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Abstract

Background and Aims: Immune checkpoint inhibitors have transformed the
management of advanced HCC, yet their integration in the perioperative
setting remains insufficiently explored. This study aims to investigate the
effect of hepatectomy on the tumor microenvironment and assess whether
neoadjuvant or adjuvant anti-PD-1 (programmed cell death protein 1)
therapy offers improved therapeutic outcomes.

Approach and Results: Using a murine orthotopic HCC model, a non-
curative partial hepatectomy was performed, removing a non—tumor-bearing
lobe with anti—-PD-1 administered as neoadjuvant or adjuvant therapy. In a
separate experiment, curative hepatectomy (resection of the tumor-bearing
lobe) was performed to evaluate recurrence and survival.

Anti—-PD-1 therapy significantly reduced tumor growth in nonsurgical set-
tings (p=0.0094), but its efficacy was lost in the adjuvant setting. This loss
correlates with reduced infiltration of effector memory CD103*CD8" T cells,
increased expression of exhaustion markers (TIM-3 and LAG-3), and
accumulation of myeloid-derived suppressor cells. Myeloid-derived sup-
pressor cell depletion at the time of surgery improved adjuvant efficacy
(p=0.0084), and delaying adjuvant immune checkpoint inhibitor partially
rescued responses, indicating a temporary postoperative
suppressive window. By contrast, neoadjuvant anti—PD-1 therapy signifi-
cantly reduced tumor burden (p=0.0005), enhanced immune cell infiltration,
and increased the expression of key activation markers on CD8" cells
(Tbx21, Gzma, Cxcr6, and Cd69). Moreover, neoadjuvant treatment signifi-
cantly reduced recurrence rates compared with sham treatment (35% vs.

immuno-

Abbreviations: cDC, conventional dendritic cell; ICI, Immune checkpoint inhibitor; VIS, in vivo imaging system; MDSC, myeloid-derived suppressor cell; MFI, mean
fluorescence intensity; PD-1, programmed cell death protein 1; TIL, tumor-infiltrating lymphocyte; TME, tumor microenvironment.
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INTRODUCTION

Immune checkpoint inhibitors (ICls) have revolutionized
the therapeutic landscape of HCC. Given the immuno-
logic complexity of its tumor microenvironment (TME),"!
ICI restores T-cell-mediated antitumor activity through
the blockade of inhibitory pathways such as pro-
grammed cell death protein 1 (PD-1), programmed cell
death protein ligand 1, and cytotoxic T-lymphocyte-
associated protein 4.2 While early systemic therapy,
dominated by sorafenib, yielded limited benefit in
advanced HCC,23] combination ICI regimens have
since achieved superior outcomes in clinical studies,
as in IMbrave150 (atezolizumab + bevacizumab),
HIMALAYA (durvalumab + tremelimumab),®! and
CARES-310 (camrelizumab + revoceranib)® and fur-
ther confirmed the efficacy of novel ICI combinations.”)
These advances have encouraged the evaluation of ICI
at earlier disease stages alongside curative interven-
tions for different solid tumors.®!

In HCC specifically, recurrence remains a major
challenge, affecting over 40% of patients with early-
stage HCC within 3 years after resection.l®! Extending
ICI with curative treatments may reduce early relapse
and enhance immune surveillance to prevent the
emergence of new lesions.[1%]

Recent clinical trials have evaluated ICI in the
adjuvant setting with promising but inconsistent
results. IMbrave050 trial showed no difference in
recurrence-free survival in patients treated with adju-
vant atezolizumab plus bevacizumab after resection
compared with active surveillance,['"! whereas Wang
et all'® reported improved outcomes using sintilimab
monotherapy (anti-PD-1). Some factors can explain
the limited effectiveness of ICI used as an adjuvant
therapy. Surgical removal of bulk tumors eliminates
the antigenic stimulus needed to prime effective T-cell
responses!’? and may also deplete a rich source of
tumor-specific infiltrating lymphocyte populations with-
in the TME, thereby limiting the pool of cells necessary
for effective ICL.['3! In addition, the impact of adjuvant
ICI may be compromised by the surgery-induced
immunosuppression.[14]

68%, p=0.0405) and improved survival (p=0.0373), which was not ach-
ieved with adjuvant therapy.

Conclusions: Partial hepatectomy disrupts antitumor immunity and limits
adjuvant immune checkpoint inhibitor efficacy. Neoadjuvant anti—PD-1
immunotherapy offers a superior strategy compared with adjuvant immu-
notherapy in enhancing immune responses and reducing HCC recurrence.

