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activation-related genes to assess the disease
activity in Takayasu’s arteritis patients

Yixiao Tian®, Jing Li'®, Xinping Tian ® and Xiaofeng Zeng

Abstract

Background: There have been lacking reliable serum biomarkers in assessing the disease activity of Takayasu's
arteritis (TAK). This study aimed to assess the disease activity of TAK by assayed gene expression levels in peripheral
mononuclear cells (PBMCs).

Methods: The expression level of genes that essential in T cell activation in PBMCs in active TAK patients, inactive
TAK patients, and healthy controls were detected by real-time fluorescence quantitative polymerase chain reaction,
including TCR, CD28, CD40, CD40L, PD-1, PD-L1, PD-L2, CTLA4, TIGIT, TIM3, LAG3, CCL5, T-bet, RORC, and FOXP3. Gene
co-expression network was established, and the signature of the topology structure in active TAK patients compared
to the inactive TAK patients were extracted and described by formulas. Respectively, the disease activity was assessed
by the routine serum biomarkers, including ESR, CRP, IL.-6, and TNF-q, the gene expression level of TCR, CD28, T-bet,
and RORC, as well as the signature of the topology structure, and the diagnostic efficacies were compared.

Results: Compared with the inactive TAK patient group, the active TAK patient group had a greater clustering coef-
ficient in the network consisting of genes that essential in T cell activation. When assessing the disease activity used
this signature of topology structure, the sensitivity was 90.9%, the specificity was 100%, and the AUC was 0.98, which
was greater than the AUCs of these biomarkers.

Conclusions: The signature of the topology structure could distinguish the active TAK patients from inactive TAK
patients. This maybe is a novel evaluation algorithm of disease activity.
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Background

Takayasu'’s arteritis (TAK) is a type of primarily large vas-
culitis. It is a chronic, relapsing, and progressive autoim-
mune disease, so it is very important to accurately assess
disease activity during the follow-up. But there have been
lacking validated composite measures of disease activ-
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while was elevated in 43% of TAK patients diagnosed
in remission [2]. Besides, our prospective study which
included 428 TAK patients showed that the sensitivity
of ESR, CRP, IL-6, and TNF-a was 41.9%, 63.5%, 56.1%,
and 48.2%, and the specificity was 88.1%, 88.7%, 85.8, and
60.3% [3].

In addition, there are other potential blood biomark-
ers for monitoring the progress of TAK [4], such as pen-
traxin-3 [5], YKL-40 [6], MMP-9 [7], MMP-3 [8], leptin
[9], and serum amyloid A [9]. However, the diagnostic
efficacies of these biomarkers have not been clinically
validated. Recently, three studies indicate that serum
complement is a potential biomarker for assessing the
disease activity of TAK, including C3 [10], Clq [11],
and C4a [12]. And C3 has a sensitivity of 69.9%, speci-
ficity of 66.7%, and an area under curves (AUC) of 0.715
[10], and Clq has a sensitivity of 77.8%, specificity of
64.9%, and AUC of 0.752 [11]. One study reported the
serum chemokines were potential biomarkers for assess-
ing disease activity of TAK, CCL2, CCL20, CXCLS8, and
CXCL10 had a sensitivity/specificity of 66.7%/67.2%,
54.2%/77.1%, 70.8%/72.1%, and 83.3%/54.1%, respectively
[13]. From these studies, it seems to be difficult to find
out a single blood biomarker with a reliable diagnostic
efficacy.

In this study, we tried a new algorithm that using the
topology structure of the gene co-expression network to
assess the disease activity of TAK patients because we
observed that there were many significant signatures in
the gene co-expression network in active TAK patients
differing from inactive ones. Furthermore, we compared
the diagnostic efficacies of three methods, including the
topology structure of the gene co-expression network,
the serum biomarkers (ESR, CRP, IL-6, and TNF-«), and
the mRNA level of gene (TCR, CD28, T-bet, and RORC)
expression.

Methods

Patients

Treated TAK patients fulfilling the 1990 ACR criteria [14]
were enrolled. And we assessed the disease activity of
TAK by the 1994 NIH criteria [15], which included the
following:

1. Systemic features, such as fever, musculoskeletal (no
other cause identified)

2. Elevated ESR

3. New onset or aggravated features of vascular
ischemia or inflammation, such as claudication,
diminished or absent pulse, bruit, vascular pain
(carotidynia), asymmetric blood pressure in either
upper or lower limbs (or both)

4. Typical angiographic features
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If a TAK patient had two or more features, he was
defined as “active TAK patient”; otherwise, we diagnosed
the patient was at remission stage, and the patient was
defined as “inactive TAK patient”.

Written informed consent was obtained from all partic-
ipants and the study was performed in accordance with
the Declaration of Helsinki. And this study was approved
by the Institutional Review Board of Peking Union Medi-
cal College Hospital, Beijing, China (S-478).

