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ABSTRACT

Background. To help identify potential hepatocellular
carcinoma (HCC) candidates for immunotherapies, we
aimed to develop and validate a radiomics-based biomarker
(Rad score) to predict the infiltration of tumor-infiltrating
CDS8™ T cells in HCC patients, and to evaluate the corre-
lation of Rad score with tumor immune characteristics.
Methods. Overall, 142 HCC patients (n = 100 and n = 42
in the training and validation sets, respectively) were
subjected to radiomic feature extraction. Imaging features
and immunochemistry data of patients in the training set
were subjected to elastic-net regularized regression analy-
sis to predict the level of CD8" T cell infiltration.
Results. A Rad score for CD8V T-cell infiltration, which
contained seven variables, was developed and was vali-
dated in the validation set (area under the curve [AUC]:
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training set 0.751, 95% confidence interval [CI]
0.656-0.846; validation set 0.705, 95% CI 0.547-0.863).
The decision curve indicated the clinical usefulness of the
Rad score. A higher Rad score correlated with superior
overall and disease-free survival outcomes (p = 0.012 and
0.0088, respectively). Using the pathological slides, we
found that the Rad score positively correlated with the
percentage of tumor-infiltrating lymphocytes (TILs;
Spearman rho = 0.51, p < 0.0001). Moreover, the Rad
score could also discriminate inflamed tumors from
immune-desert and immune-excluded tumors (Kruskal-
Wallis, p < 0.0001), and higher Rad scores could be found
in patients with positive programmed cell death ligand 1
expression in tumor/immune cells, as well as those with
positive programmed cell death protein 1 expression.
Conclusion. The newly developed Rad score was a pow-
erful predictor of CD8™ T-cell infiltration, which could be
useful in identifying potential HCC patients who can
benefit from immunotherapies when validated in large-
scale prospective cohorts.

With over 400,000 newly diagnosed cases and deaths in
2015, hepatocellular carcinoma (HCC) has become one of
the most common malignancies in China." Conventionally,
the management of HCC is evolving dramatically with the
expansion of resection criteria, improved locoregional
therapies, advent of novel targeted systemic therapies,
newer techniques for internal and external radiation ther-
apy, and the possibility of transplantation.” Despite great
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advances achieved in the treatment of HCC, patients are
still suffering from poor prognosis.” Thus, it is highly
desirable to expand the therapeutic arsenal for HCC.

Recently, the development of immunotherapy has
substantially changed the therapeutic strategies for various
cancers, including melanomas, lymphomas, and lung
tumors.*® For HCC patients, a small phase II trial tar-
geting patients with HCC and chronic hepatitis C virus
infection tested an anti-CTLA-4 monoclonal antibody,
tremelimumab, and showed a notable disease control
rate.” Moreover, in September 2017, the US FDA granted
accelerated approval to the anti-programmed cell death
protein 1 (PD-1) monoclonal antibody nivolumab for the
treatment of HCC patients who have been previously
treated with sorafenib. These facts suggest the future
promotion of immunotherapy on HCC. However, only a
small portion of HCC patients receiving nivolumab
treatment responded to the therapy;® therefore, there is an
urgent need to find efficient methods to identify HCC
patients who are most likely to respond to immunother-
apies. Previous studies have reported that patient response
to anti-PD-1 and anti-programmed cell death ligand 1
(PD-L1) immunotherapy was correlated with pre-existing
tumoral and peritumoral immune infiltration, indicating
the density of immune infiltration may provide evidence
for predicting prognosis after anti-PD-1 or anti-PD-L1
treatment.”'

Computational medical imaging, known as radiomics,
refers to the high-throughput extraction of large numbers
of imaging features, and can convert medical images into
mineable high-dimensional data, of which analysis and
translation can help support decision making for patient
treatment.'>~'> Based on the hypothesis that not only the
macroscopic properties but also the cellular and molec-
ular properties of tumor tissues can be reflected by
imaging, high-dimensional imaging data can capture
distinct phenotypic differences of tumors, which may
have prognostic power and clinical significance.'® Com-
pared with biopsies, radiomic features have the
advantage of being non-invasive, which allows evalua-
tion on tumor microenvironment (TME), characterization
of spatial heterogeneity, and longitudinal assessment of
disease evolution.

