.71-0.80 | <0.001
6 11 80,408 079 | 0.75-0.84 | <0.001
7 8 66,606 079 | 0.73-0.85 | <0.001
8 9 67,261 079 | 0.74-0.84 | <0.001
9 10 68,596 078 | 0.74-0.83 | <0.001
10 12 74,347 077 | 0.72-0.83 | <0.001
11 11 73,148 077 | 0.72-0.83 | <0.001
12-14 12 84,494 075 | 0.68-0.83 | <0.001
15 11 83,672 075 | 0.68-0.84 | <0.001
16 9 80,741 072 | 0.65-0.80 | <0.001
17 8 68,494 072 | 0.63-0.81 | <0.001
18-19 7 67,159 071 | 0.61-0.82 | <0.001
20 9 77,976 071 | 0.63-0.81 | <0.001
21 8 71,427 072 | 0.63-0.82 | <0.001
22 7 63,232 0.64 | 0.56-0.73 | <0.001
23-25 6 61,081 0.70 | 0.60-0.82 | <0.001
26-32 5 23,386 0.69 | 0.57-0.84 | <0.001
33-43 6 24,167 075 | 0.59-0.95 | 0.02
44 5 21,737 074 | 0.55-1.00 | 0.05

Cl, confidence interval; HR, hazard ratio; HVH, high-volume hospital; LVH, low-
volume hospital; No., number.

TABLE 4 Subgroup analyses of comparisons of the overall survivals
between high- and low-volume hospitals.

No. of
studies

No. of
patients

Effect estimate

Subgroup

HVH vs. LVH
P value

HR (95% Cl)

Total 113,014 0.77 (0.71-0.84) <0.001
Volume group

Dichotomies 8 18,956 0.82 (0.78-0.87) <0.001
Tertiles 9 22,695 0.77 (0.62-0.96) 0.02
Quartiles 3 13,615 | 0.72 (0.61-0.85) | <0.001
Quintiles 4 57,748 | 0.76 (0.71-0.81) | <0.001
Sample size

>5,000 6 88,454 0.73 (0.65-0.82) <0.001
<5,000 18 24,560 0.79 (0.72-0.87) <0.001
Study country

Western countries 20 98,381 0.82 (0.76-0.88) <0.001
Eastern countries 4 20,036 0.61 (0.53-0.70) <0.001
Year of publication

2002-2012 13 33,900 | 0.80 (0.70-0.90) | <0.001
2013-2022 11 79,114 0.75 (0.67-0.83) <0.001
Follow-up

Longest follow-up >10 years 8 11,060 | 0.79 (0.69-0.91) | <0.001
Longest follow-up <10 years 16 101,954 | 0.76 (0.69-0.85) <0.001
Study quality

High 19 107,243 0.74 (0.67-0.83) <0.001
Moderate 5 5771 0.87 (0.80-0.94) <0.001

Cl, confidence interval; HR, hazard ratio; HVH,
low-volume hospital; No., number.

high-volume hospital; LVH,

centralized country (England) with a non-centralized country
(U.S.), a previous study of 13,291 patients illustrated a lower in-
hospital mortality in England hospitals than those in the U.S.
(4.2% vs. 5.5%) (41). Regarding this, centralization is urgently
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TABLE 5 Sensitivity analysis using leave-one-out method for overall
survival of high-volume hospitals vs. low-volume hospitals.

Given named study Hazard ratio 95% Cl P value
is omitted

Dikken (29) 0.77 0.70-0.84 <0.001
Van de Poll-Fanse (30) 0.77 0.71-0.84 <0.001
Yang (21) 0.78 0.71-0.85 <0.001
Coupland (14) 0.77 0.70-0.84 <0.001
Derogar (15) 0.76 0.70-0.83 <0.001
Patel (6) 0.77 0.70-0.84 <0.001
Han (7) 0.77 0.71-0.84 <0.001
Gasper (8) 0.75 0.68-0.83 <0.001
Bilimoria (22) 077 0.70-0.85 <0.001
Birkmeyer (23) 0.77 0.71-0.84 <0.001
Sundelof (24) 0.77 0.70-0.84 <0.001
Rouvelas (9) 0.76 0.70-0.84 <0.001
Wenner (25) 0.77 0.70-0.84 <0.001
Narendra (26) 0.77 0.70-0.84 <0.001
Smith (27) 0.77 0.70-0.84 <0.001
Stavrou (28) 0.77 0.70-0.84 <0.001
Verhoef (31) 0.77 0.71-0.84 <0.001
Taniyama (32) 0.78 0.71-0.85 0.02
Toka (33) 0.78 0.72-0.85 0.05
Bachmann (34) 0.76 0.71-0.81 <0.001
Hsu (35) 0.77 0.71-0.84 <0.001
Kim (36) 0.79 0.73-0.85 <0.001
Duarte (37) 0.77 0.70-0.84 <0.001
Simunovic (38) 0.77 0.70-0.84 <0.001

Cl, confidence interval.

required, in terms of high-volume hospitals with sufficient
surgical volumes, skillful interdisciplinary teams, to provide the
optimal treatment for patients with esophageal cancer.

Although the reasons why high-volume hospitals are associated
with better long-term survival are still not fully understood, high-
volume hospitals may provide patients with better multidisciplinary
teams, more comprehensive preoperative examinations, more
accurate preoperative diagnosis, perioperative management, and
high-quality surgical care, more specialized surgeons who have more
consistent skills of performing curable operations for esophageal
cancer patients (42-45). Compared with low-volume hospitals,
high-volume hospitals not only have a lower complication rate after
esophagectomies, but also the ability of managing complications
(46). In addition, the applications of neoadjuvant chemoradiation,
perioperative chemotherapy, and postoperatively follow-up can
improve long-term outcomes after esophagectomies; therefore, high-
volume hospitals are more likely to provide a better overall cancer
therapy and care, and the size of hospital volume may serve as a
significant indicator of the overall medical quality and health care (47).

Unfortunately, it is difficult for patients to know the overall quality
of nearby hospitals. Based on the main findings of current study,
patients can select relatively higher volume hospitals nearby.
Considering the importance of such knowledges, policy makers
should make efforts to educate people for selecting the optimal
hospitals for the treatments of specific diseases (e.g., esophagectomy
for esophageal cancer), through public reporting systems.

Our study still has limitations. First, this study has the
potential for selection bias of individual studies because of
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FIGURE 3

Funnel plot of survival benefit following esophagectomy comparing high- with low-volume hospital (reference).

the original data, even with case mix adjustment. Second, all
the included studies were observational and retrospective.
Third, some of the included studies used the same database
(e.g., Sweden), and some participants might be overlapped,
even though the study period were different; however,
sensitivity analyses of a leave-one-out method confirmed
that all the current results were robust. Fourth, as some of
the data in the included studies were obtained from the
National Cancer Registry, some details of the surgery, such

as surgical approach and the extent of lymph nodes
dissection, were unknown. Fifth, the volume grouping
categories of the annual hospital volumes across the

included studies varied greatly, and there was still no
optimal threshold, and the main findings of current study
thus need to be verified in further studies.

5. Conclusion

In summary, high-volume hospitals significantly improved
long-term OS of patients with esophageal cancer after
their
counterparts. Esophagectomy should be centralized in high-

esophagectomy as compared to low-volume

volume hospitals.
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1. ARBEM)

Lenvatinib radiofrequency ablation sequential therapy offers survival benefits for patients with unresectable hepatocellular carcinoma
at intermediate stage and the liver reserve of Child—Pugh A category: A Multicenter Study

1) B89 (Goal)

This study aims to evaluate the efficacy and safety of lenvatinib radiofrequency ablation (RFA) sequential therapy for certain
hepatocellular carcinoma (HCC) patients.

2) BiB& (Approach)

As a multi—targeted TKI for systemic pharmacotherapy, lenvatinib acts as an antiangiogenic treatment to slow tumor growth,
demonstrating non—inferiority in OS but superiority in PFS, time to progression, and ORR compared to sorafenib1, 2. The combined
effect of lenvatinib—induced reduction in tumor blood flow and tumor growth, along with additional RFA, was observed to effectively
reduce viable tumor volume3. With the reduction in tumor volume achieved through additional local therapy, the resumption of
lenvatinib at a reduced dose was contemplated to mitigate AEs and extend the duration of administration, rendering patients apt for
prolonged lenvatinib treatment4.

3) # ¥l & 77 % (Materials and methods)

Unresectable HCC patients in the intermediate stage with a liver reserve of Child—Pugh A were retrospectively recruited in a
multicenter setting. Those in the lenvatinib RFA sequential therapy group received lenvatinib initially, followed by RFA and the re—
administration of lenvatinib. The study compared overall survival (OS), progression—free survival (PFS), tumor response, and adverse
events (AEs) between patients undergoing sequential therapy and lenvatinib monotherapy.

4) EEXFE R (Results)

A total of 119 patients from nine institutions were included. After propensity score matching, independent factors influencing OS
were identified as sequential therapy and modified Albumin—Bilirubin (mALBI) grade with hazard ratios (HR) of 0.426 (95% confidence
intervals, CI: 0.221-0.824) and 1.672 (95% CI: 1.158-2.414), respectively. Stratified analysis based on mALBI grades confirmed the
independent influence of treatment strategy across all mALBI grades for OS (HR: 0.443, 95% CI: 0.226-0.869). Furthermore, sequential
therapy was identified as an independent factor of PFS (HR: 0.363, 95% CI: 0.212-0.621). Sequential therapy significantly
outperformed monotherapy on survival benefits (0S: 38.27 vs. 19.38 months for sequential therapy and monotherapy, respectively,
p=0.012; PFS: 13.80 vs. 5.32 months for sequential therapy and monotherapy, respectively, p<0.001). The sequential therapy
significantly associated with objective response by modified Response Evaluation Criteria in Solid Tumors (mRECIST) (odds ratio:
10.060). Regarding safety, ten out of 119 experienced grade 3 AEs, with no AE beyond grade 3 observed.

5) Z %2 (Discussion)

The findings in the current research affirmed that the lenvatinib RFA sequential therapy serves as a protective measure for uHCC
patients’ survival benefits. The effectiveness of lenvatinib RFA sequential therapy appears to be primarily attributed to volume
reduction induced by both lenvatinib and RFA, and the sustained administration of lenvatinib with tolerable dose adjustments.
Meanwhile, as a strong inhibitor of vascular endothelial growth factor receptor and fibroblast growth factor receptor, lenvatinib has
also been reported being involved in the cancer immune cycled, 6. The demonstrated superior antitumor efficacy of lenvatinib,
attributable to its underlying immunomodulatory activity, surpasses that of sorafenib7. Additionally, anti—angiogenic therapies may
normalize tumor blood vessels8-10 , potentially enhancing drug delivery9—13 and immune infiltration and interferon response through
reconstructing the TMEG6, 14, 15. Hence, the reintroduction of lenvatinib at a dose that is well-tolerated post—RFA is helpful at
averting potential relapse, ultimately contributing to extended OS and PFS.

RFA, in addition to its primary role in volume reduction for HCC, may also exert a mild influence on the immune system to avert
potential relapse. Through the release of tumor—specific antigens and the induction of proinflammatory cytokines, these
immunomodulatory effects bring about changes in the TME, thereby activating immune responses16. The synergy between TKI and
RFA, as observed by Qi et al., enhances anti—tumor immune responses, suppressing certain signaling pathways17. Activation of the
immune system post—RFA extends beyond the primary tumor site, suppressing distant tumor growth in rodent models18, 19 . RFA
has also been reported to reinforces host adaptive immunity through various pathways, such as up-regulating CD8+ T cells and
dendritic cells while down—regulating regulatory T cells20. However, the potency of RFA-induced immune activation alone may not be
sufficient for fully recurred tumor elimination21, necessitating exploration of synergistic mechanisms involved the anti—angiogenic
benefits of lenvatinib and the changeable TME associated with RFA. Wang F et al. firstly validated the efficacy of lenvatinib RFA
sequential therapy for intermediate—stage HCC patients that exceeded the up—to—seven criterion, demonstrating improved OS
(median: 21.3 months, 95% CI:14.0-28.0) and PFS (median: 12.5 months, 95% CI: 9.3-20.7) over a median follow—up period of 17.2 (6.7—
38.5) months22. With an extended follow—up duration
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(median: 18.42 months, range: 1.81-61.38 months) and an expanded cohort that includes patients beyond the up—to—seven criteria in
the present study, the lenvatinib RFA sequential treatment group exhibited relatively longer median OS (38.27, 95%CI, 21.62-54.92
months) and PFS (13.80 = 3.67 months), further emphasizing the promising survival outcomes associated with lenvatinib RFA
sequential therapy.
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Hepatocellular carcinoma (HCC) has the third-highest incidence in cancers and has
become one of the leading threats to cancer death. With the research on the etiological
reasons for cirrhosis and HCC, early diagnosis has been placed great hope to form a
favorable prognosis. Non-invasive medical imaging, including the associated contrast
media (CM)-based enhancement scan, is taking charge of early diagnosis as mainstream.
Meanwhile, it is notable that various CM with different advantages are playing an important
role in the different imaging modalities, or even combined modalities. For both physicians
and radiologists, it is necessary to know more about the proper imaging approach, along
with the characteristic CM, for HCC diagnosis and treatment. Therefore, a summarized
navigating map of CM commonly used in the clinic, along with ongoing work of agent
research and potential seeded agents in the future, could be a needed practicable aid for
HCC diagnosis and prognosis.

Keywords: ultrasound, MRI, CECT, hepatocellular carcinoma (HCC), contrast media (CM)

INTRODUCTION

Hepatocellular carcinoma (HCC) has the third-highest incidence in cancers, along with the fourth
leading cause of cancer death in 2020 globally. Moreover, cirrhosis, a major source of HCC,
composed 2.4% of death with all causes in 2019 according to the WHO. Meanwhile, hepatitis B virus
(HBV) and hepatitis C virus (HCV) infection, alcohol abuse, and non-alcoholic steatohepatitis
(NASH) are dominating etiological reasons for cirrhosis and HCC. Modern medicine believes the
small HCC is preventable and curable through early diagnosis and timely etiological treatment if
screening and surveillance could be well conducted for cirrhosis (1). Therefore, non-invasive
medical imaging techniques, such as MRI, ultrasound (US), and CT, have contributed to HCC
patients’ management (2-6).

For early diagnosis, treatment assessment, and follow-up, multiple medical imaging modalities
were improved and adapted in every corner of HCC prevention and supervision. In the past decades,
the diagnostic efficacy of medical imaging has been elevated through the improvement of imaging
resolution and associated intravenous contrast agents. US elastography and MR elastography are
recommended to supervise and assess hepatic fibrosis, which may gradually progress to cirrhosis
without medical intervention (7). On the other hand, taking characteristic advantage of the dual blood
supply of the liver, transvenous contrast agents depict the liver lesion by illustrating the tumorous
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Contrast Media for HCC Imaging

blood supply with characteristics of arterial enhancement (wash-
in) and portal hypodensity or hyposignal (wash-out). The classical
imaging findings of wash-in and wash-out were believed to have a
sensitivity of approximately 60% and a specificity of 96%-100%
for small HCCs with a size of 10-20 mm. Still, a biopsy is needed
in 40% of these lesions. Along with a deeper investigation of
clinical research, an experienced radiologist can achieve a much
more satisfying diagnostic efficacy through guidelines like the
American College of Radiology Liver Imaging Reporting and Data
System (ACR LIRADS) (8, 9). As a result, contrast enhancement
imaging, like dynamic MRI and contrast-enhanced CT (CECT), is
recommended in mainstream guidelines for preoperative HCC
diagnosis with certainty. Screening using the non-enhanced US is
also recommended for patients at a higher risk of HCC every 6
months. When it comes to contrast-enhanced US (CEUS), though
it is not recommended by the World Federation for Ultrasound in
Medicine and Biology (WFUMB) guidelines for liver lesion
detection due to the narrow window for arterial phase
observation (10), some meta-analyses indicated it to be a
promising diagnostic approach for HCC with a sensitivity of
93% (95% CI: 91%-95%) and a specificity of 90% (95% CI:
88%-92%) (11), as well as the diagnostic efficacy of 93% in
small HCCs (£2 c¢m) (12).

Contrast-enhanced imaging for the tumor is a tracer
technique of contrast media (CM) in essence. The distribution
and dynamic phases of the agent are analyzed for lesion detection
and characterization for early diagnosis and possible prognosis
prediction. Therefore, a summarized navigating map of CM
commonly used in the clinic, along with ongoing work of
agent research and potential seeded agents in the future, could
be a needed reference work for both physicians and radiologists.

BLOOD POOL CONTRAST AGENTS

Ultrasound Contrast Agents

As early as the late 1960s, people found that the microbubbles
(MBs) that provide many reflecting interfaces for echo are a good
intravascular flow tracer for US imaging (13), and the hydrogen
peroxide solution was launched for echocardiography thereafter.
According to the inner gas of the MB, US contrast agent (UCA)
could be classified into two generations. Air core with the
polymeric coat is the so-called first-generation UCA, such as
Levovist (Schering, Berlin-Wedding, Germany). The first-
generation UCA is a milestone in the history of medical US
imaging development, though it comes with defects like
unstableness and unsafety (13). Thereafter, inert gas that is
enveloped with a lipid shell at a diameter of approximately
several micrometers is developed as the second-generation
UCA, which is slightly smaller than that of the red blood cell.
Taking advantage of materials science and technology
development, the second-generation UCA with greater stability
and biosafety can achieve a promising diagnostic efficacy for
HCC (11, 12), along with the negligible report of anaphylaxis
compared with CT and MRI, which means that UCA can be
employed for the patients having iodine allergy, chronic kidney

disease, hepatic function failure, asthma, and so on. Moreover,
the bedside operation with a portable US machine could be
performed in the emergency department (ED) and intensive care
unit (ICU) as needed. However, concerning clinical practice,
CEUS is not good at imaging the hepatic lesion located near the
lung and behind the costal bone, due to the so-called shadow
zone caused by the costal bone and lung. The other weakness is
US attenuation in far-field of a fatty liver can lead to the
indefinable hepatic situation.

Currently, sulfur hexafluoride (i.e., SonoVue, Bracco Imaging,
Milan, Italy) is the most consumed in the global UCA market,
followed by perfluorinated butane (i.e., Sonazoid, GE Healthcare,
Oslo, Norway). The former is a pure blood pool agent, while the
latter behaves similarly at the beginning but permeates into
extravascular space soon after administration, which will be
discussed in Section 3.

lodinated Agents for Contrast-Enhanced CT
Many iodinated agents are pure blood pool agents, which are the
widest and longest used CM for X-ray-based enhancement scans
(i.e., CECT) (Figure 1). To date, the effort of optimizing small-
molecule iodinated agents for contrast enhancement could be
mainly classified into three eras, including four categories of
compounds, from ionic to non-ionic, from monomers to
dimers, from high-osmolality to iso-/low-osmolality, associating
with decreasing toxicity and increasing bio-tolerability.
Commercially available agents are abundant in the clinic, such
as iohexol (Omnipaque, GE Healthcare), iopromide (Ultravist,
Bayer Healthcare, Leverkusen, Germany), iodixanol (Visipaque,
GE Healthcare), iopamidol (Isovue, Bracco Imaging, Milan, Italy),
and iothalamate (Cysto-Conray II, Mallinckrodt Imaging, St.
Louis, MO, USA). Moreover, novel agents, like iosimenol and
GE-145, are on the way to commercialization with the
improvements made on an existing basis. The diagnostic efficacy
of CECT for HCC in terms of area under the receiver operating
characteristic (ROC) curve (AUC), sensitivity, and specificity were
reported to be 0.93, 93%, and 82%, respectively (14). For HCC
patients, the most distinctive role that CT perfusion imaging has
played is the transarterial chemoembolization (TACE) assessment
(15). However, despite great improvements that have been made
in the bone and cartilage tissue, iodinated contrast agents
employed in parenchymal organs, like the liver, have not yet
been largely renovated (16, 17).

The blood pool agent applied to MRI is mainly established for
MR angiography rather than the liver tumor, which is beyond
the scope of the present review article and will not be
discussed herein.

EXTRACELLULAR CONTRAST AGENTS
Non-Specific Agents

For MRI, gadolinium-based micromolecule agents that have five
or seven unpaired electrons could be stimulated to be
paramagnetic under an external magnetic field. Those so-called
paramagnetic contrast agents for dynamic MRI are developed
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indicate the margin of the HCC lesion.

