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Abstract

Inflammation in the tumor microenvironment influences all stages of HCC
development and progression as well as the anti-cancer response by immune system. In this
study, we studied cytokine networks before and after transarterial chemotherapy (TACE).
Serum samples obtained from 203 HCC patients treated with TACE were analyzed for
inflammatory cytokines including interleukin (IL)-18, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-
12, IL-13, IL-17, IL-22, TNF-a, IFN-y, and C-reactive protein (CRP) levels. Cytokine
concentrations were measured at day 0 (DO, baseline), day3 (D3), day7 (D7), and day 60 (D60)
after TACE. Network analysis revealed that modules within cytokine network at DO were lost
by D60 and modularity value (Mc) was decreased from 0.177 at DO to -0.091 at D60. D60 had
the lowest network heterogeneity and lower diameter, clustering coefficient, network density
and recruited nodes. Degree correlation revealed that assortative network turned to
disassortative network by D60 indicating that the network gained scale free feature. CRP, IL-
2 were components of modules related with adverse outcome and IL-13, favorable outcome.
Median survival month of patient group with high and low values with P-values were as follows:
DO CRP, 9.5 month (M), 54.2M (P<0.0001); DO IL-2, 39.9M, 56.1M (P=0.0084); D3 CRP,
31.3M, 55.1 M (P=0.0056); D7 CRP, 28.7M, 50.7M (P=0.0065); IL-13, 51.9M, 33.6M
(P=0.06). Network modularity decreased with temporal changes. Components of modules that
included CRP, IL-2 and IL-6 were associated with adverse outcome and short overall survival.
These modules were dissolved by D60 after TACE. Degree correlation decreased by D60,
indicating that the cytokine network gained the scale free network property as in other
biological network. TACE treatment converted cytokine network from that with inflammatory
module to that with scale free network feature and without modules. Further studies are

required to verify temporal changes of cytokine network in HCC patients after TACE.
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Introduction

Hepatocellular carcinoma is the most common malignancy of primary liver cancer, the
6th most commonly diagnosed cancer, and in 2018 was the fourth leading cause of cancer-
related death worldwide [1]. In males, HCC is the 5th most common cancer and the 2nd leading
cause of death, with an incidence rate twice that of females. Major risk factors for HCC are
chronic hepatitis via hepatitis B and C viruses, alcoholic liver disease, aflatoxin B1-
contaminated foods, nonalcoholic hepatitis, obesity, smoking, and type 2 diabetes [1, 2].

Pathophysiology of HCC is characterized by molecular gene alternations and driver
mutations in the cell and the microenvironment surrounding the cell [3]; the inflammatory
microenvironment caused by viral and toxic risk factors plays an important role in HCC
development [4]. Chronically damaged tissues containing inflammatory molecules, fibrous
tissue, and malignant cells construct a complex interaction network that promotes HCC
development, progression, and resistance to therapy [3, 4]. The presence of nuclear factor-KB,
epidermal growth factor, and interleukin (IL)-6 in the microenvironment is associated with
poor prognosis [5]. Th2-like cytokines (including I1L-4, IL-8, IL-10, and IL-5) are associated
with aggressive and metastatic HCC, unlike Th1-like cytokines (including IL-1a, IL-1f, IL-2,
TNF-a) [6]. TNF, lymphotoxin- a, lymphotoxin-3, and IL-6 are all associated with promotion
of HCC [7, 8].

Because no single molecule acts as a lone factor for liver carcinogenesis, complex
interaction networks should be considered. A network is comprised of a set of nodes that
represent entities such as cytokines, genes, or proteins and a set of edges or links that define
the relationships between nodes [9]. The relationship between nodes could be a physical
interaction, physical link, ethereal connection, or represent mass/energy exchange [10]. A

biological network can be composed of clustered molecules with both physical and non-
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79  physical interactions. Networks with physical interactions include protein to protein interaction
80  networks, and networks with non-physical interactions include co-expression networks,
81  disease networks, molecular pathway interactions, and gene versus phenotypes [11-12]. A
82  conceptual network of cytokine co-expression data might reveal complex interactions in HCC
83  patients treated with TACE. Therefore, in this study, a complex interaction network was
84  explored by comparative analysis of multiple cytokines IL-1p, IL-2, IL-4, IL-5, IL-6, IL-9, IL-
85  10,1L-12,IL-13,1L-17,1L-22, TNF-a, IFN-y, and CRP, measured at baseline (D0), day 3 (D3),
86  day 7 (D7), and day 60 (D60) after TACE.