Hence, in this study, we sought to develop and vali-
date a radiomic signature of immune infiltration in HCC
by using radiomic data extracted from contrast-enhanced
computed tomography (CT) images, which can help us
identify the novel predictors for the efficacy of
immunotherapy.

METHODS
Study Population

This retrospective study was approved by the Ethics
Committee of Sichuan University, and written informed
consent was obtained from each study participant accord-
ing to the committee guidelines. A total of 142 consecutive
patients with HCC who were treated between July 2009
and September 2013 were enrolled in our study according
to the following inclusion criteria: (1) patients undergoing
hepatectomy with tumor tissues pathologically confirmed
as HCC; (2) contrast-enhanced abdominal CT performed
fewer than 20 days before surgery; and (3) availability of
clinical data and tumor samples. The exclusion criteria
were (1) previous treatment before CT examination; and
(2) suffering from other tumor diseases at the same time.
The flowchart of patient recruitment is illustrated in elec-
tronic supplementary Fig. 1. Patients were divided into the
training (n = 100) and validation cohorts (n = 42) at a ratio
of 7:3 according to the time sequence.

Recorded clinical and biological data, including age,
sex, hepatitis B surface antigen (HBsAg) status (positive or
negative), and preoperative serum o-fetoprotein (AFP)
level, were retrieved from the electronic medical database.
The characteristics of tumor samples, including differen-
tiation status, size, number of nodules, and Ishak fibrosis
score of the adjacent liver tissue were evaluated by two
pathologists specializing in hepatic diseases. Tumor stag-
ing classification was carried out according to the 7th
American Joint Committee on Cancer (AJCC) TNM
Staging for Liver and Intrahepatic Bile Duct Malignancies.
Overall survival (OS) was defined as the time from the date
of surgery to the date of death without regarding the cause
of death, while disease-free survival (DFS) was defined as
the time from the date of surgery to the time of disease
progression (recurrence, distal metastasis, death). Evalua-
tion of CD8" T-cell infiltration in histological slides of
each patient included in the study was conducted by using
the immunochemistry method (electronic supplementary
Methods).

Computed Tomography Image Acquisition

The radiomic workflow is presented in Fig. 1. All CT
examinations were performed using a 128-row multide-
tector CT scanner (Somatom Definition Flash; Siemens
Medical Systems, Erlangen, Germany). The acquisition
protocols are shown in electronic supplementary Table 1.
For each patient in our study, a noniodine contrast media of
1.5 mL/kg (300 mg/mL iomeprol; Iomeron, Bracco Altana
Pharma, Milan, Italy) was injected intravenously using a
power injector at a rate of 2.5 mL/s, followed by a saline
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FIG. 1 Radiomic workflow.
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flush (20 mL). During the examination, images from a
three-phase scan were obtained, including the pre-contrast
phase (30-40 s after injection of the contrast agent), arte-
rial phase (AP; 60-70 s after injection of the contrast
agent), and the portal vein phase (PVP; 180 s after injec-
tion of the contrast agent). AP CT images were retrieved
for image feature extraction.

Tumor Segmentation

Three-dimensional segmentation of tumor regions of
interest (ROIs) was manually performed using ITK-SNAP
software (http://www.itksnap.org), which was based on
consensus reached by two radiologists with over 10 years
of work experience. To capture ROIs, a peripheral ring was
created slightly along the visible border of the lesion in all
AP images for each patient'’ to include approximately the
entire volume of the lesion (Fig. 1). For those cases with a
blurred edge around the lesion, the maximum range was
drawn and was regarded as the border.