FIGURE 1 | Images of a man in his eighties with a pathological diagnosis of moderately differentiated hepatocellular carcinoma (HCC) and had a history of hepatitis
(C) At the Sonazoid-enhanced ultrasound (US), the liver lesion at a size of 43 mm with a thin halo located at segment Il was observed on B-mode US (A). It was rapidly
enhanced in the arterial phase (wash-in) (B), started to fade (wash-out) in portal phase (C), and was totally exhausted in the post-vascular phase (D). At Gd-EOB-DTPA-
enhanced MR, the lesion was hypointense on T1-weighted image (E), with the typical characteristics of wash-in and wash-out from arterial phase, portal phase, to delayed
phase (F-H). It showed hyperintensity on T2-weighted image (I). At iodine agent-enhanced CT, it has low-density before enhancement (J). It also showed wash-in and
wash-out from arterial phase, portal phase, to delayed phase (K-M). Finally, the gross specimen vividly reflected the morphological information of tumor (N). Arrowheads

and enriched (18). Gadolinium chelates (Gd-chelates) are
clinically available mainstream for dynamic MRI on TI-
weighted images, including Gd-DTPA (gadopentetic acid,
Magnevist, Berlex, Berlin, Germany), Gd-DTPA-BMA
(gadodiamide, Omniscan, Nycomed Amersham, Amersham,
UK), Gd-HP-DO3A (gadoteridol, ProHance, Bracco
Diagnostics, Milan, Italy), Gd-DTPA-BMEA (gadoversetamide,
Optimark, Mallinckrodt, Staines-upon-Thames, UK), Gd-
DOTA (gadoterate, meglumine, Dotarem Guerbet, Princeton,
NJ, USA), and Gd-BT-DO3A (gadobutrol Gadovist, Schering
Diagnostics, Berlin, Germany). These extracellular agents for
non-specific liver MRI are commonly used worldwide because of
the good patient tolerance and satisfying diagnostic efficacy (19).
Thus, clinical recommendations from guidelines are almost
based on the Gd-chelates (8, 9). Moreover, the informative
images provided by contrast-enhanced MRI (CEMRI) also
contribute to the therapy assessment (Table 1).

Reticuloendothelial System Endocytosis

Ferumoxytol, a kind of iron oxide nanoparticles (IONPs)
approved by the Food and Drug Administration (FDA) as
medicine for iron deficiency in adults, was recently reported to

be feasible for MR angiography thanks to the characteristic of
longer half-life in circulation and the advantage of
superparamagnetism (20-23). The so-called negative contrast
agents, containing iron oxide particles, darken the normal liver
background on T2-weighted images to negatively enhance the
target issue, in contrast with the so-called positive agents that
brighten the target tissue on T1-weighted images, like Gd-
chelates. The first commercially available reticuloendothelial
system (RES)-specific contrast agent is ferumoxides (Feridex)
(24), which makes lesions that contain negligible RES cells
conspicuous on T2-weighted images since the normal liver
background containing many RES cells can selectively take up
iron oxide particulates to lower the T2 signal intensity (25). Iron
oxide crystals coated with dextran or carboxydextran are named
superparamagnetic iron oxide (SPIO), which is normally
employed as T2 MR CM. With a sufficient infusion of SPIO,
normal hepatocytes containing many Kupffer cells are supposed
to catch most SPIO particles, leading to a dark area on T2-
weighted images. By contrast, tumors, whether benign or
malignant, primary or metastatic, that are deficient in Kupfter
cells cannot exhibit SPIO uptake, shaping a relatively
hyperintense area. However, focal nodular hyperplasia (FNH)
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TABLE 1 | The categories of extracellular contrast agents in clinical practice.

Category Specificity Class Classical agents Featured purposes Modality
Extracellular agent Non-specific ~ Gadolinium Gadopentetic acid (Gd-DTPA) Tumor imaging; blood pool T1 agent for
chelates imaging MRI
Reticuloendothelial system (RES) RES specific  Iron oxide Ferucarbotran (Feridex) Liver tumor imaging T2 agent for
agent (Kupffer cells included) MRI
Microbubbles Perfluorinated butane (Sonazoid) Liver tumor imaging; blood  Ultrasound
pool imaging contrast agent
Hepatobiliary agent Hepatobiliary Manganese-based Mangafodipir (Mn-DPDP) MR cholangiography; liver — T1 agent for
specific compound function indicator MRI

Gadobenate dimeglumine (Gd-BOPTA);

Liver tumor imaging T1 agent for

gadoxetic acid (Gd-EOB-DTPA) MRI

seems to be an exception, since SPIO particles may accumulate
there and lead to a resultant isointense or even hypointense
appearance (26, 27). Following SPIO, the derivative in terms of
ultrasmall particulate iron oxides (USPIO) with advantages of
convenient administration and striking prolonged plasma half-
life that enables it also as a blood pool agent was developed
thereafter (28, 29) (Table 1).

Regarding UCA, Sonazoid is an MB of perfluorobutane core
wrapped by the shell of hydrogenated egg phosphatidylserine. At
first, Sonazoid MBs were used as the blood pool contrast agent.
As early as 1 min after the intravenous administration, the MBs
start to diffuse into extravascular and intercellular space where
they will be phagocytosed by the Kupffer cells in the normal liver
sinusoids. Approximately 10 min later, once intravascular MBs
are mostly eliminated, the remaining stable MBs endocytosed by
resident macrophages in liver parenchyma will shape the so-
called additional Kupffer phase or post-vascular phase, which
can last to 2 h after injection (30-32) (Table 1). Moreover, in the
classical enhancement features of wash-in and wash-out, HCC
theoretically appears to be perfusion defects in the Kupffer phase

differentiation of HCC (E). Arrowheads indicate the margin of the HCC lesion.

or post-vascular phase because of Kupffer cell shortage
(Figures 1, 2). The characteristics of the additional post-
vascular phase aid much in HCC detection and diagnosis.
Recently, Sonazoid has been proven to be non-inferior to
SonoVue in a retrospective clinical study for focal liver lesion
(FLL) (33). However, if the lesion is isoechoic in the post-
vascular phase, misdiagnosis can happen at a rate of
approximately 17% (34). Worse still, owing to histological
reasons of some well-differentiated HCC, the sign of perfusion
defect in the Kupffer phase could be observed at a rate of only
69% among HCC patients (35). Also, some benign lesions that
lack Kupffer cells have a chance to be misdiagnosed as a false-
positive sign in the Kupffer phase (36). Therefore, the expected
additional clinical benefit on diagnosis gained from the Kupffer
phase has not yet been confirmed (37). As for HCC intervention,
after US brings real-time monitoring for minimally invasive
operations like lesion biopsy and regional ablation, CEUS is
employed for more accurate guidance and unique immediate
evaluation during therapy (38-43). Vascular-sensitive
assessment makes CEUS an indispensable aid for effective

FIGURE 2 | Images of a man in his sixties with a pathological diagnosis of poorly to moderately differentiated hepatocellular carcinoma (HCC) and had a history of
cirrhosis. At the Sonazoid-enhanced ultrasound (US), the liver lesion was heterogeneous hyperechoic with the indistinct margin on B-mode US (A). It was rapidly enhanced in
the arterial phase (wash-in) (B), still iso-echoic in portal phase (C), and was totally exhausted in the post-vascular phase (D). At Gd-EOB-DTPA-enhanced MR, the lesion
was hypointense on T1-weighted image (F), with uncharacteristic wash-in and delayed wash-out from arterial phase to delayed phase (G, H). It showed hyperintensity on
T2-weighted image (I). The contrast media (CM) were totally exhausted till the hepatobiliary phase (J). The gross specimen indicated the heterogeneous pathological
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radiofrequency (RF)/microwave (MV) ablation (44, 45). On the
other hand, three-dimensional (3D) US can provide additional
lateral and other viewing angles, and morphological information
offers UCA another usable imaging modality (i.e., contrast-
enhanced 3D US, CE 3D US) (46, 47) (Figure 3). Moreover,
contrast enhancement is also employed in fusion imaging to
reveal extra small liver lesions and biopsy navigation
(48) (Figure 4).

Hepatocyte-Specific Uptake

Mangafodipir trisodium (Mn-DPDP) used to be a classical
hepatocyte-selective contrast agent that was developed in the
last century and has favorable contrast-to-noise measurements
and lesion detection rate as compared to non-enhanced MRI (49,
50). It was high-profile at the beginning for the prolonged
enhancement relative to the traditional T1 contrast agents (51).
The uptake of Mn-DPDP occurs in hepatocytes, and its
elimination is in the biliary tree. Thus, the metabolism process
of Mn-DPDP can indicate hepatobiliary function (52, 53).
Moreover, it is reported that the hepatocyte-selective contrast
agent is correlative with the pathological differentiation degree of
HCC (54). Since the uptake of Mn-DPDP strictly occurs in
hepatocytes, the extrahepatic originated metastases can be
negatively illustrated (55). However, in contrast to the question
of how many normal hepatocytes are contained in a lesion, the
question of whether a liver lesion is malignant or not will be the
highest concern for patients.

By integrating the mechanisms of both hepatocyte-selective
contrast agents and non-specific extracellular Gd-chelates,
gadolinium-based hepatobiliary-specific agents were thereby
developed, such as gadobenate dimeglumine (Gd-BOPTA)
and gadoxetic acid (Gd-EOB-DTPA), which are worldwide
commercially available and have become a promising MRI
contrast agent for FLL (56-58). For HCC diagnostic imaging,
the so-called hepatobiliary contrast agents achieve further
detection in the early stage for primary, recurrent, and
metastatic HCCs through usual dynamic imaging and
additional hepatobiliary delayed phase (59-62) (Figures 1, 2).
Beyond diagnosis, uptake of Gd-EOB-DTPA of HCC lesions is
reported to be a biomarker for prognosis (63), as well as the
estimation of liver function (64). Concerning patients’
tolerance, Gd-EOB-DTPA only requires a minimum injection
dose to present a satisfying enhancement in the liver and
smaller branch of the biliary tree relative to Gd-BOPTA
(55) (Table 1).

MOLECULAR IMAGING AGENTS

For the diagnostic and therapeutic purpose of molecular
imaging, by means of conjugating some antibody, peptide, or
ligand, molecular imaging agents are artificially designed to
anchor the targeted cellular and molecular hallmarks
pathologically (65).

FIGURE 3 | Sonazoid-enhanced ultrasound (US) images of a man in his seventies with a pathological diagnosis of moderately differentiated hepatocellular carcinoma
(HCC), who had a history of hepatitis C. The tumor was 70mm. Consecutive lateral images of the tumor remarkably illumed the irregular margin on the three-dimensional
(8D) US, which was obtained by auto-sweep 3D scanning in the post-vascular phase. Tomographic ultrasound images in plane A, which can be translated from front to
rear, with a slice distance of 4.8 mm. Arrowheads indicate the margin of the HCC lesion.
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FIGURE 4 | Images of a man in his seventies with a pathological diagnosis of moderately differentiated hepatocellular carcinoma (HCC) and had a history of cirrhosis
and HCC. The hepatobiliary phase of EOBMRI (right side), as the reference, was combined with conventional grayscale US (left side), displayed an 8-mm indistinctive
hypointense area (the triangular arrow) in segment V on the same screen for the fusion imaging (A). The extrasmall lesion was hypervascular in the arterial phase of
Sonazoid-enhanced ultrasound (US) (B), while the post-vascular phase indicated it to be a slightly hypoechoic area (C). Pathway guidance was ready for
radiofrequency ablation (RFA) needle manipulation on real-time US (B-D), along with tracking for the metallic needle tip (the curved arrow) (D). The contrast-
enhanced US (CEUS) evaluated the target ablation area to be non-enhanced after RFA (E). Arrows indicate the margin of the bigger HCC lesion, which was
previously treated by RFA. And Arrowheads indicate the margin of the extrasmall HCC lesion.

Immune Molecular Anchoring 67). The molecular weight of reagents mainly ranges from dozens to
By means of immunoreaction, gadolinium-labeled reagents for liver =~ hundreds of kDa. Likewise, the MBs or nanobubbles binding
tumor marking and monitoring of the MR modality are commonly =~ compounds marked with the tumor-specific immune molecule
employed in a tumor-bearing animal model for cancer research (66, are also available for cancer research in the CEUS modality (66).
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Stimulus-Responsive/Microenvironment-
Dependent Contrast Agents

A T1/T2 switchable MR contrast agent was recently validated on
a mouse model for HCC early diagnosis (68, 69). Previously, the
diagnostic efficacy of IONP-based MRI was not as high as
expected when it was simply employed as a liver-specific T2
agent (70). However, researchers recently found that IONP
clusters could be accordingly disaggregated thanks to the acidic
tumor microenvironment, which can generate a downstream
tumor-specific T1 contrast agent. As a result, the IONP agents
can additionally be employed to delineate HCC on T1-weighted
images after switching to a downstream tumor-specific contrast
agent. Based on IONP, agents decorated with functional small-
molecular ligands through surface engineering are thereafter
designed to be stimulus-responsive agents, pH-sensitive, and
nanoscale distance-dependent (68, 71-75). Furthermore,
concerning the aggregation phenomenon that commonly
happened in nanoparticles with a large surface area/volume
ratio, ultrafine nanoparticles could facilitate intratumoral
homogeneous distribution of contrast agents (76). IONP at a
diameter of 3.6 nm is supposed to be an optimal T1 agent in vivo
(77). Moreover, core engineering of various designs of size,
shape, composition, surface coating, molecular weight, and
drug delivery has indicated IONP to be a hopeful T1 contrast
agent (78-85). Beyond imaging, Yang et al. developed a novel
nanoparticle that releases Fe** for the treatment of folic acid (FA)
receptor-positive solid tumors through the ferroptosis pathway
while being supervised through the Mn agent-enhanced imaging
(86, 87). Also, Song et al. developed an assay of therapeutic
natural killer cells (NK cells) conjugated with Sonazoid MB to
make the antitumor process visible in real-time CEUS (88).

Scale-Dependent Particles

As nanomedicine was developed recently, emerging
nanomaterials have been studied for contrast enhancement
imaging. Some nanoscaled CM can permeate into tumor
stroma through weak tumor vessels to depict the tumor with
or without the assistance from functional parts equipped in
advance (89). Moreover, sonoporation induced by external
stimulation of focused US can reversibly increase the
permeabilization of the cell membrane, leading to the potential
visualization of HCC intracellular therapy in the future (90).

CLINICAL CHALLENGES
AND PROSPECTS

As for the clinically commonly used contrast agents, Guang et al.
performed a meta-analysis to compare the diagnostic value of
CEUS, CT, and MRI in FLL. To rule out HCC from FLL, CECT
has the highest sensitivity of 90% (95% CI: 88%-92%), followed by
CEUS (88%) and CEMRI (86%). Both CEUS and CEMRI have a
higher sensitivity of 81% than CECT (77%). However, all results
have no statistical significance (16, 91). Moreover, Westwood et al.

found that CEUS could be a cost-effective alternative for HCC
diagnosis relative to CECT or CEMRI with similar diagnostic
performance (92). Research about combined multimodal medical
imaging (including Sonazoid-enhanced US, Gd-EOB-DTPA-
enhanced MRI, and CECT) conducted by Masatoshi Kudo
figured out that the sensitivity for HCC diagnosis is 72%, 74%,
and 86% for CEUS, CECT, and Gd-EOB-DTPA-enhanced MRI,
respectively, with no significance among the three imaging
modalities. When combining US with MRI, the sensitivity
soared as high as 90% (93).

Meanwhile, controversies still remain regarding the diagnostic
efficacy of HCC. Despite that the hepatobiliary agent-enhanced
MRI is believed to reach an early diagnosis for HCC that is still in
the hypovascular stage (94), researchers analyzed the clinical trials
that use different contrast agents for HCC diagnosis and found no
significant difference in the diagnostic efficacy in terms of
sensitivity and specificity between the MRI using extracellular
agents and hepatobiliary agents (95, 96). Imbriaco et al. claimed
that Gd-EOB-DTPA-enhanced MRI has a better diagnostic
performance than CECT only for lesions that are smaller than
20 mm and patients with Child-Pugh class A (97). Moreover, for
patients with cirrhosis, Kim et al. demonstrated better
performance of hepatobiliary agent-enhanced MRI relative to
routine US screening for surveillance of people at a higher risk
of HCC (2). In addition, molecular imaging agents, like IONP-
based MR agents, are still on the way to fulfilling the various
clinical needs (98). On the other hand, although current CM has
been deeply improved through materials science, biosafety is still
the most crucial factor for patients having various allergies and
metabolism troubles. Necessary reinjection of contrast agents for
CT and MRI may come with a potential risk of side effects.
Minimized dose of contrast agent that meets all clinical needs will
be a future trend for CM research.

To sum up, the CM brings out the best diagnostic performance
for suitable patients under appropriate conditions. Although
Gd-DTPA-enhanced MRI and non-ionic iodinated agents-
enhanced CT are usually recommended for HCC diagnosis by
mainstream guidelines, liver-specific CM, like Gd-EOB-DTPA and
Sonazoid, have already played an anticipated role in HCC diagnosis
and prognosis prediction. Furthermore, the amelioration of
molecular imaging agents has drawn a blueprint for future
medical imaging.
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Pathological analysis of diseases caused by the regulation failure of ADAMTS13 to von Willebrand factor

B mXEL O AR vl

L. BRFEMEE (D

1> BHE (Goal)

To establish a long-read sequencing method using Oxford Nanopore Technology (ONT) to overcome the difficulties in von Willebrand
factor (VWF) gene analysis.

2) Hk#E (Approach)

The identification of causative variants in VWF is important for the diagnosis, classification, and clinical management of von Willebrand
disease (VWD) and acquired von Willebrand syndrome (AVWS)[1]. In this study, we demonstrated an optimal solution by using long-range
PCR and ONT sequencing[2]. Specific primers were designed and optimized to amplify ~15-kb PCR amplicons covering the entire VWF
(175 kb), avoiding unwanted amplification due to repetitive sequences or pseudogene VWFP1[3]. All amplicons were subjected to DNA
library preparation. ONT data were analyzed using dedicated software and identified candidate variants were verified by Sanger sequencing
and expressed on HEK293 cells to investigate its impact on secretion and multimer distribution of VWF by multimer analysis and western
blotting.

3) MAEl& i (Materials and methods)

Patients and samples

One VWD patient and two AVWS patients registered in the NCVC Biobank were enrolled in this study[4], their genomic DNA (gDNA)
samples were diluted to 50 ng/pL concentration for long-range PCR.

Mammalian cell cultures

HEK?293 cells were cultured in D-MEM high glucose medium with 10% fetal bovine serum at 37°C in 5% CO,.

Long-range PCR

PCR primer pairs were basically designed by Primer-Blast on NIH with SNP handling, repeat and low complexity filters on. For 21~29 kb
pseudogene-homology region, four verified primers were used[5]. All PCR amplicons subjected to library preparation were verified by 1.2%
agarose gel electrophoresis then purified and quantified accordingly.

ONT sequencing and data analysis

The final 20 fmol DNA library was prepared using the ligation kit (SQK-LSK114). ONT sequencing performed on GridION sequencer were
run for 5-12 hrs using R10.4 flow-cell. Variants were called using the Clair3 and Longshot. All identified candidate variants were verified by
Sanger sequencing.

Expression of VWF mutant

Wild-type (wt) and mutant VWF were expressed on HEK293 cells using vector pcDNA3.1 and Avalanche Transfection Reagent (EZ
Biosystems, Maryland, USA) according to the manufacturer's instructions. Forty-eight or seventy-two hours after the transfection, medium
was collected and the expression level of recombinant VWF (rVWF) protein was measured by western blotting.

Multimers analysis

1.2% SDS-agarose gels were used, and the multimers were visualized by fluorescence luminescent-based imaging using HRP-polyclonal
rabbit anti-human VWF antibody P0226 (Dako, Jena, Germany) and secondary goat anti-rabbit 800CW antibody (LI-COR Biosciences,
Nebraska, USA).

Generation of high shear stress

Given enzyme called a disintegrin-like and metalloproteinase with thrombospondin type 1 motif 13 (ADAMTS13) can specially cleave VWF
under shear, to examine the rVWF cleavage by ADAMTS13 at high shear stress, we created an original instrument with two syringes and one
injection needle to generate high shear stress[6].

4) EEEEE (Results)
Amplification of VWF gene using long-range PCR

According to the agarose check following the PCR, some primer pairs with low efficiency were redesigned to generate favorable DNA
products for ONT sequencing. After several optimizations, forty-two primers were determined, and twenty-one 12~15 kb PCR amplicons
covering entire VWF were produced despite yielding some minor nonspecific products.

ONT sequencing and variants calling

Total reads of 95.38k,128.13k, and 114.55k were generated from three samples by ONT sequencing, respectively. Using selected reads by
quality score and size, over 200 variants (SNV and INDEL) were identified per sample. Although no candidate variant was found in VWD,
among two AVWS, p.GIn2442His and g.6087520_6090118del were identified respectively.
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4) FEEER (Results)

Variants validation using Sanger sequencing

p.GIn2442His was validated, however, 2.6087520 6090118del was confirmed as an artifact derived from long-range PCR due to a special
sequence called “direct repeats”[7]. Although this kind of sequence also exists in reference sequence of VWF gene, it only generated <1%
deletion-amplicons. Nevertheless, eight heterozygous SNPs possessed by the third patient in the region of g.6087416-6087659 made it
easily generate more deletion-amplicons than reference sequence (50% vs <1%).
Functional analysis of VWF SNV mutant identified in AVWS

Expression analysis showed that the level of rVWF-mutant protein is identical to rVWF-WT, suggesting this mutation may less disturb the
synthesize and secretion of rtVWF in HEK293 cell. Multimers patterns of secreted rVWF-mutant exhibited a similar profile to rVWF-WT,
even with ADAMTS13 under high shear stress, that implied this mutation may not induce alterations in the VWF structure or domains related
to ADAMTSI13 cleavage.

