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Abstract

Hepatocellular carcinoma (HCC) presents a significant clinical challenge owing to the high
prevalence of primary and acquired resistance to current standard-of-care treatments, a problem
often linked to an immunosuppressive TME. Cancer cells evolved to evade from clearance of
macrophages by overexpressing the “don’t eat me” signal or antiphagocytic protein on the cell
surface. Therapeutic strategies antagonizing the interaction of “don’t eat me” signals with
macrophage-expressed receptors have been investigated in multiple cancer types, yet remain
underexplored in HCC. Here, we aim to identify protein kinases governing resistance to
phagocytosis in HCC. To this end, we employed an in vitro CRISPR-based kinome screen
targeting 713 mouse kinase genes in a co-culture system in which mouse HCC cells (RIL-175)

interacted with RAW 264.7 macrophages.

Our analysis revealed that inhibitor of kappaB kinase beta (IKKf}), encoded by the IKBKB gene,
emerged as a top sensitizer for macrophage-mediated phagocytosis, serving as a novel master
regulator of anti-phagocytosis that facilitates immune evasion in HCC. Perturbation of /kbkb
significantly enhanced HCC cell phagocytosis and promoted macrophage activation under co-
culture conditions. Depletion of Tkbkb suppressed HCC tumor growth, accompanied by
increased in vivo macrophage phagocytosis and infiltration. The tumor-promoting role of 7kbkb
through its anti-phagocytic function was further demonstrated by the observation that the
growth-suppressive effect in Ikbkb knockout cells was offset by in vivo depletion of
macrophages using clodronate liposomes. Mechanistically, 7kbkb facilitates evasion from
macrophage-mediated phagocytosis by driving transcriptional activation of the anti-phagocytic

checkpoints CD47 and PD-L1 via canonical NF-kB signaling.

The immunomodulatory role of HCC cell-specific lkbkb targeting was next assessed in
immunocompetent murine models. Overexpression of lkbkb in hepatocytes fosters tumor
progression with a signature of compromised innate and adaptive immunities characterized by
reduced infiltration and activation of innate immune cells, such as macrophages and dendritic
cells, as well as dampened cytotoxic T cell activation and help T cells infiltration. Concordantly,
cancer cell-specific Ikbkb depletion results in enhanced antitumor activities of both innate and
adaptive arms, and remarkable tumor clearance. Interestingly, antigen cross-presentation was
enhanced in splenic macrophages, suggesting systemic antigen spread and potentially
accounting for the active immune surveillance of the adaptive arm and tumor clearance

observed.
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Plausible therapeutic targeting was investigated using an IKKp-targeting peptide, TAT-
NEMOA®e_ In cell models, treatment with TAT-NEMOA®® showed pro-phagocytic effects,
resembling the results of gene depletion assays. Most critically, using the hydrodynamic tail
vein injection (HTVI) model for hepatocarcinogenesis, which is known to generate HCC
resistant to anti-PD-1 monotherapy, combining TAT-NEMO”°® with PD-1 blockade yielded
effective tumor control without overt toxicity. Taken together, these findings establish IKKf3
inhibition as an efficacious and bifunctional strategy to disrupt cancer cell defences and
reprogram the immunosuppressive niche, providing a compelling rationale for co-targeting

with immunotherapy to overcome treatment resistance in HCC.

(453 words)
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CHAPTER 1 Introduction



1.1 Introduction to Hepatocellular Carcinoma (HCC)

Liver cancer represents a major clinical challenge, it is the sixth most prevalent cancer and
fourth leading cause of cancer mortality around the globe, accounting for more than 800,000
deaths in 2020, with its annual incidence projected to surpass one million cases by 2025 (Yang
et al.,, 2023; Llovet et al., 2021; Sung et al., 2021). Projections from the World Health
Organization indicate the annual mortality from this disease is expected to rise to over one
million by the year 2030 (Villanueva, 2019). As the dominant histological subtype,
hepatocellular carcinoma (HCC) is responsible for an estimated 90% of all liver cancer
diagnoses (Yang et al., 2023). Major etiological factors include chronic infection with hepatitis
B virus (HBV) or hepatitis C virus (HCV), contributing to the most incidence cases worldwide
(Llovet et al., 2008). Additional important risk factors include cirrhosis, chronic alcohol abuse,
and metabolic conditions such as diabetes and obesity, the latter often correlated with non-
alcoholic fatty liver disease (NAFLD) (Wei et al.,2019). While surgical resection is considered
the foremost curative option for HCC, the combination of delayed symptom emergence, a lack
of sensitive diagnostic biomarkers, and the cancer's aggressive nature means the majority of
patients present with late-stage, non-resectable disease. Consequently, the outcome for
advanced HCC remains severe, characterized by a short median survival (~8 months) and a
five-year survival rate of only 10%, which often confines the range of viable treatments
(Cabibbo et al., 2010). For advanced HCC, standard treatment involves systemic therapies
including monoclonal antibodies, tyrosine kinase inhibitors (TKIs) and immune checkpoint
blockers (Llovet et al., 2018). It is estimated that these systemic therapies are applicable to
roughly 50-60% of patients, and over the past decade, they have proven effective in improving

the clinical prognosis and life quality for those diagnosed with HCC (Llovet et al., 2018).

1.2 Treatment landscape for advanced HCC

1.2.1 Current systemic therapies

1.2.1.1 First-line therapies

Currently, two multi-kinase inhibitors, sorafenib and lenvatinib, are approved by FDA for
initial systemic treatment of advanced HCC (Cheng et al., 2018; Llovet et al., 2021). Sorafenib,
which inhibits Raf, VEGF, and PDGF receptor tyrosine kinases, was the first such agent to

show clinical benefit and has been a mainstay therapy for over a decade (Wilhelm et al., 2008;



Cheng et al., 2009). A pivotal trial (SHARP) established that it extends overall survival by
roughly three months (Llovet et al., 2008). Subsequent analysis indicated its efficacy is greater
in patients with HCV-related, non-metastatic disease (Bruix et al., 2017). However, treatment
response is limited to about 30% of patients, and resistance typically develops within six

months, leading to failure (Llovet et al., 2008).

Lenvatinib, another first-line monotherapy, targets VEGFR 1-3, FGFR 1-4, and PDGF receptor
(Okamoto et al., 2014). In the REFLECT trial, it demonstrated comparable overall survival
compared to sorafenib (13.6 vs. 12.3 months) and significantly improved progression-free
survival and objective response rate (Kudo et al., 2018; Llovet et al., 2021). Despite this,
acquired resistance also curtails its long-term effectiveness. Notably, both sorafenib and
lenvatinib are associated with severe adverse events in approximately half of patients, resulting

in treatment discontinuation rates near 15% (Llovet et al., 2008; Kudo et al., 2018).

More recently, combination immunotherapies have emerged as superior first-line options. The
atezolizumab (anti-PD-L1) plus bevacizumab (anti-VEGF) regimen, tested in the IMbravel50
trial, achieved a median survival of 19.2 months and improved both survival and tolerability
over sorafenib (Finn et al., 2020; Richard et al., 2020), leading to FDA approval (Llovet et al.,
2021). Similarly, the tremelimumab (anti-CTLA-4) and durvalumab (anti-PD-L1) combination
(HIMALAYA trial) significantly extended overall survival and increased response rates
compared to sorafenib, with severe adverse events occurring in about 25% of patients (Ghassan

et al., 2022). This regimen has also received FDA approval for advanced HCC.

1.2.1.2 Second-line therapies

In the case of progression following single-agent treatments, three regimens (regorafenib,
cabozantinib, and ramucirumab) have proven to improve patient clinical outcome in phase III
clinical trials and have been approved as second-line approach for advanced HCC (Abou-Alfa
et al.,2018; Zhu et al., 2019; Bruix et al., 2017). Regorafenib, a multi-kinase inhibitor blocking
VEGFR 1-3 and other kinases, demonstrated in The RESORCE study that it improved patient
survival over placebo (median OS of 10.6 months vs. 7.8 months, median PFS of 3.1 months
vs. 1.5 months) in patients who progressed on prior sorafenib (Bruix et al., 2017). Cabozantinib
is a multi-kinase inhibitor targeting VEGFR2, anexelekto (AXL), and Mesenchymal Epithelial
Transition (MET). Cabozantinib treatment improved patients' overall and progression-free

survival by 4.2 months and 3.3 months respectively, as compared to placebo in the



CELESTIAL trial (Abou-Alfa et al.,2018). Ramucirumab is a monoclonal antibody directed
against VEGFR2. In the REACH-2 study, ramucirumab improved overall and progression-free
survival by 1.2 months compared to placebo in patients with baseline a-fetoprotein levels of
>400 ng/dl (Zhu et al., 2019). Grade 3 to 4 drug-associated adverse events were reported in the

patients, resulting in a withdrawal rate of ~ 15% in these phase III trials.

Furthermore, three monoclonal antibody therapies (pembrolizumab, nivolumab, and
nivolumab plus ipilimumab) were granted approval by the FDA as second-line treatments
following sorafenib treatment owing to their marked clinical efficacies in phase Ib/II studies
(El-Khoueiry et al., 2017; Yau et al., 2020; Zhu et al., 2018). Nivolumab and pembrolizumab
are anti-PD1 inhibitors that were approved as single agents. In the CheckMate 040 trial, the
median OS of patients receiving nivolumab was 15.6 months with a 14% objective response
rate (ORR) (El-Khoueiry et al., 2017; Yau et al., 2020). The KEYNOTE-224 study showed an
ORR of 17% and a median OS of 12.9 months with pembrolizumab (Zhu et al., 2018). Both
agents showed durable responses and tolerable drug-related adverse effects. However,
subsequent phase III studies of these agents did not show a significant improvement in patients'
overall survival. CheckMate 459 reported that nivolumab only extended the median OS by 1.7
months relative to sorafenib, and KEYNOTE-240 showed that pembrolizumab extended the
median overall survival by 3.3 months relative to placebo, but yet the results was not
statistically significance (Yau et al., 2019; Finn et al., 2020). However, both agents remained
approved because of durable responses in the patients. The combination of nivolumab plus
ipilimumab (anti-CTLA-4 mAb) was assessed in patients who showed progression upon
sorafenib treatment in the expansion arm of the CheckMate 040 trial (Thomas et al.,2020). The
ORR was 31% with a median duration of response of 17 months and a median OS of 23 months
(Thomas et al.,2020). Immune-related adverse effects were reported, and systemic corticoid
was administered in half of the cases (Thomas et al.,2020). However, owing to its high
treatment efficacy, the FDA approved this combination as a second-line treatment, and it is

currently being assessed in a phase III trial (NCT04039607).



Agent Target Clinical stage Study name Setting Geographical Outcome Safety profile
(design) ( berof area
patients)
Sorafenib VEGFR1-3, FDA-approved SHARP 1L(602) Global 0S:10.7 vs 7.9 months Any grade TRAE:
PDGFR, RAF, (2007) (sorafenib vs (121 centres in (HR 0.69, P<0.001) 80% vs 52%
KIT placebo) 21 countries) TTP:55vs2.8months  Grade 3 or 4 TRAE:
(HR 0.58, P<0.001) NA
ORR: NA (PR2vs 1)
Based on RECIST v1.0
Asia-Pacific 1L (271) Asia (23 centres  OS: 6.5 vs 4.2 months Any grade HFSR:
Study (sorafenib in the Asia- (HR 0.68, P=0.014) 45% vs 2.7%
vs placebo) Pacificregion)  1Tp. 2.8 vs1.4 months Grade 3 or 4 HFSR:
(HR 0.57, P=0.0005) 10.7% vs 0%
ORR: 3.3% vs 1.3%
Based on RECIST v1.0
Regorafenib VEGFR1-3, FDA-approved RESORCE 2L (567) Global 0S: 10.6 vs 7.8 months Any grade TRAE:
PDGFR, RAF, (2017) (regorafenib vs (152 centresin (HR 0.63, P<0.0001) 92.5% vs 51.8%
FGFR1-2 placebo) 21 countries) PFS:3.4vs15months  Grade 3 or 4 TRAE:
(HR 0.43, P<0.0001) 50.0% vs 16.6%
ORR: 6.6% vs 2.6%
Lenvatinib VEGFR1-3, FDA-approved REFLECT 1L (954) Global 0S:13.6 vs 12.3 months Any grade TRAE:
PDGFR, (2018) (lenvatinib vs (154 centresin  (HR 0.92, non-inferiority)  94% vs 95%
FGFR1-4, RET sorafenib) 20countries)  pfrs:7.3vs36months  Grade >3 TRAE:
(HR 0.65, P<0.0001) 57% vs 49%
ORR: 18.8% vs 6.5%
Pembrolizumab PD1 FDA-approved KEYNOTE-394 2L (453) Asia 0S:14.6vs13.0 months  Any grade TRAE:
(2018) (pembrolizumab (HR 0.79, P=0.0180) 66.9% vs 49.7%
vs placebo) PFS:26vs2.3months  Grade >3 TRAE:
(HR 0.74, P=0.0032) 14.4% vs 5.9%
ORR: 13.7% vs 1.3%
Cabozantinib VEGFR1-3, FDA-approved CELESTIAL 2L (707) Global 08S:10.2 vs 8.0 months Any grade all-
MET, RET (2019) (cabozantinib vs (95 centresin (HR 0.76, P=0.005) cause AEs: 98.5%
placebo) 19 countries) PFS: 5.2 vs 1.9 months vs 92.4%
(HR 0.44, P<0.001) Grade 3 or 4 all-
ORR: 3.8% vs 0.4% cause AEs: 67.7% vs
36.3%
Ramucirumab  VEGFR2 FDA-approved REACH-2 2L (292) Global 0S: 8.5 vs 7.3 months Any grade TRAE:
(2019) (ramucirumab vs (92 centres in (HR 0.71, P=0.0199) 10.7% vs 5.3%
placebo) 20 countries) PFS: 2.8 vs 1.6 months Discontinuation:
(HR: 0.45, P<0.0001) 19.8% vs 16.8%
ORR: 4.6% vs 1.1%
Atezolizumab+ PDL1+VEGFA  FDA-approved IMbrave150 1L (501) Global 0S: 19.2 vs 13.4 months Any grade TRAE:
bevacizumab (2020) (combination vs (1M1 centres in (HR 0.66, P<0.001) 86.3% vs 94.9%
sorafenib) 17 countries PFS:69vs4.3months  Grade 3 or 4 TRAE:
and regions) (HR 0.65, P<0.001) 43.5% vs 46.2%
ORR: 29.8% vs 11.3%
Durvalumab+  PDL1+CTLA4  FDA-approved HIMALAYA 1L(782) Global (181 0S:16.4vs13.8 months  Grade 3 or 4 TRAE:
tremelimumab (2022) (combination vs centresin (HR 0.78, P=0.0035) 25.8% vs 36.9%
sorafenib) 16 countries) PFS: 3.8 vs 4.1 months Discontinuation:
ORR: 20.1% vs 51% 8.2% vs 1.0%

Table 1 Approved therapies for advanced HCC (This table is adopted from Yang et al.,
2023)

1.2.1.3 Limitations of current therapeutic strategies

Multi-kinase inhibitors have demonstrated efficacy in patients with advanced HCC and have
been the standard of care in the last decade, yet their therapeutic effects are still far from
satisfactory. Sorafenib can only extend patient survival for less than 3 months, and lenvatinib
showed comparable overall survival benefits as sorafenib, and the treatment benefits and
response rate of second-line multikinase inhibitors are also modest (Yang et al., 2023). On the

other hand, although ICIs demonstrated remarkable survival benefits, high ORR, and durable



response for treating patients with advanced HCC, ICI treatments are not amenable for patients
with certain complications, including patients with autoimmune disease and prior history of
organ transplantation (Yang et al., 2023; Johnson et al., 2017). Thus, new therapeutic regimens
are required to offer more therapeutic options for HCC patients and achieve better clinical

responses.

1.2.2 Treatment approaches under clinical investigations

1.2.2.1 Molecular-targeted monotherapies

To date, molecular-targeted treatments are the mainstay of treatment for unresectable HCC.
These treatments target tumor-promoting signaling pathways, and novel approaches can be
broadly classified into new multi-kinase inhibitors sharing mechanisms similar to previous
ones and small-molecule drugs that inhibit more specific targets. For instance, donafenib is a
new multi-kinase inhibitor modified from sorafenib. It has been shown to have an improved
pharmacokinetic profile and was found to improve patient overall survival relative to sorafenib
in a phase III trial (HR 0.83, P = 0.0245) (Qin et al., 2021). Several small-molecule agents
targeting MET and FGFR4 were found to be effective in phase I/II clinical trials. Tepotinib
and capmatinib are two selective MET inhibitors with promising clinical efficacies and are
well tolerated in patients with MET-high HCC in early phase clinical studies (Ryoo et al., 2021;
Faivre et al., 2021; Qin et al., 2019). FGFR4 represents another target for HCC treatment, and
its selective inhibitor fisogatinib was deemed effective in a phase I study, showing a 17% ORR
in the FGF19+ group, indicating its therapeutic potential in biomarker-based therapy (Kim et
al.,2019). However, the clinical utility of these agents has yet to be studied in late-stage clinical

trials.

1.2.2.2 Combinational regimens with immune checkpoint inhibitors

In HCC, immune checkpoint inhibitors (ICIs) have demonstrated promising clinical efficacy
when paired with complementary ICIs and anti-angiogenic agents (i.e., VEGF mAb). As
aforementioned, several ICI-based combination regimens have recently been approved as first-
or second-line therapies for advanced HCC. And their marked efficacies have promoted
ongoing preclinical and clinical investigations of additional combinatorial approaches with

ICIs. The combination of ICIs with multikinase inhibitors has been intensively investigated in



HCC to date, as several multikinase inhibitors have been approved for HCC treatment, and
these inhibitors exert both anti-angiogenic effects by targeting VEGFR and additional

immunomodulatory effects (Figure 1.1).
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Figure 1.1 Combination approaches in HCC (This figure is adopted from Yang et
al., 2023)

The VEGF pathway suppresses antitumor immunity by suppressing antigen-presenting cells
(APCs) and effector cells, while stimulating immunosuppressive T regulatory (Treg) cells,
myeloid-derived suppressor cells (MDSC), and tumor-associated macrophages (TAMs)
(Rahma & Hodi, 2019). Thus, targeting the VEGF pathway could turn an immune cold tumor
into a hot tumor, allowing additional effects of ICIs (Rahma & Hodi, 2019). Moreover,
preclinical trials in cell and mouse models have reported immunostimulatory effects of
multikinase inhibitors in HCC tumors. For example, sorafenib has been shown to promote M1
polarization through MAPK signaling; enhance CD8+ cell infiltration and activity through
STAT3 suppression; and inhibit proliferation, activities, and migration of Tregs and MDSCs
(Edwards et al., 2010; Chuang et al., 2014; Chen et al., 2014; Cao et al., 2019). Lenvatinib was
found to promote cytotoxic (Tc) cell proliferation through the release of interferon-y and

granzyme B (Kato et al., 2019). The tumor-killing and tumor-necrosis activities of multikinase



inhibitors might induce tumor antigen release, thereby enhancing the immunogenicity of the

tumor (Kudo 2021; Lin et al., 2018; Zhu et al., 2021).

Two phase III clinical trials, LEAP-002 and COSMIC-312, have evaluated the efficacy of
combining multikinase inhibitors with ICls as first-line modalities in treating advanced HCC
(Llovet et al., 2023). In the LEAP-002 trial, lenvatinib plus pembrolizumab was compared to
lenvatinib alone. Although the combination showed a higher objective response rate (26.1%
vs. 17.5%) and a prolonged response (median duration of response 16.6 vs. 10.4 months), it
did not achieve statistically significant improvements in the pre-specified endpoints of patient
survival (OS 21.2 vs. 19.0 months; PFS 8.2 vs. 8.0 months) compared to the monotherapy
(Llovet et al., 2023). In the COSMIC-312 trial, cabozantinib plus atezolizumab significantly
improved progression-free survival over sorafenib (6.8 vs. 4.2 months) but failed to archive
primary objective to improve patients’ overall survival (15.4 vs. 15.5 months) (Llovet et al.,
2023). Furthermore, the objective response rate for this combination was only 11%, which is

lower than anticipated for such a regimen (Llovet et al., 2023).

Treatment toxicity is another major concern when combining ICIs with multikinase inhibitors.
According to a large-scale meta-analysis on the safety profiles of combination therapies across
cancer types, the combination of ICIs with multikinase inhibitors resulted in a high incidence
(58.8%) of grade 3 or 4 treatment-related adverse effects (TRAEs), while the combination of
ICIs only resulted in 35.9% of grade 3 or 4 TRAEs (Zhou et al., 2021). Consistently, in clinical
trials of HCC, atezolizumab plus cabozantinib and pembrolizumab plus lenvatinib
(combinations of ICIs with multikinase) resulted in 53.9% and 64.0%, respectively, of grade 3
or 4 TRAEs in HCC patients, in contrast to 25.8% of incidence in durvalumab—tremelimumab
combination (combinations of ICIs) (Kelley et al., 2022; Abou-Alfa et al., 2022; Finn et al.,
2020). Currently, there are many ongoing trials on dual ICIs inhibition, as well as combining
ICIs with multikinase inhibitors, anti-VEGF/VEGFR antibodies, or targeted therapies for

advanced HCC, and the follow-up of survival endpoint is still underway.

1.3 Macrophage-based cancer therapeutics

1.3.1 Pursuing alternative treatment modalities in HCC

Despite significant progress in cancer immunotherapy that adaptive ICIs have provided durable

survival benefits for a subset of individuals with terminal cancers, including advanced



hepatocellular carcinoma, a substantial number of patients remain unresponsive to
conventional adaptive ICIs. Another common clinical challenge is the development of
treatment resistance, leading to disease progression upon follow-up (Feng et al., 2019). The
efficacy of adaptive ICls, such as PD-L1 and CTLA-4 inhibitors, is mechanistically dependent
on the presentation of tumor neoantigens to activate specific T-cell clones. Consequently,
tumors characterized by a low mutational burden, and thus limited neoantigen presentation, are
often refractory to these therapies (Huntington, Cursons, and Rautela, 2020; Yarchoan,
Hopkins, and Jaffee, 2017). In contrast, the innate immune system possesses the capacity for
rapid tumor cell recognition via diverse surface molecules and the initiation of broad
inflammatory responses, rendering it an alternative target for HCC treatment. Recent evidence
has highlighted the critical role of innate immune checkpoints in facilitating tumor immune
evasion by suppressing innate immune sensing and phagocytic functions, while targeting these

checkpoints has emerged as a viable therapeutic strategy in oncology.