Feature Extraction

The extraction of radiomic features was performed using
Artificial Intelligence Kit software (A.K. software, GE
Healthcare); detailed information regarding the radiomic
features can be found in the electronic supplementary
material. To verify whether the features extracted by dif-
ferent radiologists were not significantly different, we used
intra- and interclass correlation coefficients (ICC) to assess
the intra- and interobserver reproducibility of radiomic
feature extraction.'® Initially, 30 CT images of AP were
randomly selected for ROI segmentation and feature
extraction. The ROI segmentation was performed by two
radiologists, both of whom drew contours of the same
lesions in these 30 CT images (total number of con-
tours = 30). An ICC > 0.75 indicates good consistency of
feature extraction.

Statistical Analysis

All statistical tests were performed using R version 3.5.2
(R Foundation for Statistical Computing, Vienna, Austria).
The Wilcoxon signed-rank or Kruskal-Wallis tests were
used for numerical variables, and Fisher’s exact test was
used for categorical variables. High or low CD8" T-cell
infiltration was determined by stratifying patients into two
groups based on their median value of CD8" T-cell den-
sity. The median value of Rad score in the training cohort
was used to cluster patients into high score (greater than the
median value) or low score (less than or equal to the
median value) groups. The receiver operating characteristic
(ROC) curves were plotted using the ‘pROC’ package.

Decision curve analysis (DCA) was used to evaluate the
clinical utility of the Rad score, which was performed
using the ‘rmda’ package. Survival rates of expression
level (Rad score high vs. low) were estimated using the
Kaplan—-Meier method with Rothman’s confidence inter-
vals (CIs). Survival curves were compared using the log-
rank test and plotted using the ‘survminer’ package. A two-
sidled p value < 0.05 was considered statistically
significant.

RESULTS
Patient Characteristics

The basic characteristics of patients included in this
study are listed in Table 1. Among the 142 patients, 114
(80.3%) were male and the median age was 46 years (in-
terquartile range [IQR] 33.3-63.8). No significant
differences in sex, age, HBsAg level, AFP level, TNM
stage, differentiation grade, and liver cirrhosis status were
observed between the training and validation groups.

TABLE 1 Patient characteristics

Training group Validation group p value
Overall 100 42
Sex
Male 79 35 0.7179
Female 21 7
Age, years
<65 81 38 0.2146
> 65 19 4
HbsAg
Negative 14 3 0.3957
Positive 86 39
AFP, ng/mL
< 400 61 24 0.81
> 400 39 18
TNM
I 49 18 0.7233
I 27 14
-1v 24 10
ES grade
I-11 5 0 0.472
111 51 23
v 44 19
Liver cirrhosis
No 33 21 0.08632
Yes 67 21

HbsAg surface antigen of the hepatitis B virus, AFP o-fetoprotein, ES
grade Edmondson and Steiner grading system
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Regarding CD8™" T-cell infiltration, median density in the
training and validation groups was 6.92/mm’ (IQR
2.96-18.97) and 6.323/mm’® (3.07-12.1), respectively
(Student’s t test p = 0.89).

Radiomic Score Construction

The study flowchart is presented in Fig. 2. By using
A.K. software, a total of 385 imaging features were
extracted from each AP CT image, including 42 histogram
parameters, 36 texture parameters, 9 form factor parame-
ters, 118 grey level co-occurrence matrix (GLCM)
parameters, and 180 grey level run-length matrix
(GLRLM) parameters. All extracted features are in agree-
ment with the Image Biomarker Standardization Initiative

Feature selection

Training set

(IBSI) manual, aiming at radiomics studies.'® Moreover,
favorable intra- and interobserver feature extraction
reproducibility was proved by intraobserver and interob-
server ICCs ranging from 0.802 to 0.952 and 0.769 to
0.914, respectively. During data processing of the radiomic
features, 316 and 22 features were excluded using the
minimum inhibitory concentration test and interfeature
correlation, respectively  (electronic  supplementary
Fig. S2). Finally, 47 features were included for machine
learning. The Rad score was developed using the elastic-
net model (x = 0.5, log (1) = 3.32) and retained 7 of 47
features (Fig. 2 and electronic supplementary Fig. S3). The
formula for the Rad score calculation is presented in the
electronic supplementary Methods, in which the seven
selected features can be found. Details of radiomic feature

