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The aberrant activation of Wnt/p-catenin signaling in tumor cells and immune cells in the tumor
microenvironment (TME) promotes malignant transformation, metastasis, immune evasion, and
resistance to cancer treatments. The increased Wnt ligand expression in TME activates p-catenin
signaling in antigen (Ag)-presenting cells (APCs) and regulates anti-tumor immunity. Previously,
we showed that activation of Wnt/p-catenin signaling in dendritic cells (DCs) promotes induction
of regulatory T cell responses over anti-tumor CD4" and CD8" effector T cell responses and
promotes tumor progression. In addition to DCs, tumor-associated macrophages (TAMs) also
serve as APCs and regulate anti-tumor immunity. However, the role of p-catenin activation and its
effect on TAM immunogenicity in TME is largely undefined. In this study, we investigated
whether inhibiting f-catenin in TME-conditioned macrophages promotes immunogenicity. Using
nanoparticle formulation of XAV939 (XAV-Np), a tankyrase inhibitor that promotes p-catenin
degradation, we performed in vitro macrophage co-culture assays with melanoma cells (MC) or
melanoma cell supernatants (MCS) to investigate the effect on macrophage immunogenicity. We
show that XAV-Np-treatment of macrophages conditioned with MC or MCS significantly upre-
gulates the cell surface expression of CD80 and CD86 and suppresses the expression of PD-L1 and
CD206 compared to MC or MCS-conditioned macrophages treated with control nanoparticle
(Con-Np). Further, XAV-Np-treated macrophages conditioned with MC or MCS significantly
increased IL-6 and TNF-a production, with reduced IL-10 production compared to Con-Np-treated
macrophages. Moreover, the co-culture of MC and XAV-Np-treated macrophages with T cells
resulted in increased CD8" T cell proliferation compared to Con-Np-treated macrophages. These
data suggest that targeted p-catenin inhibition in TAMs represents a promising therapeutic
approach to promote anti-tumor immunity.
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1. Introduction

Melanoma is a highly metastatic and fatal tumor responsible for most skin cancer-associated deaths [1,2]. Melanoma can be treated
successfully with an improved survival rate if diagnosed in the early stages [3-7]. Conversely, highly aggressive melanomas with
metastasis to distant secondary locations are very difficult to treat, leading to a significantly diminished median survival rate [3-7].
Conventional melanoma therapies include surgical dissection, chemotherapy, and radiation therapy [3-5]. However, these thera-
peutic strategies cause severe systemic side effects, fail to induce protective long-term anti-tumor immunity, and are moderately
successful in late-stage metastatic melanomas [3-5,7]. Recent advances in cancer immunotherapy, particularly immune checkpoint
blockade (ICB) therapies targeting co-inhibitory receptors and ligands such as PD-1 (nivolumab), CTLA4 (ipilimumab), and PD-L1
(atezolizumab), have transformed melanoma treatment with a significant increase in median survival rate [5,7-11]. However, only
a subset of patients with active T cell infiltration in the TME benefits from these immunotherapies [5,8-10,12,13]. The partial
effectiveness of ICB immunotherapies in a subgroup of patients is attributed to the reduced infiltration and induction of tolerance in
TME DCs, which results in reduced activation of effector T cell responses [12-16]. Thus, there is an urgent need to develop novel
combinatorial ICB therapeutic approaches that can promote APC immunogenicity, T-cell infiltration and activation, anti-tumor im-
munity, and effectiveness in a broad pool of patients, refractory to mono/combination ICB therapies.

Tumors employ multiple molecular and cellular mechanisms to evade anti-tumor immunity. These include apoptotic over necrotic
immunogenic cell death (ICD), production of immunoregulatory molecules, suppression of APCs and T cell-mediated effector anti-
tumor immune responses [15,17-22]. Our past studies have shown that melanoma activates Wnt/f-catenin signaling in tumor resi-
dent DCs to induce tumor immune tolerance and suppresses host anti-tumor immunity [23,24]. The Wnt/f-catenin signaling pathway
is essential for normal cell growth, survival, proliferation, and immune cell function [25,26]. Wnts are the secretary glycoproteins that
bind to the Frizzled receptors (Fzd) and activate the canonical -catenin signaling pathway [27]. Wnt-mediated canonical signaling
promotes B-catenin accumulation in the cytoplasm, followed by its nuclear translocation to initiate the targeted gene expression [25,
27]. Our past studies have shown that increased Wnt ligands expression in TME and tumor-draining lymph nodes (TDLNs) activates
B-catenin in DCs, causing increased retinoic acid (RA) and IL-10 production, whereas diminished inflammatory cytokine production
(IL-6, IL-23p19, IL-12p35, and TNF-a) [23,24,28]. This differential cytokine production by DCs in TME/TDLNs promotes the induction
of Treg over cytotoxic effector CD4" and CD8" T cells responses [24]. However, whether increased Wnt ligands in TME regulate
TAMs-mediated anti-tumor responses is still poorly defined.

TAMs promote tumor progression through numerous mechanisms, including angiogenesis, metastasis, the release of growth fac-
tors, and suppression/evasion of anti-tumor immune responses [29,30]. Indeed, the increased infiltration of TAMs in TME of many
different types of tumors is associated with poor prognosis [31-34]. Tumors promote an alternatively activated M2 phenotype in TME
macrophages to promote angiogenesis and inhibit anti-tumor immunity [35,36]. Due to their plastic nature, TAMs can be reprog-
rammed to an immunogenic phenotype, which represents a promising therapeutic target in cancer management, including melanomas
[30,37-39]. Thus, understanding the molecular and cellular mechanisms in TAMs that promote tumor malignancy and suppression of
anti-tumor immunity can identify novel therapeutic targets to develop better, safe, and more effective anti-tumor therapies against
many deadly cancers. Our past studies demonstrated that p-catenin signaling in TME APCs suppresses the induction of CD4* and CD8™"
T cell-mediated anti-tumor immunity [23,24]. Further, a recent study showed that activation of f-catenin signaling in tumor cells
suppresses the expression of CCL4, a chemokine that promotes the migration of CD103" DCs, monocytes, and T cells in TME [16].
Thus, active B-catenin signaling in tumor cells regulates APCs and T cell migration and is associated with resistance to ICB therapies
[40,41]. Although the role of Wnt/p-catenin signaling in DCs in the induction of immune tolerance and CD8" T-cell exclusion in TME is
known, whether f-catenin signaling regulates the immunogenicity of TAMs and T-cell mediated immunity remains poorly understood.