87

ss  Materials and Methods

89  Patients

90 This study was approved by the Institutional Review Board of Incheon St. Mary’s
91  Hospital. After informed consent provided from participants, serum samples obtained from 203
92  HCC patients treated with TACE were analyzed for inflammatory cytokines including
93 interleukin (IL)-18, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13, IL-17, IL-22, TNF-a,
94  IFN-y, and C-reactive protein (CRP) levels between June 2011 and December 2012 [13, 14].
95  Forprognostic analysis and estimation of overall survival (six year), patient data were collected
96 by December 2018. Patients with an unresectable tumor graded as Child-Pugh class A or B
97  without evidence of portal vein involvement who were initially treated with TACE were
98  selected [13]. HCC diagnosis was based on histology or elevated o-fetoprotein level in
99 radiologic findings. TACE agents were composed of doxorubicin (50 mg) or epirubicin (50
100  mg) and cisplatin (60 mg) with lipiodol (5-10 mL) based on baseline tumor extent. Baseline
101  characteristics of the datasets are listed in Table 1.

102
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Table 1. Baseline patient characteristics.

o Patient (n=203)
Age (year)d 58 (40 - 84)a
Sex, Male / Femalex 164 / 391

Etiology, HBV / HCV / Alcohol / Others~

142 /17/22/22k

Ascite, None / Presentc

172 /312

Portal hypertension, None / Presentc 155 /48
ECOG,0/1/2/3 bx 115/49/27 /4%
Child Pugh Class, A/ B/ C b 141/49/ 5
Tumor Maximum Size (cm)& 5.7 (0.8 - 28)x
Tumor number, single / multiplex 102/ 101x
Metastasis, None / present< 169 / 34x
Treatment™ o}

TAC / +PEI / +Radiation / sorafenib / Othersc

127/3/16/5/ 52

Laboratory data, median (range)=

o]

Platelet (x109/L)x 131 (0.95 - 502)«
Prothrombin time (INR)= 1.2(1.0-461)~
Bilirubin (mg/dL)x 1.2(0.3-9.7)=
AST (U/L)= 51.5 (11 - 522)=
ALT (U/L)= 36 (11 -392)
Albumin (d/dL)= 3.6 (0.8-5.1)«
Creatinine (mg/dL)= 0.7(0.4-1.3)=

Sodium (mmol/L)x

138 (125 - 144)m

AFP (ng/mL)=

57.6 (1.3 - 3,000)c

PIVKA-II (mAU)a

193 (10 - 75000)

This is the Table 1 legend.

HBYV, hepatitis B virus; HCV, hepatitis C virus; TAC, transarterial chemotherapy; PEI,
percutaneous ethanol infection, AST, aspartate aminotransferase; ALT, alanine
aminotransferase; AFP, alpha fetoprotein; PIVKA-II, protein induced by vitamin K absence or
antagonist II.

aThe continuous variables are presented as median (range).

"For ECOG (Eastern Cooperative Oncology Group) and Child Pugh classification, 8 patient

had no data.
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115 Cytokine measurement

116 The cytokines tested during TACE were IL-18, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-
117 12, 1L-13, IL-17, IL-22, TNF-a, and IFN-y. Cytokines were measured using a Flowcytomix
118  Multiplex with a multiple cytometric bead immunoassay (eBioscience, San Diego, CA, USA)
119  at baseline (D0), day 3 (D3), day 7 (D7), and day 60 (D60) after TACE.

120

121 Laboratory data measurements

122 CRP level, liver panel, and other blood chemistry data were measured at the same time
123  as the cytokines using a Beckman Coulter AUS5800 Clinical Chemistry System (Beckman
124  Coulter, Miami, FL, USA). Data related to viral hepatitis were measured using
125  anArchitecti2000 analyzer (Abbott Laboratories, Chicago, IL, USA). Platelet counts were
126 measured using an XE-2100 differential analyzer (Sysmex Corporation, Kobe, Japan).

127

128 Network topology analysis

129 Statistical analyses of cytokine profiles were performed with Spearman’s correlations,
130  and statistically significant cytokine pairs were used for network analysis. Each cytokine was
131  regarded as a node, and correlated pairs were regarded as links (edges) in the network [15].
132 Cytoscape and NetworkAnalyzer were used for network analyses [16-19]. Degree correlations,
133 modularity and clustering analysis was calculated using iGraph which is a package of R
134 program [20, 21].