Keywords: adjuvant, HCC, hepatectomy, immune checkpoint inhibitor,
myeloid-derived suppressor cells, neoadjuvant, tumor burden

By contrast, neoadjuvant ICI, administered before
surgery while the tumor and its immunogenic milieu
are still intact, may offer superior immunologic priming
and long-term control. Preclinical models reinforce this
concept. In murine breast cancer models, neoadjuvant
ICI resulted in greater tumor control and a more robust
and durable immune response compared with adju-
vant administration./? Trials in other cancer types,
such as CheckMate 816 in non—small cell lung cancer,
support this approach by demonstrating improved
pathologic responses and survival.l'l Moreover, evi-
dence from early-phase clinical trials and translational
studies has demonstrated that neoadjuvant ICI can
induce pathologic responses,!'®! remodel the TME,
and activate a robust, lasting immune response
against HCC.l'"]

While both strategies aim to reduce recurrence
and improve survival, fundamental questions remain;
the optimal timing, therapy combination, and mecha-
nisms of action for perioperative ICl have yet to be
defined. Furthermore, it is unclear how factors such as
the baseline tumor immune microenvironment, the
stress responses to surgery, and the patient’s
metabolic and health conditions influence the thera-
peutic outcome.

Considering the promising role of ICI therapy when
combined with curative treatments at an early to
intermediate stage of HCC, in this study, we hypothe-
size that neoadjuvant ICl is superior to adjuvant ICI on
survival, recurrence, and tumor-immune micro-
environment remodeling in HCC in a mouse preclinical
HCC model. This work aims to contribute to a better
understanding of perioperative immunotherapy strate-
gies and to provide guidance for their clinical application
in HCC.

METHODS
Ethics statement and mouse models

All animal experiments were conducted in accordance
with Swiss institutional guidelines following the principles
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of the ARRIVE (Animals in Research: Reporting In Vivo
Experiments) guidelines. The study protocol was
reviewed and approved by the ethical committee of the
University of Geneva and the Geneva cantonal veteri-
nary authorities (ethical approval reference number:
GE321). C57BL/6 mice were kept in the institution’s
specific pathogen-free animal facility. Humane endpoints
were predefined based on body condition, pain level,
tumor size, or signs of morbidity. Mice displaying signs of
distress or excessive tumor burden were humanely
euthanized in accordance with Swiss ethical guidelines.
To avoid any influence of sex, only male mice were used
in the study. Exact sample sizes (n per group for each
figure and panel) are provided in Supplemental Table S2,
http://links.lww.com/HEP/K302.

For the induction of HCC, animals were orthotopically
injected with 1x1075 RIL-175 HCC cells suspended in
10 L of Cultrex Basement Membrane Extract Type 3
(R&D Systems) using a 29G needle under the liver
capsule of the right median lobe through a small midline
laparotomy. The RIL-175 Luciferase-tagged cell line
(RRID:CVCL_B7TK) was kindly gifted by Dr Tim F.
Greten [National Cancer Institute, National Institutes of
Health, Bethesda, MD] [18.19] Stable luciferase expres-
sion was established by retroviral transduction using a
pBABE-luc-puro vector, as previously described 1291, In
the extrahepatic model, tumors were established
subcutaneously in the dorsal part. Tumor establishment
and size were monitored using in vivo bioluminescent
imaging with an in vivo imaging system (IVIS, Revvity).
Mice were injected intraperitoneally with bp-luciferin
(300 pg/mouse; MCE) and imaged 5 minutes after
injection. Two images were acquired per session with a
3-minute interval between acquisitions. Imaging was
performed using an auto exposure time, medium
binning, F/Stop 1.2, and a 13x13 cm field of view
(FOV C). Quantification was conducted using Living
Image 4.8.2 software. Regions of interest were manu-
ally drawn over the liver area using a fixed circular
template for consistency, and total flux (photons/s) was
quantified for each animal and normalized across
experiments. The background signal was subtracted
using a standardized region of interest placed outside
the animal body.

Seven days after the injection, mice with an
established HCC tumor were randomized into groups
according to bioluminescent imaging values. Partial
noncurative left lateral lobe hepatectomy (~35%) was
performed, leaving the tumor-bearing lobe in place.
Anti—PD-1 antibody (clone RMP1-14, AssayGenie) or
its control isotype rat IgG2a (clone 1-1, AssayGenie)
was administered intraperitoneally at 200 ug per mouse
either 2 and 4 days before surgery (neoadjuvant) or 2
and 4 days after surgery (adjuvant).

In the Gr1*-cells-depleted model, mice received 3 i.p.
injections of 200 ug anti-Gr1 antibody (clone RB6-8C5)
2 days before and 1 and 2 days after hepatectomy.

In the recurrence model, curative hepatectomy was
performed by the removal of the liver lobe with the tumor
mass. Mice were monitored over time and sacrificed on
day 70 after HCC cell injection.