Collection and processing of human blood samples
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from patients by density-gradient centrifugation.
Total RNA was prepared from the PBMCs using Tri-
zol reagent (15596026, Thermo Fisher Scientific) [16].
The RNA samples were diluted in RNase-free water,
denatured at 65°C for 10min. RNA concentration and
purity were determined spectrophotometrically, and
the RNA integrity was verified by denaturing RNA gel
electrophoresis.

Real-time fluorescence quantitative polymerase chain
reaction (RT-qPCR)

RNA was reverse transcribed using the PrimeScript
RT reagent Kit with gDNA Eraser (RR047A, Takara).
Genomic DNA (gDNA) was eliminated at 42°C for 2 min.
Reverse transcription was performed using the following
conditions: 37°C for 15min, 85°C for 5s. RT-qPCR reac-
tions were performed with the iTagTM Universal SYBR®
Green Supermix (725124, Bio-Rad), and primers were
listed in Supplementary Table 1. The temperature cycle
parameters in an Applied Biosystem 7900HT1 were as fol-
lows: 95°C for 30s and 40 cycles of 95°C for 30s, 56°C for
30s and 72°C for 40s followed by a hold at 72°C for 40s.
Gene expression was calculated using the 27244 method.
Melting curve analysis was performed from 65 to 95°C.
The internal reference genes used for the comparison of
HCs and TAK patients were B2M and SDHA. The inter-
nal reference genes used for relative RNA quantification
only among TAK patients were YWHAZ and HPRT1.

Establishment of the model for the assessment

of the disease activity

After acquiring the expression data (ACq values),
two gene co-expression networks were built for the
active TAK group and the inactive TAK group, respec-
tively. Then, characteristics of network structures were
extracted from the active TAK group compared to the
inactive TAK group. The characteristics of network
structures were described by a group of linear regres-
sion equations. And the degree of each individual sample
overfitting to the model was quantified. The model was
constructed and assessed as Fig. 1 showed.
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Build gene co-expression networks

Two gene co-expression networks were built based
on gene expression correlation by the pairwise Pear-
son correlations between any two genes—one network
from the active TAK patients, and the other from the
inactive TAK patients. A P value of less than 0.05 was
considered significant. Each node represented a gene,
and each edge represented a correlation of expres-
sion level. Network analysis was performed using
Cytoscape V.3.7.2.
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Extract the structural feature of the networks

To extract the structural feature of the networks from the
active TAK group relative to the inactive TAK group, in
this study, a characteristic network structure was defied
to meet the following two conditions:

1. Consisting of the genes with a degree change value of
more than 0

2. Consisting of edges representing a correlation with a
Pearson’s r greater than 0.74 and a P value less than
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Fig. 1 Modeling flow chart. PBMC, peripheral blood mononuclear cell. TAK, Takayasu's arteritis. ROC, receiver operating characteristic curve. AUC,

area under curve
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0.01 and only existing in the inactive TAK group or
the active TAK group, which were defied as the char-
acteristic edges

The degree change value of genes
The co-expression degree of a gene in the co-
expression network was the number of edges the
node has connecting to others. The degree change
value = degreeactive' degreeinactive'

In organisms, genes form molecular networks, these
molecular networks tend to be modular, and similar
modules combine to function [17, 18]. If there is a lin-
ear correlation between the expression levels of two
genes, the two genes are likely closely related in func-
tion [19, 20]. Degree is one of most common topologi-
cal measurements in network analysis. For example, the
hub genes, which have a highest degree, are expected
to play an important role in understanding the biologi-
cal mechanism of response under stresses/conditions.
Thus, genes with a high degree are generally considered
to play an important role in maintaining the function of
the network.

Establish a mathematical model used to assess TAK disease
activity based on the characteristic topological structure
The mathematical model consisted of all regression equa-
tions referring to each edge in the characteristic network
structure. Next, we assessed the degree of each individual
sample overfitting to the mode. To quantify how well a sam-
ple fit the model, two new parameters were introduced,
including the M value and the total score. A threshold of the
total score was set using the Youden index, and the patient
that got a total score more than the threshold was diagnosed
as being in the active TAK phase.
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Myvalue

To qualify how well the data of an individual sample fit
a regression line, we calculated the relative error (RE)
as the ratio of the absolute error (AE) and the observed
value of gene expression level. The AE is the absolute
value of the difference between the predictive value and
the observed value.

M value was introduced which was equal to the RE:

M =] (y predictive value — ) observation) /Yobservation | -

Qualified the data of each individual sample fit every
regression line one by one. The M value of each active
or inactive patient was calculated. Then, the patients
were ranked by M value. The threshold was set using the
Youden index and was adjusted in due course. A score
of 1 was given if a patient had an M value less than the
threshold, 0 if a patient had an M value greater than the
threshold.

