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ABSTRACT

Secondary amyloid A amyloidosis, a lethal complication, is induced when acute or chronic infection coex-
ists with over-secretion of the serum amyloid A 1 (SAA1) protein and deposition in key internal organs.
Previously, using the whole-exome sequencing method, we identified a novel deleterious mutation
SAA1.2 in rtheumatoid arthritis (RA) patients. However, the role of SAA1 in RA pathogenesis and its com-
plications remains unknown. The purpose of this study was to determine the pathogenetic roles of SAA1
protein isoforms in RA progression. We modified an experimental adenovirus infection protocol to intro-
duce SAA1.2 gene alleles into the knee joints of mice and used SAA1.3 and SAA1.5 as controls. Micro-
computed tomography analysis was applied to determine changes in bone morphology and density.
Immunohistochemical (IHC) analysis, flow cytometry, enzyme-linked immunosorbent assay (ELISA),
and real-time polymerase chain reaction (RT-PCR) were used to investigate disease progression and cyto-
kine alterations in the course of adenoviral SAA-induced knee joint inflammation and bone destruction.
We found that the arthritis-inducing effect of SAA1.2 transcription in the knee joints and mutant SAA1
protein secretion in blood resulted in the stimulation of immune responses, leading to CD8" T cell and
pro-inflammatory cytokine elevation, such as interleukin (IL)-6, IL-22, matrix metalloproteinase
(MMP)-3, MMP-9, with subsequent synovial inflammation and bone destruction. These findings indicate
that SAA1 protein isoforms, particularly SAA1.2, play a significant role in the induction and progression of
RA and may have potential value in the early diagnosis and severity prediction of RA.
© 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

patients and creates a significant social burden on our society
[8]. Genetic factors play a crucial role in the initiation of RA.

Secondary amyloid A (AA) amyloidosis is a systemic metabolic
disease, which is a complication induced by serum accumulation
of serum amyloid A 1 (SAA1) protein that is over-secreted by hepa-
tocytes in reaction to acute and chronic inflammation [1,2]. This
leads to the deposition of AA amyloid fibrils in key organs, result-
ing in multiple life-threatening human diseases, such as severe
chronic infection, tumorigenesis, liver and kidney failure, and the
serious complication of rheumatoid arthritis (RA) [3-7]. RA is a
chronic and systematic autoimmune condition that leads to bone
destruction, long-term pain, serious complications, and eventual
progressive disability, which affects the quality of life of RA
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Around 60% of RA cases in twin patients is related to genetic
inheritance [9]. However, causative genes leading to the pathogene-
sis of RA, as well as those that contribute to the severe life-
threatening complications of RA, remain unidentified, making early
diagnosis and effective treatment of RA difficult. When RA coexists
with AA amyloidosis, lethal outcomes have been reported [1,10],
with infection and renal failure being the most typical causes of
death [7]. However, monitoring SAA1 serum levels is not yet a rou-
tine practice in RA patients, and the risk of SAA1 dysregulation in RA
patients is still largely unknown.

Previously, using the whole-exome sequencing method, we
identified multiple novel genes that were enriched with deleteri-
ous variants in 58 RA patients’ peripheral blood mononuclear cells
[11]. One novel deleterious mutation was in the SAA1 gene,
creating an amino acid change in the SAA1.2 protein isoform. Five
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different isoforms of the SAA1 have been reported [12] as a result
of extensive genome-wide association studies. Little is known
about the SAA1.1 and SAA1.4 isoforms; however, previous studies
have reported that SAA1.3 and SAA1.5 were associated with RA in
several clinical cohorts [2,13,14]. The SAA1.3 isoform was reported
to be closely related to AA amyloidosis and disease onset, as well as
poor prognosis in a Japanese RA patient cohort [7]. In contrast,
SAA1.5 was reported to have a limited ability to induce inflamma-
tion owing to the low secreting ability of pro-inflammatory cytoki-
nes [15]. To our knowledge, the biological roles of these SAA1
isoforms, including our newly identified SAA1.2 mutation, have
not yet been comprehensively investigated.

Here, we aim to clarify the role of the SAA1.2, SAA1.3, and SAA1.5
alleles as a pathogenesis factor or an inhibitory factor in the
development and outcome of RA. We optimized an experimental
adenovirus infection protocol to successfully transfer gene con-
structs to the bone cartilage genome of mice. We then examined
the biological and functional roles of these three SAA1 isoforms
as functions of time. The results indicated that the SAA1.2 protein
isoform expression aggressively induced both the initiation and
progression of arthritis, which is a pivotal process of RA, and thus
might provide new insights into the role of the SAA1 isoform in the
progress of RA.