5) #%%Z (Discussion)

Here, we present a genetic analysis method to identify causative variants in VWF gene to overcome the difficulties usually faced by Sanger or
short-read next-generation sequencing (NGS). ONT can measure the changes in electrical charges while DNA passing through biological
nanopores, which offers exceptionally long reads that allows direct sequencing through regions like long repetitive sequences, pseudogene-
homology regions, and complex gene loci[2]. We used long-range PCR to amplify the whole VWF gene sequence for subsequent library
preparation and long-read sequencing, and the optimization of long-range PCR was mainly focused on DNA polymerase, primer design,
template volume, and PCR microtubes.

For DNA polymerase, we used TaKaRa PrimeSTAR GXL DNA Polymerase, which performed superbly in our study. For primer design, it is
necessary to exclude all primers that may contain known SNPs or be located in repetitive or low complexity regions. In addition to that,
especially in VWFP1-homology region, we used four VWF-selective primers already verified and designed the corresponding reverse or
forward primers outside the VWFP1-homology region[5]. The amount of gDNA template used in our PCR was determined as 100~200 ng
after several attempts. Surprisingly, we noticed even PCR microtube can greatly influence the long-range PCR results. It seemed PCRs using
microtubes with thinner plastic wall have superior performance. This emphasized the importance of selection of PCR microtubes for long-
range PCR, which is in consistent of the implication showed by Chua et al.[8].

Direct repeats is one kind of non-B DNA motifs consisting of two copies of the repeated unit separated by a nonrepetitive spacer, which can
lead to a slipped strand structure with looped out bases, just like we discovered in the third patient with AVWS[7]. This indicated that
amplification of regions containing multiple repetitive sequences using long-range PCR remains a challenge. Therefore, more careful
validation and confirmation of variants identified by this method is needed to avoid any associated misleading results. A research group
investigated the molecular mechanisms behind the generation of PCR artifacts caused by repetitive sequences. They proposed using primers
that anneal to locations far from the repeats to decrease artifact products and alleviate this issue[9]. Similarly, we also noticed that PCR using
primer near these repetitive sequences produced fewer no-deletion reads, which may coincide with their findings.

Genetic defects in type 1 VWD have been reported to be located throughout the whole VWF gene, but new variants still may not necessarily
cause disease due to the highly polymorphic nature of VWF gene[10]. Moreover, many studies reveled that not all patients of this type have a
VWEF genetic defect, the rate of genetic variants ranged from 45% to 68%, which may explain our result of the VWD patient[11, 12].

We identified p.GIn2442His, a C3 domain coding region SNV in a left ventricular assist device (LVAD) -associated AVWS patient. It was
predicted be a deleterious mutation in Asian population[13]. This is the first report of it in clinical case, which may indicate some potential
association with the onset risk of AVWS. Thus, we conducted a thorough investigation of its impact on VWF structure and functions.
Although no significant correlation was found to the synthesize, secretion or ADAMTS13 cleavage yet, as a mutation near the binding site of
platelet receptor glycoprotein (GP)IIb/IIIa, further work needs to be done to look into its impact on the binding of GPIIb/IIla with
appropriate approaches.

In general, we reported a novel VWF gene analysis method combining with ONT technology and long-range PCR which could be a powerful
tool to investigate the pathogenetic mechanisms of VWF disorders.

6) 2% ik (Reference)
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1) B #9(Goal)

Cancer immunotherapy with immune checkpoint inhibitors (ICIs) represented by PD-1 blockade antibodies has prevailed in the world as the
first line therapy these days. However, since the PD—1 molecule on lymphocytes serves as an immune brake, the administration of PD-1
blockade antibody sometimes induces adverse events called Immune—Related Adverse Events (irAEs), which resemble autoimmune diseases
in cancer patients (Figure 1). IrAE is generated by the over—activation of T cell immunity, which is kind of off-target of ICI therapy (Ye, W.et al.
Br J Cancer 124, 1661-1669 (2021)(1).The incidence of clinical irAEs is around 10 % among the ICI-treated patients, and 30-40% are severe
(more than grade 3) among those who experienced irAEs at any level (Golnaz Moradet al.cell 184, October 14,2021)(2). Mechanism
investigation and biomarkers identification of irAEs is therefore important for better—personalized medicine, and prevention or earlier
intervention of irAEs.(Jing, Y. Nat Commun 11, 4946 (2020)(3). Our laboratory has studied responsive and unresponsive mechanisms to PD-1
blockade cancer immunotherapy from the view of immune metabolism in order to develop combination therapy and biomarkers (Al-Hansi et al.
Science, 378:eabj3510, 2022.)(4). However, solid metabolite biomarkers for irAE prediction have not been reported. In this project we explored
the candidate of irAE biomarkers and the mechanisms involved in the found biomarker.

2) B & (Approach) Our laboratory has studied immune metabolism in the field of cancer immunotherapy. Our group already published the
prediction biomarker of ICI responsiveness using plasma metabolites which are related to microbiota (Hatae et al, JCI insight 5:e133501,
2020)(5). We will use similar methods to identify the prediction biomarkers of irAEs. Note that as plasma metabolites were identified using the
patients’ blood before the first ICI treatment, these metabolite markers could be predictive. After the identification of metabolite biomarkers,
we investigated the physiological meaning and mechanism of the metabolite biomarkers using cross—disciplinary methods and technologies.

3) # $l & % (Materials and methods) Collaborated with Kyoto University hospital, we collected the plasma from 200-300 patients who
suffered non—small cell lung cancer, renal cell carcinoma, and urothelial carcinoma. Around 200—-300 metabolites were measured from the
patient’s plasma by liquid chromatography—mass spectrometry before the 1st injection of PD—1 blockade therapy. In order to identify the
metabolites which discriminate between the patients with irAE and without irAE group, we compared each metabolite level between the
patients with irAE and without irAE. To understand the physiological meaning of the identified metabolite markers, we tested the target
metabolite in the autoimmune disease mouse models including NOD diabetes models and contact hypersensitivity models (CHS: skin
inflammation model) which is one of the most frequent symptoms of irAE. To understand the function of the candidate metabolite biomarkers,
we analyzed the inflamed tissues and the infiltrated immune cells, by integrating the latest technologies such as metabolomics, single—cell
sequencing analysis. We collaborated with Tohoku University and further examined the regulation function and molular mechanisms of the
metabolite by seahorse, confocal microscopy and super resolution microscopy, and molecular biology methods (Fig. 2 and 3).

4) EERHEE (Results) By comparison of the plasma metabolites between patients with irAE and without irAE, we detected several metabolites
which could predict irAE patients before starting the treatments. Among the candidates, metabolite A is prominently high in the irAE patients
(Fig. 4). We found this metabolite was also upregulated in inflammatory ears in the CHS model (Fig. 5). Interestingly, when we intravenously
injected the metabolite A, the skin inflammation of CHS was attenuated (Fig.6), indicating that metabolite A serves as an immune modulator
and this might be evolved in a negative feedback system of inflammation. Sinle cell analysis demonstrated that the metabolite A modulated the
immune cells populations (Fig.7), which is now under the detail analysis. Molecular biology analysis revealed that metabolite A could bindto a
mitochondrial protein and promote the mitochondria respiration accompanying with the mitochondria fusion (Fig.8).

5) Z %2 (Discussion) We successfully identified the candidate of metabolite biomarker for irAE patients before the treatment. This discovery
should improve the diagnosis of cancer immunotherapy and personalized medicine. Molecular biology methods and single—cell sequencing
analysis uncovered its molecular mechanism and functions which are very novel among previous studies of metabolite A. Based on these
findings, we have hypothesized the mechanism as follows. 1) The patients who might develop irAE by the treatment have preexisting
inflammatory diseases or microinflammation niches. 2) The systemic circulation of metabolite was upregulated to reduce these inflammatory
niches but insufficient. 3) The exogenous metabolite A supplement can help to reduce the inflammation sufficiently. We will search more and
complete this project in the next year utilizig the conditional KO mouse and transgenic mouse of the related genes to investigate the detail
mechanisms in vivo. Thank you very much for the support of my scientific life. H ]I EFRFEE.
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MRT—~
Identification and functional analysis of host factors that regulate SARS-CoV-2 replication
EIFER mXiEL O RiEEL vl
1. BIRBME()

1) EMI(Goal): BEAEMICEY. 2HAFFEALLHEIOFI4/ILR(SARS-CoV-2) (T3 OHRETINERLDDH D, WEDAI/OY
ZEKINIDHETEH. MRNATIF U DR UIEED SN T T, EABREIFLTEEEILT 2T EFHEY . AV TILIUHFEEDLLH AR
AINAD—FBERGEBIEEFIEAEELHE o TE . ISLIBEEBHMOKRENZFBSDIE. TIF VBB ORERICBONIER/RARZPLZNSICAH
EILRETHERFBELT T E=ZDRELTIENITAREREINZE FONDS, COBEEESIAV/RVBELTEMABNET I MIL
ABERFDLLKDOMAY, SARS-CoV-2HIV-1Z155HET DR DRRE VAN RIZTHLTEENTH A ENINETHEERESN TS, Z
SLIEBERFICED I RAREHBHIZET IMREEBFLIEELIC FRNEREBIRKISH T2 FHERERETHELFBANET D,

2) BiBE (Approach) : AL ADHERICEHIBEERFOAENREHRLANILTEATODLFAIAILRARZIZEFLT, D FIMILREHMRZE
FESLUVBEBEERFICETIHMRICOVDTES, IEBHE THAEKM=ZEEDF—LH20155F(12F R L TNature Medicineds (1) [CHRELT-#&
IZBEERATE (2-5) 2R A ERBALTEN(A) I IILRBEEFMARCHS | IZ DUV T, ES1 SRR I IR AT, £-RBIZY AL 2GR
ICEDHIBERFHAED—RELT. HIV-1BRBREDOFHEEZIFEL(B) BRBEZHBET VOB 1EH A1,

3) # $ &% (Materials and methods)
i) #Aa:

(A) ERBBIRB#AR293T (6) b5 R T Y3V AIZ, MAGICSHIRE (7) 2o L AR FAIZERALT=, YL (Rhesus macaque) . YR, I
MARCH8#I8 S5 AR {E R AIZRT-PCRDFFE! L TR ELHBERNADMH D=0, FNFNTHT HILBIER K MIERF/6A (8), ¥y R
SFHARA NIH3T3 (9), VL Bi##aMDBK (100Z AL =,

(B) NS RT3V RIZ293TE . )L AR AIZ293THEAE . MAGICS#A & L UMOLT-4#A (11 )& EALT-,

ii) 7S AZFDNA:

(A) 22—F I REREAICHIV-1ZoAO—THE2 /98 (Env) BB TS RZK pC-NLenv (1) KO RDAILRGE /U E (VSV-G) F
TS AZK pC-VSVg (1), HIV-1 EnvRIEE! LS T 5—E L R—F—"74 JLADNA pNL-Luc2-IN/HiBiT-E(-)Fin (12)%& L \f=, F£f-EFMARCHS
FIH TS AR ELTPpC-MARCHS (1), RING-CHZE ZEMARCH8FIR TS RXSK pC-MARCHS-W114A (1), FAL U EF—TJZEEEIMARCHSFKIR Y
SZIK pC-MARCH8-222AxxL225 (2)& AL =

(B) V1 —F IO REHRBIZ/KBEEORIAILAGAL /NDE (VSV-G) FEIRTFAIK pC-VSVe(4) . Gag-PolFIRHIBiT-tag T/ 5 A I FpsPAX2-
IN/HIBIT(5) & HIV-12 = O — B AIZHIV-1 EnvRIBE LD T2 5—E L R—2—"7 4 JLADNA pNL-Luc2-IN/HiBiT-E(-)Fin (5) %, Al /=,
CRISPR/Cas9(Z&k b /v T7IMIIE TatiZ# & pLentiCRISPRv2-tat3 (6) &AL =,

i) FTSRINHE:

(A) RF/6A, NIH3T3. £ &K UMDBK#a A S Reliaprep RNA Cell Miniprep system (Promega; Z26010)% FULNTHIBIRNAZ 3 L. PrimeScript One
Step RT-PCR Kit Ver. 2(Takara; RR057A) [Z&YRT-PCRIENIEH{ToT-=, BONI-DNAKT A EZERAKBRICTHO—RFIILHSEIYHLT
QIAquick PCR Purification Kit(QIAGEN; 28104) 2R\ THEEIL =, SSIZHIBREEZR Kpnl/Xhol TUIEL =H &M A E R L< Kpnl/Xhol TAUIEELT=
THEL MR S A2 FpCAGGSITHE ALz, £ R DRING-CHEERAR B LUFOL U EF—TJEERRE R TS0, SBEOIMBROHFE
EIMARCHB% #58! (CF#ZR PCREATL), HE1EL 1= Kpnl/Xhol ¥t F & pCAGGSIZH A LTz, F-INEHL TONKHA-taghRBIER L=, {ERLI-2T
DHFEIRTSRAIR[EGenewizBIE FRTH—E RIZKYBIETFESIDOHERETo1=,

(B) StayGold(SG) IR TS AINEI=[FEGFPHRITSRAINEHEZ, TN ENSGEEFF/-IXEGFPEE FDPCREEIBE T o1z, B541-DNA
WA EESKBEZIZTHO—RS LA SV L TQIAquick PCR Purification Kit (QIAGEN; 28104) % FALNTE#ILT=, S5IZ4HIREESE Notl/Xhol
TRIBL-F&MEHF%E . RUL Notl/Xhol TIELF-HIBITAS 1 iN€{HIV-1709 4 )L X Luc2L 7 R—S—DNA pNL-Luc2-IN/HiBiT-E(-)Fin (12)
DLucBIZFEBH LTz, FI-HIE D Dgag—pol-vif-vpriBlEiE —Z (T RIBESE VpuBE FRIRIF U EE T S LKV EEE FenvE B ET
tat-revD HFIR T HHIV-1BIEFEEELINRHV-1S 20— LTz, TNERICSGEGEF FRICIRES-Luc2 B E FH#EALI-TSRAIREHE214H
RHIV-12=D—2 &L, S5IZCDARGTEMIE TR LS 5158 DCDAIZ K BEnvhFIRINFIZ [ I B 1= nef/vpuZ B FS B T- TS RIFEE 31t
RHIV-1E=D—2 &LTz, FEIHAILTONL-EnvE! (CXCRAIE M TE [X4]) IZANZ ADA-ENVE! (CCR5$&[MITE {R5)) BAERL 1=, #ELI-2TD
KRN TSAIKRDBIEFERIIDFERILGenewiziBEFHET Y —E RIZ&Y Tt

iv) NS> R7x9da:

(A) pC-NLenvZET=1&pC-VSVg (20 ng) ZpNL-Luc2-IN/HiBiT-E(-)Fin (500 ng) E B ENIHEED FE R £ - (FZTERMARCHEFIR TS XK (0, 60,
120 ng) . SHIZE TS RAIRpCAGGS (480, 420, 360 ng) &3£(Z. FUGENEG Transfection Reagent(Promega; E2691) Z ML T2.5 x 10"5{@ D293 TH#A
BizarS RT3 L=,

(B) SGLAR—A—HIV-1 TS5 AR EIELR—E—HIV-1FS5ZXZK (500 ng) ZpC-VSVg (20 ng) EZZTS5AIK (480 ng) &3E(Z, FIHRI=ZO—0
pNL-TatRevEnv-SG. E1=ILE2H £ (450 ng) ZGag-Pol EIFHIBIT-tag 5 X KpsPAX2-IN/HiBiT (450 ng) &pC-VSVg(20 ng) EZETSAIK
pCAGGS (80 ng) &3£1Z, FUGENEG Transfection Reagent(Promega; E2691)Z AL T2.5 X 10"5{@MD293THIRA OS2 R T H 3> L=, F=1&
FEIHRHIV-1-X42 = —2 HBUMEHIV-1-R5I = —2 (500 ng) ZpsPAX2-IN/HIBiT (500 ng) &1£(Z. B D293 THIRIZFUGENE6 TS
DRIz LTz, CRISPR/YI 77 AIZpLentiCRISPRv2-tat3FE 1= [E FA—)L (450 ng) . psPAX2-IN/HiBiT (450 ng) . pC-VSVg(20 ng) &
22 S5 XZFpCAGGS (80 ng) Z#EHIRAZL D293 THARE IZFUGENE6 TS R 71943V LT,
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1. FRME(2)

3) # ¥ &£ 3% (Materials and methods) D3&

V) DMILAER:

(A,B) b2 R7x923 D 16KERI (2293 THIREZPBS Titi® L T, B IZ24BFRI#(27.5 U/ml DNase I (Roche Applied Science; 11284932001)T

WMIBLI-1EE EEFE o244 E N B DIZE DA JILR25 yLE, FEDHIBIT Lytic Substrate (1:50) in Nano—Glo HiBiT Lytic Buffer (Nano—Glo

HIiBiT Lytic Detection System; Promega; N3030) &2 &L T, 100 HZEBE#E L= . Centro LB960 luminometer (Berthold)Z LN THIBIT/L Y

Jro—EEEEAEL .

vi) BT V1

(A, B) B IEE EBEDOHBTILL IT5— ¥ E M Ep24BICHRE LK. Ing p244 B DI/ ILRE (ADERBRF I F2HKHV-1S =S -2 hk

VSV a—KRIAJLAETIE1.2 x 10°4HED293THIREIZ, SE3HILADA-EnvI A JLAIE1 x 10" 4EDMAGICSHIRE (., F=FE3HENL-Envo (LR

TIE1 x 10°HEDMAGIC5H#AfE 3 LU CDARGHETHIRMEMOLT-4(2 x 10°4E) [CRE S Bz, TREND DAL AELMIGICREESE %K. F1t

KHIV-1S =D —V HEDA L RETIXE HIEMEEFluoview FV1000-1X81 (Olympus)IZ &k YHRBEAY (2, 24, 26, 36 H) ICHABROAEITo1=, F

2t LI T, BATEMBEHTCINZ T, FEMNICELEHEE100 u LD One-Glo Luciferase Assay Reagent (Promega; E6110). TiafEL THRAIL

LTI 5—EEM% Centro LBI60JLI/ A—R—(Berthold)IZ&>THIELT=,

viil) DIRALTAYTLIY

(ADH) BENFKHA-tag{TIIMARCH8FIR TS5 XK (500 ng) & Z2FS5AZRpCAGGS (500 ng) &, FUGENE6Z FALNT2.5 X 1058 D293 THARIIZF 5>

RT3 v L=, 481112200 u LOFRBLAREKZE NN X TSDS-PAGEZ 1T o= . PVDFIRICERE L 1=, HIHAE/O— itk (Sigma; H9658)

F=(E#1 B —actinBE/O— 24K (Sigma; A5316) ZRIGEH . Western ECL Substrate (Biorad; 1705061) TRI$RIEL 7= . LAS-3000 imaging

system (FujiFilm) TH&RHELT=,

vii) 127 L—a kB D =8 DDNA PCR:

(BDOH) 2B 1R % EILL . DNeasy Blood & Tissue Kit (QIAGEN; 69504) (=&Y H L1=#BIDNAZ $58! (2, StayGoldiZ{ZFEERIEL

1=PCR%PrimeSTAR Max Premix (Takara; R045Q)% FALNTATLY, 7HE—RDERKENZKYHIV-1TO A )L ADNAD B EEFERL =,

viii) CRISPR/ YO F79b:

BOH) FIHKHV-1ZI =D —2 HEDAILRE R LS B T-MAGICSIZH L, Tat#1ZMET BTat3-CRISPRLUF I A ILARYA—F =[Fa b

A—JLOCRISPRLYF A JLARN Y A—HERAWNTr SV RE YAV EToTz, /YT IR ERITT 5128 BEABEMERELSLLILL TT5—

E7vtAEERLI,

4) RER#HE R (Results)

(A) bSR3V BLUDIRIVTOYTAU T RRICEY  SEFITERELI-MARCHSRE IR TS AR L2 TRIL AL TEFEICHEL T

B ENFER TE =, BIPIERIMARCHBDHIV-1 EnvEB KTRVSV-GIZH 9 2HIFIZNRIZ DT, BREET v/ IZLYRETLI-FER . EFMARCH8E

Ek. YL, IVR BLUDIMARCHSDEF A B EHIV-1 EnvEVSV-GIZxH T 2 2R FHAINGHIBELZ R IFL TLV =, TD— A TRING-CHER !