Total score

Total score of a patient was the sum of each score of M
value. The threshold of the total score was set using the
Youden index.

Assessment for the disease activity of TAK using the serum
biomarkers

To compare the assessment effects from the three
methods for the disease activity of TAK, including the
mathematical mode, the serum biomarkers, and the
mRNA level of gene expression, we calculated the total
scores and their thresholds following the same method
described above. The reference values of ESR, hs-CRP,
IL-6, and TNF-a were listed in Table 2. A total score of
the biomarkers was also set: a score of 1 was given if a
patient had a serum level greater than the reference,

Table 1 Demographic data and clinical features of patients with Takayasu's arteritis

Active (n=11) Inactive (n =9) P value

Age (year) 39.36+7.89 3944+11.24 0.82
Gender (male/female) 1/10 0/9 035
Disease duration (month) 118.0 (13.0, 200.0) 35.56426.66 0.10
ESR (mm/h) 16.82+11.34 11.89+£4.88 033
hs-CRP (mg/L) 7134731 0.84 (0.26,1.93) 0.02
Interleukin 6 (pg/mL) 4271265 2(2.00,2.70) 0.10
TNF-a (pg/mL) 6.85(5.50,8.38) 6.60+£224 0.66
Corticosteroid Used/non-used 10/1 8/1 0.88

Dose (mg/d)? 10 (10, 40) 10 (6.25,29.5) 037

ESR erythrocyte sedimentation rate, hs-CRP hypersensitive C reactive protein, TNF-a tumor necrosis factor-a

2 Corticosteroid dose had been converted into the dose of prednisone



Page 5 of 16

303

(2021) 23

Tian et al. Arthritis Research & Therapy

%L'99

%LTL
%L°99
%L
0£'0
0

— ©o o o

o o o

L
08000=d
986v61.0=1
99100—x9L1'0=A

1-ad '€@>

%8LL

%8'L8
%8LL
%818
LLco
L

— © ©o o o

o o

0

7000=d

€C8L0=1
€52000°0+X/9€000=A

€9V1'€dD

%5'L8

%E'€8
%8'LL
%606
LLco
L

— © ©o o o

o o o

L
SO—3ALELry=d
9760=1
SSL00+X02y0=A

s9d‘edd

%006

%0001
%0001
%606
8

6

cl

2J00s |e10].

4omiau uoissaidxa-0d auab ay3 jo ainoniis ABojodop

JAW

XIW

XLW 9N
X1

XLW 9AW
VZV¥ ODH
XLW 9N
XLW 9N
431

XLW 'XLD
XIW

XLA AW
XIW

XD 9WW
ODH

XLW 'XL1D
VZY ‘ODH
XLW JAW
HNIEXLA WA
XN

sBrup Jues
-saiddnsounwiwi 19410

o o~ ~ ~ ~

oL
14

((p/BW) P10J2150211I0D

uonedIpapy

anjea
/ / anIpaid aaneban
anjea

/ / aAnipaid aanisod
/ / fpypads
/ / Auanisuss
/ / ploysaiyy
W 0S oc#
E| 6t 6l#
4 ot 8l#
4 6€ LL#
4 € oL#
El 8¢ Sl#
E| SC vi#
| oy cl#
4 0S Cl#
4 [43 LL#
4 9¢ ol#
El L€ 6#
El 65 8#
El 9C L#
4 8¢ o
4 6 S#
4 123 i
El 6€ €4
El 1S #
4 [43 L#
X35 (1e3K) aby Jualled

A|9A13D2dS3I [9AD)

UoIss2IdX2 SUSb By} pUR ‘SISYJBUIOI] WINISS SY} HIOMISU UOIssaidxa-0 auab ayl Jo ainioniis Abojodol sy buisn siusied Yyl JO ALAIIDE 9SeasIp ay3 10} JUSWISSISSY g d|qeL



Page 6 of 16

303

(2021) 23

Tian et al. Arthritis Research & Therapy

/

/
€6£0
95C0
5550
4444
960
6960
SE€L0
€680
L0¥'0
€0
8¥€0
5890
orco
S610
weEo
S0€0
08¢0
S¥6'0
08€0
LEEo
Lo
[9A9] YNYW
4oL