135 As defined by graph theory, the clustering coefficient, <C>, is the number of edges
136 from the nodes (cytokine), connected each other, which all allow for a connection to node i.
137 The degree measurement is the number of edges (links or correlation pairs) connected to a

138  node. Network density is the ratio of edges in the network to the total possible number of edges.
6
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139  The length of a path is the number of unique edges that form between two nodes. Distance is
140  defined as the shortest path length between nodes i and j within the network. Network diameter
141 isthe maximum length of the shortest path. The characteristic path length is the average shortest
142 path length that generates expected distance between two nodes, i and j. The average degree,
143  <k>, indicates the average number of edges from the nodes. Network heterogeneity is a
144  measure of variance in the number of edges divided by the mean number of edges. The
145  topological coefficient is a relative measure for the extent to which a node shares a neighbor
146 with another node. The network centralization value approaches 1 when the network resembles
147  a star. Stress centrality of a node is the number of shortest paths passing through the node.
148  Betweenness centrality of node & defines the shortest path between nodes i and ; that pass
149  through node k and implies that node k exerts control over other nodes. Closeness centrality of
150  anode reflects how close it is to other nodes in the network. Eccentricity reflects maximum
151  distance from a node [15-19]. Degree correlation (p) is a value that node links to similar or
152  dissimilar node, which was calculated by dividing degree correlation function divided by
153  average number of degree. Modularity (Mc) was a fraction of links included within a given
154  group compared to expected links randomly distributed which was calculated using random
155  walks algorithm [22].

156

157 Statistical analysis

158  Demographic data and baseline characteristics were presented as median values with ranges
159  for continuous variables. The level of cytokines was compared among DO, D3, D7 and D60
160  using Kruskal-Wallis test. For molecules with statistical significance, Mann-Whitney test was
161  performed. For the prognosis prediction, univariate and multivariate analyses were performed

162  using Cox regression analysis, and all cytokine molecules were studied by entering the
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163  parameters into the model using backward method. Overall survival of patient outcome was
164  analyzed by Kaplan-Meier method and compared using log rank method for parameters from
165  multivariate model with statistical significance. The starting point of survival was the time of
166 initial diagnosis of hepatocellular carcinoma and primary end point was death from any cause.
167  The maximum area under the ROC curve (AUC) was selected for cut off values of parameters
168  from multivariate analysis. Statistical analyses were performed using Medcalc software version
169  18.11 (Medcalc, Mariakerke, Belgium).

170

171 Results

172 Comparison of D0, D3, D7 and D60 cytokine levels and cytokine

173 correlation analysis

174 The cytokine profiles on D0, D3, D7,and D60 after TACE showed that most of the
175  cytokine concentrations were not statistically significant except CRP level, which was 19.45,
176 38.61, 32.62, and 26.94 mg/L, on DO, D3, D7, and D60, respectively, in Table 2 and S1 Fig.
177  Except for the comparison between D0 and D60, all other comparisons among CRP levels were
178  statistically significant by Mann-Whitney test. The IL-6 concentration increased over time
179  from DO to D60 and peaked at 56.16 ng/mL on D60, a 10-fold increase from the baseline
180  concentration. Conversely, IL-2, IL-5, IL-10, IL-17a and IFN-y concentration decreased over
181  time and was the lowest on D60. IL-4, IL-13, TNF- a concentration was non-fluctuating or
182  steady state on D60. IL-12, IL-6, IL-9, IL-22 and IL1-f increased on D60 after TACE.

183

184  Table 2. Measured cytokine levels for patients before transarterial chemotherapy (D0)
185  and at 3 days (D3), 7 days (D7), and 60 days (D60) post-transarterial chemotherapy?®.
186
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o} DOx D3u D7x D60x