BLUFAL U EF—I7EERMARCHSIEE L L HIMFFERZ LTV =,

(B) SGHIRV A JLAEEGFPHRIRY A )L AMMAGICSHIRI~DRERE DR LLEIZE T, SGRIWIMILAD I AEGFPRIE VA ILA LY LERE

M EALBEEAREEERT CEMNALN ST, RITHV-1DSLTODT I tH ) —EInFLegag-polSBEEF MYV FE 1 HAAHIV-12=

C—UHEVANILAOBREERRICENT, BAEMBEHRREIT R, BRERIBBBEENNTTRAICHIELANILMMETLTIKIE,N D

Too F-EHITRBREEDEGRTREAELEEILTESSSCLUcLEETFEEALIF2ERDVAILR | BLUCDAG MK T HREEET -

FIHKVMILATIE, EALANLITMATILY 75— EEFHEOERMIE T LR TES, F-HMIDNADPCRIZLY, HARUPILLT5—

SEMEAGHEALIZED . HIV-1T7 O 1 JLADNAD DN CFIET DI EEBAL MLz, R LMAICx T 5 TatE4ZMELI-CRISPR/ Y7 7™

MEIEBITHERLCHIV-1T7O9 4 )L ADNAZBRIE TE S EN AL M1,

5) Z % (Discussion)

() MARCHEG)???»()LXI‘/&‘D—?“i%’l’.ﬁ*a‘&:lﬂ%@#kﬁ%ﬁﬁﬁlis ELRHEMER (ER YL IVR BLUIY) TREICRFEINTINSILE

ML M1,

B) AMEIZEN T, EERDHIV-1TRAEL HV-1SZO—U R AL BRBERRREML CEITLY . KYHIV-1 OB RIKEZE simplify T 5 &

LI FIREK IV NVBESCEANSIETRITERIKEBERZICARILT D EMNAREL ST, COBIKNKELHIET 2EE RO EREF

51812, §#CRISPRZ AT 3 —#F ALV RI)—=U F I &> TBERF DR EZF A=V, FICRISPR/ VY7 I MK BHIV-1EIE I ZE (L

BLWEDO0D ., T2 TIFHEWIEM D, BABMFERNL/ VIT IMIEDEVDROLNEINENIDNTESRIEET B, I5ITS5 K. HIV-1
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Repetitive mRNA vaccination is required to improve the
quality of broad-spectrum anti-SARS-CoV-2 antibodies

in the absence of CXCL13
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Since the initial spread of severe acute respiratory syndrome coronavirus 2 infection, several viral variants have
emerged and represent a major challenge for immune control, particularly in the context of vaccination. We
evaluated the quantity, quality, and persistence of immunoglobulin G (IgG) and IgA in individuals who received
two or three doses of messenger RNA (mRNA) vaccines, compared with previously infected vaccinated individ-
uals. We show that three doses of mMRNA vaccine were required to match the humoral responses of preinfected
vaccinees. Given the importance of antibody-dependent cell-mediated immunity against viral infections, we
also measured the capacity of IgG to recognize spike variants expressed on the cell surface and found that
cross-reactivity was also strongly improved by repeated vaccination. Last, we report low levels of CXCL13, a sur-
rogate marker of germinal center activation and formation, in vaccinees both after two and three doses com-
pared with preinfected individuals, providing a potential explanation for the short duration and low quality of

Ig induced.

INTRODUCTION

Since the initial SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2) pandemic related to the Wuhan strain (I), several
viral variants have emerged. These variants, particularly Beta
(B.1.351), Delta (B.1.617.2), and, more recently, diverse Omicron
subtypes, represent a major challenge for immune control, especial-
ly in the context of vaccination. Most of the mutations that differ-
entiate these strains from the original isolate are localized in the two
domains of the spike (S) protein shown to be targeted by neutraliz-
ing antibodies (2—4): the receptor binding domain (RBD) that inter-
acts with the angiotensin II (ACE2) receptor and the N-terminal
domain (NTD).
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Current vaccines, such as those manufactured by Pfizer/BioN-
Tech (BNT162b2) and by Moderna/National Institute of Allergy
and Infectious Diseases (mRNA-1273), encode for an S protein
whose sequence is similar to the early Wuhan-Hu viral isolate.
The emergence of viral variants has consequently challenged
vaccine effectiveness. Initial reports have shown lower levels of rec-
ognition of Beta and Delta variants, even after the second dose of
vaccine (5-8). The recently emerged Omicron variants were report-
ed to be less efficiently neutralized than the Wuhan-Hu strain by
immunoglobulin G (IgG) from vaccinated individuals even after a
third dose (9-15) and by therapeutic neutralizing antibodies
(16-18).

Beyond neutralizing antibody, it has been shown that Fc effector
mechanisms including antibody-dependent complement deposi-
tion, antibody-dependent neutrophil phagocytosis, and antibody-
dependent cellular cytotoxicity responses may contribute in the
control of viral dissemination by clearing viral-infected cells and
limiting disease severity (19, 20). We recently demonstrated that
the amount of IgG capable to recognize the Wuhan-Hu S-protein
on cell surface of transfected cells are lower in patients with severe
coronavirus 2019 (COVID-19), and this was associated with fre-
quent CD4 T cell apoptosis (21, 22). Furthermore, it has been sug-
gested that antibody cellular effector functions induced by mRNA
vaccine are preserved despite the loss of Omicron neutralization, in-
dicating a disconnection between the requirements for quantity and
quality of antibodies for the two functions (23). An incomplete
natural immunity against variants has been also reported in conva-
lescent individuals (24), who displayed lower quality of Fc-mediated
antibody responses compared to individuals vaccinated with two
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doses of mMRNA-1273 (25). Nevertheless, convalescents individuals
boosted with vaccine are better protected against reinfection than
vaccinated alone with two doses of vaccine (26-28).

While most of the studies have assessed the role of neutralizing
IgG, little is known about mucosal humoral response induced by
vaccines. Studies including ours have shown that, early after
SARS-CoV-2 infection, a dominant IgA humoral response is
induced against the nucleocapsid (N) and S proteins (29, 30). The
presence of IgA in vaccinated individuals would be extremely im-
portant in the event of further contact with the virus, particularly
during the first days of infection. The IgA in the mucosal tissue
could limit viral dissemination and disease outcome, but little is
known on the delay and durability of this response in individuals,
with or without previous infection, who have received a
vaccine boost.

Although the beneficial effect of vaccination is well established
(31, 32) and vaccinees mount a competent humoral response
against SARS-CoV-2 (33-37), repetitive vaccination campaigns
have been necessary to maintain an efficient humoral response
capable of preventing severe forms and hospitalization. The require-
ment for repetitive doses to improve humoral response and cross-
reactivity suggests a short half-life of the antibodies induced in the
absence of boost and probably a low avidity response. Paradoxically,
few studies have determined the avidity of Ig in vaccinated individ-
uals, which reflect antibody maturation following germinal center
(GC) formation (38, 39). In this context, measuring the level of che-
mokine (C-X-C motif) ligand 13 (CXCL13) in the blood may rep-
resent an interesting biomarker of GC activation in humans
associated with protective humoral response following vaccination
(40-42).

In this study, we evaluated the humoral response of vaccinated
individuals, some of whom had also been infected during the first
wave of SARS-CoV-2 in 2020, before vaccines became available. By
analyzing both the quantity and quality of IgG and IgA, our results
demonstrated that the amount and persistence of Ig were higher in
individuals previously exposed to the virus and boosted with
vaccine compared to vaccinated-only individuals. Three doses of
mRNA vaccine were required to improve the quantity, quality,
and cross-reactivity against Beta and Omicron variants. We found
difference in recognition among Omicron subtypes, between vacci-
nees only and preinfected individuals. Thus, mRNA vaccine
induced Ig capable to recognize variant S proteins expressed on
cell surface that is of major importance for Fc-mediated function
by vaccines. While CXCL13 levels are high during the acute phase
of SARS-CoV-2 infection, vaccine administration, even after the

third dose, has no impact on the levels of CXCL13 detected in the
plasma. This result may help to explain why booster vaccination
induces a potent humoral response in previously infected patients
compared with vaccinated-only individuals who require at least
three doses of vaccine to reach similar levels of humoral response.
Thus, our work provides a framework to explain the need for repeat-
ed immunizations to provide stronger and longer-lasting humoral
responses, which might contribute to controlling viral dissemina-
tion even against variants of concern.

RESULTS

Three mRNA vaccinations are required for IgG and IgA
responses similar to those of convalescent and boosted
individuals

To determine the impact of mRNA vaccination boosts, we analyzed
humoral responses in different groups of donors (Fig. 1A). Individ-
uals included (i) nonvaccinated convalescent individuals, from
whom samples were collected 6 months after SARS-CoV-2 infec-
tion (Pre; n = 17); (ii) convalescent individuals vaccinated with
BNT162b2 (1 to 3 months after vaccination, Pre + V; n = 15), so
called hybrid immune responders; and (iii) individuals only vacci-
nated with two doses (n = 9, samples collected at two time points:
V2,1-3M, 1 to 3 months after vaccination and V2,4-6M, 4 to 6
months after vaccination) or (iv) with three doses of mRNA vac-
cines (1 to 2 months after vaccination, V3,1-2M; n = 13) and a
group of naive individuals as a negative control (naive, n = 31).
All convalescent individuals were infected between March and De-
cember 2020, when only the original strain and the Alpha variant
were circulating in Europe. As indicated in Table 1, five individuals
received the Moderna vaccine for their third dose, whereas all the
others only received the Pfizer formulation. We first assessed the
levels of specific antibodies against the S1 and N antigens by
ELISA (enzyme-linked immunosorbent assay) as previously de-
scribed (16). This latter antigen was used as a marker to follow in-
dividuals that may have been infected with SARS-CoV-2. The
optical density (OD) values of the ELISA performed with patients’
plasma are shown in Fig. 1 (B to E). As expected, anti-N IgG were
detected in convalescent individuals irrespective of their vaccina-
tion status but not in vaccinated-only individuals (Fig. 1B) nor in
the naive group. Although the OD values of anti-N IgG antibodies
were significantly different (P = 0.048), the levels of anti-S1 IgG
were clearly higher in convalescents boosted with a vaccine dose
(hybrid immunity, Pre + V: 3.37 £ 0.22) compared with nonvacci-
nated convalescent individuals (Pre: 1.57 + 0.43, P < 0.0001) both at

Table 1. Characteristics of individuals included in this study. M, male; F, female.

Groups/vaccine N Pfizer (BNT162b2)  Moderna (mRNA-1273) Aﬁneégi::‘rs Gender
[Range] M F

Pre: Convalescents 6 months after infection 17 67 [52-87] 11

Pre + V: Convalescents + vaccine (1 to 3 months after vaccination) 5 s 5625811 5 10

Vz 1 . 3Mvacc mamdtwo doses( 1to 3 months aftervac cmat.on) .............. 9 .................... 9 ............................................................ 46 [1 2_85] ........ 5 ......... 4

v246MVacc matEdtWOdoses ( 4 to 5 momhs afterthevacc manon) .......... 9 ...................... 9 .................................................................. 57 [28_35] e 4 ......... 5

V3,1-2M: Vaccinated three doses (1 to 2 months after the vaccination) 13

Azarias Da Silva et al., Sci. Adv. 9, eadg2122 (2023) 4 August 2023

8 5 54
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Fig. 1. 1gG response against the N and spike proteins in convalescents and vaccinated individuals. (A) Plasma from healthy donors (naive) convalescent individuals
(Pre), convalescent individuals boosted with vaccine (Pre + V), vaccinees after two doses either at months 1 to 3 (V2,1-3M) or months 4 to 6 (V2,4-6M), and after three
doses at months 1 to 2 (V3,1-2M) were diluted to 1/400. (B to E) Plasma from healthy donors (naive) convalescent individuals (Pre), convalescent individuals boosted with
vaccine (Pre + V), vaccinees after two doses either at months 1 to 3 (V2,1-3M) or months 4 to 6 (V2,4-6M), and after three doses at months 1 to 2 (V3,1-2M) were diluted to
1/400. (B) and (C) Specificimmunoglobulin G (IgG) and (D) and (E) IgA were tested against the nucleocapsid (N) and spike (S1) proteins. Optical density (OD) is shown. Each
circle represents one individual. Lines represent median values. Dashed lines represent antibody specificity (OD = 0.25) in comparison with IgG and IgA from healthy
donors. Statistical analysis was performed using a Mann-Whitney U test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). (C) and (E) Symbols with a cross represent

individuals who received at least one dose of mMRNA-1273, whereas open symbols represent individuals who only received BNT162b2 in the vaccination scheme.

1/400 (Fig. 1C) and 1/800 dilutions (fig. S1). This difference may in
part be due to the longer time after exposure of the convalescent
individuals (6 months) as compared to convalescent and vaccinated
individuals (1 to 3 months). Only one individual had anti-N IgG
antibodies below the positive threshold. Notably, the levels of spe-
cific anti-S1 IgG, 1 to 3 months after the second dose, remained
lower (V2,1-3M: 2.88 + 0.73) than those observed in convalescents
receiving one dose of vaccine (Pre + V: 3.37 + 0.22, P = 0.0035;
Fig. 1C). The OD values of anti-S1 IgG were lower 4 to 6 months
after the second dose (V2,4-6M: 1.12 + 0.54) and increased again,
boosted by the third dose (V3,1-2M: 3.24 + 0.48).

Having observed differences in the IgG response between vacci-
nated individuals and those previously infected with SARS-CoV-2,
we then compared their IgA responses. We and others have shown
that humoral response against the S protein also includes IgA (21,
43—45). Furthermore, IgA were reported to dominate the early an-
tibody response to SARS-CoV-2 (21, 29). The presence of IgA,
boosted by the mRNA vaccine, could be of importance, since IgA
is the most abundant antibody isotype in the mucosa, where these
antibodies provide the first line of immune defense against pulmo-
nary viral infections (46). Like IgG, specific IgA were assessed by
ELISA at the same dilution in plasma (1/400). In convalescent in-
dividuals (Pre), we found specific IgA against the N (8 of 17) and S1

Azarias Da Silva et al., Sci. Adv. 9, eadg2122 (2023) 4 August 2023

(10 of 17) proteins (Fig. 1, D and E, respectively). The OD values of
IgA (Fig. 1, D and E) were significantly lower than those observed
for the IgG (Fig. 1, B and C). This was observed both for Ig anti-N
(Pre, P < 0.0001 and Pre + V, P = 0.0209) and for anti-S (Pre, P =
0.0002 and Pre + V, P = 0.0027). IgA response against S was im-
proved by mRNA boost (hybrid patients, Pre + V: 1.93 + 1.20) com-
pared to convalescent individuals without vaccination (Pre, 0.33 +
0.69; Fig. 1E). Our results highlighted that two doses of mRNA
induce low levels of IgA against S1 (V2,1-3M: 4 of 10 individuals
were responders), which declined after 4 to 6 months (V2,4-6M: 1
of 10 individuals were responders). After the third dose, more than
half of vaccinated individuals (8 of 13) developed high level IgA re-
sponses (Fig. 1E). Of interest, IgA levels were higher in individuals
who received one dose of mRNA-1273 compared to individuals
who received only BNT162b2 (OD, 3.35 + 1.5 and 0.22 + 1.1, re-
spectively, P = 0.01), whereas this difference was lower for IgG re-
sponse (OD: mRNA-1273,3.63 + 0.14 and BNT162b2, 2.8 + 0.41, P
=0.01). Together, our results confirm the need for repeated admin-
istration of mRNA vaccines, with at least three doses to induce a
humoral response against S like that seen in individuals previously
infected by SARS-CoV-2 and boosted with mRNA vaccine.
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Repeated mRNA vaccinations improve IgG and IgA
responses to recognize viral variants although Beta and
Omicron BA.1 remain of concern

In addition to neutralization, antibodies contribute to clearing
viral-infected cells through different mechanisms limiting viral dis-
semination and have recently been described as participating in
immune defense against SARS-CoV-2 (19). To assess the recogni-
tion of viral proteins by antibodies present in patients’ plasma, the
S-Flow assay relies on transfected cells expressing the S protein on
the cell surface using flow cytometry (16, 47). Transfection of plas-
mids encoding the S protein does not require biosafety level 3 con-
finement and allows to test recent isolates without the need for
replication-competent virus isolation. Before using transfected
cells, we assessed whether antibodies present in the plasma of vac-
cinees and convalescent individuals were capable to recognize viral
antigens on the surface of Wuhan-Hu infected cells (fig. S2).
Whereas we clearly detected infected cells compared to uninfected
cells, one cannot formally assume that S was the sole antigen present
on cell surface.

We then analyzed the ability of IgG to cross-recognize viral var-
iants by expressing S proteins on the cell surface upon transfection.
To normalize the data for each variant, the results were expressed as
the percentages of cells recognized by the patient’s plasma, while a
specific monoclonal antibody recognizing transfected cells against
S2 was used as a positive control and attributed a value of 100% (fig.
S3). Figure 2 shows the specific detection of S proteins by flow cy-
tometry. Plasma from a healthy donor (Fig. 2A) did not recognize
transfected cells, whereas plasma from a vaccinated convalescent in-
dividual recognized the S proteins of four viral variants, expressed
on the cell surface (Fig. 2B). As expected, plasma from all convales-
cent individuals recognized the Wuhan-Hu strain (Pre: 75.5 +
12.3%; Fig. 2C), whereas the percentages of S-Flow decreased for
Delta (Pre: 68 = 21%; Fig. 2D) and were extremely low for Beta
and Omicron BA.1 (Pre: 7.6 + 13.1 and 21 + 18.2%, respectively;
Fig. 2, E and F). Thus, convalescent individuals displayed low
cross-reactivity. In contrast, convalescent individuals boosted with
the mRNA vaccine (Pre + V) developed IgG that recognized all var-
iants including Beta and Omicron. Vaccinated-only individuals
demonstrated specific IgGs against the Wuhan-Hu (84.5 + 19.5%)
and Delta (65 = 17.3%) after the second dose (V2,1-3M; Fig. 2, C
and D). The percentages of S-Flow were lower for Beta (15 *
20.1%) and BA.1 (37 + 27.3%) compared to convalescent vaccinated
individuals (Fig. 2, E and F). However, IgG reactivity markedly de-
creased at months 4 to 6 (V2,4-6M), including for the Wuhan-Hu
strain, and was particularly low for Betaand BA.1 (17.5 £ 9.3 and 13
+ 7.9%, respectively; Fig. 2, E and F). Boosting humoral response
with a third dose not only increased the levels of specific IgG
against Wuhan-Hu and Delta (Fig. 2, C and D) but also induced
significantly higher humoral responses against Beta and BA.1
(Fig. 2, E and F). Patients having received a dose of mRNA-1273
vaccine were better responders against BA.1 than those who re-
ceived only three doses of BIN162b2 vaccine (S-Flow, 96 + 5.3
versus 52.7 + 18.6%, respectively, P = 0.004).

We had the opportunity to obtain sequential samples over more
than 1 year after vaccination from three individuals (Fig. 3) includ-
ing one convalescent individual who had been vaccinated (panel A),
one vaccinated individual who was infected after the third dose
(panel B), and a third one who had received four doses of the
mRNA vaccine (panel C). For the three individuals, we found
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high levels of IgG after two exposures (natural or vaccine). After
the third exposure, the levels of specific IgG antibodies plateaued
for at least 6 months and were boosted in the third individual
after an additional dose.

Assessing variant recognition, we found that, in the individual
preinfected with SARS-CoV-2 and boosted with one dose of
vaccine, IgGs were capable of recognizing all four viral strains
(Fig. 3D). However, the levels of antibodies capable of recognizing
Beta and BA.1 markedly decreased in comparison to Wuhan-Hu
and Delta until the booster (Fig. 3D). The second dose improved
humoral response against the four strains, although IgGs recogniz-
ing Beta remained lower. Likewise, in the second individual
(Fig. 3E), IgG induced by vaccination recognized Wuhan-Hu and
Delta strains, whereas the cross-reactivity of IgG against Beta and
BA.1. rapidly declined. The third dose improved cross-reactivity
against all four strains, although recognition of Beta was lower com-
pared to the other strains. In this individual, who was infected after
vaccination, recognition of the BA.1 variant rose markedly and
reached the same level as for the Delta variant, which had been pre-
dominant before (Fig. 3E). Last, in the third individual (Fig. 3F),
two doses of vaccine were not enough to generate IgG capable of
recognizing the Beta strain (Fig. 3F). After the third dose, an in-
crease was observed but Beta and BA.1 recognition declined over
the 6-month interval (Fig. 3F). Despite an additional dose
(Fig. 3F), IgG did not reach higher levels against Beta, and the per-
centages of cross-reactivity against Beta, Delta, and BA.1 remained
lower compared to Wuhan-Hu and did not exceed 50% (Fig. 3F).