%688

%606
%688
%606
Sl

4

O ¥ N &N M M S mom

2J0Ds k10|

[9A9] uoissaidxa susn

%L 9%

%009
%8'LL
9%0'0¢
L'8
95
56
Sy
6'S
s

9L

1’9
8L
95

9
Sz
88
(1'g> ‘abuel Ja1)

(Ju/6d) D-4NL

%6'CS

%0001
%0001
%00
6'S

4

8¢

e

L'c

4

S/
€6
LS
8

T

NN N

€

1474

(6'G > ‘abuel Ja1)
(w/6d) 971

%€95

%0001
%0001
%00€
008
158
S50
S8'G

€0

9€

L'EC

8L

Lyl

'S

LL0

Lco

70

Lo

160

L10

80

we

98¢

L

(00'8~0 ‘2bues Ja1)
(1/6W) dyd-sy
Jaxewolg

%005

%0'SL
%6'88
%E'LT
0¢

9l

S

L

€

(0Z~0 'abuel 1)
(Y/wiw) ys3

%0'SL

%00L
%L'99
%8'LL
S0

L

— © o o

o o o

2103s |e10]

anjea
annIpaid aaneban

anjea
aAIdIpasd dAINSOd

Apypads
Auanisuss
PloysaiyL
oc#

6L#

8l#

LL#

9l#

Sl#

vl#

El#

Cl#

LL#

ol#

o#

8#

L#

ot

S#

i

€
#
L#

ualied

(Panunuod) z sjqeyL



Page 7 of 16

303

(2021) 23

Tian et al. Arthritis Research & Therapy

%0001
%889
% vy

%0001

£9¢0
l
L

o o

0
0

L

¥8000=4d

oL 0=1

€200 +Xr670=A
171-ad '1-ad

%009
%00
%L'99
%9'€9
180
L

- o o

o o

0
8/000=d
05£0=1
¥ST0+x07T=A
sod ‘1-ad

%688
%606
%6'88
%606
8LE0
0

— ©o o o

o o o o

0
2L0000=d
8580=1
06£00+xvTr0=A
10¥AD 'EVLYD

%0°0Z
%008
%8LL
%LCL
w0
l

L

o ©o o o o o

0

£5000=d
69/0=1
€8L0+x5y/=A
59d €OV

%€'88
%¥'LL
%9'SS
%606
L8C0
L

0
0

L1000=4d
£v80=1
OrL'0+x979=A
5od'17-ad

%579
%299
%99S
%LCL
9o

L

l

o o

o o o

L
£€0000=d

6/80=1

9020000 +X7/900=A
€9V1'11-ad

%0001
%889
% vt

%0001

L0£0
L

0

0

92000=d
6080=1
67900+x85 L1 =A
€V1YD '11-Ad

%9'€9
%8LL
%8LL
%9'€9
€10
0

o o

o o — o o o

0

0

¥10000=d
060=1
L0L00+X62'yL =A
EVLYO Y 11D

%L'S8
%6'9L
%L'99
%606
6/C0
L

o o o

0
0

£10000=d

6680=1
§520000+X6¥500=A
17-0d '€dD

}40M13U uoissaidxa-0d suab ay3 Jo ainyonays A6ojodoy

fpypads

Ananisuas
PloysaiyL
oc#
6L#
l#
LL#
ol#
Sl#
YL#
cL#
CL#

Ol#
6#
8#
L#
ot
S#
H#
e#
o

ualied

(penunuod) zajqeL



Page 8 of 16

303

(2021) 23

Tian et al. Arthritis Research & Therapy

VHAS PUR NZg 249M S[3A3| UOIssa1dxa auab 104 s3UaB 92UB431 YL * L 1HdH PUB ZYHMA 249M S|3pow Uoissa1B31-1eaul] 10y sauab 23uaiyal 3y Jusned YL SAID. ‘0Z#~0L# Jualied YY1 SARDRUL ‘6 #~# SpIwounys| 477
‘spiweydsoydo|dAd x5 ‘dundolyieze yzy ‘auinboiojydAxoipAy DH ‘apizelpAy |KUnodiuos! Hj ‘|11ajou 1ejousydodAu Jpypy ‘91exa1104iaw X "Uosiupaid JO S0P 3y} 03Ul PSHISAUOD USSG PRy SSOP PIoIS1SOd11I0D dY |

0-10108B) SISOID9U Jowiny P-4\ ‘UID101d DAIIDERI D -dAINSUSIDAAY JyD-SY ‘D1l uoireIudWIPaS 91A201Y1AID YST ‘Djewd) 4 ‘Djew

%S/
%001
%001
%LTL

/

©O © © © © © © © ©

31025

~ ~ ~

/
52000
8€000
£v000
60000
61000

52000
€000
£€000
£€000
€1000
8¢000
0€000

€2000
61000
/1000
01000
02000
€1000
2000
90000
/0000
[9A3] YNYW
Jd0d

%8'€S
%' LL
%8LL
%05 Sy
/

©o o o o o

31005

~ ~ ~

/
6900
5900
LL00
8¢00
1600

or00
S/00
w00
w00
6800
500
€00
9900
6800
8€00
5600
€900
9500
0900
Y00
8100
[9A9] YNYW
19G-L

