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Purpose: As a novel candidate in cancer immunotherapy, siglec-15-targeting antibodies hold promise for providing alternative
therapeutic strategies to tumors unresponsive to programmed death ligand 1 (PD-L1) antibody therapy. To date, pharmacological
development targeting siglec-15 has not yet achieved significant breakthroughs or clinical approval. Therefore, this study aims to
develop a novel anti-siglec-15 antibody designed to restore tumor immune normalization.

Methods: In this study, we constructed a phage immune library derived from lymphoid tissues of lung cancer patients using phage display
technology and screened the fully human antibodies against siglec-15 antigen from this library. The antibody affinity was detected by Bio-
Layer Interferometry, the binding rate of antibody to positively expressing siglec-15 tumor cells was examined by flow cytometry, and the
activity of antibody-mediated killer cells against tumor cells was reflected by Antibody-Dependent Cellular Cytotoxicity (ADCC) action.
The blockage of proliferation inhibition caused by siglec-15 antigen by antibodies was investigated by t-lymphocyte proliferation assays,
and CD8" T cells were collected from malignant pleural effusion specimens derived from lung cancer patients to determinewhether
antibodies could alleviate the immunosuppression present in the tumor microenvironment (TME). The anti-tumor efficacy of the antibody
was investigated in vivo by constructing a zebrafish tumor model and a humanized mouse tumor model.

Results: The antibody demonstrated nanomolar affinity and specificity, enhanced antibody-dependent cellular cytotoxicity (ADCC)
against tumor cells, reversed T-cell suppression, and reduced CDS8" T-cell exhaustion in vitro analyses. In vivo models confirmed
tumor growth inhibition via increased lymphocyte infiltration and activation.

Conclusion: Antibody immune libraries from lymphoid tissues of lung cancer patients can screen specific antibodies against siglec-15
target antigens and exert certain biological functions in vitro and in vivo.

Plain Language Summary: Following PD-1/PD-L1 blockade, siglec-15 has emerged as a compelling therapeutic target for tumor
immune normalization, with its specific antibodies potentially addressing clinical resistance to PD-1 inhibitors. Utilizing phage display
technology, we developed a lung cancer patient-derived immune library and isolated a novel anti-siglec-15 antibody exhibiting
nanomolar affinity and precise antigen specificity, as rigorously validated through Bio-Layer Interferometry (BLI) and ELISA.
Functional characterization demonstrated the antibody’s dual mechanism: enhancing lymphocyte-mediated ADCC against tumor
cells while reversing siglec-15-induced suppression of T-cell proliferation. Notably, in vitro analyses of malignant pleural effusions,
the antibody significantly reduced CD8" T-cell exhaustion. We found that anti-siglec-15 recombinant antibodies inhibited tumor
growth by increasing lymphocyte infiltration and activation in tumor tissues by constructing a zebrafish tumor model and a PBMC
humanized mouse tumor model. These findings provide a theoretical framework for the development of anti-siglec-15 targeting

antibody drugs and tumor immunonormalization therapy.
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Introduction
In the past decade, through clinical research and observation, researchers have identified an important phenomenon -

systemic immune activation does not necessarily lead to cancer regression, especially in the treatment of patients with
solid tumors.! Passive enhancement of immunity is usually associated with adverse immune reactions.> * Therefore,
cancer immunotherapeutic strategies need to shift from traditional immune enhancement therapies to targeting the tumor
microenvironment based on tumor-induced immune escape mechanisms for the development of more effective and less
toxic immune normalization therapeutic strategies.’

By administering PD-1 therapy, researchers have highlighted the importance of restoring the immune suppression in
the tumor microenvironment (TME) as a principle for normalizing cancer immunotherapy. Immune dysfunction caused
by the B7-H1/PD-1 pathway occurs in less than 40% of human solid tumors, based on the recent definition of the
immune classification of tumors in the TME.®® Several studies have suggested that in addition to the upregulation of B7-
H1, many other molecular and cellular mechanisms can contribute to immune dysfunction in TME.”'° Siglec-15 is a new
player in the field of cancer immunotherapy, which may act as a novel class of immunosuppressants. Its expression is
associated with tumors, and its mechanism of action differs from that of PD-L1. Thus, it might be used as a new
therapeutic tool for treating anti-PD-1/PD-L1-resistant patients.