In this study, we used a nanoparticle-based formulation of XAV939, a small molecule inhibitor of tankyrase, to investigate whether
inhibiting B-catenin in macrophages from TME can promote immunogenicity. We used FDA-approved p-a-tocopheryl polyethylene
glycol 1000 succinate (TPGS), a non-ionic surfactant synthesized from Vitamin E and PEG 1000 esterification [42], to generate
XAV-Np. TPGS is a potent solubilizer and emulsifier, enhances cellular uptake, acts as an adjuvant, and is commonly used to formulate
anti-cancer drugs for nanoparticle-based delivery approaches [43-47]. Using bone-marrow-derived macrophages (BMDM:s) co-culture
with MC or MCS, we show that XAV-Np promotes immunogenicity in TME-conditioned macrophages by suppressing the cell surface
expression of PD-L1 and CD206 and increased expression of CD80 and CD86 compared to Con-Np-treated TME-conditioned macro-
phages. Further, XAV-Np-treatment significantly increased the production of TNF-a and IL-6, whereas it suppressed IL-10 production
by TME-conditioned macrophages. Further, co-culture of XAV-Np-treated TME-conditioned macrophages with T cells showed
increased CD8™ T cell proliferation compared to Con-Np-treated TME-conditioned macrophages. Collectively, these data suggest that
p-catenin inhibition in TAMs can promote anti-tumor immunity by promoting macrophage immunogenicity and increased CD8" T
cell-mediated anti-tumor responses. Since, active f-catenin signaling in TME (melanoma cells and DCs) is linked with T cell-deficient
phenotype and resistance to ICB therapies [16], combining ICB with targeted delivery of XAV-Np to TAMs and DCs could promote
immunogenicity, T-cell infiltration, and promote anti-tumor immunity in patients showing resistance to currently approved ICB
therapies.

2. Material and methods
2.1. Materials: cell lines & mouse

B16F10 mouse melanoma cell line was cultured in complete DMEM (Dulbecco’s Modified Eagle’s Medium, with 4.5 g/L Glucose,
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10% heat-inactivated FBS, 2 mM r-glutamine, HEPES, Sodium pyruvate, Sodium bicarbonate, 2-ME, MEM Non-essential amino acid,
strepto-penicillin) at 37 °C in CO2 (5%) incubator. C57BL/6 mice (6-8 weeks) were purchased from Jackson Laboratory (Bar Harbor,
ME). Mice were maintained at the animal facility in the College of Veterinary medicine, Auburn University, Auburn, AL.

2.2. Drugs, reagents, and antibodies

XAV939 was purchased from Selleckchem (Catalog #S1180). The following dyes/conjugated antibodies were used for the flow
cytometry analysis. LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit (Cat: L34959; Invitrogen) was used to exclude dead cells. Cell
surface staining was performed using Biolegend® antibodies such as CD11b-PerCPCy5.5 (M1/70), CD80-BV421 (16-10A1), CD86-APC
(GL-1), CD206-FITC (C068C2) and PDL1-PECy7 (10F.9G2) or Isotypes, Mouse IgG1, k - PECy7 or BV421, and Rat IgG2a, k conjugated
with FITC or APC. Anti-mouse CD16/CD32 monoclonal antibody (clone 93) (eBioscience™) was used as an Fc blocker.

2.3. Preparation and characterization of XAV-Np and Con-Np

XAV939-loaded micelles were prepared using the film-dispersion method described previously [48]. At first, 10 mg XAV939 was
dissolved in the 4 mL mixed solvent (1 mL acetone and 3 mL DCM), then sonicated for 10 minutes to fully dissolve the drug. 1 mL of
drug mixed with 1 mL of 37.5 mg/mL tocopheryl polyethylene glycol 1000 succinate (TPGS). Then the mixture was rotor evaporated in
a round-bottom flask at 42 °C. After that, PBS was used to hydrate the formed homogeneous thin drug—polymer film. The loading
concentrations of XAV939 in the micelles were quantified by UV-VIS absorbance using Nanodrop. Dynamic laser scattering (DLS)
(Zetasizer, Malvern) was used to measure the size of XAV-Np and Con-Np. The morphology of the XAV-Np and Con-Np was analyzed
using a high-resolution transmission electron microscope (HRTEM) (FEI Tecnai F-20). Further, the size change of XAV-Np and Con-Np
in PBS containing FBS (10%) was determined at 25 °C and 37 °C at different time points.

2.4. Bone marrow-derived macrophages (BMDMs) culture

We isolated and differentiated the bone marrow (BM) cells as described previously with slight modifications [49]. Briefly, bone
marrow from mouse femurs and tibia was flushed with PBS using a syringe with a 27-gauge needle. A single-cell suspension was
prepared by passing the suspension several times through a 70-pm cell strainer using a syringe with a 23-gauge needle. ACK lysis buffer
was used to lyse red blood cells in the suspension. BM single cells were resuspended with L929 conditioned medium (20% L929 cell
supernatant, RPMI supplemented with 10% heat-inactivated FBS), counted, and seeded into the cell culture flasks. The flasks were
maintained for 7 days at 37 °C in a COy (5%) incubator. 1L.929 conditioned media was replenished every 3 days. On day 7 post culture,
adhered macrophages were harvested using 5 mM EDTA in PBS solution.

2.5. TME-conditioned macrophage co-culture assays

Past studies have shown that tumor, stromal, and other immune and non-immune cells in TME secrete Wnt ligands which act in an
autocrine and paracrine manner to activate p-catenin signaling [26,50]. To mimic in vivo TME and TAMs, we treated BMDMs with MC
or MCS and performed co-culture assays using widely-used and well-accepted in vitro co-culture assays as described previously with
slight modifications [51,52]. Briefly, BMDMs (1 x 10°cells/well) were seeded in a 96-well low-binding tissue culture plate. BMDM
were treated with XAV-Np or Con-Np for 1-2 hours. Next, the MC or the MCS (obtained from melanoma cells cultured for 7 days) was
added to the BMDMs for 3 hours to generate TME-conditioned macrophages. The BMDMs were further stimulated with lipopoly-
saccharide (LPS) (100 ng/mL) for 20 hours to promote the expression of co-stimulatory/co-inhibitory ligands on the cell surface and
stimulate cytokine production. After incubation, the cell culture supernatants were collected to measure the cytokines, and the cells
were used for flow cytometry analysis.