%008
%006
%6'88
%8'L8

/

o o o o o

21005

~ ~ ~

/
€00
€00
500
6¢00
8800

LS00
5€00
/00
€600
L€00
9¢00
900
£200
1200
9100
0C00
€00
9¢00
€00
£100
0L00
[9AS] YNYW
8¢dd

%008
%006
%6'88
%818
/
0

31005

193] uoIssaidxa auaD

anjea aAndIpaid anneban
anjeA aA1dIpaid aAnIsod
Kpynads

Ayanisuas

PloysaiyL

oc#

6l#

8l#

LL#

ol#
Sl#
l#
El#
Cl#
LL#
oL#

o
8i#
L#
o#
S#
i
c#
#
L#

ualied

(penunuod) zajqeL



Tian et al. Arthritis Research & Therapy (2021) 23:303

0 if a patient had a serum level less than the reference.
The total score of a patient was the sum of all biomarker
scores.

Assessment for the disease activity of TAK using the mRNA
level of gene expression

Relative mRNA levels of the genes, including TCR,
CD28, T-bet, and RORC, were calculated. The thresh-
old was set using the Youden index. A score of 1 was
given if a patient had an mRNA level greater than the
threshold, 0 if a patient had an mRNA level less than
the threshold. A total score of the gene expression
level that was the sum of all biomarker scores was also
set. The threshold of the total score was set using the
Youden index too. The patients with missing values in
the biomarkers were excluded from the analysis of this
biomarker.

Evaluation and comparison of the three types

of assessment methods

The sensitivity, specificity, positive predictive value, and
negative predictive value of each indicator were cal-
culated. The receiver operating characteristic curves
(ROCs) for each method were built, and the area under
curves (AUCs) was compared.

Statistical analysis

Normality was assessed with a Kolmogorov—Smirnov.
Normally distributed continuous variables were pro-
vided as meanz=standard deviation and non-normally
distributed continuous variables as median (interquar-
tile). A chi-square test was used for reporting associa-
tions between two categorical variables. Differences of
continuous variables between groups were analyzed by
the Mann—Whitney test. The correlation between gene
expression levels was represented by the Pearson cor-
relation coefficient. Models were otherwise validated by
examining standardized residuals for normal distribu-
tion. Statistical analysis was performed using IBM SPSS
statistic V.23 (Armonk, New York, USA). A P value of less
than 0.05 was considered significant.

Results

Patients

In total, 20 TAK patients that were being treated with
immunosuppressants (9 inactive ones numbered #1 ~#9,
and 11 active TAK patients numbered #10~#20) and
10 healthy controls (HCs) were included. These active
patients manifested clinical features of fever (9.1%),
arthralgia (36.4%), elevated ESR (27.3%), new onset or
aggravated features of vascular ischemia or inflamma-
tion (such as diminished or absent pulse, bruit) (54.5%),
and new occurrence of stenosis and vessel thickness of
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multiple large and medium-sized arteries (81.8%). The
demographic data and clinical features of patients were
listed in Table 1. There was one missing value in the hs-
CRP, the IL-6, and the TNF-« each. Notably, 8 active TAK
patients (72.7%) had a normal level of ESR (0 ~20mm/h),
7 active TAK patients (70%) had a normal level of CRP
(0~8.00mg/L), 8 active TAK patients (80%) had a normal
level of IL-6 (<5.9mg/L), and 8 active TAK patients (80%)
had a normal level of TNF-a (<8.1mg/L). On the other
hand, 1 inactive TAK patient (11.1%) had an increasing
level of ESR, and 2 inactive TAK patients (22.2%) had an
increasing level of TNF-a (Table 2).

Increased mRNA level of TCR, CD28, GATA3, RORC,

and FOXP3 in active TAK patients compared

with the inactive ones

Compared with the inactive TAK patients, the active TAK
patients had an increased mRNA level of TCR, CD28,
GATA3, and RORC in PBMCs. Besides, compared with the
HCs, the active TAK patients had an increased mRNA level
of PD-1, GATA3, and p65 in PBMCs. Notably, compared
with the HCs, the TAK patients had a decreased mRNA
level of TCR, CD40, and LAG3 in PBMC:s, the inactive TAK
patients had a decreased mRNA level of TCR, CD28, CD40,
LAG3, RORC, and FOXP3 in PBMCs, and the active TAK
patients had a decreased mRNA level of CD40. Interest-
ingly, compared with the inactive TAK patients, the active
TAK patients didn't have a significantly increased mRNA
level of T-bet and these immune checkpoint genes (Fig. 2).