Siglec-15, an emerging oncogenic target with PD-L1 homology, modulates tumor microenvironment via SYK/MAPK
signaling in tumor-associated macrophages.'' Siglec15 significantly inhibits antigen-specific T cell responses in vivo and
in vitro, and suppresses immune responses and triggers immune escape in tumor microenvironments.'* This demonstrates
that siglec-15 serves as an important immunosuppressive molecule in the tumor microenvironment. Siglecl5 is poorly
expressed in most normal tissues and immune cell subsets, and is significantly expressed by M2-type macrophages in the
tumor microenvironment, as well as in tumors including lung, ovarian, head and neck, intestinal, thyroid, bladder, kidney,
and liver cancers.'>'* David Rimm et al found that siglecl5 expression was relatively higher in EGFR mutant lung
cancers."” In a study of bladder cancer (BLCA), Hu et al demonstrated that siglec15 expression was mutually exclusive
with several immune checkpoints in BLCA, including PD-L1, PD-1, CTLA-4, and LAG-3, and that the overexpression
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pattern of siglec15 was TME-specific.'® These findings indicate that siglec-15 is highly expressed in multiple types of
solid tumors and correlated with poor prognosis. NC318, developed by NextCure as the leading candidate, was the only
Siglec-15 monoclonal antibody to reach clinical trials. However, its development was terminated in November 2022.
Preclinical research on Siglec-15 antibodies continues, with a novel monoclonal antibody, PYX-106, currently under
evaluation in PYX-106-101 - a first-in-human, open-label, non-randomized, Phase 1 dose-escalation study in patients
with advanced cancer.'” To date, no significant breakthroughs have been reported in siglec-15 drug development, and no
therapeutics targeting this pathway have reached the market. Thus, siglec-15 remains a promising target meriting further
in-depth exploration.

In this study, we constructed a fully human phage immune library with a large capacity, identified high-affinity
antibodies targeting siglec-15, and investigated their antitumor biological functions. We aimed to develop a new
immunotherapeutic tool for targeting malignant tumors.

Materials and Methods
Tissues and Body Fluids

After obtaining informed consent from patients and their families, postoperative tumor tissues, lymphoid tissues, and
pleural effusions were collected from lung cancer patients in the Department of Thoracic Surgery at the Affiliated
Hospital of Southwest Medical University. This study complied with the provisions of the Declaration of Helsinki.
Ethical approval was obtained for all research involving human or animal subjects, and informed consent was obtained
from all human participants. Approval for human research was granted by the Experimental Ethics Committee of the
Affiliated Hospital of Southwest Medical University (KY2023277), and for animal research by the Animal Experiment
Ethics Committee of Southwest Medical University (20220812-030).

Cell Lines

PC-3, HepG2, A549, MCF-7, 16HBE, HEK293F, and HEK293T were obtained from the American Type Culture
Collection (ATCC), while Talent Biotechnology Corporation provided T24 and NCI-H157. Cells such as MCF-7,
16HBE, T24, HepG2, and HEK293T were cultivated in DMEM (Gibco, USA) media supplemented with 10% FBS
(NEWZERUM, New Zealand). PC-3, A549, and NCI-H157 cells were grown in RPMI 1640 (Gibco, USA) media with
10% FBS. SMM293-T1 (SinoBiological, CA) media was used to cultivate HEK293F. The aforementioned cells were
kept in an incubator (Thermo, USA) with a controlled temperature and humidity at 37°C and 5% CO,. At the time of the
experiment, every cell had been cultivated for more than three generations and was in the logarithmic growth phase.

Library Construction and Anti-siglecl5 Single-Chain Antibody Screening

Lymph Node RNA Extraction from Lung Cancer Patients and Construction of a Fully Human scFv Phage
Library

The library construction protocol was performed according to our previous report.'® TRIzol reagent (Invitrogen, USA)
was used to extract total RNA from the lymph nodes of over thirty lung cancer patients. cDNA reverse transcription was
then carried out. The heavy chain variable structural domain (VH) and light chain variable structural domain (VL,
including VA and V) of antibody fragments were amplified using PCR. Following purification, the VH and VL DNAs
from various patients were combined, and the purified VH and VL were utilized as templates for overlapping PCR
amplification to produce the VH-Vk and VH-VA genes. The downstream primers and upstream primers for amplification
of VH and VL were designed as described in the references.'®!” In order to evaluate the diversity of the scFv libraries,
the VH-Vk and VH-VA genes were proportionately mixed, restriction endonuclease digested, and ligated with the phage
vector pPCANTAB-5E. The bacterial fluids were then collected and preserved, and randomly chosen single colonies of the
libraries were identified by PCR.*°

Phage Enrichment and Screening of Human Anti-Siglec-15 Antibody
The following experiments were performed as described in our previous study.'® First, liquid phase screening was
performed, in which biotinylated siglec-15 antigen first interacted with the scFv library in a liquid reaction system. Then,

ImmunoTargets and Therapy 2025:14 heeps: 1421



Liu et al

Dynabeads M-280 (Invitrogen, USA) was added to enrich for scFvs that could bind to the human siglec-15 antigen
(Novoprotein, CA). Enrichment and screening of siglec-15-scFv libraries were conducted in three rounds, after which 20
monoclonal colonies were randomly selected for siglec-15-scFv library diversity identification. Next, 48 monoclonal
colonies were randomly selected for amplifying the scFv phage. Siglec-15 antigen (diluted to 3 pg/mL) was used for
plate-coating, and the monoclonal antibody Anti-M13 Antibody (HRP) (SinoBiological, CA) was used as the secondary
antibody at 1:5000 dilution. Finally, tetramethylbenzidine (TMB) (Invitrogen, USA) was added to color development.
Positive clones were identified by the OD values; specifically, their OD values were 2.5-fold greater than the OD values
of negative controls. After sequencing, correctly sequenced siglec-15-scFv was used as a candidate clone.