In a separate experiment, MCs (5 x 10%cells/well) were treated with XAV-Np or Con-Np for 20 hours. The MCs were washed 4 times
with PBS and co-incubated with BMDMs (1 x 10°cells/well). Cells were further stimulated with LPS and incubated for another 20
hours in L929 conditioned media at a 37 °C incubator supplemented with 5% CO4_Co-culture assay supernatants were collected and
stored at —20 °C until further use for cytokine analysis by ELISA. Next, cells were washed with PBS and stained with LIVE/DEAD stain.
TME-conditioned macrophages were blocked using anti-mouse CD16,/CD32 monoclonal antibody (clone 93) (eBioscience™). The cell
surface staining was performed using CD11b-PerCPCy5.5 (M1/70), CD80-BV421 (16-10A1), CD86-APC (GL-1), CD206-FITC (C068C2)
and PDL1-PECy7 (10F.9G2) or isotypes, mouse IgG1, k - PECy7 or BV421, and Rat IgG2a, k antibodies conjugated with FITC or APC.
Cells were acquired using a BD LSR II flow cytometer, and the data analysis was performed using FlowJo software (Tree Star, Ashland,
OR).

2.6. ELISA

Cell culture supernatants from the TME-conditioned macrophage co-culture assays were analyzed for immunogenic (IL-6 and TNF-
o) and immunoregulatory (IL-10) cytokines using commercially available ELISA kits according to the manufacturer’s protocols
(Invitrogen).
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2.7. T cells proliferation assay

BMDMs (2 x 10* cells/well) were co-cultured with MC (4 x 10* cells/well) in the presence or absence of XAV-Np (2 pM) and Con-
Np for 16 hours. Next, co-cultured cells were stimulated with LPS (5 ng/mL) for 4 hours, followed by four times washing with PBS. The
total T cells were isolated from the mouse spleen and lymph nodes per the manufacturer’s protocol (STEMCELL technologies, CA).
Next, carboxyfluorescein succinimidyl ester (CFSE; Invitrogen)-labeled T cells (1 x 10° cells/well) were co-cultured with the TME-
conditioned macrophages treated with Con-Np or XAV-Np for 96 hours at 37 °C. Finally, cells from co-culture assays were washed
and stained with CD4-APC (GK1.5) and CD8-PE-Cy7 (53-6.7) antibodies (Invitrogen) followed by acquisition using a BD LSR II flow
cytometer and data analysis to characterize T-cell proliferation using FlowJo software (Tree Star, Ashland, OR).

2.8. Statistics

GraphPad Prism (GraphPad Software Inc., San Diego, CA) was used for statistical analysis. Statistical significance was calculated
using a non-parametric student’s t-test or one-way ANOVA with Tukey’s multiple comparisons post hoc test. All experiments were
repeated at least 2 times independently. The error bars show mean + SEM. The differences between different groups were considered
statistically significant at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 1. Synthesis and the characterization of XAV-Np and Con-Np. (A) Chemical structure of XAV939. (B) Chemical structure of TPGS. (C)
Structure of XAV-Np. Morphological analysis of the Con-Np (D) and XAV-Np (E) by HRTEM (magnification- 10000). Dynamic light scattering
analysis of Con-Np (F) and XAV-Np (G) showing the size of 40.6 + 0.13 nm and 41.7 + 0.18 nm, respectively. The stability of Con-Np (H) and XAV-
Np (I) in serum-containing PBS was determined by the change in particle size (nm) at 25 °C and 37 °C for different time intervals. n = 3, Error bar
shown mean + SEM.



C. Pundkar et al. Heliyon 9 (2023) e16688
3. Results
3.1. Formulation and characterization of XAV-Np and Con-Np

Our recent studies demonstrated that increased Wnt ligands expression in TME promotes immune tolerance by activating p-catenin
signaling in DCs [23,24]. We showed that the pharmacological inhibition of p-catenin during melanoma progression using XAV939
significantly suppresses tumor growth through increased induction of effector CD4" and CD8™ T cell responses over immunoregulatory
Treg responses [24]. The XAV939 is a small molecule inhibitor of tankyrase (Fig. 1A), an enzyme involved in stabilizing Axin in
Wnt/f-catenin signaling [53]. Axin is a scaffolding protein critical for assembling the destruction complex that promotes the degra-
dation of the p-catenin [53]. XAV939 induces apoptosis in cancer cells and has been used as an anti-cancer agent [54-60]. Due to low
water solubility, XAV939 is dissolved in organic solvents such as DMSO for various in vitro and in vivo studies [24,61-63]. However,
these organic solvents are toxic and cause many systemic side effects [64,65]. Past studies have shown that TPGS-based nanoparticle
formulation of small molecule drugs enhances cellular uptake by macrophages and tumor cells and can be synthesized using
cell-specific ligands for targeted delivery to minimize off-target side effects [66,67]. TPGS is amphiphilic and promotes intracellular
uptake through endocytosis [43-47]. Thus, we used a TPGS-based nanoparticle (Fig. 1B—C) micelle formulation as described in our
previous studies [68,69]. We formulated XAV-Np and empty nanoparticles (Con-Np) micelles using a film-dispersion method, as
described in our recent publications [48,60,68]. We analyzed the morphology of the Con-Np and XAV-Np using HRTEM (Fig. 1D and
E). Next, we used dynamic laser scattering (DLS) to measure the size of Con-Np and XAV-Np. As shown in Fig. 1F and G, Con-Np had a
size of 40.6 + 0.13 nm, and XAV-Np had a size of 41.7 + 0.18 nm. Further, we measured the serum stability of both Con-Np and
XAV-Np at 25 °C and 37 °C for 72 hours in 10% serum-containing media. Both nanoparticle formulations were stable with no sig-
nificant change in size over 72 hours (Fig. 1H and I). These data confirmed the size and stability of XAV-Np and Con-Np, which was
used in subsequent TME-conditioned macrophage immunogenicity analysis experiments.
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Fig. 2. XAV-Np promotes TME-conditioned macrophage immunogenicity. (A) Schematic diagram of the experiment plan (Created with
BioRender.com). Bone marrow stem cells collected from C57BL/6 mice were cultured in L929 conditioned media for 7 days. Differentiated BMDMs
were treated with 2 pM of XAV-Np, or Con-Np in the presence or absence of MCS, followed by LPS stimulation (100 ng/mL) for 20 hours. The mean
fluorescence intensities (MFI) of co-stimulatory and co-inhibitory molecules on BMDMs surface were analyzed by flow cytometry. Bar graphs
indicate the MFIs of CD80 (B), CD86 (C), CD206 (D), and PD-L1 (E) in unstimulated macrophages compared to different stimulatory conditions.
Data are derived from two independent experiments. n = 4, Error bar shown mean + SEM. ns, non-significant, *P < 0.05, ***P < 0.001, and ****p
< 0.0001 (One-way ANOVA with multiple comparisons).
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3.2. XAV-Np treatment differentially regulates the cell surface expression of co-stimulatory and co-inhibitory ligands in TME-conditioned
macrophages

