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Background: Anti-programmed death-1 (PD1) antibodies have changed the treatment landscape for hepatocellular carcinoma (HCC)
and exhibit promising treatment efficacy. However, the majority of HCCs still do not respond to anti-PD-1 therapy.

Methods: We analyzed the expression of CXCL9 in blood samples from patients who received anti-PD-1 therapy and evaluated its
correlation with clinicopathological characteristics and treatment outcomes. Based on the results of Cox regression analysis,
a nomogram was established for predicting HCC response to anti-PD-1 therapy. qRT-PCR and multiple immunofiuorescence assays
were utilized to analyze the proportions of N1-type neutrophils in vitro and in tumor samples, respectively.

Results: The nomogram showed good predictive efficacy in the training and validation cohorts and may be useful for guiding clinical
treatment of HCC patients. We also found that HCC cell-derived CXCL9 promoted N1 polarization of neutrophils in vitro and that
AMG487, a specific CXCR3 inhibitor, significantly blocked this process. Moreover, multiple immunofluorescence (mIF) showed that
patients with higher serum CXCL9 levels had greater infiltration of the N1 phenotype of tumor-associated neutrophils (TAN).
Conclusion: Our study highlights the critical role of CXCL9 as an effective biomarker of immunotherapy efficacy and in promoting
the polarization of N1-type neutrophils; thus, targeting the CXCL9-CXCR3 axis could represent a novel pharmaceutical strategy to
enhance immunotherapy for HCC.

Keywords: CXCL9, anti-PD-1 antibody, N1 polarization of neutrophils, nomogram

Introduction

Hepatocellular carcinoma (HCC) is the most common type of liver cancer and is often diagnosed at advanced stages when
surgical resection is contraindicated.' Therefore, systemic treatment is the main treatment option for patients with advanced
HCC. Standard first-line treatment options for HCC typically include sorafenib, lenvatinib, and other kinds of immunotherapy.
In addition, combination treatment regimens have shown promising results. Atezolizumab in combination with bevacizumab
is now recommended based on the IMbravel50 Phase III trial results.” Other combinations, such as targeted therapy
combined with immunotherapy or immunotherapy combined with antiangiogenic drugs, are being rigorously evaluated for
their efficacy and adverse effects in large clinical trials.” In theory, due to the different mechanisms of action of two drugs in
a combination therapy, synergistic effects can be exerted to maximize the antitumor benefits. Moreover, toxicity is not
additive.” In addition, with the advancements in systematic treatment, neoadjuvant therapy and adjuvant therapy for HCC have

also received increasing amounts of attention.® The postoperative adjuvant atezolizumab combined with bevacizumab has also
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been proven to prolong the progression-free survival of HCC patients.” The PD-1/PD-L1 pathway represents a key immune
checkpoint that tumors utilize to evade immune surveillance. Thus, blockade of the PD-1/PD-L1 pathway has revolutionized
cancer immunotherapy, leading to significant improvements in patient outcomes across multiple tumor types, including HCC.®
PD-1 inhibitors, such as nivolumab’ and pembrolizumab,'® have shown promising activity in the treatment of HCC. These
agents restore the function of T cells, unleashing the immune system on tumors and leading to durable tumor responses in
advanced HCC. However, not all HCCs respond equally to anti-PD-1 therapy. The MOUSEION-01 study suggested that the
benefit of single-agent immunotherapy versus the control treatment was less pronounced in female patients than in male
patients.'" Thus, there is an unmet need for effective predictive markers to guide individualized treatment.

In recent years, the role of chemokines in HCC has gained increasing attention. Along with their receptors, chemokines,
a family of small signaling proteins, are expressed in various tissues and organs, including the liver. Evidence suggests that
chemokines regulate the growth, invasion, and metastasis of HCC cells.'* Several chemokines have been identified as
potential biomarkers for liver cancer diagnosis and prognosis. For instance, high levels of C-reactive protein (CRP),
a protein produced by the liver in response to inflammation, have been associated with poor prognosis in HCC patients
who received combination therapy comprising atezolizumab and bevacizumab.'® According to a large-scale retrospective
analysis, elevated baseline serum interleukin-8 (IL-8) levels are associated with poor outcomes in patients with advanced
cancer treated with nivolumab and/or ipilimumab, everolimus or docetaxel in Phase 3 clinical trials.'* Chemokines can
promote the proliferation and survival of HCC cells by activating downstream signaling cascades. They can also facilitate the
invasion and metastasis of tumor cells by regulating the expression of matrix metalloproteinases (MMPs) and other proteolytic
enzymes.'> Additionally, chemokines can modulate the tumor microenvironment by recruiting immune cells and stromal cells
to support tumor growth and progression.'® Targeting chemokines to treat HCC represents a novel therapeutic approach.
Blocking the function of specific chemokines or their receptors can effectively interfere with tumor growth and metastasis.
Some inhibitors of chemokine receptors have shown promise in preclinical studies,'” while others are currently being
evaluated in clinical trials for the treatment of liver cancer. The development of such targeted therapies offers hope for
patients with liver cancer, particularly those who do not respond to conventional treatments.