Macrophages, as key innate immune cells, infiltrate tumors and can destroy cancer through
phagocytosis, sequential mechanism of identification, engulfment, and degradation (Anderson
etal., 2020). However, tumors frequently escape this immune response by exploiting inhibitory
signals, often by displaying high levels of checkpoint proteins on their cell surfaces (Barkal et
al., 2019). Critical regulators of this evasion include phagocytosis checkpoints including cluster
of differentiation 47 (CDA47), major histocompatibility class I (MHC-I), cluster of
differentiation 24 (CD24), PD-L1, disialoganglioside GD2, and Stanniocalcin-1 (STC-1), have

emerged as critical checkpoints for cancer immunotherapy (Liu et al., 2023).

1.3.2 Role of macrophage within TME

1.3.2.1 Phenotypic heterogeneity of macrophages

Macrophages are highly plastic and possess different phenotypic states depending on
environmental cues. Historically, macrophages have been classified into two functional states:
M1 (or classic) macrophages exhibit pro-inflammatory function, while M2 (or alternative)
macrophages poss anti-inflammatory abilities (Zheng et al., 2023). M1 polarization is induced
by interferons released during type I immune responses mediated by Thl cells and innate
lymphoid cells and is implicated in initiating and sustaining inflammation. M2 polarization is
driven by interferons released during type Il immune responses and innate lymphoid cells and

promotes tissue repair and remodelling. In the context of cancer, M1 is reported to generate



macrophage-dependent tissue damage and malignant cell killing. And M2 macrophages are

shown to be pro-tumoral and suppresses effective adaptive immunity (Mantovani et al., 2022).

1.3.2.2 Immunosuppressive role of macrophages within TME

In general, mixed populations of tumor-associated macrophages (TAMs) with different
functional states co-exist in the TME, as signals governing this plasticity vary drastically in
different regions and stages of the same tumor. Tumor cell-released cytokines, including IL-
10 and CSF-1, and chemokines, like CCL2, CCL18, CXCL4, and CCL17, induce M1
polarization of TAM; whereas cytokines such as IL-4 and IL-13, and neurotransmitter y-
aminobutyric acid (GABA) foster M2 transition (Mantovani et al., 2022). In most solid cancers,
TAMs possess M2 phenotype, with elevated expression of arginase-1 and mannose receptor as
well as low MHCII expression, and they contribute to cancer progression and metastasis (Duan
& Luo, 2021). They extensively remodel the TME by secreting growth factors like EGF and
VEGF, which directly stimulate malignant cell proliferation and drive angiogenesis which
foster tumor progression and dissemination. Moreover, TAMs release various
immunosuppressive molecules, such as IL-10, TGFpB, and PGE2, and elevate checkpoint
ligands like PD-L1, which collectively suppress the induction and tumoricidal activity of T
cells and NK cells, and establish an immune-permissive niche. By releasing matrix
metalloproteinases (MMPs), such as MMP-2, MMP-9, and MMP-14, and other proteases like
cathepsins, TAMs degrade the extracellular matrix (ECM) to foster local invasion and
intravasation of cancer cells into circulation. TAMs also remodel the ECM structure by
expressing the ECM proteins (fibronectin and collagens) as well as recruiting and activating
cancer-associated fibroblasts that collectively contribute to fibrosis, and increased collagen
deposition and cross-linking within the tumor, making the matrix stiffer, which favors cancer

progression (Zheng et al., 2023).

In HCC, a highly immunosuppressive cancer, TAMs are the major immune cell population,
representing 20-40% of the total infiltrating cells (Zheng et al., 2023). These TAMs are pivotal
in promoting oncogenesis by facilitating processes like angiogenesis, metastasis, and the
suppression of anti-tumor immunity (Zheng et al., 2023). The majority of TAMs in HCC
display an M2-polarized state with a characteristic spindle-shaped appearance (Zheng et al.,

2023). This phenotype contributes to tumor advancement and immune evasion through the
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upregulation of factors such as MMP14, VEGFA, and the MRC1/CD206 receptor (Zheng et
al., 2023).

1.3.3 Targeting macrophages in cancer treatments

1.3.3.1 Depletion of TAMs or preventing the recruitment of TAMs

Given that TAMs are generally regarded as pro-tumorigenic and immunosuppressive, studies
have engrossed on eliminating TAMs from tumor or inhibiting their infiltration in the past
decades. The dependency of macrophages on CSFIR signaling positions it as an attractive
target for macrophage depletion. Various small molecules inhibitors and anti-CSFI1R
monoclonal antibodies have thus been generated and tested for the preclinical and clinical
efficacies in treating solid tumors or haematological malignancies (Mantovani et al., 2022;

Figure 1.2).
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Figure 1.2 Examples of anti-TAM therapies under clinical development (This figure is

adopted from Cassetta & Pollard, 2018)

Small molecules targeting CSF1R under clinical development include PLX3397 (pexidartinib),
PLX7486, BLZ945 and JNJ-40346527. PLX3397, either as a single agent or in combination

with tyrosine kinase inhibitors dovitinib and vatalanib, was shown to be effective in controlling
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tumor progression in preclinical models of glioma (Mantovani et al., 2022). In a phase II
clinical trial, PLX3397 did not improve prognosis in patients with recurrent glioblastoma in
which the progression-free survival of PLX3397 treatment group did not differ from the
patients receiving radiotherapy and temozolomide (Mantovani et al., 2022). On the other hand,
in late clinical studies of advanced tenosynovial giant cell tumors (TGCT), a cancer type with
heightened expression of CSF1 and CSFIR, PLX3397 treatment was shown to have robust
tumor response with sustained clinical benefits in phase III ENLIVEN study (NCT02371369),
and was granted approval by the FDA in 2019 as the first systemic treatment for patients with
TGCT (Tap et al., 2019). Despite the clinical success of PLX3397 in TGCT, its clinical utility
in other solid tumors is limited, with no clinical benefits observed when used in combination
with pembrolizumab in advanced melanoma and solid tumors (NCT02452424) or with
radiotherapy and temozolomide in glioblastoma (NCT01790503). Other small-molecule
CSFI1R inhibitors (BLZ945 and JNJ-40346527), have progressed to Phase I/II evaluation for
treating advanced-stage solid tumors either as single agents or combination treatments but
further clinical development was halted owing to limited clinical benefits or safety concerns

(NCT02829723) (Mantovani et al., 2022).

In addition, several mAbs targeting CSF1R (RG7155, IMC-CS4, FPA008, AMG 820, and
ARRY-382) that have been evaluated clinically. RG7155 (emactuzumab), a humanized mAb
that blocks CSFIR dimerization, was found to deplete CSFIR+CD163+ macrophages in
preclinical models (Mantovani et al., 2022). For instance, RG7155 was shown to diminish
TAMs infiltration while increasing the CD8+/CD4+ T cell ratio in colorectal cancer and
fibrosarcoma (Mantovani et al., 2022). A Phase la/b study combining RG7155 (monotherapy
or with paclitaxel) in patients with diffuse-type tenosynovial giant cell tumor (TGCT), RG7155
demonstrated promising results, with an ORR of 71%. Prompted by this promising clinical
benefit, a late-stage clinical study (TANGENT) is currently being conducted for assessing the
clinical utility of RG7155 in patients with TGCT who are not amenable to surgery (Gelderblom
et al., 2025). In a phase 1b study of advanced solid cancers, RG7155 also showed signs of
clinical activity, including partial metabolic responses and disease stabilization, when used in
combination with atezolizumab (Gomez-Roca et al., 2022b). In other phase Ib/II trials, RG7155
did not show clinical response when used in combination with chemotherapy (paclitaxel) and
anti-VEGF agent (Bevacizumab) in gynaecological neoplasms and ovarian cancer
(NCT02923739) or in combination with anti-CD40 mAb (selicrelumab) in advanced solid
tumors (NCT02760797). The other mAbs, IMC-CS4, FPA008, AMG 820, and ARRY-382,
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did not progress beyond Phase I/II clinical development because of modest clinical responses

in treating solid tumors (Wang-Gillam et al., 2019; Razak et al., 2020; Johnson et al., 2022).

Apart from the CSF1-CSFIR axis, CCL2-CCR2 signaling is another crucial pathway that
induces monocytes recruitment and contributes to TAMs accumulation in the TME (Cassetta
& Pollard, 2018). CCL2 released by tumor cells is a potent chemoattractant for monocytes that
express CCR2 at the tumor site. The use of anti-CCL2 in cancer treatment is controversial. On
one hand, some studies have reported that CCL2 targeting eased the tumor burden and
metastatic progression in several malignancies including breast liver, lung and prostate cancers
as well as melanoma (Cassetta & Pollard, 2018). Meanwhile, other groups have raised concerns
regarding the long-term use of anti-CCL2 treatment. In breast cancer, treatment withdrawal
resulted in a rebound of monocytes infiltration and lung metastasis, which led to death of the
mice (Cassetta & Pollard, 2018). A similar observation was reported by another group that
employed genetic depletion of CCR2 in the PyMT model, and they showed that the CCR2 loss
in monocytes causes re-emergence of monocyte recruitment by an unknown redundancy
mechanism (Cassetta & Pollard, 2018). Two plausible explanations are proposed for this
observation. First, CCL2 depletion led to severe depletion of macrophages, and a compensatory
mechanism was triggered to overcome the CCL2 deficiency, which drastically increased CCL2
levels and counteracted the therapeutic effect of the anti-CCL2 agent. Furthermore, there may
be adaptive increase in the proliferation of tissue-resident macrophages when monocyte

infiltration is inhibited (Cassetta & Pollard, 2018).

Nonetheless, owing to the elevated levels of CCL2 in patient serum and tumor and its
association with poor survival, the use of anti-CCL2 mAb (Carlumab) or small inhibitor
targeting CCR2 (PF-04136309) was evaluated clinically. Carlumab (CNTO888), a human
immunoglobulin Glk antibody that binds to CCL2, has been shown to reduce macrophage
recruitment and vascular density, with diminished tumor burden in prostate cancer mouse
models upon systemic administration (Cassetta & Pollard, 2018). In contrast to this preclinical
finding, a phase II clinical trial showed that carlumab did not induce significant or long-term
antitumor responses in patients with castration-resistant metastatic prostate cancer (Cassetta &
Pollard, 2018). The therapeutic efficacy of PF-04136309 was assessed in pancreatic ductal
adenocarcinoma (PDAC) in two clinical trials. A phase 1b clinical trial using the combination
of PF-04136309 with FOLFIRINOX chemotherapy (oxaliplatin and irinotecan plus leucovorin
and fluorouracil) demonstrated that the combination is safe, tolerable and effective for PDAC

patients, with 32 of 33 patients showed local tumor control and 16 patients had objective tumor
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response (Cassetta & Pollard, 2018). Despite this exciting finding, a recent Phase Ib study
evaluating the combination of PF-04136309 and nab-paclitaxel/gemcitabine as first-line
treatment for patients with metastatic PDAC reported significant safety concerns regarding
synergistic pulmonary toxicity, with no efficacies observed in the combination group (Noel et

al., 2019).

To date, a few clinical studies have tested the combination of anti-CSF1R antibodies,
cabiralizumab and emactuzumab, with other agents in triple-negative breast cancer and PDAC
(NCTO04331067 and NCT03193190), as well as anti-CCR2/5 antagonist with nivolumab in
HCC (NCT04123379) are still ongoing. Currently available phase II trials targeting TAM
recruitment or accumulation have shown no durable clinical responses in most solid cancer
types, except for TGCT and potentially in PDAC, and some treatment modalities were reported
to have safety concerns. It is also noteworthy that CSF1R blockade, either with small inhibitors
or mAbs, frequently causes periorbital oedema in patients. The mechanism involves dermal
macrophage loss, which leads to pathological extracellular remodelling, matrix
metalloproteinase activation and hyaluronan deposition, ultimately increasing fluid retention
(Zheng et al., 2023). Beyond on-target toxicities, the effectiveness of TAM recruitment
strategies is also impeded by the compensatory influx of immunosuppressive neutrophils,
enhanced proliferation of tissue-resident macrophages, and inherit redundant chemokine

system with multiple ligands and receptors acting on monocytes (Mantovani et al., 2022).

1.3.3.2 Functional reprogramming of TAMs — Macrophage activation

Despite being generally pro-tumoral, TAMs possess phenotypic plasticity that can, depending
on the environmental cues, become tumoricidal and immunostimulatory, thus inhibiting tumor
growth (Cassetta & Pollard, 2018). This macrophage plasticity property has been
therapeutically exploited for cancer treatment (Cassetta & Pollard, 2018). This strategy
involves in reprogramming of TAMs from pro-tumorigenic to tumoricidal state, that is
switching them from their role in supporting angiogenesis, matrix remodelling, and
immunosuppression to the one that promotes immune activation and direct tumor killing
(Mantovani et al., 2022). The phenotypic conversion can be achieved by targeting key
regulatory signals or receptors that govern the macrophage polarization. For instance, agonists

of toll-like receptors (TLRs) or CD40 can skew TAMs towards the M1 subtype, which
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possesses higher innate phagocytic, inflammatory and antigen presentation abilities for tumor

killing, and can reverse the immunosuppressive TME (Figure 1.3; Mantovani et al., 2022).
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Figure 1.3 TAM reprogramming strategies. Cytokines (like interferons), TLRs, STING
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interferon receptor; NK, natural killer; TMAP, tumor-associated macrophages. (This figure is

adopted from Mantovani et al., 2022)

The CD40 receptor belongs to the tumor necrosis factor (TNF) receptor family that expressed
on antigen-presenting cells like macrophages and dendritic cells. It interacts with CD40 ligand
(CD40L) on the activated Th cell surface and induces the generation of TNF and reactive

oxygen and nitrogen species, which triggers the tumoricidal activity of macrophages. This
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ligand-receptor  interaction also activates T cell-mediated immune responses.
Activating the CD40-CD40L axis with CD40 agonist mAbs repolarizes immunosuppressive
TAMs to atumoricidal state with heightened cytotoxic function, leading to immune
surveillance and reduced tumor burden (Mantovani et al., 2022). The use of CD40 agonist
mAbs has also been reported to cause TAMs to release CCLS5, which triggers the recruitment
of CD4+T cells to the tumor site (Mantovani et al., 2022). Recently, the safety profiles and
clinical utilities of CD40 agonist mAbs (CP-870,893, SEA- CD40, APX005M, RO7009789,
CDX-1140, and mitazalimab) in combination with other treatment regimens have been
investigated intensively, and the currently available Phase I and II study results suggested that
the combinations are safe and tolerable, and some studies reported
encouraging antitumor activities and clinical responses to the treatments. Sotigalimab
(APX005M) was assessed in phase I and II clinical trials for advanced melanoma patients as a
single agent and in combination with nivolumab, respectively. Sotigalimab showed single-
agent activity with a favorable safety profile in patients with advanced melanoma, and the
subsequent phase II expansion study illustrated that a subset of patients harboring PD-1-
resistant melanoma showed durable and prolonged responses to the sotigalimab
plus nivolumab treatment regimen (Weiss et al., 2023). Another phase II study on upper
gastroesophageal cancer also demonstrated that the use of sotigalimab with chemoradiotherapy
as neoadjuvant treatment was effective and safe, with an improvement in the patient's
complete response rate (Ko et al, 2025). The phase 1b/Il PRINCE trial reported
that sotigalimab administration with chemotherapy has immunostimulatory effects, inducing
infiltration of CD4+ Tcell and circulating differentiated CD4+ T cells and antigen-
presenting cells (Padron et al., 2022). Another CD40 agonistic mAb, mitazalimab, also
showeda  favorable clinical  response =~ when used in  conjunction  with
chemotherapy. OPTIMIZE-1, a phase Ib/Il clinical study completed in 2024,
combined mitazalimab with modified FOLFIRINOX (mFOLFIRINOX; fluorouracil,
leucovorin, oxaliplatin, and irinotecan) for treating patients with metastatic PDAC, and
showed that the combination improves overall survival with an objective response rate of
42.1% and manageable treatment-related toxicities (Van Laethem et al., 2024). These
encouraging results warrant further investigation in phase III clinical trials. Apart from
sotigalimab and mitazalimab, several CD40 agonistic mAbs are currently being assessed for
their clinical efficacy and safety in various types of malignancies (NCT05165433,
NCT04616248, NCT04495257, NCT05029999, NCT03424005, NCT02588443).
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Toll-like receptors (TLRs) are innate immunity pattern recognition receptors that
trigger an innate immune response upon detecting pathogen-associated molecular patterns
(PAMPs), such as bacterial lipopolysaccharides and lipoproteins, and viral nucleic acids. This
activation polarizes macrophages towards a pro-inflammatory and antitumor phenotype
(Cassetta & Pollard, 2018). Consequently, TLRs have been extensively investigated as
immunomodulatory targets to re-educate TAMs within the TME. Multiple agonistic TLR
molecules have been developed to achieve this, successfully reprogramming TAMs to become
tumoricidal with increased release of immunostimulatory cytokines in various preclinical
models (Mantovani et al., 2022). Early clinical successes of TLR agonists include the FDA-
approved TLR2/4 agonist Bacillus Calmette-Guérin (BCG) for bladder cancer and the topical
TLR7 agonist imiquimod for skin cancer. BCG, a live attenuated form of Mycobacterium bovis
(i.e., tuberculosis bacteria) that activates TLR2 and TLR4, was approved by the FDA in 1990
for the treatment of early-stage bladder cancer and remains a standard treatment to date
(Mantovani et al., 2022). Imiquimod was approved in 2004 for the topical treatment of
superficial basal cell carcinoma. A derivative of imiquimod, motolimod (a TLRS8 agonist),
demonstrated potent immunostimulatory activity in preclinical models of multiple cancer types,
and TAMs appear to be the major immune population that primes the antitumor immune
response (Mantovani et al., 2022). The clinical efficacy of this drug was evaluated in a phase
IIT Active8 study when combined with standard therapy (cetuximab and chemotherapy) for
treating recurrent and/or metastatic head and neck cancer. The combination did not improve
survival in the overall patient population but showed significant benefit in the HPV-positive
subgroup, suggesting its plausible use in subset-selected patients (Ferris et al.,
2018). The TLR3 agonist Poly(I:C) has shown significant antitumor activity in experimental
settings (De Waele et al., 2021). To enhance its stability and delivery, a nanocomplex
formulation with polyethyleneimine, known as BO-112, has been developed and evaluated
in the phase II Clinical Trial SPOTLIGHT-203 for the use of intratumoral BO-112 plus
intravenous pembrolizumab in patients with anti-PD1-resistant melanoma. The combination
was shown to be well tolerated with promising improvement in patient survival
and a 25% objective response rate, and the combination warrants future studies to validate the
clinical benefits (Marquez-Rodas et al., 2025). It is noteworthy that early trials of TLR
stimulation by systemic administration of TLR agonists often trigger severe inflammatory
reactions, such as cytokine-related syndrome, high fever, chills, and hypotension. This toxicity
profile likely accounts for the high rate of grade 3 or 4 adverse events observed in the

combination arm (tilsotolimod, a TLR9 agonist, plus ipilimumab) of the ILLUMINATE-301
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trial. Consequently, local or intratumoral administration is now considered the dominant
strategy to maximize potent local immune activation within the tumor microenvironment while

effectively minimizing systemic toxicity.

1.3.3.3 Functional reprogramming of TAMs — Targeting phagocytic checkpoints

Normal cells express ‘don’t eat me’ signals on their cell surface as a self-protective mechanism
to prevent unwanted phagocytosis. Tumor cells hijack this mechanism by overexpressing these
checkpoint molecules, effectively disguising themselves as 'self, and thus evading macrophage
surveillance (Figure 1.4). Researchers have developed therapeutic agents that target these
phagocytic checkpoints to reverse phagocytic inhibition. These strategies have been shown to
enhance macrophage-mediated tumor control in several preclinical models. Over the past
decade, the CD47/SIRPa, CD24/SIGLEC-10, and PD-L1/PD-1 signaling axes have emerged
as the most extensively studied therapeutic targets. Their signaling mechanisms, key preclinical

findings, and progress in clinical development are discussed in this section.

Inhibition of phagocytosis
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Figure 1.4 Myeloid checkpoints on macrophages and corresponding interacting partners

on tumor cells (This figure is adopted from Mantovani et al., 2022)

CD47/SIRPa axis

CD47 is a ubiquitously expressed protein in normal cells that controls physiological processes

such as cell migration, cytokine production, and T cell activation (Cassetta & Pollard, 2018).
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CD47 interacts with signal regulatory protein-o (SIRPa), which is mainly expressed
on macrophages, monocytes, and DCs (Cassetta & Pollard, 2018). This prevents myosin 1A
accumulation at the phagocytic synapse, thereby inhibiting phagocytosis (Cassetta and Pollard,
2018). CD47 1is overexpressed in various tumors, including ovarian cancer, HCC,
cholangiocarcinoma (CCA), and haematological malignancies (Liu et al., 2023). This
overexpression contributes to tumor invasion and metastasis and, more
importantly, functions as a key antiphagocytic mechanism that enables tumors to resist innate
immune surveillance (Cassetta & Pollard, 2018). Several preclinical studies have demonstrated
that CD47/SIRPa inhibition with blocking antibodies enhances the phagocytosis of
tumor cells by macrophages and reduces tumor burden in various tumor models, including
lymphoma, melanoma, glioblastoma, breast and colorectal cancer, and liver cancers (Feng et
al., 2019). In addition to its pro-phagocytic function, targeting this axis has been shown to
activate macrophage cytokine release, which stimulates the immune system of patients (Liu et
al., 2023). Prompted by these promising preclinical findings, therapies designed to disrupt
CDA47/SIRPa interactions have been investigated intensively in clinics for different

malignancies in the past decade (Feng et al., 2019).