For efficient induction of Ag-specific effector CD4* and CD8™" T cell responses, activated or mature APCs deliver three signals to
naive T cells. These include i) Ag presentation on MHC molecules (MHC-I for CD8" and MHC-II for CD4™ T cells), ii) co-stimulation
through increased co-stimulatory ligands (CD80/CD86) expression that bind to co-stimulatory receptors (CD28) on T cells, and iii)
increased production of cytokines (IL-6, IL-12, IL-23, IL-4) that defines the differentiation and effector function of CD4" and CD8* T
cells [70,71]. Further, APCs regulate the effector functions of activated T cells in the TME [72,73]. However, tumors promote immune
evasion through the induction of immunoregulatory over immunogenic phenotype in TDLN and TME APCs [74,75]. Tolerogenic APCs
in TME are characterized by reduced co-stimulatory ligands (CD80, CD86) expression, increased co-inhibitory ligands (PD-L1, PD-L2)
expression, secretion of immunoregulatory (IL-10, TGF-p, RA) over immunogenic (IL-1p, IL-6, IL-12, IL-23) cytokines, activation of
immunoregulatory signaling pathways (IDO, f-catenin), diminished tumor Ag uptake and presentation, and increased Treg over
cytotoxic CD4"/CD8™" T cell responses [24,76]. In addition to DCs, TAMs also serve as APCs and regulate anti-tumor immunity [72,
77]. Moreover, melanoma promotes CD206 and PD-L1 expression on the TAMs as a part of immune evasion [78,79]. Although our and
others’ past studies demonstrated that f-catenin inhibition during melanoma progression regulates DCs to promote anti-tumor im-
munity, the role of p-catenin signaling in TAMs and its effect on TAM immunogenicity is poorly understood [23,24,76]. Thus, to
investigate the impact of p-catenin inhibition on macrophage immunogenicity, we performed in vitro studies using TME-conditioned
macrophages in the presence or absence of XAV-Np and Con-Np. These in vitro TME-conditioned macrophages acquire an immuno-
suppressive phenotype closely resembling in vivo TAMs compared to M2 macrophages generated or stimulated using IL-4/IL-10 [80,
81]. First, we generated BMDMs for 7 days using L929 media and pre-treated these macrophages with XAV-Np or Con-Np for 1 hour in
96 well in a 37 °C incubator (Fig. 2A). Next, to investigate the effect of melanoma cell-secreted Wnt ligands on macrophage immu-
nogenicity and the impact of B-catenin inhibition, we added MCS to these nanoparticle-treated macrophages followed by LPS stim-
ulation for 20 hours. We did not observe detectable cytokine production without LPS stimulation in no treatment and MCS-conditioned
macrophages treated with or without XAV-Np or Con-Np (data not shown). Thus, we stimulated TME-conditioned macrophages with
toll-like receptor 4 (TLR4) ligand (LPS) to measure cytokine production and phenotypic characterization of cell surface markers using
ELISA and flow cytometry, respectively. As shown in Fig. 2B and S1A, we noted a significantly increased CD80 (co-stimulatory ligand)
on MCS-conditioned macrophages treated with XAV-Np compared to MCS-conditioned macrophages or
MCS-conditioned-Con-Np-treated macrophages. Although we noted a significantly increased expression of CD86 on XAV-Np-treated
MCS-conditioned macrophages compared to Con-Np-treated MCS-conditioned macrophages, there was no significant change
compared to the control MCS-conditioned macrophage group (Fig. 2C, S1B). Further, we noted a slight decrease in CD206 (mannose
receptor, M2 TAM marker) expression in XAV-Np-treated MCS-conditioned macrophages compared to control groups [82]. However,
the differences were not statistically significant compared to Con-Np-treated TME-conditioned macrophage or TME-conditioned
macrophage groups (Fig. 2D, S1C). In contrast to co-stimulatory ligand expression, we noted a substantial decrease in PD-L1 (co-in-
hibitory ligand) expression on XAV-Np-treated MCS-conditioned macrophages compared to Con-Np-treated or no treatment
MCS-conditioned macrophage groups (Fig. 2E, S1D). Collectively, these data suggest that cancer cell-secreted immunoregulatory
factors in TME can act in a paracrine manner to regulate macrophage cell surface phenotype, and the selective inhibition of §-catenin in
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Fig. 3. XAV-Np treatment differentially regulates cytokine production by TME-conditioned macrophages. Differentiated BMDMs were
treated with 2 pM of XAV-Np, or Con-Np in the presence or absence of MCS, followed by LPS stimulation (100 ng/mL) for 20 hours. The culture
supernatant was used to determine cytokine levels by sandwich ELISA. Bar graphs show the protein levels of IL-6 (A), TNF-a (B), and IL-10 (C) in
unstimulated BMDM culture supernatant compared to different stimulatory conditions. Data are derived from two independent experiments. n = 4,
Error bar shown mean + SEM. ns, non-significant, *P < 0.05, and ****P < 0.0001 (One-way ANOVA with multiple comparisons).
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TME macrophages can differentially promote co-stimulatory ligand (CD80) and inhibit co-inhibitory ligand (PD-L1) expression.

