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Abstract

There is increasing evidence for the involvement of high mobility group box 1
(HMGBI) in inflammation, angiogenesis, and tumorigenesis. However, no studies
have reviewed the role of HMGBI1 in musculoskeletal disease. This systematic re-
view aimed to evaluate the literature regarding the potential roles of HMGB1 in
musculoskeletal disease (joint, tendon, ligament, intervertebral disk, and bone). After
searching PubMed, MEDLINE, and EMBASE databases up to 01-01-2020, 66 ar-
ticles that measured HMGB1 expression in musculoskeletal disease were included.
Immune and tissue-resident stromal cells expressed HMGBI1, and both diseased
human tissues and animal disease models showed increased HMGB1 expression
relative to controls. Administration of recombinant HMGBI1 to diseased musculo-
skeletal tissues induced inflammation, whereas blocking HMGB 1 ameliorated histo-
pathologic and clinical severity of disease. HMGB1 redox status was investigated in
only 3% of the articles: Fully reduced HMGB1 promoted chemotaxis of leukocytes
and tissue repair, whereas disulfidle HMGB1 acted as a pro-inflammatory mediator.
Our review highlights that while HMGBI is an important mediator in musculoskel-
etal disease, its redox status remains understudied. Identification of HMGB1 redox
status in musculoskeletal tissues is critical to advance understanding of the diverse
biological functions of HMGB1 in musculoskeletal disease. Importantly, this will

inform future therapeutic strategies to target HMGBI1.
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rheumatoid arthritis (RA) and osteoarthritis (OA), rotator
cuff tears), have the tendency to develop into chronic dis-

Musculoskeletal disorders are a global disease burden in
our aging population.l’2 Adult musculoskeletal tissues do
not regenerate due to minimal turnover rates of tendon and
cartilage.3 “ Therefore, the majority of musculoskeletal dis-
eases in adults, including tendinopathy and arthritides (eg,

ease.””’ Chronic pain and immobility can lead to reduced
quality of life and physical inactivity, predisposing to met-
abolic and cardiovascular disease.> Over the past few de-
cades, there has been increasing evidence implicating the
involvement of underlying inflammatory mechanisms in
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musculoskeletal diseases such as tendinopathy and arthri-
tis.”!* More recently, it has been shown that damaged cells
release intracellular proteins called alarmins or damage-
associated molecular patterns (DAMPs), which can activate
and mobilize the immune system via pattern recognition
receptors.'”'? The most extensively investigated DAMP,
high mobility group box 1 (HMGB1), has been shown to
exhibit diverse cellular functions regulating tissue health

and disease.'>?

1.1 | HMGBI1 as a DAMP

HMGBI is a ubiquitous protein that is highly conserved
within mammals.'>"” It usually resides within the nucleus,
where it supports the chromatin structure of DNA and regu-
lates gene expression.'®!” In cases of severe cellular stress,
HMGBI is released from the cell, regulating the balance be-
tween the maintenance and resolution of inflammation as a
DAMP by switching between different redox states, 131819
The redox status of HMGB1 depends on the oxidation of
three cysteines (cysteines 23, 45, and 106).'%142022 From
work in other diseases such as cancer, we know that the
function of extracellular HMGB1 depends on its redox sta-
tus, 3142022 Fully reduced HMGB1, with all cysteine resi-
dues having intact thiol groups, forms a heterocomplex with
CXCLI12 and activates the CXCR4 receptor, initiating chem-
otaxis of leukocytes and other immune cells. In its intermedi-
ate state, a disulfide bridge is formed between cysteine 23
and 45, which activates immune cells via the MD2-TLR4
receptor to produce more HMGBI1, chemokines, cytokines,
and reactive oxygen species. Finally, fully oxidized HMGBI1,
in which all three thiol groups have been oxidized to sulfonyl
groups, has no inflammatory activity (nor any other known
functions). 13,14,20-22

1.2 | HMGBI1 in musculoskeletal disease
Recently, there has been increasing evidence document-
ing the involvement of HMGBI1 in musculoskeletal dis-
ease.”>?” These studies suggest diverse biological functions
of HMGB], including the involvement in both promotion
of inflammation and tissue repz:1ir.15’23’24’27 To our knowl-
edge, no reviews have compared the role of HMGBI in
different musculoskeletal diseases. The overarching aim of
this review was to establish the potential roles of HMGBI1
in musculoskeletal diseases. Our objectives were to inves-
tigate the biological role of HMGBI1 in human musculo-
skeletal disease, investigate the role of HMGBI1 in animal
models of musculoskeletal disease, and determine whether
redox status influenced the biological activity of HMGB 1
in musculoskeletal disease.

2 | METHODOLOGY

This review was conducted following the published guide-
lines by the International Committee of Medical Journal
Editors (ICMJE) and the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA).??° The
review protocol was registered at PROSPERO (registration
number: CRD42018091796).*

2.1 | Information sources and
search strategy

PubMed, MEDLINE, and EMBASE databases were searched
up to 01-01-2020. There were no date restrictions. The search
strategy was composed by two researchers (HG and MB) and
can be found in Appendix S1.

2.2 | Study selection and eligibility criteria
Abstract screening and study selection were managed
through an online tool (Covidence, Cochrane).3 ' The ab-
stracts of the articles were individually screened for eligibil-
ity by two researchers (HG and JM). All articles reporting
on HMGBI1 in musculoskeletal disease were assessed for
eligibility. Musculoskeletal disease was defined as diseases
of tendon, ligament, synovium, cartilage, joint capsule, in-
tervertebral disk (IVD), and bone. Systemic diseases were
included if there was a significant musculoskeletal focus
(eg, systemic lupus erythematosus [SLE]). Articles were ex-
cluded if there was no measurement of HMGB1 expression,
or if the effect of adding/blocking HMGB1 on diseased mus-
culoskeletal tissue was not investigated. Other exclusion cri-
teria were diseases without a primary musculoskeletal focus,
inappropriate study designs for this review (conference ab-
stracts, meta-analyses, systematic reviews, and letters to the
editor), studies without an appropriate comparator group,
and the effects of exogenous substances on HMGB1. We
also excluded publications in other languages than Dutch,
German, or English, and articles that have not been reported
in a peer-reviewed journal. Full-text articles were screened
to confirm that HMGB1 was studied in musculoskeletal dis-
eased tissue and that an appropriate control group was used.
Disagreements were solved by means of consensus or a third
reviewer (MB).

2.3 | Data extraction and synthesis of results
One researcher (HG) extracted the data from the in-
cluded articles using a standardized data-extraction sheet
in Microsoft Excel. The study results were tabulated and
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summarized qualitatively in the Results section. The sec-
ond researcher checked the tables for accuracy (JM).
Results are divided into paragraphs based on the disease
type: musculoskeletal soft tissue disease (tendinopathy,
muscle injury, frozen shoulder), bone disease (fractures,
IVD disease), and arthritis (OA, RA, juvenile idiopathic
arthritis (JIA), SLE, (pseudo)gout).

3 | RESULTS

A total of 4376 abstracts were screened, and 168 articles
were selected for full-text article screening (Figure 1).
After full-text article screening, 66 articles were included
in the systematic review as they fulfilled all selection cri-
terja,!315:23-27:32-91 Although most studies focused on ei-
ther human musculoskeletal disease (n = 31) or animal
models of musculoskeletal disease (n = 31), four studies
investigated HMGB1 in both human and animal models of
musculoskeletal disease (Tables 1 and 2).45’56’60’71 In the
past two decades, there has been an increase in publica-
tion frequency of articles on HMGB1 in musculoskeletal
disease (Figure 2).15’27 However, only 2 of 66 of the in-
cluded studies looked into the redox status of HMGBI in
musculoskeletal disease.'>?” All included studies used es-
tablished laboratory methods. 31523273291 The results of
HMGBI expression in musculoskeletal diseased tissues of

)

both human and animal studies are summarized in Table 3.
The effects of local administration and/or inhibition of
HMGBI1 in vitro and in vivo are summarized in Table 4.

