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Objective: To evaluate the impact of pre-treatment hepatitis B virus (HBV) activation on peripheral immune status and treatment
response in unresectable hepatocellular carcinoma (uHCC) patients undergoing transarterial chemoembolization (TACE) combined
with immune checkpoint inhibitors (ICIs) and anti-vascular endothelial growth factor (anti-VEGF) antibodies or tyrosine kinase
inhibitors (TKIs), and to explore the underlying immunological basis.

Methods: This single-center retrospective study included uHCC patients treated with TACE plus ICIs and anti-VEGF antibodies or
TKIs between July 2019 and September 2024. Patients were categorized into inactive and active HBV infection groups based on pre-
treatment HBV DNA levels. A 1:2 propensity score matching (PSM) was used to minimize confounding. The primary outcome was
overall survival (OS), and secondary outcomes included progression-free survival (PFS), objective response rate (ORR), and disease
control rate (DCR). Peripheral immune markers were assessed at baseline (Cycle0), Cycle2, and Cycle4. Intergroup comparisons and
regression analyses were performed to examine associations among HBV activation, immune changes, and objective response (OR).
Results: A total of 70 patients were enrolled, and 53 were retained after PSM (26 with inactive and 27 with active HBV infection).
Median follow-up was 16.6 months; median OS and PFS were 30.1 and 10.6 months, respectively. At Cycle0, serum IgA levels were
higher in the active HBV infection group [3.38 (2.72—4.60) vs 2.70 (2.21-3.32) g/L, P = 0.018], and HBV DNA showed a linear
association with baseline IgA (P = 0.042). IgA increased significantly from CycleO to Cycle2 in the inactive HBV infection and OR
groups but not in their counterparts. AlgA (Cycle2—Cycle0) was independently associated with OR (OR = 0.446, P = 0.041), while
baseline IgA independently predicted AlgA (B = —0.260, P = 0.011). No significant OS or PFS differences were observed between
HBYV activation groups overall, although a trend toward worse OS appeared in the nOR subgroup (P = 0.058).

Conclusion: Pre-treatment HBV activation is linked to altered baseline immune profiles, particularly elevated IgA, and influences
early IgA dynamics. Early IgA changes independently predict early treatment response, supporting the integration of IgA-based
immune profiling into personalized strategies for HBV-related uHCC.
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Introduction

Hepatocellular carcinoma (HCC) is a leading cause of cancer-related mortality worldwide, with particularly high
incidence in China, where chronic hepatitis B virus (HBV) infection accounts for over 60% of cases.' HBV contributes
to hepatocarcinogenesis through genomic instability, chronic inflammation, and immune dysregulation.> In recent years,
transarterial chemoembolization (TACE) combined with immune checkpoint inhibitors (ICIs) and anti-angiogenic agents
—such as anti-vascular endothelial growth factor (anti-VEGF) or multi-target tyrosine kinase inhibitors— has become

a first-line treatment for unresectable HCC (uHCC), offering synergistic benefits.* However, treatment response varies
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significantly among patients, likely due in part to heterogeneity in baseline immune status.’” Understanding the
determinants of pre-treatment immune profiles is therefore critical for optimizing immunotherapy outcomes.

Recent clinical and translational studies have shown that, in patients with uHCC treated with ICIs-based combina-
tions, including TACE plus ICIs and anti-VEGF antibodies/TKIs, the host immune milieu is a major determinant of
treatment efficacy.®® Peripheral immune biomarkers, such as lymphocyte subsets, neutrophil-to-lymphocyte ratio,
circulating immunoglobulins, and cytokines (eg, interleukin-6), together with composite immune signatures derived
from these parameters, have been associated with baseline prognosis, early objective response, and survival in this
setting.” Moreover, dynamic on-treatment changes in these peripheral markers are increasingly recognized as con-
venient, minimally invasive indicators of sensitivity or resistance to ICIs-based combination therapy in uHCC.®

HBYV activation refers to the resurgence of viral replication activity following a prior state of chronic infection or low-
level viral replication, typically manifested as a detectable or rising HBV DNA level.” This phenomenon may occur
during immunosuppressive therapy or may already be present in an “active state” prior to the initiation of treatment.'”
Accumulating evidence indicates that HBV activation not only amplifies virus-associated inflammatory responses but
may also remodel both peripheral and tumor-infiltrating immune profiles.'" These alterations may ultimately lower the
threshold for effective immune activation and compromise the foundation for immunotherapy efficacy in patients
receiving ICIs and anti-VEGF agents.

Although these mechanisms have been increasingly elucidated, there is still a lack of systematic clinical studies
assessing whether pre-treatment HBV activation status exerts a quantifiable impact on the immune status of HCC patients
undergoing TACE in combination with immune and anti-angiogenic therapies. In particular, dynamic assessments
integrating clinical parameters, HBV viral load, and peripheral immune profiling remain scarce. Furthermore, it remains
unclear whether HBV activation leads to specific immune marker alterations or whether these changes are associated with
subsequent treatment response.

To address this gap, the present study employed a propensity score matching (PSM) approach to construct a clinically
balanced cohort of HCC patients with and without HBV activation prior to treatment. All patients received TACE combined
with ICIs and Anti-VEGF Antibodies/TKIs therapy. This study aims to clarify whether HBV activation constitutes an
immunomodulatory factor affecting immune homeostasis and treatment preparedness, thereby providing a theoretical basis

and biological rationale for immunotherapy evaluation and precision management in HBV-related HCC.

Materials and Methods

Patient Selection

This retrospective study was approved by both the Institutional Review Board and the Ethics Committee. Due to the
retrospective design, the requirement for informed consent was waived. Between July 1, 2019, and September 1, 2024,
patients diagnosed with HCC who received TACE in combination with ICIs and anti-VEGF antibodies or TKIs were
enrolled. The inclusion criteria were as follows: (1) HCC diagnosis established histologically or clinically based on the
guidelines of the American Association for the Study of Liver Diseases (AASLD); (2) Barcelona Clinic Liver Cancer
(BCLC) stage B or C; (3) Child-Pugh liver function classification A or B, without signs of uncontrolled ascites or hepatic
encephalopathy; (4) an Eastern Cooperative Oncology Group (ECOG) performance status score of 0 or 1; and (5) receipt
of combination therapy consisting of TACE, ICIs, and anti-VEGF antibodies/TKIs.