Magrolimab was the first CD47 targeting agent to enter clinical development and progressed
to phase [l ENHANCE-3 trial for treating acute myeloid leukemia (AML) in combination with
venetoclax and azacitidine (Daver et al., 2025). Increased fatal adverse events and risk of death,
primarily driven by grade 5 pneumonia and respiratory failure, were observed in the
combination arm, and the clinical development of magrolimab was halted. This
raises concerns regarding the  overall toxicity profile of the drugs and the potential
dysregulation or overactivation of the immune system upon administration of the combination
regimen. Magrolimab’s mechanism of action inherently leads to on-target toxicity against
normal cells, given that CD47 is ubiquitously expressed in normal cells, particularly red blood
cells (RBCs) and platelets. Systemic treatment with magrolimab results in unintended
phagocytosis and clearance by macrophages, agglutination of RBCs, and cell lysis (Liu et al.,
2023). This manifests clinically as anemia and thrombocytopenia, which are anticipated dose-
limiting side effects observed in clinical trials (Mantovani et al., 2022). While this
haematological toxicity was often manageable with a lower initial "priming" dose, it
contributed to the drug's challenging safety profile, compounding the more severe immune-

mediated toxicities that ultimately led to its clinical hold.
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Considering this, novel strategies have been proposed to circumvent these on-target
adverse effects. These approaches include engineered CD47 antibodies with minimal affinity
to erythrocytes (e.g., ALX148, TIC4, TTI-622, and AO-176) and bispecific antibodies or
fusion proteins that co-engage CD47 and a tumor-associated antigen to enhance tumor
selectivity (for example TG-1801, IMMO0306). ALX148, also known as evorpacept, is an
engineered fusion protein with a high-affinity CD47-binding domain linked to an inactive
human immunoglobulin Fc region. Its inactive Fc domain renders it incapable of
triggering immune responses, such as ADCC and ADCP, thereby averting immune responses
against normal  CD47-expressing cells. Consequently,  adverse effects on ~ normal
blood cells were not observed in preclinical models, highlighting an improved safety profile
over earlier CD47-targeting agents. ALX148 has demonstrated antitumor activity in a phase I
clinical trial of B-cell non-Hodgkin lymphoma in combination with lenalidomide and
rituximab (Zhuang et al., 2025). Recently,the Phasell = ASPEN-06 study
demonstrated the promising activities of ALX148, including an increased objective response
rate and longer duration of response when added to trastuzumab, ramucirumab, and paclitaxel
for treating advanced HER2-positive gastric or gastroesophageal junction (GEJ)
cancer (Shitara et al., 2025). In another phase Ib/II clinical trial for breast cancer, ALX148 also
showed promising antitumor activity when used in combination with zanidatamab in HER2-
positive patients, illustrating its effectiveness in HER-expressing tumors across different
cancer types (Montero et al., 2025). Meanwhile, it is currently being investigated
in combination with pembrolizumab in phase II trials for advanced solid tumors and
lymphoma (NNCT04675294, NCT03013218). TIC4, or lemzoparlimab, is another modified
CD47 mAD that is under early clinical development. Given that the molecular conformation of
CDA47 on tumor cells differs from that on blood cells, lemzoparlimab was designed to target a
distinct and tumor-specific CD47 epitope, thereby sparing red blood cells and platelets (Liu et
al., 2023). Lemzoparlimab has shown encouraging clinical activity as a single agent in AML
and in combination with rituximab in lymphoma in two early clinical trials (Q1 et al., 2020;
Mehta et al., 2021). Nonetheless, its further clinical development has been halted owing to

strategic focus and resource allocation.

IMMO0306 is a novel tandem-targeting fusion protein that fuses the CD47 binding domain of
SIRPa to the Fc region of a CD20-targeting antibody, rituximab, generating a bifunctional
molecule that simultaneously blocks the “don't eat me” signal on tumor cells and directs this

activity specifically to CD20-expressing cells (Yu et al., 2022). This reduces binding to red
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blood cells and thus can avoid dose-limiting haematological toxicity, which is observed in first-
generation CD47 inhibitors, indicating a potentially improved safety profile (Yu et al.,
2022). IMMO0306 is currently being evaluated in early clinical trials for patients with relapsed
or refractory (R/R) CD20-positive B-cell lymphomas. It has been reported to havea
favorable safety profile and preliminary efficacy in patients with B-cell lymphoma as a single
agent or in combination with lenalidomide, and assessment is ongoing (Yang et al., 2024; Deng

et al., 2024).

CD24/SIGLEC-10 axis

The CD24/Siglec10 axis is a physiological pathway that suppresses the inflammatory response
and, thereby, pathological cell death (Liu et al., 2023). Mechanistically, this interaction reduces
damage-associated molecular pattern (DAMP)- related inflammatory responses, such as sepsis
and liver injury, as well as antigen sensing on the cell surface, thus dampening normal cell
phagocytosis by macrophages (Liu et al., 2023). Malignant cells exploit this mechanism by
overexpressing surface CD24, which engages Siglec10 on tumor-associated macrophages to
transmit a potent ‘don’t eat me’ signal via the phosphatases SHP-1 and SHP-2, thus inhibiting
phagocytosis and evading macrophage surveillance (Liu et al., 2023). Meanwhile, this
immunoinhibitory signaling cascade simultaneously weakens the killing activity of T and NK
cells (Liu et al., 2023). CD24 overexpression has been reported in various cancers, including
B cell lymphomas, breast cancer, gliomas, SCLC, and HCC, where it functions as a potent
oncoprotein and a poor prognostic marker (Liu et al., 2023). Its high expression fosters immune
evasion of tumors and directly fuels tumor progression by enhancing cell proliferation and
metastasis. Preclinical studies have confirmed that disrupting this interaction by CD24
targeting increases macrophage-directed clearance of tumor cells and dramatically
suppresses the growth of orthotopic tumors in mice, establishing CD24 as a viable new
antitumor phagocytosis checkpoint (Liu et al., 2023). An alternative approach capitalizes on
the sialic acid-dependent nature of these interactions. Studies have shown that antibody-
sialidase conjugates can remove sialic acid from tumor cells, disrupting siglec acid engagement
and enabling immune cell killing of desialylated cancer cells (Liu et al, 2023).
Despite these encouraging preclinical findings, a significant challenge remains in the on-target,
off-tumor expression of CD24 in immune cells, which poses a risk of adverse effects.

Moreover, no CD24-targeting agents have entered clinical trials for cancer treatment.
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PD-L1/PD-1 axis

The function ofthe PD-1/PD-L1 axis has been well-characterized in T cell
immune checkpoints, and recent studies have reported that this axisisalso crucial for
regulating the phagocytic capacity of TAM (Feng et al., 2019). It is noteworthy that PD-1
expression is not restricted to T cells but also to other immune cells, such as DCs, B cells, and
activated monocytes (Feng et al., 2019). Moreover, TAMs express high levels of PD-1, and
its expression is elevated relative to that of circulating monocytes or splenic macrophages
and is upregulated in a tumor growth-dependent manner (Feng et al., 2019). Most PD-
1+TAMs are predominantly of the M2 phenotype, which is generally regarded as a pro-
tumorigenic subtype (Feng et al., 2019). PD-1 knockout promotes M1 polarization through
STATI1 signaling, suggesting that PD-1 may promote M2 polarization of TAMs, thereby
reinforcing an immunosuppressive TME (Feng et al., 2019). Functionally, PD-
1" TAMs exhibit markedly weaker phagocytic ability than their PD-1- counterparts, suggesting
that PD-1 on TAMs inhibits phagocytosis (Feng et al., 2019). This is further supported by the
fact that PD-L1 blockade potentially increases phagocytosis by PD-1+ macrophages but has
no effect on the PD-1 population (Feng et al., 2019). Crucially, PD-1/PD-L1 axis blockade
induces phagocytosis and antitumor responses in NSG mice, which lack T cells but retain
functional macrophages, confirming the functional role of this axis as a phagocytic checkpoint
(Feng et al.,, 2019). The clinical relevance of this pathway is underscored by PD-L1
overexpression across various solid tumors, including HCC, its poor prognostic association,
and the association between PD-1 + TAMs and patient survival (Feng et al., 2019). The dual
role of the PD-1/PD-L1 axis rationalizes novel therapeutic strategies, such as combination with
CD47/ SIRPa blockers and the development of bispecific agents targeting both pathways, to

cooperatively unleash innate and adaptive immunity. (Feng et al., 2019; Mantovani et al., 2022)

1.3.3.4 Therapeutic potential of macrophage-based therapies in HCC

The therapeutic potential of macrophage-based treatments has been assessed primarily in
hematologic cancers and other solid cancers, but rarely in liver cancer (Duan and Luo, 2021).
In the HCC TME, liver-resident Kupffer cells (the main nonparenchymal cells, ~20%, in the
liver) and liver-infiltrating macrophages constitute TAM. Although these phagocytes
have been shown to play a pro-tumorigenic role and are functionally impaired with deprived

phagocytic capability in the HCC TME, Willingham et al. demonstrated that the administration
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of anti-CD47 mAb alone can induce TAM-mediated phagocytosis of liver cancer cells,
highlighting the plasticity of macrophages whose phagocytic capacity can be readily re-
elicited. Moreover, studies have shown that Kupffer cells exhibit high plasticity and are
capable of eliciting potent phagocytic abilities (i.e., readily phagocytosing circulating B or T
lymphoma cells) upon opsonization with tumor-targeting antibodies (Duan and Luo, 2021; Giil
etal., 2014). The high abundance, intrinsic potency, and plasticity of macrophages in the HCC

TME render them attractive targets for liver cancer treatment.

1.3.4 Macrophage bridges innate to adaptive immunity

1.3.4.1 Antigen presentation via MHCII for helper T cell activation

In addition to their direct tumoricidal role in engulfing tumor cells, macrophages serve as a
pivotal bridge between innate and adaptive immunity by orchestrating T cell responses through
antigen presentation and immunomodulatory signaling. This process begins with
macrophages that engulf and proteolytically degrade tumor cells within the phagolysosome,
generating peptide fragments that are then loaded onto Major Histocompatibility Complex
class II (MHCII) molecules, forming a peptide-MHCII complex that is transported on the
macrophage cell surface (Murray & Wynn, 2011). This peptide-MHCII complex interacts
with the specific TCR of helper T (Th) cells and serves as signal 1 for their activation (Iborra
& Sancho, 2015). Macrophages also provide signal 2 for the full activation of helper T cells
(Iborra & Sancho, 2015). During phagocytosis, the engagement of innate activation signals,
such as TLR, often triggers the upregulation of co-stimulatory molecules, such as CD80/86, on
macrophages. These co-stimulatory molecules interact with the corresponding receptor, CD28,
on CD4+ T cells (Chen and Flies, 2013). Upon receiving both signals, helper T cells become
activated, proliferate, and differentiate into effector subsets (Thl, Th2, and Thl7),
predominantly into Th1 cells (Iborra & Sancho, 2015).

These Thl cells then orchestrate an antitumor cytotoxic T cell response through multiple
pathways: (1) they license APCs, including dendritic cells and macrophages, via CD40/CD40L
interaction, potentiating their ability to prime and activate naive T cells (Bennett et al., 1998;
Schoenberger et al., 1998); (2) they secrete key cytokines, particularly IFNy, which acts
directly on CD8+ T cells to promote their clonal expansion, effector differentiation, and
memory formation, and enhances MHCI expression on tumor cells, sensitizing them to

Tc cell attack (Bevan, 2004); and (3) they provide critical signals to prevent T cell exhaustion
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and sustain a functional Tc population within the TME by enabling CD8+T
cells to differentiate into long-lived memory T cells (Borst et al., 2018). Moreover, this
macrophage-T cell interaction is reciprocal, and CD40/CD40L engagement provides a potent
feedback signal that further enhances macrophage antigen presentation and tumoricidal
capacity, establishing a positive feedback loop crucial for effective cell-mediated immunity

against cancer (Murray & Wynn, 2011).

In summary, macrophage phagocytosis drives CD4+ T cell activation by providing a constant
source of antigens for the MHC 1II presentation pathway. This process indirectly but
indispensably amplifies and polarizes the adaptive immune cascade within the peripheral tissue,
effectively bridging the detection of tumor cells (innate immunity) with a targeted antigen-

specific T cell response.

1.3.4.2 Antigen cross-presentation and cross-priming by macrophage

In addition to the indirect role in bridging the innate and adaptive immune responses through
CD4+ T cell activation, macrophages have also been reported to directly activate adaptive
immunity within the TME through antigen cross-presentation and cross-priming, a process
involving APCs presenting the processed antigen of phagocytosed tumor cells on the MHCI
molecule to naive T cells to induce their activation (Feng et al., 2019). Cross-presentation is a
critical adaptation of the classical MHC 1 pathway that enables APCs to present
exogenous antigens to CD8" T cells. The cytosolic pathway is the major pathway for antigen
cross-presentation. It involves the partial degradation of ingested tumor cells by acidic
proteases in the phagolysosome and the regulated translocation of selected tumor antigens or
fragments into the cytosol, which is facilitated by SEC61 translocon, recruited to the
phagosomal membrane (Grotzke et al., 2017). Once in the cytosol, the antigens are cleaved
into short peptides by proteasomes and transported to the ER lumen or back to the phagosome
via retro-translocation by the Transporter Associated with Antigen Processing (TAP)
(Lecoultre et al., 2020; Alloatti et al., 2015). Within the peptide-loading compartment, the
peptide is further trimmed to an optimal length by aminopeptidase and loaded onto nascent
MHCI molecules within the peptide-loading complex, which allows the selection of high-
affinity peptides  and stabilizes the ~ complex. The stable = MHCI-peptide =~ complex
is then released and transported to the plasma membrane to be surveyed by CD8+ T cells

(Blum et al., 2013).
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Following cancer cell phagocytosis, DNA from phagocytosed cells can escape into the
cytosol, where it stimulates the cyclic GMP-AMP synthase stimulator of interferon genes
(cGAS-STING) pathway (Lecoultre et al., 2020). In particular, the cytosolic DNA sensor
cGAS binds to exposed tumoral DNA and becomes activated to catalyze the conversion of
ATP and GTP to cyclic GMP-AMP (cGAMP), which functions to phosphorylate and activate
STING, leading to transcription induction and release of interferons such as type I interferons
(IFNs) and TNFa (Feng et al., 2019). Type I IFNs increase the pH of the phagolysosome of
APCs, which can, in turn, extend the persistence of processed antigens, thereby increasing the
cross-presentation ability of APCs (Lecoultre et al., 2020). Notably, macrophages express
high levels of three-prime repair exonuclease 1 (TREX1), which degrades cytosolic DNA and
thus dampens cGAS-STING pathway activation (Feng et al., 2019). This limits the ability of

macrophages to cross-present antigens.

Furthermore, several other intrinsic properties of macrophages render them markedly less
effective in cross-presentation than dendritic cells. First, macrophages possess higher
proteolytic activity in the phagolysosome, leading to extensive degradation of
internalized antigens and reducing the pool of intact peptides for cross-presentation (Lecoultre
et al., 2020). Second, macrophages demonstrate limited translocation
of antigens from phagosomes to the cytosol, which is a critical step in the cytosolic cross-
presentation pathway (Lecoultre et al., 2020). Most importantly, cross-priming
principally occurs in the draining lymph nodes. Unlike DCs, macrophages have poor
migratory ability and are largely unable to be recruited to the draining lymph nodes to engage
and prime naive T cells (Lecoultre et al., 2020). Functionally, several studies have shown the
importance of DCs in cross-presentation for T cell priming in in vivo models, while there
was a limited contribution of macrophages to CD8" T cell activation (Lecoultre et al., 2020).
Despite the known limitations of macrophages in cross-presentation, in
vitro studies have suggested that enhancing macrophage phagocytosis can unlock their
fundamental cross-presentation capacity, enabling them to cross-present tumor antigens to T
cells (Lecoultre et al., 2020). Moreover, these functional limitations may be counterbalanced
by their quantitative advantage within the TME: macrophages are typically more abundant and
exhibit higher phagocytic activity than DCs (Lecoultre et al., 2020). This allows macrophages
to facilitate comprehensive sampling of the entire tumor mass. In the context of tumor
heterogeneity, where distinct antigenic subclones can limit T cell responses, this broad

sampling by macrophages could present a wider repertoire of tumor antigens, thereby
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broadening the resulting T cell response against tumor diversity (Lecoultre et al., 2020).
Collectively, this rationale supports therapeutic strategies designed to boost macrophage

phagocytosis to leverage their inherent cross-presentation machinery and potentiate a more

comprehensive antitumor T-cell response.
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1.4 Aims of study

Based on the treatment efficacy of macrophage-based therapies in other solid malignancies,
the unique advantages of targeting macrophages in liver cancer, and the plausible co-activation
of innate and adaptive immunity by potentiating macrophage phagocytosis, we hypothesized
that inducing macrophage phagocytosis may represent an efficacious therapeutic approach for
HCC. Although a few anti-phagocytic axes have been identified and are under clinical
investigation, redundant inhibitory signals are commonplace in
immunoregulation. We aimed to identify additional inhibitory signals crucial for engaging
macrophages in the elimination of cancer cells. Given the druggable properties of protein
kinases and their regulatory effects on tumors, we focused on identifying specific protein
kinases that play crucial roles in the regulation of HCC phagocytosis. To achieve this, we
performed a kinome-wide CRISPR knockout screen in mouse HCC cells (RIL-175), followed
by co-incubation with mouse macrophages (RAW264.7). Cells with depleted anti-phagocytic
genes are phagocytosed and removed from the cell pool, and these anti-phagocytic genes can
be identified using high-throughput sequencing. Next, we aimed to determine whether the
candidate anti-phagocytic gene(s) are actionable target(s) in HCC. Specifically, we
investigated whether knockout of candidate gene(s) by sgRNA would reinitiate the phagocytic
clearance of HCC cells by macrophages and exhibit antitumor effects in a mouse model. We
postulated that depleting cancer intrinsic antiphagocytic genes would invoke macrophage
effector function(s) and augment tumor clearance. Finally, we aimed to elucidate the

underlying mechanisms and develop novel therapeutic strategies for HCC treatment.
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CHAPTER 2 Materials and Methods



2.1 Cell Cultures and animals

2.1.1 Cell Cultures

Cell culture media and conditions were as follows: PLC/PRF/5 and RAW264.7 cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. RIL-175 cells were grown in complete
RPMI-1640 medium containing HEPES buffer. THP-1 cells were cultured in suspension using
complete RPMI-1640 medium, which was additionally supplemented with 5.5 uM 2-
mercaptoethanol. THP-1 monocytes differentiation into MO macrophages was done by plating
cells at 1.5 x 10° cells per 60 mm dish and treating with 100 nM phorbol 12-myristate 13-
acetate (PMA) for 24 hours. After PMA removal, cells were incubated in standard THP-1
medium for a further 48 hours. For polarization to the M1 phenotype, PMA -differentiated
macrophages were stimulated for 72 hours with 20 ng/mL interferon-gamma (IFN-y) and 100
ng/mL lipopolysaccharide (LPS) in complete RPMI-1640. All cells were incubated at 37°C in
a humidified condition of 5% CO..

To generate a stable OV A-expressing murine cell line, RIL-175-NTC or RIL-175-sglkbkb cells
were seeded in 6-well plates at a density of 1 x 10° cells per well 24 hours before the
transduction. Then the cells were infected with pLVX-OVAL-IRES-Neo virus at an MOI of
~0.9 in the presence of 8ug/ml polybrene (MilliporeSigma). The viral medium was replaced
by fresh medium 24 hours post-infection. Two days post-transduction, selection was initiated
using 3mg/ml G418 (geneticin) sulfate (GoldBio) for 5 days, and the cells were maintained for
selection at 1.5mg/ml G418. The expression of OVA was assessed by Western Blot analysis
using rabbit anti-OVA antibody (Abcam, #ab17283; 1:250) followed by HRP-conjugated anti-
mouse IgG (1:500), as well as by qPCR with using BrightGreen 2x qPCR Master Mix (Applied
Biological Materials) and the following primers: primer 1- OVA forward: 5’-
CTACTGCCCCATTGCCATCA-3’; OVA reverse: 5’-CTGTGTCCTGGTGCTGTCTT-3’;
primer 2- OVA forward: 5-TGCAGATCAAGCCAGAGAGC-3’; OVA reverse: 5°-
TGAGAATCCACGGAGCTTGG-3’. GAPDH was used as an endogenous control.

To generate a stable GFP-expressing murine cell line, RIL-175-NTC or RIL-175-sglkbkb cells
were seeded in 6-well plates at a density of 1 x 10° cells per well 24 hours prior to the
transduction. Then the cells were infected with pLent-EF1a-FH-CMV-GFP-P2A-NEO virus
(WZ Biosciences Inc.) at an MOI of ~0.9 in the presence of 8ug/ml polybrene. The viral

medium was replaced by fresh medium 24hours post-infection. Two days post-transduction,
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selection was initiated using 3mg/ml G418 for 5 days, and the cells were maintained for

selection at 1.5mg/ml G418. The expression of GFP was assessed by flow cytometry analysis.

2.1.2 Mouse models

2.1.2.1 Subcutaneous and orthotopic tumor model

For the subcutaneous tumor model, BALB/c nude mice (aged 4—6 weeks, sourced from the
Centralised Animal Facilities at The Hong Kong Polytechnic University) received injections
of either 1 x 10* RIL-175-NTC or RIL-175-sglkbkb cells, suspended in 100 pL of PBS, into
their left and right flanks. In the xenograft model, 8 x 10° PLC/PRF/5-NTC or PLC/PRF/5-
sglkbkb cells, suspended in a 100 uL mixture of serum-free medium and Matrigel, were

similarly injected into the bilateral flanks of the mice.

C57BL/6 male mice (8-10 weeks old) were purchased from the Centralised Animal Facilities
in the Hong Kong Polytechnic University. For the orthotopic tumor model, 8 x 103 RIL-175,
RIL-175-NTC-OVA, or RIL-175-sglkbkb-OV A cells were washed once in PBS, suspended in
15ul mixture of serum-free medium and Matrigel (Corning; 1:1 ratio). Mice were then
anesthetized with a mixture of ketamine and xylazine. A small left lateral subcostal incision
(~1 cm) was made to expose the left liver lobe, and it was slowly injected with 15 uL of the
cell suspension. Flunixin meglumine (Banamine®; 0.006 mg/mL) was prepared in drinking
water for postoperative analgesia for three days. Tumor growth was monitored weekly by in
vivo bioluminescence imaging (IVIS Spectrum, PerkinElmer) after intraperitoneal injection of
D-luciferin (100 mg/kg, GoldBio). Mice were euthanized when humane endpoints were
reached (e.g., significant body weight loss >20%, ascites, or lethargy). Livers were harvested

and weighed, and tumors were collected for immune profiling.

2.2.2.2 Hydrodynamic Tail Vein Injection (HTVI) for Liver Tumorigenesis

The Sleeping Beauty transposon system was used. The transposon plasmid pT3-EF1a-cmyc-
IRES-luc (Addgene #129775), the transposase plasmid pCMV-SB13 (Addgene #34879),
px330-sgTP53 (Addgene #59910), pT3-EF1a-EV, or pT3-EF10-IKBKB (plasmid constructs
were generated using the CloneEZ method provided by GenScript®) were used. For
hydrodynamic injection, a sterile saline solution (0.9% NaCl) containing 15 pg of transposon

plasmids and 2.5 pg of transposase plasmid in a total volume equivalent to 10% of the mouse
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body weight (e.g., 2 mL for a 20g mouse) was prepared and filtered through a 0.22 pm filter.
C57BL/6 male mice (8-10 weeks old) were placed in a restraining device, and the tail vein was
dilated using a warm lamp. The plasmid solution was rapidly injected (<7 seconds) using a 27-

gauge needle attached to a 3 mL syringe. Mice were recovered on a warm lamp.

For examining the effect of TAT-NEMOA®®P and in combination with anti-PD-1 mAb (anti-
mouse; BioXcell), we employed a 17-mer TAT-NEMOA°®®r oligopeptide with diglycine-
linked N-terminal TAT peptides, which were synthesized by MOTIF BIOTECH. Peptides were
dissolved in 1x PBS to stocks of 10 mM. IgG2A (rat isotype control; BioXcell) was used as a
control for anti-PD-1 mAb. Treatment was initiated at day 10 post-HTVI following the
bioluminescence signal randomization, TAT-NEMOA®P was administered via I.P. injection
every two days at 20 ug/g for 2 weeks, and IgG2A or anti-PD-1 mAb was administered via L.P.

injection at 4mg/kg twice a week for two weeks.