3.3. XAV-Np treatment differentially regulates inmunoregulatory and immunogenic cytokine production by macrophages conditioned with
tumor supernatants

In addition to differential expression of co-stimulatory and co-inhibitory ligands on APCs [15], TME promotes the production of
immunoregulatory molecules such as IL-10, RA, and TGF-p to selectively induce Treg responses over effector T cell responses [83].
Recently, we showed Wnt ligands in TME activate p-catenin signaling in DCs to differentially regulate effector versus regulatory T cell
responses through increased cell surface expression of co-inhibitory molecules on APCs, increased production of RA, TGF-f, and
decreased production of TNF-a, IL-6, and IL-12 by DCs [24]. Therefore, we investigated whether XAV-Np treatment in
MCS-conditioned macrophages promotes inflammatory cytokine production over regulatory molecules. As shown in Fig. 3A-B,
XAV-Np treatment of MCS-conditioned macrophages significantly promoted the production of IL-6 (Fig. 3A) and TNF-a (Fig. 3B)
compared to MCS-conditioned macrophages treated with or without Con-Np. In contrast, we noted a complete inhibition of IL-10
production by XAV-Np-treated MCS-conditioned macrophages compared to control groups (Fig. 3C). These data suggest that
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targeted f-catenin inhibition in TME macrophages using XAV-Np can promote immunogenic cytokine production and overcome
TME-induced immunoregulatory cytokine production.

3.4. XAV-Np treatment promotes immunogenic phenotype in macrophages co-cultured with tumor cells

In Figs. 2 and 3 experiments, we investigated the effects of MCS-mediated paracrine p-catenin activation and XAV-Np-mediated
B-catenin inhibition in TME macrophage. Macrophages in TME also perform phagocytosis and engulf rapidly proliferating
apoptotic tumor cells [84]. Thus, the phagocytosis of tumor cells, Ag processing and presentation on MHC molecules, and cytokine
production define the magnitude of tumor-specific effector T-cell responses [85]. Thus, we performed the next series of experiments to
elucidate these functions using MC-macrophage co-culture assays. For selective inhibition of f-catenin in macrophages, we pre-treated
BMDMs with XAV-Np or Con-Np for 2 hours, followed by multiple washes with PBS to remove nanoparticles. Next, we added MC to
macrophages and stimulated co-cultures with LPS for 20 hours (Fig. 4A). We measured macrophage cell surface expression of CD80,
CD86, CD206, and PD-L1 by flow cytometry and analyzed cytokine production by ELISA. As shown in Fig. 4B-C, the co-culture of
macrophages with MC in the presence of XAV-Np resulted in significantly increased expression of CD80 and CD86 compared to control
macrophages co-cultured with MC in the presence or absence of Con-Np. In contrast, we noted a significant reduction in CD206 and
PD-L1 expression on XAV-Np-treated macrophages co-cultured with MC compared to no treatment and Con-Np-treated macrophages
co-cultured with MC (Fig. 4D-E). The XAV-Np treatment not just differentially regulated the cell surface expression of co-stimulatory

A
Con-Np/ PBS wash
XAV-Np (4x)
LPS
2uM
(2uMm) BMDM (100 ng/mL)
v v Flow
v cytometry
analysis of
200 20hr. BMDMs
r. g
i ® ~—p andELISA
sissasis| 3 |
) : < supernatant
MC
B C D E
2000 1000 2500 16000 —
* 800 —e 2000{ = A
1500 12000
o= © ~ 600 N o — 1500 - =
ST ® T c i
a2 £ 1000 os s A S 8000
oS [SR=4 o< a<
400 1000
500 4000
200 500
o o o 0
mC + + mc + + mc + + MmC + +
Con-Np + - Con-Np + - Con-Np + - Con-Np + -
XAV-Np - + XAV-Np - + XAV-Np - + XAV-Np +
BMDM + + BMDM + + BMDM + + BMDM + +
LPS + + LPS + + LPS + + LPS + +
F G H
3200 R — 1800 ns 1200
A —
A i
1000:
Iy . ns
2400 s L
_ __ 1200 . __ 800 i
- ? =) A o =)
3 %, 1600 z %, * 3 ‘Ea 600 A
4 Fe s
600 400
800
200
0 0 o
e + + e . + e + +
ConNp . . ConNp N . ConNp +
XAV-Np - . XAV-Np . + XAVNp . .
BMDM . . BMOM N + BMOM + +

LPS + + LPs + + LPs + +

Fig. 5. XAV-Np treatment in MCs regulates macrophage immunogenicity. The MCs were treated with 2 pM XAV-Np or Con-Np. After 20 hours
of the treatment, MCs were washed with PBS. Differentiated BMDMs were co-cultured with B16F10 cells, followed by LPS stimulation (100 ng/mL)
for 20 hours. The expression of co-stimulatory and co-inhibitory molecules on BMDMs were analyzed by flow cytometry. (A) Schematic diagram of
experiment plan (Created with BioRender.com). Graphs indicate the MFIs of CD80 (B), CD86 (C), CD206 (D), and PD-L1 (E) in macrophages co-
cultured with MCs treated with Con-Np or XAV-Np. The culture supernatant obtained from the co-culture assay was analyzed for cytokine levels.
Graphs indicate the protein levels of IL-6 (F), TNF-a (G), and IL-10 (H) in macrophages co-cultured with MCs treated with Con-Np or XAV-Np. Data
are derived from two independent experiments. n = 4, Error bar shown mean + SEM. ns, non-significant, ****P < 0.0001 (Student’s t-test).


http://BioRender.com

C. Pundkar et al. Heliyon 9 (2023) e16688

and co-inhibitory molecules but also showed differential effector cytokine production. Similar to earlier MCS co-culture studies, we
noted a significantly increased production of IL-6 and TNF-a and reduced IL-10 secretion by XAV-Np-treated macrophages co-cultured
with MC compared to no treatment or Con-Np-treated macrophages co-cultured with MC (Fig. 4D-E). Since monocytes from circu-
lation continuously infiltrate the TME, selective p-catenin inhibition in circulatory monocytes/TME macrophages can promote
immunogenic phenotype and enhance anti-tumor immunity when macrophages come in direct contact with tumor cells in TME.