Anti-siglec!5 IgG1l Antibody Construction and Binding Activity Detection

Anti-siglec|5 IgG| Antibody Expression, Purification, and Characterization

The VH and VL of siglec-15-scFv gene were cloned into the constructed expression plasmids encoding human IgG1
CH and CMA sequences, CH-pcDNA3.4 and CA-pcDNA3.4, using the SE Seamless Cloning and Assembly Kit
(Zomanbio, CA). The recombinant plasmids were extracted and transfected into FreeStyle™ 293-F cells. After 7
days of transient transfection, the cell supernatant was collected and purified with protein A affinity chromatography
column (GE, USA).

Identification of Anti-Siglec-15 Antibody Binding Activity and Cross-Reactivity by ELISA

After being diluted to 1 pg/mL, human EphA2 (hEphA2), hTrop2, hCD24, hsiglec-15, and hB7-H3 (Novoprotein, USA)
were plate-coated at 4°C for an overnight duration. The binding activity of the anti-siglec-15 antibody to the siglec-15
antigen and cross-reactivity with other highly expressed proteins in cancer were detected by ELISA analysis, as
previously reported.?'

Identification of Anti-Siglec-15 Antibody Affinity by Bio-Layer Interferometry

Using Bio-Layer Interferometry (BLI), the recombinant antibody’s binding affinity to the siglec-15 protein was
investigated. BLI studies were carried out according to earlier descriptions.'® After being diluted in 1x PBST,
biotinylated siglec-15 protein was connected to the SA biosensor (Pall ForteBio, Fremont, CA). Next, 200 pL of purified
IgG1 antibody against siglec-15 (5 pg/mL, 10 pg/mL, and 20 pg/mL) was used to assess antigen-antibody interactions.
Antigen-antibody binding and dissociation were systematically analyzed to get equilibrium dissociation constant (KD)
values. The Data Acquisition 9.0 software was used to evaluate the collected data.

Detection of Antibody-Binding Activity by Flow Cytometry
First, we established a stable cell line that overexpress siglec-15. After transfecting HEK293T cells with the commercial
lentiviral vector plasmid pSLenti-EF |-EGFP-P2A-PurO-CMV-MCS-3XFLAG-WPRE (Obiosh, CA), the supernatant was
collected and infected with A549 cells at 48 h. After 72 h, the cells were visualized for fluorescence under a fluorescence
microscope and screened for pressurization using puromycin to establish the stably transfected cell line S15-A549.
Binding of anti-siglec-15 antibody to tumor cells (including A549 overexpressing siglec 15) was detected by flow
cytometry. Tumor cells were prepared (1x105 cells/test), and then, different concentrations of S131-IgG1 were added
(starting at 20 pg/mL, two-fold concentration gradient dilutions). After incubating the cells at 4°C for 1 h, Rabbit Anti-
Human IgG H&L/Alexa Fluor 647 antibodies (Bioss, CA) were added at 1:500 dilution, and incubated again at 4°C for
1 h. After incubation, the cells were washed and fluorescence was detected by flow cytometry (ACEA). All experiments
were performed in triplicate, with each experimental group containing a minimum of three replicates. The results were
analyzed using the FlowJo 10.2 software.

Detection of Anti-Siglec-15 Antibody Binding Activity by Cellular Immunofluorescence

First, 1x10° cells were placed on polylysine coverslips and incubated for 24 h. The cells were washed with 1xPBS and
fixed with 4% paraformaldehyde for 10 min at room temperature, and then blocked for 30 min at room temperature in
blocking buffer (1xPBST containing 10% goat serum). Next, 20 pg/mL S131-IgGl was added, and the cells were
incubated overnight at 4°C. After washing, Goat Anti-Human IgG H&L/AF594 antibody (Bioss, CA) 1:200 was added
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and incubated in the dark for 1 h. Antifade Mounting Medium with DAPI (Beyotime, CA) was added to the samples, the

coverslips were covered, and images were captured under a fluorescence microscope.

Identification of Anti-Tumor Activity of Anti-siglecl5 IgG| Antibody

ADCC Activity

PBMC were isolated as effector cells from healthy human peripheral blood using the FICOLL PAQUE PREMIUM
(Cytiva, USA), and A549, PC-3 and S15-A549 were used as target cells. PBMC and target cells were co-cultured with or
without anti-siglec15 IgG1 antibody. Cytotoxicity was identified using the CytoTox 96° Non-Radioactive Cytotoxicity
Assay (Promega, USA). All experiments were performed in triplicate, with each experimental group containing
a minimum of three replicates.

Lymphocyte Proliferation

Anti-human CD3 (Biolegend, USA) was added to 96-well plates at a final concentration of 0.5 pg/mL and incubated at
4°C overnight. PBMCs (3x10° cells/mL) from healthy volunteers, labeled with 5 uM CFSE (Biolegend, USA), was
added to each well. Additionally, 5 pg/mL human siglec-15 protein was added to each well, with or without the siglec-15
antibody (20 pg/mL), The cells were cultured for 72 h and collected for flow cytometry analysis. To determine whether
T cell subsets underwent proliferation, FITC anti-Human CD3 Antibody (Biolegend, USA), APC/Cyanine7 anti-Human
CD8 Antibody (Biolegend, USA), and APC anti-human CD4 Antibody (Biolegend, USA) were incubated at 4°C for
30 min for staining the surface of cells. After washing, 7-AAD (BD, USA) was used to exclude dead cells, and the
labeled cells were analyzed by flow cytometry. All experiments were performed in triplicate, with each experimental
group containing a minimum of three replicates.