o] Meanx SDx Meanx SDx Meanx SDx Meanx SDx
IL-12x 15.07x 65.321 9.31x 52.161 11.16% 50.11x 3595k 159.05x
IFN-ya 6.19 39.28x 4.740 26.24x 8.13x 34.61x 13.51= 50.79%
IL-170x 19.97x 78.14x 12.28 40.19% 11.88x 41.57x 20.43x 101.351
IL-2a 26.75¢ 50.29x 30.03x 43.22u 26.50 49.46x 31.50 75.96x
IL-10z 2.79% 9.86x 3.350 13.48x 2.820 9.95c 6.78x 29.27x
IL-9x 5.99 27.44x 4.81a 25.57¢n 6.250 26.13m 19.71x 7741
IL-22x 156.46x 278.540 98.59¢ 176.21x 128.24x 238.72x 268.58x 518.17x
IL-61 4.14n 14.3x 15.05% 46.61x 10.18 28.14x 12.13a 31.67x
IL-13x 32.97 33.53u 30.75z 36.48c 31.02z 33.24u 42.17 43.93u
IL-4a 22.39¢ 53.86x 21.68 50.34x 2230 51.39x 41.21x 95.03x
IL-5% 2.83c 21.16x 1.851 13.48x 0.92x 6.47c Ox Ox
IL-1bx 13.22x 49.69x 11.27x 39.72x 12.27x 34.12x 29.40 95.70
TNF-ox 11.5¢= 34.63c 13.72m 50.1 7.72% 22.32m 19.95z 85.721
CRP* 21.25¢ 38.63x 38.61x 41.21x 32.62¢ 44.19¢ 26.93x 43.72¢

This is the Table 2 legend.

IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; CRP, C-reactive protein; SD,

standard deviation.

aStatistical analysis was performed using a Kruskal-Wallis test for analysis of variance among

DO, D3, D7 and D60 and only CRP revealed statistical significance. Units for cytokines are as

follows: CRP, mg/L; others, pg/mL.

Spearman’s method was performed to generate a co-expression matrix (S1-S4 Tables),

and the number of molecular pairs significantly correlated at DO, D3, and D7, and D60 were

as follows: DO, 44 pairs; D3, 58 pairs; D7, 56 pairs; and D60, 50 pairs. These data are listed in

S5-S8 Tables.

Network analysis of molecules

Networks were plotted for pairs of cytokines exhibiting significant correlations using
correlation coefficients (Fig 1), and topological parameters were calculated (Table 3 and S9-

S12 Table). DO, D3, D7, and D60 networks revealed that clustering coefficient, network
9
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203  density, and average number of neighbors were highest on D3. Network diameter, average
204  shortest path and shortest path length were highest on DO and equivocal or lowest on D60.
205  Network heterogeneity and number of included nodes revealed decreasing patterns from DO to
206 D60, respectively. Modularity (Mc) of network revealed constantly decreasing pattern from DO
207  to D60 and the modules were colored in green or blue. Decreasing modularity values were also
208  supported by clustering analysis of network (Fig 1). Degree correlation (p) was converted from
209  positive values to negative values by D60. At DO, p was 0.281, at D3, pu was 0.209 and at D7,
210 pwas 1.00. At D60, pu was -0.315, which implies that the network with assortative nature was
211  turned to disassortative nature by D60 after TACE.

212

213 Fig 1. Cytokine Network of hepatocellular carcinoma after TACE

214  Network analysis results at (A) DO, (B) D3, (C) D7 and (D) D60 after transarterial
215 chemotherapy are presented. Network modules are clustered and colored with blue or green.
216

217  Table 3. Network topological parameters of D0, D3, D7, and D60 after transarterial

218  chemotherapy.

219
o DOx D3x D7z D60x
Clustering Coefficient, <C>t 0.797=  0.962 0.831=  0.813x
Network density= 0.473z  0.731= 0.7052  0.742&
Network heterogeneity™ 0.398x  0.338=  0.378=  0.307=
Connected componentsa 1z 1z 20 !
Network diameterx Zile 20 20 20
Network centralization= 0.346x  0.318=  0.1522¢  0.309x=
Shortest patha 182x 1561 112a 132a
Characteristic path lengthx 1.681x 1.269a 1.018a 1.258a
Average degree, <k>0 6.143c 8.7691 8.462x 8.167c
Number of nodes, No 14x 13 13 12a
Degree correlation, ua 0.281=  0.209«  Im -0.3150

10
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Modularity, Mcx 0.177=  0.038=«  0.0362  -0.091=

220

221 Analysis of each node revealed that IL-4 had the highest degree (k= 10) on DO;TNF-a
222 had the highest degree (k= 12) on D3;IL-1p, IL-2, IL-4, IL-5, IL-10, IL-13, IL-22, INF-y and
223 TNF-a had the highest degree on D7 (k= 10);and IL-10 had the highest degree (k= 11) on D60
224 (S9-S12 Tables). The node with the highest degree is considered the hub node or, in this study,
225  a hub cytokine. IL-6 became weakly associated with other cytokines within the network and
226  was linked with CRP on D7 andIL-10 on D60. IL-22 was strongly associated with network,
227  which was isolated on D60. Alternatively, IL-9 was isolated from the rest of the cytokine
228  network from D0, D3 and D7 on D60.