We then assessed IgA cross-reactivity (Fig. 4). In some convales-
cent individuals and in most of those who received a boost (10 of
14), IgA recognized the Wuhan-Hu (Fig. 4A). However, while indi-
viduals with two doses of mRNA vaccine had low levels of IgA, half
of the vaccinees who had received a third dose (V3,1-2M) developed
specific IgA (Fig. 4A). We then assessed variant cross-reactivities in
this subgroup of IgA responders. Overall, we observed a low cross-
reactivity with some individuals, either convalescents boosted with
the vaccine (Pre + V) or vaccinees who had received three doses
(V3,1-2M), maintained a cross-reactivity against Delta (Fig. 4B),
but very few recognized Beta and BA.1 (Fig. 4, C and D). IgA
from convalescents (Pre) were unable to recognize Delta, Beta,
or BA.1.

Thus, these results demonstrated the efficacy that can be reached
by repeated administrations of mRNA vaccine to induce I1gG and
IgA that may contribute to the elimination of infected cells.
However, without natural infection, specific IgG do not persist for
long time, low levels of IgA are produced, and one of the main con-
cerns is the low recognition of Beta and BA.1 variants.

Structural analysis of RBD and NTD reveals potential
regions in variants that may impact antibody recognition
Several studies have previously described the impact of mutations
on viral infectivity and escape from recognition by monoclonal an-
tibodies (mAbs) used in therapy, suggesting the importance of the
RBD as well as the NTD (Fig. 5A) (2—-4). Delta RBD mutations,
which do not include N501Y, are L452R and T478K, and
Omicron (BA.1) has seven mutations that map to the ACE2
binding footprint (K417N, S477N, Q493R, G496S, Q498R,
N501Y, and Y505H; Fig. 5B, amino acids are indicated by an "*").
These mutations are mainly conserved in the other BA.2 variants of
concern. Beta has only three mutations in the RBD compared to
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Fig. 2. IgG cross-reactivity against viral variants in convalescents and vaccinees. (A and B) Representative S-Flow assay. HEK293T cells either nontransfected or
transfected with a plasmid encoding for the S protein were either labeled with (A) plasma from a healthy donor (HD) or (B) with plasma from a convalescent individual
boosted with a vaccine dose (Pre + V). The percentages of cells recognized by specific IgG were detected by flow cytometry are shown for each variant. (C to F) Plasma
from individuals, assessed in Fig. 1, were monitored for their capacity to recognize the different S variants including (C) Wuhan-Hu, (D) Delta, (E) Beta, and (F) Omicron.
Relative percentages were calculated as follows: (% of IgG from plasma individuals — % of secondary IgG alone/% of anti-S2 mAbs — % of secondary IgG alone)*100. Each
circle represents one individual. Lines represent median values. Statistical analysis was performed using a Mann-Whitney U test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001). Symbols with a cross represent individuals who received at least one dose of mRNA-1273, whereas open symbols represent individuals who only received

BNT162b2 in the vaccination scheme. Dot plots show forward size scatter (FSC) against anti-S detection.

Wuhan-Hu (K417N, E484K, and N501Y; Fig. 5B), which are also
present in the Omicron subtypes. These minimal differences in
the Beta RBD have been previously reported to substantially de-
crease neutralization by class I and class II monoclonal antibodies
(16, 48, 49). By superimposing the variant structures onto the
Wuhan-Hu RBD structure in the down state (not interacting with
ACE2), the structural differences are centered around amino acids
365 and 380 (Fig. 5, C and D). These variations almost disappear
entirely when the RBD is in the “up” conformation and interacting
with the ACE2 receptor (fig. S4, A and B). The lower capacity of IgG
to recognize Beta in comparison to Wuhan-Hu spike proteins in
transfected cells is unlikely to be due to the differences in the
RBD alone. The NTD region is the second most variable domain
in which a supersite was reported flanked by glycans that also con-
tribute in neutralizing SARS-CoV-2 infection (6, 50-53). Whereas
no insertion or deletion of amino acids have been observed within
RBD in any variants so far, they have been observed in the NTD
(Fig. 5E). These deletions affect the main solvent-exposed loops
in the Beta (due to a deletion localized inside the structure affecting
the five external loops) and in the Omicron variants (Fig. 5F)
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compared to the Wuhan-Hu and Delta strains (Fig. 5F). All the
BA.2 variants compared to BA.1 contained a deletion in the N1
loop as well the absence of a glycan (NxT/S sequence is replaced
by NxI) (Fig. 5E). The variation in the Delta structure was only ob-
served around the single insertion at amino acids E156 and F157.
This was further confirmed by plotting the root mean square
(RMS) deviation of those six superimpositions compared to the in-
sertion/deletion positions (fig. S4, C to F). On the other hand, in-
sertion and/or deletion in the Beta and Omicron variants that
induced large structural variations on external loops (Fig. 5F)
could alter IgG recognition of the S protein expressed on
cell surface.

We assessed in the S-Flow assay (21) the impact of such confor-
mational changes using a mAb that recognizes the NTD domain.
This mADb recognized cells expressing the Wuhan-Hu strain (fig.
S5A). On the other hand, cells expressing Delta were not recognized
by this clone (4A8) due to the deletion in the mAb binding site.
Consistent with the notion that mutations/deletions in the NTD
affect cross-reactivity, neither Beta- nor BA.l-expressing cells
were recognized by this mAb (fig. S5). Therefore, considering that
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Fig. 3. Longitudinal analysis of IgG response either in convalescents boosted with mRNA vaccine or vaccinees. (A to C) ELISA was used to assess specific IgG
response against S protein. Plasma were diluted to 1/400. Circles represent blood samplings at different time points after vaccination (first dose). Red arrows represent
dates of vaccine boosts [BioNTech (BNT): BNT162b2 or Moderna (MOD): mRNA-12731. In (B), the date of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection is indicated. In (C), uninfected SARS-CoV-2 individual (naive) is shown. OD is shown. Dashed lines represent antibody specificity (0.25). COVID, coronavirus
disease. (D to F) S-Flow assay was used to detect specific IgG cross-reactivity against viral variants. Thus, plasma from the same individuals at the same time points
were tested against transfected cells expressing either the Wuhan-Hu spike strain (black circles), Delta variant (red triangles), Beta variant (blue squares), or Omicron
variant (violet diamonds). Results are expressed as the percentages of specific IgG recognizing transfected cells by flow cytometry.

Fig. 4. IgA cross-reactivity against viral variants in convalescents and vaccinees. (A) Wuhan-Hu, (B) Delta, (C) Beta and (D) Omicron. Percentages of specific IgA
detecting variants by flow cytometry (S-Flow assay) are shown. Plasma from V2 were not tested against Delta, Beta, and Omicron due the low levels of IgA detected by
ELISA. In (B) to (D), only IgA responders against Wuhan-Hu were tested. Relative percentages were calculated as follows: (% of IgA from plasma individuals — % of sec-
ondary IgA alone/% of anti-S2 mAbs — % of secondary IgA alone)*100. Each circle represents one individual. Lines represent median values. Statistical analysis was
performed using a Mann-Whitney U test (*P < 0.05; **P < 0.01; ***P < 0.001).

the main differences of BA.2 subtypes compared to BA.1 are related ~ Analyses of humoral response against BA.2 sublineages (BA.4/5,
to the N1, N2, and N3 loops of the NTD (Fig. 5F), we hypothesized ~BA.2.12.1, and BA.2.75) revealed that IgG from vaccinees (V3,1-
that such differences may provide a support for immune escape. 2M) were less capable to recognize BA.2 than BA.l variant

Azarias Da Silva et al., Sci. Adv. 9, eadg2122 (2023) 4 August 2023 6 of 14

~249-

¥20Z ‘S0 YoJBN UO 9588SI] SNONJ8U| JO 81n1Isu| [euoeN Te B0 a0ualos mmm//:sdiy Wwoly papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 5. Structural comparison of SARS-CoV-2 variants and Omicron BA.2 subtype IgG cross reactivities. (A) One monomer of S protein where the angiotensin |l
(ACE2) interaction with the receptor binding domain (RBD) is indicated in pink and N-terminal domain (NTD) area exposed to the solvent is indicated by a black line. (B)
Sequence alignment of the RBD domains where mutations in viral variants are indicated in gray in comparison to the Wuhan sequence. (C) Root mean square (RMS)
deviation from the RBD structural alignment against the Wuhan-Hu structure [Protein Data Bank identifier (PDB ID): 7L2E]. All RBD structures are in the down state (PDB ID
used: 7Q9I, Beta; 7509, Delta; 7TMO, Omicron BA.1; 7UBO, Omicron BA.2; 7XNS Omicron BA.4/5; and 7YR1, Omicron BA.2.75). The structure from Omicron BA.2.12.2 was not
yet validated. (D) Structural superimposition of the Wuhan RBD with the different variants. The main differences are indicated by arrows. (E) Sequence alignment of the
NTD where insertion/deletion in the Omicron variants are in color. The other mutations are indicated in gray. (F) Superimposition of the Wuhan-Hu NTD with Delta, Beta,
Omicron BA.1, Omicron BA.2, Omicron BA.4/5, or Omicron BA.2.75 NTDs. Arrows indicate large structural variations of solvent exposed loops. (G) IgG cross-reactivity
against Omicron BA.2 subtypes. Plasma from either preexposed vaccinated individuals (Pre + V; open circles) or individuals vaccinated either with three doses of
vaccine (V3,1-2M; black circles) were monitored for their capacity to recognize the Omicron BA.2 variants. The relative percentages were calculated as described in

Fig. 2. Each circle represents one individual. Statistical analysis was performed using a Mann-Whitney U test (*P < 0.05; **P < 0.01).

expressed on the cell surface of transfected cells (BA.2, 50.8 + 11%
and BA.1, 71.6 + 23%, P = 0.03, respectively; Figs. 2F and 5G). We
also observed that IgG from convalescents boosted with the vaccine
(Pre + V) recognized less efficiently BA.2 than BA.1 (66.8 + 12 and
88.5 + 10%, P = 0.007, respectively; Figs. 2F and 5G). Recent works
suggest that Omicron BA.2 variants are more resistant to neutrali-
zation than BA.2 (54, 55). Comparing BA.2 subtypes, BA.4/5 are
less recognized than BA.2 by IgG from vaccinees than individuals
preinfected and vaccinated (BA.2: V3,1-2M, 50.8 + 11% versus Pre +
V, 66.8 + 12%, P = 0.02 and BA.4/5: V3,1-2M, 43.7 + 5% versus Pre
+V, 60 + 8%, P = 0.001, respectively; Fig. 5G). However, BA.2.12.1
and BA.2.75 sublineages are the main variants of concern even for
preinfected vaccinees (Pre + V). Thus, these percentages decreased
to 53.9 + 13 and 47.8 = 10% in this group and were not significantly
different from those observed in vaccinees (V3,1-2M, 48.2 + 10 and
40.7 + 6%; Fig. 5G).

Our results support the idea that mRNA vaccines induce IgG
whose recognition is also affected by the structural modifications
in the NTD region, which, in addition to the RBD, is the most var-
iable regions in SARS-CoV-2. Note that BA.2.75, which displays
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three additional mutations in the third loop of the supersite (51),
is the least recognized BA.2 sublineage. This may be indicative of
immune pressure and represent one possible mechanism of
immune escape. The lower recognition of the S proteins expressed
on cell surface would limit cellular effector functions mediated by
antibodies and reduce the control of SARS-CoV-2 variants, partic-
ularly in the context of BA.2.12.2 and BA.2.75 variants that recently
emerged worldwide.

Three mRNA vaccinations allow to produce antibodies with
similar affinities as those from convalescent and boosted
individuals

The progressive loss in the levels and cross-reactivities of specific
IgG and IgA requiring repeat vaccinations to maintain their efficacy
prompted us to explore the avidity of Ig induced by the mRNA
vaccine. The avidity of antibodies reflects the quality and strength
of the antibody-antigen complex resulting from the Ig maturation
process (38, 56). However, little attention has been paid to the
avidity of anti-S antibodies during COVID-19 vaccination.
Figure 6A shows the avidity index (AI) of IgG against the
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Fig. 6. Avidity of IgG and IgA against the spike protein in convalescents and vaccinated individuals. The avidity index (Al; OD with 6M urea/OD without urea x 100)
was assessed by ELISA from plasma of individuals as described in Fig. 1. Plasma are diluted to 1/400. Thus, the Als of (A) specific IgG and (B) IgA are shown. Dashed lines
represent high avidity levels (indexes with a value above 50% are considered to be high, those between 31 and 49% was considered as intermediate, and values below
30% are considered to be low). Lines represent median values. (C to E). Als of IgG from plasma of individuals described in Fig. 3 were measured longitudinally. Statistical
analysis was performed using a Mann-Whitney U test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Wuhan-Hu S1 protein using a denaturing urea treatment (6M). The
Als of antibodies with values more than 50% are considered as high
(56). Our results highlighted that a vaccine boost markedly im-
proves the AI of IgG (Pre + V, 95.4 + 7.1%) compared to IgG
from convalescent individuals (Pre, 37 + 13.9%; Fig. 6A). In vacci-
nees, the Al of IgG from individuals receiving three doses of vaccine
(V3,1-2M: 90 + 13%) was very high, reaching the same level of con-
valescent and boosted individuals. This index was higher compared
to IgG from individuals receiving only two doses of vaccine either
early after vaccination (V2,1-3M: 68 + 16%) or later (V2,4-6M: 35 +
10.8%; Fig. 6A).

By plotting the Als against the percentages of S-Flow recogni-
tion, we found a strong association in individuals previously infect-
ed and boosted with vaccine (Pre + V; fig. $6). Only a subgroup of
individuals demonstrated, despite high Als, lower level of Beta de-
tection (<70% of S-Flow; fig. S6). In individuals vaccinated with
three doses (V3,1-2M), the ones who displayed greater IgG cross-
reactivity against variants were those with the higher Als (fig. S7).
Of interest, vaccinees who received one dose of mRNA-1273 devel-
oped IgG with stronger avidity capable to recognize better Omicron
than those who received only three doses of BNT162b2 (fig. S7).

For IgA, individuals with two doses were not tested due to the
low levels of IgA (Fig. 1D). We found that the IgA AI was high in
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convalescent individuals boosted with the vaccine (Pre + V: 71 +
18.9%) compared to convalescents (Pre: 40 + 15.2%; Fig. 6B). The
Als of vaccinees with three doses are high (79 + 27.3%) and similar
to those observed in convalescents with a boost (Fig. 6B).

Our results from the longitudinal follow-up of the three individ-
uals indicated that IgG avidity declined soon after vaccination, even
in individuals who had been previously infected or after two doses
(Fig. 6, C to E). Thus, an additional boost was required to improve
the avidity. The avidity was similar after three or four doses
(Fig. 6E). Thus, these data indicated that the Al decreases rapidly
despite repeated vaccinations.

Ig affinity maturation depends on the formation of GC and re-
quires the interaction of Band T cells in B cell follicles (57). CXCL13
represents in humans a surrogate marker of GC activation and is
associated with neutralizing antibodies with high avidity (40-42),
while humoral response occurring in the extrafollicular zones gen-
erates short-lived B cells and Ig with low avidity (58, 59). Further-
more, type I interferon (IFN) may also contribute to the induction
of CXCL13 (60). Thus, we assessed the levels of CXCL13 in vacci-
nees from whom samples were obtained within 2 weeks after vacci-
nation including preexposed individuals (Pre + V) and in
individuals acutely infected (SARS-CoV-2), compared to healthy
individuals (naive; Fig. 7A). In the analysis of individuals receiving
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Fig. 7. Plasma levels of CXCL13 and type | IFN measurement in healthy donors, acute SARS-CoV-2-infected individuals, and vaccinees. (A) CXCL13 and (B)
interferon-a (IFN-a) levels in the plasma of either healthy donors (naive), acutely infected individuals (SARS-CoV-2), preexposed vaccinated individuals (Pre + V) and
individuals vaccinated with one dose (V1), two doses (V2), or three doses (V3) of vaccine. Blood was collected 15 days after vaccination or infection. Each dot represents
one individual. Lines represent median values. Statistical analysis was performed using a Mann-Whitney U test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). ND,

not done.

one (V1, 57.3 + 13.7 pg/ml), two (V2, 38.5 + 4.4 pg/ml), or three
doses (V3, 51.5 + 10.8 pg/ml), the levels of CXCL13 were similar
to those of healthy donors, whereas their levels were higher in
acutely infected patients (Fig. 7A). Although not significantly dif-
ferent, the levels of CXCL13 were lower in healthy individuals
(46.1 £ 6.9 pg/ml) compared to preexposed individuals boosted
by mRNA vaccine (Pre + V, 73.02 £ 11.8 pg/ml). However,
because of the limited number of individuals tested, this difference
deserves to be further addressed. Similarly, we found that IFN-a
levels were low in vaccinees compared to those of acutely infected
individuals (Fig. 7B). Therefore, the low levels of CXCL13 are asso-
ciated with the low avidity observed in vaccinees, suggesting subop-
timal GC induction.

Together, these results indicate that boosts are required to
improve the avidity of specific IgG, in particular, in individuals
whose immunity is only due on vaccination and is associated
with low CXCL13 levels. They also suggest that loss of avidity
may contribute to the loss of cross-reactivity against the different
variants that we observed in vaccinees compared to previously in-
fected individuals and boosted with the vaccine.

DISCUSSION

Overall, our results indicate that individuals previously infected
with SARS-CoV-2 and boosted with mRNA vaccines developed a
strong humoral response, whereas multiple doses of vaccines are re-
quired to induce similar responses in nonexposed individuals. The
immune response induced by the mRNA vaccine has valuable cross-
reactivity against the different viral variants, although Beta and the
more recent Omicron BA.2 sublineages are of major concern in this
perspective, since their lower recognition on the cell surface will also
reduce Fc effector functions. Therefore, in the absence of previous
infection, repeated administrations of mRNA vaccine are required
and can be boosted by a fourth dose, providing a possible
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explanation for their increased preventive effect on the development
of severe disease by different variants (61). Unlike IgG, the presence
of IgA may also be beneficial in providing protection at the mucosal
viral entry (62). IgA antibodies were induced only after the third
dose. However, unfortunately, because of their short half-life and
their low avidity, IgA may confer a protection of limited duration,
especially regarding SARS-CoV-2 variants.

Considering the half-life and low avidity of antibodies and the
requirement for repeated vaccinations, the low levels of CXCL13
probably indicate suboptimal GC activations and extrafollicular B
cells maturation in vaccinated individuals. B cell maturation and
Ig avidity leading to high neutralizing antibodies depend on B
and T cell interaction, and CXCL13 in the plasma is a surrogate
marker of GC activation (40—42). It has been shown by Samanovic
et al. (63) that the levels of CXCL13 remain low after two doses of
vaccine. We confirm this finding and show that, even after three
doses of vaccine, they remain similar to those of healthy donors
and lower than the levels observed in individuals infected by
SARS-CoV-2. This is also consistent with the general absence of hy-
perplasia of draining lymph nodes following mRNA vaccination
(less than 0.3% of the recipients) (32). Of interest, other vaccines
have been reported to increase the levels of CXCL13 in individuals
having received either yellow fever vaccine or Ad5/HIV vaccine
(40). The absence of type I IFN after BNT162b2 vaccination is con-
sistent with vaccine manufacturing in which RNA has been modi-
fied to markedly reduced innate immune sensing and inflammation
(64) Thus, consistent with the earlier theory of P. Matzinger in 90s
as "the danger theory of immunity” (65), the absence of innate
sensing may require repetitive vaccination for maintaining high
levels of antibody. A previous report, using fine needle aspirates
of draining axillary lymph nodes, has indicated the presence of
GC B cells in vaccinees for 2 months after the boost (66);
however, this cannot exclude the detection of extrafollicular B
cells. Our follow-up study showed that the avidity decreases after
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2 months. Kim et al. (67), performing bone marrow aspirates in in-
dividuals vaccinated 6 months earlier with two doses of BNT162b2,
have observed that the frequency of bone marrow plasma cells
against the S protein was at least 20-fold lower compared to those
induced by the 2019-2020 influenza virus vaccine. One limitation of
our study is the absence of draining lymph nodes data from vacci-
nees that may help to elucidate lymphoid organization and GC de-
velopment, as we previously described for other infectious diseases
(68, 69).

In the past, the level and persistence of antibodies were demon-
strated as being low, even with repeated immunizations, in the
absence of T cell help and associated with extrafollicular B cells
(70-72). Thus, short-lived B cell immunity was counteracted by as-
sociating a “carrier,” as a T cell dominant epitope to improve B cell
immunity. Moreover, one possibility of improving mRNA vaccines
could be to use cytokines such as interleukin-12 that boosts GC for-
mation and could be considered for longer-lasting immune re-
sponse (73). Of interest, in individuals previously infected and
boosted with vaccine, the humoral response was extremely rapid
and stronger in quantity and quality compared to individuals
having received two doses of vaccine. This indicates an imprinting
of SARS-CoV-2 immunity in hybrid responders. These results are
consistent with the presence of activated memory B cells described
by Rodda et al. (74) in hybrid immunity. This persistence of
memory B cells could reflect larger amounts of antigen present
after infection and longer ongoing B cell follicle activation contrib-
uting to the imprinting, which is consistent with the levels of
CXCL13 detected in the plasma of SARS-CoV-2—infected individ-
uals during the acute phase.