2. Materials and methods
2.1. Adenovirus vectors and animal experimental protocol

Three recombinant adenoviruses harboring the full-length com-
plementary DNA (cDNA) of three different human SAA isoforms,
SAA1.2, SAA1.3, and SAAL1.5, were cloned in front of the enhanced
green fluorescent protein (EGFP) reporter gene. Adenoviruses were
generated with constitutive expression under the control of the
cytomegalovirus promoter (VectorBuilder, USA). Female C57BL/6
mice (10-14 weeks old) were used in our studies. After one week
of adaptive feeding, all mice were randomly and evenly divided
into four groups (ten mice each), including SAA1.2, SAA1.3, and
SAA1.5 adenovirus injection groups and the EGFP control group.
The rear right knee joints were injected laterally with 1 x 102 pla-
que forming unit (pfu) of adenovirus containing either EGFP and or
one of the three SAA1 isoforms. The animals were sacrificed at
weeks 1, 2, 4, and 6 after injection. The study protocol was
approved by the institutional committee for animal welfare. All
animals included in our studies were housed under a 12 h light/
dark cycle and provided free access to standard rodent food
(5053-PicoLab Rodent Diet 20; LabDiet, USA) and pure water.

2.2. Micro-computed tomography (micro-CT) analysis

Mice were anesthetized and gently tied on a CT scanning groove
with knee joints scanned by a micro-CT scanner (Bruker, Belgium).
Scans were conducted using a voxel size of 9 pm. The X-ray tube
current was 441 pA, and the voltage was 43 kV. The severity of
bone erosion was ranked with the radiological score system
according to the method described previously [16]. Moreover, the
three dimensional (3D) microstructural properties of bone were
calculated using CT-Analyzer, the software supplied by the manu-
facturer. We also developed a new evaluation method to assess
bone destruction, called the micro-CT score. This score contained
five disease-related indexes of the micro-CT analysis results for
the calcaneus, including trabecular bone mineral density (BMD),
tissue mineral density (TMD), trabecular number, total porosity,
and the trabecular volume rate. We determined that all five
indexes (X) changed synchronously with the development of
arthritis but to different extents. Therefore, we modified and
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normalized the formula as follows: (X - min)/(max - min) or 1 -
(X - min)/(max - min). Then we averaged the five items to get
the final micro-CT score that exhibited all five aspects of bones.
Additionally, we set a bone destruction level based on the micro-
CT score to evaluate the extent of damage more visually and
directly.

2.3. Histological grading

Knee samples were fixed in 4% paraformaldehyde, demineral-
ized in 10% ethylene diamine tetraacetic acid (EDTA) for four
weeks, dehydrated, embedded in paraffin, sectioned sagittally,
and stained with hematoxylin and eosin (HE). To assess synovial
inflammation, histological scoring based on the reported critical
criteria was modified [17]. Synovial hyperplasia, fibrosis, inflam-
mation, articular cartilage destruction, and bone erosion damage
were used as criteria for scoring (Table 1 [17]).

2.4. Immunohistochemical (IHC) analysis

Paraffin-embedded samples were cut into 5 pm sections. The
distribution of SAA1 was studied with antibodies prepared against
human and murine SAA1, which also detected human SAA1
(Abcam, UK). After washing, the slides were incubated with
streptavidin-conjugated horseradish peroxidase for 10 min
(BioSite Histo Plus (HRP) polymer anti-mouse kit; Nordic BioSite,
Sweden). The color was developed with diaminobenzidine, and
the sections were counterstained with hematoxylin.

2.5. Flow cytometric analysis

Examination of the change in T cell percentages was investi-
gated by a CD4 and CD8 staining assay according to the manufac-
turer’s protocol [18]. The indicated number of mouse spleen and
peripheral blood mononuclear cells were resuspended in 100 puL
of 1x staining buffer, and anti-CD4 and anti-CD8 fluorescence-
tagged antibodies were added to the cell suspensions. At least
100 000 events were collected for quantitative analysis by flow
cytometry (BD FACSCalibur, USA).

Table 1

Qualitative grading system used to assess the degree of synovitis in the mouse knee
joint. Reproduced from Ref. [17] with permission of American College of Rheuma-
tology, © 2010.

Grade
0

Critical criteria Degree

Synovial lining cell Absent
hyperplasia
1 < 50% of the synovial lining shows
change
> 50% of the synovial lining shows
change
Absent
Histiocytes
Intermediary
Marked
Absent
Histiocytes
Intermediary
Marked
Absent

N

Fibrosis

Inflammation

OWN=LOWN=O

Articular cartilage
destruction

< 1/3 small focal damage

< 1/2 small focal damage

< 2/3 small focal damage

Small stove-like destruction

Absent

Superficial destruction

1/2 of the deep cartilage layer

Deep cartilage

Bone erosion damage

WN=O DN WN=
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2.6. Real-time polymerase chain reaction (RT-PCR)

Knee samples were dissected 5 mm from the femoral head and
5 mm from the tibial head and prepared free of surrounding mus-
cles. The samples were pulverized under liquid nitrogen. RNA was
extracted using TRIzol reagent (Invitrogen, USA). The concentration
of RNA was examined by a NanoDrop 2000 system (ThermoFisher
Scientific, USA). cDNA synthesis was performed with cDNA synthe-
sis kits (Roche, Germany). The primers (GenePharma, China) used
for cDNA amplification are listed in Table S1 in Appendix A. CT val-
ues were obtained using a ViiATM7 high-productivity real-time
quantitative PCR system (Life Technologies, USA).