229 Altogether, network analysis revealed that smallest network diameter, decreased
230  network heterogeneity and decreased modularity by D60 might be related to decreased
231  cytokine network function. Loss of modularity was also supported by clustering analysis of
232 network. Degree correlation showed that assortative network turned to disassortative network
233 by D60 after TACE, which indicates that the network gained scale free feature.

234

235 Prediction of patient outcome

236 For prediction of patient outcome, univariate and multivariate analysis was performed
237  using all the studied molecules from DO, D3 (S13 Table) and D7, D60 (S14 Table). At DO,
238  IL-2, IL-10, IL-6, IL-5, IL-1B, CRP were statistically significant in univariate analysis. In
239  multivariate analysis, IL-2 revealed P-value of 0.012 with a hazard ratio (95% confidence
240  interval, (CI)) of 1.003 (1.001-1.005). CRP revealed P-value of less than 0.001 with a hazard
241  ratio (95% CI) of 1.017 (1.013-1.022). At D3, IL-17a, IL-6, IL-13, CRP revealed statistical
242  significance and in multivariate analysis CRP revealed a P-value of 0.001 with a hazard ratio

243 (95% CI) of 1.015 (1.006 - 1.024) and IL-6 revealed a P-value of 0.03 and a hazard ratio (95%
11
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244  CI) of 1.012 (1.001 - 1.022). At D7, only CRP revealed statistical significance in univariate
245  analysis with a P-value of 0.016 with a hazard ratio of 1.009 (1.006- 1.017). At D60, IL-12,
246 IL-17a, IL-22, IL-6, IL-1B, TNF-a and CRP revealed statistical significance in univariate
247  analysis. In multivariate analysis only CRP revealed statistical significance with a P-value of
248  less than 0.001 with a hazard ratio (95% CI) of 1.022 (1.010 - 1.033). ROC analysis revealed
249  that cut off values of DO CRP was 8.87 mg/L and DO IL-2 was 1.63 pg/mL. Cut off value of
250  CRP at D3 was 22.39 pg/mL and IL-6 was 3.25 pg/mL. CRP at D7 was 16.27 mg/L and CRP
251 at D60 was 7.53 pg/mL, respectively. Based on these parameters, overall survival was
252  estimated. The five year survival of hepatocellular carcinoma with TACE patients was studied
253  from the time of diagnosis to death of any cause. Mean survival month of patient group with
254 high and low CRP concentration at DO was 9.5 month (M) and 54.2 M, respectively, with a P-
255  value of less than 0.001 (Fig 2). Of IL-2, patient group with high and low concentration at DO
256  revealed mean survival month of 39.9 M and 56.1 M, respectively, with a P-value of 0.0084.
257  Mean survival month of CRP at D3 was 31.3M and 55.1 M, respectively, with a P-value of
258  0.0056. IL-6 at D3 revealed mean survival month of 33.7M and 53.1M for high and low
259  concentration of IL-6 within patient group, respectively with a P-value of 0.0017. At D7,
260  patient group with high and low concentration of CRP revealed 28.7 M and 50.7 M,
261  respectively with a P-value of 0.0065.At D60, patient group with high and low concentration
262  of CRP revealed mean survival month of 31.7M and 55.3M, respectively with a P-value of
263 0.0135.

264

265  Fig 2. Patient outcome by cytokine status

266  Overall survival of patient group by high and low concentration of cytokines after transarterial
267  chemotherapy was shown. (A) CRP and IL-2 at DO, (B) CRP and IL-6 at D3, (C) CRP at D7

268 and (D) CRP ant D60.
12
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269

270  Discussion

271 Carcinogenesis is characterized by genetic alteration of cells, and the tumor
272 microenvironment is involved in all stages of carcinogenesis from initial cell transformation to
273  metastasis [9]. The tumor microenvironment of HCC is composed of stromal cells, infiltrated
274  innate and adaptive immune cells, and secreted cytokines in an extracellular matrix. An
275  understanding of the complex network of interactions among these components could elucidate
276  the steps of carcinogenesis and the influence of the microenvironment on hepatocytes.
277  Cytokine molecules produced by innate and adaptive immune cells play an important role in
278  the microenvironment of HCC. According to the Barcelona Clinic Liver Cancer (BCLC)
279  staging system, patients with intermediate-stage HCC are generally treated with TACE, which
280  reportedly lengthens median survival rates [23-25]. However, TACE often causes
281  inflammation and ischemic injury to the liver and its effects on tumor microenvironment
282  requires elucidation.