2.1.3 In vivo macrophage depletion

To deplete macrophages in vivo, mice were administered 200 pL of clodronate liposomes or a
PBS liposome control via tail vein injection 24 hours prior to tumor inoculation. For the tumor
model, 2 x 10* RIL-175-NTC or RIL-175-sglkbkb cells in 100 uL PBS were injected
subcutaneously into both flanks. Macrophage depletion was maintained by administering 100
uL of clodronate or control liposomes intraperitoneally twice weekly, beginning three days
post-tumor injection. Tumor dimensions were measured using calipers to calculate volume,
and animal body weight was monitored throughout the study. To confirm macrophage
depletion, spleens were harvested, subjected to red blood cell lysis, and analyzed via surface
marker staining, following the protocol outlined for the in vivo phagocytosis assay. Clodronate

and control liposomes were commercially sourced.

2.2 CRISPR/Cas9 knockout library screen

The Mouse Kinome CRISPR Knockout Library (Brie), comprising 2,852 sgRNAs (4 per gene)
targeting 713 kinase genes and 1,000 non-targeting controls, was introduced into RIL-175-
Cas9 cells at a low multiplicity of infection (MOI 0.2-0.3) to achieve approximately 500-fold
library coverage. Following 24-hour viral transduction, a mutant cell pool was established

through puromycin selection (12pg/ml for 2 days) and a subsequent rest period. For the screen,
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1 x 10° mutant cells were co-cultured with or without RAW?264.7 mouse macrophages ata 1:1
ratio in serum-free medium for 16 hours. After co-culture, non-phagocytosed cells were
recovered by isolating the top fraction, followed by a 2-day puromycin selection and a 2-day

recovery period; this co-culture and selection cycle was then repeated.

Genomic DNA was extracted from a minimum of 1.5 x 10° cells per sample (to maintain 500x
coverage) using the DNeasy Blood and Tissue Kit. The sgRNA regions were PCR-amplified
with NEBNext High-Fidelity 2X PCR Master Mix, and the resulting amplicons were subjected
to high-throughput sequencing by Novogene across three biological replicates. sgRNA read
counts were analyzed with MAGeCK v0.5.9 software.

2.3 Gene Ablation Assays

2.3.1 Establishment of knockout cell lines

2.3.1.1 Lentiviral packaging and transduction

For lentiviral packaging and transduction, viral particles were generated by transfecting
HEK293FT cells (maintained in complete DMEM) with the lentiviral construct alongside the
packaging plasmid psPAX2 and the envelope plasmid pMD2.G, utilizing Lipofectamine 3000
(Thermo Fisher). The transfection medium was refreshed after 6-12 hours. Viral supernatant

was harvested 48 hours later by centrifugation at 3,000 rpm for a duration of 15 minutes.
2.3.1.2 Generation of RIL-175 and PLC/PREF/5 sublines

Stable Cas9-expressing cell lines for RIL-175 and PLC/PRF/5 were established by lentiviral
transduction to integrate the Cas9 coding sequence into the cellular genome. Successful Cas9
protein expression was subsequently verified by western blotting using a Cas9-specific
antibody (Cell Signaling #14697; dilution 1:1000). For Ikbkb or IKBKB knockout, sgRNAs
targeting the respective coding sequences were introduced via lentiviral overexpression in the
corresponding RIL-175-Cas9 or PLC/PRF/5-Cas9 cells. Following 48 hours of transduction,
transduced cells were selected using puromycin at 12 pug/ml for RIL-175 or 10 pg/ml for
PLC/PRF/S, applied for 2 to 3 days. A stable knockout subline was then generated by isolating
single-cell clones via serial dilution in 96-well plates. The resulting KO sublines were validated
through confirmation of depletion at both the mRNA and protein levels. The sgRNA sequences
targeting Ikbkb or IKBKB were obtained from either the Brie library or the Human CRISPR
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Knockout Pooled Library (GeCKO v2). The sRNA sequences used are listed as follows:
sglkbkb: 5'- GAAGCCAGTGATGCACTCGA -3, sgIKBKB: 5'-
GCCATGGAGTACTGCCAAGG -3'.

2.3.2 Validation of gene depletion

2.3.2.1 RT-gPCR

Total RNA was isolated with the RNAiso reagent (Takara), and reverse transcribed to cDNA
using the PrimeScript RT Reagent Kit (Takara) in strict accordance with the manufacturer's
protocol. Quantitative real-time PCR (qRT-PCR) was then performed for quantifying gene
expression using SYBR Green qPCR Master Mix (Applied Biosystems) on a QuantStudio™ 7
Flex Real-Time PCR System. The AACT method was used to analyze the relative expression
of each transcript normalized to mouse GAPDH or human HPRT. Primer sequences are listed
as follows: Mouse Tkbkb: F’ TGCATCACTGGCTTCCG, R’
CTTCACTAACAACGATGTCCACT; Human /IKBKB: F° CCCTGCTGGCCATGGAGTA, R’
GCAGGACGATGTTTTCTGGC.

2.3.2.2 Western blotting

Protein was lysed in samples using RIPA buffer containing phosphatase and protease inhibitors.
The supernatant was collected following centrifugation at 13,000 rpm for 15 minutes at 4°C,
and protein concentration was measured by Bradford assay. Equal protein amounts (30—40 pg)
were separated by SDS-PAGE on 10% gels and transferred to PVDF membranes. The
membranes were blocked with 5% BSA or non-fat milk in TBST and then incubated with
primary antibodies overnight at 4°C. Following TBST washes, membranes were incubated
with HRP-conjugated secondary antibodies. Signal detection was performed using an ECL
substrate. Antibodies used for specific detection included anti-IKKp, anti-phospho-1KKoa/p,

and anti-B-actin as a loading control.

2.3.2.3 Immunohistochemistry (IHC) analysis

Formalin-fixed, paraffin-embedded (FFPE) tumor sections were deparaffinized by heating to
85°C for 5-10 min, then cleared in xylene (Anaqua) and rehydrated through a graded ethanol
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series (Anaqua). Antigen retrieval was carried out via microwave treatment in either citrate
buffer (pH 6.0) or Tris-EDTA buffer (pH 9.0) (both from Dako, Agilent) using the following
cycle: 1 min at 1000 W, followed by three pulses of 10 s at 1000 W and three 5-min incubations
at 100 W. After cooling, slides were rinsed in Tris-buffered saline with Tween-20 (TBST).
Endogenous peroxidase activity was quenched with 3% H2O: for 10—-30 min, and non-specific
binding was blocked with a protein-blocking solution for 30-60 min. Sections were incubated
overnight at 4°C with primary antibodies diluted in antibody diluent (S3022, Dako, Agilent).
Following a TBST wash, slides were incubated for 1 h at room temperature with an
HRP-conjugated secondary antibody (K5007, Dako, Agilent). Signal was developed using a
3,3’-diaminobenzidine (DAB) substrate system (K5007, Dako, Agilent) diluted 1:50 in
substrate buffer. Sections were counterstained with hematoxylin (Biognost), differentiated in
0.5% acid alcohol (Biognost), blued in Scott’s water (Biognost), and dehydrated through
graded ethanol and xylene (Anaqua). Coverslips were applied with an organic mounting

medium (Biomount, Biognost), and slides were examined under bright-field microscopy.

2.4 Phagocytosis assay

2.4.1 In vitro phagocytosis assays

The described in vitro phagocytosis assays utilized fluorescently tagged macrophages
(RAW264.7 and THP-1 lines) and cancer cells (RIL-175 and PLC/PRF/S). Macrophages were
detached with TrypLE Express and labeled by incubating with 2uM CellTrace™ CFSE dye in
PBS at 37°C for 20 minutes. Following a 5-minute incubation in complete DMEM (10% FBS),
they were washed twice with PBS. Cancer cells were plated overnight, allowed to attach, and
then stained with 1.67uM CellTracker™ Red CMTPX dye in serum-free medium overnight.

After trypsinization, the cancer cells were also washed twice with PBS.

For the phagocytosis assay, macrophages and target cells were co-cultured at a 2:1 ratio for 16
hours in serum-free medium within a 37°C, 5% CO: incubator. Two methods were used to
quantify phagocytosis. In the flow cytometry-based assay, cells were harvested with TrypLE
Express and analyzed on a BD Accuri™ C6 Flow Cytometer. Phagocytosis was quantified as
the percentage of double-positive (CFSE+ CMTPX+) cells among the total macrophage
(CFSE+) population.
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For the microscopy-based assay, co-cultures were imaged using a Nikon Eclipse Ti2-E Live-
cell Fluorescence Imaging System. The phagocytic index was calculated as the number of
macrophages that had engulfed tumor cells (CFSE+ CMTPX+) per 100 total macrophages
(CFSE+).For the competitive phagocytosis experiment, RIL-175-NTC (or PLC/PRF/5-NTC)
cells were labelled with CellTrace™ CFSE dye with the procedure as described above, and
mix with RIL-175-sglkbkb (or PLC/PRF/5-sgIKBKB) cells which were labelled with
CellTracker™ Red CMTPX Dye with the procedure mentioned, at 1:1 ratio. The target cells
then co-cultured with macrophages at 1:2 effector:target ratio. The wells were imaged with the
Fluorescence Imaging System. The phagocytic index was calculated as the percentage of

macrophages that had enguled tumor cells per 100 macrophages.

2.4.2 In vivo phagocytosis assays

For tumor establishment, BALB/c nude mice (4—6 weeks old) were subcutaneously injected
with murine HCC cells (1 x 10* RIL-175-NTC or RIL-175-sglkbkb cells) expressing GFP
suspended in 100ul PBS, or human HCC cells (8 x 10° PLC/PRF/5-NTC or PLC/PRF/5-
sglkbkb cells) expressing GFP suspended in 100ul mix of serum-free medium and Matrigel,
Then, tumors are allowed to grow for 21 days and 49 days, respectively, until reaching a
volume of approximately 300-400 mm?®. Tumors are excised, minced, and dissociated with
gentleMACS™ Dissociator (Miltenyi Biotec) in dissociation buffer containing 10%
collagenase IV (Gibco™), DNase I (Roche) to single cell suspension according to the
manufacturer's protocol. The single cell suspension was resuspended in 40% Percoll and gently
layered on top of 80% Percoll, and was centrifuged at 1,200 x g, 25 minutes with the centrifuge
brake off to ensure gentle gradient formation. The immune cell layer was then subjected to red
cell lysis using ACK lysis buffer (Invitrogen™) Cells were incubated in an Fc receptor
blocking agent (BD Biosciences) in FACS buffer, followed by staining with surface marker
anti-CD45-APC (BD Pharmingen, #559864), anti-CD11b-BV421 (BioLegend, #101235),
anti-F4/80- APC/Cy7 (BioLegend, #123117), and Zombie Yellow™ Fixable Viability Dye
(BioLegend, #423103). Phagocytosis was quantified by measuring the percentage of GFP-
positive cells within live, CD45%, CD11b*, and F4/80" tumor-associated macrophages (TAMs).
Flow cytometry was performed on a BD FACSymphony A3 Cell Analyzer, and data were

analyzed using FlowJo™ software (BD Biosciences).
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2.5 Cell viability assay

To validate the growth inhibition effects brought by the 7kbkb (or IKBKB) KO, MTT and in
vitro cell proliferation assays were applied. For the MTT assay, the cells were seeded at 8-10%
confluence in a 96-well plate. Cell viability was then determined at 48 and 72 hours by
performing an MTT assay according to the manufacturer’s protocol. Absorbance was measured
at 570 nm by spectrophotometry. For in vitro cell proliferation assays, cells were plated at 10-
15% confluence in 24-well plates, and cell proliferation was measured with Nikon microscopy
every 24 hours for 3 days. The percentage of confluence after cell growth was measured by
ImageJ software. For the assessment of cell proliferation in vivo, the FFPE section was
processed as described and was stained overnight at 4°C with anti-Ki-67 monoclonal antibody
(Origene, 1:100 dilution). The immunofluorescence image was taken using Nikon Eclipse Ti2-
E Live-cell Fluorescence Imaging System, and Ki-67* cells were quantified using Imagel

software.

2.6 NF-kB pathway signaling

2.6.1. Nuclear and Cytoplasmic Fractionation

For NF-xB pathway activation studies, cells were added with 10 ng/mL or 20 ng/mL
recombinant TNFo (R&D system, 210-TA) for RIL-175 cells and PLC/PRF/5 cells,
respectively, for defined timepoints (0, 15, 30, 45, 60 mins). Cells were harvested and
fractionated at specific time points using the hypotonic solution (10mM Tris-Cl, pH 7.8, SmM
MgCl12, 10mM KCI, 0.ImM EDTA, 300mM sucrose, SmM B-glycerol phosphate), and the
cytoplasmic fraction was collected by centrifugation (800 x g, 10 min). Then, cells were
washed with 0.9% NaCl, and the nuclear pellet was lysed in RIPR buffer containing inhibitors
of protease and phosphatase. Nuclear and cytoplasmic fractions were collected for Western
Blot analysis. The following primary antibodies were incubated overnight at 4°C with gentle
agitation: mouse anti-phospho-IxkBa (Ser32/36) (Cell Signaling Technology, #9246; 1:250),
mouse anti-phospho-NF-kB p65 (Ser536) (Cell Signaling Technology, #3036; 1:250), rabbit
anti-NF-kB p65 (Santa Cruz, #sc372; 1:1000), rabbit anti-phospho-IKK alpha/beta
(Ser176/180) (Cell Signaling Technology, #2697; 1:1000), rabbit anti-sp1 (Santa Cruz, #sc59;
1:500; nuclear loading control), and GAPDH (GenScript #A00192; 1:2000; cytoplasmic

loading control). After washing, membranes were incubated with HRP-conjugated anti-mouse
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or anti-rabbit secondary antibodies (Cytiva; 1:1000) for 1 hour at room temperature.

Chemiluminescent detection was then performed.

2.6.2 Immunofluorescence (IF) Microscopy and IHC analysis for p65 nuclear localization
For immunofluorescence (IF) analysis, cells were grown on coverslips and subjected to a 30-
minute stimulation as specified. Following fixation with 4% paraformaldehyde (15 minutes)
and permeabilization with 0.3% Triton X-100 in PBS (15 minutes), non-specific binding was
blocked using 5% BSA in PBS for one hour. Cells were subsequently incubated overnight at
4°C with primary antibodies targeting phospho-NF-«B p65 (Ser536), total NF-xB p65, or a
normal rabbit IgG control. After washing, samples were incubated for one hour with an Alexa
Fluor 488-conjugated anti-rabbit secondary antibody. Coverslips were mounted with an
antifade medium containing DAPI. Imaging was performed on a confocal microscope, and the
nuclear translocation of p65 was quantified by calculating the nuclear-to-cytoplasmic
fluorescence intensity ratio using ImagelJ software, with analysis encompassing at least three

fields from three separate experiments.

2.6.3. NF-kB Reporter Assay

Cells were plated at 12 well-plates and transfected with 1 pg of the NF-«xB luciferase reporter
plasmid (Stratagene) and 50ng of the pRL-CMV Renilla luciferase control vector (Promega)
using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After 16
hours, cells were stimulated as indicated for 6 hours. Luciferase activity was measured using
the Dual-Luciferase Reporter Assay System (Promega, #E1910). Measurements were
performed on a CLARIOstar Plus microplate reader and normalized to Renilla luciferase

activity.

2.6.4 CD47 and PDLI expression

2.6.4.1 Surface staining by flow cytometry

Cells were seeded at 1 x 10° in 12-well plates overnight, followed by stimulation with TNFa
as described for 24 hours. The next days, the cells are trypinized and stained with BV-786 anti-
CD47 (BD Pharmingen #740975) or AF488 anti-PDL1 (BD Pharmingen #568304) at 4°C for
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30 mins and then washed with 3ml PBS. And the surface marker expression was measured by
the C6 Flow Cytometer. For tumor harvest from the mouse model, the tumor pellet was
collected by centrifugation at 50xg for 10 mins following tumor mincing, followed by red cell
lysis and stained with anti-CD47 or anti-PDL1 for 45mins on ice. the surface marker expression
was measured by BD FACSymphony A3 Cell Analyzer, and data were analyzed using

FlowJo™ software (BD Biosciences).

2.6.4.2 qPCR

Total RNA was extracted with RNAios Plus (TakaRa #9109) and reverse transcribed by ().
qPCR was performed as described previously. Primers for murine genes were as follows: Cd47
F’ 5°-TGCGGTTCAGCTCAACTACTG-3’, R” 5’>-GCTTTGCGCCTCCACATTAC-3’; Pdll
F° 5-GACGCAGGCGTTTACTGCT-3’, R’ 5’-GCGGTATGGGGCATTGACTTT-3".
Primers for murine genes were as follows: CD47 F’ 5’-TCCGGTGGTATGGATGAGAAA, R’
5’-ACCAAGGCCAGTAGCATTCTT-3’; PD-L1 F’ 5>-TGGCATTTGCTGAACGCATTT-3’,
R’ 5°-TGCAGCCAGGTCTAATTGTTTT-3". Relative gene expression was calculated using
the 2-AACt method with Gapdh or HPRT as the endogenous control.

2.6.4.3 Reporter assays

Luciferase reporter assays were conducted in PLC/PRF/5 cells using pGL3 2kb prom. CD274
(Addgene, #107003) and pGL3-CD47 were synthesized by cloning of CD47 promoter region
into the pGL3-basic vector (GenScript). The plasmid co-transfection and stimulation with
TNFa were performed as described for 6 hours, and measurement of reporter activity was
conducted as described. GFP reporter assays were conducted in RIL-175 cells for measuring
promoter activity using pGL3-Cd47-EGFP or pGL3-Pdl1-EGFP (both generated by GenScript
by cloning). The plasmid transfection was conducted using 0.75 pg plasmid in 6-well plates,
followed by stimulation with TNFa as described for 6 hours, and measurement of reporter

activity was conducted using BD Accuri™ C6 Flow Cytometer.
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2.7 Immune cell analysis

2.7.1. Macrophage infiltration and activation in the TME

For the assessment of macrophage presence and state, multiplex immunohistochemistry (IHC)
was performed on paraffin-embedded HCC tissue sections. The procedure utilized a tyramide
signal amplification (TSA) approach with a four-color detection kit. Tissue sections were
prepared through deparaffinization, rehydration, and antigen retrieval using a target retrieval
buffer. Endogenous peroxidase activity was quenched with a 10-minute incubation in 3%
hydrogen peroxide. After blocking, sections were incubated overnight at 4°C with primary
antibodies against CD86 or CD68. Following this, a polymer-based horseradish peroxidase
(HRP) conjugate was applied, and detection was achieved using Opal fluorophores. Nuclei
were counterstained with DAPI. Stained slides were visualized with a confocal microscope,

and fluorescence signal intensity was measured for quantification.

2.7.2. Immune profiling

After tumor processing and single cell isolation as described earlier, around 1 x10e° cells were
incubated in an Fc receptor blocking agent (BD Biosciences) in FACS buffer, followed by
staining with surface marker antibody cocktail (see Table 2.1) for 45 minutes on ice covered
with aluminum foil. For intracellular targets, cells were subsequently fixed, permeabilized,
washed, and stained with the antibodies. The samples were analyzed on a BD FACSymphony

A3 Cell Analyzer (BD Biosciences). Data analysis was performed using the FlowJo software.

Table 2.1 Panel of antibodies for surface and intracellular markers of immune cells

Panel 1: Broad Immunophenotyping Panel

Markers Fluorochrome | Ratio Cell types Manufacturer
CD8 BUV395 1:20 CDS8" T-cells BioLegend®
Live/dead FSv440UV 1:200 Viability BD Biosciences
MHCII BUV496 1:200 Antigen-presenting cells, M1 | BioLegend®
macrophages
CDllc BUV615 1:20 Dendritic cells (DCs) BioLegend®
CD3 BUV661 1:200 T-cells BioLegend®
CD45 APC 1:200 Leukocytes BioLegend®
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CDl11b BV421 1:125 Myeloid cells BioLegend®
Ki-67 BV480 1:200 Proliferation BioLegend®
Ly6G BV650 1:20 Neutrophils BioLegend®
Siglec H BV711 1:200 pDCs BioLegend®
CD49b BV750 1:200 Natural killer (NK) cells BioLegend®
CD103 BV786 1:200 cDCl1 BioLegend®
Ly6C AF488 1:20 Ly6C" monocytes BioLegend®
F4/80 RB705 1:200 Mouse macrophage BioLegend®
FoxP3 PE 1:200 Regulatory T-cells (Tregs) BioLegend®
v6-TCR PE-CF5%4 1:125 v6-T-cells BioLegend®
CD19 PE-Cy7 1:125 B cells BioLegend®
CD206 R718 1:40 M2 macrophages BioLegend®
CD4 APC-H7 1:200 CD4" T-cells BioLegend®
Panel 2: T-cell differentiation and exhaustion
Markers Fluorochrome Ratio Cell types Manufacturer
CDS8 BUV395 1:20 CD8" T-cells BioLegend®
Live/dead FSv440UV 1:200 Viability BD Biosciences
CDh44 BUV737 1:40 Effector memory T-cell | BioLegend®

(Tem); central memory T-

cell (Tcm)
CD45 APC 1:200 Leukocytes BioLegend®
Ki-67 BV480 1:200 Proliferation BioLegend®
TIGIT BV650 1:20 Co-inhibitory marker BioLegend®
TIM3 BV750 1:20 Co-inhibitory marker BioLegend®
CD3 BV786 1:125 T-cells BioLegend®
PD-1 BB515 1:200 Co-inhibitory marker BioLegend®
Thbet RB705 1:200 T helper 1 (Th1) cells BioLegend®
FoxP3 PE 1:200 Tregs BioLegend®
Anti-GATA | PE-CF594 1:40 T helper 2 (Th2) cells BioLegend®
CTLA4 APC 1:200 Co-inhibitory marker BioLegend®
RORyt R718 1:200 T helper 17 (Th17) cells BioLegend®
CDh4 APC-H7 1:200 CD4" T-cells BioLegend®
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Panel 5: Macrophage infiltration and activation

Markers Fluorochrome Ratio Cell types Manufacturer
CD45 APC 1:200 Leukocytes BioLegend®
Live/dead FSV440UV 0.125 Viability BD Biosciences
CDl11b BV421 1:125 Myeloid cells BioLegend®
F4/80 RB705 1:200 Mouse macrophage BioLegend®
MHCII BUV496 1:200 Antigen-presenting  cells, | BioLegend®
M1 macrophages

MHCI FITC 1:100 Antigen-presenting cells BioLegend®
CD86 PE 1:100 Proliferation BioLegend®
CD206 R718 1:40 M2 macrophages BioLegend®

2.8 Inhibition of IKBKB with peptide

Peptide targeting /IKBKB were used for studying the effect on cancer cell phagocytosis by
macrophage.  IKKB-targeting ~ TAT-NEMOA®e®  peptide ~ (TATYORKKRRQRRR_GGG.
LSSPLALPSQRRSPPEE) or control TAT-NEMOAPer 6G peptide (TATYGRKKRRQRRR G-
LSSPLALPSGGGGGGEE) (MotifBiotech) was incubated in RIL-175 or PLC/PRF/5 cells at
100uM for 24 hours in serum-free condition prior to co-incubation with respective

macrophages for 16hours for assays phagocytosis rate.