2.7. Enzyme-linked immunosorbent assay (ELISA)

The concentrations of the SAA and inflammatory factors inter-
leukin (IL)-6, IL-22, matrix metalloproteinase (MMP)-3, MMP-9,
IL-17, IL-23, and granulocyte-colony stimulating factor (G-CSF)
were measured in mouse serum using commercially available
ELISA kits (R&D, USA). According to the manufacturer’s instruc-
tions, the blood samples were allowed to clot for 2 h at room tem-
perature (24-26 °C) before being centrifuged for 20 min at 3000
revolutions per minute (rpm). The serum was removed and
assayed immediately or after storage at < -20 °C. Both samples
and standards were analyzed in triplicate.

2.8. Western blot analysis

Liver, kidney, and lung tissues were lysed with ice-cold radio
immunoprecipitation assay (RIPA) lysis buffer (ThermoFisher
Scientific). The protein samples were electrophoretically separated
and transferred to nitrocellulose membranes. The membranes
were incubated with primary antibodies at 4 °C overnight and
incubated with a secondary fluorescent antibody for 1 h at room
temperature. Bands were visualized on an LI-COR Odyssey scanner
(USA). Primary antibodies human SAA1 were purchased from
Abcam and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
from Cell Signaling Technology (USA).
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2.9. Statistical analysis

All the data are presented as the mean + standard deviation (SD)
or standard error of the mean (SEM) (indicated in each figure) of
three individual experiments. Differences were analyzed by one-
way analysis of variance using Graph Pad Prism 5.

3. Results

3.1. Adenoviral expression of SAA1 isoforms induced bone destruction
of knee joints in mice

To identify the roles of the three SAA1 isoforms in RA, we cre-
ated a timeline for animal experiments (Fig. S1(a) in Appendix
A). Adenoviruses carrying SAA1 alleles and an EGFP control were
injected with a single dose into the articular cavity of the right
knee in mice; CT scores were monitored, and tissues were collected
at four time points (weeks 1, 2, 4, and 6 after injection). We
observed no differences in body weight among the groups during
this six-week period, suggesting that adenovirus infection may
not induce toxicity (Fig. S1(b) in Appendix A).

Then, we analyzed changes including trabecular BMD, TMD, tra-
becular number, total porosity, and the trabecular volume rate
using axial micro-CT in both legs. In the right leg, bone destruction
occurred from weeks 2 to 4 and gradually recovered by week 6; the
CT scores of the SAA1.2, SAA1.3, and SAA1.5 groups decreased by
27.8%, 26.7%, and 10.9%, respectively, in week 2, and were restored
to 8.7%, 15.8%, and 5.8%, respectively, in week 6, compared to those
of the EGFP group. For BMD, SAA1.2 showed an 8.7% decrease in
week 2, and SAA1.2 and SAA1.3 decreased by 12.3% and 11.3%,
respectively, in week 4, and were restored to normal values in
week 6. Other parameters also showed the most significant change
in week 2, except for TMD (Fig. 1). To visualize bone destruction,
we reconstructed a 3D model of the mouse tibia and observed
remarkable attenuation of the trabecular bone in the SAA1 groups,
especially in the SAA1.2 group in week 4 (Fig. S2 in Appendix A).
The bone destruction recovered by week 6, which was consistent
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Fig. 1. Qualitative analysis of bone changes after adenoviral infection by axial micro-CT. (a) Trend changes of CT scores over time course for three SAA1 isoforms compared
with the EGFP control group (n = 8 in each group). (b)-(f) BMD, TMD, trabecular number (Tb.N), total porosity (TOT), and trabecular volume rate (BV/TV) values of right (the
injected side) knee joints in all groups over the time course (n = 8 in each group). Values are presented as the mean + SEM. * represents for the p-value for the comparison of

each SAAT allele to the EGFP control group. *: p < 0.05; **: p < 0.01.
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with a decrease in the SAAT1 level, indicating that stress reaction
recovery had occurred.