3.5. XAV-Np treatment in melanoma cells regulates macrophage immunogenicity

XAV939 inhibits tankyrase 1, which is a member of poly (ADP-ribose) polymerase (PARP) superfamily [53]. Tankyrase 1-mediated
poly ADP-ribosylation of Axin promotes Axin-1 degradation and increases intracellular f-catenin levels [53]. Many tumor cells pro-
mote the expression of tankyrase 1, resulting in increased f-catenin activation and tumor progression [86]. Furthermore, previous
studies have shown that XAV939 treatment inhibits tumor cell proliferation and promotes tumor cell death [60,87,88]. Thus, we
explored whether selective inhibition of f-catenin in tumor cells regulates macrophage effector functions in TME. To investigate this,
we pre-treated MC with XAV-Np or Con-Np for 20 hours, followed by multiple washes to remove nanoparticles. Next, we co-cultured
these nanoparticle-treated MC with BMDMs and analyzed the macrophage cellular phenotype and effector cytokine production post
20 hours of LPS stimulation (Fig. 5A). As shown in Fig. 5C, there was significantly increased CD86 expression on macrophages
co-cultured with XAV-Np-treated MC compared to macrophages co-cultured with Con-Np-treated MC. We did not observe any sig-
nificant differences in the expression of other cell surface markers (CD80, CD206, and PD-L1) or cytokine production (IL-6, TNF-a, and
IL-10) by macrophages co-cultured with XAV-Np or Con-Np-treated MC (Fig. 5B, D, E, F, G, and H). These data suggest that although
XAV939 has direct anti-cancer properties, inhibiting f-catenin in melanoma cells alone may not be sufficient to increase the macro-
phage immunogenicity in the TME.
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3.6. XAV-Np treatment in macrophages promotes T-cell proliferation

Since APCs, including TAMs, in TME capture tumor Ags and present to naive T cells in TDLNs [89-92], we investigated whether
B-catenin inhibition in macrophage-MC co-culture assays affect macrophage-mediated naive T cell proliferation. To investigate, we
co-cultured macrophages (2 x 10* cells/well) with MC (4 x 10 cells/well) in the presence or absence of XAV-Np or Con-Np for 16
hours, followed by LPS stimulation for 4 hours. Next, we added CFSE-labeled naive T cells (1 x 10° cells/well) and measured T cell
proliferation after 4 days (Fig. 6A). As shown in Fig. 6B-C and S2A-B, we noted a significantly diminished T cell proliferation of both
CD4" and CD8™ T cells in the macrophage-MC co-culture group. However, XAV-Np treatment of macrophage-MC co-cultures resulted
in significantly increased CD8" T cell proliferation compared to the Con-Np-treated group (Fig. 6B, S2A). We did not observe any
significant differences in CD4" T cell proliferation between XAV-Np-treated versus Con-Np-treated groups (Fig. 6C, S2B). Collectively,
these data indicate that XAV-Np treatment of macrophages during tumor progression could promote anti-tumor CD8™ T cell responses
through increased cell surface expression of co-stimulatory ligands, increased immunogenic cytokine production, and tumor Ag uptake
and presentation. However, further studies are needed to investigate the impact of XAV-Np on macrophage-mediated tumor Ag uptake,
processing, and cross-presentation to CD8" T cells.

4. Discussion
The involvement of deregulated Wnt/f-catenin signaling in the tumor progression of many cancers has been extensively studied

[93,94]. Over the last 10 years, several studies have demonstrated that tumors also activate f-catenin signaling in TME-infiltrating
immune cells to evade anti-tumor immunity [16,95,96]. Recent studies from our and other groups indicate that tumors promote
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Fig. 7. Schematic illustration depicting the role of XAV-Np in promoting macrophage immunogenicity. In the TME, Wnt secreted by the MCs
activates the canonical p-catenin signaling by binding to the Fzd/LRP5/LRP6 receptor complex. Axin, a part of the f-catenin destruction complex, is
ubiquitinated by TNKS and degraded in the proteasome. As a result, p-catenin accumulates in the cytoplasm and translocates to the nucleus to
transcribe targeted genes. p-catenin promotes an immunosuppressive environment and helps differentiate T regulatory cells (Tr1 and FoxP3* Treg),
inhibiting cytotoxic CD8" T cells and Th1 cells. It also enhances the expression of the co-inhibitory molecule (PD-L1) and mannose receptor (CD206)
and downregulates the co-stimulatory molecules (CD80 and CD86) expression on TAMs (top panel). However, XAV-Np treatment inhibits TNKS and
promotes the formation of p-catenin destruction complex leading to p-catenin degradation. Inhibition of p-catenin in TAMs promotes expression of
CD80 and CD86, inhibits expression of PD-L1 and CD206, and promotes secretion of IL-6 and TNF-a, leading to increased effector T cell prolif-
eration. Further, XAV-Np treatment can induce melanoma cells death, which further enhances macrophage immunogenicity (Created with
BioRender.com).
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f-catenin activation in TME and TDLN DCs to induce Treg responses over cytotoxic effector T cell responses [23,24,76]. Further, these
studies showed that pharmacological inhibition of the Wnt/p-catenin pathway using small molecule inhibitors suppresses tumor
progression [24,[60]76]. In addition to DCs, TAMs also serve as APCs, and the increased infiltration of TAMs in TME is associated with
poor patient prognosis. TAMs play a critical role in many solid cancers’ tumor progression, angiogenesis, metastasis, and immune
evasion [97,98]. However, the role of B-catenin activation in TAMs and its effect on tumor Ag uptake, presentation, and activation of
effector CD4" and CD8™ T cells responses is poorly defined. Thus, we investigated whether p-catenin suppression can regulate TAM
immunogenicity and anti-tumor immunity. Our data demonstrate that the selective inhibition of f-catenin using XAV-Np in TME
macrophages can promote immunogenicity and anti-tumor immunity (Fig. 7). We show that XAV-Np treatment of MC or
MCS-conditioned macrophages differentially regulates co-stimulatory and co-inhibitory ligand expression on the cell surface and
stimulates the production of IL-6 and TNF-o over immunoregulatory IL-10. Further, co-culture assays showed increased CD8" T cell
proliferation when macrophages and melanoma cells were treated with XAV-Np. Currently, numerous small molecule regulators of
B-catenin signaling have been identified, with several being tested in pre-clinical and clinical trials for many cancer indications [40,99,
100]. Our data suggest that the targeted inhibition of B-catenin using these molecules in TME APCs by employing novel selective drug
delivery approaches can overcome tumor-induced immune evasion and represents a promising therapeutic target to promote robust
anti-tumor immunity.