3.1 | HMGBI1 in human
musculoskeletal disease

There were 35 studies that investigated HMGB1 in human
musculoskeletal diseased tissue, including arthritis (27),
fractures (1), IVD degeneration (4), tendinopathy (2), and
frozen shoulder (1) (Table 1).23:26323336383941-43.4546.56-
58.60.62.64.66.68.69.71.75-77.80-82.85.88-91 \ro oo i diae that inves-
tigated HMGB1 expression (26/28) showed that HMGB1
expression is increased in human musculoskeletal dis-
eased tissues compared to control tissues (Table 3).24'
26,32,33,36,38,39,41-43,45,46,56-58,60,62,64,66,68,69,71,75-77,80-82,85,88,89,91
The redox status of HMGB1 was not investigated in these
studies of human musculoskeletal disease.

3.1.1 | HMGBI expression in human soft
tissue joint disease

Three studies investigated the role of HMGBI in tendinopa-
thy and frozen shoulder.”** In tendinopathy, Akbar et al*
showed increased gene and protein expression of HMGBI1

.§ Records identified through
§ database searching
% (n =6710) Abstracts excluded (n = 4207) with reasons:
3 Not on HMGBL1 (or no measurement) (n = 2215)
- Diagnosis (n = 1910):
) Cardiovascular disorders (n = 424)
Infectious diseases (n = 83)
) Airway disease (n = 71)
Liver disease/injury (n = 94)
o Records after duplicates removed / Neoplasms (n = 215)
e records screened Ll Other traumatic injury (n = 110)
g (n=4376) Systemic disease without musculoskeletal
b involvement (n = 191)
Other (n =721)
Inappropriate study design (n = 79)
— No English, Dutch, German (n=4)
—
Full-text articles excluded, with reasons (n = 103)
z Full-text articles assessed for Conference abstract (n = 40)
3 eligibility —»|  Effect exogenous substance on HMGB1 (n = 25)
20 (n=169) No musculoskeletal diseased tissue (n = 20)
& Other (n =19)
—
—
° Studies included in qualitative
S synthesis
E (n=66)

FIGURE 1 Flow diagram
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in tendinopathic tissues compared to asymptomatic controls.
Conversely, Mosca et al®® showed an increase in HMGB1
protein expression in post-treatment pain-free tendons com-
pared to tendinopathic and healthy tendons, with no differ-
ences between tendinopathic and healthy tendons. In frozen
shoulder, HMGBI1 protein expression was increased com-
pared to control tissue.”” In both diseases, HMGB1 was
expressed by tissue-resident stromal cells and was mostly

localized in the nuclear and perinuclear reg.gions.B'25

3.1.2 | HMGBI expression in human
bone disease

Five studies investigated the role of HMGB1 in human bone
disease, including IVD degeneration and fractures,36-38:43.58:66
In both diseases, HMGB1 expression was increased in dis-
eased tissues compared to control tissues, and was mainly
localized intracellularly.*****® In VD degeneration,
HMGBI1 was expressed by cells in the outer annulus (not
specified), whereas in fracture hematoma, it was expressed
by rnacrophages.43’66 Lastly, Klawitter et al’® investigated the
administration of exogenous HMGBI to cultured cells de-
rived from degenerated IVDs and showed inhibition of IL-6
expression and no effect on IL-8 expression.

3.1.3 | HMGBI expression in
human arthritis

Twenty-seven studies investigated the role of HMGBI in
human arthritis, including (post-traumatic) OA, RA, JIA,
SLE, and (pseudo)gout.2032:3339:4142:45.46.56-58.60.62.64.68.69.71.75-
7718082858891 1 20 of 21 studies, HMGB1 expression was
increased in diseased tissues compared to control tissues
(Table 3)203239414245.56.60.64.68.60.71.76.77.80-82.888091 o po
maining study” found no difference between HMGBI1 pro-
tein expression in fibroblast-like synovial cells derived from

OA compared to RA patients. HMGB1 was mainly localized
in nuclear and perinuclear regions, whereas three studies also
showed extracellular HMGB1 expression in tissues from OA
and RA patients.32’42’7l Several cells expressed HMGBI,
including chondrocytes, synovial fibroblasts, tenocytes,
(vascular) endothelial cells, macrophages, and infiltrating in-
flammatory cells. Local administration of exogenous HMGB 1
in arthritic tissues resulted in a pro-inflammatory environment
in 11 of 11 studies (Table 4) 323342:46.57.6271.75.80.81.85

3.2 | HMGBI1 in animal models of
musculoskeletal disease

Thirty-five studies investigated HMGBI1 in animal mod-
els of musculoskeletal disease, including arthritis (26),
fractures (5), muscle injury (3), and tendinopathy (2)
(Table 2).131527:343537.4044.45.47-56,59-61.63.65.67.70-74,78.83.84.86.87
Leeeral (2018) investigated the role of HMGB 1 in both animal
models of fracture and muscle injury.27 HMGBI expression

wasincreasedinanimal modelsof musculoskeletaldiseasein22
of 23 studies (Table 3).13,37,4(),44,45,47-52,54-56,60,61,63,67,70,83,84,87

3.21 | HMGBI expression in animal
models of soft tissue joint disease

Five studies investigated HMGB1 expression in animal
models of muscle injury and tendinopathy.13’15‘27’48’83
Thankam et al*®> showed that HMGBI1 protein expression
was higher in early tendinopathic tissues compared to late
tendinopathic and control tendons. Zhao et al*® found that
HMGBI protein expression was increased in tendinopathic
tissues compared to control tissue. Interestingly, tendino-
pathic tissues showed extracellular HMGB1 expression
compared to control tissues where it was mainly localized
in the nuclei of tenocytes.*® In an animal model of mus-
cle injury,13 HMGBI protein expression was increased in

Publications on HMGB1 in musculoskeletal disease

FIGURE 2 Number of publications
on HMGBI in musculoskeletal disease.

Number of publications on HMGB1 in
musculoskeletal disease throughout the

years. There is an increase in publication
frequency of articles on HMGB1 in

Number of publications

musculoskeletal disease over the past

two decades. Yet, only two articles

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

investigated the redox status of HMGB1 in
musculoskeletal disease

Il HMGB1 without redox state

B HMGBI with redox state

85U8017 SUOWILLIOD BA11E81D) 3ot [dde au) Aq peusenob afe Sao1e YO ‘SN JO S3|N 10} ARIq1T8UIIUO A1 UO (SUOTHPUOD-PUB-SWBH W00 A8 | 1M ARe.d)1jBu[UO//:SANY) SUORIPUOD pue SWie | 8U18eS *[£202/T0/20] Uo ARigiauliuo A[im ‘Uepe 1O AIseAIUN AQ G/ T ZWS)Z00T 0T/10p/Woo A 1M Arelq Ul |uo//sdiy wiolj pepeojumod ‘9 ‘0202 ‘88r8ELSE



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GACAFERI ET AL.

WILEY

548

(sonunuo)))

S
|

Axo)eruUIR[yUT
-uou S TFHINH

AJ0o)eUUUIR[JUT
-01d :TFOWH

1010 0)
paxredwod
T9OINH

VN
VN

s91K001puoyD

so3eydoroey

VN

VN

snpnuue JI93)no

Y I S[RD

S[[99 [eWwoNS

so3eydoroewr
‘S[[90 [ewIONS

S[[90 dunwwr
‘S[[90 [RWONS

TIONH
Surssaaxdxa

sad £y 2D

VN
VN

Ie[n[[ooenXo
pue [0S0IAD ‘I9[ONN

(1050145 Aureur)
Ie[n[ooenu]

VN

VN

Ie[n[eoenu|

suor3ax responurrad pue 1e[ONN

suo13a1 Jedponuriad pue Jea[onN

suor3ar1 redponuriad pue Jea[onN

TIOINH uonezijedoy

(VO) s1se1q01qYy
[eraouks pamn)

wniss 47§ pue VIf

(onssn droym)
93e[nIed 2IMORL]

Juoq
3urpaoqq [eor3ins
wolj BWORWIH

p(3NSSN S[0YM) JSIP
JSBASIP 9JRIPOULIUL

pue A[reg

J(onssn ojoym)
snsodnd

sna[onu AseasIp PIIA

(onssn ofoym)
JsIp Jouo

(onssn droym)
IOp[NOYS A[qeISu[)

(onssn aroym)
uopu9) JuLnswey

(onssn o[oym)
uopuo) SuLnswey

ad£y jonuo)

dod
VSI'ld

dod

Jururejsounwwy
sKe1re

uorssa1dxe ouan

SuI)o[q UIISI M
ddod
VSI'Td

d0d

3uINo[q UI)SIAN
d4od

sIsATeue
Ae1re-oIorA
Sururesounwwy

Sururejsounwwy

Sururejsounwwy

dod
Sururejsounuwy

VSI'Td

SPOYIRIN

Vi
H71S pue VIf

VO

2Inoelq

uoneIdUAZAp
aAI

uoneIouagop
aAl

uoneIuasap
dAI

IOpINOYS USZOL]
&EEQOE@:E
soxj-ured
JUQWIBAN-1S0g
Ayyedourpuay,
Ayredourpua)
Apregq
Ayredourpuay,

IsedsI(q

(6100) 1D
(¥102) ¥eqog

($107) urry
SOUIYIY

(ST0D) 11T
JseasIp auog

(6100) UeyS

(6100) 11T

(S107) 12qnI1D
JseasIp auog

(8100) 1UD

(L107) BOSON

(L107) Teqy
aseasIP JSIN HOS

uewny

(£) oypny

INssI) [e1o[ySo[NIsnuW ur uorssaldxd [gOINH—SINSOY € ATV L



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WILEY

GACAFERI ET AL.

