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Abstract
Immune checkpoint inhibitors are effective for advanced hepatocellular carcinoma (HCC), but there remains a need for 
peripheral blood biomarkers to predict the clinical response. Here, we analyzed the peripheral blood of 45 patients with 
advanced HCC who underwent nivolumab. During treatment, frequency of classical monocytes  (CD14+CD16−) was 
increased on day 7, and the fold increase in the frequency on day 7 over day 0  (cMonocyteD7/D0) was significantly higher in 
patients with durable clinical benefit (DCB) than in patients with non-DCB (NDB). When we analyzed transcriptomes of 
classical monocytes, CD274, gene encoding PD-L1, was upregulated in NDB patients compared to DCB patients at day 7. 
Notably, gene signature of suppressive tumor-associated macrophages, or  IL4l1+PD-L1+IDO1+ macrophages, was enriched 
after treatment in NDB patients, but not in DCB patients. Accordingly, the fold increase in the frequency of PD-L1+ classi-
cal monocytes at day 7 over day 0 (cMonocyte-PDL1D7/D0) was higher in NDB patients than DCB patients. The combined 
biomarker  cMonocyteD7/D0/cMonocyte-PDL1D7/D0 was termed the “monocyte index”, which was significantly higher in DCB 
patients than NDB patients. Moreover, the monocyte index was an independent prognostic factor for survival. Overall, our 
results suggest that early changes of circulating classical monocytes, represented as a monocyte index, could predict clinical 
outcomes of advanced HCC patients undergoing anti-PD-1 therapy.
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Introduction

Hepatocellular carcinoma (HCC) is a leading cause of 
cancer-related deaths worldwide [1], and the majority 
of HCC patients are diagnosed at a late stage that can-
not be cured with locoregional therapies. Since immune 
checkpoint inhibitor (ICI) treatment has showed clinical 
success in various types of cancer, several clinical trials 
have evaluated the efficacy of anti-programmed cell death 
protein 1 (PD-1) blockade, with either nivolumab or pem-
brolizumab, in advanced HCC. However, the results con-
sistently show that less than 20% of HCC patients exhibit a 
clinical response to anti-PD-1 therapy [2–6]. Thus, there is 
an urgent need to find biomarkers that can identify patients 
who will benefit from anti-PD-1 therapy.

In clinical trials and clinical practice with various can-
cers, the most common biomarkers used for ICI treatment 
are parameters assessed in the tumor specimen, such as 
tumor mutational burden, programmed death-ligand 1 
(PD-L1) expression, and features of tumor-infiltrating 
lymphocytes [7]. Among patients with advanced HCC, a 
higher combined positive PD-L1 score,  CD8+ T-cell infil-
tration, PD-1 expression in tumor, and T-cell exhaustion 
gene signature are reportedly associated with better out-
comes after ICI treatment [8–10]. Additionally, a high den-
sity of  CD38+ macrophages is correlated with prolonged 
survival of patients with advanced HCC following ICI 
treatment [11]. However, HCC diagnosis does not require 
pathologic confirmation and liver tumor biopsy is not 
available in some cases, prohibiting assessment of tumor 
specimen-derived biomarkers. Therefore, there is a need 
for biomarkers from peripheral blood, especially for HCC.

Few studies have investigated peripheral blood bio-
markers in advanced HCC patients receiving ICIs. Analy-
sis of the participants in the CheckMate 040 phase I/II 
trial revealed that the neutrophil-to-lymphocyte ratio and 
platelet-to-lymphocyte ratio were associated with survival 
outcomes of HCC patients after nivolumab treatment 
[8]. Additionally, higher baseline TGF-β concentration 
is reportedly correlated with poorer survival after pem-
brolizumab treatment [12]. A recent study shows that the 
combination of baseline levels of C-reactive protein and 
alpha-fetoprotein is associated with clinical response and 
survival [13]. However, it remains unknown whether these 
biomarkers are involved in the immune response evoked 
by anti-PD-1 therapy, or merely reflect the baseline tumor 
characteristics.

In the present study, we hypothesized that HCC treat-
ment using anti-PD-1 blockade would induce immuno-
logical changes that could be detected in peripheral blood 
collected early after the therapy. To investigate this pos-
sibility, we screened various peripheral blood biomarkers 

from prospectively accrued patients with advanced HCC 
undergoing nivolumab treatment. Our results suggest that 
early changes in the circulating classical monocyte pop-
ulation were associated with clinical outcomes in these 
patients, and thus may serve as useful biomarkers for pre-
dicting the clinical benefit of ICI treatment in patients with 
advanced HCC.