The Wnt/f-catenin signaling pathway is an evolutionarily conserved pathway that plays a crucial role in cellular differentiation/
proliferation/survival, normal epithelial cell regeneration and tissue homeostasis, embryogenesis, wound healing, and immune cell
functions [101,102]. On the contrary, numerous malignant tumors hijack these Wnt/p-catenin-mediated normal cellular processes and
physiological homeostatic responses to promote malignant transformation, metastasis, and immune evasion [50]. Indeed,
Wnt/f-catenin signaling is dysregulated in many tumors and is associated with poor prognosis [93,99]. Further, recent studies indicate
active p-catenin signaling in tumor cells/TME causes resistance to recently developed and highly effective ICB therapies [16,96]. Wnts
are secreted lipid-modified cysteine-rich glycoproteins and act as autocrine and paracrine morphogens to activate canonical p-catenin
signaling [103]. Wnt ligands bind to Fzd receptors and recruit co-receptors such as low-density lipoprotein receptor-related proteins
(LRP) 5/6 to initiate downstream multiple signaling cascades, including canonical and non-canonical p-catenin activation [103]. In
TME, many cells, including malignant tumor cells, stromal cells, and immune cells (DCs and TAMs), secrete Wnt ligands to promote
tumorigenesis and immunosuppression [26,50]. Although Wnt/p-catenin signaling in tumor cells is directly involved in malignant
transformation, recent studies from our and several other groups suggest that Wnt/p-catenin activation in TME immune cells also
promotes tumor growth indirectly through suppression of anti-tumor immunity [23,24,76]. Our past studies showed increased Wnt
ligands in TME and local TDLNs reprogram DCs to promote Treg over anti-tumor cytotoxic CD4" and CD8" T cell responses. Mech-
anistically, these studies identified the critical role of canonical Wnt-LRP5/6-mediated f-catenin activation in DCs, inducing the
expression of RA synthesizing enzymes (retinaldehyde dehydrogenase), TGF-f, and IL-10. Further, this study showed that canonical
p-catenin signaling in DCs suppresses tumor Ag uptake and cross-presentation to naive CD8" T cells [23]. Our data indicate that
selective inhibition of p-catenin in TME-conditioned macrophages differentially regulates the cell surface expression of co-stimulatory
and co-inhibitory ligands and promotes immunogenic cytokines (IL-6, TNF-a) over immunoregulatory cytokine (IL-10). Since TME
actively suppresses the expression of co-stimulatory ligands (CD80/CD86) and promotes the expression of co-inhibitory ligands
(PD-L1/PD-L2) to evade anti-tumor immunity [15], targeted inhibition of B-catenin in TAMs and DCs can enhance anti-tumor im-
munity through increased CD80/CD86-mediated co-stimulation of naive T cells in TDLNs and activation of effector T cells in TME.

Currently approved ICB therapies are targeted to block co-inhibitory receptors (blocking CTLA4 binding to CD86 and PD-1 binding
to PD-L1) to boost effector T cells-mediated anti-tumor immunity [104]. However, only a subset of patients with active T-cell infil-
tration in TME benefits from these ICB immunotherapies [8-10,12,13]. In this context, a recent study indicates active p-catenin
signaling in melanoma cells suppresses the expression of CCL4, a chemokine critical for infiltration of CD103" DCs and T cells in TME
[16]. Past studies have shown a positive correlation between increased expression of CCL4 and other chemokine signatures in mel-
anoma metastases with increased infiltration of immune cells (mature DCs, B, and T cells) and favorable patient prognosis [12,105].
Since CCL4 is produced by many cells, including melanoma cells, epithelial cells, monocytes, T cells, fibroblasts, DCs, etc., further
studies are needed to explore the impact of f-catenin inhibition in TME APCs (DCs and TAMs), chemokine production, and effect on
CD8™ T cell infiltration and resistance to ICB therapies. Our in vitro data indicate that selective p-catenin inhibition in MC or
MCS-conditioned macrophages not only differentially regulates CD80, CD86, and PD-L1 but also increases the production of IL-6 and
TNF-a and suppresses IL-10. Further, the optimum induction of anti-tumor effector cytotoxic CD4* and CD8™ T cell responses depends
on efficient tumor Ag uptake by APCs, migration to local TDLNs, and presentation to naive T cells [70,85]. Although the role of
Wnt/f-catenin signaling in Ag presentation by DCs and activation of effector T cell responses during tumor progression is well defined
[83], the role of B-catenin activation in TAMs and effect on T cell responses is poorly understood. Moreover, the macrophages can
perform cross-Ag presentation to CD8" T cells [106]. Accordingly, our in vitro data demonstrate that B-catenin inhibition in
MC-macrophage co-culture promotes naive CD8™ T cell proliferation. However, we did not observe any significant changes in CD4" T
cell proliferation in this assay. This may be explained partly by caveats (discussed in a later section) with our in vitro assay and the
dominant role of DCs over macrophages in the priming of CD4" T cells [107]. Collectively, our data demonstrate that selective
fB-catenin inhibition promotes macrophage immunogenicity through increased cell surface expression of CD80/CD86 over PD-L1,
increased IL-6 and TNF-« production over IL-10 and enhanced priming of CD8" T cell responses (Fig. 7). This increased immunoge-
nicity in TAMs will promote further activation of effector T cell responses and complement ICB therapies in the patient population
refractory to current ICB therapies. Currently, we are exploring a combinatorial therapeutic approach targeting selective f-catenin
inhibition in TME APCs in combination with anti-PD-1/anti-CTLA4 ICB therapies using different mouse models of melanoma
progression.
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The tumor cell-specific delivery of cytotoxic drugs is a significant clinical challenge for chemotherapy treatment approaches, as off-
target delivery results in severe side effects [108-110]. With recent advances in nanotechnology, a wide variety of nanoparticles have
been developed for the targeted delivery of anti-cancer drugs [111-114]. Nanoparticles-based delivery of anti-cancer drugs has several
advantages, including increased stability and half-life in the serum, high solubility, limited systemic side effects, and extended drug
release, etc. [115-119]. Several different types of nanoparticles (gold, polymeric, liposomes, cationic, carbon-based, mannose
sugar-coated, CD206 targeting peptide-based) have been developed for TAM-specific targeted delivery of anti-tumor therapies
[120-125]. TAMs, particularly M2 macrophages, express a very high-level CD206 (mannose receptor), a scavenger receptor involved
in the phagocytosis of pathogens expressing cell surface mannosylated glycoproteins [125,126]. Several recent studies have identified
the critical role of CD206" macrophages in tumor progression through the regulation of innate and adaptive immune responses [78,
82]. Moreover, several peptides, biologics, and nanoparticle-based approaches targeting CD206 have been developed to promote
macrophage-specific drug delivery and anti-tumor immunity [78,125,127-131]. CD206, upon ligand engagement (terminal man-
nosylated glycans or antibody), promotes endocytosis of the target ligand and is continuously shuffled between the cell membrane and
endosomal compartments [132]. This CD206-mediated endocytosis represents an ideal target for nanoparticle-mediated delivery of
anti-cancer drugs to TAMs. Our in vitro studies using TPGS-based XAV-NPs showed a marked downregulation of CD206 on macrophage
cell surface compared to control nanoparticle-treated groups, possibly due to endocytosis and the direct effect of p-catenin inhibition
on CD206 expression. Mannosylated nanoparticles are widely used to target CD206 " macrophages and promote anti-tumor immunity
[127-131]. Based on our studies, we propose a targeted delivery of f-catenin inhibitor to TAMs using mannosylated nanoparticles to
revert pro-tumor phenotype and promote anti-tumor activities in macrophages. Further studies are undergoing in our lab to evaluate
the efficacy of targeted p-catenin inhibition in a mouse model of melanoma progression using mannosylated nanoparticles in com-
bination with ICB immunotherapy.