3.2. SAA1 isoforms induced synovial and systemic inflammation

Histological scoring [17] and qualitative scoring of the degree of
synovitis were used to assess synovial inflammation (Table 1). The
arthritis scores increased in week 2 in SAA1.2 and SAA1.3 groups.
In week 4, only SAA1.2 remained significantly different, suggesting
that SAA1.2 may dominate human RA progression. After week 6,
the arthritis scores were decreased (Fig. 2(a)). Only one week after

84 Week 1
* Week 2
o 61 Week 4
§ . Week 6
£ 4
< )
£ '
<
21 I III
BIIEET “ Alan
EGFP SAA1.2 SAA1.3 SAA15
control

(@)

(’- )
S B
>

X
PRl
A AL

ZH]

Fig. 2. Overexpression of SAA1 isoforms induces synovial inflammation and
adenoviral-SAA1 infects multiple tissues in the knee joints. (a) Qualitative grading
results for synovitis in mouse knee joints according to synovial cell hyperplasia,
fibrosis, inflammation, articular cartilage destruction, and bone erosion in all groups
at the indicated time points (n = 5 in each group). (b)-(e) Analysis of HE and IHC
images of sections of knee joints from the EGFP, SAA1.2, SAA1.3, and SAA1.5 groups
after four weeks of infection. The black arrow indicates superficial erosion of
articular cartilage in the SAA1.2 group, the red arrow indicates the positive
expression of SAA1 in synovial cells, the yellow arrow indicates the expression of
SAA1 in the growth plate, and the blue arrow represents expression in bone tissue.
Values are presented as the mean + SEM.
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adenovirus infection, all SAA1 induction groups exhibited inflam-
matory responses in the articular cartilage, as illustrated by
increases in mononuclear cell infiltration and synovial cell expan-
sion (HE staining, Figs. S3-S5 in Appendix A). In week 4, superficial
synovial erosion appeared in the SAA1.2 group, with no significant
change in EGFP-treated animals. IHC analysis confirmed SAA1 pro-
tein expression from week 1 until week 4 in the synovium, growth
plate, and even deep into the bone (Figs. 2(b)-(e) and S3-S5).

3.3. SAA1 isoforms induced T cell-mediated immune response and
infiltration into articular joints and release of pro-inflammatory
cytokines

RA is characterized by T cell infiltration in the synovial mem-
branes [19]. Flow cytometric analysis of mouse spleens in week 2
showed that SAA1.2 induced a 10.9% decrease in CD8" T cells and
an 11.3% increase in CD4" T cells (Figs. 3(a) and S6(a) in Appendix
A), resulting in an increase in the CD4*/CD8" ratio. No changes in
CD8" or CD4" T cells were observed in the spleen in other groups
throughout the six-week study period. On the contrary, compared
to EGFP-treated mice, all SAA1 isoforms induced changes in CD4"
and CD8" T cells in the blood in week 4 (Figs. 3(b) and S6(b) in
Appendix A).

RT-PCR confirmed successful gene integration and transcription
in the bone cartilage throughout the experimental period. SAA1
message RNA (mRNA) levels were elevated in week 1 and gradually
decreased from weeks 2 to 6, but the levels remained significantly
higher than those of EGFP-treated animals (Fig. 4(a)). An increase
in secreted-SAA levels in serum was also observed (Fig. 4(b)).

RT-PCR and ELISA results showed that IL-6 and IL-22 expression
was remarkably stimulated in week 1 at right leg and blood circu-
lation of mice transfected with SAA1 isoform (Figs. 4(a) and 5),
consistent with a recent report that robust production of IL-22
induces SAA1 production and inflammation [20], further explain-
ing why SAA1.2 caused the most severe bone damage (Figs. 1(c)
and (d)). Previous reports demonstrated that these cytokines could
polarize T cells into different subsets of T helper cells [21], which
further produces different cytokines [22]. Our results also showed
upregulation of IL-17, IL-23 (Figs. S7(a) and (b) in Appendix A),
tumor necrosis factor (TNF)-a,, IL-1B, and G-CSF (Figs. 6 and S7(c)
in Appendix A). Increased TNF-a or IL-17 could enhance matrix
MMP production in articular bone degradation, which ultimately
destroys the joint structure [23-25]. In line with this finding,
intra-articular secreted and blood circulated MMP-3 and MMP-9
were activated after SAA1 adenovirus injection (Fig. 7). At the same
time, the MMP inhibitor tissue inhibitor of metalloproteinases 1
(TIMP-1; Fig. S8 in Appendix A) exhibited trends opposite to those
of the MMP levels.

3.4. SAA1 isoforms induced left knee bone destruction and
inflammation, and lead to SAA1 protein accumulation in key organs

Interestingly, all three SAA1 isoform protein expressions were
also found in left knee joints on week 1, and the protein expression
remained high until week 4 (Figs. S9 and S10 in Appendix A). There
was no injection procedures were performed, and we did not
observe significant bone erosion on the left knee joints biopsy
(Figs. S9 and S10), but bone destruction was occurred. BMD
showed significant decreases of 13.2% and 14.7% in the SAA1.2
and SAA1.3 groups, respectively, in week 4, and these values were
restored to normal in week 6, suggesting that blood circulation of
the SAA1 protein induces systematic inflammatory responses, as
reported for human RA (Figs. S11(a), S12, and S13 in Appendix
A). In addition, similar cytokine elevation was also observed in
the left leg (Figs. S11(b) and S12 in Appendix A).
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Fig. 3. SAA1 isoforms induced T cell-mediated immune responses. (a) Flow cytometric analysis of the percentages of CD4" and CD8" T cells and the fold changes of the CD8"/
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Surprisingly, we observed SAA1 protein accumulation in key
organs, including liver, lung, and kidney (Figs. S11(c) and (d) in
Appendix A). Further confirming that SAA1 circulates in the blood
to the left leg and affecting other organs after expression at the
right knee and induces the arthritis condition.