Materials and methods

Study cohort and sample collection

The prospective cohort for this study comprised 48 patients 
with advanced HCC who were treated with nivolumab as 
a second or later line of treatment (clinical trial number: 
NCT03695952). The patients were treated with nivolumab 
every two weeks until tumor progression was observed. 
Peripheral blood samples were collected at baseline (day 0, 
D0) and at one or more time points after starting treatment, 
including cycle 1 day 8 (day 7, D7), and cycle 2 day 1 (day 
14, D14) (Supplementary Table 1). Plasma was obtained 
by centrifugation of whole blood. Peripheral blood mono-
nuclear cells (PBMCs) were isolated by density gradient 
centrifugation with standard Ficoll-Paque (GE Healthcare). 
Plasma samples were stored at − 70 °C. PBMCs were resus-
pended in freezing media (RPMI 1640; Corning) supple-
mented with 20% fetal bovine serum (FBS) and 10% DMSO 
and then stored in liquid nitrogen until use. Among the par-
ticipants, three patients had received immunotherapy prior 
to enrollment and were excluded from the analysis. Details 
regarding the 45 patients included in the analysis are pre-
sented in Table 1. The study protocol was approved by the 
Institutional Review Board of Asan Medical Center (IRB 
approval number 2019-1231).

Evaluation of treatment outcomes

Physical examination and laboratory tests were performed 
every 2 weeks. Tumor response was assessed by computed 
tomography every 8  weeks, according to the Response 
Evaluation Criteria In Solid Tumors (RECIST), version 1.1. 
Cases with complete response (CR), partial response (PR), 
or stable disease (SD) lasting over 6 months were defined 
as showing durable clinical benefit (DCB), and otherwise 
as non-durable clinical benefit (NDB). Progression-free 
survival (PFS) was defined as the time from the start of 
anti-PD-1 therapy to either disease progression (according 
to RECIST v1.1) or death from any cause. Overall survival 
(OS) was defined as the time from the start of anti-PD-1 
therapy to death from any cause.



373Cancer Immunology, Immunotherapy (2023) 72:371–384 

1 3

Table 1  Characteristics of the 
45 patients included in the study

DCB durable clinical benefit, NDB non-durable clinical benefit, ECOG Eastern Cooperative Oncology 
Group

Patient characteristics Clinical benefit P value

DCB (n = 13) NDB (n = 32)

Age, years (median, (range)) 59 (50–73) 60 (36–76) 0.587
Sex, n (%) 0.636
 Male 12 (92.3%) 26 (81.2%)
 Female 1 (7.7%) 6 (18.8%)

ECOG performance status, n (%) 0.306
 0 4 (30.8%) 4 (12.5%)
 1–2 9 (69.2%) 28 (87.5%)

Child–Pugh classification, n (%) 0.853
 A 10 (76.9%) 22 (68.8%)
 B 3 (23.1%) 10 (31.2%)

Etiology, n (%) 0.955
 Hepatitis B 10 (76.9%) 24 (75.0%)
 Hepatitis C 1 (7.7%) 2 (6.2%)
 Non-B, non-C 2 (15.4%) 6 (18.8%)

Major vessel invasion, n (%) 0.709
 Absent 5 (38.5%) 16 (50.0%)
 Present 8 (61.5%) 16 (50.0%)

Metastasis, n (%) 1.000
 Any 13 (100.0%) 31 (96.9%)
 Liver 7 (53.8%) 26 (81.2%)
 Lung 19 (59.4%) 8 (61.5%)
 Bone 11 (84.6%) 21 (65.6%)
 Lymph node 5 (38.5%) 13 (40.6%)
 Others 6 (46.2%) 11 (34.4%)

Number of metastasis, n (%) 0.636
 1–3 12 (92.3%) 26 (81.2%)
 4 ≤ 1 (7.7%) 6 (18.8%)

Previous locoregional therapy, n (%) 0.636
 Any 12 (92.3%) 26 (81.2%)
 Hepatectomy 9 (69.2%) 10 (31.2%)
 Transarterial chemoembolization 21 (65.6%) 8 (61.5%)
 Radiofrequency ablation 3 (23.1%) 4 (12.5%)
 Radiotherapy 9 (69.2%) 19 (59.4%)