2.9 Clinical data analyses

Patient clinical data were sourced from The Cancer Genome Atlas (TCGA) via the cBioPortal
database (https://www.cbioportal.org/datasets). Corresponding gene mRNA expression data
were obtained from the GDAC Firehose (https://gdac.broadinstitute.org/). Expression profiles,
gene dependency scores, and lists of essential genes were downloaded from the Cancer Cell
Line Encyclopedia (CCLE) through the DepMap data portal
(https://depmap.org/portal/download/). Expression datasets for the cohorts ICGC-LIRI-JP and
LICA-FR were acquired from the ICGC data portal (https://dcc.icgc.org). The GSE36376
expression dataset was retrieved from the HCCDB database

(http://lifeome.net/database/hccdb/home.html).

For pan cancer analysis, gene expression of tumoral samples was compared to that of normal

samples using an unpaired T-test with Welch’s correction. Pathway and immune infiltration

41


http://lifeome.net/database/hccdb/home.html

analyses were performed between the high expressor group (Top 25 percentile; transcript per

million, TPM) vs. the low expressor group (bottom 25 percentile; TPM).

2.10 Statistical analysis and graphing software

All values are expressed as the mean + standard error of the mean (SEM). Statistical
significance between two independent groups was assessed using an unpaired t-test with
Welch's correction, unless noted otherwise. For comparisons of paired samples, such as tumor
versus adjacent normal tissue mRNA expression, a paired t-test was employed. All statistical

analyses were conducted with GraphPad Prism software (version 9.0c).

42



43

CHAPTER 3 CRISPR KO screen identifies 7kbkb as a

regulator of phagocytic evasion in HCC



3.1 Introduction

CRISPR knockout screening

In recent years, the advent of CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) library screening has allowed the systematic and genome-wide interrogation of gene
function, enabling the unbiased discovery of new therapeutic targets and synthetic lethal
interactions (Dhanjal & Radhakrishnan, 2021; Shalem et al., 2014). The core of the technology
is the single-guide RNA (sgRNA) that directs the Cas9 nuclease to a specific target site in the
genome and generates a double-strand break (Tan et al., 2013). Human cells repair this break
via a process known as non-homologous end joining (NHEJ), which is an error-prone process
that often results in frameshift mutation, leading to effective knockout of the target gene (Mali
et al., 2013). In a pooled CRISPR knockout screen, a library of thousands of unique sgRNAs,
typically 4 to 6 guide RNA per gene for statistical robustness, is designed to simultaneously
knockout hundreds or thousands of genes in the genome within a population of cancer cells,
which are then subjected to positive and negative selection screens to identify which genes are
essential for fitness under various conditions, and thus provide a comprehensive, functional

map of gene-phenotype relationships (Doench et al., 2016; Sanson et al., 2018).

A CRISPR knockout screen usually follows a core pipeline of library transduction, positive or
negative selection of cell population, and deconvolution by sequencing (Joung et al., 2017).
For library transduction, a complex pool of lentiviral vectors, each encoding a unique sgRNA
targeting a specific gene, is transduced into cancer cells at a low multiplicity of infection. This
ensures that each cell receives only one gRNA, generating a heterogeneous population of
knockout mutants (Shalem et al., 2014). Several types of selective pressures are generally used
for CRISPR screens, including viability or proliferation, therapeutic stress, and pathway-
specific challenges. Viability screen identifies genes essential for basal survival in a cell line
(Hat et al., 2015). Therapeutic screen identifies genes whose knockout confers resistance or
sensitivity to chemotherapies, targeted therapies, or immunotherapies. Pathway-specific screen
identifies genes crucial for survival under hypoxia conditions, nutrient deprivation, or
metastatic pressure (Shalem et al., 2014). Following the selection, sgRNAs that give cells a
fitness advantage become enriched, while those causing a disadvantage are depleted. The final
phase is deconvolution by next-generation sequencing. During this phase, genomic DNA is
harvested from the selected population and a reference control, then the integrated sgRNA

sequences are amplified and sequenced (Shalem et al., 2014). Finally, bioinformatic algorithms
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such as MAGeCK statistically compare sgRNA abundance between selected and control
samples to identify genes whose perturbation drives the phenotype (Li et al., 2014).

In the past decade, CRISPR screens have been instrumental in delineating cancer dependencies.
Several genome-wide screens, such as Cancer Dependency Map (DepMap) have been
conducted across hundreds of cancer cell lines, uncovering a vast landscape of pan-essential
genes or context-dependent essential genes (Tsherniak et al., 2017). Research studies have also
focused on deciphering synthetic lethal interactions for cancer treatment, and one prominent
example is the synthetic lethality between PARP inhibitors and defects in homologous
recombination genes, i.e., BRCA1/2 (Lord & Ashworth, 2017). This approach has also been
utilized to unravel the mechanisms underlying resistance and sensitivity to cancer treatments,
as well as mapping immune evasion and immunotherapy (Manguso et al., 2017). Recently,
kinase inhibitors, apart from their direct cytotoxic effects, have been shown to induce anti-
cancer immunity by enhancing tumor immunogenicity and reprogramming the TME (Werner-
Klein et al., 2021). In 2017, Manguso et al. reported that MAPK inhibitors have been shown
to induce a conserved inflammatory response in cancer cells, leading to increased influx of T
cells into the tumor, particularly less exhausted T-cells with higher cytolytic activity. In non-
small cell lung cancer, Epidermal Growth Factor Receptor (EGFR) inhibitors, gefitinib and
erlotinib, have been shown to upregulate MHCI and II molecules on the cancer cell surface,
increasing their visibility for T cell recognition (Werner-Klein et al., 2022). Meanwhile, these
drugs possess immunomodulatory effects, including reducing the immunosuppressive Tregs
and M2 macrophages in the TME while increasing the abundance and cytotoxic function of Tc
cells (Werner-Klein et al., 2022). Multikinase inhibitor H89 has been demonstrated to promote
CD8+ T cells activation and reduce Treg infiltration in colorectal cancer models (Li et al. 2022).
These examples illustrate that kinase inhibitors can shift the TME from immunosuppressive to

immunogenic by modulating cancer cell properties and immune cell functions.
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3.2 Method

In vitro CRISPR KO screen with mouse kinome library for identifying kinases crucial for

evasion of phagocytosis in HCC cells

In this study, we performed a CRISPR-Cas9 KO screen to identify genes essential for evading
macrophage-mediated phagocytosis, i.e., antiphagocytic genes, in HCC. The mouse HCC cell
line, RIL-175, which exhibits a high proliferation rate, was used as an in vitro model for Cas9
overexpression and library transduction (Figure 3.1A & 3.2A). The mouse kinome knockout
Brie library, consisting of 2,852 unique single-guide RNAs (sgRNAs) targeting 713 mouse
kinase genes, was transduced into RIL-175-Cas9 cells to generate a mutant cell pool (Figure
3.1A). We then co-incubated the mutant cell pool with mouse macrophages RAW264.7 and
performed two sequential rounds of phagocytosis (Figure 3.1A). We posit that KO of anti-
phagocytic genes sensitizes HCC cells to phagocytic clearance by macrophages. In other words,
RIL-175-Cas9 cells with the depletion of antiphagocytic genes were negatively screened in the
resultant cell pool, and the absence of their respective sgRNAs in the library can be determined
by next-generation sequencing (Figure 3.1A). In the co-culture of HCC cells with macrophages,
we found that RAW264.7 cells exhibited an approximately 30% phagocytosis rate on RIL-175
cells, suggesting an effective negative selection pressure (Figure 3.1B). After co-incubation,
we achieved around 500x coverage of the library, which is considered sufficient for CRISPR
library screening (Figure 3.2B). Moreover, the control sgRNA was evenly distributed between
the initial sample and the co-cultured group, suggesting that the complexity of the library was
maintained throughout the screen (Figure 3.2B). Using the MAGeCK algorithm, we identified
a subset of sgRNAs targeting 5 genes that were significantly depleted (P < 0.01, fold change
< -1.5) in the co-cultured cells as compared to those in the untreated control, indicating that

these genes could be potential anti-phagocytic genes in HCC (Figure 3.2D & 3.2F).
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Figure 3.1 CRISPR KO screen in murine RIL-175 cells and validation strategies for
identifying genes governing phagocytic evasion. (A) Graphical illustration of the schedule
of the CRISPR/Cas9 knockout library screening. The Mouse Kinome CRISPR KO Library
(Brie) was infected into RIL-175-Cas9 cells at low multiplicity of infection (MOI). And
puromycin was applied for 2 days to select the mutant cell pool. The mutant cells were then
cultured with or without mouse macrophages RAW264.7 in SFM for 16h, followed by
elimination of phagocytosed cells and macrophages by isolating the top fraction and puromycin
selection. The cells were allowed to recover for 2 days, followed by a second round of co-
culturing with macrophages. Genomic DNA (gDNA) from untreated control mutant cells and
co-cultured mutant cells was extracted, and gRNAs were amplified by PCR. (B) Phagocytosis
rate of Raw264.7 cells on RIL-175 cells. (C) Examination of candidate(s) clinical relevance by
transcriptome data mining of public clinical datasets. (D) Methods employed for in vitro

validation of the screen hit(s).
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Figure 3.2 Screening quality and results. (A) Western blot analysis showing Cas9
overexpression in RIL-175 cells. (B) Distribution of normalized read counts for each sample
of the CRISPR/Cas9 KO library screening (left). Sequencing counts of 2,852 sgRNAs ina T0
(initial cell) sample and a co-culture group sample (black dots) from the screen showing the
most negative control sgRNA (green dots) are not enriched or dis-enriched between the two
groups. (C) Mapping the rate of each sample. (D) Robust rank aggregation (RRA) score of the
top-ranked depleted genes in the screen (left). Essential gene depletion in the initial cell pool
was transduced with the Brie library (right). E) Gini Index of the untreated control group and
co-culture group. (F) Volcano plot highlighting top-ranked screen hits in the screen that are
negatively depleted in the co-culture group compared to the untreated control group (red dots;
the significant depleted genes are labeled). (G) Line chart showing the average normalized read

counts of four gRNAs in triplicate samples of top sensitizing hits in the library screen.
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3.3 Ikbkb as a targetable top sensitizing hit that demonstrates clinical

relevance and targetability

Among the top sensitizing hits, inhibitor of nuclear factor kappa B kinase subunit beta (Ikbkb)
was found to be most dramatically depleted upon macrophage co-incubation, indicating that
the loss of 7kbkb might potentiate phagocytic clearance by macrophages (Figure 3.2D). Ikbkb
is implicated in diverse functions, including apoptosis, inflammation and angiogenesis;
however, its role in cancer development remains controversial and it has not been previously
implicated in the regulation of phagocytosis. To investigate if /kbkb inhibition has potential
therapeutic value for HCC, we first analyzed whether 7kbkb expression is differentially
expressed in HCC tumors and associated with patient clinical outcomes. Analysis of multiple
hepatocellular carcinoma (HCC) clinical datasets, The Cancer Genome Atlas Liver
Hepatocellular Carcinoma (TCGA-LIHC), International Cancer Genome Consortium Liver
Cancer - RIKEN, Japan (ICGC-LIRI-JP), and GSE36376, showed increased IKBKB mRNA
expression in tumor tissue compared to adjacent non-tumor liver tissue (Figures 3.1C & 3.3A-
B). Further examination of TCGA-LIHC data indicated that IKBKB levels were markedly
elevated in advanced-stage tumors relative to early-stage tumors and normal samples,
suggesting a potential role for /KBKB in disease progression (Figure 3.3C). Notably, IKBKB
upregulation was more widespread across tumor samples than increases in established innate
immune checkpoints such as CD24 and CD274 (Figure 3.3D). Although /KBKB is universally
expressed across cell lines in the Cancer Cell Line Encyclopedia, data from DepMap indicate
it i1s not essential for the growth of any of the 789 profiled lines under standard culture
conditions, implying that targeting /KBKB may not cause broad cytotoxic effects (Figures 3.1C
& 3.3E). To evaluate the role of /KBKB in macrophage-mediated antitumor immunity, we
grouped HCC tumors based on IKBKB expression levels and performed Gene Ontology
enrichment analysis on the resulting differentially expressed genes. This analysis revealed a
significant association between high IKBKB expression and gene sets related to phagocytic
processes (Figure 3.3F). Using the same stratification to analyze the immune cell infiltration
levels by CIBERSORT-Absolute and ImmunCellAl databases, we observed that /KBKB
expression was associated with reduced monocyte infiltration, suggesting a possible

immunomodulatory role of /JKBKB in HCC (Figure 3.3G).
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Figure 3.3 Clinical relevance of IKBKB. (A) High expression of IKBKB (TPM, transcript per
million) was detected in HCC tumor samples compared to nontumor tissue. Data was extracted
from The Cancer Genome Atlas Liver Hepatocellular Carcinoma (TCGA-LIHC), International
Cancer Genome Consortium Liver Cancer - RIKEN, JP (ICGC-LIRI-JP) and GSE36376
databases. (B)The paired HCC tumor and tumor-adjacent normal tissues of corresponding
dataset were plotted in the bottom. (C) Analysis of /KBKB expression in normal tissue and
across HCC samples in early and late stage. (D) Heatmap of differential expression for /[KBKB
and known immune checkpoints in tumor samples compared to normal tissues in 20 tumor
types. (E) For the negatively depleted genes identified in figure 3.1F, a scatter plot was
generated comparing each gene's minimum expression level (in Transcripts Per Million, TPM)
across all Cancer Cell Line Encyclopedia (CCLE) cell lines against its highest probability of
being essential for cell survival from the DepMap dataset. Data are shown as the mean = SEM

(*p <0.05, ¥*p <0.01, ***p <0.001,****p <0.0001; unpaired t-test with Welch's correction).
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3.4 Depletion of Tkbkb enhances phagocytosis of HCC cells

To validate the role of 7kbkb in inhibiting cancer cell phagocytosis, we generated a stable /kbkb
KO subclone using the sgRNAs from the original screening library in RIL-175 cells, the cell
line used in our ‘discovery panel’ (Figure 3.1D & 3.4A-B). Co-culture of the subline with
mouse macrophages indicated that in the absence of additional stimulation, deletion of 7kbkb
was sufficient to significantly enhance spontaneous phagocytosis compared to the non-
targeting control, based on the results from FACS-based and microscopy-based measurements
(Figure 3.4C). We further validated our results by a competitive phagocytosis assay. We co-
incubated mouse macrophages with a mixture of RIL-175-NTC cells and RIL-175-sglkbkb
cells labelled with different dyes. Subsequent fluorescence microscopy analysis and
quantification of phagocytosis showed that 7kbkb KO induced preferential phagocytosis of
RIL-175 cells, which further showed that the elimination of 7kbkb was sufficient to induce the
phagocytosis of HCC cells in vitro (Figure 3.4C). To examine whether the phagocytic
regulatory effect of /kbkb can be recapitulated in human HCC cells, we engineered a stable
IKBKB KO subline in PLC/PRF/S cells using the CRISPR-Cas9 system with additional
independent sgRNA (Figure 3.4A-B). Using in vitro phagocytosis assays, we validated that
knockout of /KBKB in human HCC cells led to increased phagocytic clearance by human
macrophages, THP-1, collaborating with our findings in the mouse cell model and confirming
the role of Ikbkb in inhibiting phagocytosis (Figure 3.4D). It is important to note that the
sublines assessed above had no measurable cell-autonomous differences in proliferation,
indicating that the observed potentiation of phagocytosis by /kbkb depletion was not attributed

to increased uptake of dying cells by human or mouse macrophages (Figure 3.4E).
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Figure 3.4 In vitro validation of phagocytic regulatory role of Ikbkb (A,B) Ikbkb expression
levels upon gene depletion in RIL-175 cells and PLC/PREF/5 cells by Western Blot analysis (A)
and qPCR (B).
(C,D; top) Representative FACS plots showing phagocytosis rate in RIL175-NTC cells vs.
sglkbkb cells (C) or PLC/PRF/5-NTC vs. -sglKBKB cells (D). (C, D; middle) Bar chart
showing phagocytosis rate determined by flow cytometry (N=3). Dot plot showing
phagocytosis index and competitive phagocytosis rate determined by microscopy-based
phagocytosis assay (N=3, n=3, respectively). (C, D; bottom) Representative fluorescence
microscopic images of three independent experiments; Arrows indicated the macrophages
(double colors) that phagocytosed cancer cells. (E) Cancer cell proliferation measured by light

microscope (left) and MTT assay (right) (n=4; ns, not significant; two-tailed Student’s t-test).
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3.5 Discussion

Our CRISPR knockout screen has uncovered five anti-phagocytic candidates that could serve
as targets for re-potentiating macrophage antitumor immunity. Inhibitor of nuclear factor kappa
B kinase subunit beta (IKKf, encoded by /KBKB) represents one of the top sensitizing hits.
The screening result was further confirmed by in vitro validation that genetic ablation of
IKBKB robustly enhanced phagocytosis in both mouse and human HCC models, independent
of its effects on cell proliferation. Clinical bioinformatic analyses support the translational
potential of this target. The upregulation of /KBKB in HCC tumors compared to normal tissue,
its association with advanced disease stage, and its broader overexpression across cancers
relative to established immune checkpoints like PD-L1 position it as a potential oncogenic
driver. Critically, the observation that JKBKB is not a common essential gene in DepMap
suggests its therapeutic targeting may have a favourable toxicity profile, potentially sparing
normal tissue while specifically targeting a key survival mechanism in cancer cells. This
concept of targeting context-dependent vulnerabilities, rather than pan-essential genes,

represents a central tenet of cancer therapeutic development.

Our hypothesis posits that targeting IKKPB in HCC could activate macrophage-mediated
clearance of tumor cells and suppress tumor progression. Nonetheless, this hypothesis
encounters the well-documented and context-dependent paradox of IKKp signaling in liver
cancer (Luedde & Schwabe, 2011). For instance, Maeda et al. (2005) reported that /[KBKB
depletion in murine hepatocytes increases hepatocarcinogenesis in a diethylnitrosamine (DEN)
model. Their mechanistic work revealed that hepatocyte-specific IKK[ loss increases reactive
oxygen species (ROS) production and Jun N-terminal kinase (JNK) activation, leading to
enhanced hepatocyte death and compensatory proliferation of surviving hepatocytes, and this
drives tumor initiation. Conversely, other studies have presented opposing evidence. For
example, systemic or Kupffer cell-specific inhibition of IKKp was shown to slow
hepatocarcinogenesis and decrease tumor incidence in HCC and colitis-associated cancer
(Greten et al., 2004; Shiha et al., 2019). In the chemical hepatocarcinogenesis model, it was
shown that /[KBKB targeting in hepatocytes and Kupffer cells reduced hepatocyte regeneration
and suppressed hepatomitogen induction. While our in vitro data show that IKKf} loss in cancer
cells enhances phagocytic clearance, its role in macrophages is also important. Hagemann et
al. (2008) have demonstrated that myeloid-specific depletion of IKK polarizes macrophages
toward an antitumor M1 subtype, with enhanced release of interleukin-12 (IL-12) and potent

antigen presentation ability. Therefore, a systemic IKKp inhibitor might deliver a dual
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therapeutic benefit: sensitizing the cancer cells to phagocytosis while simultaneously

stimulating the macrophage effector.

Given that cell line models lack of tumor microenvironment with stroma, immune cells, and
blood vessels, it is imperative to study the role of IKKJ in controlling cancer cell phagocytosis
in vivo. Our observation that IKBKB genetic depletion does not affect cancer cell proliferation
in the HCC cell model makes it crucial to examine its effect on tumor growth in vivo.
Furthermore, while our bioinformatic analysis of the TCGA-LIHC dataset found that high
IKBKB was associated with reduced monocyte infiltration but not a significant change in total
macrophage infiltration, it is essential to investigate how IKK[} expression in cancer cells alters
macrophage function, such as polarization or activation state. Taken together, several key
questions remain: Does cancer cell-specific IKKP suppression suffice to suppress tumor
growth in vivo via enhanced phagocytosis? Does systemic inhibition offer superior efficacy by
co-targeting the macrophage compartment? Answering these questions will determine whether

IKKJ inhibition represents a viable strategy to overcome phagocytosis evasion in HCC.

An important finding from out screen was the identification of five candidate genes in cancer
cells that appear to suppress phagocytosis. Among them, three genes ( i.e. lkbkb, Takl and
Thkl) are known to function as positive regulators of the canonical NF-kB signaling pathway.
1kbkb serves as the main catalytic subunit of the IKK complex, which is the central regulatory
hub of the axis, and its involvement will be further discussed in the subsequent chapter.
Transforming growth factor beta-activated kinase 1 (7ak/) functions upstream by activating
Ikbkb through phosphorylation in response to signal such as IL-1 or TNFa (Takaesu et al.,
2003). Meanwhile, TRAF Family Member Associated NFKB Activator-binding kinase 1
(ThkI) contributes to pathway activation by directly phosphorylating both the activation loop
of Ikbkb and p65 subunit of p65, particularly in contexts like innate immunity and oncogenic
transformation (Runde et al., 2022). Together, these highlight the critical role of canonical NF-
kB signaling in modulation phagocytosis and suggest targeting /kbkb, a core component of the

pathway, could be promising strategy to restore the phagocytic elimination of cancer cells.
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CHAPTER 4 Ikbkb augments HCC tumor growth by

suppressing macrophage-mediated phagocytosis



4.1 Introduction

Unleashing macrophage phagocytic ability for tumoral control

Among the immune populations in the TME, macrophages represent the most abundant
immune cell type in most types of malignancies, and studies have illustrated the clinical utility
of inducing macrophage phagocytosis, mostly via ADCP, in anticancer therapies. Monoclonal
antibodies, such as trastuzumab, rituximab, and daratumumab, have been shown to rely on
ADCEP for effective tumor killing in breast cancer, lymphoma, and multiple myeloma
in mouse models (Sawa-Wejksza & Kandefer-Szerszen, 2017; Cao et al., 2022; Phipps et al.,
2015). In a non-Hodgkin lymphoma patient biopsy, it was observed that the macrophage
abundance is associated with the clinical efficacy of rituximab (Vaughan et al., 2024). These
findings  highlight the  importance = of  macrophage  phagocytosis in tumor
control across multiple cancer types. Nonetheless, the use of these approaches has been shown
to have limited clinical benefits owing to the fact that inadequate monoclonal antibodies could
be administered via the current administration routes to reach the local threshold to effectively
induce ADCP. Several combination regimens have been investigated to lower the threshold
for ADCP or potentiate macrophage phagocytic capabilities. For example, cyclophosphamide,
an alkylating drug, stimulates macrophage phagocytosis and suppresses lymphoma tumor cell
growth when administered in combination with the anti-CD52 monoclonal antibody
alemtuzumab (Lossos et al., 2019). A Toll-like receptor agonist, CpG oligodeoxynucleotide,
also demonstrated a macrophage stimulatory effect by downregulating anti-phagocytic signals
and increasing phagocytosis of pancreatic ductal adenocarcinoma cells (Liu et al., 2019).
Paclitaxel, a commonly used chemotherapy for multiple malignancies, has been found to
effectively enhance ADCP of lymphoma cells and colorectal cancer cells in xenograft and PDX
models when combined with rituximab or cetuximab. The authors illustrated that paclitaxel
could enhance the phagocytic ability of macrophages via CSF1R suppression, which might
account for the ameliorated anticancer effect observed in the combination treatment (Cao et al.,

2022).