Patients were excluded if they met any of the following criteria: (1) a confirmed diagnosis of intrahepatic cholangio-
carcinoma (ICC), combined hepatocellular-cholangiocarcinoma, sarcomatoid HCC, or the fibrolamellar variant of
hepatocellular carcinoma; (2) presence of other concurrent malignancies besides HCC; (3) prior exposure to any systemic
anti-cancer therapy for HCC before initiation of the index TACE plus ICIs and anti-VEGF antibodies/TKIs regimen
(including, but not limited to, immune checkpoint inhibitors, anti-VEGF therapies, tyrosine kinase inhibitors); (4)
incomplete hematologic or immunologic data that precluded outcome evaluation or the analysis of longitudinal immune

marker changes; (5) follow-up duration of less than three months after initiation of combination therapy.
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Propensity Score Matching

To reduce baseline confounding and achieve covariate balance between groups, a 1:2 PSM approach was employed to
construct a clinically comparable cohort of HCC patients with and without HBV activation prior to treatment.'? Propensity
scores were estimated using a logistic regression model based on a comprehensive set of clinically relevant variables

13-15 - . .
315 including age, sex, body mass index

(variables were selected based on clinical relevance and previous literature),
(BMI), Child-Pugh score, Eastern Cooperative Oncology Group performance status (ECOG PS), presence of liver cirrhosis,
and laboratory indicators including total bilirubin (T-BIL), alanine aminotransferase (ALT), aspartate aminotransferase (AST),
albumin (ALB), international normalized ratio (INR), serum creatinine (Cr), alpha-fetoprotein (AFP), albumin—bilirubin
(ALBI) score, and model for end-stage liver disease (MELD) score. Other covariates included lactate dehydrogenase (LDH),
alkaline phosphatase (ALP), diabetes mellitus, Barcelona Clinic Liver Cancer (BCLC) stage, extrahepatic spread, macro-
vascular invasion, and tumor morphology (nodular vs massive type). Nearest-neighbor matching without replacement was
performed using a 1:2 ratio (inactive HBV infection: active HBV infection) and a caliper width of 0.2 standard deviations of
the logit of the propensity score, a commonly recommended threshold to minimize residual bias while retaining adequate
matched pairs. Post-matching balance was evaluated by comparing baseline characteristics between groups, confirming that

all covariates were well matched with no significant residual differences.

TACE Procedure

All TACE procedures were conducted by two senior interventional radiologists, each with more than ten years of
professional experience. To minimize operator-dependent variability and enhance embolization accuracy, a unified
precision TACE protocol was adopted.'® Additional TACE sessions were administered on an “as-needed” basis, guided
by dynamic fluctuations in tumor biomarkers and imaging assessments. TACE treatment was discontinued upon meeting
any of the following criteria: (1) deterioration to Child-Pugh class C, indicated by complications such as treatment-
resistant ascites, marked jaundice, hepatic encephalopathy, or hepatorenal syndrome; (2) an ECOG performance status
greater than 2; or (3) persistent progression of target lesions following three consecutive TACE procedures, as evaluated
by the modified Response Evaluation Criteria in Solid Tumors (mRECIST)."”

ICls and Anti-VEGF Antibodies/TKls Administration

All patients enrolled in this study received combination therapy comprising immune checkpoint inhibitors (ICIs) together
with either anti-VEGF monoclonal antibodies or tyrosine kinase inhibitors (TKIs), all of which were approved by the
National Medical Products Administration and routinely used in clinical practice in China. The ICIs administered in this
cohort included camrelizumab and sintilimab. Anti-VEGF therapy consisted of bevacizumab, which was given concur-
rently with ICIs. For patients receiving oral TKIs, including lenvatinib and sorafenib, treatment was temporarily
suspended for 2-3 days before and after each TACE session to reduce the risk of procedure-related complications. All
medications were administered at standard dosages and intervals in accordance with national treatment guidelines and
institutional protocols. The combined regimen of ICIs and anti-angiogenic agents was continued until radiologic
confirmation of disease progression or the development of intolerable adverse effects.

Follow-Up and Data Collection

The primary outcome was overall survival (OS), while secondary outcomes included progression-free survival (PFS),
objective response rate (ORR), and disease control rate (DCR), with tumor response assessed at the first treatment
evaluation based on mRECIST criteria.'’ Following the initiation of combination therapy, patients were monitored every
6 to 9 weeks. Each follow-up visit included imaging assessments—such as contrast-enhanced abdominal magnetic
resonance imaging (MRI) and non-contrast-enhanced chest and abdominal computed tomography (CT)—along with
a comprehensive panel of laboratory investigations. These tests encompassed complete blood counts, serum biochem-
istry, tumor marker profiling, HBV-DNA quantification, cytokine measurements, immune status assessment, chest pain
panels, and thyroid function testing.
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ICIs were administered every three weeks, with each administration defined as one treatment cycle. Prior to each
cycle, patients underwent laboratory evaluations that included hematologic, biochemical, and immunologic parameters,
as well as assessments for chest-related symptoms and thyroid function. The baseline, second, and fourth cycles were
referred to as Cycle0, Cycle2, and Cycle4, respectively. Immune and biochemical data were collected at Cycle0, Cycle2,
Cycle4, the first radiological evaluation time point, and—if applicable—at the time of disease progression (PD), and were
subsequently used for longitudinal analyses.

Peripheral Immune Markers

Peripheral blood samples were collected before TACE and every three weeks before ICI treatment. Immune profiling
involved the analysis of lymphocyte subsets, including the proportions of CD3" T cells, CD3"CD4" helper T cells,
CD3"CD8" cytotoxic T cells, CD3 CD16"56" natural killer (NK) cells, and CD3 CD19" B cells, as well as the CD4"/
CD8" ratio. Additional immunological markers assessed included immunoglobulin A (Igh) and % (Igk), complement
components C3 and C4, and immunoglobulin classes M (IgM), A (IgA), and G (IgG), along with complement factor
B (CFB). The neutrophil-to-lymphocyte ratio (NLR) is also included.

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using the Ficoll-Paque
technique and resuspended at a final concentration of 1x10° cells/mL. Flow cytometric analysis was conducted on
a FACScan Caliber system (Becton Dickinson, Franklin Lakes, NJ, USA). Serum levels of immunoglobulins and
complement proteins were quantified via immune turbidimetric assays. The neutrophil-to-lymphocyte ratio (NLR) was
derived from standard complete blood count data.

Relevant Definitions

The criteria for initiating combination therapy were defined as the administration of the first dose of ICIs either
concurrently with the initial TACE procedure or within a 1-month interval. TKIs were required to be administered
concurrently with either TACE or ICIs. Patients were required to receive a minimum of four cycles of ICI therapy (with
one cycle defined as a 3-week interval) following the initial TACE session. Survival data were updated through
January 2025. OS was calculated from the date of diagnosis to the date of death from any cause or the last follow-up,
while PFS was defined as the duration from diagnosis to either documented disease progression or death, whichever
occurred first. Treatment response was evaluated according to the Mrecist at the fourth treatment cycle or approximately
three months after therapy initiation.'” This first radiologic assessment typically occurred at the third-month mark or the
fourth ICI cycle. Based on the initial treatment response, patients were stratified into PD, stable disease (SD), or objective
response (OR) groups, the latter including complete response (CR) and partial response (PR). All enrolled HCC patients
had chronic HBV infection as the underlying etiology. Clinically meaningful HBV activation was defined as a serum
HBV DNA level exceeding 60 IU/mL in the presence of hepatitis B surface antigen (HBsAg) positivity. In clinical
practice, HBV activation or high viral replication activity is typically manifested as a detectable or rising HBV DNA
level. In the present study, because historical HBV DNA data were not uniformly available for all patients, we
operationally defined “HBYV activation” as a pre-treatment HBV DNA level > 60 IU/mL, and “inactive HBV infection”
as HBV DNA < 60 IU/mL.