Detection of T Lymphocyte Apoptosis and Activity

Ultra-LEAF™ Purified anti-human CD3 antibody (Biolegend, USA) was coated onto 96-well plates at a final concentration
of 0.5 pg/mL (100 uL/well) and incubated overnight at 4°C. Malignant pleural effusions from lung cancer patients (n > 6)
were collected, and lymphocytes were isolated using Ficoll-Paque™ PREMIUM density gradient medium (Cytiva, USA).
The cell density was adjusted to 3 x 10° cells/mL, and 100 uL was added to each well. Ultra-LEAF™ Purified anti-human
CD28 antibody (Biolegend, USA) was then supplemented to each well at a final concentration of 0.5 pg/mL. Cells were
cultured for 72 hours with or without S131-IgG1/S194-IgG1/Nivolumab (20 pg/mL) and subsequently harvested for flow
cytometry analysis. Apoptosis was detected using the FITC Annexin V Apoptosis Detection Kit I (BD, USA). To evaluate
the functional restoration of T cells in vitro, PE-Cy7 anti-human IFN-y antibody (BD, USA) and PE anti-human Granzyme
B antibody (BD, USA) were applied.

Zebrafish Tumor Model

Wild-type AB zebrafish were obtained from the Zebrafish Technology Platform of Southwest Medical University. The
rearing conditions were strictly controlled at 28°C, pH (6.5-8.5). Male and female zebrafish were mixed in a ratio of 2:2
to prevent predation of eggs after obtaining embryos. Abnormal embryos were removed. The age of the embryos was
expressed in hours (hpf) or days (dpf) after fertilization. Zebrafish at 48 hpf were used in this experiment without sex
preference. PBMC were fluorescently labeled with Dio (Beyotime, USA) according to the manufacturer’s instructions
after three days of stimulation with anti-human CD3 andanti-human CD28 (Biolegend, USA). The cell line A549 was
labeled with Dil (Servicebio, USA). After the embryos were cultured to 48 hpf and manually stripped of membranes,
approximately 200—400 cells were injected into each zebrafish yolk sac using a microinjector after mixing fluorescently
labeled A549 cells and PBMC cells in a 9:1 ratio. We chose zebrafish with sufficient fluorescence of tumor cells and
randomly divided them into groups of at least 5 fish each. PBS was used as a negative control group and S131-IgG1 was
used as a treatment group. 1 nl was injected intravenously every day, and the growth and migration of tumor cells were
monitored three days after treatment (dpi) using a somatic fluorescence microscope (Olympus Imaging). The zebrafish
study was approved by the Animal Ethics Committee of Southwest Medical University.
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Mouse Tumor Model

This study complied with the provisions of the Declaration of Helsinki. All mouse experiments were approved by the
Animal Ethics Committee of Southwest Medical University (NO.20211122—-050) and carried out in conformity with the
Guide for the Care and Use of Laboratory Animals. Female NTG mice (6—8 weeks old) were purchased from Beijing
SiPeiFu Biotechnology Corporation and housed in the SPF (Specific Pathogen-Free) environment of the Experimental
Animal Center of Southwest Medical University. The use and treatment of mice strictly followed the guidelines for the
care and use of research animals, and all experiments were approved by the Animal Ethics Committee of Southwest
Medical University. Each mouse was subcutaneously inoculated with A549 cells at a density of 3x10°. When the tumor
volume reached about 80 mm?, the mice were injected with 1x10” PBMCs collected from healthy volunteers through the
tail vein. One week after the injection, the mice were randomly divided into two groups (n = 6 mice/group). PBS was
administered to the mice in the negative control group, and S131-IgG1 was administered to those in the treatment group.
The antibody was administered intravenously via tail vein at 15 mg/kg body weight every three days for two weeks.
Tumor volume and body weight were monitored throughout the treatment period. The tumor volume was calculated by
the formula: Tumor volume (mm®) = 1/2xlengthxwidth®. At the end of the treatment period, all mice were euthanized.
Peripheral blood was collected for isolating peripheral blood mononuclear cells (PBMCs) for flow cytometry analysis.
Tumor tissues were processed into single-cell suspensions for flow cytometry analysis. Cells were stained with anti-
human CD45-PE, anti-mouse CD45-PE-Cy7, anti-human CD3-FITC, anti-human CD4-APC, anti-human CDS8-APC-
Cy7, and LIVE/DEAD™ 7-AAD. Following dead cell exclusion, successful immune system humanization was con-
firmed by detection of >25% human CD45+ T cells. Tumor tissues were dissociated into single-cell suspensions using the
Miltenyi Biotec Tumor Dissociation Kit on the gentleMACS™ Dissociator with Heater. Subsequent staining utilized
LIVE/DEAD™ Zombie Red™, anti-human CD45-PE, anti-human CD3-FITC, anti-human CD4-APC, anti-human CD8-
APC-Cy7, anti-human CD69-BV785, anti-human GZMB-BV421, and anti-human IFN-y-PE-Cy7 to evaluate T cell
activation and cytotoxic function.