Although our data show a strong rationale for targeted inhibition of p-catenin in TAMs, there are several caveats with in vitro co-
culture studies that need to be explored further using more robust assays or in vivo studies. First, most in vitro assays, including our MC/
MCS-conditioned macrophage co-culture assays, are contrived experimental systems and rarely mimic the complex and dynamic
interplay of different cells and factors in TME. We pre-treated macrophages or melanoma cells to exclude the effect of p-catenin in-
hibition on other cell populations. The inhibition of p-catenin in tumor cells inhibits proliferation and promotes cell death [87,88].
Similarly, recently we showed that XAV-Np directly promotes immunogenic cell death (with the extracellular release of DAMPs such as
HMGB1 and ATP) and could promote anti-tumor immunity in TME [60]. However, when we pre-treated melanoma cells with XAV-Np
followed by co-culture with macrophages, we did not observe a significant increase in macrophage immunogenicity (Fig. 5). This can
be partly explained by our rationale to wash XAV-Np-treated melanoma cells (thus washing away DAMPs) before co-culturing with
macrophages to exclude the direct effect of XAV-Np on macrophages in the co-culture assay. Second, we used BMDM cells for co-culture
assays. Although co-culturing BMDMs with tumor cells or tumor cell supernatants mimics in vivo immunosuppressive phenotype of
TAMs compared to M2 condition (IL-4/IL-10) polarized macrophages [80,81], these cells do not completely mimic primary macro-
phages or monocytes infiltrating TME. Thus, further in vivo studies targeting selective f-catenin inhibition in TAMs needs to be per-
formed for detailed understanding and further confirmation of these data. Third, we used LPS to promote maturation and cytokine
production by macrophages. LPS binds to TLR4 to activate NF-kB signaling and dominantly induce an inflammatory phenotype in
macrophages [133]. Although some rapidly proliferating tumor cells undergo cell death and release DAMPs, this DAMP-mediated APC
activation is mild. Thus, further studies are warranted using a mild agonist. Finally, we used total T cells to measure the effect of
B-catenin inhibition in macrophages-melanoma cell co-culture assay. Although macrophages can cross-present Ags to naive CD8" T
cells [106], DCs are more efficient and act as professional APCs [134,135]. Recent studies have shown the role of macrophages in
TDLNSs in cross-priming CD8" T-cells [92,136]. However, further detailed in vitro and in vivo studies using naive Ag-specific CD4" T
cells (OT-1I), CD8™ T cells (OT-I), and the effect of selective B-catenin inhibition in macrophages on direct and cross-presentation of
tumor Ag (tumor cells expressing Ova) need to be performed.

In summary, our study indicates that targeted inhibition of §-catenin in TME can promote macrophage immunogenicity through
differential regulation of CD80, CD86, CD206, and PD-L1 markers on the cell surface (Fig. 7). Also, we show that p-catenin inhibition in
MC or MCS-conditioned macrophages suppresses IL-10 production, whereas it increases TNF-a and IL-6 production (Fig. 7). Since
CD206" TAMs can cross-present tumor Ags and promote anti-tumor immunity [137], macrophage-targeted p-catenin inhibition using
mannosylated nanoparticles can promote immunogenic phenotype and activate CD4" and CD8" T cell-mediated immune responses in
TME. Finally, since the activation of Wnt/p-catenin signaling in tumor cells and TME infiltrating immune cells is associated with the
suppression of anti-tumor immunity and resistance to current ICB therapies, our data support the notion that selective inhibition of
B-catenin in TME APCs (TAMs and DCs) in combination with current ICB therapies can promote anti-tumor immunity, overcome
resistance to ICB therapies, and effective in a broad pool of melanoma patients.
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