(sonunuo)))

Axo)eruuuRyuI
-uou S TFHINH

/S
AJ0)eUUUIRJUT
-oad T gOINH

1

1010 0)
paaedwod
T4ONNH

VN

s91K001pU0YD)

S[[99 [BIAOUAS

SNIAJ pue
S[[99 [BIAOUAS

VN

Sise[qoIqy
[e1AOUAS

S[[92 1]

-oSeydooewr

¢$9)K001pUOYd
‘S[[99 [RIAOUAS

VN

sa1K001pUoy)
(Topowr

[BWIUR 9S)

VN
S[[99
pajen[LuI ‘S[[20
[eI[YI0pUD
Ie[noseA ‘3urur]
(qns) [eIAOUAS

o JO SI[_D

VN

TIONH
Surssaxdxa

sad £y 2D

VN

TIO[ONN

Je[n[[eoenxa pue wse[dojLD

AN

VN

AN

wise[dojAo Ajurew 1y
1o[onu A[urew :yQ

VN

AN

(Jopow [ewIue 998)
VN

(re[n[[ooRnXa
pue) wise[dojho :yQ
19[oNU :J0NU0D)

VN
TIOINH UOHBZI[EI0 ]

wnias Ayifeey
(onssn droym)
dry o3e[nIes vO
(onssn aroym)
WNIAOUAS YO

(SNIN) wniog

P}
[eIAOUAS onewINeI],

(onssn oroym)
WNIAOUAS VO

(onssn aroym)

wnIAOUAS YO
(onssn o[oym)

93e[nIed 2INoRI

(onssn droym)
WNIAOUAS [013U0D)

PN [BTAOUAS VO

(onssn o[oym)
WNIAOUAS JLIDABPRD)

Amlur 1ov
QINoe PIN[J [BIAOUAS

ad£y jonuo)

VSI'Hd

Idd
Sururejsounwwy

Sururejsounuuwy

3uIno[q UI)SIA
Sururejsounwwy

VSI'Hd

3u1mo[q uIISIM

d40d
Sururejsounwwy

Sururejsounwwy
Sumolq uIISopm
dod

Surure)sountuwy

VSI'Td

3uINo[q UI)SIAN

dod
Surure)sounuuwy

VSI'Td

VSITd
SPOYIIN

VIL

VO

Vi

oo

YO

Vi

vd

VO

VO

‘;no3opnasd
pue vy

YO

VO
onewNeN-1s0q

IseasI(q

(£107) 1999131405

(L107) S10qUasoy
3(S100) ¥ed
(1102) SHNODIN
(1100 I'1

SHUYIY

uewny

(9100 1'1

3(2000) BIO3OY

5(L107) Suerf

(6107) Sueny

5(8007) epewey

(0100
SIPUBUTY-BIOIED)

(6102) 3uiq
(£) aoypny
(penunuo)) ¢ IAV.L



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GACAFERI ET AL.

WILEY

550

(sanunuo))

KI0)eUurUuRyUI
-uou (TFHNH

/

KI0)eUUUIRJUT
-01d :TgHNH

H

U

$[01)U03 0)
paaedwod
TIONH

VN

$91K00U9)

AN

Sise[qoIquy
[BTIAOUAS

VN
$91£00U9) ‘S[[9d
Kr0jetruuejuy

s9)A001puoyD)

sa3eydoroew
[BIAOUAS ‘S[[2
Sururqng

S[[2d
[e1[oyopu
TR[NOSBA ‘S[[2D
Alojewrwuejur
‘ST[e0 Jurur|
[BTIAOUAS

TIONH
Surssaxdxa

sad£3 19D

VN

IB[N[[o0eNXd N} LO/MLI
Io[oNu Y LJA/[0NU0D)

AN

VN

VN

Iepn[pooenur

wse[dojko Aurew

VO 19[onu Aurew :;Jonuo))

wse[dojko Afurew 1y
IN VO

1o[oNnu
ur ss9[ ‘wse[dojko Aure

T4DINH uonezijesoy

(onssn

roym) dposnuwu
(S9d) 2901w J[IIYIA

(onssn

9[OyM) UOPUD) AT
[onuod Ayifeoq

(enssn

9[0yMm) UOPUQ) el
Amfur-ysod p 7Z-0T
(onssn sfoym)

uopua)
Je1 Amfur-1sod p Z1-01

(VO) sise[qoiqiy
[BTIAOUAS paImn)

(onssn aoym)
oe[nIes [onuoy)

(enssn opoym) (1eo)
dVIS) uopus) sdoorg
(enssn o[oym)
oSe[nIed [0NU0D

pINJ} [IAOUAS VO

(onssn qroym)

%E:gon%m VO-UON

ad£y jonyuo)

3uINo[q UI)SIAN

3uINo[q UI)SIA
Sururejsounurty

VSI'd

Sururejsounwrwy

Su1)o[q UIISO A

gdDd
gdDd
Sururejsounwwy
AO0d
Sururejsounuuwy
3UINo[q WIS

dOd
Sururejsounuwy

VSI'Td

3u1mo[q uIISIM

A0d
Sururejsounwwy

SPOYRIA

Am(ur orosnA

Ayredourpua,

(Amfur-ysod

PS-©)
Ayredourpuo)
Arreg

Vi

VO

VO

VO

Vi

VO

IseasI(q

(2107) NBAIQUI A

(6100) oeyz

(8107) weyuey[,
3seAsIP SN HOS
[ewiuy
(S102) nX
(6107) Suepm

(9107) weyuey,

(1102) epeIa],

(£002) Monsrue ],

(9107) ung
(£) aoyny

(ponunuo)d) € ATAV.L



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

= (sanunuo)))
w

WILEY

KI0)eUurUuRyUI
-uou (TFHNH

KI0)eUUUIRJUT
-01d :TgHNH

GACAFERI ET AL.

$[01)U03 0)
paaedwod
TIONH

s91A00I1pUoyD

s91A001puoyD

$91K001pUOY D)

s9)A001pUoyD

S[[9o
Klojewrwrejur
‘][ [BIAOUAS

$9)1K001A0UAS

VN

VN

VN

VN

TIONH
Surssaxdxa

sad£3 19D

AN
IR[N[[Q0BNXA 1Y () QIOAS
wse[dojho :yQ
1o[onu Ay)[eoy
VO 9I9A9S Ul
wse[doi£d ‘1oponu Aqurew :yQ
oponu : AHLTVHH
wse[dojAd pue Ie[N[[0BIXd
A[UIew 1y 9I19A9S/3)eIopot
I9[oNU Aurews 1y priwt
1o[0nu Aoy

erxodAy onssn
)M PIZI[EI0[0D JB[N[[IBNXD
pue wse[dojAd sy

Ie[N[[29BI)Xd
pue wse[dojAd snuye
19[onu A[Urew :[onuo))

VN

VN

VN

VN

T4DINH uonezijesoy

(onssn
q[oym) a3e[nIed
Qo1 (wreys) Ayyeoy

(onssn aroym)
a3enaed [nq AYeay

(onssn d[oym)
a3e[nred [[nq AyieaH

(onssn droym)
o3e[nIes [[nq AyeaH

(enssn a[oym) jurof
med ot AYyeay

(onss1 d[oym)

sjel (proe d1jde)
[0J)UOD WNIAOUAS

(onssn droym)
a3emaed ot AYIeoy

(onssn droym)
wWNTAOUAS Jel AYI[eoH

s31d weys

pue pamnfur ur ygy

pue ‘Ui Uyl =178
rwojeway aInjoelq

s3id

pamfur ut ygy =1 e
rvuIojeway 2I1njoelq

ad£y jonyuo)