4. Discussion

RA is a complex and difficult-to-treat autoimmune disease of
unknown pathogenesis and characterized by the lack of a valid
drug target [26]. Subclinical amyloidosis was commonly found in
RA and other inflammatory rheumatic diseases that may lead to
serious complications [27]. The prevalence rates of secondary amy-
loidosis in RA patients range from 7% to 26% [28], but thus far, the
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pathogenesis and consequence of amyloidosis with RA are largely
unknown. Several SAA alleles were reported previously to be asso-
ciated with RA; however, their pathological roles have not yet been
clarified. SAA1.2 was first identified by us in RA patients using
whole-exome sequencing [11,12]. The SAA1.3 allele has been
reported to be a risk factor for the association of AA amyloidosis
that adversely influences the outcome in RA patients. Fatal cases
were reported in patients with SAA1.3 allele in a Japanese cohort,
suggesting the potential importance of SAAI single nucleotide
polymorphisms [7]. SAA1.5 has been shown to exhibit slower
serum SAA clearance compared to the other alleles, which indi-
cates it has less amyloid genesis [15]. At the same time, SAA1.5 also
has a limited ability to induce inflammatory cytokines than other
alleles, which may weaken the inflammatory response [29]. We
used the SAA1.3 allele as the positive control and SAA1.5 as the
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negative control to investigate the function of SAA1.2. In this study,
the amino acid sequences of all SAA1 isoforms (Fig. S14 in Appen-
dix A) were designed, we successfully clarified the role of these
three SAAT1 allele products to induce arthritis, which is one of the
key symptoms of RA, and SAA1.2 was demonstrated to be the most
aggressive.

Classic adjuvant-induced arthritis and collagen-induced arthri-
tis models are unable to investigate the pathological role of a single
gene [30]. In this study, we applied adenovirus infection methods
through the injection of the virus-carrying mutant human gene
SAA1.2 to the bone cartridge of the right leg of mice, causing direct
gene integration into the mouse genome, and the dosage designa-
tion was according to the reported literature [31,32]. Here, we
report an optimized experimental protocol completed over a six-
week time course, with optimal times of 2-4 weeks. This investiga-
tion strategy can more truly reflect the pathogenic function of a
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gene during RA initiation and progression and can provide evi-
dence of the negative feedback mechanism of this model. In week
6, the target gene SAA1 was still highly translated, which could be
due to the reacted feedback response of articular inflammation,
further enhancing the activity of inflammation [28].

Synovitis occurs as a consequence of leukocyte infiltration into
the synovium. The accumulation of leukocytes in the synovium
does not result from local cellular proliferation but rather from
the migration of leukocytes from distant sites of formation in
response to the expression of adhesion molecules and chemokines
by activated endothelial cells of synovial microvessels [33]. In gen-
eral, there is a time lag in immune responses in the blood com-
pared with that in the spleen, suggesting that T cell
differentiation first occurs in the spleen, and active T cells then cir-
culate in the blood. The synovitis, swelling, and joint damage that
characterize active RA are the results of complex autoimmune and
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inflammatory processes that involve components of both the with other cells of the innate immune system. The intra-articular
innate and adaptive immune systems [34]. The innate immune cellular infiltrates located in the synovial membrane include
system involves the interaction of fibroblast-like synovial-cytes granulocytes, monocytes/macrophages, natural killer (NK) cells, B
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presented to naive T cells by antigen-presenting cells. Then, T cells become activated and differentiate into Th1, Th17, Th22, or CD8"* T cells, resulting in the release of
cytokines like IL-6 and IL-22, which can activate macrophages. In addition, adenoviral-SAA1 transfects into macrophages and induces SAA1 secretion into the synovium, thus
activating immune cells to secrete proinflammatory cytokines, such as TNF-a, IL-6, IL-17, and IL-22. Under these conditions, fibroblasts that express receptor activators of
TNF-a, IL-1B, or IL-6 can activate macrophages to differentiate via preosteoclasts into osteoclasts that resorb bone from the synovium. These cytokines also activate
chondrocytes to secrete MMPs that degrade cartilage. This process starts at the junction between cartilage and bone. Moreover, adenoviral-SAA1 transfects into the blood