Number of lines of previous systemic therapy, 
n (%)

1.000

 1 8 (61.5%) 19 (59.4%)
 2–3 5 (38.5%) 13 (40.6%)

Best response to sorafenib, n (%) 0.370
 Non-progressive disease 8 (61.5%) 14 (43.8%)
 Progressive disease 5 (38.5%) 16 (50.0%)
 Not evaluable 0 (0.0%) 2 (6.2%)

Best response to nivolumab, n (%) < 0.001
 Complete remission 1 (7.7%) 0 (0.0%)
 Partial remission 8 (61.5%) 0 (0.0%)
 Stable disease 4 (30.8%) 3 (9.4%)
 Progressive disease 0 (0.0%) 26 (81.2%)
 Not evaluable 0 (0.0%) 3 (9.4%)
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Multi‑color flow cytometry

After thawing, PBMCs were stained using LIVE/DEAD 
fixable dead cell stain kit (Invitrogen) or 7-AAD (BD Bio-
sciences) to gate out dead cells. The cells were washed and 
then incubated with FcR blocking agent (Miltenyi Biotec) 
for 10 min at 4 °C, followed by staining with fluorochrome-
conjugated antibodies against surface markers for 30 min at 
4 °C. For intracellular staining, cells were fixed and permea-
bilized using the FoxP3 staining buffer kit (Thermo Fisher 
Scientific), and then stained with fluorochrome-conjugated 
antibodies. All staining procedures were conducted in stain-
ing buffer, phosphate-buffered saline supplemented with 
1% FBS and 0.05% sodium azide. Supplementary Table 2 
lists the fluorochrome-conjugated antibodies used for flow 
cytometry. All flow cytometric analyses were performed 
using an LSR II instrument (BD Biosciences), and the data 
were analyzed with FlowJo software (Treestar).

RNA sequencing and analysis

RNA sequencing (RNA-seq) was performed on classical 
monocytes  (CD11b+CD3−CD19−CD14+CD16− cells) that 
were sorted from PBMCs collected at D0 and D7 from 
four patients with DCB and four patients with NDB. The 
cells were sorted using a FACS Aria II cell sorter (BD Bio-
sciences), and all samples showed > 90% purity after sort-
ing. Total RNA was extracted from the sorted cells using 
TRIZOL reagent (Thermo Fisher Scientific), and was 
assessed for quantity and quality using a Bioanalyzer 2100 
(Agilent). Libraries were generated using the QuantSeq 3’ 
mRNA-Seq Library Prep Kit (Lexogen), and sequenced 
by 75-bp single-end sequencing using the NextSeq 500 
(Illumina). Sequences were aligned to a human reference 
genome (hg19) using Bowtie2. DESeq2 was used to iden-
tify differentially expressed genes (DEGs), defined as genes 

with an absolute fold change of > 2 with a false discovery 
rate of < 0.1. Gene set enrichment analysis (GSEA) and gene 
set variation analysis (GSVA) were performed using the R 
packages fgsea and gsva, respectively.

The Cancer Genome Atlas data analysis

RNA-seq gene expression profiles (RSEM normalized) for 
the HCC patients (n = 370), and the matched clinical infor-
mation in The Cancer Genome Atlas (TCGA) database, were 
downloaded from the Genomic Data Commons Data Portal 
(https:// portal. gdc. cancer. gov/). For each patient, the R pack-
age gsva was used to calculate the GSVA enrichment score 
for the set of DEGs identified by comparison of the RNA-seq 
profile. The patients were dichotomized based on the median 
GSVA score to compare survival outcomes.

Statistical analysis

Continuous variables were compared using the Mann–Whit-
ney U-test for unpaired data, and the Wilcoxon signed-rank 
test for paired data. The chi-squared test was used to com-
pare the distributions of the categorical variables. Pearson’s 
correlation test was used to examine the correlation between 
continuous variables. The confidence interval of the AUC 
value was calculated using the Delong method. Univariate 
and multivariate Cox proportional hazard models were used 
to estimate the hazard ratio of the variables for PFS and OS. 
Cutoff for serum alpha-fetoprotein level was based on the 
previous studies [14] and other continuous variables were 
dichotomized according to the median values. Variables with 
p < 0.2 in univariate analysis were included in the multivari-
ate model. All statistical analyses were performed using R 
software version 4.1.0 (https:// www.r- proje ct. org).