Tumor dissociation and sample
preparation

Liver tumors were harvested and mechanically minced
with sterile razor blades in 2.5 mL of digestion medium
per mouse: IMDM supplemented with collagenase IV
(LS004188, Worthington, 1.5 mg/mL), hyaluronidase
(H3506, Sigma, 1 mg/mL), and DNase | (10104159001,
Sigma, 150 pg/mL). Samples were processed on a
GentleMACS Dissociator (Miltenyi Biotec) using the
following programs: pre-digestion for 40 seconds,
40 minutes incubation at 37 °C, followed by an
additional digestion for 40 seconds, then for 1 minute.
Digests were diluted with 4 mL of DMEM, filtered
through 70 pm strainers, and washed. 1x10° viable
cells per sample were used for downstream
experiments.

Flow cytometry

Cells were incubated with LIVE/DEAD Fixable Near-IR
Dead Cell Stain (Invitrogen). After washing, surface
staining was performed using antibodies targeting
lymphoid or myeloid markers (antibody panel and
fluorophore details are available in the Supplemental
Table S1, http://links.lww.com/HEP/K302). Cells were
fixed in FluoroFix (BioLegend), washed, and permeabi-
lized using Perm/Wash buffer (BD Biosciences). Intra-
cellular staining was carried out in Perm/Wash buffer,
followed by washing and final resuspension in 300 uL
of PBS.

Acquisition was performed using a Cytek Aurora or
Beckman Coulter CytoFLEX flow cytometer. Data were
analyzed using SpectroFlo v3.0 and FlowJo v10.9
software. Gating strategies were standardized across
samples (Supplemental Figures S1 and S2, http://links.
Iww.com/HEP/K302). Debris and doublets were
excluded, and live single CD45* immune cells were
gated for further analysis. Results are presented either
as the percentage of cells within a defined population or
as mean fluorescence intensity (MFI), as appropriate.

Histology and immunohistochemistry

Liver and tumor samples were collected, fixed in 4%
neutral buffered formalin, dehydrated and embedded in
paraffin. Sections of 5 ym thickness were cut, mounted
on glass slides, deparaffinized, and stained with
hematoxylin & eosin for histopathological evaluation.
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For immunohistochemistry, antigen retrieval was
performed using antigen unmasking solution (0.01 M
citrate buffer pH=6, 0.5% Tween) using a pressure
cooker for 10 minutes at high pressure (80 kPa).
Slides were incubated in hydrogen peroxide (3%) and
blocked with 0.5% bovine serum albumin in TBS,
Tween 0.1%. Samples were then incubated overnight
at 4 °C with the appropriate primary antibody (anti-
CD45 antibody (clone D3F8Q, Cell Signaling), anti-
CD34 (EP373Y, Abcam), anti-Lyv-1 (AF2125, R&D
Systems), and anti-CD8 (D4W2Z, Cell Signaling)). All
slides were incubated with the appropriate HRP
SignalStain Boost IHC Detection Reagent (Cell Sig-
naling). Signal detection was performed using DAB
chromogen substrate (ThermoFisher). Images were
acquired using the Zeiss Axioscan-Z1 Microscope
slide scanner (ZEN 2 Blue Edition v1.0 software), and
quantification was performed using QuPath v0.5.1. An
expert pathologist blindly assessed slides. CD8+ T
cells were counted manually within the hotspot,
defined as the area of highest density, using 1 high-
power field at x20 magnification. Lymphovascular
invasion was assessed on whole-slide examination
of hematoxylin & eosin—stained sections. In cases
where the evaluation on hematoxylin & eosin was
equivocal, immunohistochemistry with CD34 and
Lyve-1 was performed to confirm vascular or lymphatic
invasion.

RNA sequencing and quantitative PCR

CD8" T cells were isolated from tumor-infiltrating
lymphocytes (TILs) using a magnetic bead cell enrich-
ment kit (CD8a* T Cell Isolation Kit, Miltenyi Biotec).
Total RNA was extracted using the ReliaPrepTM RNA
Miniprep system kit (Promega).

RNA sequencing was performed at the iGE3
Genomics Platform of the University of Geneva. The
library was prepared using the TruSeqHT stranded
mRNA ligation protocol, and sequencing was performed
on an lllumina NovaSeq 6000. The differential expres-
sion analysis was performed with the R/Bioconductor-
DESEq. 2 v.1.46.0 package.

cDNA was synthesized by extending a mix of random
primers with the High-Capacity cDNA Reverse Tran-
scription Kit in the presence of RNAase Inhibitor
(Applied Biosystems). The relative quantity of each
transcript (2-AACt method) was normalized to the
expression of EEF1, HPRT, and GAPDH.

Statistical analysis
All statistical analyses were performed using GraphPad

Prism v10.2.0 software. Data are presented as median
with IQR. Comparisons between 2 groups were made

using an unpaired 2-tailed Student t test or Mann-
Whitney U test as appropriate. For comparisons
between more than 2 groups, a 1-way ANOVA or a
Kruskal-Wallis test was used as appropriate. p values
< 0.05 were considered statistically significant.