As discussed previously, strategies that aim to “re-educate” macrophages from pro-
tumorigenic to tumoricidal states are under active investigation. Promising results from late-
stage clinical trials, such as those combining CD40 or TLR agonists with standard treatments
for advanced pancreatic and head and neck cancers, confirm the potential of macrophage

activity as a central strategy for cancer immunotherapy. In the present study, we aimed to
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restore the phagocytic ability of macrophages by targeting cancer cells,
specifically by dampening the “don't eat me” signal on cancer cells and rendering them
susceptible  to  phagocytic  clearance. Using the = CRISPR KO  screen, we
identified 7kDkb as the top  hit for conferring an antiphagocytic  effect in HCC
cells. In this study, we examined the in vivo role of Ikbkb in tumor growth and how it mediates

the interplay between macrophages and tumor cells using a gene knockout approach.
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4.2 Method

Subcutaneous mouse models for examining the role of Ikbkb in phagocytic evasion and tumoral

control

The role of IKKf in tumor control was first examined by subcutaneously implanting modified
HCC cells, thatis, RIL-175 or PLC/PRF/S5 cells with or without IKKf loss, into T cell-deficient
nude mice to assess tumor development, macrophage infiltration, and macrophage functional
status (Figure 4.1). To verify the specific contribution of macrophages to this process, we
systemically depleted macrophages using clodronate liposomes prior to the implantation of
RIL-175 tumor cells and examined the subsequent effect on tumor growth (Figure 4.1). Finally,
to determine whether enhanced phagocytosis of Tkbkb knockout cells occurs in vivo, we
fluorescently tagged both murine (RIL-175) and human (PLC/PRF/5) HCC cells, with or
without /kbkb knockout, with GFP to directly assess phagocytic clearance (Figure 4.1).
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Figure 4.1 Mice model employed to investigate the effect of /kbkb on tumorigenesis, the

plausible macrophage-dependencies, and the in vivo phagocytosis.
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4.3 Ikbkb augments HCC tumor growth in syngeneic and xenograft mice
models

In this chapter, we first examined the role of Ikbkb in HCC tumor growth by subcutaneously
injecting stable /kbkb knockout sublines into mice. We successfully confirmed that gene
depletion was maintained following tumor establishment (Figure
4.2A). Ikbkb knockout drastically diminished tumor burden in both RIL-175 syngeneic and
PLC/PRF/S xenograft models, despite having no observable effect on cell proliferation
in the respective cell models (Figure 4.2 B, 3.4E). This discrepancy implies that tumor
regression was not caused by a cell-intrinsic effect but was likely facilitated by
modulation of the TME. Fluorescence-activated cell sorting (FACS) analysis
of Tkbkb knockout tumors revealed heightened macrophage infiltration,
suggesting that macrophages are potential mediators of the antitumor response (Figure 4.2C-

D).
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Figure 4.2 Ikbkb depletion suppresses HCC tumor growth. (A) Representative IHC images
for Ikbkb of syngeneic and xenograft tumors from mice injected with control (NTC) and 7kbkb
knockout (sglkbkb) RIL175 cells (top) and PLC/PRF/5 cells (bottom). (B)(Top) /n vivo tumor
growth following subcutaneous injection of RIL175-Cas9-NTC and -sglkbkb cells (n=4 mice,
le* cells) (left) or PLC/PRF/5-Cas9-NTC and -sgIKBKB cells (n=4 mice, 8¢’ cells) (right) in
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BALB/c nude mice. Tumor volumes were measured by calliper, and the data are shown as the
mean = SEM (*p < 0.05, **p < 0.01; multiple unpaired t-test). (Bottom) Representative tumor
images on day 28 or 80 (for RIL175 cells or PLC/PRF/5 cells, respectively) after engraftment.
(C) Percent macrophage infiltration into the syngeneic and xenograft tumors (n=3 replicates).
(D) Representative FACS plots showing the percentage of infiltrating macrophages among live

immune cells in the tumors.

4.4 Ikbkb augments HCC tumor growth by evading macrophage-mediated
phagocytosis

To elucidate whether macrophages are the key cell population responsible for tumor clearance
in Ikbkb knockout tumors, we depleted the
mice's macrophages using clodronate liposomes prior to tumor inoculation and assessed tumor
growth. The macrophage depletion efficiency was validated to be over 80% in the
mouse spleen (Figure 4.3A). Macrophage depletion in mice did not alter the burden of wild-
type tumors, whereas depletion largely abolished the reduction in tumor burden
in Ikbkb knockout tumors, suggesting that increased macrophage-mediated clearance
of Tkbkb knockout cells causes a reduction in tumor growth (Figure 4.3B). We also observed
that either depletion of macrophages or Ikbkb did not alter cell proliferation in vivo, which is
consistent with our previous in vitro findings and further validates that the tumor regression
was not attributed to cell cell-autonomous effect caused by Ikbkb depletion, but rather imposed

by macrophage attack (Figure 4.3C, 3.4E).
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Figure 4.3 Ikbkb assists cancer cells to evade macrophage surveillance (A)
(Left)Quantitative analysis of splenic macrophage depletion by clodronate liposome.
Frequency of CD11b+F4/80+ out of total live immune cells in control liposome-treated mice
(n = 3) versus clodronate liposome-treated mice (n=3) as measured by flow cytometry. (Right)
Representative FACS staining images showing the splenic macrophage depletion by
clodronate liposome. (B) (Top, left) In vivo tumor growth following subcutaneous injection of
RIL175-Cas9-NTC and -sglkbkb cells in BALB/c nude mice with control liposome or clodronate

liposome (n=5 mice/group, 2¢*cells). Control or clodronate liposome administered intravenously
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24h prior to RIL-175 cells inoculation, followed by IP injection of liposome twice per week to
maintain macrophage depletion. Tumor volumes were measured by calliper, and data are shown
as the mean + SEM (**p < 0.01, ****p <0.0001; 2-way ANOVA followed by Tukey’s multiple
comparison test). (Top, right) Tumor images obtained on day 18 after engraftment. (Bottom) Tumor
growth curves for individual mice. (C) (Left) Quantification of Ki67* area relative to cell number,
Scale bar: 100 pm. Data are mean + SEM (unpaired t-test). (Right) Representative
immunofluorescence (IF) images for cell proliferation (Ki67, red) of syngeneic and xenograft

tumors. Nuclei are counterstained with DAPI (blue).

4.5 Ikbkb limits phagocytic clearance of HCC tumor cells by macrophages in
vivo

To verify whether macrophages eliminate 7kbkb knockout cells by phagocytosis, we used GFP
as a fluorescent tag to track HCC cells and generated GFP-expressing sublines in control
and 7kbkb knockout cells for engraftment into the mouse model to measure the in
vivo phagocytosis rate. We confirmed that GFP was stably expressed in both RIL-175 and
PLCS5/PREF/5 cells, and the tumor-suppressive effect of Ikbkb loss was recapitulated in GFP-
expressing sublines (Figure 4.4A, B). We found that 7kbkb-deficient tumors showed increased
macrophage infiltration with elevated levels ofin vivo  phagocytosis by
infiltrating macrophages compared to control tumors (Figure 4.4C). This is consistent with our
previous in vitro results, which indicated that 7kbkb knockout results in enhanced phagocytosis
in a direct co-culture system of HCC cells and macrophages (Figure 3.4C-D). Notably, Ikbkb
expression was enriched in tumors containing a mixture of equal numbers of control
and Ikbkb KO cells, suggesting that Ikbkb-deficient cells are preferentially eliminated in
syngeneic and xenograft models (Figure 4.4D). We postulated that the loss of kbkb facilitates
clearance through macrophage engulfment based on our observations that Ikbkb
depletion increases phagocytosis in both cell and mouse models, as well as the preferential
phagocytic elimination of /kbkb-deficient cells in the competitive phagocytosis assay (Figure

3.4C-D).
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Figure 4.4 Tumor-intrinsic 7kbkb inhibits macrophage-mediated phagocytosis in vivo. (A)

GFP expression in control or 7kbkb knockout RIL-175 and PLC/PRF/5 cells as determined by

FACS analysis. (B) In vivo tumor growth following subcutaneous injection of RIL175-NTC-
GFP and -sglkbkb-GFP cells (n=5 mice, 2¢* cells) (left) or PLC/PRF/5-NTC-GFP and -
sglKBKB-GFP cells (n=5 mice, 8¢° cells) (right) in BALB/c nude mice. Tumor volumes were
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measured by calliper, and the data are shown as the mean + SEM (*p < 0.05; multiple unpaired t-
test). (Bottom) Representative tumor images on day 21 or 46 (for RIL175 cells or PLC/PRF/5
cells, respectively) after engraftment. (C, Top) Representative FACS staining images showing
in vivo phagocytosis rate of tumor-infiltrating macrophages of mice engrafted with RIL-175-
NTC or -sglkbkb cells (left, n=5 mice/group, 2¢* cells) or with PLC/PRF/5 -NTC or -sgIKBKB
cells (right, n=5 mice/group, 8e> cells). (C, Bottom) Percent macrophage infiltration
(F4/80+CD11b+ cells among live immune cells) and in vivo phagocytosis rate of tumor-
infiltrating macrophages (GFP+F4/80+CD11b+CD45+ cells) of respective mice models. (D)
Representative IHC images for Ikbkb of syngeneic tumors from mice injected with control

(NTC), Ikbkb knockout (sglkbkb), or both (at a 1:1 ratio) RIL-175 cells.

4.6 Cancer-intrinsic kbkb regulates the phenotype of infiltrating

macrophages

Next, we explored the immunomodulatory effects of lkbkb-targeting in macrophages. We
observed that /kbkb-knockout tumors showed upregulation of CD80 and CD86 expression,
which are two macrophage activation markers commonly used to infer the functional state of
macrophages (Figure 4.5). This suggests that targeting Ikbkb in tumors shifts macrophages

towards M 1-like states, which possess higher phagocytic and antitumor activities.
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Figure 4.5 Tumor-expressed Ikbkb modulates macrophage phenotype (A) Quantification
of CD86" and CD68" signal measured by immunofluorescence (IF), Scale bar: 100 um. (B)
Representative IF images for macrophage activation marker and macrophage marker of
syngeneic or xenograft tumors. Nuclei are counterstained with DAPI (blue). (C) Quantitative
analysis of CD80+ macrophages (among F4/80+CDI11b+CD45+ cells) infiltrated into
syngeneic or xenograft tumors. (D) Representative FACS staining images showing

CD80+tumor tumor-infiltrating macrophages of syngeneic or xenograft models.
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4.7 Discussion

As discussed in the previous chapter, the role of Ikbkb in tumor development remains
controversial. Nevertheless, previous studies have conducted genetic manipulation in normal
epithelial cells or myeloid cells to examine the role of 7kbkb in tumorigenesis, whereas gene
depletion in tumor cellsto understand its therapeutic potential has yetto be
investigated. Our results showed that loss of Ikbkb was sufficient to substantially suppress
tumor growth. Notably, potent tumor suppression was not due to the intrinsic proliferative
effect caused by 7kbkb knockout but was entirely dependent on the presence of macrophages.
This aligns with the broader understanding of the TME, where macrophages are among the
most abundant immune cells, and their functional state critically dictates antitumor immunity
(Palmer et al., 2025). Ourin vivo phagocytosis experiments provided direct evidence
that 7kbkb deficiency in cancer cells leads to increased macrophage infiltration and a higher
rate of tumor cell engulfment. Importantly, this enhanced phagocytosis correlated with a shift
in the infiltrated macrophages toward a more activated phenotype, as indicated by the elevated
expression of co-stimulatory molecules CD80 and CD86. This suggests that /kbkb loss in
cancer cells does not merely enhance the phagocytic signal in cancer cells but actively
reprograms the surrounding immune landscape by promoting the recruitment and M1-like
polarization of TAMs. The “re-education” of TAMs towards a more tumoricidal state is a
recognized therapeutic goal, as M1 macrophages are associated with enhanced phagocytic
activity and tumor cell killing, and repolarization is a major focus in cancer immunotherapy
(Palmer et al., 2025). Our data indicate that targeting IKKp, a single kinase, within cancer
cells may achieve this reprogramming in frans. These data position IKKf inhibition as a
bifunctional therapeutic strategy: it directly removes a cancer cell’s protective shield against
phagocytosis while simultaneously altering the TME to foster a more immunostimulatory
macrophage population. This hypothesis will be investigated in subsequent chapters in

immunocompetent in vivo settings.

In the current study, we studied in vitro phagocytosis by labelling cancer cells and
macrophages with cell tracing or cell tracking dyes and in vivo phagocytosis by fluorescently
tagging cancer cells. However, these approaches have several constraints. One major
limitation is that fluorescent tagging is unable to distinguish between adherence or fluid-
phase pinocytosis; that is, macrophages may merely adhere to tumor cell fragments or dying
tumor cells or take up free GFP released by dead tumor cells, leading to an overestimation of

the actual phagocytic rate (Levin-Konigsberg & Mantegazza, 2020). Another concern is that
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GFP protein and cell-tracing dyes are sensitive to proteolytic and acidic degradation, resulting
in the quenching of fluorescence signals; thus, these assays may only be able to capture the
early phase of phagocytic events (Bogdanov et al., 2002). Despite these limitations, the
prominent increase in GFP+ macrophages in Ikbkb-knockout tumors, corroborated by our in
vitro co-culture data, strongly supports the conclusion that Ikbkb depletion enhances
phagocytosis. Future studies could employ more definitive approaches, such as pH-sensitive
fluorescent tags (to distinguish internalized acidic compartments) or immunohistochemistry
for phagosomal markers, such as LAMP-1, LAMP2, and Rab7, in conjunction with tumor cell
tags, to further validate and refine these findings Levin-Konigsberg & Mantegazza, 2020).

This chapter establishes that tumor-intrinsic 7kbkb expression is a critical regulator of tumor
growth by modulating the macrophage activity. Nonetheless, the mechanism by
which IKKp signaling in cancer cells is communicated to macrophages remains unknown.
Consequently, a primary objective of our subsequent investigation was to delineate the
signaling axis by which tumor cell 7kbkb activity is transduced to elicit functional changes in

macrophages.
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CHAPTER 5 Ikbkb evades macrophage-mediated
phagocytosis by upregulating ‘don't eat me’ signals

through NF-kB signaling



5.1 Introduction

Phagocytic checkpoints and possible regulation by IKK/NF-kB signaling

Macrophage phagocytic ability is dictated by a delicate balance between pro-phagocytic ("eat
me") and anti-phagocytic ("don't eat me") signals displayed on cancer cells. Cancer cells evolve
to overexpress anti-phagocytosis molecules, including cluster of differentiation 47 (CD47),
programmed death-ligand 1 (PD-L1), cluster of differentiation 24 (CD24), the beta-2
microglobulin (B2M) subunit of the major histocompatibility class I complex (MHC-I),
Disialoganglioside GD2, and stanniocalcin 1 (STC-1), which engage inhibitory receptors on
macrophages to effectively disguise themselves as "self” and thereby avoid macrophage-

mediated eradication (Figure 5.1).

The CD47-SIRPa axis is the most prominent and therapeutically targeted "don't eat me" signal.
CDA47 is widely overexpressed on cancer cells, and its interaction with Signal Regulatory
Protein Alpha (SIRPa) on macrophages initiates an intracellular tyrosine phosphatase (SHP-
1/2) signal that suppresses myosin IIA accumulation in phagocytic synapses, physically
preventing the engulfment of the tumor cell (Cassetta and Pollard, 2018). Nonetheless, the
widespread expression of CD47 in normal cells, including platelets and red blood cells, has
raised concerns regarding hepatotoxicity, specifically anemia and thrombocytopenia (Liu et al.,
2023). Strategies to circumvent this potential toxicity include blocking the interacting receptor
SIRPa on phagocytes and using anti-CD47 antibodies with weak cytolytic properties (TTI-621,
TTI-622, and ALX148) or bispecific agents targeting both CD47 and tumor-associated
antigens (such as EGFR, CD20, PD-L1, and CD19) (Zhuang et al., 2025; Shitara et al., 2025).

While the PD-1/PD-L1 axis is a well-known T-cell immune checkpoint, recent evidence has
confirmed that it also directly dampens the phagocytic function of TAMs. In the TME, TAMs
showed upregulated PD-1 levels, and the expression was associated with a protumoral, M2-
like polarization state (Feng et al., 2019). Phenotypically, these PD-1" TAMs exhibited a
significantly weakened phagocytic ability compared to PD-1" subsets (Feng et al., 2019). This
study also showed that blocking PD-1/PD-L1 signaling with a PD-L1 inhibitor (HAC; an
engineered protein devoid of an Fc domain that unable to induce Fc-mediated phagocytosis),
robustly enhanced macrophage-mediated phagocytosis and exerted antitumor effects in T-cell-
deficient NOD SCID gamma (NSG) mouse models. This suggests a direct antitumor role for
the PD-1/PD-L1 phagocytosis checkpoint.
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Recent studies have demonstrated that IKKf, through its canonical role in activating the NF-
kB pathway, directly maintains the expression of CD47 and PD-L1, the two critical phagocytic
checkpoint ligands on tumor cells (Betancur et al., 2017; Antonangeli et al., 2020). In light of
this, the central focus of this chapter is to elucidate the mechanistic role of IKKf in modulating
these critical immune evasion pathways in the specific context of HCC. Specifically, we
investigated how the genetic depletion of IKK in HCC cells regulates the expression of CD47
and PD-L1 at the transcriptional and translational levels and whether this regulation is mediated
through canonical NF-«B signaling. Understanding this regulatory axis is crucial for revealing
the mechanistic basis of how the loss of IKKf within tumor cells renders them more susceptible
to macrophage phagocytosis. It is also crucial to develop novel therapeutic strategies that
disrupt the “don't eat me” signal at its transcriptional source, potentially overcoming the

limitation of direct antibody blockade (i.e., systemic toxicities).
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Figure 5.1. The ‘eat-me’ and ‘don’t eat me’ signals on tumor cells and phagocytes' surface.
(C-type lectin-like receptor-1 (CLEC-1), Signaling lymphocytic activation molecule family
(SLAMF) receptors, Sialic acid-binding immunoglobulin-type lectins (Siglec), Signal
regulatory protein o (SIRPa), leukocyte immunoglobulin-like receptor subfamily B 1
(LILRBI1), programmed cell death protein 1 (PD-1), lipoprotein receptor-related protein 1
(LRP1), Macrophage antigen complex-1 (MAC1) (This figure adopted from Liu et al., 2023)
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5.2 Method

We first explored the clinical database to examine the association of /KBKB with CD47 and
PD-L1I at the transcriptional level in HCC tumors, as well as the correlation with NF-xB
pathway activity inferred from the respective expression data (Figure 5.2). Next, we
experimentally investigated the regulatory effect of IKKp on these phagocytic checkpoints
using the established knockout sublines. The influence of IKKf loss on the surface expression,
mRNA expression, and transcriptional activation of CD47 and PD-L1 was examined using
flow cytometry, qPCR, and reporter assays, respectively. We also examined whether the
control of expression is maintained following tumor establishment by isolating syngeneic and
xenograft tumors from mouse models and performing surface marker staining (Figure 5.2). To
examine the regulation of canonical NF-«B signaling, the nuclear localization of p65 (RelA)
and phospho-p65 Ser536, which indicate pathway activation, was measured by subcellular
fractionation followed by western blot analysis for the cell models and by IHC analysis for the

syngeneic and xenograft tumors.
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Figure 5.2 Experimental design for investigating the regulation of IKKf on CD47 and
PD-L1 via the NF-kB canonical pathway.
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5.3 1kbkb regulates expression of CD47 and PD-L1 in HCC cells

IKBKB is well-known to be a critical kinase responsible for activating the canonical signaling
pathway of NF-kB, a master transcriptional regulator that modulates the expression of various
genes related to inflammation and immune response, including the anti-phagocytic markers,
including CD47 and PD-L 1, which are commonly expressed in cancer cells. We first examined
whether /KBKB expression is associated with NFkB activation and the expression of CD47
and PD-L1. NFkB pathway activity was inferred based on expression data of TCGA-LIHC,
ICGC-LIRI-JP, as well as LICA-FR (liver cancer-France) cohorts (or GSE36376) using
PROGENy (Pathway RespOnsive GENes), a signature-based method that computes pathway
activity based on mRNA levels of perturbation-response genes identified from a large
compendium of publicly available perturbation studies. And we found that /JKBKB mRNA
expression was significantly correlated with NFkB pathway activity in the HCC datasets
examined and showed comparable strength of association as those of downstream targets
(Figure 5.3A). Consistently, /KBKB expression was positively correlated with the mRNA
expression of CD47 and PD-L1 in these cohorts (Figure 5.3A). This association was validated
in vitro, where Ikbkb depletion suppresses the expression of CD47 and PD-L1 at the transcript
level (Figure 5.3 B). We then investigated the effect of /kbkb knockout on CD47 and PD-L1
surface expression in PLC/PRF/5 and RIL-175 cell and xenograft models by FACS-based
measurement. The results demonstrated a significant reduction in CD47 and PD-L1 expression
upon lkbkb depletion (Figure 5.3C, D). These findings support the notion that 7kbkb regulates
tumor cell expression of CD47 and PD-L]1.
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Figure 5.3 Control of antiphagocytic molecules by Ikbkb. (A, top) Pearson correlation of
IKBKB, CD47, and CD274 gene expression and with NFxB pathway activity (TCGA-LIHC:
The Cancer Genome Atlas Liver Hepatocellular Carcinoma, ICGC-LIRI-JP: International
Cancer Genome Consortium Liver Cancer - RIKEN, Japan) (**p < 0.01, ****p <0.0001). (A,
bottom) Pearson Correlation analyses between /KBKB and anti-phagocytic genes at transcript
levels in HCC cohorts. (B) Relative mRNA expression of PD-L1 and CD47 in RIL-175-NTC-
sgIKBKB cells (left) or PLC/PRF/5-NTC or —sgIKBKB cells (right) in the absence or presence
of TNFa stimulation. (C) Percentage of PD-L1 and CD47 surface expression in RIL-175-NTC—
sgIKBKB cells (left) or PLC/PRF/5-NTC or —sgIKBKB cells (right) in the absence or presence
of TNFa stimulation as measured by FACS. (C) Percentage of PD-L1 and CD47 surface
expression in RIL-175 (left) and PLC/PRF/5 (right) xenografts following subcutaneous

engraftment in a mouse model as measured by FACS.