Sururejsounuuwy

Surure)sounuuwy

Surure)sountuwy
VSI'Td

Sururejsounwwy

Surure)sountuwy

Surure)sountuwy
INDA

ADd
3UINO[q UIN)SIAN
VSI'Td

VSI'Td

VSI'd

SPOYRIA

VO

VO

VO

VO

(Jopowx
Vi) sSnugy

(Topowr
V) SULTY

(Topowr
V) SULIY

(Topowr
V) SHLIY

Wo="
ENRLARY

Wo=m
QIMorI]

IseasI(q

(ponunuoD)

5(L107) Suerf

(¥107) BIOUIH

(€£10T) elouH

(0107) elouPH
SnUYY

[ewy

5(8007) epeweyq

(1107) 0N

(1102) omg

(8107) Moysy
SnuyIY

(9100) 1810H

(S100) 1810

JseasIp ouog

(£) aoyny

€ H'TdV.L



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GACAFERI ET AL.

WILEY

552

(sanunuo)))

AJ0ojeUUUIR[JUl
-uou TFHINH

S[I99 1]
-oSeydoroewr
‘ST[D TRTAOUAS
‘$9)K00IpUOYd
‘S[[90
wmnipyopuyg

sogeydoroewr
‘S[[99 [BIAOUAS
sojen[Iyul
Ten[ed
‘$9)K00IpUOYD
‘S[[99 TRTAOUAS

(s91K001puoyd)
wNI[RYIopUd
pue BWONS
[ewnuIqns
‘19Ae] Surury

S JO ST[3D
(s182]003150
‘ST[@D TRTAOUAS
¢$9)K00IpUOYD
‘39) sadKy

1190 ddnny
$91A00IpUOYD
‘S[[@9 [RIAOUAS
‘S0 NI
-o3eydoroewr
‘S[[92 Y1

, ! -ISe1qoIqL]

AJ0)eUUUUBJUT
-oad (T gONH

1010 0)
pairedwod
T4ONH

TIONH
Surssaxdxa

sad£) 13D

“JR[N[[OJBI)XQ SASLAIOUT
K110A9s se pue wise[dojho 1y Q
1o7onu Afurewr :Ay)eoy

Ie[N[[9OBI)XQ ‘(SO[ONOBA
[ewososA| ur) wse[dolkd 1y O
1o[oNu A[urew :S[oNuod yjog

AN

Ternjeoenxa ‘wse[doiks :yo

_[onu A[urenr :Ay)esy

Ie[n[eoenxa AJ[eUOISEI00
pue Ie[njjeornuI ATUrej

wse[dojfo Apurewr :snLyIe
R[onu A[urewr :Ayjfedyq

TIOINH Uonezifedo|

(enss1n a[oym) jurof
Jp[ue 901w AYI[eoy

01wt

[onuod Ayyeay (g

pue 21 TINAT X

11 °SENJ ShLyre

-uou (] Jo (onssn
J[oym) WNIAOUAS

-/

(enssn a[oym) jurof
Jpjue Q01w AYI[eoy

(onssn

J[OYM) WNTAOUAS
3s10y AYIeSH

(onssn

Joym) wnajsorrad

‘SNOSTUOW ‘JUSWIBST]

‘o3e[nIed ‘WNIAOUAS
Qo1 Ayyfeey

(onssn d[oym)
WNTAOUAS T8I AY[eeH

ad£y jonuo)

Sururejsounwwy

Su1)o[q UIISO A

VSI'Td
Sururejsounwwy

dod
Sururejsounwwy

Surure)sountuy

Sururejsounuuwy

Surure)sountuwy

SPOYIdIA

VO

VO

snuyY

VO

VO

STLIGIY

ISeISI(q

(ponunuoD)

(L00?) perqured

(0102) 3109380

(0107) searey
SnuyY

[ewuy

(6002) &1

(1700
QIOOJA-00T)SOA]

5(200T) BIOIO3
(£) 1oyny

€ H'TdV.L



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

553

WILEY

*SOIPMS [eWIUR PUB UBWNY (1Og,

‘uo1s9[ Jutof Jnoyim

pawwiuod Ajrearsojoyred pue A[[eatur]o os[e pue ‘SOLINfur SNOSIUSW JO AFE[LIED PIOISIP ‘SIEd) JUOWESI] AJBIONID ‘SOLIN[UI SNEWNEI WOIY SUOISI] $5013 10 saseasip Julof Jo Kroisiy inoyia syuoned se Apms [euISLO ul paquLIdsa(],
*(sTea) JUSWRSI] 91BIONIO 10 [BOSIUAW ‘39) Amfur jutof 9ouy Je[none-enur onewnes yim syuaned se Apnis [BUISLIO U PAQLIDSI(,

(A-AI opeis3) dnoiS aseasip paoueape ue pue ‘(][ opeis) dnoiS aseasip ojerpownrajur ue ‘([[-] opeis) dnois oseastp A[1es ue usomioq ysmsunsIp 0} pasn Sem 9I00S UUBWLIIT}J Y, L,

"(A-AI 2pei3) dnoid aseastp 919A3s & pue ([[-I] 9peI3) dnoid aseasIp PIIw & U29M19q YSINSUNSIP 01 PISN SEM 9I0S UURWLLITTJ YL,

-9[paau Asdorq e Sursn Juswyean) 103Je A ¢-1 Pajod[[0d a1om sofdures sorg-ured JOUNEAI-ISO]

"Pa1d2[[00 d1am satsdorq uopua) snyeurdseidns u10) Ay YOIy Jo 1OP[NOYS Aures o) woig sarsdorq uopud) strendessqns 1ovIuUT payorew sk Apnis [eUISLIO Ay UT paqLIosap st Ayredourpua) A[req,

180K ‘A ‘snsojewroy)A10

sndn[ o1w)sAs “qIS 1o1d)sod pue JoLRuR wniqe] J0Ladns 9y Jo UoIs9[ ‘g IS SSHLIYMER PIOJRWNAyI ‘v s[[99 reajonuoydiowAjod ‘NN ‘uonoear uteyd aserowkjod aanenuenb YD ourfes paiojjng-oreydsoyd ‘Sgq ‘Suruuni
[[TWPEAI) SWN-UO YLO SHUYLEL0ASO ‘YO ‘partodarjou YN 9[qesridde jou ‘yN Suruuni [[ruupear) deropows Y LA ‘[e1o[yso[nosnut S snuye orgredorpr ofruaan( Y[ SISIP [BIGAIDAINUI ‘AT ‘SUTUUnI [[ruupean
aatsuayul YL T 2dK) 103desar uoroyroyur (aues) ‘TYNHI SIN0Y ‘Y A1owio1fd Moy ‘D ABSse JUaqIOoSOUNWWI PaYUI[-oWAZUd VST TH IT 2dK) 9sea[onuoquAX0ap ‘I] 9seN IUaWeSI| 9JBIonId JOLUE TV SUOIRIAIQQY

(onssn droym) 3uINO[q UIN)SIAN
/ ! VN YN wniaouks 1e1 Ayiesy ¥Od VO (6102) Sueyz
(onssn droym) (Topouwr
Ve ! VN VN opasnu Jer Ayjeay SuIO[q WIS V¥ snuyy (S107) epewe x
(onssn aroym) 3uINO[q WIS (Jopowx
/ I VN VN wniaoufs jer Ayiest ¥dd V) SHHYY (S102) Suepm
(onssn o[oym) (Topow
/S 1 VN VN utof med jer Ayeoy VSI'Td V) sy (6107) JeYS
Arojewwrepjur  AJI0)JRWIWIB[UI  ([0OI)UOD 0) 199NH T9OINH UONBZI[ed0 | ad£y jomuo) SPOYRIA ENEN | (£) Joyny
-uou (JgOINH -odd :(TgOINH =~ paiedwod Surssaxdxa
TIONH sod&y PD

(ponunuod) € ATAV.L

GACAFERI ET AL.