Results

The frequency of classical monocytes increases early 
after anti‑PD‑1 therapy in patients with DCB

We first examined the proportions of various immune cell 
populations by analyzing PBMCs using multi-color flow 
cytometry. The markers and gating strategy for each pop-
ulation are shown in Supplementary Fig. 1. The relative 
frequencies of immune cell populations among  CD45+ 
cells were determined at D0, D7, and D14 for each patient 
(Fig. 1a). The baseline (D0) frequency of each population 
was not associated with clinical benefit (Supplementary 
Fig. 2). We found that the monocyte frequency signifi-
cantly increased at D7 and then subsequently decreased 
(Fig. 1b, c), whereas the other immune cell populations 
showed no significant changes. Importantly, the fold 

Fig. 1  Change in the frequency of circulating classical monocytes 
among immune cells predicts durable clinical benefit. a Individu-
ally plotted relative frequencies of immune cell populations among 
 CD45+ cells at D0, D7, and D14. b Mean frequencies of immune cell 
populations at D0, D7, and D14. c Heat-map of relative frequency 
changes of immune cell populations from baseline. d Fold-change of 
the frequency of monocytes among  CD45+ cells according to clini-
cal benefit. e Flow cytometry plot for defining classical, intermedi-
ate, and non-classical monocytes. f Mean frequencies of classical, 
intermediate, and non-classical monocytes among  CD45+ cells at 
D0, D7, and D14. g Frequencies of classical monocytes among 
 CD45+ cells relative to D0 in patients with DCB and NDB. h Rela-
tive change in frequency of classical monocytes  (cMonocyteD7/D0) 
according to clinical benefit. i The ROC curve for predicting DCB 
using  cMonocyteD7/D0. The results shown in f are expressed as the 
mean ± SD. *p < 0.05. Statistical analyses were performed using Wil-
coxon signed-rank test (b, d, f) and Mann–Whitney U-test (d, h). 
TREG regulatory T cells, DCB durable clinical benefit, NDB non-dura-
ble clinical benefit

◂

https://portal.gdc.cancer.gov/
https://www.r-project.org


376 Cancer Immunology, Immunotherapy (2023) 72:371–384

1 3

increase in the monocyte frequency at D7 over the base-
line (D0) was significantly higher in patients with DCB 
than in patients with NDB (Fig. 1d). For other immune 
cell populations, the change in frequency did not signif-
icantly differ between patients with DCB versus NDB 
(Supplementary Fig. 3).

Human monocytes are divided into three subpopulations 
according to their expressions of CD14 and CD16: clas-
sical  (CD14+CD16−), intermediate  (CD14+CD16+), and 
non-classical  (CD14−CD16+) monocytes [15]. Classical 
monocytes were dominant among peripheral blood mono-
cytes (Fig. 1e), and the frequency of classical monocytes 
among  CD45+ cells significantly increased at D7 (Fig. 1f). 
Separate analysis of patients with DCB and NDB revealed 
that the frequency of classical monocytes increased at D7 
only in the DCB group (Fig. 1g). Furthermore, the fold 
increase in the frequency of classical monocytes at D7 over 
the baseline (D0), abbreviated as  cMonocyteD7/D0, was sig-
nificantly higher in patients with DCB than in patients with 
NDB (Fig. 1h). The predictive power of  cMonocyteD7/D0 
for DCB was moderate (AUC = 0.740; Fig. 1i). Collectively, 
these results indicated that a favorable response to anti-PD-1 
therapy was accompanied by a relative increase in the clas-
sical monocyte population.

Classical monocytes of patients with DCB and NDB 
exhibit distinctive transcriptional changes early 
after anti‑PD‑1 therapy

To understand the biological characteristics of classical 
monocytes, and their changes during anti-PD-1 therapy, we 
performed RNA-seq analysis of sorted classical monocytes 
collected at D0 and D7 from patients with DCB (n = 4) and 
NDB (n = 4). We observed a distinct pattern of gene expres-
sion according to the response and time-point (Fig. 2a). 
Comparing patients with DCB versus NDB revealed 33 
upregulated and 20 downregulated genes at D0, and 28 
upregulated and 11 downregulated genes at D7 (Fig. 2b; 
Supplementary Tables 3, 4). Notably, compared to patients 
with NDB, patients with DCB exhibited downregulation of 
CD274, encoding PD-L1, at D7. At D7, patients with DCB 
expressed 38 upregulated and 115 downregulated genes, 
and patients with NDB expressed 34 upregulated and 11 
downregulated genes relative to baseline (D0) (Fig. 2c; Sup-
plementary Tables 5, 6). To assess the clinical significance 
of these DEGs, we analyzed HCC patients from the TCGA 
database. The DEGs upregulated in NDB patients compared 
to DCB patients, especially at D7 (NDB > DCB at D7), 
were associated with poor prognosis, whereas the DEGs 
upregulated in DCB patients compared to NDB patients 
did not exhibit any association with prognosis (Supplemen-
tary Fig. 4). This result indicated that early transcriptomic 