5.4 Ikbkb mediates canonical NF-kB pathway activity

Next, we sought to verify whether 7kbkb regulates NF-kB activation in HCC. Using luciferase
or GFP reporter assays, we confirmed that 7kbkb potentiates NF-«kB transcriptional activity in
HCC cells, which is consistent with our earlier correlation data (Figure 5.4A). Western blot
analysis revealed that JKBKB knockout reduced phosphorylated NF-kB p65 (pS536) levels in
both cytosolic and nuclear fractions (Figure 5.4B). Notably, without TNF-a stimulation, total
p65 was undetectable in the nucleus, suggesting that /KBKB depletion may impair basal NF-
kB activity in HCC cells (Figure 5.4B). TNF-a stimulation induced the canonical NF-xB
signaling cascade, as evidenced by increased cytosolic phospho-IKKa/p and phospho-p65
levels in both PLC/PRF/5 and RIL-175 cells (Figure 5.4C). However, because of the very low
baseline levels of total and phospho-p65 in serum-starved RIL-175 cells, we selected the
PLC/PRF/5 cell line for subsequent investigations of /KBKB's role in NF-kB signaling (Figure
5.4C).

Subsequent subcellular fractionation analysis confirmed that /KBKB knockout attenuates the
canonical NF-xB pathway after TNF-a stimulation. This was demonstrated by a marked
reduction in the levels of phospho-p65 (at Ser536 and Ser468) and total p65 in both the
cytoplasmic and nuclear fractions (Figure 5.4D). This impaired signaling is likely due to
reduced IKK activity, as evidenced by the concomitant decline in phosphorylated IKKo/p and

IxBa within the cytosolic fraction (Figure 5.4D). In line with this observation, we noticed a
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decline in the expression of both total and phospho-levels of p65 in the PLC/PRF/5 xenograft
mouse model (Figure 5.4E). These results provide evidence that /[KBKB positively regulates
classical NF-kB signaling in HCC.
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Figure 5.4 IKBKB activates transcription factor NF-kB. (A) NF-kB pathway transcriptional
activity inferred by luciferase reporter system or GFP reporter system for PLC/PRF/5 or RIL-
175 cells, respectively. PLC/PRF/5-NTC and -sg/KBKB cells are transfected with the reporter
plasmids for 24h and reseeded to 12-well plates O/N. The next day, the cells are incubated in
serum-free conditions in the absence or presence of 20ng/ml TNFa for 6 hours and are collected
for determining the luciferase or GFP activity. (B) Western blot analysis for the cytosolic and

nuclear fractions of PLC/PRF/5 or RIL-175 cells. (C) Western blot analysis for cytosolic
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fractions of PLC/PRF/5 or RIL-175 cells. (D) NF-kB pathway activation was assessed by
subcellular fractionation using a hypotonic solution in the presence or absence of TNFa
stimulation. PLC/PRF/5-NTC and -sg/KBKB cells are seeded at 60mm dishes O/N and reach
80% confluence the next day. The cells are then stimulated with 20ng/ml TNFa for 30 minutes
to stimulate the canonical NF-kB pathway. (E) Representative IHC images for phospho- or
total-p65 of xenograft tumors from mice injected with PLC/PRF/5-NTC and -sg/KBKB cells.
Scale bar, 20 um.

5.5 Ikbkb controls the transcriptional activities of CD47 and PD-L1

Next, we aimed to determine whether /KBKB regulates the expression of immune checkpoint
molecules CD47 and PD-L1 specifically through the NF-«xB signaling axis. First, we performed
an in silico analysis using the Gene Transcription Regulation Database (GTRD), which
revealed multiple high-probability NF-kB binding motifs within the promoter regions of both
CD47 and PD-L1 (Figure 5.5A, B). This bioinformatic evidence provides a structural basis for
our hypothesis, suggesting that these genes are direct transcriptional targets of NF-xB. To
functionally validate this finding, we performed a luciferase reporter assay. Consistent with
previous findings, genetic depletion of /KBKB significantly reduced the transcriptional
activities of both the CD47 and PD-L1 promoters. This result demonstrates that /KBKB is a

crucial upstream regulator required for its expression (Figure 5.5C).
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Figure 5.5 IKBKB regulates CD47 and PD-L1 transcriptional activation. (A) Predicted

NFkB binding sites within promoter regions of CD47 and PD-L1 by GTRD. (B) NFkB-binding

motifs predicted by GTRD. (C) Luciferase reporter assay for detecting transcriptional
activation of CD47 and PD-L1 triggered by NFkB binding. PLC/PRF/5-NTC and -sg/KBKB
cells are transfected with the reporter plasmids for 24h and reseeded to 12-well plates O/N. The

next day, the cells are incubated in serum-free conditions in the absence or presence of 20ng/ml

TNFa for 6 hours and are then collected for determining the luciferase activity. (D) Schematics

showing the regulation of /KBKB on canonical NFkB pathway activation and the downstream

CD47 and PD-L1 expression.
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5.6 Discussion

Collectively, these data provide evidence that /[KBKB-driven NF-kB activation promotes the
expression of phagocytic checkpoints, CD47 and PD-L1. Our initial investigations established
a strong clinical correlation between /KBKB mRNA levels and both NF-kB pathway activity
and the expression of CD47 and PD-L1 across multiple independent HCC cohorts, suggesting
a coordinated regulatory network in human tumors. These findings were validated using our in
vitro and in vivo models, where genetic depletion of /kbkb led to a consistent and significant
reduction in both the transcript and surface protein levels of CD47 and PD-L1. These findings

indicate /KBKB is a key upstream regulator of these critical immune evasion molecules.

We next confirmed that IKBKB acts as a primary activator of the canonical NF-kB pathway in
HCC. The observed decline in nuclear p65 and promoter activation upon /KBKB knockout,
both at baseline and following TNF-a stimulation, demonstrates that /JKBKB is critical for the
nuclear translocation and transcriptional activation of NF-«kB. Moreover, we established a
molecular connection between IKBKB/NF-kB signaling and the transcriptional control
of CD47 and PD-L1. Luciferase reporter assays showed that the loss of IKBKB weakened the
transcriptional activity of these promoters. This functionally validates that /IKBKB, via NF-kB,

is a direct transcriptional regulator of both genes.

Our data establish /KBKB as a master regulator of immune checkpoint expression in HCC,
revealing a key mechanism for the upregulation of ' do not eat me' signals. Yet, direct rescue
experiments are required to conclusively prove that the phagocytic inhibition by /KBKB is
mechanistically dependent on the CD47/PD-L1 axis and NF-«kB signaling. Moreover, it is
important to note that NF-kB plays vital physiological roles in cell survival, immunity, and
inflammation, and systemic inhibition inevitably disrupts these processes, leading to a range
of adverse effects. NF-«kB is essential for innate immunity, that is, for the production of pro-
inflammatory cytokines like TNFa, IL-1, IL-6, and adhesion molecules, and the function of B
cells, T cells, and dendritic cells (Pasparakis, M., 2009). And targeting may result in immune
suppression and severe Infections. Hepatotoxicity and gastrointestinal toxicity have also been
reported for NF-kB targeting. Elevated liver transaminases and drug-induced liver injury are
observed in patients administered with IKK/NF-kB inhibitors in clinical trials. And this is
probably because NF-kB confers a survival signal to hepatocytes, and inhibition leads to
TNFa-induced apoptosis. Colitis and diarrhea are observed in the clinical setting for NF-xB

targeting. Physiologically, NF-kB maintains the integrity of the gut epithelium and regulates
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the immune response to commensal bacteria. Its inhibition leads to increased intestinal
permeability and inflammation. It is therefore of paramount importance to assess the systemic
effect and toxicities of /JKBKB targeting in preclinical models, which will be further discussed
in the next chapter. We would examine the therapeutic efficacies of /IKBKB targeting and

combination with immunotherapy in treating HCC.
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CHAPTER 6 Targeting Ikkp to Overcome

Immunosuppression in HCC



6.1 Introduction

Macrophages orchestrate immune dysfunction in HCC

HCC typically arises from a background of chronic inflammatory liver disease, a condition that
cultivates a highly immunosuppressive TME favoring tumor growth, metastasis, and treatment
resistance (Llovet et al., 2021). Within this complex TME, TAMs emerge as a dominant and
pivotal immune component, comprising 20-40% of the infiltration immune cell population,
and were found to be a major driver of the hostile TME (Zheng et al., 2023; Liu et al., 2025).
TAMs primarily shaped this hostile TME through matrix remodelling and engaging in
extensive crosstalk with other immune populations to suppress antitumor immunity and foster
a permissive environment for tumor growth. Immunosuppressive TAMs release VEGF and
MMPs, which stimulate tumor proliferation, angiogenesis, invasion, and intravasation.
Through interactions with hepatic stellate cells, TAMs drive the progression of liver fibrosis,
a key risk factor of HCC development (Affo et al., 2017). Critically, several subsets of TAM
have been shown to suppress cytotoxic T lymphocytes. For instance, TREM2+ macrophages
impair CD8+ T cells infiltration and function by releasing galectin-1, which upregulates PD-
L1 on endothelial cells, and the abundance of this subtype is associated with poor clinical
prognosis. SPP1+ macrophages were demonstrated to inhibit T cell proliferation and were
associated with an unfavorable patient response. Furthermore, TAMs have also been reported
to promote Treg recruitment and expansion. By releasing chemokines such as CCL17, CCL20,
and CCL22, TAMs attract Tregs into the tumor core, where they further dampen the activity
of neighboring Tc cells and NK cells, thereby perpetuating the immunosuppressive network
(Kuang et al., 2009). The net effect of this TAM-mediated immunoregulation is a strong
correlation with poor clinical outcomes and higher recurrence rates in patients (Liu et al., 2025;
Yeetal., 2018). High density of immunosuppressive TAMs within HCC tumors is consistently
associated with aggressive tumor phenotypes, including enhanced venous invasion, metastasis,

as well as resistance to standard therapy like sorafenib (Zhou et al., 2017).

The imperative to examine macrophage-driven crosstalk in HCC is also attributed to the fact
that it primarily contributes to the limited efficacy of current immunotherapies, particularly
immune checkpoint inhibitors (ICIs). While revolutionary, ICIs yield sustained responses in
only a subset of HCC patients, with objective response rates typically below 30% (Sangro et
al., 2021). This therapeutic resistance is largely orchestrated by TAMs, which establish and
maintain a profoundly immunosuppressive TME. Specific subsets of TAMs, such as TREM2+
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or SPP1+ macrophages, directly impair cytotoxic cell function and infiltration. TAMs recruit
and activate immunosuppressive populations, including Tregs and MDSC:s, thereby reinforcing
an immune-excluded or “cold” tumor state that is inherently resistant to T cell therapies (Zhu
et al., 2021). By “re-educating” TAMs, it may be possible to intercept this suppressive
communication, potentially converting the TME from immunosuppressive to

immunostimulatory and resensitizing tumors to existing treatment regimens.

Building on our previous findings that targeting Ikkp can stimulate macrophage phagocytosis
and antitumor activity, the current chapter has two central aims. First, we will delineate the
general role of TAMs within the HCC TME, with a specific focus on their interactions with
crucial T cell subsets, Tc and Treg cells. Secondly, we will investigate the specific
immunoregulatory function of Ikkf in this context. A key question is whether Ikkp activity
exacerbates the hostile TME, and conversely, whether its inhibition can reverse the
immunosuppression. Furthermore, given the canonical role of macrophages in bridging innate
and adaptive immunity via antigen presentation, either on MHC 11 to helper T cells or on MHC
I for cross-presentation to cytotoxic T cells, we will examine if enhanced phagocytosis via Ikkf3
targeting leads to improved antigen presentation, infiltration, and subsequent activation of Tc

or Th lymphocytes.
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6.2 Method

We first explored publicly available single-cell sequencing datasets to infer the
immunomodulatory role of TAMs within the HCC TME (Figure 6.1). Single-cell sequencing
data from GSE189903 were downloaded from Gene Expression Omnibus and processed using
the Scanpy package in Python. This involves quality control to filter out low-quality cells and
counts, normalization, scaling, and identification of highly variable genes. Principal
component analysis and graph-based clustering with the Leiden algorithm were then applied
to identify the major cell populations. Cell types were annotated using canonical marker genes.
Immune subsets were further annotated using subclustering analysis, following the same
procedure. To investigate potential interactions, CellPhoneDB was employed, and the strength
of the interaction between macrophages and T cell subsets was compared between adjacent

normal and tumor core samples.

Next, we employed the hydrodynamic tail vein injection (HTVI) model to delineate the role of
Ikkp in hepatocarcinogenesis and immune regulation (Figure 6.1). The impact of hepatocyte-
specific lkbkb overexpression on tumorigenesis was examined using bioluminescent imaging.
Flow cytometry analysis was used to evaluate changes in macrophage abundance, functional
state, and antigen presentation capacity. This immune profiling was extended to other immune
populations, including dendritic cells, neutrophils, NK cells, B cells, and T cells, with a
particular focus on T cell subset infiltration, given their critical interaction with macrophages

in the TME.

To further investigate the influence of IkkB expression on antigen presentation and tumor
control, we utilized an orthotopic implantation model. RIL-175-NTC and RIL-175-sglkbkb
cells engineered to express ovalbumin (OVA) were used to generate isogenic sublines (Figure
6.1). These cells were implanted into the murine liver to establish tumors in the liver. Tumor
progression was monitored, and the functional competence of TAMs, specifically their antigen
presentation capacities, was assessed. Specifically, we measured the presentation of the tumor-
derived SIINFEKL peptide (from OVA) by H-2Kb molecules on macrophages from the liver
and spleen. These analyses were integrated with an evaluation of broader immune landscape
alterations, including shifts in major immune populations and T cell subsets, to determine the

systemic immunoregulatory effects of modulating Ikk( signaling.
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6.3 The immunosuppressive crosstalk of TAMs with Tc and Treg cells

To build a comprehensive atlas of TME, we employed Scanpy for cell classification and marker
gene detection, and revealed 11 distinct clusters, which we defined and displayed (Figure 6.2A).
Non-immune compartments were mainly composed of cancer-associated fibroblast (CAFs;
markers COL1A2, DCN, COL3A1, COL6A1), endothelial cells (markers VWF, CDHS,
PECAMI1), hepatocytes (markers AMBP, APOAIl, APOH, ALB), and cholangiocytes
(markers CD24, KRT19) (Figure 6.2B). The immune cell populations we characterized
consisted of myeloid-derived cells (expressing AIF1, CD14), T cells (with IL17R, CD3G,
CD3D), memory B cells (marked by CD19, MS4A1), plasma cells (with CD38, TNFRSF17),
NK cells (displaying PRF1, KLRDI1, KLRF1) and pDCs (marked by IL3RA, CLEC4C) (Fig
6.2B). Subsequent unsupervised clustering of myeloid cells revealed 10 distinct clusters within
the myeloid compartment. These comprise four macrophage subsets (Macrol-Macro3 and
Kupffer cells), three monocyte clusters (Mono1-Mono3), and three dendritic cell groups (DC1-
DC3) (Figure 6.2C). We identified macrophages based on high expression of the CD68 marker
(Figure 6.2D). Established marker genes like FCGR3A (for M1) and CD163 (for M2) did not
clearly separate M1 and M2 subsets, as both are co-expressed, which is consistent with earlier
research (Figure 6.2D). Clustering of T cells revealed 10 subclusters, regulatory T cells (Tregs)
expressed characteristic markers such as CTLA-4, FOXP3, and ICOS, and cytotoxic T cells
(Tc) displayed high expression of cytotoxic genes (GZMK, GZMA, and NKG7) and the low
expression of checkpoint genes, consistent with a precursor cytotoxic phenotype (Figure 6.2

E-F).

To decipher receptor-ligand interactions within the normal and tumor ecosystems, we
conducted a cell-cell interaction analysis using CellPhoneDB. We focused on macrophage-T
cell interactions, a crosstalk known for its immunosuppressive role in HCC progression. We
observed increased interactions of key immune checkpoint receptor-ligand pairs in the tumor
core compared to normal tissue, including SPP1:CD44, CD58:CD2, HBEGF:CD44, and
SIRPA:CD47 (Figure 6.2G-H). The SPP1:CD44 interaction is of particular relevance, as recent
studies have shown that this axis is crucial for TAM-induced T-cell exhaustion and immune
suppression. Consistent with their immunosuppressive role, macrophages in the tumor core
expressed higher levels of critical interaction partners (e.g., SPP1, CD58, and SIRPA) and
immunomodulatory signaling molecules, including HBEGF, MIF, and GRN (Figure 6.21).
These data suggest that TAMs engage in immunoinhibitory crosstalk with both cytotoxic and

regulatory T cells within the HCC microenvironment.
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6.4 Ikbkb overexpression promotes tumor development with increased

populations of immunosuppressive TAMs

We next sought to explore the role of Ikkp in hepatocarcinogenesis and immune regulation.
Hydrodynamic injection of px330-sg-p53, MYC-luc and CMV-SB13 plasmids, together with
pT3-EF1a-EV or pT3-EFla-Ikbkb into 8-week-old male CD57BL/6 mice resulted in
comparable levels of Iluciferase expression in the liver at day 6, as measured by
bioluminescence imaging (Figure 6.3A-B). This confirmed equivalent injection efficiency and
transgene expression between the two groups. Notably, on day 36 post-injection, a sharp
increase in luciferase signal was observed specifically in the or pT3-EFla-lkbkb mice,
suggestive of the tumor-promoting role of 7kbkb (Figure 6.3A-B). At the time of euthanasia,
we observed a concordant increase in both tumor volume and mass in the mice where lkbkb
was overexpressed (Figure 6.3C). To infer the plausible involvement of macrophages in
mediating the pro-tumoral response, we assessed the relative abundance of macrophages and
functional status within the tumors. In mice overexpressing lkbkb, there was a reduction in
macrophage infiltration, accompanied by diminished anti-tumor and antigen presentation
capacities, as indicated by reduced F4/80+CD11b+ macrophage population, as well as lower
expression of activation marker CD86 and the antigen-presenting molecules MHCI+ or

MHCII+, respectively (Figure 6.3D-E).
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Figure 6.3 Tumorigenic and immune tolerogenic effects of Ikbkb in the HTVI mouse
model. (A-B) Quantification of normalized luciferase signal (A) and representative
bioluminescence images (B) 6 and 36 days after injection of vectors into C57BL/6 mice (n=4
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plots showing the percentage of abundance of total macrophage and macrophage subsets.
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6.5 1kbkb overexpression dampens innate and adaptive anti-tumor immunity

Next, we examined whether Ikkf expression alteration exhibited a broader immune regulatory
effect in the TME. Profiling of immune cell infiltration revealed a significant impairment of
the innate immune compartment in [kbkb-overexpressing tumors. This is indicated by a
pronounced reduction in key innate cell populations: conventional type 2 dendritic cells
(cDC2s), their antigen-presenting MHCII+ subset, and neutrophils (Figure 6.4A-B). In contrast,
the overall abundance of adaptive immune cells (T and B lymphocytes) was not significantly
altered (Figure 6.4A-B). We also showed that in this broader immunophenotyping panel, 7kbkb
overexpression diminished macrophage recruitment and activity, which is in concordance with

our previous observation (Figure 6.4A-B).

Given the indispensable role of macrophages in mediating T-cell antitumor immunity, we next
performed a detailed characterization of the T cell subsets. Using a T-cell-specific
immunophenotyping panel, we found that 7kbkb overexpression functionally impaired
cytotoxic CD8+ T cells, as evidenced by the significantly reduced expression of the early
activation marker CD69 (Figure 6.4A-B). However, the proportion of exhausted or memory
CD8+ T cell populations remained unchanged (Figure 6.4A-B). For the CD4+ T repertoire, we
observed a marked reduction in the levels of pro-inflammatory T helper 1 (Thl) and T helper
17 (Th17) cells, which are crucial for driving effective antitumor adaptive response (Figure
6.4A-B). Notably, the abundance of Tregs was not diminished, indicating a net shift towards

tolerance upon Ikbkb overexpression.
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Figure 6.4 Inhibitory effects of 7kbkb on innate immune cell infiltration and activation.
(A) Percent immune cells infiltration in HCC TME (n=3 for EV group, n=4 for lkbkb OE
group). (B) Representative FACS plots showing the percentage of abundance of immune

infiltrates.
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Figure 6.4 Inhibitory effects of Ikbkb on adaptive immune cell infiltration and activation

(cont’). (C) Percent T cell subsets infiltration in HCC TME (n=3 for EV group, n=4 for Ikbkb

OE group). (D) Representative FACS plots showing the percentage of abundance of immune

infiltrates.
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6.6 Ikbkb loss diminishes tumorigenesis with enhanced antigen presentation

capacities of macrophages

To elucidate the functional link between phagocytosis and antigen-presentation, and the T cell
activation, we conducted orthotopic implantation of OVA-expressing RIL-175 cells that
harbour intact 7kbkb or with Ikbkb depletion. The stable expression of OVA antigen in the
engineered RIL-175 sublines was first confirmed by Western Blot analysis (Figure 6.5A).
Subsequent monitoring of tumor growth revealed a dramatic reduction in both tumor burden
and incidence in the group receiving OV A-expressing, lTkbkb-depleted cells (Figure 6.5B-D).
This finding indicated that loss of 7kbkb enhances immune-mediated elimination of antigen-
expressing tumor cells. To interrogate the involvement of macrophages in mediating the
elimination of antigen-expressing tumor cells, we profiled the macrophage phenotype as
previously described, and in particular, we measured the expression of SIINFEKL/H-2Kb
complex on the macrophages isolated from both the tumor and spleen. This measurement also
provides crucial evidence for determining whether the 7kbkb loss in HCC cells enhances the
ability of macrophages to cross-present tumor antigen and thereby activate the T cell immunity.
Immunophenotyping analysis of the TME revealed that the abundance of macrophages and
their antigen-presenting (i.e., MHCII+ or MHCI+) subset is significantly increased, whereas
the level of SIINFEKL/H-2Kb complex on the macrophages' surface is not markedly altered
(Figure 6.5E-F, G). Intriguingly, we observed a prominent increase in SIINFEKL/H-2Kb
complex expression on macrophages in the spleen, which is indicative of systemic, priming
phase of the immune response (Figure 6.5E-F). Concordant with this finding, T cell activity
was shown to be higher in /kbkb knockout tumors as indicated by increased abundance of

Ki67+ proliferating T cells and Th17 cells in the tumor (Figure 6.5G).
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Figure 6.5 1kbkb targeting results in tumor eradication and activation of macrophage and
T cells in the OVA mice model. (A) OVA antigen expression in RIL-175 sublines.
Quantification of normalized luciferase signal (B) and representative bioluminescence images
(C) 6 and 36 days after orthotopic implantation of OV A-expressing cells into C57BL/6 mice
(n=6 per group). (D) Liver-to-body ratio of the mice models (top). Representative tumor
images on day 37 after engraftment (bottom). (E) Percent macrophage infiltration and
expression of MHC molecules and SIINFERKL/H-2Kb complex on the macrophage
population (n=4 per group for tumor, n=3 per group for spleen). (F) Representative FACS plots

showing the percentage of abundance of total macrophage and macrophage subsets.
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Figure 6.5 1kbkb targeting results in tumor eradication and activation of macrophage and

T cells in OVA mice model (cont’). (G) Percent infiltration of immune cells into the HCC

tumors (n=4 for NTC and n=3 for lkbkb KO tumors). (F) Representative FACS plots showing

the percentage of abundance of immune infiltrates.
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6.7 Discussion

Our integrated immunophenotyping and functional study established an indispensable role of
Ikkp in orchestrating an immunosuppressive or tolerogenic TME in HCC, with TAMs serving
as pivotal mediators. We showed that hepatocyte-specific Ikbkb overexpression drives
hepatocarcinogenesis and actively generates an immunologically “cold” TME, characterized
by the loss of antitumor innate repertoire and functional inactivation of adaptive T cell
immunity. Conversely, Ikbkb depletion in tumor reprograms the TME towards immunogenicity,

triggering local and systemic antitumor immunity and enhancing tumor clearance.