283 Understanding cytokine profiles may provide insight into immunological complexities
284  in a tumor microenvironment influenced by treatment-associated inflammation, liver function,
285  and HCC stage [13]. Comparison of cytokine concentrations among D0, D3, D7, and D60 were
286  not statistically significant except for CRP, but most of the cytokine profiles revealed an
287  increasing or decreasing pattern. IL-1pB, IL-6, IL-9, IL-12p70, IL-22 level increased and IL-
288  17a, IL-2, IL-5, IL-10, IL-17a and IFN-y levels decreased, but I1L-4, IL-13, and TNF- «
289  remained stable by D60.

290 Cytokine profiles are complex, and network analysis might better elucidate different
291  aspects of their dynamics that cannot be gleaned via single-cytokine analysis. The network

292  heterogeneity, network diameter and network modularity helped explain the modular nature of
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293  the biological function [26]. Unlike for DO, the D60 cytokine network revealed decreased
294  heterogeneity and diameter by D60 compared to D0, D3, and D7. These network parameters
295  were supported by the modularity analysis that the modularity values constantly decreased
296  from DO to D60. At day DO before TACE, there were 2 modules, which was colored in blue or
297  green, and that was also shown by hierarchical clustering analysis of network (Fig 1). These
298  parameters might imply that cytokine functions are decreased or normalized after TACE by
299  D60.

300 Unexpectedly, survival analysis results were in line with network analysis.
301  Multivariate analysis showed that CRP and IL-2 at DO, CRP, and IL-6 at D3, CRP at D7 and
302 D60 was a predicting factor of adverse outcome. These molecules turned out to be one of
303  components of modules in cytokine network at DO, D3 and D7 (Fig 1), except for D60 CRP.
304  Therefore, the modules in cytokine networks are thought to be related with adverse outcome
305  among patients and the modules bear unknown function that requires elucidation. In addition,
306  response of TACE might be evaluated by reduction of tumor size and other measuring
307  parameters as well as modularity (Mc) of the cytokine networks. Decreasing modularity from
308 DO to D60 implies that inflammatory aspects of cytokine network are decreased by TACE (Fig
309  2). At DO, component of modules colored in blue was IL-6, CRP, and IL-9 and modules colored
310  in green was IL-2, IL-10 and IL-5 (Fig 1). Among them, CRP and IL-2 were related with
311  adverse outcome in survival analysis. At D3, IL-6 and CRP constituted a module that was
312  colored in blue and both of them were related with adverse outcome in survival analysis. At
313 D7, CRP and IL-6 formed a module and CRP was related with adverse outcome. Network
314 modularity results and survival analysis implies that module are related with adverse outcome.
315  As modules were decreased from DO to D60, TACE might have converted cytokine network
316  from a network that have adverse outcome to that of relatively favorable outcome. Modules

317  are thought to have inflammatory function that characterizes the network with that module.
14
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318 Network diameter, shortest path, and path length are related to a small world property,
319  which implies that short path length is associated with fast response against external stimuli
320  and adaptation to environmental change [27]. In this study, these parameters were decreased in
321  cytokine networks by D60, indicating that cytokine networks are relatively efficient in
322  spreading perturbations within the network and in reacting to changes caused by external
323  conditions. In addition, degree correlation values were also decreased by D60, which implies
324 scale free feature of cytokine network by D60. Biological networks or scale-free networks tend
325  toexhibit higher network heterogeneity [28, 29]. However, in this study, network heterogeneity
326  parameter was decreased at D60 compared to other data points, which was inconsistent with
327  other parameters and was unexpainable. Altogether, cytokine network are thought to be
328  converted from network with inflammatory function to decreased function after TACE.