We also demonstrated that the avidity of Ig decreased rapidly
even after repetitive boosts. This is of importance, because, gener-
ally, avidity is associated with the neutralizing capacity of antibodies
(75). Furthermore, the lower ability of plasma from vaccines to rec-
ognize Beta and Omicron variants might also be related to the lower
avidity of antibodies induced by vaccination alone. Our results,
using the S-Flow assay, are indicative of a lower capacity to recog-
nize the variants, which may also have consequences for humoral
response related to cell-mediated cytotoxicity. The ability to elimi-
nate infected cells might contribute to limiting the duration of in-
fection and/or viral dissemination (76). In this context, it cannot be
excluded that viral spread through cell-to-cell transmission can
evade neutralizing antibodies. This is well known in HIV infections
(77, 78) and was recently demonstrated in SARS-CoV-2 (79). Con-
sistent with a previous report (25), we found that convalescent in-
dividuals in the absence of a vaccine boost displayed low quality of
antibodies capable to recognize the S protein on the surface of cells,
as compared to vaccinated individuals. However, our results high-
lighted that once vaccinated, convalescent individuals develop a
strong humoral response with broader IgG cross-reactivities
against SARS-CoV-2 variants. Nevertheless, of particular concern
is the low recognition of the S protein from Beta and BA.2
Omicron sublineages (BA.2.12.1 and BA.275) by vaccinees'
plasma. Previous reports, on the basis of neutralizing assay using
both pseudoviruses and viruses, showed that BA.1 (certainly
related to the higher number of mutations in the RBD) was more
resistant compared to Beta (80, 81). In contrast, the S-Flow assay
indicated that Beta is less recognized than BA.1 Omicron. Our lon-
gitudinal analysis also suggests that the quality of antibody is declin-
ing after the third dose, over the 6 months of follow-up, particularly
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regarding the Beta and Omicron variants. Although limited to one
individual, we have observed that despite a fourth dose, Beta recog-
nition declined again. Therefore, additional studies deserve to be
conducted analyzing the effect of an additional boost or even
after viral exposure on the duration of the humoral response. A
fourth dose was described to improve protection as compared to
three doses of vaccine (61). Thus, our results suggest the importance
to also assess the capacity of Ig to recognize SARS-CoV-2 variants
on cell surface highlighting the role of deletions in the NTD region
of new Omicron variants as a virus strategy to escape from the
immune response.

There are some additional limitations in our study. Whereas we
have observed that if the third vaccination was performed with
mRNA-1271, then it induced IgA and improved the quality of
IgG recognizing Omicron as compared with BNT162b2 vaccinees
only; this was performed on a limited number of individuals. A
recent report, however, also suggested a beneficial effect of
mRNA-1273 to induce IgA compared to BNT162b2 (82). Given
the role of mucosal immunity against such viral infection, future
studies in larger cohorts are needed.

Despite these limitations, our data provided evidence for poten-
tial differences in the quantity and quality of the humoral responses
in hybrid immune responders compared to individuals having re-
ceived three doses of mRNA vaccine and highlighted the interest for
analyzing immune response directed against S variant proteins ex-
pressed on the cell surface. In conclusion, in the context of the gen-
eralized third dose of vaccination, our study provides novel findings
regarding the levels of protection and the impact of vaccine strategy
to control the dynamics of COVID variants.

MATERIALS AND METHODS

Study design and participants

The bioclinical features of patients recruited are given in Table 1.
This study was approved by the Ethics Committee of the Tle-de-
France (EudraCT/IDRCB 2020-A00875-34 and Clinical Trials:
NCT04351711, Nimes University Hospital) and from the Clinical
Board and Ethics Committee (ref 69/2020, Hospital de Braga, Por-
tugal). All patients had provided written informed consent. We also
analyzed samples obtained longitudinally at different time points
after vaccination. Blood was collected, and plasma was obtained
after centrifugation was frozen to —80°C.

IgA and IgG humoral responses

Antibody production was monitored by measuring specific Igs via
ELISA against N and S1 proteins as previously described (16).
Briefly, NUNC MaxiSorp well plates were coated with antigens
(0.5 pg/ml in tris-HCI, pH 9.6) overnight. After saturation with
bovine serum albumin (BSA), plasmas were diluted to 1:400 and
1:800 and incubated for 90 min. Plates were then washed and incu-
bated with goat anti-human IgG (Fc-specific) peroxidase (A0170,
MilliporeSigma) and goat anti-human IgA (Fc-specific) peroxidase
(SAB3701229, MilliporeSigma) for 45 min. These antibodies were
highly specific to the Fc fragments not recognizing the kappa and
lambda chains of the Ig. After several washings, substrate reagent
solution (R&D Systems) was added and incubated for 30 min.
The reactions were stopped using sulfuric acid (1 N). The plate
was read on a Thermo Scientific Varioskan reader at wavelengths
of 450 and 540 nm.
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SARS-COV-2 spike avidity assay

Like for ELISA, NUNC MaxiSorp ELISA plates were coated with S1
antigen to monitor the avidity of IgA and IgG. Once incubated in
the presence of 1:400 dilution of plasma, plates were washed with
phosphate-buffered saline (PBS) and then incubated for 30 min at
37°C in the absence (PBS) or presence of 6M urea. Thereafter, sim-
ilarly specific IgA and IgG were detected with secondary antibodies
and revealed with substrate reagent solution (R&D Systems). The AI
was calculated as follows: AI% = (OD value of urea-treated sample/
OD of untreated sample)*100. Indexes with values more than 50%
were considered as high IgG avidity, 31 to 49% was considered as
intermediate IgG avidity, and values below 30% were considered
as low IgG avidity.

S-Flow assay

The assay was conducted in two settings, using SARS-CoV-2-in-
fected or SARS-CoV-2—transfected cells. The day before infection,
4 x 10° Vero-E6 cells were seeded in 75-cm? cell culture flasks in
Dulbecco’'s minimum essential medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and penicillin
and streptomycin solution (100 pg/ml) and incubated at 37°C and
5% CO,. On the day of infection, the cell monolayer was 90% con-
fluent. Medium was removed, cells were washed once with medium,
and different flasks were inoculated with: SARS-CoV-2 Wuhan-Hu
strain (Global Initiative on Sharing All Influenza Data accession no.
EPI_ISL_16833248) at a multiplicity of infection of 0.01. Cells were
incubated for 1 hour at 37°C with shaking. The inoculum was then
replaced with DMEM containing 2% FBS. Two days after inocula-
tion, cells were harvested with trypsin (Gibco) and centrifuged for 3
min at 900g. In the other setting, 293T cells were transfected using
Lipofectamine 2000 (Life Technologies) and plasmids encoding the
full length of the SARS-CoV-2 S variants (47). The Wuhan-Hu S-
expressing plasmid was provided by O. Schwartz, whereas Beta and
Delta were purchased from InvivoGen (Spike pseudotyping
plasmid, plv-spike-v3 and plv-spike-v8, respectively), and the
Omicron S protein (BA.1 and BA.2 sublineages) plasmids were pro-
duced in-house. After transfection and overnight culture, the cells
were detached using PBS-EDTA and transferred into U-bottom 96-
well culture plates (200,000 cells per well). For both infected and
transfected cells, the cellular pellets were saturated with 10% FBS
at 4°C for 10 min and incubated with the patients’ plasma (1:300
dilution) in PBS containing 0.5% BSA for 30 min at 4°C. Cells
were then washed and stained for 30 min at 4°C using the same an-
tibodies as described for ELISA but labeled with fluorescein isothio-
cyanate (Sigma-Aldrich). After washing, cells were fixed with 2%
paraformaldehyde. Furthermore, we used two mAbs as controls
in this study: anti-spike (S2) (GeneTex, clone 1A9) and anti-NTD
mADb (ProteoGenix, clone 4A8). The mAbs were diluted to 1:1000
and revealed using specific Alexa Fluor 488-labeled secondary an-
tibodies. Cells were analyzed on an Attune NxT flow cytometer
using Flow]Jo software (Tree Star Inc.).

Quantification of CXCL13 and IFN-a

The amounts of CXCL13 and IFN-a in the plasma were quantified
by ELISA (R&D Systems). Plates were read at a reference wavelength
of 490 nM.

Azarias Da Silva et al., Sci. Adv. 9, eadg2122 (2023) 4 August 2023

Statistical analyses

Statistics were calculated using GraphPad Prism software. A non-
parametric Mann-Whitney U test and Student’s ¢ test were used
for comparison. P values indicate significant differences (*P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). Correlations were
assessed using the Spearman test. A chi-square test was used to
compare frequency.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7

REFERENCES AND NOTES

1. P.Zhouy, X. L. Yang, X. G. Wang, B. Hu, L. Zhang, W. Zhang, H. R. Si, Y. Zhu, B. Li, C. L. Huang,
H. D. Chen, J. Chen, Y. Luo, H. Guo, R. D. Jiang, M. Q. Liu, Y. Chen, X. R. Shen, X. Wang,
X.S. Zheng, K. Zhao, Q. J. Chen, F. Deng, L. L. Liu, B. Yan, F. X. Zhan, Y. Y. Wang, G. F. Xiao,
Z.L.Shi, A pneumonia outbreak associated with a new coronavirus of probable bat origin.
Nature 579, 270-273 (2020).

2. L.Piccoli, Y. J. Park, M. A. Tortorici, N. Czudnochowski, A. C. Walls, M. Beltramello, C. Silacci-
Fregni, D. Pinto, L. E. Rosen, J. E. Bowen, O. J. Acton, S. Jaconi, B. Guarino, A. Minola, F. Zatta,
N. Sprugasci, J. Bassi, A. Peter, A. De Marco, J. C. Nix, F. Mele, S. Jovic, B. F. Rodriguez,

S. V. Gupta, F. Jin, G. Piumatti, G. Lo Presti, A. F. Pellanda, M. Biggiogero, M. Tarkowski,

M. S. Pizzuto, E. Cameroni, C. Havenar-Daughton, M. Smithey, D. Hong, V. Lepori,

E. Albanese, A. Ceschi, E. Bernasconi, L. Elzi, P. Ferrari, C. Garzoni, A. Riva, G. Snell, F. Sallusto,
K. Fink, H. W. Virgin, A. Lanzavecchia, D. Corti, D. Veesler, Mapping neutralizing and im-
munodominant sites on the SARS-CoV-2 spike receptor-binding domain by structure-
guided high-resolution serology. Cell 183, 1024-1042.e21 (2020).

3. A.J.Greaney, A. N. Loes, K. H. D. Crawford, T. N. Starr, K. D. Malone, H. Y. Chu, J. D. Bloom,
Comprehensive mapping of mutations in the SARS-CoV-2 receptor-binding domain that
affect recognition by polyclonal human plasma antibodies. Cell Host Microbe 29,
463-476.e6 (2021).

4. Z.Wang, F. Muecksch, A. Cho, C. Gaebler, H.-H. Hoffmann, V. Ramos, S. Zong, M. Cipolla,
B. Johnson, F. Schmidt, J. DaSilva, E. Bednarski, T. Ben Tanfous, R. Raspe, K. Yao, Y. E. Lee,
T.Chen, M. Turroja, K. G. Milard, J. Dizon, A. Kaczynska, A. Gazumyan, T. Y. Oliveira, C. M. Rice,
M. Caskey, P. D. Bieniasz, T. Hatziioannou, C. O. Barnes, M. C. Nussenzweig, Analysis of
memory B cells identifies conserved neutralizing epitopes on the N-terminal domain of
variant SARS-Cov-2 spike proteins. Immunity 55, 998-1012.e8 (2022).

5. W. Dejnirattisai, J. Huo, D. Zhou, J. Zahradnik, P. Supasa, C. Liu, H. M. E. Duyvesteyn,

H. M. Ginn, A. J. Mentzer, A. Tuekprakhon, R. Nutalai, B. Wang, A. Dijokaite, S. Khan,

O. Avinoam, M. Bahar, D. Skelly, S. Adele, S. A. Johnson, A. Amini, T. G. Ritter, C. Mason,
C. Dold, D. Pan, S. Assadi, A. Bellass, N. Omo-Dare, D. Koeckerling, A. Flaxman, D. Jenkin,
P. K. Aley, M. Voysey, S. A. C. Clemens, F. G. Naveca, V. Nascimento, F. Nascimento, C. F. da
Costa, P. C. Resende, A. Pauvolid-Correa, M. M. Siqueira, V. Baillie, N. Serafin, G. Kwatra, K. Da
Silva, S. A. Madhi, M. C. Nunes, T. Malik, P. J. M. Openshaw, J. K. Baillie, M. G. Semple,
A.R.Townsend, K. A. Huang, T. K. Tan, M. W. Carroll, P. Klenerman, E. Barnes, S. J. Dunachie,
B. Constantinides, H. Webster, D. Crook, A. J. Pollard, T. Lambe, N. G. Paterson,

M. A. Williams, D. R. Hall, E. E. Fry, J. Mongkolsapaya, J. Ren, G. Schreiber, D. I. Stuart,

G. R. Screaton, SARS-CoV-2 Omicron-B.1.1.529 leads to widespread escape from neutral-
izing antibody responses. Cell 185, 467-484.e15 (2022).

6. M. McCallum, A. De Marco, F. A. Lempp, M. A. Tortorici, D. Pinto, A. C. Walls, M. Beltramello,

A. Chen, Z. Liu, F. Zatta, S. Zepeda, J. di lulio, J. E. Bowen, M. Montiel-Ruiz, J. Zhou,

L. E. Rosen, S. Bianchi, B. Guarino, C. S. Fregni, R. Abdelnabi, S. C. Foo, P. W. Rothlauf,

L. M. Bloyet, F. Benigni, E. Cameroni, J. Neyts, A. Riva, G. Snell, A. Telenti, S. P. J. Whelan,
H. W. Virgin, D. Corti, M. S. Pizzuto, D. Veesler, N-terminal domain antigenic mapping
reveals a site of vulnerability for SARS-CoV-2. Cell 184, 2332-2347.e16 (2021).

7. C.Davis, N. Logan, G. Tyson, R. Orton, W. T. Harvey, J. S. Perkins, G. Mollett, R. M. Blacow;
COVID-19 Genomics UK (COG-UK) Consortium, T. P. Peacock, W. S. Barclay, P. Cherepanov,
M. Palmarini, P. R. Murcia, A. H. Patel, D. L. Robertson, J. Haughney, E. C. Thomson,

B. J. Willett; COVID-19 DeplOyed VaccinE (DOVE) Cohort Study investigators, Reduced
neutralisation of the Delta (B.1.617.2) SARS-CoV-2 variant of concern following vaccination.
PLOS Pathog. 17, 1010022 (2021).

8. V.-V. Edara, B. A. Pinsky, M. S. Suthar, L. Lai, M. E. Davis-Gardner, K. Floyd, M. W. Flowers,
J. Wrammert, L. Hussaini, C. R. Ciric, S. Bechnak, K. Stephens, B. S. Graham, E. Bayat Mokhtari,
P. Mudbvari, E. Boritz, A. Creanga, A. Pegu, A. Derrien-Colemyn, A. R. Henry, M. Gagne,

D. C. Douek, M. K. Sahoo, M. Sibai, D. Solis, R. J. Webby, T. Jeevan, T. P. Fabrizio, Infection

11 of 14

~254-

¥20Z ‘S0 YoJBN UO 9588SI] SNONJ8U| JO 81n1Isu| [euoeN Te B0 a0ualos mmm//:sdiy Wwoly papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

and vaccine-induced neutralizing-antibody responses to the SARS-CoV-2 B.1.617 variants.

N. Engl. J. Med. 385, 664—666 (2021).
9. I. Nemet, L. Kliker, Y. Lustig, N. Zuckerman, O. Erster, C. Cohen, Y. Kreiss, S. Alroy-Preis,

G. Regev-Yochay, E. Mendelson, M. Mandelboim, Third bnt162b2 vaccination neutraliza-

tion of SARS-CoV-2 omicron infection. N. Engl. J. Med. 386, 492-494 (2022).
10. W. F. Garcia-Beltran, K. J. St Denis, A. Hoelzemer, E. C. Lam, A. D. Nitido, M. L. Sheehan,

C. Berrios, O. Ofoman, C. C. Chang, B. M. Hauser, J. Feldman, A. L. Roederer, D. J. Gregory,
M. C. Poznansky, A. G. Schmidt, A. J. lafrate, V. Naranbhai, A. B. Balazs, mRNA-based COVID-
19 vaccine boosters induce neutralizing immunity against SARS-CoV-2 Omicron variant.

Cell 185, 457-466.e4 (2022).

11. A. Muik, B. G. Lui, A. K. Wallisch, M. Bacher, J. Mihl, J. Reinholz, O. Ozhelvaci, N. Beckmann,
R. C. Gliimil Garcia, A. Poran, S. Shpyro, A. Finlayson, H. Cai, Q. Yang, K. A. Swanson, O. Tiireci,

U. Sahin, Neutralization of SARS-CoV-2 Omicron by BNT162b2 mRNA vaccine-elicited
human sera. Science 375, 678-680 (2022).

12. J. M. Carrefo, H. Alshammary, J. Tcheou, G. Singh, A. J. Raskin, H. Kawabata, L. A. Sominsky,

J.J. Clark, D. C. Adelsberg, D. A. Bielak, A. S. Gonzalez-Reiche, N. Dambrauskas,

V. Vigdorovich, K. Srivastava, D. N. Sather, E. M. Sordillo, G. Bajic, H. van Bakel, V. Simon,

F. Krammer, Activity of convalescent and vaccine serum against SARS-CoV-2 Omicron.
Nature 602, 682-688 (2022).

13. S. Miyamoto, T. Arashiro, Y. Adachi, S. Moriyama, H. Kinoshita, T. Kanno, S. Saito, H. Katano,
S.lida, A. Ainai, R. Kotaki, S. Yamada, Y. Kuroda, T. Yamamoto, K. Ishijima, E. S. Park, Y. Inoue,
Y. Kaku, M. Tobiume, N. Iwata-Yoshikawa, N. Shiwa-Sudo, K. Tokunaga, S. Ozono, T. Hemmi,
A. Ueno, N. Kishida, S. Watanabe, K. Nojima, Y. Seki, T. Mizukami, H. Hasegawa, H. Ebihara,

K. Maeda, S. Fukushi, Y. Takahashi, T. Suzuki, Vaccination-infection interval determines

cross-neutralization potency to SARS-CoV-2 Omicron after breakthrough infection by other

variants. Med 3, 249-261.e4 (2022).

14. L. Liy, S. Iketani, Y. Guo, J. F. W. Chan, M. Wang, L. Liu, Y. Luo, H. Chu, Y. Huang, M. S. Nair,
J. Yu, K. K. H. Chik, T. T. T. Yuen, C. Yoon, K. K. W. To, H. Chen, M. T. Yin, M. E. Sobieszczyk,
Y. Huang, H. H. Wang, Z. Sheng, K--Y. Yuen, D. D. Ho, Striking antibody evasion manifested

by the Omicron variant of SARS-CoV-2. Nature 602, 676-681 (2022).
15. E. Cameroni, J. E. Bowen, L. E. Rosen, C. Saliba, S. K. Zepeda, K. Culap, D. Pinto,
L. A. VanBlargan, A. De Marco, J. di lulio, F. Zatta, H. Kaiser, J. Noack, N. Farhat,

N. Czudnochowski, C. Havenar-Daughton, K. R. Sprouse, J. R. Dillen, A. E. Powell, A. Chen,
C. Maher, L. Yin, D. Sun, L. Soriaga, J. Bassi, C. Silacci-Fregni, C. Gustafsson, N. M. Franko,

J. Logue, N. T.Igbal, I. Mazzitelli, J. Geffner, R. Grifantini, H. Chu, A. Gori, A. Riva, O. Giannini,
A. Ceschi, P. Ferrari, P. E. Cippa, A. Franzetti-Pellanda, C. Garzoni, P. J. Halfmann, Y. Kawaoka,

C. Hebner, L. A. Purcell, L. Piccoli, M. S. Pizzuto, A. C. Walls, M. S. Diamond, A. Telenti,

H. W. Virgin, A. Lanzavecchia, G. Snell, D. Veesler, D. Corti, Broadly neutralizing antibodies

overcome SARS-CoV-2 Omicron antigenic shift. Nature 602, 664-670 (2022).
16. D. Planas, N. Saunders, P. Maes, F. Guivel-Benhassine, C. Planchais, J. Buchrieser, W.-

H. Bolland, F. Porrot, I. Staropoli, F. Lemoine, H. Péré, D. Veyer, J. Puech, J. Rodary, G. Baele,
S. Dellicour, J. Raymenants, S. Gorissen, C. Geenen, B. Vanmechelen, T. Wawina-Bokalanga,
J. Marti-Carreras, L. Cuypers, A. Séve, L. Hocqueloux, T. Prazuck, F. A. Rey, E. Simon-Loriere,
T. Bruel, H. Mouquet, E. André, O. Schwartz, Considerable escape of SARS-CoV-2 Omicron

to antibody neutralization. Nature 602, 671-675 (2022).
17. M. Hoffmann, N. Kriiger, S. Schulz, A. Cossmann, C. Rocha, A. Kempf, I. NehImeier,
L. Graichen, A. S. Moldenhauer, M. S. Winkler, M. Lier, A. Dopfer-Jablonka, H. M. Jack,

G. M. N. Behrens, S. P6hlmann, The Omicron variant is highly resistant against antibody-

mediated neutralization: Implications for control of the COVID-19 pandemic. Cell 185,
447-456.e11 (2022).