(n=100)

\4 \4

Data of
CDS8 cell infiltration

Radiomics features
(n=385)

Data processing

Features excluded
(n=338)

Radiomics features
(n=47)

I

Elastic-net
regression

Features with
coefficient =0
(n=40)

Radiomics features
(n=7)

Application

A

All participants
(n=142)

Immune phenotype

A

Rad score validation

Validation set
(n=42)

FIG. 2 Study flowchart



4542

H. Liao et al.

selection and radiomic score (Rad score) construction can
also be found in the electronic supplementary Methods.

Prediction of CD8" T-Cell Infiltration by Radiomic
Score

According to the median value of CD8" T-cell density
in all patients included in this study (6.80/mm?), patients
were divided into either the CD8-low cohort (< 6.80/mm°,
n =71) or the CD8-high cohort (> 6.80/mm°>, n = 71). In
the training set, a significant difference was observed
between Rad scores of the CD8-low and CD8-high cohorts
(Fig. 3a, left panel; p < 0.0001), which was further con-
firmed in the validation set (Fig.3b, left panel;
p = 0.0327). Although Spearman’s rhos were only 0.376
and 0.339 in the training and validation cohorts, respec-
tively, there was a statistically significant correlation
between CD8™" T-cell infiltration and Rad score when both
of these two parameters were viewed as continuous vari-
ables in the training (Fig. 3a, right panel; p = 0.00013) and
validation cohorts (Fig. 3b, right panel; p = 0.0283).
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FIG. 3 Performance of the Rad score in the training and validation
sets. a, b Violin plot shows Rad score distributions between the HCC
subsets stratified by CD8' T-cell infiltration in the a training and
b validation cohorts (low vs. high, Mann—Whitney; left panel); scatter
plot shows the correlation (Spearman rank; right panel) between the
Rad score and CD8" T-cell infiltration in the a training cohort and

Moreover, the ability of the radiomic signature to classify
high versus low abundance of CDS infiltration was shown
to have an area under the curve (AUC) of 0.751 (95% CI
0.656-0.846) in the training set (Fig. 3c). Further valida-
tion on the ability of the Rad score to predict the density of
CD8™" T-cell infiltration (Fig. 3d) demonstrated an AUC of
0.705 (95% CI 0.547-0.863). Meanwhile, the DCA curve
for the Rad score is presented in Fig. 4, which shows that
for the threshold probability within a range of 0-0.91, the
Rad score has a higher net benefit than both ‘treat all’ or
‘treat none’ strategies.

Previous studies have reported that infiltrating CD8* T
cells in HCC tumor tissues were significantly associated
with a low rate of recurrence and prolonged 0S.°~** Based
on the hypothesis that the Rad score could reflect the extent
of CD8" T-cell infiltration, we used the Rad score to
predict the OS and DFS outcomes of HCC patients who
underwent hepatectomy. The results showed that the OS
and DFS rates of patients with higher Rad scores (defined
from the training cohort, n =73) were significantly
increased compared with patients with lower Rad scores
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FIG. 4 Decision curve analysis for the Rad score showed that within
the threshold probability of between 0 and 0.91, using the Rad score
to predict CD8" T-cell infiltration adds more benefit than treating
either all or no patients

(n = 69) (Fig. 5a, b), suggesting an excellent consistency
between Rad score and CD8" T-cell infiltration in pre-
dicting the prognosis of HCC patients.