Statistical Analysis

All analyses were performed using SPSS version 23.0 (IBM Corp., Armonk, NY, USA) and R software (version 4.3.0;
R Foundation for Statistical Computing, Vienna, Austria). Propensity score matching was conducted using the Matchlt
package (version 4.6.0), and survival analyses—including Kaplan—Meier estimation and Cox proportional hazards
modeling—were performed using the survival package (version 3.7-0) and survminer package (version 0.4.9).
Continuous variables were expressed as means with 95% confidence intervals, and categorical variables as counts and
percentages. The Shapiro—Wilk test was used to assess data normality. For normally distributed variables, differences
were analyzed using the chi-square test or two-tailed paired Student’s t-test. For non-normally distributed data, the
Kruskal-Wallis test or Mann—Whitney U-test was applied. Overall survival was estimated using the Kaplan—Meier
method, and differences between survival curves were compared using the Log rank test. Simple linear regression was
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used to evaluate changes in immune indicators across treatment timepoints. PSM was used to balance baseline
characteristics between HCC patients with and without HBV activation. Statistics were judged to be significant when
p values were less than 0.05.

Results

Patient Selection

From July 1, 2019, to September 1, 2024, a total of 168 patients undergoing TACE plus ICIs and anti-VEGF antibodies/
TKIs were screened for eligibility. Patients were excluded for the following reasons: histologically confirmed intrahepatic
cholangiocarcinoma, mixed hepatocellular carcinoma, sarcomatoid HCC, or fibrolamellar HCC (n = 5); coexistence of
other malignancies (n = 5); prior systemic therapy (n = 11); incomplete hematological or immunological data, resulting in
insufficient follow-up information (n = 73); and follow-up duration of less than 3 months after initiation of combination
therapy (n = 4). After applying these criteria, 70 patients with complete clinical and follow-up data were included in the
final analysis.

Efficacy and Safety

As of the last follow-up on January 1, 2025, the median follow-up duration was 16.6 months (interquartile range [IQR]:
10.1-29.1). The median OS for the cohort was 30.1 months (95% confidence interval [CI]: 18.3-32.1), and the median
PFS was 10.6 months (95% CI: 8.3-12.7). At the first treatment assessment, the ORR was 51.4%, and DCR reached
87.1%. Among the 70 patients evaluated, 9 were classified as having PD, 25 as having SD, 35 achieved a PR, and 1
achieved a CR. According to the best overall response achieved during the entire treatment course, 4 patients reached
CR, 43 achieved PR, 18 maintained SD.

Adverse events observed during the study were generally mild and manageable, with no treatment-related deaths
recorded. The overall incidence of adverse events was 57.1% (40 out of 70 patients), with the most common events being
fever (54.3%), abdominal pain (44.3%), liver function abnormalities (18.6%), hand-foot skin reaction (21.4%), hyperten-
sion (14.3%), thrombocytopenia (7.1%), proteinuria (15.7%), and immune-related myocarditis (1.4%).

Characteristics of the Population

A total of 70 patients with chronic HBV infection were included, comprising 41 with inactive HBV infection and 29 with
active HBV infection prior to PSM. Before matching, the active HBV infection group had a significantly higher
proportion of patients with diabetes (51.7% vs 24.4%, P = 0.035), and elevated liver transaminases, including ALT
(median 44.1 vs 31.3 U/L, P = 0.026) and AST (median 53.6 vs 41.7 U/L, P = 0.031). No significant differences were
observed in other clinical variables (all P > 0.05). After 1:2 PSM, 53 patients were included in the matched cohort,
comprising 26 with inactive HBV infection and 27 with active HBV infection. All baseline characteristics were
comparable between the two groups, with no statistically significant differences observed across any clinical variables
(all P> 0.05), indicating successful baseline balancing following PSM (Table 1).

Survival Assessment

Kaplan—Meier analysis revealed no significant difference in OS between patients with active and inactive HBV infection
in the total matched cohort (P = 0.790). Subgroup analysis showed that in the OR group, OS did not differ between the
two HBV infection statuses (P = 0.950). However, in the non-objective response (Non-OR) group, a trend toward worse
survival was observed in patients with active HBV infection compared to those with inactive HBV infection, although the
difference did not reach statistical significance (P = 0.058, Figure 1).

Comparison of Peripheral Immune Profiles Between Patients with Inactive and Active
HBV Infection

After PSM, peripheral immune profiles were compared between patients with active and inactive HBV infection at
Cycle0, Cycle2, and Cycle4. A significantly higher IgA level was observed in the active HBV infection group at Cycle0
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Table | Characteristics of Active HBV Infection and Inactive HBV Infection Patients Before and After PSM

Variable Before Matching % (n) After Matching % (n)
Inactive HBV Active HBV P Inactive HBV Active HBV P
Infection (n=41) Infection (n=29) Infection (n=26) Infection (n=27)
Age (y) 61.00 (53.00, 65.00) 58.00 (54.00, 68.00) 0.646 | 62.0 (59.25, 67.25) 58.0 (54.0, 66.0) 0.154
Sex 0.239 0.127
Male 31 (75.6) 26 (89.7) 19 (73.1) 25 (92.6)
Female 10 (24.4) 3 (10.3) 7 (26.9) 2(74)
BMI 21.1 (19.8, 23.8) 21.6 (19.8, 25.2) 0.276 | 22.1 (19.9, 23.9) 22.2 (20.0, 25.5) 0.286
Child Pugh Score 1.000 0.950
A 33 (80.5) 24 (82.8) 21 (80.8) 23 (85.2)
B 8 (19.5) 5(17.2) 5(19.2) 4 (14.8)
ECOG PS 0.933 1.000
0 21 (51.2) 16 (55.2) 14 (53.8) 15 (55.6)
| 20 (48.4) 13 (44.8) 12 (46.2) 12 (44.4)
Liver cirrhosis 0.054 0.696
Yes 18 (43.9) 20 (69.0) 15 (57.7) 18 (66.7)
No 23 (56.1) 9 (31.0) Il (423) 9 (33.3)
T-BIL (umol/L) 16.8 (12.1, 22.3) 14.7 (12.5, 23.2) 0919 | 14.7 (12.4, 22.5) 14.7 (12.5, 22.3) 0.790
ALT (U/L) 31.3 (182, 51.6) 44.1 (24.6, 56.0) 0.026 | 32.7 (18.7, 61.7) 41.9 (29.9, 54.5) 0.266
AST (U/L) 41.7 (28.6, 59.4) 53.6 (37.2, 110.0) 0.031 | 45.1 (33.35, 61.725) 45.1 (37.1, 76.85) 0.450
ALB (g/L) 36.7 (34.8, 39.2) 34.8 (32.5, 37.1) 0.134 | 36.6 (34.9, 38.6) 34.5 (323, 37.7) 0.253
INR 1.08 (1.02, I.11) 1.08 (1.01, 1.16) 0.742 | 1.055 (1.02, I.11) 1.07 (1.01, 1.16) 0.787
Cr (umol/L) 60.5 (49.1, 69.8) 63.5 (57.2, 66.3) 0.599 | 59.6 (49.3, 69.9) 63.5 (57.8, 66.5) 0.287
AFP (ug/L) 0.759 0.702
<400 17 (41.5) 18 (62.1) 17 (65.4) 16 (59.3)
2400 14 (58.5) Il (37.9) 9 (34.6) 11 (40.7)
Lactate Dehydrogenase | 198.6 (181.2, 229.0) 238.0 (171.0, 319.5) 0.082 | 201.7 (187.7, 235.4) 239.4 (180.3, 325.9) 0.128
(U/L)
Alkaline phosphatase 109.4 (85.4, 148.8) 125.8 (92.2, 178.5) 0.270 | 113.9 (90.6, 156.8) 129.6 (92.6, 185.9) 0.337
(U/L)
Diabetes 0.035 0.201
Yes 10 (24.4) 15 (51.7) 8 (30.8) 14 (51.9)
No 31 (75.6) 14 (48.3) 18 (69.2) 13 (48.1)
Meld Score 7.0 (3.8, 8.0) 5.0 (3.0, 7.0) 0.406 | 6.8 (3.3,7.2) 5.6 3.5, 7.4) 0.762
ALBI Score —2.3 (2.5, —2.1) =2.1 (2.5, -1.9) 0.206 | —2.2 (-2.5, —2.1) —2.2 (2.5, -2.0) 0416
BCLC Stage 0.933 1.000
B 20 (48.8) 13 (44.8) 12 (46.2) 13 (48.1)
C 21 (51.2) 16 (55.2) 14 (53.8) 14 (51.9)
Extrahepatic spread 1.000 0.575
Yes Il (26.8) 8 (27.6) 5(19.2) 8 (29.6)
No 30 (73.2) 21 (72.4) 21 (80.8) 19 (70.4)
Vascular invasion 0.964 0.501
Yes 17 (41.5) Il (37.9) 12 (46.2) 9 (33.3)
No 24 (58.5) 18 (62.1) 14 (53.8) 18 (66.7)
Tumor type 0.072 0.104
Nodular 24 (58.5) Il (37.9) 13 (50.0) 11 (40.7)
Massive 17 (41.5) 18 (62.1) 13 (50.0) 16 (59.3)