vessels of the synovium, which promotes endothelial cell secretion of SAA1 and consequently activates T cells in the spleen. Finally, T cell activation and differentiation can
produce lymphokines that further promote inflammation in the knee joints via the circulation. IFN: interferon.
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cells, and especially CD4* and CD8" T cells, all leading to the pro-
duction of large amounts of chemokines and pro-inflammatory
cytokines [19,21,35]. In RA, there is abundant evidence that the
innate immune system is persistently activated [36]. In this study,
we observed the up-regulated expression of inflammatory cytoki-
nes, such as TNF-a, IL-6, IL-22, and G-CSF, which leads to intra-
articular immune activity and aggravates joints inflammation.
Robust production of IL-22 induces SAA1 production and inflam-
mation [20], and increased TNF-a or IL-17 could enhance MMP
production, such as of MMP-3 and MMP-9, leading to articular
bone degradation, eventually damaging the joint structure
[23-25].

Previously, we have applied molecular docking to compare the
protein structures of wild-type SAA1 and SAA1.2 [11]. The SAA1.2
mutation occurred in o-helix 3, and this mutation resulted in a
protein conformation change, with a more compressed and con-
densed protein structure. This mutant may cause more severe
inflammatory induction owing to the higher potential for aggrega-
tion. Other SAA1 isoforms only deviate from wild-type SAA1 by
one amino acid but also exhibit severe inflammatory conditions,
highlighting the importance of discovering new SAA1 isoforms or
mutants in patients in the future.

We have determined the roles of SAA1.2, SAA1.3, and SAA1.5 in
the pathogenesis of RA, as well as the downstream mechanisms by
which inflammation is promoted. While all three have pathologic
effects, SAA1.2 induces RA symptoms most aggressively. The pro-
gression of RA involves multiple organs. The possible mechanism
is that SAA1 protein expression starts in synovial fibroblasts and
cartilage in the right knee and then circulates in the bloodstream
and arrives in the spleen, triggering naive T cell differentiation
and mature T cell activation. We found that active cytotoxic CD8"*
T cells circulated in the blood and secreted multiple pro-
inflammatory cytokines, resulting in bone destruction (Fig. 8). Col-
lectively, this study highlights the important role of SAA1 isoforms
in the initiation and progression of RA, and new drugs targeting
SAA1.2 may become novel therapeutics for RA in the future.

Authors’ contribution

Liang Liu and Elaine Laihan Leung conceived the research and
led the project. Elaine Laihan Leung, Huan-Ling Lai, and Run-Ze Li
wrote the manuscript. Liang Liu and Elaine Laihan Leung revised
and final proof the manuscript. Huan-Ling Lai, Run-Ze Li, Hu-Dan
Pan, Ze-Bo Jiang, Ying Li, Fu-Gang Duan, Jia-Hui Xu, Yi-Zhong
Zhang, A-Xi Shi, Chun-Li Wei, Fang-Yuan Zhang, and Xiao-Jun
Yao carried out the experiments and analyzed the data. All authors
reviewed the manuscript.

Acknowledgments

This work was funded by The Science and Technology Develop-
ment Fund, Macau SAR (FDCT-FDCT-17-002-SKL). We thank Dr.
David C. Ward who provided insight and expertise that greatly
assisted the research.

Compliance with ethics guidelines

Elaine Laihan Leung, Huan-Ling Lai, Run-Ze Li, Hu-Dan Pan, Ze-
Bo Jiang, Ying Li, Fu-Gang Duan, Jia-Hui Xu, Yi-Zhong Zhang, A-Xi
Shi, Chun-Li Wei, Fang-Yuan Zhang, Xiao-Jun Yao, and Liang Liu
declare that they have no conflict of interest or financial conflicts
to disclose.

181

Engineering 10 (2022) 174-182
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.eng.2020.08.018.

References

[1] McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl ] Med
2011;365(23):2205-19.

[2] Lu], YuY, Zhu I, Cheng Y, Sun PD. Structural mechanism of serum amyloid A-
mediated inflammatory amyloidosis. Proc Natl Acad Sci USA 2014;111
(14):5189-94.

[3] Pierce BL, Ballard-Barbash R, Bernstein L, Baumgartner RN, Neuhouser ML,
Wener MH, et al. Elevated biomarkers of inflammation are associated with
reduced survival among breast cancer patients. J Clin Oncol 2009;27
(21):3437-44.

[4] Paret C, Schon Z, Szponar A, Kovacs G. Inflammatory protein serum amyloid Al
marks a subset of conventional renal cell carcinomas with fatal outcome. Eur
Urol 2010;57(5):859-66.

[5] Sethi S, Vrana JA, Theis JD, Leung N, Sethi A, Nasr SH, et al. Laser
microdissection and mass spectrometry-based proteomics aids the diagnosis
and typing of renal amyloidosis. Kidney Int 2012;82(2):226-34.

[6] Zewinger S, Drechsler C, Kleber ME, Dressel A, Riffel ], Triem S, et al. Serum
amyloid A: high-density lipoproteins interaction and cardiovascular risk. Eur
Heart ] 2015;36(43):3007-16.