Tumor-associated neutrophils (TANs) are a subset of neutrophils that are recruited to the tumor microenvironment
and interact with cancer cells in various ways. In liver cancer, TANs can polarize into protumorigenic N1-like or tumor-
suppressing N2-like phenotypes. N1-like TANs are proinflammatory and promote tumor growth through the release of
proangiogenic and prometastatic factors. On the other hand, N2-like TANs have anti-inflammatory properties and can
inhibit tumor growth by releasing antiangiogenic and proapoptotic factors.'® The interaction between TANs and HCC
cells is regulated by various signaling pathways, including cytokines, chemokines, and growth factors. Understanding
these interactions and the mechanisms that regulate TAN polarization in liver cancer can provide insights into the
development of more effective therapeutic strategies.'’

In the present study, based on transcriptome sequencing results from multiple centers, we found that the chemokine
CXCL9 is associated with anti-PD-1 therapy in HCC patients. Moreover, we further developed a comprehensive
predictive model that relies solely on serum and clinical indicators to predict HCC response to anti-PD-1 therapy and
demonstrated that this model has considerable specificity and sensitivity in a validation cohort. We also explored for the
first time the direct relationship between CXCL9 and N1-type TAN polarization in HCC, which will provide further
insights into the influence of the TME via CXCL9.

Materials and Methods

Patients and Samples

The present study cohort comprised 211 patients treated with anti-PD-1 antibody for unresectable or advanced HCC at
our medical center between January 2019 and January 2023. The diagnosis of HCC was based on typical imaging
findings obtained via abdominal contrast-enhanced computed tomography (CT) or magnetic resonance imaging (MRI).
After excluding patients who did not complete at least 6 months of therapy (n = 28), 183 patients were ultimately
included in the analysis. The criteria for treatment were Barcelona Clinic Liver Cancer (BCLC) stage C or BCLC stage
B disease with a physical state exceeding tolerance of interventional therapy. Patients received 200 mg of anti-PD-1
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antibody every 3 weeks. Tumor response was evaluated every 2 months according to the Response Evaluation Criteria in
Solid Tumors (RECIST) v1.1. Progression free survival (PFS) was defined as the time from the initiation of systemic
treatment to disease progression.

The study protocol complied with the ethical guidelines of the World Medical Association Declaration of Helsinki
and was approved by the Wuwei People’s Hospital Research Ethics Committee. Written informed consent was obtained
from the patients before initiation of anti-PD-1 therapy.

Enzyme-Linked Immunosorbent Assay (ELISA) and Quantitative Real-Time PCR (qRT—
PCR)

Serum CXCL9 concentrations were determined using an ELISA kit (R&D Systems, Inc., Minneapolis, MN) according to
the manufacturer’s instructions. The expression levels of CD95, NOS2, CCL3, CD206, ARG2 and CCL2 were measured
via qRT-PCR. Supplementary Table 1 shows the sequences of primers used. Total RNA was extracted from neutrophils
using TRIzol reagent (Takara). After employing 1 pg of total RNA and the PrimeScript RT Reagent Kit (Takara), cDNA
was synthesized. The mRNA levels were subsequently determined via qRT-PCR using the SYBR Green Master Mix Kit
(Yeasen).

Cell Isolation and Culture
Peripheral blood samples from people in normal health were collected in EDTA-coated tubes. Neutrophils were isolated
using the MojoSort™ Whole Blood Human Neutrophil Isolation Kit (Cat. 480152, Biolegend). Primary HCC cells were
collected using gentleMACS™ Dissociators according to the manufacturer’s instructions. Briefly, tumor tissue ranging
from 0.05-0.2 g was dissociated in 2.5 mL of an enzyme mixture. The sample was incubated for 30 minutes at 37 °C
under continuous rotation using the MACSmix™ Tube Rotator. The sample was resuspended, and the cell suspension
was applied to a MACS SmartStrainer (30 pm or 70 um) placed in a 50 mL tube. The cell suspension was centrifuged at
300xg for 7 minutes. The supernatant was aspirated completely. The cells were resuspended as needed for coculture.
The obtained cells were resuspended in DMEM supplemented with 10% fetal bovine serum and penicillin and streptomycin.

Multiple Immunofluorescence (miF)

For mlF, the slides were deparaffinized in xylene, rehydrated in ethanol, incubated with 0.3% hydrogen peroxide,
subjected to antigen retrieval with citrate buffer, and blocked with 5% BSA. Primary antibodies were incubated overnight
at 4 °C, followed by incubation with a secondary horseradish peroxidase-conjugated antibody. The slides were again
placed in citrate buffer to remove redundant antibodies before the next step. Finally, the slides were incubated with DAPI
solution at 37 °C for 10 min in the dark. Finally, the slides were scanned and analyzed with Case Viewer.