Notes: To address the imbalance in group sizes before matching (41 inactive HBV vs 29 active HBV), a |:2 nearest-neighbor propensity score matching algorithm without
replacement was employed. This approach maximized statistical power while ensuring baseline comparability, and allowed the inclusion of the majority of active HBV cases
without compromising covariate balance.

Abbreviations: HBV, Hepatitis B virus; BMI, Body mass index; ECOG PS, Eastern Cooperative Oncology Group performance status; T-BIL, Total bilirubin; ALT, Alanine
aminotransferase; AST, Aspartate aminotransferase; ALB, Albumin; INR, International normalized ratio; Cr, Serum creatinine; AFP, Alpha-fetoprotein; ALBI, Albumin—
bilirubin score; BCLC, Barcelona Clinic Liver Cancer; PSM, Propensity score matching.
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[3.38 (2.72, 4.60) vs 2.70 (2.21, 3.32) g/L, P = 0.018]. No significant differences were detected at subsequent treatment
cycles (all P>0.05). In addition, no statistically significant differences were found in any of the other peripheral immune

markers across all time points between the two groups (all P>0.05, Table 2).

Table 2 Immune Differences Between Active and Inactive HBV Infection Following PSM

Treatment Cycle/Peripheral Immune Profiles After Propensity Score Matching

Inactive HBV Infection Active HBYV Infection P
Cycle0
CD3" (%) 75.40 (67.10, 78.84) 73.33 (68.66, 78.53) 0.891
CD3*CD4" (%) 40.34 (38.14, 48.48) 42.38 (36.24, 48.89) 0.942
CD3*CD8" (%) 25.66 (19.80, 32.88) 26.81 (20.27, 31.96) 0.848
CD4"/CD8" (%) 1.66 (1.16, 2.25) 1.67 (1.17, 2.41) 0.971
CD3°CD (16%56) * (%) 13.58 (8.73, 20.64) 15.59 (11.17, 21.18) 0.528
CD3°CDI9" (%) 9.20 (3.77, 13.02) 9.53 (6.50, 13.32) 0.798
1gM (g/1) 0.995 (0.675, 1.72) 1.10 (0.885, 1.44) 0.715
IgA (g/l) 2.70 (2.21, 3.32) 3.38 (2.72, 4.60) 0.018
1gG (g/l) 11.95 (10.03, 16.47) 13.7 (11.95, 17.5) 0.135
Igk (mg/dl) 1040.00 (819.00, 1415.00) | 1185.00 (995.25, 1487.50) 0.167
Igh (mg/dl) 537.0 (440.75, 821.5) 615.5 (569.25, 766.5) 0.138
C3 (g/l) 0.83 (0.74, 0.98) 0.88 (0.73, 1.10) 0.345
C4 (g/l) 0.21 (0.16, 0.24) 0.18 (0.16, 0.24) 0.662
CFB (mg/dl) 39.55 (35.00, 49.55) 47.3 (36.08, 54.95) 0.245
NLR 3.1 (1.73, 5.08) 4.20(3.05,7.20) 0.078
Cycle2
CD3" (%) 77.21 (69.60, 81.23) 75.21 (70.12, 80.95) 0.879
CD3*CD4" (%) 42.11 (35.08, 47.75) 40.88 (36.53, 47.69) 0.964
CD3*CD8" (%) 27.94 (20.43, 33.67) 28.19 (24.53, 34.69) 0.908
CD4"/CD8" (%) 1.35 (1.05, 2.05) 1.46 (1.10, 2.04) 0.886
CD3°CD (1656) ™ (%) 17.19 (8.28, 23.77) 16.20 (11.55, 20.44) 0.985
CD3°CDI9" (%) 471 (2.77, 9.7¢) 5.23 (3.83, 8.91) 0.527
1gM (g/1) 1.12 (0.83, 1.80) 1.14 (0.94, 1.46) 0.865
IgA (g/l) 3.68 (3.35, 4.71) 3.86 (3.42, 5.31) 0.328
1gG (g/l) 15.25 (12.22, 17.32) 16.90 (15.25, 20.15) 0.060
Igic (mg/dl) 1335.00 (982.50, 1510.00) | 1440.00 (1295.00, 1720.00) | 0.085
Igh (mg/dl) 689.50 (573.25, 859.00) 799.00 (689.00, 970.50) 0.068
C3 (g/l) 0.84 (0.78, 0.99) 0.95 (0.85, 1.06) 0.0736
C4 (g/l) 0.21 (0.16, 0.29) 0.19 (0.16, 0.24) 0.592

(Continued)
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Table 2 (Continued).