Statistical Analysis

The statistical analysis was carried out utilizing GraphPad Prism 9.0. The data were presented as mean (+SD) or mean +
standard deviation. The #-test was used to determine significance in order to compare the two groups. P>0.05 was
considered not statistically significant (ns), *P<0.05, **P<0.01, ***P<0.001.

Results
A Fully Human scFv Phage Immunizing Antibody Library Was Constructed with
a Large Library Capacity and Good Diversity

The first-strand cDNA was synthesized from the mRNA extracted from lymph node tissues of 20 lung cancer patients.
Using the synthesized cDNA as a template, the size of the amplified VH, VA, and Vk gene bands was found to be about
400 bp (Figure S1A—C). The VH-linker-VL gene library (about 800 bp) was obtained by two rounds of overlapping
extension PCR (SOE-PCR) (Figure S1D), and a fully human scFv phage display library was constructed. The DNA in
the scFv library was ligated with the phage vector pPCANTAB-5E and transformed into E. coli TG1. Next, 21 monoclonal
colonies were randomly selected, and PCR was performed to identify the scFv insert fragments (Figure S1E). The results
showed that all monoclonal colonies were inserted with full-length scFvs genes, and 15 colony DNAs were selected for
BstNI digestion. The DNA fingerprinting results showed that each scFv was different (Figure S1F), the constructed
phage library of human scFvs was diversified, and the gene sequences in the antibody libraries were enriched.

Fully Human IgG | Antibodies with High Specificity and Affinity VWere Screened and
Constructed

Affinity Screening of Siglec-15-scFv

After three rounds of enrichment screening, the size of the input libraries decreased, while the size of the output libraries
increased after enrichment. These changes greatly enriched the antibody clones against the target antigen (Figure 1A and B).
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Figure | High-Affinity scFv Screening. (A and B) The phage antibody libraries were screened against the siglec-15 antigen, and their input, output, and input-to-output
ratios were determined. (C) ELISA was performed to characterize the binding activity of 36 scFvs, which was initially screened against the target antigen siglec-15. (D) ELISA
was performed to characterize the binding of the 8 screened scFvs to A549 cells. (E) ELISA was performed to identify the binding of the 8 screened scFvs to PC-3 cells.

After three rounds of enrichment affinity screening, 230 monoclonal colonies were randomly selected for expression, and the
binding activity of siglec-15 scFv was evaluated by ELISA. In total, 51 positive strains were screened based on the results
obtained at OD450. The positive strains were analyzed by ELISA again to test whether the strains stably expressed scFvs and
identify scFvs that could bind strongly to the target antigen siglec-15. The results showed that 36 scfvs were ELISA positive
(Figure 1C). The OD values of positive responses were twice as high as those of the negative values. The binding activity of the
screened scFvs to tumor cells (PC-3 and A549) was assessed, and eight positive scFvs were finally screened (Figure 1D and E),

which were sequenced for subsequent experiments.
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Anti-siglec|5 IgG| Antibody Expression, Purification, and Characterization

Based on the results of multiple ELISA and DNA sequencing, 2 scFvs with different gene sequences and high affinity were
screened to construct recombinant antibodies. Whether siglec-15-IgG1 was successfully constructed was verified by DNA
sequencing. The constructed expression plasmids were transiently co-transfected with HEK 293F eukaryotic cells; the cell
supernatants were collected and purified on day 7. According to the 250 kDa protein ladder marker, both siglec-15 antibodies
exhibit a heavy chain size of approximately 50 kDa, whereas the light chain of S131-IgG1 is approximately 30 kDa and that of
S194-1gG1 is approximately 25 kDa (Figure 2A). The marker exhibited clear gradient resolution, with no evident non-specific
bands or high-molecular-weight smearing observed, indicating high antibody purity and minimal degradation.

BLI and ELISA Showed That the Recombinant Antibody Had Good Antigen-Binding Activity and Specificity
The antigen-antibody affinities of positive scFvs of different sequences were examined using the macromolecular interaction
technique. Both S131-IgG1 and S194-IgG1 had higher affinities (Figure 2B and C), which reached nanomolar (10~%) and
picomolar (10'?) levels, respectively. The results of ELISA showed that S131-IgG1 and S194-IgG1 recognized siglec-15
antigens in a dosage-dependent manner (Figure 2D), but they did not bind to four antigens, EphA2, B7-H3, Trop2 and CD24),
which were expressed at high levels on tumor (Figure 2E and F). The high affinity and specificity of the recombinant antibody
acted as a suitable candidate for the subsequent validation of the antitumor function.