Transwell Migration Assay of Neutrophils

Briefly, the isolated neutrophils were resuspended in serum-free RPMI-1640 medium containing 1% P/S at
a concentration of 10%mL. Then, in the presence of LPS (300 ng/mL), 200 pL of cells was seeded into the upper
wells of the Transwell chamber (8 um; Corning, NY, USA). Thereafter, the medium from the upper chamber containing
HCC cells with high or low CXCL9 secretion was collected, centrifuged to remove floating cells, and placed in the lower
chamber. After 2 hours, the number of cells that migrated to the bottom chamber was counted using a hemocytometer.

Statistical Analysis

Continuous variables are presented as the means + SEMs and were compared using the Mann—Whitney U-test (Wilcoxon
rank-sum test) or Student’s #-test. Categorical variables were compared using Fisher’s exact test or the chi-square test, as
appropriate. PFS was plotted using the Kaplan—-Meier method and compared using the Log rank test. Two-tailed p values
of < 0.05 were considered to indicate statistical significance. All the statistical analyses were conducted with R software
(v3.6.3; R Project for Statistical Computing).
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Results
HCCs in Patients with Higher Serum CXCL9 Levels Exhibit Improved Response to
Anti-PD-| Treatment

To identify effective biomarkers of the response to anti-PD-1 therapy, we reanalyzed the transcriptome sequence of 111 tumor
samples from patients with advanced HCC from 13 centers before systemic anti-PD-1 therapy. Compared with those of
nonresponders, the transcriptome analysis of responders revealed a significant upregulation in CXCL9 (p < 0.01)
(Figure 1A)." As CXCL9 is a potential chemokine that is present in the tumor microenvironment and blood circulation,
the serum CXCL9 concentration in each patient was measured in the training cohort from our center (n=123) treated with anti-
PD-1 antibody. We found that patients with a partial response (PR) had the highest baseline serum CXCL9 levels, followed by
patients with stable disease (SD), while patients with progressive disease (PD) had the lowest serum CXCL9 levels (Figure 1B
and Figure S1A and B). Based on the association between CXCL9 and response to anti-PD-1 therapy, we calculated a cutoff
value of 478 pg/mL for the serum CXCL9 concentration (AUC=0.7999; specificity=68.49%, sensitivity=78.00%)
(Figure 1C). Further analysis revealed that a majority of patients with a serum CXCL9 concentration lower than the upper
limit of the cutoff value (ULC) had PD, while patients with a serum CXCL9 concentration higher than 2x the ULC had more
PR or SD (Supplementary Table 2) (Figure 1D). The baseline characteristics of the 123 patients included based on their serum

CXCL9 concentrations are presented in Table 1. Consistently, Kaplan-Meier analysis suggested that patients with a serum
CXCL9 concentration higher than 2x ULC had the best progression-free survival (PFS), while patients with a serum CXCL9
concentration lower than the ULC had the worst PFS (mPFS (<ULC): 11.5 months; mPFS (ULC~2x ULC): 33 months; mPFS
(>2x ULC): 36.5 months; p <0.001) (Supplementary Table 3) (Figure 1E); the results of the pairwise comparison can be found

in Supplementary Table 3. Therefore, the serum CXCL9 concentration may serve as a novel predictor of the response to anti-
PD-1 therapy.
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Figure | Patients with higher serum CXCL9 levels show a better treatment response to anti-PD-| therapy. (A) Volcano plots showing the genes differentially expressed
between responders and nonresponders. The most significantly expressed gene, CXCL9, is highlighted in red. (B) Serum CXCLS9 levels in patients with PR, SD and PD HCC.
(€) ROC curves for the response to anti-PD-| therapy plotted according to the serum CXCL9 concentration. (D) Sankey analysis of serum CXCL9 levels and tumor
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Table | Baseline Characteristics of Patients with Different Serum CXCL9 Levels

Characteristic <ULC ULC~2xULC >2xULC P value
n 62 38 23

Age, years, mean * sd 64.581 + 8.8068 62.579 + 95171 62.304 + 10412 0.457
Tumor burden, cm, n (%) 0.286
<10 35 (28.5%) 21 (17.1%) 17 (13.8%)

>10 27 (22%) 17 (13.8%) 6 (4.9%)

Tumor number, n (%) 0.776
Multiple 19 (15.4%) 10 (8.1%) 8 (6.5%)

Single 43 (35%) 28 (22.8%) 15 (12.2%)

Sex, n (%) 0.153
Male 51 (41.5%) 36 (29.3%) 21 (17.1%)

Female Il (8.9%) 2 (1.6%) 2 (1.6%)