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

3 (sonunuo)))
)
=
& ‘IDFA Pue 0[-41H Jo uoissardxa sosearour e
) *S[[99 [RI[QYIOPUD (swaishs Y sise[qoIquy
© JIR[NOSBAOIOIW Ul UOIBULIOJ 9GN] SASLAIOUL @ [ 9DONH UBwny JUBUIqUIOIY [BIAQUAS paImi[n) vy (§100) dred
‘uononpoad ‘gHd ‘z-X0D ‘1 q 1109 7 u1 passaidxd sise[qoIquy
-SHDJW SISLAIOUL ¢ [-]] YIM UONBUIGUIOD UL T9DINH 18l JUBUIQUOIIY [BIAQUAS paImn) VIf PUe VY (€T07) 2191997
"TLYIS pue ‘god
g-IN pare[Aioydsoyd ‘g parejAroydsoyd
‘ADAA “©T-4IH Jo uorssaidxa sasearour e
*S[[99 [RI[QYIOPUD (swaIshs 29Y) sise[qoIquy
Je[NOSBAOIOIUW Ul UOTBULIOJ 9QN] SASLAIOUT @ 1 9DINH UrWwny JUBUIGUIOIY [eIAOUAS paImn) vy (#107) wry
i
pajejAroydsoyd pue ged pojejAroydsoyd
SOSBAIOUL 1S T YIM UONBUIqUIOD UT e
‘uoIssaldxa Y 1L pue AOVY
sare[n3axdn pue ‘c1-JININ PU® ‘€-dININ
Q-1 SsLaIOUI :Sq] YIM UONBUIQUIOD Ul e (youpry-ewsIg) sise[qoIquy
‘uoIssaIdxa ¢[-JINJA Sesealour e T9DINH Urwny JUBUIGUIOIY [eIAQUAS paImn) vy (€102) °H
S[A9]
g¢d pue 7/ patejAroydsoyd sesearour e
‘e-dININ
pue ‘I-dININ ‘02100 ‘TTID ‘§-TI ‘9-11 J0
uoIssaIdxo pue uoneande gi-JN sosealoul e (yoan0or1gnHINH) s91K001pUOyd 0102)
:d1-11 YIM uoneUIqUIOD Ul [9OINH Uewny JUBUIQUOIIY parmn) VO SIpUBUIY/-BIOIRD)
*K)191X0) JR[N[[29 PAIRIPIW-PY) SISBAIIAP e (swaIshs Y S[[99
‘uoIssaldxa Zo3uy sosearour e [ 9DNH UBWwNy JUBUIGUIOIY [BIAQUAS paImn) VO pue vy (9107) mopauag
811
pue ON ‘OSBYIuUAS QN 2[qIonpul saonpur e
‘SouUR{OWaYd
DXD Pue TDD JUIJJIP 9] ‘SIOOULYUD JJIOINH s91K001pUOyd
Quad g3-IN T JO VN YW saje[nuns e PoIRIQURS 2700 7 JUBUIQUIOINY paimn) VO (#102) uruy
SOLIYY
"uo1SsaIdxa g-J[ U0 J09JJo ou e (eAouqQy)

‘uorssaIdxa 9-1 suquyul e [9OINH Uewny JUBUIQUOIAY SIP2 AT PRIy uoneIudzop gAI (#107) Jonmery
> JseasIp auog
(80
- uewny
W sawodInQ T99IANH Snoudgox nsSI], ENEN | (£) Joyny

joadexoolg  jo uonppy

554

anss) [eIQ[[SO[NISNW 0} [ GOIAH JO UONIQIYUI JO UONENSIUTWPE 820 T—S)NSY  $ A TAV.L



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

A (sonunuo)))

"SQUAS PAIL[aI-SISAUAT0)SO JO UOISSAIdx
Sursearour Aq SuIeay SJLIS[AIIL (0AIA X3 e

*(AUINOA SUOQ ‘SSAUIINS

[euors1o) ‘anbio} yead ‘sydeidorper)

WILEY

SOI0JS [BOIUI[D SASLAIOUT :0AIA UI e

*APUSIDIJJo QI0W UOT)RIQUIFAT
I9AT] pue 9pdsnw sojowold nq uononpoid
Quny0)£o 9jowoid jou sa0p [GOINH-SE ©
*S[[99 Sunenyiyur
pUe ‘s9)£003eday ‘S[[90 WS A[OSNUI JUIPISAT
uo 3unoe Aq £YDHXD BIA UONBIAUSTAI
IOAI] PUEB 9[OSNW SAJRUIPIOOD [IONH-T e

BOIE [BUOIIOAS
-SSOI0 JOQIJ Q[OSNUI PASLAIOUT :0ATA XO @
‘(Afur oY) 210J2q M 7 PRIAISTUTWIPE
J1 U2AQ) Iredor o[osnuI 9JeIo[0Je
[9ONH-S¢ Pue [dDNH-IJ Yo -OAIA UT e

‘uonjonpoid
JINIAL $9SBRIOUT ¢ [~ YIIM UOTIRUIQUIOD UI e
"8I PUe ‘9-1 ‘ANLL Jo uononpoid saoueyuo
“g1-"T1 10 DT-T] “SJ'T YHM UONEUIGUIOD UL ®

0-IN.L pue ¢1-1 Jo uononpoid sajenuins e
‘gOVY Jo uonendaidn e
911
pue ‘g1-TI “0-IN.L Jo uorssardxo sosearour e
SAINIA
pue ‘souryo)£o A10jewWWERJUI ‘So[NO[OW
uoIsaype ‘soupjowayd soje[ndoidn e
*K3eydoine sooueyua pue sisojdode soonpar e
'SJSB[QOIQIJ [RIAOUAS YI[-Y 0} SISB[qQOIqL)
[BTAOUAS UBWINY JO UOT)BWLIOJSURI) SONPUT
:SdT YA UONBUIqUIOD U]

SauI0dINQ

GACAFERI ET AL.

(youp[y-ewsIs)

T9OIAH UeWny JUBUIqUIOdY Vs
p(UOOIGOINH)
TGDOINH-S€E 10 TADINH

-1 LA\ JURUIQUIOOY Vs

p(UOAOIIDINH) TIDINH-SE
pue [ gONH-1J JURUIqUOIYY 2

102 g ut passaxdxo
T4DAH el Jueuiquoday /

STIDNH Uewiny JUBUIqUIOdNY 2

(uonerodio)) 1so 1 -ourys)

[9OH snwAyj j[edo payLing »
“Te3[0 JON 2

T9OINH SNOudZ0x3 I99INH I99INH
joadeypolg  Jo uonIppy

(OATA
ul + 9nss1 A[oyMm)
auog

(onssn o[oym)
QoSN

(OATA
Ul + nss1) A[oyMm)
J[OSNIA

Sise[qoIqly
[eraouks pamn)

$91A00I1pUOYD
pain)

sogeydoroew
[e1AOUAS paImn)

Sise[qoIquy
[eraouks pammn)

InSSLL,

QINoRI]