Correlation Between Radiomic Score and Pathological
Immune Characteristics

Evidence has been provided that CD8™ T cells comprise
the majority of tumor-infiltrating lymphocytes (TILs) in
HCC:?? therefore, we assessed the association between Rad
score and the histology of TILs. It was found that the
pathologist’s quantification of TIL density and Rad score
were significantly correlated (Fig. 6a), which in turn vali-
dated the strong correlation between CD8' T-cell
infiltration and the abundance of TILs in HCC tissues.
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Histologically, three primary immune phenotypes
describing the level of CD8" T-cell presence and activity
within the TME, including immune-desert, immune-ex-
cluded and inflamed, have been identified and can help
determine disruptions or mechanisms of immune escape in
cancer immunity.”* By using the pathology slides of the
included HCC patients, we were able to classify each
individual by their immune phenotypes. A detailed illus-
tration of these three immune phenotypes can be found in
electronic supplementary Fig. S4. Intriguingly, the major-
ity of patients were in the ‘immune desert’ status
(n = 120), while only a small proportion of patients were in
the ‘immune excluded’ status (n = 14) or ‘inflamed’ status
(n = 8). Moreover, our findings showed that the radiomic
predictor could significantly discriminate different immune
phenotypes on the basis of Rad scores (Fig. 6b).

Conventionally, immunohistochemical expression of
PD-1/PD-L1 can serve as a predictor of clinical response to
anti-PD-1/PD-L1 immunotherapies in various malignan-
cies.”>®® In view of the fact that patients with an
immunogenic TME of inflamed phenotype had a better
clinical response to anti-PD-1/PD-L1 immunotherapies,'’
we evaluated Rad scores in HCC tumors with different PD-
L1 or PD-1 expression patterns. As shown in Fig. 6c, d, the
Rad scores were significantly higher in tumors with IC-PD-
L1T (n=21) or TC-PD-L1" (n=19) status compared
with those with IC-PD-L1~ (Fig. 6¢c, n = 121) or TC-PD-
L1~ (Fig. 6d, n = 123) tumors, respectively. Meanwhile,
compared with IC-PD-1" tumors (rn = 114), higher Rad
scores could also be found in tumors with IC-PD-1" status
(Fig. 6e, n = 28), which demonstrated the consistency
between PD-1 and PD-L1 expressions.
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DISCUSSION

Owing to the increasing use of immunotherapy in
modern clinical practice, understanding the immune status
of cancer patients can help physicians identify those who
can really benefit from immune therapies. Combined with
pathological biopsies, radiomic approaches can help guide
the selection of treatment. In this study, we developed a
radiomic score to predict CD8" T-cell infiltration from CT
scans of HCC patients. To our knowledge, our study is the
first to construct a radiomic algorithm to predict immune
infiltration in a large cohort of HCC patients based on
contrast-enhanced CT. By assessing the link between
imaging features and immune infiltration using the
machine learning method, we were able to establish and

PD-L1 tumor cell expression

PD-1 expression

between TC-PD-L1~ tumors and TC-PD-L1" tumors. e Rad score
distribution between IC-PD-1" tumors and IC-PD-1" tumors. TILs
tumor-infiltrating lymphocytes, /IC-PD-LI programmed death-ligand
1 expression on immune cells, TC-PD-LI programmed death-ligand 1
expression on tumor cells, PD-I programmed death-1

validate a radiomic algorithm for pretreatment prediction
of immune infiltration based on seven imaging features.
Moreover, the results also showed the ability of the Rad
score to predict survival outcomes, abundance of TILs,
immune phenotypes, and PD-1/PD-L1 expression. These
facts have strengthened the biological and clinical rele-
vance of the Rad score as a potential biomarker of CD8"
T-cell infiltration in clinical practice.

As shown in the electronic supplementary Methods, our
Rad score algorithm consists of parameters from GLRLM
and GLCM. According to the reports from Sun et al.,*’
GLRLM parameters could represent inflammatory infil-
tration, and heterogeneous and intertwined processes,
including chaotic vascularization and necrosis in tumors,
which intuitively explains the correlation between CD8"
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T-cell infiltration and these patterns. On the other hand,
GLCM is a rapid mathematical method assessing the
structural properties of images, including homogeneity,
complexity, and level of disorder.”® Notably, GLCM
entropy parameters, which have been applied in our Rad
score algorithm (electronic supplementary Methods), have
been proved to be indicators of tissue structural degrada-
tion.”” Considering the high level of structural changes
caused by vascularization and necrosis within HCC lesions,
this fact has also suggested the association of CD8" T-cell
infiltration with GLCM entropy parameters.