BCLC stage, n (%) 0.060
B 17 (13.8%) 7 (5.7%) 1 (0.8%)

C 45 (36.6%) 31 (25.2%) 22 (17.9%)

Metastasis, n (%) 0.580
No 45 (36.6%) 24 (19.5%) 15 (12.2%)

Yes 17 (13.8%) 14 (11.4%) 8 (6.5%)

Child—Pugh class, n (%) 0.733
A 61 (49.6%) 37 (30.1%) 23 (18.7%)

B | (0.8%) | (0.8%) 0 (0%)

ECOG, n (%) 0.423
| 15 (12.2%) 12 (9.8%) 5 (4.1%)

0 45 (36.6%) 23 (18.7%) 18 (14.6%)

2 2 (1.6%) 3 (2.4%) 0 (0%)

HBsAg, n (%) 0.832
Positive 50 (40.7%) 32 (26%) 18 (14.6%)

Negative 12 (9.8%) 6 (4.9%) 5 (4.1%)

HBV-DNA, n (%) 0.700
Positive 29 (23.6%) 21 (17.1%) 12 (9.8%)

Negative 33 (26.8%) 17 (13.8%) 11 (8.9%)

AFP, ng/mL, n (%) 0.633
20~400 9 (7.3%) 6 (4.9%) 2 (1.6%)

>400 34 (27.6%) 16 (13%) 11 (8.9%)

<20 19 (15.4%) 16 (13%) 10 (8.1%)

CEA, ng/mL, median (IQR) 2.2 (1.6, 3.925) 2.75 (2.2, 4.475) 3.1 (1.7, 4.65) 0.262
TB, umol/L, median (IQR) 14.6 (10.575, 19.075) 14.35 (10.725, 20.575) 16.1 (11.85, 22.85) 0.539
ALB, g/L, mean * sd 37.968 + 4.089 38.342 + 4.6631 41.217 £5.0178 0.011
Sll, median (IQR) 791.5 (447.62, 1350.9) 614.33 (431.51, 957.33) 442.93 (305.5, 959) 0.050
PLR, median (IQR) 165.78 (118.94, 230.74) 164.44 (98.306, 198.94) 114 (83.872, 154.2) 0.009
NLR, median (IQR) 5.3667 (3.8409, 7.4875) 4.5528 (3.7056, 6.9886) 4.1429 (2.2873, 5.9621) 0.238
MLR, median (IQR) 1.1143 (0.8264, 1.4794) | 0.88167 (0.64479, 1.0795) | 0.85556 (0.59509, I.1511) 0.017

Notes: Categorical variables are summarized as n (%). Continuous variables are summarized as medians (ranges).
Abbreviations: AFP, o-fetoprotein; ALB, albumin; BCLC, Barcelona Clinic Liver Cancer; CEA, carcinoembryonic antigen; ECOG PS, Eastern
Cooperative Oncology Group performance status; HBsAg, hepatitis B surface antigen; IQR, interquartile range; MLR, monocyte-to-lymphocyte
ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; Sll, systemic immune-inflammation index; TB, total bilirubin; ULC,

upper limit of the cutoff value.

Establishment of the Nomogram for Predicting the Response to Anti-PD-| Therapy

Further analysis was performed to explore which baseline features were also associated with immunotherapy response of

HCC. The results of univariate analysis are shown in Table 2. Specifically, the independent factors predictive of the

response to anti-PD-1 therapy were the serum CXCL9 concentration, tumor burden, albumin (ALB) level, systemic

immune-inflammation index (SII), and platelet-to-lymphocyte ratio (PLR) (Table 2). These independent risk factors were

included in the establishment of the nomogram for the response to anti-PD-1 therapy (Figure 2A). Receiver operating
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characteristic (ROC) curve analysis, decision curve analysis (DCA) and calibration curve analysis (CCA) were adopted
to assess the predictive accuracy of the nomogram. The area under the ROC curve was 0.959 (95% CI1=0.925-0.993) for
the nomogram, 0.931 (95% CI=0.887-0.975) for the SII-PLR-ALB-tumor burden score, 0.724 (95% CI=0.627-0.821)
for the SII score and 0.796 (95% CI=0.728-0.864) for the PLR score (Figure 2B). Moreover, DCA and CCA suggested

Table 2 Variables Associated with the Response to Anti-PD-1 Therapy in the Training Cohort

Characteristic Total(N) Univariate Analysis Multivariate Analysis
Hazard Ratio (95% CI) | P value | Hazard Ratio (95% CI) | P value