Flow Cytometry and Immunofluorescence Were Performed to Detect the Binding of Recombinant
Antibodies to Tumor Cell Surface Antigens

The binding affinity of the recombinant antibody siglec-15-IgG1 to soluble siglec-15 antigens was determined using the
macromolecular interaction technique. After screening S131-IgG1 and S194-IgG1 antibodies with high affinity, flow
cytometry assays were performed to detect the binding activity of the two recombinant antibodies to the normal epithelial
cell line 16-HBE, and tumor cell lines T24, PC-3, NCI-H157, A549. In addition, we overexpressed siglec-15 in the A549
cell line, by constructing the A549 cell line that could stably express siglec-15 protein. The results showed that S131-
IgG1 had relatively high binding efficiency and stronger binding affinity to lung adenocarcinoma cell lines A549 and
NCI-H157. Moreover, the binding ability of the antibodies further increased with an increase in the expression of the
siglec-15 protein by tumor cells (Figure 3A). The cellular immunofluorescence results also showed that the recombinant
antibodies could bind to tumor cells with positive siglec-15 expression (Figure 3B).

Anti-siglec!5 IgG1l Antibody Showed Good Anti-Tumor Effects at the Cellular Level
Antibody-Dependent Cytotoxic Effects and Inhibition of Tumor Cell Proliferation

To evaluate the cytotoxic effects of the full-length antibodies S131-IgG1 and S194-IgG1 on the siglec-15-overexpressing
A549 cell line (S15-A549), we used the CCK8 method to determine the inhibitory effects of different concentrations of
antibodies on tumor cells. The results showed that S131-IgG1 and S194-IgG1 did not directly inhibit the S15-A549
tumor cells (Figure 4A). By assessing the ADCC effect exerted by the full-length antibodies S131-IgG1 and S194-1gG1,
we found that these antibodies mediated the killing activity of human PBMCs against S15-A549 tumor cells when the
ratio between effector cells and target cells was 10:1 for PC-3, A549, and S15-A549 cells. The strongest cytotoxic effect
was mediated against S15-A549 cells (Figure 4B). This finding suggested that recombinant antibodies act mainly through
antibody-mediated cytotoxicity without significantly affecting the proliferation of tumor cells.

Recombinant Antibodies Partly Relieved the Inhibition of T-Lymphocyte Proliferation by the Siglec-15 Antigen
Proliferation of T cells was detected using anti-CD3 antibody-activated human PBMC cells with the addition of hsiglec15
protein with or without anti-siglec15 antibodies The results showed that the proliferation of CD3"T, CD4'T, and CD8"T cells
was inhibited in the siglec-15 antigen group compared to their proliferation in the normal lymphocyte control group (Figure 4C).
This finding indicated that siglec15 partly inhibited lymphocyte proliferation. When S131-IgG1/S194-IgG1 was added, the
proliferation of CD3'T, CD4 T and CD8 T cells was significantly enhanced compared with the antigen group, and was similar
to that of the normal proliferation group (Figure 4C). These results suggested that the recombinant antibodies could relieve the
inhibition of the proliferation of human lymphocytes mediated by siglec-15, and could partially restore the function of T cells.
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Figure 2 Purification, Characterization, and Antigen-Binding Analysis of Recombinant Antibodies. (A) SDS-PAGE was performed to identify purified recombinant antibody
siglec15-1gG1; | indicates SI31-IgGl and 2 indicates S194-IgG|l. (B) The binding and dissociation curves of S194-IgG| and SI31-IgG| with biotin-labeled Siglec-15 protein
were shown. (C) Macromolecular interaction data of S194-IgG| and S131-IgG| bound to biotin-labeled Siglec-15 proteins were presented; Ka represents the association
constant, Kd represents the dissociation constant, and KD represents the equilibrium dissociation constant. (D) The binding reaction curves of recombinant antibodies
S131-1gGl and S194-1gG| with siglec-15 protein are shown. (E) The binding reaction curves of the recombinant antibody S131-lgG| to EphA2, B7-H3, Trop2, and CD24
proteins are shown. (F) The binding reaction curves of the recombinant antibody S194-IgG| to EphA2, B7-H3, Trop2, and CD24 proteins are shown.

The Recombinant Antibodies Decreased the Apoptosis of Exhausted CD8+ T Cells and Promoted the
Production of Granzyme B

Flow cytometry was employed to assess the in vitro restoration of T cell function by S131-IgG1 or S194-IgG1 in T cells
isolated from malignant pleural effusions of lung cancer patients (Figure 5A and B). The results of apoptosis showed that
S131-IgG1 and S194-IgG1 decreased the apoptosis of T cells compared with the untreated group (control) and S131-
IgG1 was significantly more effective in reversing T-cell apoptosis (Figure 5C). In addition, S131-IgG1 and S194-IgG1
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Figure 3 Antibody Binding to Tumor Cells. (A) Flow cytometry assays were performed to evaluate recombinant antibody binding to the normal epithelial cell line |6-HBE, tumor
cell lines T24, PC-3, NCI-H 157, A549, and an A549 tumor cell line overexpressing siglec —15 (S15-A549); the gray dashed line denotes the control group, and the black solid line
denotes the experimental group. (B) immunofluorescence detection of the binding of the recombinant antibody S131-IgG 1 to PC-3, A549, and SI5-A549 cells was performed, The
magnified inset reveals detailed features of tumor cells (from the boxed region in the main figure), clearly demonstrating SI131-IgG1 binding to Siglec-15 protein (red).

promoted the secretion of GZMB by CDS8+T cells, but they had no significant effect on IFN-y secretion by CD8+T cells
(Figure 5D and E). The results of in vitro experiments showed that the siglec-15 recombinant antibody decreased the
apoptosis of CD8" T cells and promoted the production of GZMB by CD8" T cells. Next, the S131-IgG1 antibody with

better in vitro function will be used for in vivo anti-tumor studies.