changes in the peripheral blood classical monocytes from 
NDB patients resemble the transcriptomic features of tumor 
tissues from patients with poor prognosis.

We next focused on the transcriptomic changes from D0 
to D7 in patients with DCB and NDB by performing GSEA 
using monocyte/macrophage-related gene sets (Fig. 2d). A 
gene set of  IL4I1+PD-L1+IDO1+ macrophages [16] (which 
are abundant in various tumors and thought to play a sup-
pressive role) was significantly enriched at D7 in patients 
with NDB, but not in patients with DCB. A gene set of 
 TREM2hi macrophages [17] (an abundance of which is 
associated with resistance to anti-PD-1 therapy) also tended 
to be enriched at D7 in patients with NDB, although this 
change was not statistically significant. These data indicated 
that the classical monocytes of patients with NDB acquire 
transcriptomic features of immunosuppressive monocytes/
macrophages that are related to anti-PD-1 resistance. Addi-
tionally, at D7, patients with NDB exhibited significant 
downregulation of a gene set of monocytes from patients 
with influenza or COVID-19 [18]. On the other hand, at 
D7, patients with DCB exhibited downregulation of a gene 
set of tumor-educated monocyte signature [19], which is 
upregulated in monocytes from breast cancer patients. Taken 
together, these findings indicate that the classical monocytes 
of patients with DCB and NDB undergo distinctive tran-
scriptional changes early after anti-PD-1 therapy.

The frequency of PD‑L1+ classical monocytes 
increases early after anti‑PD‑1 therapy in patients 
with NDB

Having observed the upregulation of CD274, and signa-
ture enrichment of  IL4I1+PD-L1+IDO1+ macrophages, in 
patients with NDB following treatment, we next directly 
examined PD-L1 expression on classical monocytes. The 
frequency of PD-L1+ classical monocytes among classi-
cal monocytes did not significantly change after treatment 
among all patients (Fig. 3a), but it significantly increased 
at D7 in patients with NDB (Fig. 3b, c). Additionally, the 
fold increase in the frequency of PD-L1+ classical mono-
cytes at D7 over D0 (abbreviated as cMonocyte-PDL1D7/D0) 
tended to be higher in patients with NDB than with DCB, 
although this difference was not statistically significant 
(Fig. 3d). Notably, cMonocyte-PDL1D7/D0, was predictive 
of NDB (AUC = 0.689; Fig. 3e). We further examined the 
phenotypes of PD-L1+ classical monocytes collected at D7, 
and found higher expression of the T-cell inhibitory ligands 
VISTA and CD155, compared to in their PD-L1− counter-
parts (Fig. 3f, g). Additionally, cMonocyte-PDL1D7/D0 was 
significantly associated with upregulation of the IL-6- or 
IL-10-stimulated gene signature [20, 21] (Fig. 3h, i), indicat-
ing that the numerical increase of PD-L1+ classical mono-
cytes may be caused by IL-6 and IL-10. Taken together, our 
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Fig. 2  Transcriptomic analysis of classical monocytes from patients 
with DCB and NDB. a Expression pattern of differentially expressed 
genes according to clinical benefit and time-point. b, c Volcano plots 
comparing patients with DCB and NDB at the same time-point (b), 
and before and after anti-PD-1 therapy in the same patients (c). d 