Treatment Cycle/Peripheral Immune Profiles

After Propensity Score Matching

Inactive HBYV Infection

Active HBYV Infection

P

CFB (mg/dl)
NLR

Cycle4

CD3" (%)
CD3*CD4" (%)
CD3*CD8" (%)
CD4"/CD8" (%)
CD3°CD (16"56) * (%)
CD3°CDI9" (%)
1gM (g/l)

IgA (g/l)

1gG (g/l)

Igic (mg/dl)

Igh (mg/dl)

C3 (g/l)

C4 (g/)

CFB (mg/dl)
NLR

43.50 (38.30, 50.18)
2.63 (157, 4.52)

74.63 (67.83, 81.45)
43.65 (37.11, 49.20)

24.23 (19.11, 32.80)

149 (1.16, 2.27)

16.24 (8.9, 22.14)

5.56 (3.20, 9.04)

1.04 (0.75, 1.82)

3.15 (2.52, 4.50)

13.90 (12.03, 16.75)
1290.00 (927.50, 1490.00)
659.00 (564.50, 842.75)
0.78 (0.73, 0.95)

0.20 (0.16, 0.24)

39.30 (32.12, 44.67)

2.48 (1.49, 4.37)

44.20 (40.35, 52.05)
3.03 (1.93, 481)

73.74 (69.09, 82.56)
41.11 (36.17, 46.61)

26.32 (22.94, 33.89)

1.45 (1.01, 2.21)

1521 (11.66, 22.65)

5.89 (4.00, 11.71)

1.08 (0.86, 1.40)

3.79 (3.19, 5.46)

16.30 (13.30, 18.40)
1420.00 (1110.00, 1670.00)
781.00 (587.50, 933.00)
0.87 (081, 1.06)

0.17 (0.14, 0.21)

43.10 (31.35, 49.35)

2.82 (1.94, 4.58)

0.4465
0.599

1.000
0.460
0.388
0.498
0.742
0.922
0.676
0.147
0.098
0.094
0.222
0.096
0.4094
0.623
0.505

Notes: Cycle0 represents the baseline before treatment, while Cycle2 and Cycle4 correspond to the second and fourth treatment cycles,
respectively, and are used to monitor dynamic changes in immune markers over time.
Abbreviations: HBV, hepatitis B virus; PSM, propensity score matching; CD, cluster of differentiation; Ig, immunoglobulin; CFB, complement

factor B; NLR, neutrophil-to-lymphocyte ratio.

Association Between Serum IgA Levels and Pre-Treatment HBV Viral Load: Linear

Regression and Sensitivity Analyses
Linear regression analysis revealed a statistically significant positive correlation between baseline serum IgA levels and
HBV DNA level (Figure 2A, P = 0.0418). A similar trend was observed when HBV DNA levels were log-transformed,
yielding a regression equation of IgA =2.10 + 0.44*Log;o (HBV DNA), with P = 0.0478 and modest explanatory power

(Figure 2B). To evaluate robustness, sensitivity analysis was conducted by sequentially removing extreme values. The
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Figure 2 Linear Regression Between Serum IgA Levels and HBY DNA Load Before Treatment in HCC Patients After Propensity Score Matching. (A) Simple linear
regression between serum IgA levels and raw HBV DNA Levels (IU/mL). (B) Linear regression model using log-transformed HBV DNA levels to address the scale disparity
between viral load and IgA concentration. Logarithmic transformation was applied to normalize data distribution and improve model interpretability. Shaded areas represent
the 95% confidence interval of the regression line. A significant positive association was observed between log;o (HBY DNA) and IgA levels (P = 0.0478).
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association lost statistical significance when two or more outliers were excluded, and the R? value decreased markedly
(Table 3), suggesting that the observed relationship is sensitive to the influence of high-leverage data points.

Treatment-Related Dynamic Alterations in Peripheral Immune Markers Stratified by
HBV Activation and Therapeutic Response

Among the 15 immune markers analyzed, a significant difference in IgA variation (Cycle2 — Cycle0) was observed
between groups: the inactive HBV infection group showed a greater increase in IgA levels compared to the active HBV
infection group [1.08 (0.74, 1.64) vs 0.49 (0.01, 1.25) g/L, P = 0.0382]. No other immune marker exhibited significant
intergroup differences during either Cycle2—Cycle0 or Cycle4—Cycle2 (all P > 0.05, Table 4).

Among patients with inactive HBV infection, those who achieved an OR exhibited a significantly greater increase in IgA
levels from Cycle0 to Cycle2 compared to non-OR (SD + PD) patients [1.23 (0.92, 1.39) vs 0.18 (—0.01, 0.81) g/L, P=10.014].
However, no significant differences in baseline IgA or its early changes (Cycle2-Cycle0) were observed between OR and non-
OR subgroups within the active HBV infection group (P = 0.856 and P = 0.150, respectively, Table 5).

Linear regression analysis further confirmed distinct trends in IgA elevation from Cycle0 to Cycle2 across subgroups.
A significant upward trend in IgA was observed in the inactive HBV group (P = 0.023), but not in the active HBV group
(P = 0.079). Similarly, patients with an OR exhibited a significant increase in IgA levels over time (P = 0.001), whereas
no significant change was observed in the non-OR group (P = 0.294, Figure 3).

Associations Between Immune Marker Changes and Treatment Response

From Cycle0 to Cycle2, patients in the OR group exhibited significant decreases in CD3"'CD19" cells (P = 0.0099), alongside
significant increases in Igh (P = 0.0046), Igk (P = 0.0103), IgA (P =10.0014), and IgG (P = 0.0089) levels. In contrast, none of
these markers showed statistically significant changes in the non-OR (SD + PD) group over the same period (Table 6).

Table 3 Sensitivity Analysis of Simple Linear Regression (IgA~ HBV

DNA Level)

Removed Extreme Values | Sample Size | P-Value R?

0 27 0.041843 | 0.155456
| 26 0.038857 | 0.165965
2 25 0.571147 | 0.014151
3 24 0.624356 | 0.011088
4 23 0.404696 | 0.033291
5 22 0.666167 | 0.009496

Notes: The table summarizes the robustness of the linear relationship between IgA
and HBV DNA levels after sequential removal of extreme values. As outliers were
excluded, the significance of the correlation (P-value) diminished and the explanatory
power (R?) of the model decreased notably, indicating that the association is sensitive
to the influence of extreme values. Although the correlation appeared sensitive to the
influence of extreme values, the full dataset was retained in the primary analysis to
preserve the clinical representativeness of the population. This decision was supported
by the pathophysiological rationale that elevated HBV DNA levels are a genuine
reflection of active viral replication in a subset of patients, rather than data anomalies.
Moreover, despite variations in statistical significance, the consistent direction and
magnitude of the regression coefficients across sensitivity analyses suggest
a biologically meaningful relationship between serum IgA and HBV viral load.
Abbreviations: HBV, hepatitis B virus; PSM, propensity score matching; Ig, immuno-
globulin. CD, cluster of differentiation; Ig, immunoglobulin; CFB, complement factor B;
NLR, neutrophil-to-lymphocyte ratio.
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Table 4 Comparison of Peripheral Immune Marker Variations Between Active and Inactive HBV Infection Groups During Cycle2—
Cycle0 and Cycle4—Cycle2

Variable Immune Marker Variation (Cycle2—-Cycle0) P Immune Marker Variation (Cycle4-Cycle2) P
Inactive HBV Active HBV Inactive HBV Active HBV
Infection Infection Infection Infection