Serum CXCL9, pg/mL 123

<ULC 62 Reference Reference

ULC~2xULC 38 3.407 (0.879-13.208) 0.076 3.909 (0.971-15.742) 0.055

>2xULC 23 8.266 (2.365-28.892) < 0.001 7.902 (2.117-29.494) 0.002

Age, years 123 0.989 (0.947-1.033) 0.627

Tumor burden, cm 123

<10 73 Reference Reference

>10 50 0.428 (0.179-1.021) 0.056 0.245 (0.087-0.688) 0.008

Tumor number 123

Multiple 37 Reference

Single 86 1.005 (0.450-2.248) 0.989

Sex 123

Male 108 Reference

Female 15 0.914 (0.214-3.898) 0.903

BCLC stage 123

B 25 Reference

C 98 2.000 (0.684-5.848) 0.206

Metastasis 123

No 84 Reference

Yes 39 1.468 (0.607-3.553) 0.394

ECOG PS 123

| 32 Reference

0 86 2.030 (0.698-5.900) 0.194

2 5 0.000 (0.000 - Inf) 0.998

HBsAg 123

Positive 100 Reference

Negative 23 0.732 (0.274-1.956) 0.533

HBV-DNA 123

Positive 62 Reference

Negative 6l 0.630 (0.291-1.364) 0.241

AFP, ng/mL 123

<20 45 Reference

20~400 17 0.921 (0.253-3.353) 0.901

>400 6l 1.561 (0.695-3.504) 0.281

CEA, ng/mL 123 0.883 (0.730-1.067) 0.198

TB, umol/L 123 0.994 (0.960-1.029) 0.726

ALB, g/L 123 1.090 (1.005-1.182) 0.038 1.026 (0.932-1.130) 0.598

N 123 0.998 (0.996—1.000) 0.017 0.999 (0.997-1.002) 0.648

PLR 123 0.985 (0.976-0.995) 0.002 0.987 (0.976-0.999) 0.027

NLR 123 0.899 (0.783-1.031) 0.128

MLR 123 0.466 (0.173-1.252) 0.130

Note: Bold font, P<0.05.

Abbreviations: AFP, o-fetoprotein; ALB, albumin; BCLC, Barcelona Clinic Liver Cancer; CEA, carcinoembryonic antigen; Cl, confidence
interval; ECOG PS, Eastern Cooperative Oncology Group performance status; HBsAg, hepatitis B surface antigen; MLR, monocyte-to-
lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; Sll, systemic immune-inflammation index; TB,

total bilirubin; ULC, upper limit of the cutoff value.
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Figure 2 Establishment of the nomogram for predicting the response to anti-PD-| therapy (A) Nomogram for the prediction of the response of HCC to anti-PD-| antibody
in the training cohort. B. ROC curves for the nomogram in the training cohort (B) and external validation cohort (E). Decision curves for the nomogram in the training
cohort (C) and external validation cohort (F). Calibration curves for the nomogram in the training cohort (D) and validation cohort (G).

Abbreviations: ROC, receiver operating characteristic; AUC, area under curve; Sll, immune-inflammation index; PLR, platelet-to-lymphocyte ratio.

the ideal predictive value of the nomogram (Figure 2C and D). The model was further evaluated in a validation cohort.
The training cohort and the validation cohort differed significantly only in terms of the MLR, so the two groups were
considered comparable (Table 3). The area under the ROC curve was 0.758 (95% CI, 0.618-0.898), 0.664 (95% ClI,
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Table 3 Comparison of the Baseline Characteristics Between the Training and Validation
Cohorts

Characteristic Training Cohort Validation Cohort P value

n 123 60

Serum CXCL9, pg/mL, n (%) 0.133

>2xULC 23 (12.6%) 18 (9.8%)

ULC~2xULC 38 (20.8%) 20 (10.9%)

<ULC 62 (33.9%) 22 (12%)

Age, years, median (IQR) 65 (57.5, 70) 64 (57, 68) 0.372

Tumor burden, cm, n (%) 0.239

<10 73 (39.9%) 41 (22.4%)

>10 50 (27.3%) 19 (10.4%)

Tumor number, n (%) 0.656

Multiple 37 (20.2%) 20 (10.9%)

Single 86 (47%) 40 (21.9%)

Sex, n (%) 0.162

male 108 (59%) 48 (26.2%)

female 15 (8.2%) 12 (6.6%)

BCLC stage, n (%) 0.473

C 98 (53.6%) 45 (24.6%)

B 25 (13.7%) 15 (8.2%)

Metastasis, n (%) 0.350

Yes 39 (21.3%) 15 (8.2%)

No 84 (45.9%) 45 (24.6%)

Child—Pugh class, n (%) 0814

A 121 (66.1%) 60 (32.8%)

B 2 (1.1%) 0 (0%)

ECOG PS, n (%) 0.302

| 33 (18%) 14 (7.7%)

0 86 (47%) 46 (25.1%)

2 4 (2.2%) 0 (0%)

HBsAg, n (%) 0.050

Positive 100 (54.6%) 41 (22.4%)

Negative 23 (12.6%) 19 (10.4%)

HBV-DNA, n (%) 0.185

Positive 62 (33.9%) 24 (13.1%)