Anti-Siglec15 IgG| Antibody Showed Promising Anti-Tumor Effects in Animal Tumor

Models
Anti-siglec|5 IgGl Antibody Inhibited Tumor Growth in a Zebrafish Tumor Model
We administered S131-IgG1 intravenously to zebrafish inoculated with Dil-A549 and Dio-PBMC cells and evaluated the

anti-tumor effect of S131-IgG1 by the changes in fluorescence intensity (Figure 6A). Compared with the control group,
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Figure 4 Antitumor Activity at the Cellular Level. (A) The inhibition of the proliferation of S15-A549 tumor cells by S131-IgG| and S194-IgG| was evaluated at 24 h, 48 h,
and 72 h. (B) T Cytotoxicity mediated by SI31-IgG| and S194-IgG| against PC-3, A549, and S15-A549 tumor cells was examined when the ratio between effector and target
cells was 10:1. (C) Flow cytometry was performed to detect the relieving effect of SI31-IgG| and S194-IgG| on the inhibition of the proliferation of human CD3"T cells,
CDA4'T cells, and CD8'T cells mediated by the hsiglec-15 antigen (n3, *#*P < 0.00land ***P < 0.0001, as determined by non-parametric test).

the volume of tumor cells in the group treated with S131-IgG1 was significantly reduced (Figure 6B), showing that S131-
IgG1 inhibited tumor growth. In addition, the fluorescence intensity of tumor cells was significantly weakened after
S131-IgG1 treatment (Figure 6C), which indicated a decrease in the activity or number of tumor cells. The effectiveness
of S131-IgG1 was further verified by the change in fluorescence intensity.
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Figure 5 Antibody-Mediated Restoration of Exhausted CD8" T Cell Function. (A) Flow cytometry was performed to detect CD8" T cell apoptosis after S131-IgG | and S194-IgG |
were co-cultured with PEMC. (B) The percentage of CD8" T cells apoptosis was determined. (C) Flow cytometry was performed to detect IFN-y and GranzymeB produced by
CD8" T cells after S131-IgG1 and S194-IgG | were co-cultured with PEMC. (D) The percentage of IFN-y produced by CD8" T cells was determined. (E) The percentage of CD8"
T cells producing Granzyme B was evaluated (n26, ns indicates not statistically significant; *P < 0.05, **P < 0.01, as determined by paired t-tests).

Anti-siglec|5 IgG| Antibody Inhibited Tumor Growth and Promoted T-Cell Infiltration in a Humanized Mouse
Tumor Model

The recombinant antibodies screened were fully human antibodies, therefore, we chose the PBMC humanized mouse
tumor model as the in vivo mouse experimental model for antibody administration using the better functioning S131-
IgG1 (Figure 7A). Mouse body weight was monitored throughout the treatment period (Figure 7B). Peripheral blood was
collected, and tumor tissues were harvested and weighed, and the results showed that the tumor volume and weight of the
mice in the control group were significantly increased (Figure 7C and D). Results from peripheral blood analysis in mice
demonstrated that the proportion of hCD45" T cells exceeded 25%, indicating successful establishment of the humanized
mouse model. Furthermore, no significant differences were observed in the proportions of hCD45", hCD3"CD4", and
hCD3"CD8" T cells, suggesting consistent reconstitution levels across all experimental animals (Figure 7E), indicating
that the recombinant antibody had a certain inhibitory effect on tumor growth in vivo. By detecting the proportion of
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immune cells infiltrated in the tumor tissues of mice, we found that the infiltration of HuCD45" T cells in the tumor
tissues of mice in the experimental group was significantly increased (Figure 7F). And the increase in the proportion of
HuCD45"CD3"T cells indicated (Figure 7G) that T lymphocyte infiltration was mainly increased after antibody treat-
ment, and HuCD3"CD8'T infiltration was predominant (Figure 7H). This reflects that the recombinant antibody has
a good effect of targeting lymphocytes. In addition, HuCD8 ' CD69" T and HuCD4 'CD69" T cells were also significantly
increased (Figure 71 and J), indicating that the antibody inhibited tumor growth mainly by activating T lymphocytes
infiltrating tumor tissues.