CD3" (%) 2.17 (0.55, 3.66) 2.23 (—1.47, 6.59) 0.9503 | 2.37 (-0.02, 4.02) —0.36 (-3.69, 6.52) 0.1572
CD3"CD4" (%) —1.15 (—4.28, 5.05) —0.77 (—4.13, 2.77) 0.9087 | 0.00 (-3.78, 3.14) 0.00 (—1.91, 2.11) 0.8655
CD3*CD8" (%) —0.18 (—1.86, 4.53) 0.14 (—1.67, 3.45) 0.824 —0.67 (—3.82, 1.24) —0.49 (—1.60, 0.38) 0.6751
CD4"/CD8" (%) —0.01 (—0.27, 0.15) 0.01 (—0.41, 0.23) 0.8658 | 0.01 (-0.16, 0.19) 0.00 (-0.13, 0.15) 0.748
CD37CD (16"56) * (%) | 1.07 (0.11, 5.17) —0.01 (—4.23, 2.44) 0.1707 | —0.83 (-3.15, 2.82) 0.00 (-2.70, 2.33) 0.8368
CD3°CDI9" (%) —1.38 (-5.95, —0.48) —2.92 (—6.48, —0.74) 0.7286 | 0.21 (-0.30, 1.78) 0.00 (-0.32, 2.38) 0.9715
1gM (g/l) 0.09 (0.02, 0.24) 0.04 (—0.05, 0.21) 0.2585 | —0.02 (—0.12, 0.04) —0.02 (—0.13, 0.00) 0.7406
IgA (g/l) 1.08 (0.74, 1.64) 0.49 (0.01, 1.25) 0.0382 | —0.02 (—1.04, 0.25) —0.02 (—0.49, 0.03) 0.8643
1gG (g/1) 1.77 (0.72, 3.01) 2.53 (0.00, 5.05) 0.5812 | —0.10 (—0.82, 0.35) —0.70 (—1.15, 0.00) 0.054
Igk (mg/dl) 141.50 (62.50, 325.25) 180.00 (—5.00, 540.00) | 0.8309 | —1.00 (-77.00, 45.00) —50.00 (—170.00, 0.00) | 0.3445
Igh (mg/dl) 93.50 (26.50, 163.75) 88.00 (—3.00, 293.00) 0.8868 | —2.50 (—55.25, 20.25) —64.00 (—111.00, 0.00) | 0.1839
C3 (g/l) 0.03 (—0.02, 0.12) 0.02 (—0.03, 0.13) 0.8101 | —0.02 (—0.12, 0.00) —0.05 (—0.15, 0.00) 0.8792
C4 (g/l) 0.00 (—0.01, 0.03) 0.00 (—0.02, 0.01) 0.4216 | —0.01 (—0.04, 0.01) 0.00 (—0.03, 0.00) 0.7188
CFB (mg/dl) 0.30 (—2.48, 5.55) 0.00 (—6.35, 3.75) 0.26 —4.65 (-8.30, 1.80) —5.80 (—8.60, 0.00) 0.6729
NLR —0.09 (—0.70, 0.63) —0.46 (—2.61, 0.58) 0.4712 | -0.31 (—1.00, 0.50) 0.00 (—1.38, 0.51) 0.9219

Notes: Cycle0 is the baseline; Cycle2 and Cycle4 are the second and fourth treatment cycles.
Abbreviations: CD, cluster of differentiation; Ig, immunoglobulin; CFB, complement factor B; NLR, neutrophil-to-lymphocyte ratio.

Table 5 Comparison of Baseline IgA Levels and Early Changes (Cycle2 —
Cycle0) Between OR and Non-OR Patients in Inactive and Active HBV

Infection Groups

Variable (g/l) Group P
OR Non-OR (SD + PD)
Inactive HBV infection
IgA (Cycle0) 2.83 (2.50, 3.12) 2.51 (1.90, 3.38) 0.505
A IgA (Cycle2 — Cycle0) | 1.23 (0.92, 1.39) 0.18 (—0.01, 0.81) 0.014
Active HBV infection
IgA (Cycle0) 3.65 (2.71, 4.60) 3.32 (2.83, 4.32) 0.856
A IgA (Cycle2 — Cycle0) | 0.78 (0.19, 1.50) 0.17 (-0.11, 0.67) 0.150

Notes: AlgA: Change in IgA levels calculated as Cycle2 minus Cycle0; Cycle0 is the baseline;
Cycle2 and Cycle4 are the second and fourth treatment cycles.

Predictive Significance and Upstream Influences of Early IgA Changes

Univariate logistic regression analysis showed that both AIgA (Cycle2 — Cycle0; OR = 0.43, 95% CI: 0.12-0.83, P =
0.022) and AFP > 400 pg/L (OR = 3.25, 95% CI: 1.04-10.90, P = 0.047) were significantly associated with treatment
response, while multivariate analysis further identified only AIgA as an independent predictive factor (OR = 0.47, 95%
CIL: 0.21-0.91, P = 0.041, Table 7).

Multivariate linear regression was performed to identify factors associated with AlgA (Cycle2 — Cycle0). Baseline
IgA was the only variable significantly correlated with AIgA (Estimate = —0.2599, P = 0.011), while all other variables
were not significant (all P > 0.05, Table 8). Figure 4 illustrates the impact of HBV infection status on IgA distribution and
tumor response to TACE in combination with ICIs and anti-VEGF antibodies/TKIs.
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Figure 3 Linear Trend of Serum IgA Levels From Cycle0 to Cycle2 Stratified by HBV Infection Status and Treatment Response. (A) Linear change in serum IgA levels
between Cycle0 and Cycle2 in patients with inactive versus active HBV infection. (B) Linear change in IgA levels from Cycle0 to Cycle2 in OR group versus Non-OR group,
including SD and PD. Cycle0 is the baseline; Cycle2 and Cycle4 are the second and fourth treatment cycles.

Abbreviations: IgA, immunoglobulin A; OR, objective response; Non-OR, non-responders; PD, progressive disease; SD, stable disease.