Negative 61 (33.3%) 36 (19.7%)

AFP, ng/mL, n (%) 0.072

20~400 17 (9.3%) Il (6%)

<20 45 (24.6%) 30 (16.4%)

>400 61 (33.3%) 19 (10.4%)

CEA, ng/mL, median (IQR) 2.7 (1.8, 4.35) 2.4 (1.775, 4.825) 0.728

TB, umol/L, median (IQR) 14.7 (10.75, 20.85) 14.45 (10.475, 21.575) 0.664

ALB, g/L, mean * sd 38.691 + 4.5828 40.067 + 4.8812 0.064

Sll, median (IQR) 655.5 (403.1, 1083.8) 755.92 (386.23, 1297.2) 0.650

PLR, median (IQR) 154.55 (107.67, 218.04) 138.88 (90.929, 248.75) 0.418

NLR, median (IQR) 5.1667 (3.75, 6.9773) 4.0455 (2.7612, 7.3143) 0.117

MLR, median (IQR) 0.98571 (0.72111, 1.3667) | 0.67222 (0.39417, 1.2) < 0.001
Notes: Categorical variables are summarized as n (%). Continuous variables are summarized as medians (ranges).
Abbreviations: AFP, o-fetoprotein; ALB, albumin; BCLC, Barcelona Clinic Liver Cancer; CEA, carcinoembryonic
antigen; ECOG PS, Eastern Cooperative Oncology Group performance status; HBsAg, hepatitis B surface antigen;
IQR, interquartile range; MLR, monocyte-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-
to-lymphocyte ratio; SlI, systemic immune-inflammation index; TB, total bilirubin; ULC, upper limit of the cutoff
value.
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0.505-0.823), 0.496 (95% CI, 0.379-0.613), and 0.663 (95% ClI, 0.538-0.787) for the nomogram, the SII-PLR-ALB-
tumor burden score, the SII score and the PLR score, respectively, in the validation cohort (Figure 2E). Consistent with
the training cohort, the validation cohort demonstrated a high net benefit of the nomogram according to the DCA curves
(Figure 2F). The calibration curve showed consistency between the predictions and observations in the validation cohort
(Figure 2G).

Risk Stratification of the Nomogram

The nomogram score corresponding to the maximum Youden index was considered the cutoff value in the training
cohort. Patients with a nomogram score higher than 107.6 were considered high response group to anti-PD-1 therapy, and
those with a lower nomogram score were considered low response group. Based on these findings, we pooled the
probabilities of response to anti-PD-1 therapy for different risk groups in the training cohort and the validation cohort
(Table 4). HCC in patients in the high-risk group demonstrated a significantly higher frequency of response to anti-PD-1
therapy than those in the low-risk group, which was demonstrated in the training cohort and the validation cohort (p <
0.001, p=0.004; respectively). Therefore, the CXCL9-based predictive nomogram we constructed may be clinically
useful for selecting appropriate treatment strategies for HCC patients.

Tumor-Derived CXCL9 Promotes NI Polarization of Neutrophils Through CXCR3

Given the potential role of CXCL9 as a cytokine in the remodeling of the TME, we speculated that the association of
CXCL9 with the anti-PD-1 response in HCC is likely related to its impact on the immune microenvironment. We then
used the ssGSEA algorithm in the TCGA database to calculate the infiltration of various immune cells in patients with
high and low CXCL9 expression and performed correlation analysis using Pearson and Spearman correlations. We found
that high expression of CXCL9 is associated with the infiltration of various immune cells, including natural killer (NK)
cells, dendritic cells (DCs), T cells, macrophages and neutrophils (Figure S2A). CXCL9 has been repeatedly reported to
be secreted by the DC-NK axis, mediating antigen presentation in HCC and other tumor models,”**' and Ruben Bill et al
demonstrated that macrophage polarity can be defined by CXCL9 and SPP1 expression but not by conventional M1 and
M2 markers, with a noticeably strong prognostic association. A study of CXCL9" macrophage polarity revealed a highly
coordinated network of either pro- or antitumor variables that involved each tumor-associated cell type and was spatially
organized.”? This finding is consistent with our analysis results. In addition, we observed a significant increase in the
infiltration level of neutrophils in patients with high CXCL9 expression (Figure S2B), which was further validated by
in vitro Transwell migration assay (Figure S3A). There have been few previous studies on CXCL9 and neutrophils in
liver cancer, so we were curious whether CXCL9 can directly act on neutrophils or whether complex immune regulation
causes increased levels of neutrophil infiltration. In addition, the level of neutrophil infiltration seems to be associated
with poor prognosis in patients with liver cancer,”® which contradicts the role of CXCL9 that we previously discovered.
Therefore, we hypothesized that CXCL9 may activate the antitumor phenotype of neutrophils. After culturing neutrophils
in vitro and detecting markers of neutrophil polarization, we observed that treatment of neutrophils with CXCL9
significantly increased the expression of the N1 polarity markers CD95, NOS2, and CCL3 (Figure 3A) while decreasing