Kmfur oosny

Amfur oosnn

Vi

VO

vd

VO pue vy

ENEN |

(6100) uaud
9sBASIp Auog

(8107) duon,

(8107) @1
aseASIP MSIA HOS
[ewruy

(1107) veweyepm

(1100) epeIaL,

(€007) yon3ue],

($102) WId
(£) xoyny

(ponunuo)d) ¢ ATAV L



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

E (sonunuo)))
m (SUOISOId 2UOq PUR XLIEW AFR[1IRD
S Jo uonardop xnyjur [[29 AIOjEWIWRIFUL
S ‘erse[d1odAy [e1AOUAS SOONPAIT) SHLIY}IE JO (OATA
K)119A9S 9130[0ISIY SOIBIOI[OUWIE (OAIA XO e ul + onss1 9[oyMm)
S9I09S SOLIYLIR [BITUI[O $9A0IdWI :0AIA UT @ (YyoAoIgHINH) vXxog Vs WNIAOUAS (1opouwt V) SHLIYIIY (0102) 8129150
‘(g unsaire-g (0adsoi1q) SISB[qOIqTy (Tepowr V¥)
jou pue) uoIssaIdxa | unsaie-g sasearour [9OINH Uewny JUBUIQUOIY 2 [BIAOUAS paImyn) SOLIYIY (1102) 1
(s[102 Suronpoid—g -1 SS9 pue
A3oroydiow jurof jo uonearasaid) snuyje
JO AJLI9AQS 9130[0ISIY A} SIONPAI :0AIA X e (OATA
SSO JY319M PIONPUI-ISBISIP ,serpognue ul + 9nss1) 9[oyMm) (1opowr v ¥)
PUE 9109S SILIYLIR UBIW SIONPII :OAIA UL @ 1 9DNH-IUL pue X0q-y Vs WNIAOUAS SOLIYIY (€007) ®1103y03
sanIewIouqe
o130[0Y3ed0ISIY SONPAT :0AIA X (0ATA
uonewweyur ur + dnss1 d[oym) (Topowr v¥)
jurof [eSTuI[o SJBIOIOUWIR (OAIA UI @ JTIOINH-DUR XS] Vs syutof med pue douy] SOLIYIY ,(800¢) epewey
PIN[J [BIAOUAS UT
VLI-TI PUB ‘ADHA ‘9-TI ‘J1-TI ‘P-ANL JO
S[QAQ] paonpal pue ‘(A30[0Is1y) ASojoydiow
jurof jo uoneardsaid ‘sisouagorsue paonpal
‘Qren[Ijul AI0JBUIWIB[JUL PIONPAI :OAIA X9 e
SOLIYLIE JO UONONPAI [BIIUI[D :OAIA UL (yoAoIgHINH) vXxog Vs
ST IO
SUTUISIOM [[BISAO pUER SISQUASOISUR [RIAOUAS PIN[J [BIAOUAS pue
SOSBAIOUL pue ‘JOHA Soie[naidn :0AIA X0 e (qo0IgOINH) (OATA UT + dnssn (Topowr v ¥)
SIILIY)IE JO SUIUSSIOM (OAIA UT @ I 9DINH UeWwny JUBUIqUIOIY 2 J[OYM) WNIAOUAS SOLIYIY (9107) moosig
SIRULEING
‘Kemiped ¢1V.ILS 2y1 ysnoxyy
S[[99 WIS [BWAYOUSIW JO SUOTIRNUIIJIP
01U9309)50 SjowoId :0ATA X9 e 'Sp[0JJeos (OATA
UOTJBULIOJ QUOQ 9SBAIOUT 93uods une[a3 uo (9adsoiq) url + ONssn a[oyMm)
Sp[oJJeos o3uods une[es [GOINH :OAIA UL e [ 9DINH UrWwny JURUIGUIOIY Y uog aInjoel (L107) oanx
‘(Amfur oy 21059q
> M 7 PIISIUIWIPE JI U9AQ) SUI[Bay Injoely H(UONOIGONH)
M PUB UONBNUIIDJIP O1USF02)S0 JRIS[I08 I9DINH-SE Pue [gOINH (OATA UT)
- /moword TIONH-SE Pue [GONH-I 1oq 1] Uewniy JUeuIquoooy] / QUod SIMOBL (8102) 991
W sawodnQ T9OIANH Snoudgoxy 199INH 199\NH nssI], ENEN | (£) Joyny
Joadexpoig o uonippy
m (ponunuo)d) ¢ ATAV.L



25738488, 2020, 6, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tsm2.175 by University Of Leiden, Wiley Online Library on [02/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

557

"SAIpMIS [EWIUE PUE UBWINY Y1Og,
(8861 “oodsy 2p [ssel Apmis [euiSLio ur duop A[snoraaid se) urjold [GOINH [0YM M PaZIUnwwI sudy Jo sy[oA 330 woiy Apoqnue sse[o- A 31 Suikjund pue Sunejost Aq paredard sem [gOANH Isurese Apoquue Suizijennau v,

“uoNoUNy JUBILIIEOWYD B SLY 1T ‘ST IRy} ([ OINH PIINPAI A[NJ ) SE SIALYI] WLIOJOST SIY T, 'UONEPIXO O) JUBISISAT AL YIIYM ‘SIULIDS YIIM Pade[dor dre souralskd oy yorgm ur [gOIAH JO WIOJOST (S¢) Iuemnut v,

WILEY

‘paure)qo sem [ OINH ULUIQUO9I MOy JO uondLIdsap pajrelap
© 10J e 19 BpRIa], £q 9[onJe [[nJ 99§ “(ueder ‘0Ayo], ‘Ouan uoddiN) S[[90 [eI[oy10pus Je[noseAooNw uewny woly payrdwe sem YN [gONH tewny ISud|-[[n S[[39 6JS Ul paonpoid sem [OINH Uewiny JUBUIqUOdAI ‘9d1-Sd T,
“P00T ‘Te 10 ddeus] 1o /86T ‘[e 10 BSSAUOR] ‘6661 ‘[& 10 SULAY SAIPNIS [EUISLIO U PAqLIDSAP St PoJeIouas sem [GDIANH WUBUIGUIOIDT PUE 1j02 DIy2LIaYIS5 Ul Passaldxa pue pauod sem yN( Juawaldwo),
*$[[90 snsod[nd snajonu pue snsoIqly snNUUE YIoq JO ISISUOD S[[3 (A,
ek ‘A ©adK) piim ‘LA (10108 IMOIT [BI[OYIOPUD JR[NISBA ‘JOHA 0 JOJOB] SIS0IOU Jown) ‘0-JN[, J03dooar oy1[-[[0], ‘1L
cuonduosuern Jo 10)eAndR pue 1ednpsuen) [eusis ‘LS ¢ [-Ums ase[£120eap juopuadap-yN Se umouy os[e ‘T urmis ‘[ LYIS {(YNY) PIoe dI[onuoqLl SULIJIUI [[ews “YNYIS ‘s1onpoid puo uonesk[s pasueape 10y 10)daoar
GOV ‘SHUYIR projewnayl ‘v ‘gqg urpueSeisoid <“qngd runqns ¢od gi-N 1030 1ea1onu ‘god <soseuny urajoid payeanoe-uadojw Jo dnois ‘g¢d (SHIIYIIL09ISO Y ‘OPIXO0 OLIIU ‘ON S[[00 g PAIBATIOR JO IOOUBYUR-UTRYD-IYSI]
-eddey 10j08] JROTONU ‘G- IN (PIOR JIO[ONUOQLI JOFUISSOW ‘YN W ¢ [-9seyuAs g urpue[Seisord [ewosoIdnu ‘[-SgoJu <soseurajordoeiow Xmmew ‘NN <soprreyooesAjododry ‘4T ‘snuyire oryyedorpr o[ruaAn( “yf L103quyur
[199-¢g ur 1oueyuo ouasd apndodAjod 1y31| eddey jo 10108] JRa[oNnU ‘g SSIP [BIQAMIAAINUI ‘AT ‘URnaul ‘I ‘eydre-| Jojoej o[qronpur-erxodAy ‘O1-J1H {1 GONH Poonpal A[[nJ ‘| gOINH-1J ‘oseury paje[nsal—[eusis Je[n[[ooenxo
ST 1702 p1yd1aydss ‘1702 7 ‘s10ydesar surjowayd JXD YDXD DX dnois aupjowayd HxD 9seuadAx00[0£o ‘XD swnrwped ‘p) (DD dnoid sunjowayd 1)) (T GOINH JUBINW AULIdS [[e ‘T GOINH-SE :SUONRIAAIqQY
€002 ‘T8 12 e[oyOY Aq Apnis [RUISLIO UT PaqLIdSAP sk sarpoqnue [ gONH-DuUR jo uononpoid pue ‘[ gONH Jo urloid xoq-y jo uonesryund pue uononpoid 210N
syuerdxe syuedxo
pamfur uo uonerayrjoid /uoreISTI [[99 SHQIYUY uIZIquIAoA[D) Vs [BIPUOY2021SO
(pory1oads woIy $9)K20I1puoyd
sjue[dxe paIn(ur uo SIXeJOWAYD SAOUBYUH Joyuny jou) [gONH payLng Ve paImn) VO (dnewnery) (2102) 10°S
(Kemyped JNLL, 93 BIA
P3JRIPaW JOU SI SHLIYLIE PIonpul-[ GOINH
SNY)) OIW JNOYO0UY V- IN.[, PUB 01U (OAIA
[BULIOU U99M]9Q PUNOJ 9I0M SQOUIIJJJIP OU e qIIDINH osnowr Ul + 9NSs1) J[oyM)
STILIYLIR [BOTUI[O SQONPUT :OAIA UT e PRIRIAUAS 7700 7 TUBUIQUOINY Va jurol oauy| vO (8007) syIa[ng
SHUEYMY
anssn
[BTAOUAS INOYINOIY) S[[2D ‘TBI[ONUOUOUT (OATA
Apsowr ‘AI0)eWIURIJUT JO XN[JUT :0ATA XO e qTEDNH dsnow Ul + nSS1) A[oyMm)
STILIYLIR [BOTUI[O SQONPUT :OAIA UT e PoJeIaURS 1702 7 JUBUIQUIOIIY Va jurof aauy| VO (9002) smR[ng
uononpod [-1 (OATA
0) Surpes] Aemyed gii-N SOIBAT)OR (0AIA X2 e o EDINH dsnow url + ONss1 2[oyM)
*SOLIYLIR [BOTUI[O SQONPUIL :OAIA UI @ PoJBIaUAS 7702 7 JUBUIQUIOIIY /S jurof aauy| VO (£007) swId[ng
S[SSQA [BIAOUAS JO JoQUINU SAJNPAI e
ADHA pue 0]-J[H sajenuaje e
SQI00S SLIYIIE JIF0[0)SIY ("0D 1s91-0UIyS) Apoqnue (onssn a[oym)
3 pue saInjeaJ UONRWWER[JUT S9JRIOI[oWE e Surzirennou—| gOWH-DUY Vo jurof douy| (Jopowr V) SOy %mﬁomv yred
m sawodINQ T9OINH SNOudZoxy T199INH T99INH nsSI], ISeISI(I (£) Joyny
m Joogexpolg  Jo uopIppy
|®)
g (ponunuo)d) ¢ ATAV.L