[7] Nakamura T, Higashi S, Tomoda K, Tsukano M, Baba S, Shono M. Significance of
SAA1.3 allele genotype in Japanese patients with amyloidosis secondary to
rheumatoid arthritis. Rheumatology 2006;45(1):43-9.

[8] Cross M, Smith E, Hoy D, Carmona L, Wolfe F, Vos T, et al. The global burden of
rheumatoid arthritis: estimates from the global burden of disease 2010 study.
Ann RheumDis 2014;73(7):1316-22.

[9] Kuo CF, Grainge M], Valdes AM, See LC, Yu KH, Shaw SWS, et al. Familial
aggregation of rheumatoid arthritis and co-aggregation of autoimmune
diseases in affected families: a nationwide population-based study.
Rheumatology 2017;56(6):928-33.

[10] Smolen JS, Aletaha D, Redlich K. The pathogenesis of rheumatoid arthritis: new
insights from old clinical data? Nat Rev Rheumatol 2012;8(4):235-43.

[11] Li Y, Leung ELH, Pan H, Yao X, Huang Q, Wu M, et al. Identification of potential
genetic causal variants for rheumatoid arthritis by whole-exome sequencing.
Oncotarget 2017;8(67):111119-29.

[12] Sun L, Ye RD. Serum amyloid A1: structure, function and gene polymorphism.
Gene 2016;583(1):48-57.

[13] Yamada T, Okuda Y, Takasugi K, Itoh K, Igari ]. Relative serum amyloid A (SAA)
values: the influence of SAA1 genotypes and corticosteroid treatment in
Japanese patients with rheumatoid arthritis. Ann Rheum Dis 2001;60
(2):124-7.

[14] Connolly M, Veale DJ, Fearon U. Acute serum amyloid A regulates cytoskeletal
rearrangement, cell matrix interactions and promotes cell migration in
rheumatoid arthritis. Ann Rheum Dis 2011;70(7):1296-303.

[15] Yamada T, Wada A. Slower clearance of human SAA1.5 in mice: implications
for allele specific variation of SAA concentration in human. Amyloid 2003;10
(3):147-50.

[16] Aguilar M, Bhuket T, Torres S, Liu B, Wong R]. Prevalence of the metabolic
syndrome in the United States, 2003-2012. JAMA 2015;313(19):1973-4.

[17] Aletaha D, Neogi T, Silman AJ, Funovits ], Felson DT, Bingham CO, et al. 2010
rheumatoid arthritis classification criteria: an American College of
Rheumatology/European League Against Rheumatism collaborative initiative.
Arthritis Rheum 2010;62(9):2569-81.

[18] Xu Y, Ikeda S, Sumida K, Yamamoto R, Tanaka H, Minato N. Sipal deficiency
unleashes a host-immune mechanism eradicating chronic myelogenous
leukemia-initiating cells. Nat Commun 2018;9(1):914.

[19] Wehrens EJ, Prakken BJ, van Wijk F. T cells out of control—impaired immune
regulation in the inflamed joint. Nat Rev Rheumatol 2013;9(1):34-42.

[20] Sano T, Huang W, Hall JA, Yang Y, Chen A, Gavzy SJ, et al. An IL-23R/IL-22
circuit regulates epithelial serum amyloid A to promote local effector Th17
responses. Cell 2015;163(2):381-93.

[21] Kinne RW, Stuhlmidiller B, Burmester GR. Cells of the synovium in rheumatoid
arthritis. Macrophages. Arthritis Res Ther 2007;9(6):224.

[22] Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sallusto F. Interleukins 18
and 6 but not transforming growth factor-p are essential for the differentiation
of interleukin 17—producing human T helper cells. Nat Immunol 2007;8
(9):942-9.

[23] Choy EH, Panayi GS. Cytokine pathways and joint inflammation in rheumatoid
arthritis. N Engl ] Med 2001;344(12):907-16.

[24] Arend WP, Dayer JM. Inhibition of the production and effects of interleukin-1
and tumor necrosis factor o in rheumatoid arthritis. Arthritis Rheum 1995;38
(2):151-60.

[25] LeJan S, Plée ], Vallerand D, Dupont A, Delanez E, Durlach A, et al. Innate
immune cell-produced IL-17 sustains inflammation in bullous pemphigoid. ]
Invest Dermatol 2014;134(12):2908-17.