Discussion

This study investigated the impact of pretreatment HBV replication status (ie, active HBV infection) on peripheral immune
status and treatment response in HCC patients with chronic HBV infection undergoing TACE combined with ICIs and anti-
VEGF antibodies or TKIs. Our findings delineate a potential immunomodulatory pathway through which HBV activation may
reshape the peripheral immune microenvironment—primarily by altering serum IgA levels—and thereby influence the

Table 6 Differential Immune Marker Changes in OR and Non-OR Groups Between Cycle0 and Cycle2

Variable OR Non-OR (SD + PD)
Cycle0 Cycle2 P Cycle0 Cycle2 P

CD3" (%) 71.45 (63.46, 77.12) 75.97 (68.91, 81.08) 0.1516 | 76.15 (70.95, 79.08) 76.71 (71.20, 82.54) 0.9459
CD3*CD4" (%) 39.35 (35.88, 47.27) 38.92 (34.38, 48.19) 0.8712 | 43.23 (37.81, 50.32) 43.16 (38.11, 47.54) 0.8979
CD3"CD8" (%) 24.66 (19.12, 31.70) 27.77 (2225, 34.45) 0.1604 | 27.21 (21.71, 34.02) 28.19 (21.78, 33.76) 0.8746
CD4"/CD8" (%) 1.66 (1.20, 2.25) 1.36 (1.06, 1.98) 0.2757 | 1.59 (1.15, 2.27) 1.36 (1.12, 2.10) 0.9613
CD3 CD (1656) * (%) | 14.72 (7.53, 23.61) 16.16 (10.44, 21.43) 0.9543 | 14.15 (11.98, 18.99) 17.83 (10.33, 22.62) 0.4728
CD3 CDI9" (%) 10.87 (7.73, 16.38) 6.38 (3.45, 11.78) 0.0099 | 6.73 (3.79, 11.60) 4.94 (3.16, 6.31) 0.0535
Igh (mg/dl) 572.50 (472.25, 747.50) 744.00 (602.50, 875.00) 0.0046 | 621.00 (537.00, 850.00) 771.00 (589.00, 944.00) 0.1521
Igk (mg/dl) 1040.00 (836.25, 1385.00) | 1345.00 (1122.50, 1705.00) | 0.0103 | 1210.00 (975.00, 1530.00) | 1390.00 (1280.00, 1660.00) | 0.0743
C3 (gl 0.85 (0.74, 1.01) 0.93 (0.82, 1.05) 0.2614 | 0.86 (0.73, 1.00) 0.89 (0.78, 1.00) 0.5205
C4 (g 0.18 (0.14, 0.26) 0.17 (0.14, 0.26) 0.8955 | 0.20 (0.18, 0.23) 0.21 (0.19, 0.26) 0.7042
1gM (g/l) 0.98 (0.75, 1.50) 1.09 (0.84, 1.66) 0.3418 | 1.10 (0.89, 1.66) 1.15 (0.90, 1.59) 0.7636
1A (g/l) 3.03 (261, 3.82) 4.17 (3.53, 491) 0.0014 | 2.87 (2.35, 4.12) 3.49 (3.03, 4.94) 0.1116
185G (g/l) 12.10 (10.57, 15.93) 15.60 (12.90, 18.55) 0.0089 | 14.10 (11.30, 17.20) 16.30 (14.10, 17.90) 0.0918
CFB (mg/dl) 43.60 (36.05, 55.15) 43.50 (38.80, 50.97) 09161 | 42.20 (35.00, 49.60) 45.40 (39.00, 50.30) 0.8338
NLR 3.21 (2.06, 4.76) 2.50 (1.44, 4.01) 0.4609 | 4.30 (3.01, 5.88) 3.03 (2.28, 5.28) 0.229
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Table 7 Univariate and Multivariate Logistic Regression Analyses of Factors
Associated with Objective Response (OR)

Variable Univariate Analysis Multivariate Analysis
OR | 95% ClI P OR 95% CI P

A IgA (Cycle2 — CycleO [g/l]) | 0.43 | 0.12-0.83 | 0.022 | 0.466 | 0.21-0.91 | 0.0414
IgA (g/l) 1.0l | 0.32-3.20 | 0.992

1gG (g/l) 1.00 | 0.99-1.00 | 0.981

Igk (mg/dl) 0.99 | 0.99-1.00 [ 0.694

Igh (mg/dl) 095 | 0.70-1.27 | 0.719

CD3°CDI9" (%) 1.12 ] 0.98-1.29 | 0.091

Diabetes 0.65 | 0.21-1.94 | 0.443

Age (y) 0.99 | 0.94-1.05 | 0.844

BCLC Stage 1.73 | 0.59-5.27 | 0.325

Active HBV infection 0.80 | 0.27-2.36 | 0.686

Liver cirrhosis 1.15 | 0.38-3.56 0.806

AFP2400 (ug/L) 3.25 | 1.04-10.90 | 0.047 | 2.65 | 0.79-94 | 0.117
ALB Score 093 | 0.82-1.04 | 0.233

Meld Score 092 | 0.76-I.11 0.400

Lactate Dehydrogenase (U/L) | 1.00 [ 0.99-1.00 | 0.979

Alkaline phosphatase (U/L) 0.99 | 0.99-1.00 | 0.725

Tumor type 1.06 | 0.54-2.11 0.853

Notes: Univariate and multivariate logistic regression models were used to identify variables associated with
objective response (OR) to therapy. Variables with P < 0.05 in univariate analysis were considered for
inclusion in multivariate models. All variables were measured at baseline (Cycle0), except for AlgA, which
was calculated as the difference between Cycle2 and CycleO values (Cycle2 — Cycle0), representing the
change in IgA levels from CycleO to Cycle2. Variables were selected based on clinical relevance and previous
literature.'®'® Multivariate linear regression analysis showed that baseline IgA level was significantly asso-
ciated with AlgA (Estimate = —0.2599, P = 0.0110). No other variables demonstrated statistically significant
associations with AigA (all P > 0.05).

Abbreviations: OR, odds ratio; Cl, confidence interval; AlgA, Change in IgA levels calculated as Cycle2 minus
Cycle0; AFP, alpha-fetoprotein; ALB, albumin-bilirubin score; MELD, model for end-stage liver disease.

Table 8 Multivariate Linear Regression Analysis of Factors Associated
with Aiga (Cycle2 — Cycle0)

Variable Estimate | stdError | T Value | P

IgA (g/l) —-0.2599 0.0976 -2.6619 | 0.0110
Age (y) —0.0206 0.0187 —1.1033 | 0.2763
Active HBV infection —0.3475 0.2882 —1.2056 | 0.2349
Liver cirrhosis 0.1179 0.2893 0.4077 0.6856
Diabetes 0.2194 0.3605 0.6086 0.5462
BCLC Stage 0.3529 0.2769 1.2744 0.2097
Meld Score 0.0607 0.0520 1.1653 0.2506
AFP 2400 (ug/L) —0.3837 0.281 | —1.3648 | 0.1798
Lactate Dehydrogenase (U/L) | 0.0004 0.0009 0.4801 0.6337
Alkaline phosphatase (U/L) 0.0025 0.0018 1.4359 0.1586
Tumor type —-0.0970 0.1989 —0.4878 | 0.6283

Notes: Multivariate linear regression was conducted to identify variables associated with the
change in serum IgA levels between Cycle0 and Cycle2 (AlgA). A negative estimate indicates
a decrease in IgA change with increasing value of the corresponding variable. Variables were
selected based on clinical relevance and previous literature.'®?® AlgA was calculated as
Cycle2 minus Cycle0.