Gene set enrichment analyses of monocyte/macrophage-related gene 
sets at D7 compared to D0 in patients with DCB and NDB. DCB 
durable clinical benefit, NDB non-durable clinical benefit, FDR false-
discovery rate, NES normalized enrichment score
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Fig. 3  Expression of PD-L1 on circulating classical monocytes 
during anti-PD-1 therapy. a Mean frequencies of PD-L1+ cells 
among classical monocytes at D0, D7, and D14. b Representative 
flow cytometry plots of PD-L1 expression on classical monocytes 
from patients with DCB and NDB at D0 and D7. c Frequencies of 
PD-L1+ classical monocytes among classical monocytes relative to 
D0 in patients with DCB and NDB. d Relative change in frequency 
of PD-L1+ classical monocytes (cMonocyte-PDL1D7/D0) accord-
ing to clinical benefit. e The ROC curve for predicting DCB using 
PD-L1+  cMonocyteD7/D0. f Representative flow cytometry plots 
of VISTA and CD155 expression on PD-L1− and PD-L1+ classical 

monocytes at D7. g Expression of VISTA and CD155 on PD-L1− and 
PD-L1+ classical monocytes at D7. h, i Correlation between PD-L1+ 
 cMonocyteD7/D0 and changes in GSVA scores of an IL-6-stimulated 
macrophage-upregulated gene set (h) and an IL-10-treated peripheral 
blood mononuclear cell-upregulated gene set (i). The results shown 
in a are expressed as the mean ± SD. *p < 0.05, ****p < 0.0001. Sta-
tistical analyses were performed using the Mann–Whitney U-test (d), 
Wilcoxon signed-rank test (c, g), and Pearson’s correlation test (h, 
i). DCB durable clinical benefit, NDB non-durable clinical benefit, 
GSVA gene set variation analysis
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results showed that in patients with NDB, anti-PD-1 therapy 
increases the frequency of PD-L1+ classical monocytes that 
co-express other inhibitory ligands.

Monocyte index predicts clinical benefit 
of anti‑PD‑1 therapy

Since we identified two distinct monocyte-related param-
eters—cMonocyteD7/D0 and cMonocyte-PDL1D7/D0—that 
predicted the clinical benefit of anti-PD-1 therapy, we 
combined these two parameters to improve the prediction 
power. The combined biomarker, termed the “monocyte 
index”, was calculated by dividing  cMonocyteD7/D0 by 
cMonocyte-PDL1D7/D0 (Fig. 4a). A monocyte index of 
greater than 1 indicates that the numerical increase of 
classical monocytes outpaces the upregulation of PD-L1. 
Patients with DCB showed a higher monocyte index than 
patients with NDB (Fig.  4b). Other peripheral blood 
biomarkers—including neutrophil-to-lymphocyte ratio, 
monocyte-to-lymphocyte ratio, and alpha-fetoprotein—
were not associated with clinical benefit (Supplementary 
Fig. 5). The monocyte index predicted DCB with an AUC 
value of 0.795 (Fig. 4c). A monocyte index cut-off value 
of 1.37 maximized the sum of sensitivity and specificity; 
however, we performed further analyses using a cut-off 
value of 1 for the convenience of the application. For 
predicting DCB, the monocyte index (≥ 1 vs. < 1) had a 
positive prediction value of 0.526, and a negative predic-
tion value of 0.895. The accuracy was 0.711, sensitivity 
was 0.833, and specificity was 0.654. Additionally, the 
monocyte index was strongly associated with changes in 
tumor size (p = 0.009, Pearson’s correlation test; Fig. 4d).

When we analyzed the classical monocytes from 
peripheral blood at D14, the frequencies of classical 
monocytes among  CD45+ cells were not changed in either 
DCB patients nor NDB patients, and the fold change in 
the frequency  (cMonocyteD14/D0) was not significantly 
different between DCB patients and NDB patients (Sup-
plementary Fig. 6a, b). The frequency of PD-L1+ clas-
sical monocytes at D14 was not significantly different 
from D0 in patients with DCB; however, the frequency of 
PD-L1+ classical monocytes was significantly higher at 
D14 compared to D0 in patients with NDB, although the 
fold change of PD-L1+ classical monocytes (cMonocyte-
PDL1D14/D0) was not significantly different according to 
clinical benefit (Supplementary Fig. 6c, d). Notably, a 
monocyte index, calculated by dividing  cMonocyteD14/D0 
by cMonocyte-PDL1D14/D0, was significantly higher in 
DCB patients compared to NDB patients (Supplemen-
tary Fig. 6e). The AUC value of the monocyte index for 
prediction of DCB was 0.715 (Supplementary Fig. 6f). 
When we multiplied the two monocyte indices derived 
from days 7 and 14, the combined index showed improved 

predictive performance (AUC = 0.811; Supplementary 
Fig. 6 g).