Our HTVI model revealed that 7kbkb overexpression in hepatocytes suppressed antitumor
immunity across both the innate and adaptive arms. The observed dramatic reduction in cDC2s
is particularly significant, as cDC2s are essential for initiating and sustaining antitumor
responses through the priming of CD4+ T helper cells, and their paucity in lkbkb-
overexpressing tumors may account for the concurrent reduction of Thl and Th17 lineages.
Meanwhile, overall macrophage infiltration was reduced, and the remaining population of
Ikbkb-overexpressing tumors exhibited a profoundly tolerogenic phenotype, with diminished
expression of antigen-presentation machinery (MHCI/II) and co-stimulatory molecules such as
CD86. Impaired CD8+ T cell activation, as evidenced by CD69 expression, also accounted for
the enhanced tumor burden in the 7kbkb-overexpressing group. However, an open and crucial
question is whether this Tc dysfunction is primarily a downstream consequence of failed CD4+
T cell help, a result of direct immunosuppressive signaling from tolerogenic macrophages, or

a combination of both mechanisms.

The functional consequences of targeting Ikkf3 were demonstrated in our OVA model. Gene
depletion not only eases the tumor burden but also enables extensive immune-mediated
eradication. This striking outcome might be attributed to a shift in the macrophage phenotype
to an immunogenic state. The prominent increase in macrophages, particularly the MHCII+
subset, within the TME, indicates enhanced recruitment and activation. Notably, the
SIINFEKL/H-2Kb complex levels were markedly elevated in splenic macrophages, indicating
that these splenic phagocytes acquired and cross-presented the tumor-derived OVA antigen,
and demonstrated that 7kbkb loss triggered systemic antigen spread and potentially immune
priming. This process of antigen transport and distant priming explains the antitumor immunity
and potent systemic response observed in this study. The resultant influx of proliferating Ki-

67+ CD8+ T cells and Thl7-polarized T cells into the tumor signifies the active immune
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surveillance of the adaptive arm. Nonetheless, the mechanism by which the antigen is
transported to the secondary lymphoid organ (here the spleen), whether it involves antigen
handoff from macrophages to migratory cells, such as dendritic cells or monocytes, or by other

mechanisms, remains an open and critical question for future investigation.
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CHAPTER 7 Therapeutic potential of Ikkp targeting in
HCC



7.1 Introduction

Limitations of current treatment modalities and macrophage-based therapies in HCC

HCC presents a formidable therapeutic challenge, as a substantial proportion of patients show
poor response or develop acquired resistance to the current standard-of-care treatments,
including TKIs such as sorafenib and Lenvatinib, and increasingly, immune checkpoint
blockade therapy (Llovet et al., 2022). Even first-line immunotherapy combinations yield
durable benefits in a minority of patients, underscoring the critical need to develop alternative
combination regimens for HCC treatment. Within the TME of HCC, TAMs represent a major
immune infiltrate and are recognized as a central orchestrator of immunosuppression,
angiogenesis, and tumor progression. While clinical studies have illustrated the utility of
macrophage-targeting approaches in some cancer types, such as PDACs, head and neck cancer,
and melanoma, their use has yet to be extensively investigated in HCC. It also remains to be
studied how to optimally integrate them with existing therapies to achieve effective and durable

responses (Bian et al., 2020; Zhu et al., 2019).

Building upon our previous finding that /KBKB regulates the tumoral expression of PD-L1, a
molecule known to function as a ‘do not eat me’ signal or anti-phagocytic protein, we tested
the synergistic potential of co-targeting these nodes. We hypothesized that concurrent
inhibition of the /KBKB/NF-kB pathway and downstream PD-1/PD-L1 interactions would
enhance macrophage-mediated phagocytosis of HCC cells, thus cooperatively disrupting the
tumor’s capacity to evade immune evasion. This hypothesis was tested using in vitro and in
vivo assays. We first determined whether concurrent blockade of PD-L1 binding on tumor cells
could further enhance the pro-phagocytic effects of IKBKB depletion in vitro (Figure 7.1).
Next, we tested whether IKK(B pharmacological targeting yields the same phagocytic
stimulatory effect as genetic depletion, using a recently developed cell-permeable peptide,
TAT-NEMOA®e (Ko et al., 2022; Figure 7.1). This peptide is derived from a specific region
of NEMO (Nuclear Factor-kappa B Essential Modulator; amino acids 384-389, sequence
QRRSPP) that binds to IKKf in a ubiquitin-dependent manner for its full activation (Ko et al.,
2022). And it acts as a competitive antagonist to disrupt this secondary and inducible
interaction and thereby inhibits downstream canonical NF-kB signaling. The sequence
specificity of TAT-NEMOAP® was illustrated by in vitro pull down assays which
demonstrated dose-dependent inhibition on the interaction, whereas the control peptide TAT-

NEMOQAwer 6G (key 384-389 residues mutated to glycine) displayed no effect (Ko et al., 2022).
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In terms of it signaling regulation, TAT-NEMOA°®® was shown to specifically suppress
canonical NF-kB signaling and impose no effect on non-canonical NF-«B signaling or other
parallel inflammatory pathways. This was illustrated by its potent inhibition in IKKp activation
loop phosphorylation, subsequent IkBa degradation, and NF-kB nuclear translocation or DNA
binding and lack of effect on p100 processing as well as phosphorylation of MAP kinases JNK,
Erk2, and p38 (Ko et al., 2022). Finally, we will translate these findings to an in vivo setting
by investigating the antitumor effects of TAT-NEMOA°*®» monotherapy and its combinatorial
efficacy with an anti-PD1 mAb in an HTVI-induced liver cancer model (Figure 7.1). This
model will also allow us to assess the specific remodelling of the TME, including changes in
TAM, T cells, and innate cell populations, providing a comprehensive evaluation of the

immunomodulatory potential of our combination strategy.

Therapeutic effect of Ikkp targeting Therapeutic effect of Ikkp/PD-L1 co-targeting
! 1 PD-1 ligand binding in /KBKB loss cells
TAT-NEMOA<teee Mouse HCC cell . o \\\
/TAT-NEMOQ*<eep ¢ Human HCC cell pra— .
N
l Cancer cell
2 | Cancer cell phagocytosis upon PD-1 blockade & /KBKB depletion
1 NF-kB signaling I
- rhPD-1
= ., N\
E . - Human HCC cel

2 Cancer cell phagocytosis 3 | IkkB/PD-L1 co-targeting in tumoral control

HTVI tumorigenesis:
pT3-EF1a-MYC-IRES-luc

CMV-SB13 Q ??
Px330-sg-p53 4]

1gG2A TAT-NEMO*<»
, .
> Y (s
Anti-PD-1 combo

Figure 7.1 Experimental design for investigating therapeutic targeting of IKKp in HCC.
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7.3 Blockade of PD-L1 binding further enhances the pro-phagocytic effect of
IKBKB depletion

First, to functionally verify that the genetic depletion of /KBKB leads to a reduction in surface
PD-L1 capable of engaging its receptor, we employed a recombinant human PD-1 (rhPD-1)
protein binding assay. The results confirmed our molecular finding that /KBKB-depleted cells
exhibited a reduced percentage of cells binding to thPD-1 in vitro (Figure 7.2A-B). This effect
was recapitulated in vivo, as flow cytometry analysis of subcutaneous tumors derived from
IKBKB-deficient cells showed markedly diminished PD-1 ligand-binding capacity, directly
correlated with our earlier data demonstrating reduced PD-L1 protein expression upon /KBKB
loss (Figure 7.2C, 5.2B-D, 5.4C). Subsequently, we tested the functional consequences of PD-
L1 blockade with rhPD-1 protein, and from the phagocytosis assays, the combination of
intrinsic /KBKB depletion and extrinsic PD-1/PD-L1 interaction blockade produced a
synergistic effect. Macrophages demonstrated significantly enhanced phagocytic capacity
against /[KBKB-loss cells in the presence of thPD-1. The potentiation was evident in both flow

and microscopy data, showing an increased phagocytosis rate (Figure 7.2D-G).
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Figure 7.2 IKBKB loss weakens PD-1 binding and co-targeting further potentiates HCC
cell phagocytosis. (A) Representative immunofluorescence (IF) images for rhPD-1 binding
(green) of PLC/PRF/5-NTC and PLC/PRF/5-sgIKBKB. Nuclei are counterstained with DAPI
(blue). (B) Flow cytometry analysis for rhPD-1 binding of PLC/PRF/5-NTC and PLC/PRF/5-
sgIKBKB. (C) Flow cytometry analysis for rhPD-1 binding of PLC/PRF/5-NTC and
PLC/PRF/5-sgIKBKB tumors. (D) Dot plot showing phagocytosis rate determined by flow
cytometry (N=3). (E) Representative FACS plots showing phagocytosis rate. (F) Dot plot and
(G) Representative fluorescence microscopic images of three independent experiments

showing phagocytosis index determined by microscopy-based phagocytosis assay.
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7.2 Targeting IKKfp suppresses canonical NF-kB signaling and HCC cell
phagocytosis

Prior to assessing the systemic effect of PD-L1 and IKK targeting in tumoral control in vivo,
we first sought to characterize the activity of TAT-NEMOA?®P, To determine the optimal
dosing parameter for eliciting its potentiation of macrophage phagocytic activity, we conducted
flow cytometry-based analysis. We found that 8-hour incubation with TAT-NEMOA¢®< 100
UM produced the optimal pro-phagocytic effect (Figure 7.3A). We next validated the peptides’
on-target molecular mechanism, which is the inhibition of NF-kB signaling. This is assessed
by the nuclear localization of phosphorylated p65 and p65. Immunofluorescence analysis
confirmed that treatment with TAT-NEMOA®eP effectively suppressed the nuclear localization
of both forms of p65, demonstrating robust suppression of the canonical NF-xB pathway using
this peptide, and this result aligns with its reported effectiveness in blocking the intended
pathway (Figure 7.3B-C). We then performed phagocytosis assays following the peptide
incubation and macrophage co-incubation. We found the pharmacological IKK[ targeting
stimulates macrophage phagocytosis of HCC cells, recapitulating our previous findings on

genetic Ikbkb depletion (Figure 7.3D-E).
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Figure 7.3 Characterization of TAT-NEMOA®® jn vyitro. (A) Bar chart showing
phagocytosis rate of administering various doses of TAT-NEMO peptides with different
durations. (B) Quantification of IF images and (C) representative images for phosphor-p65(Ser

536) and p65 nuclear localization. (D-E) Phagocytosis rate for TAT-NEMO peptides treatment
in HCC cells.

105




7.4 IKKp and PD-1 co-targeting attenuates tumor progression in HCC

To evaluate the systemic antitumor efficacy of IKKJ targeting, both as a single agent and in
combination with PD1 blockade, we employed the HTVI model of hepatocarcinogenesis. This
model was selected because it generates HCC that recapitulates “immune-cold,” or non-
inflamed, tumor microenvironment, a phenotype known to be unresponsive to anti-PD-1
monotherapy, thus providing a stringent test for our combination strategy. We initiated
tumorigenesis by hydrodynamic injection of px330-sg-p53-,MYC-luc, and CMV-SB13
plasmids into 8-week-old male CD57BL/6 mice, which were then randomized into four
treatment groups based on bioluminescence signal before treatment initiation (Figure 7.4A).
Consistent with a previous report, anti-PD-1 mAb monotherapy was ineffective in tumor
control. In contrast, TAT-NEMOA®*® monotherapy showed a trend toward tumor growth
suppression, and the combined therapy was effective in reducing the tumor burden (Figure
7.4B-C). Importantly, this enhanced antitumor efficacy was not accompanied by overt systemic
toxicity, as evidenced by the insignificant body weight alterations in all treated mice throughout
the study period (Figure 7.4D). In line with our previous findings, IKKf and PD-1 co-targeting
resulted in enhanced macrophage recruitment into the HCC TME and stimulated their
activation, yet their contribution to the observed tumoral control remains to be studied (Figure

7.4E).
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Figure 7.4 Therapeutic potential for IKKp targeting. (A) Schematics showing the treatment

regimens. (B) Liver-to-body ratio for mice receiving different treatments at day 30 after HTVIL.

(n=5 for IgG2A, n= 6 for TAT-NEMOA¢?® and anti-PD-1 mAb, n=7 for combination group).

(C) Representative tumor images on day 30 after HTVI. (D) Mice's body weight in different

treatment groups. (E) Percent macrophage infiltration and expression of MHC molecules, co-

stimulatory markers in the macrophage population (n=3 for IgG2A group, n=4 for the

remaining groups). Data are shown as the mean = SEM (*p <0.05, **p <0.01, ***p <0.001; One

way ANOVA followed by Tukey’s multiple comparison test).
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7.5 Discussion

The results presented in the chapter demonstrated the therapeutic potential of a novel strategy
that simultaneously inhibits the IKKp/ NF-kB pathway and the PD-1/PD-L1 immune
checkpoint in HCC. Our data provide evidence, from molecular target validation to functional
in vitro synergy and to in vivo efficacy in an “immune-cold” tumor model. The foundation of
this approach lies in our initial finding that depletion of 7kbkb downregulates PD-L1 expression
in HCC (Chapter 5). In this chapter, we validate the functional link, showing that Ikbkb-loss
cells exhibit reduced binding for PD-1. Crucially, when this intrinsic reduction in PD-L1 was
combined with extrinsic blockade using recombinant PD-1 protein, we observed synergistic
enhancement of macrophage phagocytosis, resembling the effect of maximal pathway
inhibition. This also aligns with previous studies that PD-L1 functions as a critical anti-
phagocytic signal in HCC, and targeting both the upstream regulator, IKKP, and the
downstream receptor-ligand interaction can disrupt this immune evasion mechanism. This also
positions our strategy to potentiate both innate (macrophage phagocytosis) and adaptive (T-

cell cytotoxicity) immunity.

We then demonstrated that pharmacological inhibition of IKKp with TAT-NEMOA®® can
potentiate macrophage phagocytic clearance of tumor cells, resembling the effect observed in
gene depletion experiments. In a preclinical model, we demonstrated the therapeutic potential
of IKKp targeting with TAT-NEMOA®*P| which is deemed to slow tumor growth in cold
tumors. A primary benefit of using peptides rather than kinase inhibitors is their high specificity
and affinity for targeted molecules owing to their specific amino acid sequence, which
minimizes off-target effects and enhances therapeutic efficacy. Moreover, they are generally
less immunogenic than large protein inhibitors and are metabolized into natural amino acids,
preventing toxic metabolite accumulation. The third advantage is the cell-penetrable nature of
the TAT sequence, which enables cellular uptake by cancer cells to exert its effect

intracellularly.

Critically, the combinatorial approach with anti-PD-1 antibody demonstrated significant
synergy in tumor control without imposing overt systemic toxicity. These results support our
central premise that IKKf} inhibition can remodel the immunosuppressive TME and potentially
convert a cold, PD-1-resistant tumor into a responsive state. Taken together with our previous
findings, this synergy likely stems from IKKJ inhibition mitigating barriers to immunotherapy,

including preventing HCC cell evasion from phagocytosis and enhancing antigen presentation
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and T cell responses, thereby allowing PD-1 blockade to more effectively provoke pre-existing
or newly primed T-cell responses. Despite these interesting findings, the precise immune subset
changes within the TME following combination therapy, particularly the functional status of
the T cell repertoire, require deeper characterization by immune phenotyping, which will be
conducted subsequently. Furthermore, the long-term durability of the response and potential
acquired resistance remains to be investigated. In this pilot study, the peptide was administered
every two days and one day prior to anti-PD-1 treatment. Future optimization of the dosing
schedule is required to determine whether a combination or sequential therapy regimen yields
superior immunostimulatory effects. From clinical development perspective, both agents are
amenable to systemic administration. Anti-PD-1 antibodies are routinely delivered through
intravenous (I'V) infusion using well established dosing schedule, i.e. 240mg every two weeks.
TAT-NEMO*"*_ as a peptide therapeutic, could similarly be administrated via IV infusion,

prior to the checkpoint inhibitor, allowing for systemic exposure and precise dose escalation.
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CHAPTER 8 Conclusion & Future Perspectives
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The investigation of macrophage targeting in HCC was motivated by its unique therapeutic
potential. Their abundance, functional plasticity, and pivotal role in bridging innate and
adaptive immunity present a compelling but underexplored area for HCC treatment. This study
employed a pooled CRISPR-Cas9 knockout screen targeting the mouse kinome to
systematically identify the genes regulating the susceptibility of HCC cells to macrophage-
mediated phagocytosis. Our screening and validation experiments identified /kbkb (IKKp) as
the master regulator of phagocytic evasion in HCC. Genetic ablation of Ikbkb sensitizes cancer
cells to phagocytic clearance in both murine and human cells and mouse models, an effect that
translates to significant in vivo tumor control. Critically, the in vivo reliance on macrophages
for tumor clearance was proven by a macrophage-ablation experiment, which completely
reversed the therapeutic benefit of the pro-phagocytic phenotype. Mechanistically, we have
shown that Tkbkbs suppresses cancer cell phagocytosis by supporting surface expression of
antiphagocytic proteins, CD47 and PD-L]1, potentially through the canonical NF-kB pathway.
While IKK is frequently reported to promote cancer cell survival, our findings revealed no
measurable impact of 7kbkb depletion on cell proliferation, both in vitro and in vivo. This
suggests that the potent antitumor effects we observed are not primarily mediated by halting
cell division but rather driven by enhanced immune surveillance by macrophages, based on our
in vivo findings. However, the potential role of IKKp in regulating cancer stemness, a function
well-established for its downstream NF-xB pathway, remains a plausible and important avenue

for future investigation.

Following the observation that /kbkb depletion in cancer cells drives a macrophage phenotypic
shift towards an antitumor state (marked by increased CD80/86 expression), we examined the
broader immunomodulatory consequences of this reprogramming on the TME. In HCC, TAMs
possess a profoundly immunosuppressive phenotype that promotes tumor progression and
actively inhibits adaptive immunity, particularly T-cell activity, as corroborated by the
literature and single-cell dataset analyses. We therefore anticipated that such a phenotypic shift
would alleviate this suppressive pressure and thereby potentiate the function of other immune
subsets within the TME. We demonstrated that hepatocyte-specific Tkbkb overexpression
accelerates hepatocarcinogenesis and actively engineers a profoundly immunosuppressive
TME, characterized by impaired innate immune cell infiltration and function, alongside a
blunted adaptive immunity. Conversely, Ilkbkb depletion in cancer cells on an
immunocompetent, orthotopic model produced a dramatic antitumor effect. This efficacy was

underpinned by a remodeled TME featuring increased infiltration of antitumor macrophages

111



characterized by elevated antigen-presentation or costimulatory molecules (MHCI/IT). These
changes likely orchestrated the robust recruitment of proliferating T and Th17 cells into the
tumor, leading to effective immune-mediated tumor eradication. Our data indicates that cancer
cell-intrinsic Ikbkb depletion remodels the TME to a more immunogenic state. However, the
observed association between antitumor macrophage polarization and enhanced T-cell activity
remains correlative. More definitive approaches, like macrophage-ablation experiment, are
required to provide causal evidence that macrophage repolarization and adaptive immunity
activity. Moreover, our data showed that /kbkb loss potentiated the systemic immune response,
leading to enhanced cross-presentation of tumor antigen (OVA) by splenic macrophages.
Critical downstream consequences, that is, functional expansion and activation of OVA-

specific Tc cells, remain to be quantified and characterized.

The translational potential of this strategy is underscored by the synergistic tumor control
achieved by combining the pharmacological IKK inhibitor TAT-NEMOA¢®P with anti-PD-1
therapy in a model of immunotherapy-resistant HCC. This combination successfully addresses
primary resistance to checkpoint blockade by simultaneously dampening the cancer cell’s
defensive shield and disrupting immunosuppressive interactions in the TME. Despite this
observed preclinical efficacy and a favorable initial toxicity profile, given that the IKKB/NF-
kB pathway is a key signaling hub for the function and survival of immune cells, future studies
should precisely delineate the immune subset changes induced by the combination approach
and investigate its long-term durability. Furthermore, the immune mechanisms of response and
resistance require further investigation. While we demonstrated the TAM phenotypic shift and
CD8+ T cell response, single-cell RNA sequencing of the TME before and after treatment
could reveal a finer shift in macrophage subsets, dendritic cell states, and T cell activation or
exhaustion. Understanding these dynamics will help identify compensatory resistance
pathways that may emerge or expand in other immunosuppressive subsets. This knowledge
can inform the design of rational treatment regimens, potentially adding additional agents to

counteract potential escape mechanisms.

Taken together, this study illustrates that IKK[ is a master regulator of immune evasion and
positions its inhibition as an effective strategy to reprogram the TME. Future investigations
should examine adaptive response potentiation, long-term efficacy, resistance, and rational
combinations. By addressing these issues, the promising synergy between IKKf and PD-1
inhibition can be translated into an efficacious treatment option for patients with advanced, and

possibly immunotherapy-resistant, HCC.
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