Structure features of gene co-expression network are
described using linear formulas

Two gene co-expression networks were built for the
active TAK group and the inactive TAK group, respec-
tively (not shown), then the characteristics of network
structures were extracted from the active TAK group
compared with the inactive TAK group, and we estab-
lished the assessment model using the algorithm shown
in Fig. 1. The network analysis showed that compared
with the inactive TAK group, the active TAK group had
an increased degree of PD-L1, PD-1, LAG3, p65, CD3,
GATA3, T-bet, CTLA4, CD40L, and CD40, while had
a decreased degree of PD-L2, CCL5, TIGIT, FOXP3,
RORC, TIM3, and TCR (Fig. 3A). The gene co-expres-
sion network consisting of the genes with a degree
change value equal to or greater than 0 was built up, and
the active TAK group characteristically had a greater
clustering coefficient (0.724) than the inactive TAK
group (0.424) (Fig. 3B). We defined the characteristic
edge as the edge indicating the correlation with a Pear-
son’s r greater than 0.74 and a P value less than 0.01, and
there were 12 characteristic edges in total. To make a
mathematical description of the topology structure, the
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characteristic edges of the active group were described the red points which indicated the active TAK patients
using a linear regression equation (Fig. 3C). To intui- were more concentrated around the linear than the
tively display the results, the points representing active  black points which indicated the inactive TAK patients
patients or inactive patients were mapped to the same  (Fig. 3C).

coordinate system. It could be seen from the figures that

(See figure on next page.)

Fig. 3 Analysis for the Topology structure of the gene co-expression network. RNA was extracted from PBMCs and quantified by RT-gPCR. The gene
co-expression networks of inactive TAK and active TAK were constructed respectively. The Pearson correlation coefficient of any 2 gene expression
levels was calculated to construct a correlation matrix. A P value of less than 0.05 was considered significant. The blue edge indicates the correlation
only exists in the active TAK group or inactive TAK group. The bold line indicates the linear correlation that has a greater Pearson’s r than 0.74 and

a smaller P value than 0.01. A Rank the genes by the degree change value (Degree, . — Degree;,, o). B Exclude the genes with a decreasing
degree, and construct a network map using the other genes. C The linear correlations between genes which were indicated by bold lines in B
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Compare the diagnostic efficacies of three methods

to assess the disease activity using the topologic structure

of the gene co-expression network, the serum biomarkers,

and the gene expression levels

We tested the three assessment methods and compared
the diagnostic efficacies, and the evaluation details of
each patient were listed in Table 2. When assessing the
disease activity using the topologic structure of the
gene co-expression network, the sensitivity, specificity,
positive predictive value, and negative predictive value
was 90.9%, 100%, 100%, and 90%, respectively (Table 2,
Fig. 4A). The ROCs for each method were built and
the AUCs were calculated (Fig. 4B, C), and the method
adopting the topologic structure had the greatest AUC
(Fig. 4D).

Discussion

TAK is a chronic, relapsing, and progressive vasculitis, so
it is very important to monitor the disease progression
during the long-term follow-up. In this study, we pre-
sented a novel algorithm for assessing the disease activ-
ity of TAK using molecular diagnostics, which can reflect
the T cell activation more directly, more sensitively, and
more accurately than the serum biomarkers including
ESR, CRP, IL-6, and TNEF-a.

ESR, CRP, IL-6, and TNF-a are the commonly used
indicators for assessing the disease activity of TAK in the
clinic, but they all have a low sensitivity, which may con-
tribute to missed diagnosis in some active TAK patients
[1, 3]. Take CRP as an example. Most of the time, TAK
is manifested by chronic inflammation instead of acute
inflammation, which may lead to the normal levels of
acute-phase proteins in peripheral blood. And TAK is
sometimes mainly shown as local vascular inflammation,
so it may be hard to find out inflammatory biomarkers
with a high sensitivity correlating with the disease sever-
ity in peripheral blood. In addition, immunosuppression
therapy may repress the increase of CRP level [21-23],
which masks the inflammation activity. Therefore, the
markers of acute inflammation might be not the best
suitable indicator for assessing the disease activity of
TAK, and the sensitivity often less than 80% might be
inevitable [2, 3, 10, 11]

T cells contribute to the systemic and vascular mani-
festations of TAK [24-26]. The increase in the number of
T helper cell 1(Th1) and Th17 cells in peripheral blood is
correlated with TAK disease activity, and active TAK
patients have more IFN-y-, IL-6-, and IL-17A-producing
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T cells than inactive ones [24]. Besides, IFN-y-, IL-6-, and
IL-17A-producing T cells and T follicular helper cells
exist in the vascular inflammatory infiltration in patients
with TAK [24, 27]. In the active phase, a proportion of
the autoreactive T cells in the arterial lesion come from
the peripheral blood, so theoretically, the T cell activa-
tion can be detected in the peripheral blood, which might
be more sensitive than the acute phase proteins.