Monocyte index is an independent prognostic factor 
of survival outcomes

To determine whether the monocyte index is an independ-
ent prognostic factor of survival, we first analyzed PFS and 
OS according to the monocyte index. Patients with a mono-
cyte index ≥ 1 showed better outcomes than patients with a 
monocyte index < 1 (Fig. 5a, b). In multivariate analysis, the 
monocyte index was an independent prognostic factor for 
both PFS (Fig. 5c; Supplementary Table 7) and OS (Fig. 5d; 
Supplementary Table 8). Additionally, prolonged OS was 
associated with good performance status, small number of 
metastases (< 4), and prior locoregional therapy. Similarly, 
higher monocyte index based on parameters from D14 was 
associated with better PFS and OS (Supplementary Fig. 6 h, 
i), although this was not significant in multivariate analysis.

Discussion

Clinical trials of ICI treatment for advanced HCC have led 
to novel treatment options to improve clinical outcomes for 
these patients. Based on the results of prospective clinical 
trials [2–5, 8], the PD-1-blocking antibodies nivolumab and 
pembrolizumab can be considered for use in patients who 
have not responded to first-line treatment. Moreover, com-
bination of the anti-PD-L1 antibody atezolizumab with the 
anti-VEGF antibody bevacizumab remarkably increases the 
survival of advanced HCC patients compared to sorafenib 
treatment [22], expanding the role of ICIs in the manage-
ment of unresectable HCC. However, less than 20% of 
patients show clinical response to nivolumab or pembroli-
zumab [2–6]. Thus, there is a need for biomarkers predicting 
the clinical outcomes of anti-PD-1 therapy. In the present 
study, we discovered a peripheral blood biomarker based on 
circulating classical monocytes, which predicts the clinical 
benefit of anti-PD-1 therapy in HCC patients.

Numerous peripheral blood biomarkers have been found 
to predict the clinical response to ICIs in other types of 
cancer, especially melanoma and non-small cell lung can-
cer (NSCLC) [23]. The majority of these biomarkers are 
related to the characteristics of peripheral blood T cells. The 
activation and differentiation of peripheral  CD8+ T cells 
are associated with a better response to anti-PD-1 therapy 
[24–26]. Additionally, recent studies have demonstrated that 
the clonal diversity and dynamics of peripheral T cells are 
associated with the treatment response [27–30]. These stud-
ies not only demonstrate that peripheral blood biomarkers 
predict the response, but also emphasize the importance of 
a systemic immune response upon ICI treatment, suggesting 
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Fig. 4  Monocyte index as a biomarker of clinical benefit. a Defini-
tion of the monocyte index. b Monocyte index according to clini-
cal benefit. c The ROC curve for predicting durable clinical benefit 
using the monocyte index. d Waterfall plot of tumor size change and 
clinical parameters and biomarkers derived from circulating classical 

monocytes. **p < 0.01. Statistical analyses were performed using the 
Mann–Whitney U-test (b). DCB durable clinical benefit, NDB non-
durable clinical benefit, ECOG Eastern Cooperative Oncology Group, 
CR complete response, PR partial response, SD stable disease, PD 
progressive disease
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Fig. 5  Monocyte index as a prognostic factor for survival outcomes. 
a, b Kaplan–Meier curves for progression-free survival (PFS) (a) and 
overall survival (OS) (b) according to the monocyte index. c, d For-
est plots for the hazard ratio of PFS (c) and OS (d) from multivari-
ate analysis. The results shown in c and d are hazard ratio and 95% 

confidence interval. Statistical analysis was performed using a Cox 
proportional hazard model (a–d). PFS progression-free survival, OS 
overall survival, ECOG Eastern Cooperative Oncology Group, PD 
progressive disease
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the potential underlying mechanisms of the therapy. The 
immunological features of HCC are distinct from those in 
other solid tumors, and HCC mostly arises from chronic 
inflammation [31]. Furthermore, recent studies suggest that 
a tumor within the liver exerts a distinct impact on anti-
tumor immune responses [32, 33]. Thus, there is a need for 
HCC-specific peripheral blood biomarkers.