RESULTS

Surgical resection impacts the efficacy of
adjuvant anti-PD-1 immunotherapy in an
HCC murine model

To assess the impact of partial liver resection on ICI
efficacy, we established orthotopic tumors in C57BL/6
mice by intrahepatic injection of luciferase-expressing
RIL-175 cells. Mice were then randomized into 4
experimental groups to receive either no treatment, 2
anti—PD-1 ICI injections, partial hepatectomy alone, or
followed by 2 anti-PD-1 ICI injections (Figure 1A).

Anti—-PD-1 alone significantly reduced tumor burden
compared with untreated control (p=0.0094; Figures
1B-D), confirming the efficacy of the treatment on HCC
tumors. However, when combined with surgical resec-
tion, ICI failed to control tumor growth, suggesting that
surgery impairs treatment efficacy. Liver-tumor mass-to-
body weight ratios were also significantly improved in
mice receiving the ICI treatment with no resection
(p=0.0262; Figure 1E), but not in those treated in the
adjuvant setting, supporting the loss of treatment
efficacy after surgery.

Flow cytometry data of TILs revealed a significant
increase in CD103*CD8* T cells in the nonsurgical ICI-
treated group compared with both the nonsurgical
isotype-treated group and adjuvant-treated group
(p=0.020 and p=0.010, respectively; Figure 1F).
CD103 is known to be expressed on tissue-resident
memory T cells, contributing to antitumor immunity and
associated with improved prognosis in cancer.?l The
expression of the exhaustion marker LAG-3 was also
significantly decreased in the nonsurgical treated group
(p=0.0426; Figure 1G), while TIM-3 levels were also
lower, though the difference did not reach statistical
significance (p =0.1419; Figure 1H), suggesting a more
functional cytotoxic T-cell phenotype. No differences in
either exhaustion markers were observed between the
surgical groups with or without anti—-PD-1, indicating
that surgery affects the key players of ICl-mediated
immunity.

Anti—-PD-1 immunotherapy delivery is not
altered by surgery

Anti—-PD-1 MFI of CD8* TILs was lower in ICl-treated
compared with the isotype control mice (Figure 2A).
Although the anti—-PD-1 clone used for flow cytometry
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FIGURE 1 Hepatectomy altered adjuvant ICI therapy. (A) Schematic of the experimental workflow. C57BL/6 HCC-bearing mice were left
without treatment (no hepatectomy-Iso, black), were treated with ICI (hepatectomy-ICI, gray), underwent a hepatectomy without treatment
(hepatectomy-adjlso, dark blue), or underwent a hepatectomy with ICI adjuvant therapy (hepatectomy-adjICl, light blue). (B) Bioluminescence
assessment on day 21 after surgery. (C) HCC growth assessment through luminescence measure (photons/s). (D) HCC tumor burden
assessment through luminescence measure at day 21 (photons/s). (E) Liver-tumor/body weight ratio on day 21. (F) Percentage of CD103* CD8*
cells in the tumor. (G, H) LAG-3 and TIM-3 MFI on CD62L'°" CD44* CD8* T cells from tumors. Sample sizes (n per group) are provided in
Supplemental Table S2, http://links.lww.com/HEP/K302. Abbreviations: ICI, immune checkpoint inhibitor; MFI, mean fluorescence intensity.
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FIGURE 2 Alteration of adjuvant ICI therapy by hepatectomy is not linked to antibody delivery, is liver-specific, and can be restored by a
delayed ICI therapy after surgery. (A) PD-1 MFI on CD62L'°" CD44* CD8* T cells from tumors (no hepatectomy-Iso [black], no hepatectomy-ICI
[gray], hepatectomy-adjlso [dark blue], and hepatectomy-adjIClI [light blue]). (B) Detection of anti—PD-1 (rat-lgG2a) on CD8* T cells from tumors
(no hepatectomy-Iso [black], no hepatectomy-ICl [gray], hepatectomy-adjlso [dark blue], and hepatectomy-adjICI [light blue]). (C, D) Tumor growth
of subcutaneously injected HCC in mice without treatment (black), with ICI therapy (gray), with hepatectomy and isotype (dark blue), or with
hepatectomy and ICI therapy (light blue). (E, F) HCC tumor burden assessment through luminescence measure (photons/s) (no hepatectomy-Iso
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[black], no hepatectomy-ICI [gray], hepatectomy-adjlso [dark blue], and hepatectomy-adjICI_late [violet]). Sample sizes (n per group) are provided
in Supplemental Table S1, http://links.lww.com/HEP/K302. Abbreviations: ICl, immune checkpoint inhibitor; MFI, mean fluorescence intensity; PD-

1, programmed cell death protein 1.