18. Y.Cao, J. Wang, F. Jian, T. Xiao, W. Song, A. Yisimayi, W. Huang, Q. Li, P. Wang, R. An, J. Wang,
Y. Wang, X. Niu, S. Yang, H. Liang, H. Sun, T. Li, Y. Yu, Q. Cui, S. Liu, X. Yang, S. Du, Z. Zhang,
X. Hao, F. Shao, R. Jin, X. Wang, J. Xiao, Y. Wang, X. S. Xie, Omicron escapes the majority of

existing SARS-CoV-2 neutralizing antibodies. Nature 602, 657-663 (2022).

19. E.S.Winkler, P. Gilchuk, J. Yu, A. L. Bailey, R. E. Chen, Z. Chong, S. J. Zost, H. Jang, Y. Huang,

J. D. Allen, J. B. Case, R. E. Sutton, R. H. Carnahan, T. L. Darling, A. C. M. Boon, M. Mack,

R.D.Head, T. M. Ross, J. E. Crowe Jr., M. S. Diamond, Human neutralizing antibodies against
SARS-CoV-2 require intact Fc effector functions for optimal therapeutic protection. Cell

184, 1804-1820.e16 (2021).

20. Y. C. Bartsch, S. Fischinger, S. M. Siddiqui, Z. Chen, J. Yu, M. Gebre, C. Atyeo, M. J. Gorman,

A. L. Zhu, J. Kang, J. S. Burke, M. Slein, M. J. Gluck, S. Beger, Y. Hu, J. Rhee, E. Petersen,
B. Mormann, M. de St Aubin, M. A. Hasdianda, G. Jambaulikar, E. W. Boyer, P. C. Sabeti,

D. H. Barouch, B. D. Julg, E. R. Musk, A. S. Menon, D. A. Lauffenburger, E. J. Nilles, G. Alter,
Discrete SARS-CoV-2 antibody titers track with functional humoral stability. Nat. Commun.

12, 1018 (2021).
21. S. André, M. Azarias da Silva, M. Picard, A. Alleaume-Buteau, L. Kundura, R. Cezar,

C. Soudaramourty, S. C. André, A. Mendes-Frias, A. Carvalho, C. Capela, J. Pedrosa, A. Gil
Castro, P. Loubet, A. Sotto, L. Muller, J.-Y. Lefrant, C. Roger, P.-G. Claret, S. Duvnjak, T.-A. Tran,

0. Zghidi-Abouzid, P. Nioche, R. Silvestre, P. Corbeau, F. Mammano, J. Estaquier, Low

Azarias Da Silva et al., Sci. Adv. 9, eadg2122 (2023) 4 August 2023

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

-255-

quantity and quality of anti-spike humoral response is linked to CD4 T-cell apoptosis in
COVID-19 patients. Cell Death Dis. 13, 741 (2022).

S. André, M. Picard, R. Cezar, F. Roux-Dalvai, A. Alleaume-Butaux, C. Soundaramourty,
A.S.Cruz, A. Mendes-Frias, C. Gotti, M. Leclercq, A. Nicolas, A. Tauzin, A. Carvalho, C. Capela,
J. Pedrosa, A. G. Castro, L. Kundura, P. Loubet, A. Sotto, L. Muller, J. Y. Lefrant, C. Roger,
P. G. Claret, S. Duvnjak, T. A. Tran, G. Racine, O. Zghidi-Abouzid, P. Nioche, R. Silvestre,

A. Droit, F. Mammano, P. Corbeau, J. Estaquier, T cell apoptosis characterizes severe Covid-
19 disease. Cell Death Differ. 29, 1486-1499 (2022).

Y. C. Bartsch, X. Tong, J. Kang, M. J. Avendafio, E. F. Serrano, T. Garcia-Salum, C. Pardo-Roa,
A. Riquelme, Y. Cai, |. Renzi, G. Stewart-Jones, B. Chen, R. A. Medina, G. Alter, Omicron
variant Spike-specific antibody binding and Fc activity are preserved in recipients of mRNA
or inactivated COVID-19 vaccines. Sci. Transl. Med. 14, eabn9243 (2022).

E. C. Sabino, L. F. Buss, M. P. S. Carvalho, C. A. Prete Jr., M. A. E. Crispim, N. A. Fraiji,

R. H. M. Pereira, K. V. Parag, P. da Silva Peixoto, M. U. G. Kraemer, M. K. Oikawa, T. Salomon,
Z. M. Cucunuba, M. C. Castro, A. A. de Souza Santos, V. H. Nascimento, H. S. Pereira,

N. M. Ferguson, O. G. Pybus, A. Kucharski, M. P. Busch, C. Dye, N. R. Faria, Resurgence of
COVID-19 in Manaus, Brazil, despite high seroprevalence. Lancet 397, 452-455 (2021).
P. Kaplonek, S. Fischinger, D. Cizmedi, Y. C. Bartsch, J. Kang, J. S. Burke, S. A. Shin, D. Dayal,
P. Martin, C. Mann, F. Amanat, B. Julg, E. J. Nilles, E. R. Musk, A. S. Menon, F. Krammer,

E. O. Saphire, C. Andrea, G. Alter, mRNA-1273 vaccine-induced antibodies maintain Fc
effector functions across SARS-CoV-2 variants of concern. Immunity 55,

355-365.e4 (2022).

L. J. Abu-Raddad, H. Chemaitelly, H. H. Ayoub, H. M. Yassine, F. M. Benslimane, H. A. Al
Khatib, P. Tang, M. R. Hasan, P. Coyle, Z. Al Kanaani, E. Al Kuwari, A. Jeremijenko,

A. H. Kaleeckal, A. N. Latif, R. M. Shaik, H. F. Abdul Rahim, G. K. Nasrallah, M. G. Al Kuwari,
A. A.Butt, H. E. Al Romaihi, M. H. Al-Thani, A. Al Khal, R. Bertollini, Association of prior SARS-
CoV-2 infection with risk of breakthrough infection following mRNA vaccination in Qatar.
JAMA 326, 1930-1939 (2021).

S. Gazit, R. Shlezinger, G. Perez, R. Lotan, A. Peretz, A. Ben-Toy, E. Herzel, H. Alapi, D. Cohen,
K. Muhsen, G. Chodick, T. Patalon, Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) Naturally acquired immunity versus vaccine-induced immunity, reinfections
versus breakthrough infections: A retrospective cohort study. Clin. Infect. Dis. 75,
e545-e551 (2022).

Y. Goldberg, M. Mandel, Y. M. Bar-On, O. Bodenheimer, L. S. Freedman, N. Ash, S. Alroy-Preis,
A. Huppert, R. Milo, Protection and waning of natural and hybrid immunity to SARS-CoV-2.
N. Engl. J. Med. 386, 2201-2212 (2022).

D. Sterlin, A. Mathian, M. Miyara, A. Mohr, F. Anna, L. Claér, P. Quentric, J. Fadlallah,

H. Devilliers, P. Ghillani, C. Gunn, R. Hockett, S. Mudumba, A. Guihot, C. E. Luyt, J. Mayaux,
A. Beurton, S. Fourati, T. Bruel, O. Schwartz, J. M. Lacorte, H. Yssel, C. Parizot, K. Dorgham,
P. Charneau, Z. Amoura, G. Gorochov, IgA dominates the early neutralizing antibody re-
sponse to SARS-CoV-2. Sci. Transl. Med. 13, eabd2223 (2021).

F. N. Zervou, P. Louie, A. Stachel, I. M. Zacharioudakis, Y. Ortiz-Mendez, K. Thomas,

M. E. Aguero-Rosenfeld, SARS-CoV-2 antibodies: IgA correlates with severity of disease in
early COVID-19 infection. J. Med. Virol. 93, 5409-5415 (2021).

L. R. Baden, H. M. El Sahly, B. Essink, K. Kotloff, S. Frey, R. Novak, D. Diemert, S. A. Spector,
N. Rouphael, C. B. Creech, J. McGettigan, S. Khetan, N. Segall, J. Solis, A. Brosz, C. Fierro,
H. Schwartz, K. Neuzil, L. Corey, P. Gilbert, H. Janes, D. Follmann, M. Marovich, J. Mascola,
L. Polakowski, J. Ledgerwood, B. S. Graham, H. Bennett, R. Pajon, C. Knightly, B. Leav,

W. Deng, H. Zhou, S. Han, M. Ivarsson, J. Miller, T. Zaks, Efficacy and safety of the mRNA-
1273 SARS-CoV-2 vaccine. N. Engl. J. Med. 384, 403-416 (2020).

F. P. Polack, S. J. Thomas, N. Kitchin, J. Absalon, A. Gurtman, S. Lockhart, J. L. Perez, G. Pérez
Marg, E. D. Moreira, C. Zerbini, R. Bailey, K. A. Swanson, S. Roychoudhury, K. Koury, P. Li,
W. V. Kalina, D. Cooper, R. W. Frenck, L. L. Hammitt, O. Tiireci, H. Nell, A. Schaefer, S. Unal,
D. B. Tresnan, S. Mather, P. R. Dormitzer, U. Sahin, K. U. Jansen, W. C. Gruber, Safety and
efficacy of the BNT162b2 mRNA covid-19 vaccine. N. Engl. J. Med. 383, 2603-2615 (2020).
D. Steensels, N. Pierlet, J. Penders, D. Mesotten, L. Heylen, Comparison of SARS-CoV-2
antibody response following vaccination with BNT162b2 and mRNA-1273. JAMA 326,
1533-1535 (2021).

P. Naaber, L. Tserel, K. Kangro, E. Sepp, V. Jirjenson, A. Adamson, L. Haljasmagi, A. P. Rumm,
R. Maruste, J. Kérner, J. M. Gerhold, A. Planken, M. Ustav, K. Kisand, P. Peterson, Dynamics of
antibody response to BNT162b2 vaccine after six months: A longitudinal prospective
study. Lancet Reg. Health Eur. 10, 100208 (2021).

J. Wei, N. Stoesser, P. C. Matthews, D. Ayoubkhani, R. Studley, I. Bell, J. I. Bell, J. N. Newton,
J. Farrar, |. Diamond, E. Rourke, A. Howarth, B. D. Marsden, S. Hoosdally, E. Y. Jones,

D. I. Stuart, D. W. Crook, T. E. A. Peto, K. B. Pouwels, D. W. Eyre, A. S. Walker; COVID-19 In-
fection Survey team, Antibody responses to SARS-CoV-2 vaccines in 45,965 adults from the
general population of the United Kingdom. Nat. Microbiol. 6, 1140-1149 (2021).

P. B. Gilbert, D. C. Montefiori, A. B. McDermott, Y. Fong, D. Benkeser, W. Deng, H. Zhou,
C. R. Houchens, K. Martins, L. Jayashankar, F. Castellino, B. Flach, B. C. Lin, S. O'Connell,

C. McDanal, A. Eaton, M. Sarzotti-Kelsoe, Y. Lu, C. Yu, B. Borate, L. W. P. van der Laan,

12 of 14

¥20Z ‘S0 YoJBN UO 9588SI] SNONJ8U| JO 81n1Isu| [euoeN Te B0 a0ualos mmm//:sdiy Wwoly papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

N. S. Hejazi, C. Huynh, J. Miller, H. M. El Sahly, L. R. Baden, M. Baron, L. De La Cruz, C. Gay,
S.Kalams, C. F. Kelley, M. P. Andrasik, J. G. Kublin, L. Corey, K. M. Neuzil, L. N. Carpp, R. Pajon,
D. Follmann, R. O. Donis, R. A. Koup, Immune correlates analysis of the mRNA-1273 COVID-
19 vaccine efficacy clinical trial. Science 375, 43-50 (2022).

37. D.S. Khoury, D. Cromer, A. Reynaldi, T. E. Schlub, A. K. Wheatley, J. A. Juno, K. Subbarao,
S.J.Kent, J. A. Triccas, M. P. Davenport, Neutralizing antibody levels are highly predictive of
immune protection from symptomatic SARS-CoV-2 infection. Nat. Med. 27,

1205-1211 (2021).

38. M. H. Korhonen, J. Brunstein, H. Haario, A. Katnikov, R. Rescaldani, K. Hedman, A new
method with general diagnostic utility for the calculation of immunoglobulin G avidity.
Clin. Diagn. Lab. Immunol. 6, 725-728 (1999).

39. G.J.Thorbecke, A. R. Amin, V. K. Tsiagbe, Biology of germinal centers in lymphoid tissue.
FASEB J. 8, 832-840 (1994).

40. C. Havenar-Daughton, M. Lindqvist, A. Heit, J. E. Wu, S. M. Reiss, K. Kendric, S. Bélanger,
S. P. Kasturi, E. Landais, R. S. Akondy, H. M. McGuire, M. Bothwell, P. A. Vagefi, E. Scully,
G. D. Tomaras, M. M. Davis, P. Poignard, R. Ahmed, B. D. Walker, B. Pulendran, M. J. McElrath,
D. E. Kaufmann, S. Crotty, M. A. Price, J. Gilmour, P. Fast, A. Kamali, E. J. Sanders, O. Onzala,
S. Allen, E. Hunter, E. Karita, W. Kilembe, S. Lakhi, M. Inambao, CXCL13 is a plasma bio-
marker of germinal center activity. Proc. Natl. Acad. Sci. U.S.A. 113, 2702-2707 (2016).

41. J. M. Mabuka, A.-S. Dugast, D. M. Muema, T. Reddy, Y. Ramlakhan, Z. Euler, N. Ismail,

A. Moodley, K. L. Dong, L. Morris, B. D. Walker, G. Alter, . Ndung'u, Plasma CXCL13 but Not
B cell frequencies in acute HIV infection predicts emergence of cross-neutralizing anti-
bodies. Front. Immunol. 8, 1104 (2017).

42. F. Moukambi, H. Rabezanahary, Y. Fortier, V. Rodrigues, J. Clain, G. Benmadid-Laktout,

0. Zghidi-Abouzid, C. Soundaramourty, M. Laforge, J. Estaquier, Mucosal T follicular helper
cells in SIV-infected rhesus macaques: Contributing role of IL-27. Mucosal Immunol. 12,
1038-1054 (2019).

43. Q.X.Long, B.Z.Liu, H.J. Deng, G. C. Wu, K. Deng, Y. K. Chen, P. Liao, J. F. Qiu, Y. Lin, X. F. Cai,
D.Q.Wang, Y.Hu, J.H.Ren, N. Tang, Y. Y. Xu, L. H. Yu, Z. Mo, F. Gong, X. L. Zhang, W. G. Tian,
L. Hu, X. X. Zhang, J. L. Xiang, H. X. Du, H. W. Liu, C. H. Lang, X. H. Luo, S. B. Wu, X. P. Cui,
Z.Zhou, M. M. Zhu, J. Wang, C. J. Xue, X. F. Li, L. Wang, Z. J. Li, K. Wang, C. C. Niu, Q. J. Yang,
X. J. Tang, Y. Zhang, X. M. Liu, J. J. Li, D. C. Zhang, F. Zhang, P. Liu, J. Yuan, Q. Li, J. L. Hu,
J. Chen, A. L. Huang, Antibody responses to SARS-CoV-2 in patients with COVID-19. Nat.
Med. 26, 845-848 (2020).

44. K.Roltgen, A. E. Powell, O. F. Wirz, B. A. Stevens, C. A. Hogan, J. Najeeb, M. Hunter, H. Wang,
M. K. Sahoo, C. Huang, F. Yamamoto, M. Manohar, J. Manalac, A. R. Otrelo-Cardoso,

T. D. Pham, A. Rustagi, A. J. Rogers, N. H. Shah, C. A. Blish, J. R. Cochran, T. S. Jardetzky,

J. L. Zehnder, T. T. Wang, B. Narasimhan, S. Gombar, R. Tibshirani, K. C. Nadeau, P. S. Kim,
B. A. Pinsky, S. D. Boyd, Defining the features and duration of antibody responses to SARS-
CoV-2 infection associated with disease severity and outcome. Sci. Immunol. 5,
eabe0240 (2020).

45. C.A.Pierce, P. Preston-Hurlburt, Y. Dai, C. B. Aschner, N. Cheshenko, B. Galen, S. J. Garforth,
N. G. Herrera, R. K. Jangra, N. C. Morano, E. Orner, S. Sy, K. Chandran, J. Dziura, S. C. Almo,
A.Ring, M. J. Keller, K. C. Herold, B. C. Herold, Immune responses to SARS-CoV-2 infection in
hospitalized pediatric and adult patients. Sci. Transl. Med. 12, eabd5487 (2020).

46. P. Brandtzaeg, F.-E. Johansen, Mucosal B cells: Phenotypic characteristics, transcriptional
regulation, and homing properties. Immunol. Rev. 206, 32-63 (2005).

47. L.Grzelak, S. Temmam, C. Planchais, C. Demeret, L. Tondeur, C. Huon, F. Guivel-Benhassine,

1. Staropoli, M. Chazal, J. Dufloo, D. Planas, J. Buchrieser, M. M. Rajah, R. Robinot, F. Porrot,
M. Albert, K. Y. Chen, B. Crescenzo-Chaigne, F. Donati, F. Anna, P. Souque, M. Gransagne,
J. Bellalou, M. Nowakowski, M. Backovic, L. Bouadma, L. Le Fevre, Q. Le Hingrat,
D. Descamps, A. Pourbaix, C. Laouénan, J. Ghosn, Y. Yazdanpanah, C. Besombes, N. Jolly,
S. Pellerin-Fernandes, O. Cheny, M. N. Ungeheuer, G. Mellon, P. Morel, S. Rolland, F. A. Rey,
S. Behillil, V. Enouf, A. Lemaitre, M. A. Créach, S. Petres, N. Escriou, P. Charneau, A. Fontanet,
B. Hoen, T. Bruel, M. Eloit, H. Mouquet, O. Schwartz, S. van der Werf, A comparison of four
serological assays for detecting anti-SARS-CoV-2 antibodies in human serum samples from
different populations. Sci. Transl. Med. 12, eabc3103 (2020).

48. P.Wang, M. S. Nair, L. Liu, S. Iketani, Y. Luo, Y. Guo, M. Wang, J. Yu, B. Zhang, P. D. Kwong,
B.S. Graham, J. R. Mascola, J. Y. Chang, M. T. Yin, M. Sobieszczyk, C. A. Kyratsous, L. Shapiro,
Z. Sheng, Y. Huang, D. D. Ho, Antibody resistance of SARS-CoV-2 variants B.1.351 and
B.1.1.7. Nature 593, 130-135 (2021).

49. T.Zhou, L. Wang, J. Misasi, A. Pegu, Y. Zhang, D. R. Harris, A. S. Olia, C. A. Talana, E. S. Yang,
M. Chen, M. Choe, W. Shi, I. T. Teng, A. Creanga, C. Jenkins, K. Leung, T. Liu, E. D. Stancofski,
T. Stephens, B. Zhang, Y. Tsybovsky, B. S. Graham, J. R. Mascola, N. J. Sullivan, P. D. Kwong,
Structural basis for potent antibody neutralization of SARS-CoV-2 variants including
B.1.1.529. Science 376, eabn8897 (2022).

50. F. Amanat, M. Thapa, T. Lei, S. M. S. Ahmed, D. C. Adelsberg, J. M. Carreio, S. Strohmeier,
A. J. Schmitz, S. Zafar, J. Q. Zhou, W. Rijnink, H. Alshammary, N. Borcherding, A. G. Reiche,
K. Srivastava, E. M. Sordillo, H. van Bakel, J. S. Turner, G. Bajic, V. Simon, A. H. Ellebedy,

Azarias Da Silva et al., Sci. Adv. 9, eadg2122 (2023) 4 August 2023

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

-256-

F. Krammer, SARS-CoV-2 mRNA vaccination induces functionally diverse antibodies to
NTD, RBD, and S2. Cell 184, 3936-3948.e10 (2021).