329 It is of interest to see the weak association of IL-6, isolation of IL-22 and incorporation
330  of IL-9 into the cytokine network on D60. IL-6 was correlated with tumor size, number, and
331  metastasis and is an unfavorable prognostic indicator in HCC [13, 30]. Weak association of IL-
332 6 on D7 and D60 indicates that either the expression level of IL-6 was uncontrolled by the
333  cytokine network or negative feedback mechanism of expression of IL-6 was uncontrolled.
334  These might be explained by forming modules with other molecules. IL-6 formed module with
335  CRP from DO to D7 and related with adverse outcome in D3. In contrast, IL-9 was incorporated
336 into the cytokine network and IL-9 was isolated on D3 and D7. IL-9 is known to be produced
337 by various CD4 T-cells including Ty2, Ty9, Tyl7, and T, [31]. IL-9 affects hematopoietic
338  cells, epithelial cells, mast cells, smooth muscle cells, and lymphocytes and acts as an
339  immunomodulator [32]. Further studies are required, as little is known about the role of IL-9
340  in HCC patients. IL-22 level was increased and was isolated from the cytokine network on
341  D60. IL-22 has been reported to have protective properties for hepatocyte [33] or promoted

342 cancer cell growth and metastasis [30, 31]. Cytokine network implies that IL-6 and IL-22 might
15
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343  have lost negative feedback mechanism after TACE.

344 A node with the highest degree could be regarded as a hub node, and hub nodes tend
345  to link or interact with nodes with fewer edges [19, 35]. The hub node is related to network
346  robustness, as removal of hub nodes might lead to system failure [27]. In this study, the hubs
347  were [L-4 on DO; TNF-0 onD3; IL-18, IL-2, IL-4, IL-5, IL-10, IL-13, IL-22, INF-y, and TNF-a
348  on D7; and IFN-y, IL-2, and IL-10 was the hubs on D60.

349 The degree correlation is a parameter that defines that relation of nodes with other
350  nodes. Assortativeness indicates that hub is related with hub and dissorativeness indicates the
351  hub node is related with non-hub node, which is close to hub and spoke model. In this study,
352  the positive value of degree correlation value (i) changed to negative after chemotherapy by
353  D60. TACE treatment changed assortative network to disassortative network by D60.
354  Considering that most of biological networks possess disassortative feature, TACE treatment
355  turned cytokine network into network similar to normal biological network.

356 Limitations of this study are that the etiology of HCC in this study was mostly due to
357  hepatitis B virus, which might have a different microenvironment compared to other causes
358  and the patients were predominantly male, which might have affected the outcome. In addition,
359  the cytokine network might have been better analyzed using a time series algorithm that was
360  mostly designed for analysis of gene expression data. Comparisons of network topological
361  parameters using Z scores were statistically impossible due to the use of four networks.

362
363 Conclusion
364 In conclusion, cytokine network of HCC patients before and after TACE revealed

365  different features. Network modularity decreased with temporal changes. Components of

366  modules that included CRP, IL-2 and IL-6 were associated with adverse outcome and short
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367  overall survival. These modules were dissolved by D60 after TACE. Degree correlation
368  decreased by D60, indicating that the cytokine network gained the scale free network property
369  as in other biological network. TACE treatment converted cytokine network from that with
370  inflammatory module to that with scale free network feature and without modules. Further
371  studies are required to verify these temporal changes of cytokine network in HCC patients after
372  TACE treatment.
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Supporting information

S1 Fig. Bar graph of cytokines for day 0, 3, 7 and 60. Median and 95% confidence interval (CI)
were presented.

S1 Table.

S2 Table.

S3 Table.

S4 Table.

S5 Table.

S6 Table.

S7 Table.

S8 Table.

S9 Table.

Correlation matrix of cytokines concentrations at D0.

Correlation matrix of cytokines concentrations at D3.

Correlation matrix of cytokines concentrations at D7.

Correlation matrix of cytokines concentrations at D60.

P-value of correlation matrix from cytokines concentrations at D0.

P-value of correlation matrix from cytokines concentrations at D3.

P-value of correlation matrix from cytokines concentrations at D7.

P-value of correlation matrix from cytokines concentrations at D60.

Topological parameters from network analysis of DO.

S10 Table. Topological parameters from network analysis of D3.

S11 Table. Topological parameters from network analysis of D7.
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S12 Table. Topological parameters from network analysis of D60.

S13 Table. Univariate and multivariate analysis by Cox regression analysis for D0 and

D3.

S14 Table. Univariate and multivariate analysis by Cox regression analysis for D7 and

D60.
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