* | wiLEY

GACAFERI ET AL.

injured tissue compared to control tissue. The effects of
addition of exogenous HMGB1'>?’ depended on the redox
status of HMGBI1: fully reduced HMGBI1 resulted in ac-
celerated muscle repair, whereas disulfide HMGB1 did not
(Table 4). Interestingly, a dose-response has also been dem-
onstrated; a non-oxidizable mutant form of fully reduced
HMGBI1 (3S-HMGB1) does not promote inflammation, but
does promote muscle repair more efficiently than fully re-
duced HMGBI (as it does not need CXCL12 to bind to the
CXCR4 receptor). 15,27

3.2.2 | HMGBI expression in animal
models of bone disease

Five studies investigated the role of HMGBI1 in animal
models of fractures.”’**>% Two animal fracture model
studies showed that HMGBI1 expression was higher in
early fracture hematoma compared to late fracture hema-
toma.’*> In addition, Horst et al®* showed that HMGB1
protein expression was higher in fracture hematoma com-
pared to sham animals. The localization of HMGB1 within
the cell was not investigated.s“’55 The addition of exog-
enous HMGBI1 on fracture sites increased the expression
of osteogenesis-related genes and promoted osteogenic
differentiation (Table 4).27’53’86 In accordance, Lee et al?’
showed that treatment with glycyrrhizin (a known HMGB1
inhibitor) resulted in delayed fracture healing. Lastly, just
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as in muscle injury, fully reduced HMGBI1 (and the non-
oxidizable mutant 3S-HMGB1 even more so) promoted
fracture repair.27 Other redox states of HMGB1 were not
investigated.

3.2.3 | HMGBI expression in animal
arthritis models

Twenty-six studies investigated the role of HMGBI1 in animal
modelsofarthritis, includingOAandRA,1%19:27:34.35.37.40.44.45.47-
56,59-61,63.65,67.70-74.78. 83848687 [ 411 18 studies, HMGBI
expression was increased in diseased tissues compared to
control tissues, 33:37:404445.47.49-52,56.60.61.63.67.7084.87 [ 0o )
tissues, HMGB1 was mainly localized in the nuclei, whereas
arthritic tissues showed more cytoplasmic and extracel-
Iular HMGBI1 expression as the severity increased. Both
stromal cells and infiltrating inflammatory cells expressed
HMGBI, including chondrocytes, synovial cells, endothelial
cells, osteoclasts, and fibroblast- and macrophage-like cells
(Figure 3). Local administration of exogenous HMGBI in
arthritic tissues resulted in a pro-inflammatory environment
in 6 of 6 studies, including worsening of clinical and his-
topathologic arthritis, increase in synovial angiogenesis, and
enhancement of chemotaxis (Table 4).>*%>77478 Rinally, 5
of 6 studies found that directly blocking HMGBI1 in arthritic
tissues (with anti-HMGB1 antibodies or BoxA) ameliorates
arthritis by improving clinical arthritis scores, reducing

REDOX STATE RECEPTOR FUNCTION

Chemotaxis and
tissue repair

Fully reduced HMGB1 CXCR4
(+ CXCL12)

MD2-TLR4 Pro-inflammatory

cytokine release

Disulphide HMGB1

Fully oxidised HMGB1 ? No known
function

FIGURE 3 HMGBI and its redox status in musculoskeletal disease. Schematic highlighting the diverse roles of HMGBI as a driver of
inflammation and mediator of tissue repair in musculoskeletal disease. Upon tissue injury, tissue-resident stromal cells (and later infiltrative

immune cells, not shown) release HMGBI1 into the extracellular environment. We hypothesize that depending on the redox state, HMGB1 will act

on several receptors promoting either chemotaxis, tissue repair, or inflammation. Fully reduced HMGB1 will form a heterocomplex with CXCL12

after which it acts on the CXCR4 receptor to promote chemotaxis and tissue repair. Disulfide HMGB1 will act on the MD2-TLR4 receptor (and

other receptors which are not shown here), which will promote pro-inflammatory cytokine release. Receptors for fully oxidized HMGB1 have not

yet been identified, and therefore, its potential immunomodulatory function is unknown
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inflammatory infiltrate, reducing number of synovial vessels,
and preserving joint morphology.34’45 397071 The remaining
study78 found that treatment with glycyrrhizin reduced the
number of migrating cells (ie, chemotaxis) on injured ex-
plants. The redox states of HMGB1 were not investigated.

4 | DISCUSSION

Since the beginning of this century, studies on HMGB1
in musculoskeletal disease have emerged. The growing
number of publications in this field demonstrates a rising
interest of HMGB1 in musculoskeletal disease. However,
to date no studies have curated these data and compared
the role of HMGBI in a variety of musculoskeletal dis-
eases (Figure 2). Therefore, the overall aim of this study
was to perform a systematic review to compare the roles
of HMGB1 across multiple common musculoskeletal
diseases.

In general, HMGB1 expression is increased in tis-
sues of both human and animal models of musculo-
skeletal disease compared to control tissues, as well as
in early (acute) disease compared to late (chronic) dis-
ease, 13:24-26.32.33.35-52.54-58.60-64.66-71.75-77.80-85.87-8991 [IMGB1 is
expressed by both tissue-resident stromal cells and infiltrat-
ing immune cells,24+26:32:3342-48.50-5256-58.60-64.66.67.69-71.75.76.80-
828588 1 5cal administration of HMGBI to (cultured cells
derived from) arthritic tissues worsened both clinical and his-
topathologic arthritis, increased synovial angiogenesis, and
enhanced chemotaxis, > 3+4246:57:62.65.71-75.78.81.85.92 1, contrast,
addition of HMGBI1 to cultured cells derived from human de-
generate [VDs reduced IL-6 expression and did not affect IL-8
expression.58 Therefore, one could conclude that HMGBI1
might have a protective effect in I[VDs, whereas it has a pro-in-
flammatory effect in arthritic tissues. Another explanation is
that these divergent biological functions may be attributed to
differential HMGB1 redox states as a consequence of an extra-
cellular environment.'*%3%7 However, the HMGB1 redox sta-
tus remains understudied in human musculoskeletal disease.