Abbreviations: IgA, immunoglobulin A; AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver
Cancer; MELD, model for end-stage liver disease.
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Figure 4 Conceptual model linking pre-treatment HBV activation, dynamic changes in IgA, and treatment outcomes in patients with unresectable HBV-related HCC
receiving TACE plus ICls and anti-VEGF antibodies/TKIs. Patients are first categorized according to baseline HBY DNA into inactive HBV infection (upper row) and active
HBYV infection (lower row). The lightning symbol represents the TACE plus ICls and anti-VEGF antibodies/TKIs combination regimen. Within the stylized liver, blue dots
depict serum IgA levels around the tumor. Patients with active HBV infection exhibit elevated baseline levels of circulating IgA. Following treatment with TACE in
combination with ICls and anti-VEGF antibodies or TKlIs, these patients show relatively limited IgA accumulation within the peripheral immune environment, suggesting an
insufficient I|gA-mediated immune activation and potential immune exhaustion. This phenotype is associated with a poorer treatment response (non-objective response,). In
contrast, patients with inactive HBV infection exhibit lower pre-treatment IgA levels but display greater intratumoral IgA enrichment following therapy, which is indicative of
enhanced immune activation and improved therapeutic outcomes (objective response).

efficacy of immunotherapy. Notably, the change in IgA levels (AIgA) emerged as an independent immune marker predictive of
treatment response, highlighting its translational potential in guiding individualized therapeutic strategies.

In HBV-related HCC, active viral replication is strongly associated with an immunosuppressive state.”! Previous
studies have demonstrated that HBV facilitates immune evasion through multiple mechanisms, including impaired
antigen presentation, T cell exhaustion, expansion of regulatory T cells (Tregs), and suppression of NK and dendritic
cell (DC) functions.”* ** The present study further revealed that patients with active HBV infection exhibited signifi-
cantly elevated serum IgA levels prior to treatment, suggesting that HBV may contribute to dysregulated humoral
immunity by promoting B cell differentiation and IgA class switching. These findings offer new insights into how HBV
modulates the immune microenvironment in HCC.

IgA is a class of antibodies involved in mucosal and systemic immunity, and its elevated expression levels have been
reported to be associated with poor prognosis in HCC patients.>>*® IgA not only exacerbates chronic inflammation through
immune complex deposition but also inhibits the immune clearance by macrophages and NK cells through interaction with
FcoRI receptors, thereby contributing to the establishment of an immunosuppressive microenvironment.?”>° In this study,
linear regression analysis confirmed a linear correlation between HBV DNA load and IgA levels, suggesting that activation
of viral replication may be the direct precipitating factor of abnormally elevated IgA. This association remained significant
after log transformation, enhancing statistical robustness.

In the analysis of immune dynamic changes, only IgA showed a significant difference between the HBV-activated and
non-activated groups during the early treatment phase (Cycle0 to Cycle2), while no consistent trends were observed in
CD3", CD4", CD8", CD19", or other major T/B cell subsets. This suggests that IgA may serve as an earlier and more
sensitive indicator of immune response. Moreover, IgA levels exhibited a significant upward trend in HBV non-activated
patients and those achieving an OR, whereas no such changes were observed in HBV-activated or non-OR patients.
These findings imply that IgA levels are modulated not only by HBV activation status but may also reflect the induction
of an effective immune response following immunotherapy. A significant increase in IgA from Cycle0 to Cycle2 in OR
patients further supports its potential as a marker of treatment sensitivity. Stratified analyses revealed that the change in
IgA (AIgA) was significantly greater in HBV non-activated patients compared to activated ones, and in the OR cohort
compared to the nOR cohort. Logistic regression analysis identified AIgA as the sole independent predictor of treatment
response, whereas HBV activation status, baseline IgA levels, and other conventional clinical variables were not retained
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in the multivariate model. These results support the use of AIgA as a biomarker for “treatment-response immune
sensitivity”’—that is, the capacity of a patient to mount an effective immune response early in the course of treatment.

In this study, we found that the baseline IgA level was an independent determinant of AlgA (Cycle2 — Cycle0),
exhibiting a significant inverse correlation. This suggests that the magnitude of IgA change during immunotherapy is
strongly influenced by its baseline state, highlighting the pivotal role of the “initial immune status” in shaping dynamic
immune responses to treatment.’' Patients with higher baseline IgA levels tended to exhibit a less pronounced IgA
increase during treatment, which may reflect a state of chronic immune activation or immune tolerance due to long-term
antigenic stimulation.**** In HBV-related HCC, persistent viral infection induces chronic inflammation, promoting
sustained plasma cell activation and aberrant IgA elevation.***> This immune state is often accompanied by CD8"
T cell exhaustion, impaired antigen presentation, and enrichment of Tregs, thereby fostering an immunosuppressive
microenvironment.*®*” Under such conditions, even the administration of ICIs and anti-VEGF agents may fail to
sufficiently reinvigorate the immune response, resulting in a blunted IgA increase. Conversely, patients with lower
baseline IgA levels are more likely to possess greater “immune plasticity” and retain the capacity to mount effective
immune responses.®' Upon exposure to combination therapy, these individuals exhibited a more substantial IgA increase,
indicative of enhanced immune activation. Furthermore, the role of IgA in tumor immunity is gaining increasing
attention.*® ' IgA has been shown to suppress effector T cell function through FcaRI-mediated immunoinhibitory
pathways and to participate in the negative feedback regulation of the immune network.***® Thus, elevated IgA may not
only reflect immune exhaustion but may also actively contribute to the establishment of an immunosuppressive tumor
microenvironment.** Our findings support this view, as elevated baseline IgA was associated with a diminished IgA
response and predicted a suboptimal response to immunotherapy.

This study has several limitations. First, although a statistically significant linear association was observed between
baseline IgA levels and HBV viral load, this relationship proved sensitive to high-leverage observations: the correlation
lost significance and the model’s explanatory power declined markedly after exclusion of only two extreme values. This
fragility suggests that the association should be interpreted cautiously and regarded as exploratory. Validation in larger,
prospectively collected cohorts is needed to clarify whether it reflects a reproducible biological pattern or sample-specific
variation. Second, survival analyses after propensity score matching were conducted in the overall cohort, the OR
subgroup, and the non-OR subgroup. While HBV activation showed a borderline association with prognosis in the non-
OR subgroup (P = 0.058), no significant relationship was observed in the overall population or the OR subgroup. This
marginal trend may represent random variation, and its biological significance remains uncertain given the limited
subgroup sample size and underlying heterogeneity in immune status. Third, although a 1:2 propensity score matching
strategy was employed to improve covariate balance, the relatively small final matched sample and the incomplete
availability of immune marker data introduce statistical uncertainty. These factors may limit the stability of effect
estimates and should be addressed in future multi-center studies with larger sample sizes and more comprehensive
immune profiling. Finally, the mechanisms underlying IgA dynamics remain incompletely understood. Further studies
with larger cohorts and integrated immunologic assessments are needed to clarify the biological basis of these changes
and to determine how IgA interacts with broader HBV-related immune alterations.

In conclusion, this study suggests that HBV activation status is linked to elevated IgA expression, which may
contribute to immune suppression, attenuate treatment-induced immune activation, and ultimately compromise the
efficacy of TACE combined with ICIs and anti-VEGF therapy/TKIs. Dynamic changes in IgA (AIgA) emerged as
a sensitive and predictive indicator of this process. These findings support the role of immune phenotyping in guiding
treatment stratification for HBV-related uHCC and highlight IgA as a promising biomarker for pre-treatment risk
assessment and real-time treatment monitoring.
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