(RMP1-30) differs from the therapeutic clone (RMP1-
14), the decreased MFI may reflect the receptor being
occupied by the treatment antibody, leading to epitope
masking.2?l

To determine whether the impaired efficacy of
adjuvant ICI therapy following surgery was due to an
altered antibody delivery, we assessed the presence of
anti-PD-1 antibodies on CD8* TILs using an anti-rat
IgG2a. Anti-PD-1 antibodies (rat IgG2a) are present in
CD8* TILs in the ICl-treated groups (Figure 2B),
suggesting that the impaired ICI efficacy after hepatec-
tomy was not due to a reduced antibody bioavailability
or delivery.

The altered adjuvant anti—-PD-1 efficacy
after surgery is liver-specific and restored
by delaying ICI

To determine whether the surgical effect was liver-
specific or systemic, we designed an experiment where
we injected RIL-175 cells subcutaneously, followed by
partial hepatectomy and anti—-PD-1 treatment, and
monitored tumor size (Figure 2C). In this model, anti—
PD-1 therapy reduced tumor growth irrespective of
surgery (Figure 2D), indicating that the surgery did not
have an impact on the anti—PD-1 efficacy as it did in the
orthotopic model, and that its effect is liver-specific
rather than systemic.

Furthermore, to investigate whether delaying the
timing of ICI administration could overcome the post-
operative immune suppression, we introduced a
delayed anti-PD-1 treatment group with injections 5
and 7 days after hepatectomy, compared with 2 and
4 days in the original experiment (Figures 1A and 2E). A
reduction in tumor burden was observed in the treated
groups (p =0.051 hepatectomy-adjlso vs. hepatectomy-
adjICl-late; Figure 2F), which had not been observed
with the early adjuvant ICI group before (Figure 1D).
This suggests that adjusting the timing of adjuvant
treatment with a delayed administration restores its
therapeutic benefit.

Hepatectomy alters myeloid cells and
impacts anti-PD-1 efficacy

To explore the immune mechanisms behind the
impaired efficacy of adjuvant anti-PD-1 therapy follow-
ing partial hepatectomy, we explored changes in tumor-
infiltrating myeloid populations. The results indicated a
significant reduction in total conventional dendritic cells

(cDCs), including both cDC1 (CD11c*, MHCIIY,
CD103*) and cDC2 (CD11c*, MHCII*, CD11b*) subsets
after hepatectomy, compared with no-hepatectomy,
irrespective of ICl treatment (Figure 3A). Similarly, M1-
like proinflammatory macrophages (F4/80*, CD11b",
INOS*) were significantly decreased following hepatec-
tomy (Figure 3B), suggesting that surgical intervention
affects key antigen-presenting cell populations within
the TME, potentially impairing T-cell priming and
effector function.

In contrast, plasmacytoid dendritic cells (pDC,
CD11c*, MHCII*, SiglecH*) were significantly increased
in the surgery ICl-treated group (Figure 3C). This cell
population is known to secrete type | interferons (IFN-I)
and IL-10 and has been implicated in recruiting myeloid-
derived suppressor cells (MDSCs) and promoting
immune tolerance after hepatectomy.['23 Consistently,
a significant increase in (CD11b*, Ly6C*, Ly6G*)
MDSCs was observed in the tumors of surgery-treated
mice, regardless of ICl treatment (p=0.0055;
p=0.0024; Figure 3D).

Together, these results demonstrate that surgery
alone alters the tumor-infiltrating myeloid compartment
toward a more immunosuppressive and less stimulatory
profile, which may contribute to the observed failure of
ICI therapy in the adjuvant setting.

To further investigate whether targeting the altered
myeloid compartment could rescue the impaired effi-
cacy of adjuvant ICI therapy, we performed a Ly6C*
/Ly6G* cell depletion experiment using the anti-Gr1
antibody (Figure 3E). The combination of anti-Gr1 and
anti—PD-1 significantly reduced tumor burden compared
with untreated controls (p=0.0084; Figures 3F and G),
suggesting that anti-Gr1 depletion restores the efficacy
of anti—-PD-1 treatment after hepatectomy.

Importantly, anti-Gr1 treatment led to a marked
reduction in the frequency of MDSCs (CD11b*, Ly6C™,
Ly6G*) and a reduction in pDCs (CD11c*, MHCII*,
SiglecH") compared with mice receiving adjuvant ICI
alone (p=0.0344 and p=0.0008, Figures 3H and I).
However, no consistent rescue was observed in the
levels of cDCs or M1-like macrophages (data not shown).