Table 4 Incidence of Response to Anti-PD-1 Therapy in the
High-Risk Group and Low-Risk Group in the Training Cohort
and Validation Cohort

Cohort Subgroup Response | P value

Training cohort High response group 24(80) P < 0.001

Low response group 4(4.3)

Validation cohort | High response group 12(52.2) P = 0.004

Low response group 6(16.2)

Note: Variables are summarized as n (%).
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Figure 3 Tumor-derived CXCL9 promotes NI polarization of neutrophils through CXCR3. (A and B) qPCR analysis of the transcription of NI and N2 markers in
neutrophils treated with or without recombinant human CXCL9 and IFN-a. (C) qPCR analysis of the transcription of NI markers in neutrophils treated with or without
AMGH487. (D) Schematic diagram of the coculture of neutrophils and patient-derived HCC cells. (E) qPCR analysis of the transcription of NI markers in neutrophils
cocultured with designated patient-derived HCC cells. (F) Representative mIHC images of stained CD206"CD16b" cells and iNOS*CD16b" cells from the high- and low-
CXCL9 groups. *P < 0.05; **P<0.01; ***P<0.001.

Abbreviation: ns, not significant.
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the expression of the N2 polarity markers CD206, ARG2, and CCL2 (Figure 3B). CXCR3 has been reported to be the
receptor for CXCL9 in TANs.>* Blocking the CXCR3 receptor with AMG487, a CXCR3-specific inhibitor, abolished the
polarization effect of CXCL9 (Figure 3C). These findings demonstrated that CXCL9 can promote the N1 polarization of
neutrophils through the CXCR3 axis. CXCL9 is secreted by immune cells, endothelial cells, and tumor cells.*> The
present study screened for CXCL9 based on transcriptome data from tumor cells, so we were curious whether CXCL9
from tumor cells could promote neutrophil polarization. Tumor cells from patients with high and low serum CXCL9
levels were extracted and cocultured with neutrophils for 6 hours in a Transwell system to avoid direct physical contact
(Figure 3D), after which the marker levels of the neutrophils were again detected. We found that tumor cells from
patients with high CXCL9 expression promoted N1 polarization of neutrophils, and this process was inhibited by
AMG487 (Figure 3E). The in vitro results demonstrated that tumor-derived CXCL9 can promote neutrophil N1
polarization through the CXCR3 axis in a paracrine manner.

A Higher Serum CXCL9 Concentration is Correlated with More NI-Type TANs in
HCC Tumor Samples

mIF was used to examine the level of neutrophil infiltration in the tumor tissues of HCC patients. CD206 CD16b" cells
were considered to be Nl-type TANs, while iNOS'CD16b" cells were considered to be N2-type TANs.?® In three
patients with serum CXCL9 levels below the ULC and three patients with serum CXCL9 levels above the 2x ULC, we
noticed that higher serum CXCL9 levels were associated with more N1 neutrophil infiltration, further confirming our
in vitro results (Figure 3F and Figure S4A and B).

Discussion

Although immunotherapy, which includes anti-PD-1 antibodies, has achieved exciting results in the treatment of advanced
HCC, the nonresponsiveness of a considerable number of HCCs in clinical practice has limited the overall therapeutic efficacy
in treating this disease. Therefore, researchers have made great efforts to find effective biomarkers to predict the efficacy of
immunotherapy. Hyung-Don Kim et al reported that HCCs with a discrete population of PD1-high CD8+ T cells express TIM3
and/or LAG3 and produce low levels of IFNG and TNF in response to anti-CD3 therapy. HCCs with a discrete population of
PDI1-high CD8+ T cells might be more susceptible to combined immune checkpoint blockade-based therapies.”’ Shi et al
proposed a correlation between specific tumor immune features and anti-PD-1 therapy using single-cell techniques, which
may facilitate early diagnosis and novel immunotherapy for patients with HCC.?® In the present study, we conducted
a secondary analysis of the sequencing results from multicenter studies in the United States and Europe and found that
CXCL9 was the most highly expressed molecule. As a chemokine, CXCL9 has been reported to have a chemotactic effect.
Jack Y Lee et al demonstrated that CXCL9 treatment reshaped the tumor microenvironment to promote dendritic cell licensing
and CD8+ T-cell activation in melanoma and provided concomitant benefit to patients receiving anti-PD-1 therapies.”” One
study suggested that blocking CXCR3 signaling exacerbates tumor growth in mice, while intratumoral injection of recombi-
nant CXCL9/10 plus intraperitoneal injection of an anti-PD-1 antibody inhibits tumor growth in mice.>® However, there is
currently no research suggesting a relationship between the serum CXCL9 concentration and immunotherapy efficacy. In the
present study, a risk model based on the serum CXCL9 concentration was proven to accurately predict HCC response to
immunotherapy. With respect to the validation cohort, the model also demonstrated a very high level of prediction ability. The
present study has great potential because it can estimate the response of HCC to immunotherapy using a simple peripheral
blood test, which is very attractive to clinicians. Although the accuracy of this model still needs improvement, stratification
into different risk groups could benefit patient and physician treatment choices. In the future, additional indicators and more
accurate and effective predictive factors will inevitably be identified, allowing the quick and easy identification of patients
suitable for immunotherapy.