G. Cerutti, Y. Guo, T. Zhou, J. Gorman, M. Lee, M. Rapp, E. R. Reddem, J. Yu, F. Bahna,

J. Bimela, Y. Huang, P. S. Katsamba, L. Liu, M. S. Nair, R. Rawi, A. S. Olia, P. Wang, B. Zhang,
G. Y. Chuang, D. D. Ho, Z. Sheng, P. D. Kwong, L. Shapiro, Potent SARS-CoV-2 neutralizing
antibodies directed against spike N-terminal domain target a single supersite. Cell Host
Microbe 29, 819-833.e7 (2021).

N. Suryadevara, S. Shrihari, P. Gilchuk, L. A. VanBlargan, E. Binshtein, S. J. Zost, R. S. Nargi,
R. E. Sutton, E. S. Winkler, E. C. Chen, M. E. Fouch, E. Davidson, B. J. Doranz, R. E. Chen,

P. Y. Shi, R. H. Carnahan, L. B. Thackray, M. S. Diamond, J. E. Crowe Jr., Neutralizing and
protective human monoclonal antibodies recognizing the N-terminal domain of the SARS-
CoV-2 spike protein. Cell 184, 2316-2331.e15 (2021).

W. N. Voss, Y. J. Hou, N. V. Johnson, G. Delidakis, J. E. Kim, K. Javanmardi, A. P. Horton,

F. Bartzoka, C. J. Paresi, Y. Tanno, C.-W. Chou, S. A. Abbasi, W. Pickens, K. George, D. R. Boutz,
D. M. Towers, J. R. McDaniel, D. Billick, J. Goike, L. Rowe, D. Batra, J. Pohl, J. Lee, S. Gangappa,
S. Sambhara, M. Gadush, N. Wang, M. D. Person, B. L. Iverson, J. D. Gollihar, J. M. Dye,

A. S. Herbert, I. J. Finkelstein, R. S. Baric, J. S. McLellan, G. Georgiou, J. J. Lavinder,

G. C. Ippolito, Prevalent, protective, and convergent IgG recognition of SARS-CoV-2 non-
RBD spike epitopes. Science 372, 1108-1112 (2021).

Q. Wang, Y. Guo, S. Iketani, M. S. Nair, Z. Li, H. Mohri, M. Wang, J. Yu, A. D. Bowen, J. Y. Chang,
J. G. Shah, N. Nguyen, Z. Chen, K. Meyers, M. T. Yin, M. E. Sobieszczyk, Z. Sheng, Y. Huang,
L. Liu, D. D. Ho, Antibody evasion by SARS-CoV-2 Omicron subvariants BA.2.12.1, BA.4 and
BA.5. Nature 608, 603-608 (2022).

E. Takashita, S. Yamayoshi, V. Simon, H. van Bakel, E. M. Sordillo, A. Pekosz, S. Fukushi,

T. Suzuki, K. Maeda, P. Halfmann, Y. Sakai-Tagawa, M. Ito, S. Watanabe, M. Imai,

H. Hasegawa, Y. Kawaoka, Efficacy of antibodies and antiviral drugs against omicron
BA.2.12.1, BA:4, and BA.5 subvariants. N. Engl. J. Med. 387, 468-470 (2022).

J. Gutiérrez, C. Maroto, Are IgG antibody avidity assays useful in the diagnosis of infectious
diseases? A review. Microbios 87, 113—-121 (1996).

I. C. MacLennan, A. Gulbranson-Judge, K. M. Toellner, M. Casamayor-Palleja, E. Chan,

D. M. Sze, S. A. Luther, H. A. Orbea, The changing preference of T and B cells for partners as
T-dependent antibody responses develop. Immunol. Rev. 156, 53-66 (1997).

T. Defrance, M. Taillardet, L. Genestier, T cell-independent B cell memory. Curr. Opin.
Immunol. 23, 330-336 (2011).

S. Fagarasan, T. Honjo, T-Independent immune response: New aspects of B cell biology.
Science 290, 89-92 (2000).

A.E. Denton, S. Innocentin, E. J. Carr, B. M. Bradford, F. Lafouresse, N. A. Mabbott, U. Morbe,
B. Ludewig, J. R. Groom, K. L. Good-Jacobson, M. A. Linterman, Type | interferon induces
CXCL13 to support ectopic germinal center formation. J. Exp. Med. 216, 621-637 (2019).
Y. M. Bar-On, Y. Goldberg, M. Mandel, O. Bodenheimer, O. Amir, L. Freedman, S. Alroy-Preis,
N. Ash, A. Huppert, R. Milo, Protection by a fourth dose of BNT162b2 against Omicron in
Israel. N. Engl. J. Med. 386, 1712-1720 (2022).

M. Bemark, D. Angeletti, Know your enemy or find your friend?—Induction of IgA at
mucosal surfaces. Immunol. Rev. 303, 83-102 (2021).

M. I. Samanovic, A. R. Cornelius, S. L. Gray-Gaillard, J. R. Allen, T. Karmacharya, J. P. Wilson,
S. W. Hyman, M. Tuen, S. B. Koralov, M. J. Mulligan, R. S. Herati, Robust immune responses
are observed after one dose of BNT162b2 mRNA vaccine dose in SARS-CoV-2-experienced
individuals. Sci. Transl. Med. 14, eabi8961 (2022).

K. Kariko, H. Muramatsu, F. A. Welsh, J. Ludwig, H. Kato, S. Akira, D. Weissman, Incorporation
of pseudouridine into mrna yields superior nonimmunogenic vector with increased
translational capacity and biological stability. Mol. Ther. 16, 1833-1840 (2008).

P. Matzinger, Tolerance, danger, and the extended family. Annu. Rev. Immunol. 12,
991-1045 (1994).

J.S. Turner, J. A. O'Halloran, E. Kalaidina, W. Kim, A. J. Schmitz, J. Q. Zhou, T. Lei, M. Thapa,
R. E. Chen, J. B. Case, F. Amanat, A. M. Rauseo, A. Haile, X. Xie, M. K. Klebert, T. Suessen,
W. D. Middleton, P.-Y. Shi, F. Krammer, S. A. Teefey, M. S. Diamond, R. M. Presti,

A. H. Ellebedy, SARS-CoV-2 mRNA vaccines induce persistent human germinal centre re-
sponses. Nature 596, 109-113 (2021).

W. Kim, J. Q. Zhou, S. C. Horvath, A. J. Schmitz, A. J. Sturtz, T. Lei, Z. Liu, E. Kalaidina,

M. Thapa, W. B. Alsoussi, A. Haile, M. K. Klebert, T. Suessen, L. Parra-Rodriguez, P. A. Mudd,
S.P.J. Whelan, W. D. Middleton, S. A. Teefey, I. Pusic, J. A. O'Halloran, R. M. Presti, J. S. Turner,
A. H. Ellebedy, Germinal centre-driven maturation of B cell response to mRNA vaccination.
Nature 604, 141-145 (2022).

V. Rodrigues, M. Laforge, L. Campillo-Gimenez, C. Soundaramourty, A. Correia-de-Oliveira,
R. J. Dinis-Oliveira, A. Ouaissi, A. Cordeiro-da-Silva, R. Silvestre, J. Estaquier, Abortive T
follicular helper development is associated with a defective humoral response in Leish-
mania infantum-infected macaques. PLOS Pathog. 10, e1004096 (2014).

. F. Moukambi, H. Rabezanahary, V. Rodrigues, G. Racine, L. Robitaille, B. Krust, G. Andreani,

C. Soundaramourty, R. Silvestre, M. Laforge, J. Estaquier, Correction: Early loss of splenic Tfh
cells in SIV-infected rhesus macaques. PLOS Pathog. 12, €1005393 (2016).

13 of 14

¥20Z ‘S0 YoJBN UO 9588SI] SNONJ8U| JO 81n1Isu| [euoeN Te B0 a0ualos mmm//:sdiy Wwoly papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

70. D. H. Katz, B. Benacerraf, in Advances in Immunology, F. J. Dixon, H. G. Kunkel, Eds. (Aca-
demic Press, 1972), vol. 15, pp. 1-94.

71. N.A. Mitchison, The carrier effect in the secondary response to hapten-protein conjugates.
II. Cellular cooperation. Eur. J. Inmunol. 1, 18-27 (1971).

72. N.W. Palm, R. Medzhitov, Immunostimulatory activity of haptenated proteins. Proc. Natl.
Acad. Sci. U.S.A. 106, 4782-4787 (2009).

73. N. Schmitt, R. Morita, L. Bourdery, S. E. Bentebibel, S. M. Zurawski, J. Banchereau, H. Ueno,
Human dendritic cells induce the differentiation of interleukin-21-producing T follicular
helper-like cells through interleukin-12. Immunity 31, 158-169 (2009).

74. L.B.Rodda, P. A. Morawski, K. B. Pruner, M. L. Fahning, C. A. Howard, N. Franko, J. Logue,
J. Eggenberger, C. Stokes, |. Golez, M. Hale, M. Gale Jr., H. Y. Chu, D. J. Campbell, M. Pepper,
Imprinted SARS-CoV-2-specific memory lymphocytes define hybrid immunity. Cell 185,
1588-1601.e14 (2022).

75. D.Pichler, M. Baumgartner, J. Kimpel, A. Rossler, L. Riepler, K. Bates, V. Fleischer, D. von Laer,
W. Borena, R. Wiirzner, Marked increase in avidity of SARS-CoV-2 antibodies 7-8 months
after infection is not diminished in old age. J Infect Dis 224, 764-770 (2021).

76. A.T.Tan, M. Linster, C. W. Tan, N. Le Bert, W. N. Chia, K. Kunasegaran, Y. Zhuang,
C.Y.L.Tham, A. Chia, G. J. D. Smith, B. Young, S. Kalimuddin, J. G. H. Low, D. Lye, L. F. Wang,
A. Bertoletti, Early induction of functional SARS-CoV-2-specific T cells associates with rapid
viral clearance and mild disease in COVID-19 patients. Cell Rep. 34, 108728 (2021).

77. M. Malbec, F. Porrot, R. Rua, J. Horwitz, F. Klein, A. Halper-Stromberg, J. F. Scheid, C. Eden,
H. Mouquet, M. C. Nussenzweig, O. Schwartz, Broadly neutralizing antibodies that inhibit
HIV-1 cell to cell transmission. J. Exp. Med. 210, 2813-2821 (2013).

78. I. A. Abela, L. Berlinger, M. Schanz, L. Reynell, H. F. Giinthard, P. Rusert, A. Trkola, Cell-cell
transmission enables HIV-1 to evade inhibition by potent CD4bs directed antibodies. PLOS
Pathog. 8, €1002634 (2012).

79. C.Zeng, J.P.Evans, T.King, Y.-M. Zheng, E. M. Oltz, S. P. J. Whelan, L. J. Saif, M. E. Peeples, S.-
L. Liu, SARS-CoV-2 spreads through cell-to-cell transmission. Proc. Natl. Acad. Sci. U.S.A.
119, e2111400119 (2022).

80. R. Kotaki, Y. Adachi, S. Moriyama, T. Onodera, S. Fukushi, T. Nagakura, K. Tonouchi,

K. Terahara, L. Sun, T. Takano, A. Nishiyama, M. Shinkai, K. Oba, F. Nakamura-Uchiyama,
H. Shimizu, T. Suzuki, T. Matsumura, M. Isogawa, Y. Takahashi, SARS-CoV-2 Omicron-neu-
tralizing memory B cells are elicited by two doses of BNT162b2 mRNA vaccine. Sci.
Immunol. 7, eabn8590 (2022).

81. B.L.Sievers, S. Chakraborty, Y. Xue, T. Gelbart, J. C. Gonzalez, A. G. Cassidy, Y. Golan,

M. Prahl, S. L. Gaw, P. S. Arunachalam, C. A. Blish, S. D. Boyd, M. M. Davis, P. Jagannathan,

Azarias Da Silva et al., Sci. Adv. 9, eadg2122 (2023) 4 August 2023

K. C. Nadeau, B. Pulendran, U. Singh, R. H. Scheuermann, M. B. Frieman, S. Vashee,
T.T.Wang, G. S. Tan, Antibodies elicited by SARS-CoV-2 infection or mRNA vaccines have
reduced neutralizing activity against Beta and Omicron pseudoviruses. Sci. Transl. Med. 14,
eabn7842 (2022).

82. P.Kaplonek, D. Cizmeci, S. Fischinger, A. R. Collier, T. Suscovich, C. Linde, T. Broge, C. Mann,
F.Amanat, D. Dayal, J. Rhee, M. de St Aubin, E. J. Nilles, E. R. Musk, A. S. Menon, E. O. Saphire,
F. Krammer, D. A. Lauffenburger, D. H. Barouch, G. Alter, mRNA-1273 and BNT162b2
COVID-19 vaccines elicit antibodies with differences in Fc-mediated effector functions. Sci.
Transl. Med. 14, eabm2311 (2022).

Acknowledgments: K.T. thanks the Japan Society for the Promotion of Science (KAKENHI,
21K07060) and J.E. thanks the Canada Research Chair program for their financial support. J.E.
and P.C. also thank AbbVie France and AbbVie Canada for supporting this COVID-19 study. We
are grateful to T. Sawyers, Medical Writer at the BESPIM, Nimes University Hospital, France, for
critical reading of the manuscript. Funding: This work was supported by a grant to J.E. from the
Fondation pour la Recherche Médicale and the Agence nationale de la recherche (COVID-I?A) as
well as by a grant to P.C. from Nimes University Hospital (NIMAO/2020/COVID/PC-01). This work
was also funded by a grant to R.S. from the Foundation for Science and Technology (FCT),
project UIDB/50026/2020 and UIDP/50026/2020; and by the NORTE-01-0145-FEDER-000013
and NORTE-01-0145-FEDER-000023 projects, supported by North Portugal Regional
Operational Programme (NORTE 2020), under the PORTUGAL 2020 Partnership Agreement,
through the European Regional Development Fund (ERDF) and FCT contracts 2021.07836.BD to
AM.-F. and CEECIND/00185/2020 to R.S. M.A. thanks the ANRS | Maladies infectieuses
emergentes for his fellowship. This work was also supported by the Clinical Academic Centers
(2CA-Braga) through the grant 2017 2CACOVID-AIR. Author contributions: Conceived and
designed the experiments: M.AAD.S., P.N,, KT, RS., P.C,, F.M,, and J.E. Performed the
experiments: MA.D.S,, P.N,, CS.,, AB.-M., M.T, DK, O.Z-A., and M.P. Patients’ recruitment and
clinics: AM.-F, AS-C,AC,CC,JP,AGC,PL,AS, LM, J-YL,CR,P-GC,SD, T-AT,and P.C.
Analyzed the data: M.A.D.S., P.N, KT, RS., P.C,, F.M,, and J.E. Wrote the paper: M.A.D.S., P.N., KT,
RS, P.C, F.M,, and J.E. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials.

Submitted 9 December 2022
Accepted 5 July 2023
Published 4 August 2023
10.1126/sciadv.adg2122

14 of 14

-257-

¥20Z ‘S0 YoJBN UO 9588SI] SNONJ8U| JO 81n1Isu| [euoeN Te B0 a0ualos mmm//:sdiy Wwoly papeojumoq






H
8
8

i

ES
9 —
6 —

/.

R
> m gk
<

=)
e w M
>
o N H

© «©
g

= O ==

0 5 2
0 -3 8
E-MAIL iryo@jpcnma.or. j
T101-0032 RFEAFRARXREARET 1-4-
g % K M E JL 6 [

URL : https://www. jpcnma. or. jp/

LWT O W

e



	
	②第
	5他助成金・6奨学金・7報道発表・8特許出願・9その他
	1研究概要 (1)
	1研究概要 (2)
	2執筆論文 (1)
	2執筆論文 (2)
	3学会発表・4受賞歴

	論文
	Introduction 
	Methods 
	Study Design and Setting 
	Patients 
	Variables 
	Tumor Volume and Location Estimation Method 
	Measurement of Tumor Volume 
	Tumor Localization 

	Statistical Methods 

	Results 
	Participants 
	Predictive Factors for Progression-Free Survival (PFS) 
	Model for Predicting PFS by Tumor Volume at Specific Location 
	Risk Model to Stratify Patient Prognosis 

	Discussion 
	Conclusions 
	References

	論文
	Targeting L-type amino acid transporter 1 in urological malignancy: Current status and future perspective
	1. Introduction
	2. Biological functions of LATs amino acid transporter and cancer
	3. Heterodimeric amino acid transporters
	4. Relationship between LAT1 and LAT2
	5. LAT1 and 4F2hc characteristics
	6. Application of LAT1 to diagnostic imaging
	7. LAT1 targeting cancer therapy
	8. LAT1 and urological cancer
	8.1. LAT1 in prostate cancer
	8.2. LAT1 in bladder cancer
	8.3. LAT1 in renal cancer

	9. Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References


	論文
	Introduction 
	LAT1-4F2hc Complex and Structural Characteristics 
	LAT1/4F2hc and Human Diseases (Pain & Inflammation) 
	LAT1/4F2hc and Tumors 
	LAT1/4F2hc and Urological Tumors 
	LAT1/4F2hc and Prostate Cancer 
	AR and LAT1-4F2hc Complex in CRPC (AR/AR-V7 and 4F2hc Promotes the Development of CRPC) 
	LAT1/4F2hc Expression Is Coordinately Regulated during Prostate Cancer Progression (HSPC to CRPC) 

	LAT1/4F2hc and Renal Cancer 
	LAT1/4F2hc and Bladder Cancer 

	Inhibitors of LAT1/4F2hc and Targeted Therapy 
	Conclusions 
	References

	赵雪论文
	スライド番号 1
	スライド番号 2
	スライド番号 3
	スライド番号 4
	スライド番号 5
	スライド番号 6
	スライド番号 7
	スライド番号 8
	スライド番号 9
	スライド番号 10
	スライド番号 11
	スライド番号 12
	スライド番号 13
	スライド番号 14
	スライド番号 15
	スライド番号 16
	スライド番号 17
	スライド番号 18

	論文
	Introduction 
	The Structure and Function of LATs 
	LAT1 
	LAT2 
	LAT3 
	LAT4 

	LATs and PCa 
	LAT1 
	LAT2 
	LAT3 
	LAT4 

	Prostate Cancer Diagnosis by LATs 
	LAT1 
	LAT3 
	LAT4 

	Inhibitors of LATs and Targeted Therapy of PCa 
	Conclusions 
	References

	論文
	Machine-learning predicts time-series prognosis factors in metastatic prostate cancer patients treated with androgen deprivation therapy
	Result
	Patient background. 
	Prognostic prediction at the start of treatment. 
	Prognostic predictions considering temporal changes after the start of treatment. 
	Permutation importance in RSF analysis. 
	Construction of survival trees based on RSF. 

	Discussion
	Methods
	Patient selection and analysis factors. 
	Survival analysis. 
	Survival tree. 
	Missing value imputation. 
	Evaluation of survival model accuracy. 
	Statistical analysis. 

	References
	Acknowledgements


	論文
	The Oncological and Functional Prognostic Value of Unconventional Histology of Prostate Cancer in Localized Disease Treated with Robotic Radical Prostatectomy: An International Multicenter 5-Year Cohort Study
	1 Introduction
	2 Patients and methods
	2.1 Outcomes of interest
	2.2 Pathological evaluation and study groups
	2.3 Statistical analyses

	3 Results
	3.1 Baseline characteristics
	3.2 Oncological outcomes
	3.3 Functional outcomes
	3.4 aRT rates

	4 Discussion
	5 Conclusions
	Acknowledgement

	References


	論文
	Tumor localization by Prostate Imaging and Reporting and Data System (PI-RADS) version 2.1 predicts prognosis of prostate cancer after radical prostatectomy
	Results
	Patient characteristics. 
	Cox proportional hazard models for BCR. 
	Kaplan–Meier analysis. 
	Prognostic model for BCR using v2.1. 
	Radiological location as a preoperative predictive factor. 
	Effect of radiological localization on efficacy of predictive factors. 

	Discussion
	Differences in evaluation between PI-RADS v2.0 and PI-RADS v2.1. 
	Limitations. 

	Conclusion
	Materials and methods
	Definition of PSA progression. 
	MRI protocol. 
	PI-RADS v2.1. 
	Statistical analysis. 

	References
	Acknowledgements



	
	Frontiers.pdf
	Contrast Agents for Hepatocellular Carcinoma Imaging: Value and Progression
	Introduction
	Blood Pool Contrast Agents
	Ultrasound Contrast Agents
	Iodinated Agents for Contrast-Enhanced CT

	Extracellular Contrast Agents
	Non-Specific Agents
	Reticuloendothelial System Endocytosis
	Hepatocyte-Specific Uptake

	Molecular Imaging Agents
	Immune Molecular Anchoring
	Stimulus-Responsive/Microenvironment-Dependent Contrast Agents
	Scale-Dependent Particles

	Clinical Challenges and Prospects
	Author Contributions
	Funding
	References