In addition to Ly6G* Ly6C* MDSC, we also observed
a marked accumulation of Ly6G- Ly6C* (monocytic
cells) following hepatectomy compared to non-hepatec-
tomy groups (p=0.0013, 0.0033; Supplementary Fig-
ure 3, http://links.lww.com/HEP/K302), independent of
anti-PD-1 treatment. This population was not signifi-
cantly reduced by anti-Gr1 myeloid cells depletion,
consistent with anti-Gr1 primarily targeting Ly6G™* cells,
suggesting that monocytic MDSC represent a distinct
surgery-induced immunosuppressive subset.
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FIGURE 3

Hepatectomy altered the myeloid compartment. HCC-bearing mice were left without treatment (no hepatectomy-Iso, black), were

treated with ICI (no hepatectomy-ICI, gray), underwent a hepatectomy without treatment (hepatectomy-adjlso, dark blue), or underwent a
hepatectomy with ICI adjuvant therapy (hepatectomy-adjICl, light blue). (A—D) Percentage of myeloid cell subsets in tumors at day 21. (E) HCC-
bearing mice underwent a hepatectomy without treatment (hepatectomy-adjlso, dark blue), a hepatectomy with ICI adjuvant therapy (hepatec-
tomy-adjICl, light blue), or received anti-Gr1 antibodies and underwent a hepatectomy without treatment (hepatectomy-adjlso-anti-Gr1, dark
green), or with ICI adjuvant therapy (hepatectomy-adjlCl-anti-Gr1, light green). (F) HCC growth assessment through luminescence measure
(photons/s). (G) Bioluminescence assessment on day 20 after surgery (photons/s). (H, I) Percentage of myeloid cell subsets in the tumors on day
21. Sample sizes (n per group) are provided in Supplemental Table S2, http://links.lww.com/HEP/K302. Abbreviation: ICI, immune checkpoint

inhibitor.

Together, these results support the hypothesis that
hepatectomy-induced accumulation of immuno-
suppressive myeloid cells, particularly MDSCs and
pDCs, compromises the efficacy of adjuvant anti—PD-
1 therapy.

Anti-PD-1 efficacy is restored when using
neoadjuvant compared with adjuvant

As shown previously in our model, hepatectomy impairs
adjuvant ICI treatment. Shifting immunotherapy to the
neoadjuvant setting (before surgery) has been shown to
enhance treatment responses and survival in other solid
tumors.?*! We designed a similar orthotopic murine
HCC model and introduced 2 additional experimental
groups receiving either anti—-PD-1 antibodies or isotype
controls 2 and 4 days before the surgery (Figure 4A).

Mice treated with anti-PD-1 before hepatectomy
(neoadjuvant setting) demonstrated a significantly
reduced tumor size compared with isotype controls
(p=0.0005; Figure 4B). This tumor size reduction was
not observed when ICl was administered after hepa-
tectomy (Figure 4B). Liver mass-to-body weight ratios
have also shown consistent results with a significant
reduction in the neoadjuvant ICI group (p=0.0411;
Figure 4C). Similarly, histological analysis of liver
sections confirmed these results as tumor areas were
significantly reduced in neoadjuvant ICl-treated mice
(p=0.0088; Figure 4D).

Immunohistochemistry results of immune profiling of
liver sections show a significant increase in infiltrated
CD45* cells in livers of mice receiving neoadjuvant
anti-PD-1 (Figure 4E), suggesting enhanced immune
cell recruitment and migration to the TME. This effect
was not observed in the adjuvant setting, suggesting
that initiating immune modulation before surgery may
reduce the immunosuppressive effects induced by

surgery.

Neoadjuvant anti—-PD-1 improves cytotoxic
T-cell immunity

To further investigate the impact of neoadjuvant ICI on the
TME, we evaluated CD8" T-cell infiltration and activation
in liver tumors. Flow cytometry analysis revealed a

significantly higher percentage of CD103*CD8* T cells in
tumors of mice treated with neoadjuvant anti-PD-1
compared with those left untreated (p=0.024;
Figure 5A), suggesting improved tissue residency and
potentially cytotoxicity. Quantitative PCR on the tumor
revealed an increased expression of Cd8 after ICI
treatment (p=0.0275; Figure 5B). This increase is lost
when the treatment is administered after surgery.

Bulk RNA sequencing of enriched CD8" T cells
isolated from tumors treated with ICl demonstrated an
upregulation of key activation and effector genes. The
expression of a selection of some of these genes,
including Cxcr6, Tbx21, Cd69, ll2ra, and Gzma, was
confirmed using quantitative PCR. A significant
increase in their expression in the neoadjuvant group
was observed compared with the adjuvant (p=0.0249;
0.0266; 0.0241; 0.0185, respectively) and control
groups (Figures 5C-G).

The infiltration of CD8™" cells in the group treated
with neoadjuvant treatment is more potent in the
periphery of the tumor (p=0.0236; Figure 5H) and not
in the center of the tumor (data not shown). In
addition, fewer tumor lymphatic and vascular inva-
sions were present in the tumors of mice treated with
ICI as neoadjuvant or without hepatectomy
(Figure 51), thus corresponding to a decreased tumor
aggressiveness.