Several clinical studies have demonstrated the prog-
nostic and predictive importance of TILs in various cancer
types,”>**** with the notion that a higher abundance of
TILs contributed to better survival outcomes. As the most
predominant in TILs, the CDS8™ T-cell is ascribed the role
of cytotoxic Kkiller cell in the context of cancer immuno-
biology. Thus, infiltration of CD8% T cells has been
regarded as a marker of superior prognosis. Our findings
show that not only does a positive correlation exist between
the Rad score and TIL infiltration, but also the Rad score
can predict both OS and DFS after hepatectomy. Due to the
fact that the Rad score acts as a reflection of CD8* T-cell
infiltration, the association between higher Rad scores and
better survival can be interpreted, indicating the role of the
Rad score as a significant prognosis biomarker for HCC
patients.

It has been proved that a major subset of patients with
advanced solid tumors shows evidence for an inflamed
TME, which is characterized by the presence of TILs, high
density of interferon-y-producing CD8™" T cells, expression
of PD-L1 in TILs, possible genomic instability, and the
presence of a pre-existing antitumor immune response.?**>
This phenotype tends to respond to immunotherapy and is
positively associated with clinical benefit from treat-
ment.'%**3¢ In immune-excluded tumors, the invasion of
CD8* T cells into tumors was inhibited by several bio-
logical signals, including transforming growth factor
(TGF)-B signaling, activation of myeloid-derived suppres-
sor cells, and angiogenesis. As for the immune-desert
phenotype, no significant CD8% T-cell infiltration within
tumor tissues can be observed by immunohistochemistry
(IHC). Both immune-excluded and immune-desert pheno-
types were considered to be unresponsive to
immunotherapies. Despite the limited number of HCC
samples of the inflamed phenotype, the Rad score was able
to identify this subgroup of patients who might have a
potential response to immunotherapies. On the other hand,
the limited number of inflamed HCC tumors in this cohort
indicates the point that most HCC patients might not
benefit from current immune treatments. Regarding this

fact, the clinical value of the Rad score in identifying
potential HCC candidates for immunotherapies is of great
significance.

The mechanism of responses to anti-PD-1/PD-L1
immunotherapy relieves the inhibition of host immune
response (termed adaptive immune resistance) by upregu-
lating PD-L1 and its ligation to PD-1 on antigen-specific
CD8™ T cells,””*® indicating the hypothesis that both pre-
existing CD8" T-cell and PD-L1 expression might corre-
late with clinical response to anti-PD-1/PD-L1
immunotherapy. Indeed, this hypothesis has been con-
firmed by clinical trials across various cancer types.”® It is
notable that PD-L.1 can be expressed by both tumor cells
and immune cells in HCC tissues, which have different
biological and clinical significance.**** Liu and col-
leagues®® performed immunohistochemical staining for
453 HCC samples, and demonstrated that IC-PD-L1*
tumors exhibited an activated TME with higher numbers of
infiltrating CD8% T cells compared with IC-PD-L1~
tumors, while no significant difference was observed
bewteen TC-PD-L1" and TC-PD-L1~ tumors. In current
study, both TC-PD-L1% and IC-PD-L17" tumors exhibited
higher Rad scores. Considering the higher proportion of
samples co-expressing TC-PD-L1 and IC-PD-L1 in either
TC-PD-L17" or IC-PD-L1* samples,*° this finding suggests
that Rad score has a higher sensitivity in detecting PD-L1
expression, providing a novel method to select patients for
anti-PD-1/PD-L1 therapies when combined with IHC
results.

CONCLUSIONS

The Rad score we constructed is an efficient, non-in-
vasive, cost-effective tool to predict immune infiltration in
HCC patients, which has promoted the development of
non-invasive biomarkers in immunotherapy. Further clini-
cal trials will be inspired to validate our findings in large-
scale prospective cohorts.
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