Our present analysis characterized early changes of 
circulating classical monocytes upon anti-PD-1 therapy 
for advanced HCC and demonstrated that the parameters 
were correlated with DCB. Previously, several studies 
have reported that monocytes are associated with response 
to ICIs. An analysis of PBMCs from melanoma patients 
revealed that the baseline frequency of classical monocytes 
was positively correlated with responsiveness to anti-PD-1 
therapy [34]. Another study of melanoma discovered that a 
higher baseline frequency of  S100A9+ monocytes is associ-
ated with poor response to PD-1 blockade [35]. Other stud-
ies examining PD-L1 expression on monocytes in various 
cancer types have consistently showed that higher baseline 
PD-L1 expression is correlated with worse clinical outcomes 
after ICI treatment [36–39]. In the present study, we devel-
oped a combined biomarker, termed the monocyte index, by 
integrating numeric changes in total and PD-L1+ classical 
monocytes early after anti-PD-1 therapy.

A previous study of melanoma demonstrated that pre-
treatment PD-L1 levels on classical monocytes are upregu-
lated in responders compared to non-responders, probably 
due to elevated IFN-γ [34]. However, in our current study, 
we observed the upregulation of PD-L1 on classical mono-
cytes after anti-PD-1 treatment in patients with NDB. In 
line with these present findings, other recent reports have 
shown a negative relationship between PD-L1 expression 
on monocytes and prognosis [36–39]. Interestingly, we also 
found that upregulation of an IL-6- or IL-10-stimulated gene 
signature was significantly associated with cMonocyte-
PDL1D7/D0. This suggests that IL-6 and/or IL-10 contribute 
to the numerical increase of PD-L1+ classical monocytes 
early after anti-PD-1 treatment. Previous reports demon-
strate that IL-6 and IL-10 can induce PD-L1 expression on 
monocytes and macrophages [38, 40, 41]. PD-L1+ mono-
cytes express T-cell inhibitory ligands, such as VISTA and 
CD155, indicating their immunosuppressive role. Indeed, 
previous studies show that peritumoral PD-L1+ monocytes 
exert immunosuppressive roles in HCC [42, 43].

Many studies have shown that the majority of TAMs 
are recruited and differentiated from circulating inflam-
matory monocytes [44–47]. Peripheral monocytes can 
also fuel tumor-infiltrating myeloid-derived suppressor 
cells (MDSCs), which suppress anti-tumor immunity. 
Hence, changes in circulating monocytes may impact the 
biological properties of TAMs or MDSCs. In the current 
study, GSEA revealed that in patients with NDB, classical 

monocytes acquire transcriptomic features of anti-PD-1 
resistance-related, immunosuppressive monocyte/mac-
rophages. It will be interesting to investigate whether the 
peripheral PD-L1+ monocytes that were increased early 
after anti-PD-1 treatment directly migrate to tumors and 
exert immunosuppressive roles.

We found that the monocyte index predicted not only 
the clinical benefit but also survival outcomes. Notably, 
the prognostic power of the index for OS was not statisti-
cally significant in the univariate analysis but was signifi-
cant in the multivariate analysis. This phenomenon was 
likely due to the higher proportion of patients with a large 
number of metastases (≥ 4) in the higher monocyte index 
group (21.1% vs. 10.5%). Further studies are needed to 
examine the clinical parameters that affect the circulating 
classical monocytes during anti-PD-1 therapy.

Despite these novel findings, a limitation of our study 
is the relatively small number of patients included in our 
analysis without internal or external validation, which may 
limit the statistical power and interpretation of our data. 
Given the heterogeneity of classical monocytes among 
patients of the same response group, as shown through 
RNA-seq analysis, the usefulness of the monocyte index 
should be investigated in a larger and, preferably, inde-
pendent cohort. Furthermore, the positive prediction value 
of the monocyte index was relatively low because the cut-
off value of 1 used in the analysis is substantially different 
from the optimal cut-off value. The cut-off value must be 
optimized to support utilization of the monocyte index in 
clinical practice. Additionally, the mechanisms by which 
the changes in circulating classical monocytes are associ-
ated with clinical benefit were not thoroughly investigated, 
and further study with tumor tissue samples of anti-PD-1-
treated patients is necessary.

The current analysis provides a monocyte-based periph-
eral blood biomarker that can predict the clinical benefit 
and survival outcomes of advanced HCC patients in their 
first week of anti-PD-1 treatment. To our knowledge, this 
is the first study to suggest that changes in monocytes fol-
lowing ICI treatment can be used as biomarkers for clini-
cal benefit, in any type of cancer. Future studies are needed 
to validate our findings in larger cohorts and to investigate 
the mechanisms for how the changes of circulating classi-
cal monocytes impact the anti-tumor response in the tumor 
microenvironment.
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