These findings indicate that neoadjuvant ICI therapy
not only enhances CD8* T-cell infiltration but also
promotes a transcriptional program associated with
cytotoxicity and effector function, supporting its superior
efficacy in shaping antitumor immunity before surgical
resection and thus avoiding vascular invasion.

Neoadjuvant anti—-PD-1 improves survival
and reduces recurrence after hepatectomy
in mice

We further assessed the impact of neoadjuvant versus
adjuvant ICl on survival and tumor recurrence. Using
the previously established orthotopic HCC model, a
curative partial hepatectomy was this time performed
with resection of the tumor-bearing lobe. Tumor growth
was monitored using IVIS, and mice were followed for
survival and recurrence until sacrifice on day 70 after
injection (Figure 6A).
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Kaplan-Meier survival analysis demonstrated a signif-
icant prolonged survival in the neoadjuvant anti—PD-1
group compared with the isotype control group
(p=0.0373), while the adjuvant anti—PD-1 group did not
show a statistically significant improvement (Figure 6B).

The assessment of tumor recurrence via IVIS and its
confirmation at sacrifice revealed that neoadjuvant anti—
PD-1 treatment significantly reduced recurrence com-
pared with the isotype group (p=0.0405; Figure 6C). In
contrast, its administration in the adjuvant setting failed
to reduce recurrence and was associated with a higher
incidence of tumor relapses relative to the control group.
In addition, no extrahepatic recurrences were found in
the neoadjuvant ICI group, while 5 pulmonary recur-
rences were found in the adjuvant ICI group (p=0.053;
Figure 6D). This suggests that administering anti—PD-1
therapy before surgical resection enhances the immune
control against minimal residual disease and extends
survival in this murine HCC model.

DISCUSSION

The integration of ICIs in the surgical management of
early-stage HCC is emerging as a promising strategy to

improve curative outcomes. Our study provides mecha-
nistic and functional evidence that the timing of anti—PD-1
administration critically influences treatment efficacy in
the context of partial hepatectomy. Using an orthotopic
murine model of HCC, we demonstrate that neoadjuvant,
but not adjuvant, anti-PD-1 immunotherapy improves
tumor control, reduces recurrence, and significantly
extends survival following curative hepatectomy.

While anti-PD-1 therapy was effective in non-
surgical settings, its efficacy was lost when adminis-
tered in the adjuvant setting after hepatectomy. This
loss of effect was not due to impaired antibody delivery
or systemic immunosuppression but rather linked to
surgery-induced alterations in the liver-specific TME,
especially in the myeloid compartment. In the settings
of surgery, pDCs have been implicated in HCC
recurrence through the recruitment of MDSCs via
IFN-a secretion.[?5] After partial hepatectomy, liver
regeneration is characterized by the infiltration of
neutrophils. This increased inflammatory response
promotes a protumor niche and increases colorectal
metastasis in rodent models.?®! In humans, the
accumulation of immunosuppressive MDSCs after
surgery was also demonstrated in patients with
gastrointestinal cancer.' The observations are
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mice were left without treatment (no hepatectomy-Iso, black), were treated with ICI (no hepatectomy-ICI, gray), underwent a hepatectomy without
treatment (hepatectomy-adjlso, dark blue) or with ICI adjuvant therapy (hepatectomy-adjlICl, light blue), underwent a hepatectomy without
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similar in our experiments, notably with a reduction of
key antigen-presenting cells, including cDC1 and M1-
like macrophages, and the accumulation of immuno-
suppressive pDCs and MDSCs after hepatectomy. In
addition, the functional relevance of these changes
was confirmed by MDSC depletion with anti-Gr1,
which restored adjuvant anti—-PD-1 efficacy, reduced
pDC accumulation, and partially reversed the immu-
nosuppressive TME. This underlines the role of the
myeloid compartment as a dominant regulator of
postoperative immune competence.

Therefore, hepatectomy suppressed the infiltration of
CD103*CD8* tissue-resident memory T cells, and this
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shift correlates with increased expression of exhaustion
markers such as LAG-3 and TIM-3, consistent with
previous reports of surgery-induced immune
dysfunction.l?”! In contrast, neoadjuvant ICl administra-
tion preserved and enhanced CD8* T-cell infiltration
and activation. RNA sequencing and gPCR analyses of
tumor-infiltrating CD8* T cells revealed upregulation of
cytotoxic effectors (Gzma), transcription factors
(Tbx21), and cell activation and migration markers
(Cd69 and Cxcr6), indicating robust immune activation.
This translated into significantly lower recurrence rates
and superior survival compared with both adjuvant and
control groups.
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Abbreviation: ICI, immune checkpoint inhibitor.