In this study, we used three different methods to assess
the disease activity, including the topology structure of
gene co-expression network, the blood biomarkers, and
the mRNA level of gene expression and compared the
diagnostic efficacies of the three types of methods. As
the results demonstrated, the diagnostic efficacies of the
topology structures and the mRNA level of gene expres-
sion were better than the biomarkers. Notably, there is
not only a topological indicator that can be used to assess
disease activity, and we found that the Toll-like recep-
tor-related gene groups were an indicator of the inac-
tive TAK patients instead of active ones, which indicates
that this algorithm could be used to quantify whether a
certain signal pathway has been activated, and whether
a certain an immune response has occurred in an indi-
vidual patient instead of in a patient group. The topology
structure of the gene co-expression network reflects the
activation of signaling pathways in an individual patient,
which may reveal more about the mechanism and con-
tribute to the disease subtyping in autoimmune disease.
However, the equations calculated by this study might
need to be corrected with a large sample before they are
applied to the clinic.

Additionally, our study provides several new findings
on the disease activity of TAK at mRNA level. Firstly, the
expression of GATA3 gene was increased in TAK patients
presenting active disease compared to those in remission
and to healthy controls, which suggested an ongoing Th2
response in the active stage of TAK, as GATA3 is a specific
transcription factor of Th2 cells, which plays a critical role
in the balance between Thl and Th2 subsets in immune
responses by promoting Th2 responses while inhibiting Th1
differentiation during the early stage of T cell differentia-
tion [28, 29]. There are relatively fewer studies investigating
the role of Th2 cells in the disease activity of TAK. Gao et al
and Kong et al found the increased Th2 cell percentage in
the peripheral blood in TAK patients compared to healthy
controls [30, 31]. Studies have shown that the mRNA expres-
sion level of IL-4, which promotes the differentiation of Th2
cells while inhibits Th1 cells and is secreted by Th2 cells, was

(See figure on next page.)

Fig. 4 Assessment for the disease activity of TAK patients using the topology structure of the gene co-expression network, the serum biomarkers,
and the gene expression level respectively. A Assessment using the scoring system established by the topology structure. The threshold of total
score was 8. B The ROC of A. C The ROC of each indicator. D The AUC of each indicator. ROC, receiver operating characteristic curve. AUC, area under

curve




Tian et al. Arthritis Research & Therapy (2021) 23:303 Page 13 of 16
A - B
[ #19
| I— #18
#17 0.8
I #16 Active h
] #1s TAK
#14 3.
#13 £ 06
-] #12 E :
] #11 =
410 4
#9 ] @ 04
#8 [ 7]
#7
. #6
Inactive 4s l:: 0.21 Total score,
TAK #4 | E— topology
#3 structure
#2 e |
i [ 0.0 T T T T
J v y v T T 0.0 0.2 04 06 08 1.0
-8 -6 -1 -2 0 2 4 .
Total score -8 1 - Specificity
Topology structure of the gene co-expression network
os os] os] oe os]
§os §or §os 5ol §os For
o o oz o o o2
oo, pes o, 1aGs oo, et 05,01 crLagGatas P, GATAS
o 02 o4 08 08 10 00 02 04 08 08 10 0 02 o4 o8 08 10 00 02 o8 10 0 02 o4 o8 o8 10 00 02 o0s 06 08 10
1 - Specificity 1- Specificity 1- Specificity 1- Specificity 1 - Specificity 1 - Specificity
Topology structure of the gene co-expression network
§os 5o §os §os §o §os
o o] o2 o] 0 o
PD-L1, LAGY PD-L1, p6s LAGS, p6s GATA3, CDA0L PDA1, p6s PD-1, PD-L1
o 02 o4 08 08 10 00 02 04 08 08 10 00 02 08 10 00 0z 04 os o8 10 00 02 04 08 o8 10 o 02 o4 o8 08 10
1- Specificity 1- Specificity 1 - Specificity 1 - Specificity 1- Specificity 1- Specificity
Biomarker
o os] 0 os o
§os 5o Fo For §oul
02 02 02 0z 02
Homarsers he-CRP ESR 16 TNFa
© oz 04 08 08 10 o 02 o4 o8 08 10 o 2 o o & 00 02 o0+ 08 08 10 0 02 o4 o8 o8 10
1- Specificity 1- Specificity 1 - Specificity 1 - Specificity 1 - Specificity
Gene expression level
os] o os] o os]
£ 2o 2..] 2o I
§or For §ov 5os §or
o2] o2 o2] o] o
senc st e Ter o Tant RoRe
o % e W W e N w Gt N o o s o o Mo % dh de ds o e oi di o dn 1o
1 - Specificity 1 - Specificity 1 - Specificity 1 - Specificity 1 - Specificity
Topology structure of the gene co-expression network Biomarker Gene expression level
U ! 1 I ) 1 \
1.040.98 0.965
0.889
0. 86‘;'0 848 0.838 0.848 0.838
084 0.768 0.758 0.759
0.727 0.727 . 0 741
0.6570.667 0.667 0.677
0 616
0.64 0 599 0.593
0.535
1
T T T T T T T
YV
Yoz 503 OQ? [COJ ,,203 PN 44 2y, , Oy , 2y, ,“‘103 ‘174 5 ~4 » "’1.9/&534’ 6*0,?:‘6 q’ﬁq r%/ }Q? RTH 7Be, /POQC
ore e 2, " 04’04} (‘10"065 "D CO;;ZJ O\(/ e '603
Fig. 4 (See legend on previous page.)