[26] Bouta EM, Bell RD, Rahimi H, Xing L, Wood RW, Bingham CO, et al. Targeting
lymphatic function as a novel therapeutic intervention for rheumatoid
arthritis. Nat Rev Rheumatol 2018;14(2):94-106.


https://doi.org/10.1016/j.eng.2020.08.018
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0005
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0005
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0010
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0010
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0010
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0015
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0015
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0015
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0015
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0020
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0020
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0020
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0025
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0025
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0025
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0030
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0030
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0030
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0035
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0035
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0035
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0040
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0040
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0040
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0045
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0045
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0045
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0045
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0050
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0050
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0055
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0055
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0055
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0060
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0060
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0065
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0065
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0065
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0065
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0070
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0070
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0070
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0075
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0075
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0075
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0080
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0080
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0085
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0085
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0085
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0085
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0090
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0090
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0090
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0095
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0095
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0100
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0100
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0100
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0105
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0105
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0110
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0110
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0110
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0110
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0115
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0115
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0120
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0120
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0120
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0125
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0125
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0125
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0130
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0130
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0130

E.L Leung, H.-L. Lai, R.-Z. Li et al.

[27] Joss N, McLaughlin K, Simpson K, Boulton-Jones JM. Presentation, survival and
prognostic markers in AA amyloidosis. QJM 2000;93(8):535-42.

[28] Wakhlu A, Krisnani N, Hissaria P, Aggarwal A, Misra R. Prevalence of secondary
amyloidosis in Asian North Indian patients with rheumatoid arthritis. ]
Rheumatol 2003;30(5):948-51.

[29] Chen M, Zhou H, Cheng N, Qian F, Ye RD. Serum amyloid A1 isoforms display
different efficacy at Toll-like receptor 2 and formyl peptide receptor 2.
Immunobiology 2014;219(12):916-23.

[30] Asquith DL, Miller AM, Mclnnes IB, Liew FY. Animal models of rheumatoid
arthritis. Eur ] Immunol 2009;39(8):2040-4.

[31] Toh ML, Hong SS, van de Loo F, Franqueville L, Lindholm L, van den Berg W,
et al. Enhancement of adenovirus-mediated gene delivery to rheumatoid
arthritis synoviocytes and synovium by fiber modifications: role of arginine-
glycine-aspartic acid (RGD)- and non-RGD-binding integrins. ] Immunol
2005;175(11):7687-98.

182

Engineering 10 (2022) 174-182

[32] Feng ZY, He ZN, Zhang B, Li YQ, Guo ], Xu YL, et al. Adenovirus-mediated
osteoprotegerin ameliorates cartilage destruction by inhibiting proteoglycan
loss and chondrocyte apoptosis in rats with collagen-induced arthritis. Cell
TissueRes 2015;362(1):187-99.

[33] Mclnnes IB, Schett G. Cytokines in the pathogenesis of rheumatoid arthritis.
Nat Rev Immunol 2007;7(6):429-42.

[34] Weyand CM. New insights into the pathogenesis of rheumatoid arthritis.
Rheumatology 2000;39(Suppl 1):3-8.

[35] Smeets TJ, Kraan MC, Galjaard S, Youssef PP, Smith MD, Tak PP. Analysis of the
cell infiltrate and expression of matrix metalloproteinases and granzyme B in
paired synovial biopsy specimens from the cartilage-pannus junction in
patients with RA. Ann Rheum Dis 2001;60(6):561-5.

[36] Goodson N, Marks ], Lunt M, Symmons D. Cardiovascular admissions
and mortality in an inception cohort of patients with rheumatoid arthritis with
onset in the 1980s and 1990s. Ann Rheum Dis 2005;64(11):1595-601.


http://refhub.elsevier.com/S2095-8099(20)30362-3/h0135
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0135
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0140
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0140
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0140
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0145
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0145
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0145
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0150
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0150
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0155
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0155
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0155
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0155
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0155
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0160
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0160
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0160
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0160
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0165
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0165
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0170
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0170
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0175
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0175
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0175
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0175
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0180
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0180
http://refhub.elsevier.com/S2095-8099(20)30362-3/h0180

	Roles of Serum Amyloid A 1 Protein Isoforms in Rheumatoid Arthritis
	1 Introduction
	2 Materials and methods
	2.1 Adenovirus vectors and animal experimental protocol
	2.2 Micro-computed tomography (micro-CT) analysis
	2.3 Histological grading
	2.4 Immunohistochemical (IHC) analysis
	2.5 Flow cytometric analysis
	2.6 Real-time polymerase chain reaction (RT-PCR)
	2.7 Enzyme-linked immunosorbent assay (ELISA)
	2.8 Western blot analysis
	2.9 Statistical analysis

	3 Results
	3.1 Adenoviral expression of SAA1 isoforms induced bone destruction of knee joints in mice
	3.2 SAA1 isoforms induced synovial and systemic inflammation
	3.3 SAA1 isoforms induced T cell-mediated immune response and infiltration into articular joints and release of pro-inflammatory cytokines
	3.4 SAA1 isoforms induced left knee bone destruction and inflammation, and lead to SAA1 protein accumulation in key organs

	4 Discussion
	Authors’ contribution
	ack20
	Acknowledgments
	Compliance with ethics guidelines
	Appendix A Supplementary data
	References