In HCC, vascular invasion is a major risk factor for
intrahepatic metastasis and early recurrence after
resection.[2829 |n our experiments, in addition to an
improved infiltration of effector memory CD8" T cells
(CD103*) with an activated phenotype, neoadjuvant
ICl-treated HCC have a decreased number of lym-
phatic and vascular tumor invasion. This finding
correlates with the lower HCC recurrences and the
absence of pulmonary recurrence in the neoadjuvant-
treated group (Figure 6). Of note, the efficacy of
neoadjuvant ICI to prevent HCC recurrence in the
curative hepatectomy model may also be a conse-
quence of a decreased tumor burden before surgery,
leading to a less complex hepatectomy and a lower
release of tumor cells.

These findings align with observations in other solid
tumors, where neoadjuvant ICl creates superior sys-
temic and memory T-cell responses compared with
adjuvant approaches. In murine breast cancer and lung
cancer models, neoadjuvant ICI elicits more robust

systemic and memory T-cell responses compared with
adjuvant therapy.?¥ In the clinical setting, the Check-
Mate 816 trial in non—small cell lung cancer demon-
strated improved pathologic response and event-free
survival with preoperative IC1.l'5:30] Early-phase studies
in HCC also suggest that neoadjuvant PD-1 blockade
can foster favorable immune remodeling of the
TME.['631] Collectively, these data support the hypoth-
esis of the immunologic cost of tumor resection, where
surgery not only removes tumor antigen sources but
also induces organ-specific immunosuppression that
may blunt the efficacy of adjuvant immunotherapies.

Among the limitations of this study are the use of a
single tumor cell line, the absence of combination
regimens (such as anti-VEGF + ICI), and the choice of
the murine model without underlying liver disease that
does not fully reflect the complex nature of HCC
pathologies in patients.

The RIL-175 HCC cell line is an anti—PD-1 respon-
sive model and mimics HCC with a high percentage of T
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cells with an inactive phenotype and DC infiltration.[Z
This corresponds to HCC classified as the inflamed
immune class, which represents 35% of HCC cases.[3!
The TME of the inflamed HCC class may have a
specific response to hepatectomy with the migration of
suppressive myeloid cells and pDCs that is not
representative of all HCC classes. However, the
inflamed class of HCC being the most suspected to
represent potential responders to ICI therapies, tumors
belonging to this class were the most interesting to
investigate.[34

A potential limitation of our model is that luciferase
expression, as with other foreign reporter proteins, may
provoke an immune response, which might influence
tumor growth kinetics. Although our principal findings
are supported by independent measurements beyond
bioluminescence, we acknowledge that immunogenicity
of the luciferase reporter could partially contribute to
variability in outcomes, and this should be considered in
interpreting the results.

Our experiments evaluated anti-PD-1 as mono-
therapy. While this allowed a clean dissection of timing
effects, it does not reflect current therapeutic
standards.[ Multiple clinical trials have established
that the immunologic activity of ICI in HCC is
significantly enhanced when combined with antiangio-
genic agents; anti-VEGF can reduce abnormal neo-
vascularization, alleviate hypoxia, improve dendritic
cell priming, and decrease recruitment of MDSCs and
Tregs.35371 However, the use of VEGF inhibitors
carries risks, as these agents impair endothelial repair,
angiogenesis, and wound healing if not appropriately
timed.[38]

Finally, our model was based on partial hepatectomy
in otherwise healthy mice. Epidemiological data indicate
that >80%—90% of human HCC develops in the
context of chronic liver disease, including viral hepatitis,
alcohol-associated liver diseases, and metabolic
dysfunction—associated liver diseases.?40 Cirrhosis
and fibrosis remodel sinusoidal vasculature, increase
extracellular matrix stiffness, and alter immune cell
trafficking, creating physical and immunologic barriers
to effector T-cell infiltration.*!) Moreover, chronic anti-
genic stimulation in inflamed livers drives T-cell
exhaustion and suppressive myeloid expansion, all of
which attenuate ICI efficacy.?l Notably, recent work in
murine NASH-HCC models demonstrated that meta-
bolic inflammation promotes the accumulation of
CXCR2" neutrophils, driving resistance to anti-PD-1
despite tumor immunogenicity.3 Thus, the absence of
fibrosis or chronic liver injury in our model may
underestimate the barriers to ICI efficacy that are
encountered in human HCC.

Altogether, future studies will investigate whether
these findings hold across different HCC classes,
combination therapies, and murine models with an
advanced stage of liver disease.

In conclusion, this work identifies postoperative
myeloid-driven immunosuppression as a key barrier to
adjuvant PD-1 efficacy in HCC and provides preclinical
evidence that neoadjuvant ICI offers superior tumor
control, immune activation, and survival benefit com-
pared with postoperative administration.
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