Tian et al. Arthritis Research & Therapy (2021) 23:303

significantly higher in PBMCs of TAK patients than healthy
controls, and the stimulated PBMCs of TAK patients, as
compared with the controls, had higher mRNA gene expres-
sion of IL-4 [30, 32, 33]. Furthermore, the Th2 response pro-
motes humoral immunity and antibody production [34].
Anti-endothelial cell antibodies are frequently presented
in TAK patients, which may play a role in the pathogenesis
[35]. However, it is generally believed that the inflammation
of TAK is dominantly driven by T cells [36]. Although the
role of B cells in the pathogenesis of TAK has been unclear,
more and more evidence suggests that B cells and follicular
helper T cells (Tth) play an important role, including the dis-
turbances of B cell homeostasis and increased Tth cells in the
peripheral blood, the tertiary lymphoid organs, B cells, and
specific Tth signature in areas of arterial inflammation [37—
39]. Furthermore, we found that compared to the healthy
controls, active-treated TAK patients have a higher level of
GATA3, while inactive-treated TAK patients have a lower
level of GATA3, which might account for the inconsistent
results about whether there is an increased Th2 level in the
peripheral blood in TAK patients. That is, some studies have
detected an increased Th2 level but others have not, which
might be related to not grouping TAK patients accord-
ing to the disease activity [30, 31, 39]. Our findings provide
new evidence at the mRNA level that Th2 cells and humoral
immunity are involved in the pathogenesis of TAK.

Our study also showed that there were increased
mRNA levels of TCR, CD28, RORC, and FOXP3 in active
TAK patients compared to inactive TAK patients, which
indicating that T cells and Th17 cells were involved in the
inflammatory activity, which is consistent with previous
findings [24, 40]. Interestingly, the mRNA levels of T-bet
did not have a significant increase in active TAK patients
compared to inactive TAK patients or healthy controls.
Although some studies detected an increased level of
Th1 cells in the peripheral blood of active TAK patients
than that of inactive TAK patients [40], some studies did
not detect an increase in Thl cell level [30, 39], so it is
controversial whether the level of Th1 cells in the periph-
eral blood of active TAK patients is elevated compared
to inactive TAK patients. Besides, there were decreased
mRNA levels of TCR, CD28, RORC, and FOXP3 in TAK
patients in remission compared to healthy controls,
which demonstrated an attenuated ability and a decrease
number of T cells, and we speculate that which was
related to the immunosuppressive therapy.

Secondly, we found that when comparing the active
TAK patients to the inactive TAK patients, although
there were increased mRNA levels of TCR, CD28,
GATA3, RORC, and FOXP3, which indicate that T
cells were involved in the disease activity of TAK, these
mRNA levels of many immune checkpoints were not
increased, such as CTLA4, PD-1, LAG3, TIGIT, and
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TIM3. We speculate that it might be related to the atten-
uated secretion of IL-10 in PBMCs of TAK patients [32,
41-43]. Notably, although these immune checkpoints
were not increased in active stage than in inactive stage,
the emerging gene co-expression revealed the activation
of these immune checkpoints in active TAK stage, which
suggests that gene co-expression network might more
accurately reflect the activation of T cells than the gene
expression levels in TAK.

This study also has some limitations. An impor-
tant limitation is the lack of a new validation cohort of
TAK patients to confirm the result. Second, TAK-naive
patients were not included in the analyses. The immuno-
suppressive and biologic therapy might suppress T cells
and alter the parameters of the linear model. Last, the
sample size was relatively small. However, the minor het-
erogeneity across samples and the clearly statistically sig-
nificant group differences suggested the reliability of the
results. As a next step, we plan to validate our model in
an independent large randomized cohort, which includes
four groups of TAK patients, such as inactive-naive TAK
patients, active-naive TAK patients, inactive-treated TAK
patients, and active-treated TAK patients.

Conclusions

The activities of T cells in peripheral blood might reflect the
disease activity of TAK more sensitively than some mark-
ers of acute inflammation, and the topology structure of the
gene co-expression network of TAK patients is potential to
be applied to assessing the disease activity of TAK in the
clinic.
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