We also screened other baseline parameters related to treatment response, including a decreased tumor burden, increased
serum ALB concentration, and decreased serum SII and PLR values. Notably, multiple studies have reported that the SII and
PLR are associated with treatment response and that these values significantly predict the prognosis of patients with HCC after
curative resection and TACE.>'*? In another study at our center, an SII > 330 was significantly associated with vascular
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invasion, large tumors, and early recurrence. CTC counts were significantly greater in the SII > 330 subgroup than in the other
subgroup.>® Therefore, the cutoff value of the SII in the present study was consistent with their result of an SII > 330. The
predictive effect of the SII or PLR during immunotherapy is also well explained. A lower SII may indicate that neutrophils can
activate endothelial cells and parenchymal cells, enhancing the adhesive force of circulating tumor cells and promoting distal
metastasis of tumors. Neutrophils can also release inflammatory factors such as neutrophil elastase, matrix metalloproteinase
9, and IL-8 to participate in tumor proliferation and metastasis.*® In addition, platelets can directly activate the nuclear factor
kB and TGF-B/Smad signal transduction pathways in tumor cells, induce epithelial-to-mesenchymal transition, and promote
distal metastasis of tumor cells. Platelets can also serve as a protective “cloak” to shield circulating tumor cells from immune
destruction, playing a key role in tumor cell survival and metastasis.*> Lymphocytes can induce cytotoxic cell death and
cytokine secretion, inhibit tumor cell proliferation and migration, and control tumor growth. Additionally, lower lymphocyte
counts are associated with a lower survival rate in cancer patients, likely due to the weakening of the host’s anticancer
immunity as lymphocyte levels decrease.”®

TANs from HCC have been found to play dual roles in tumor development and progression; for example, some
studies have reported their protumorigenic activities, while others have suggested their tumor-suppressing potential.*”+**
TANs are recruited to the tumor microenvironment through the release of chemoattractants by cancer cells or other
stromal cells. Once recruited, TANs can interact with liver cancer cells through direct cell—cell contact or through the
release of soluble factors. These interactions can either promote or inhibit tumor growth, depending on the specific
context and TAN polarization status.*® Targeting TANs in liver cancer is a potential approach for cancer treatment.
Strategies to modulate TAN function or interactions with liver cancer cells have attracted much attention. Jack Leslie
et al reported that CXCR2 inhibition during immunotherapy for nonalcoholic steatohepatitis (NASH)-HCC was accom-
panied by an unexpected increase in tumor-associated neutrophils (TANs), which switched from a protumor to an
antitumor progenitor-like neutrophil phenotype.*’ An acidic/photosensitive DC-based neoantigen nanovaccine has been
explored for its ability to remodel tumor-associated neutrophils to potentiate the anticancer immune response and
enhance immunotherapy efficacy.*' Moreover, CXCL6 and TGF-p secreted by HCC cells activate extracellular signal-
regulated kinase (ERK) 1/2 signaling in CAFs to increase CLCF1 production, thus forming a positive feedback loop to
accelerate HCC progression. Inhibition of CLCF1/ciliary neurotrophic factor receptor signaling efficiently impaired N2
polarization of TANs both in vitro and in vivo.*?> CXCL9 has been reported to promote the infiltration of immune cells in
different cancers. In this study, we investigated the role of CXCL9 in promoting neutrophil infiltration and directly
promoting neutrophil polarization toward the N1 phenotype in a paracrine manner. Tumor samples were also collected to
evaluate the presence of TANs in patients receiving anti-PD-1 therapy to validate our results. The results suggested that
high serum CXCL9 levels were associated with increased N1 neutrophil infiltration and predicted improved immu-
notherapy response. Our results suggest that the exogenous introduction of CXCL9 promotes N1 polarization in
neutrophils, while the inhibition of CXCR3 significantly blocks this process. Although additional evidence is still
needed, our study provides a novel target for altering neutrophil phenotypes.

Conclusion

Our findings suggest that the serum CXCL9-based risk model may serve as a potential criterion for clinical decision-
making related to HCC immunotherapy and provide a new approach for improving the efficacy of anti-PD-1 therapy.
Targeting the CXCL9/CXCR3 axis represents a novel strategy for cancer immunotherapy by promoting N1 polarization
of neutrophils and restoring their antitumoral activity.
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