Discussion

High-affinity antibody drugs demonstrate therapeutic efficacy against refractory diseases including cancers and auto-
immune disorders, phage display technology enables in vitro generation of these antibodies.?* It has been found that the
tumor microenvironment contains antibody-secreting cells (ASCs), which are associated with a favorable prognosis for
several cancers, and patient-derived antibodies have diagnostic and therapeutic value.”® High-affinity antibodies in cancer
patients may inhibit tumor growth, especially those antibodies that act against antigens that are highly expressed in
tumors. We established a high-diversity phage display library using lymph node samples from 20 lung cancer patients,
successfully isolating siglec-15-specific scFvs subsequently converted to IgG1 antibodies. The candidate drug S194-1gG1
exhibited picomolar affinity (10™'* pmol), confirming the library’s utility for discovering high-affinity antibodies.
Furthermore, all antibodies specifically bound to human siglec-15 and showed no cross-reactivity with tumor antigens
EphA2 or B7-H3. This target-specific binding capability, coupled with the ability to neutralize or enhance their activities,
forms the foundation for therapeutic antibody development and engineering.**
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Figure 7 Tumor Suppression in Humanized Mouse Models. (A) The construction of the humanized mouse tumor model and the process of antibody administration are
schematically represented. (B) Body weight change curves in mice post-dose. (C) Comparison of tumors between the control and experimental groups of mice. (D) Tumor weight
of the mice in the control and experimental groups. (E) Proportions of hCD45*, hCD3"CD4", and hCD3*CD8" T Cells in Mouse Peripheral Blood. (F and G) Flow cytometry was
used to detect HUCD45"T, HuCD45"CD3"T cells and their proportions in mouse tumor tissues. (H) Flow cytometry assays were performed to assess mouse tumor
HuCD3"CD4'T cells, HuCD3"CD8"T cells, and their proportions. (I and J) Flow cytometry assays were performed to assess mouse tumor HuUCD3*CD4"CD69"T cells and

HuCD3*CD8"CDé9"T cells proportions (n=6, ns indicates not statistically significant; *P < 0.05, *P < 0.01, and ***P < 0.001, as determined by unpaired t-tests).
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This finding suggested that the anti-siglec15 IgG1 antibodies acted mainly by mediating ADCC and were associated
with the expression of siglec-15. Studies have shown that when cytotoxic mechanisms such as ADCC and CDC are used
to treat cancer, the ideal antigen should be confined to the tumor to minimize damage to healthy tissues.” Siglec-15 is
lowly expressed in most normal tissues and immune cell subpopulations. However, it is widely upregulated in human
cancer cells and M2-type macrophages in the tumor microenvironment, The limitation of siglec-15 expression con-
tributes to the safety of recombinant antibody action.

Chen et al found that siglec-15 is a key immunosuppressive factor that is mutually exclusive with B7-H1 expression.
It was also found that siglec-15 inhibits antigen-specific T cell responses primarily by regulating cell growth rather than
apoptosis.' Using T-lymphocyte proliferation assays, we observed that the Siglec-15 antigen inhibited T-lymphocyte
proliferation, consistent with findings by Chen et al. This inhibition was alleviated upon addition of anti-Siglec-15 IgG1
antibody, indicating partial blockade of Siglec-15 and reduced suppression of T-cell proliferation.

Malignant pleural effusion (MPE) represents a unique liquid tumor microenvironment (TME) where antitumor
activity of innate (eg, NK cells) and adaptive (eg, CD8+ T cells) immune pathways is suppressed.”®*’ Zhao et al
developed cyclic dinucleotide-loaded liposomal nanoparticles (LNP-CDN). In human MPE experiments, they observed
CD8+ T cell generation, increased stem-like memory CD8+ T cells, and significant transcriptomic alterations in
macrophage aggregates.”® However, functional restoration of exhausted CD8+ T cells remains unexplored. Therefore,
we re-stimulated lymphocytes from clinical MPE samples and observed reduced CD8+ T cell apoptosis alongside
significantly increased granzyme B (GZMB) following anti-Siglec-15 IgG1 antibody treatment.

Additionally, Xiao et al developed a chimeric anti-Siglec-15 monoclonal antibody (S15-4E6A), demonstrating that anti-
Siglec-15 IgG1 inhibits lung adenocarcinoma cell and xenograft tumor growth in vitro and in vivo by promoting M1 while
suppressing M2 macrophage polarization®®. However, effects on T lymphocyte activation and infiltration were not
investigated. In our study, flow cytometry revealed increased human lymphocyte infiltration within treated murine tumor
tissues. This anti-tumor effect was primarily mediated by CD8+ T cell infiltration and activation, suggesting anti-Siglec-15
IgG1 may offer an effective therapeutic strategy for lung cancer.

Although this study demonstrates the standalone therapeutic efficacy of anti-siglec-15 antibodies, the differential
expression patterns of siglec-15 and PD-L1 in lung adenocarcinoma and their potential synergy remain unexplored.
Given their mutually exclusive expression in human cancers, comparative analysis is crucial for validating siglec-15-
targeted therapy as an alternative for PD-L1-insensitive tumors. Consequently, future work will compare siglec-15
antibodies with PD-1/PD-L1 inhibitors in PD-L1-insensitive models and evaluate combination efficacy. We will analyze
murine tumor tissues using single-cell RNA sequencing (scRNA-seq) to identify CD8+ T cell-associated genes and
pathways, elucidating mechanisms underlying antibody-mediated therapies.

Conclusion

We evaluated the feasibility of screening for siglec-15-targeting antibodies from a library derived from tumor patients. The
affinity and specificity of the identified recombinant antibodies were determined, and their biological functions were analyzed.
Research on siglec-15-targeting antibodies is highly significant for evaluating the normalization of immunotherapy within the

tumor immune microenvironment, improving tumor treatment strategies, and enhancing therapeutic efficacy.
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