4.1 | Cellular localization of HMGB1

In healthy control tissues, HMGB1 was mainly localized
in the nucleus, while in diseased tissues, HMGB1 was lo-
calized mainly in the cytoplasm. Although a few articles
showed extracellular expression of HMGBI1 in arthritic
human and animal tendinopathic tissues, the majority of
histologic studies did not reveal extracellular expression
of HMGBI. Since extracellular HMGB1 has a relatively
short half-life, it might have degraded before the tissue
is used for experiments.98 Interestingly, several histo-
logic studies showed there was an increase in cytoplasmic

HMGBI1 expression (number of immunopositive cells or
area of positive immunostaining). Several studies have
shown that cytoplasmic translocation of HMGB 1 promotes
autophagy, limits the apoptotic pathway, and does not only
enable the release but also actively promotes its own secre-
tion.”>1% So far, literature has shown that HMGB1 con-
tains nuclear localization sequences, which contain lysine
and serine residues that are susceptible to modification
(eg, acetylation, methylation, phosphorylation).18’19’101
Once modified, HMGBI is actively secreted out of the
nucleus and consecutively out of the cell via secretory
lysosomes.19 Interestingly, necrotic cells passively leak
non-modified HMGBI, still able to initiate/sustain inflam-
mation, whereas cells undergoing apoptosis do not leak
any HMGBI1.' It is hypothesized that in apoptotic cells,
HMGBI inextricably binds to chromatin, making it un-
able to promote inflammation. However, these processes
are not yet fully understood. Therefore, future studies
should not only investigate the extracellular functions of
HMGBI, but also, the intracellular functions of HMGB1
during inflammation should be studied.

4.2 | Extracellular HMGBI: redox states

Extracellular HMGBI has the ability to initiate and/or sustain
an inflammatory microenvironment by switching between
different redox states. Although the redox status is crucial
feature of HMGBI1 as this determines its biological role, few
articles discussed these redox states in musculoskeletal dis-
ease and only 2 of 66 of the included articles investigated
the redox status of HMGB1 in musculoskeletal diseased tis-
sues.'>’ These studies identified that fully reduced HMGB1
promotes not only chemotaxis, but can also promote tis-
sue repair by acting on the CXCR4 receptor after forming
a heterocomplex with CXCL12, whereas disulfidle HMGB 1
cannot.”> In addition, pre-treatment with (fully reduced)
HMGBI 2 weeks before the fracture accelerated fracture re-
pair.27 Lee et al*’ found that this is due to resident stem cells
being primed (ie, G phase) by fully reduced HMGBI,
so that they can re-enter the cell cycle quicker upon new
injuries. Moreover, a non-oxidizable mutant form of fully
reduced HMGB1 (3S-HMGB1) promoted muscle and frac-
ture repair even more effectively by binding directly to the
CXCR4 receptor on resident stem cells without needing the
chemokine CXCL12.">% Fully oxidized HMGB1 was not in-
vestigated, and whether it has a function remains unknown.
Although not in musculoskeletal diseased tissues, Venereau
et al (2012), Lee et al (2018), and Tirone et al (2018) inves-
tigated the effects of different HMGB1 redox states in cell
lines, which were in line with research on HMGBI1 in other
areas,!713:20-2227.93.9596 Therefore, it is likely that these redox
states have the same function in musculoskeletal disease
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(Figure 3). Thus, these findings are in line with literature
in other inflammatory diseases and support the idea that the
localization and the diverse biological functions of HMGB1

depend on its post-translational modifications and its redox
status, 1314:20-22.93.95.96

4.3 | Challenges in identifying the redox
status of HMGB1 in musculoskeletal disease

Studying the redox states of HMGBI is challenging as few
techniques can distinguish between different redox states of
HMGB1 in human tissue. Since there are no specific antibod-
ies available for each HMGBI1 redox state, researchers are
urged to be creative with other existing methods. One of the
most successful techniques has been liquid chromatography-
tandem mass spectrometry, which has been successfully used
to identify the redox states of HMGB/1 in liquid samples such
as serum or cerebrospinal fluid, although it remains techni-
cally challenging in tissue samples.103 1% Fyrthermore, mass
spectrometry requires tissue preparation and protein extrac-
tion steps before analysis with the mass spectrometer, which
raises the question whether alterations in redox state occur
before the samples can be analyzed due to the short half-
life of HMGBI1. Although variations in half-life have been
found in different extracellular environments, fully reduced
HMGBI has been shown to have a half-life of approximately
17 minutes in serum and saliva.”® However, the half-life of
HMGBI in musculoskeletal tissues is unknown.” The dif-
ficulties of identifying the different redox states of HMGBI1
in musculoskeletal disease are thus partially inherent to the
complexity of HMGBI1, and partially because current meth-
odologies have yet to be optimized or developed.

4.4 | Limitations

The heterogeneity of the included study populations and
measurement methods of HMGBI1 can both be considered a
limitation and a strength of this study. Although all included
studies are covered by the term musculoskeletal disease,
these diseases differ in pathogenesis. However, this heteroge-
neity is also a strength since this is the first study to compare
the different roles of HMGBI1 across a variety of musculo-
skeletal diseases, thereby exploring whether the observed
effects of HMGBI1 can be applied to all musculoskeletal tis-
sues and diseases. The small number of studies published
on HMGBI1 in musculoskeletal disease reflects that this is
still a small but growing field. Although recently more stud-
ies have looked at HMGBI1 in musculoskeletal disease, they
often lack a (healthy) control or do not make use of human
tissues or cells. A risk with the small number of studies on
relatively large number of different conditions in this review

is that results might be generalized, especially as the only re-
sults from studies that could be included is the concentration
of HMGBI in diseased tissue compared to a healthy control.
However, most studies that have been included in this review
have come to similar findings. Finally, a quality assessment
was not included in this review due to the lack of validated
quality assessments available for the type of in vitro and in
vivo studies included. New quality assessment tools should
be validated for these types of studies.

4.5 | Therapies targeting HMGBI1 in
musculoskeletal diseases

The results from the studies included in this article suggest
that the addition or direct blocking of HMGB1 could be fur-
ther investigated as a potential treatment for a variety of mus-
culoskeletal diseases. In human and animal arthritic tissue, the
addition of exogenous HMGBI1 exacerbated disease, while di-
rectly blocking HMGB 1 reduced disease severity by ameliorat-
ing inflammation. As there are currently no disease-modifying
treatments available for osteoarthritis and clinical remission of
RA is still a large issue, HMGB1 inhibitors could provide a
new treatment option. In animal models of fractures and muscle
injuries, addition of the fully reduced redox state of HMGBI
in tissue injury accelerated tissue repair, especially the non-ox-
idizable mutant form of fully reduced HMGB1 (3S-HMGB1),
which was even more efficient than the native fully reduced
HMGB1.">*" Therefore, administering 3S-HMGBI1 should be
investigated as a potential therapeutic agent that can acceler-
ate tissue repair after trauma. Interestingly, pre-treatment with
(fully reduced) HMGB1 2 weeks before the fracture also ac-
celerated fracture repair in an animal model.”’ Therefore, this
could be further investigated as a treatment for patients with an
increased fracture risk (eg, elderly patients with osteoporosis
and patients undergoing elective surgery). Future therapeutic
strategies targeting HMGB1 could also be aimed at prevent-
ing HMGBI from leaving the cell and therefore making it un-
able to initiate and/or sustain an inflammatory environment.
However, as a few articles in our review highlight, extracel-
lular (fully reduced) HMGBI1 also plays an important role in
tissue repair.15 27 Therefore, preventing the release of HMGB1
might prevent ongoing inflammation, but it also might prevent
tissue repair. Improved understanding of the complexities of
the intra- and extracellular roles of HMGBI1 is required before
(human) clinical trials can address the effectiveness of targeting
HMGBI in musculoskeletal disease.

4.6 | Conclusion

This systematic review highlights that HMGB1 is an impor-
tant mediator in musculoskeletal disease and its biological
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function is dependent on the redox status and target tissue.
The redox status of HMGBI1 is understudied in musculo-
skeletal disease. Musculoskeletal tissues from diseased
patients and animal models show increased HMGBI1 ex-
pression relative to control tissues. Specifically, HMGBI1
was expressed by tissue-resident stromal cells and infiltrat-
ing immune cells. Our systematic review suggests that the
effects of local administration of recombinant HMGBI1 to
diseased musculoskeletal tissues were diverse. These ef-
fects ranged from inducing inflammation by adding re-
combinant HMGB1 (unspecified redox status or disulfide
HMGBI1), to promoting chemotaxis and accelerating tissue
repair (fully reduced HMGB1). Future studies should aim
to identify the redox status of HMGBI, including its half-
life, in musculoskeletal tissues to advance understanding of
the diverse biological functions of this mediator. Second,
we must further identify the distinct redox status of recom-
binant HMGB1, which is given to either induce injury or
promote tissue repair. Collectively, these efforts will in-
form therapeutic strategies targeting HMGB1 in musculo-
skeletal disease.
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