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Abstract

Background Although immune cell therapy has long been used for treating solid cancer, its efficacy remains limited.
Interferon (IFN)-producing killer dendritic cells (IKDCs) exhibit cytotoxicity and present antigens to relevant cells;

thus, they can selectively induce tumor-associated antigen (TAA)-specific CD8 T cells and may be useful in cancer
treatment. Various protocols have been used to amplify human IKDCs from peripheral sources, but the complexity

of the process has prevented their widespread clinical application. Additionally, the induction of TAA-specific CD8 T
cells through the adoptive transfer of IKDCs to immunocompromised patients with cancer may be insufficient. There-
fore, we developed a method for generating an immune cell-based regimen, Phyduxon-T, comprising a human IKDC
counterpart (Phyduxon) and expanded TAA-specific CD8 T cells.

Methods Peripheral blood mononuclear cells from ovarian cancer patients were cultured with human interleukin
(hIL)-15, hiL-12, and hiL-18 to generate Phyduxon-T. Then, its phenotype, cytotoxicity, and antigen-presenting function
were evaluated through flow cytometry using specific monoclonal antibodies.

Results Phyduxon exhibited the characteristics of both natural killer and dendritic cells. This regimen also exhibited
cytotoxicity against primary ovarian cancer cells and presented TAAs, thereby inducing TAA-specific CD8T cells, as evi-
denced by the expression of 4-1BB and IFN-y. Notably, the Phyduxon-T manufacturing protocol effectively expanded
IFN-y-producing 4-1BB* TAA-specific CD8 T cells from peripheral sources; these cells exhibited cytotoxic activities
against ovarian cancer cells.

Conclusions Phyduxon-T, which is a combination of natural killer cells, dendritic cells, and TAA-specific CD8 T cells,
may enhance the efficacy of cancer immunotherapy.
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Introduction

Immune surveillance is essential for resisting pathogen
invasion and curbing tumor cell transformation. Innate
killer cells, such as natural killer (NK) cells, kill trans-
formed cells by recognizing the aberration or downreg-
ulation of major histocompatibility complex (MHC)-I.
Subsequently, tumor-associated antigens (TAAs), which
are protein debris released from dying tumor cells,
are phagocytosed by antigen-presenting cells (APCs),
including dendritic cells (DCs). These DCs then migrate
to the draining lymph nodes and present TAAs to
induce naive T cells to become TAA-specific T cells.
Finally, these TAA-specific T cells migrate to tumor
sites and execute long-lasting adaptive tumor-specific
T-cell responses [1, 2].

Various immune cell-based therapies have been devel-
oped to control cancer progression. However, the clinical
application of these therapies has encountered challenges.
For example, the adoptive transfer of NK cells can effec-
tively drive innate cell-driven tumor destruction. Still, it
lacks the APC function required to capture released tumor
antigens, leading to an insufficient induction of memory T
cell responses [3]. Conversely, DC vaccine-primed T cells
or engineered T cells, including chimeric antigen recep-
tor T (CAR-T) cells and T-cell receptor (TCR)-engineered
T cells (TCR-T cells), potentially provide long-lasting
T-cell immune responses targeting specific tumor anti-
gens. However, the absence of innate killer cell activity has
reduced their efficacy against dynamic changes in tumor
antigen epitopes during tumor immune escape [4, 5]. Thus,
there is an urgent need for an immune cell-based treat-
ment regimen that incorporates innate killer activities to
release tumor antigens and APC functions to process the
released antigens and generate TAA-specific T cells. Such
a regimen would activate TAA-specific CD8 T cells, har-
nessing the power of comprehensive immune surveillance
to overcome tumor immune escape and combat cancer.

Studies using murine models have identified a rare
chimeric cell population called interferon (IFN)-pro-
ducing killer dendritic cells (IKDCs), exhibiting both
NK and DC activities. IKDCs can kill tumors, func-
tion as APCs by capturing apoptotic tumor cells [6-8],
and target and eliminate tumors while cross-presenting
tumor antigens to prime CD8 T cells with tumor spec-
ificity [9]. In other words, they can exert innate killer
cell cytotoxicity and present tumor antigens, bridg-
ing adaptive CD8 T-cell immune responses against
tumors. The human counterpart of IKDC was initially
identified as CD56THLA-DR* [10]. Despite attempts
to amplify these rare cells from the periphery using
various in vitro expansion protocols, the need for cell
depletion during the initial cell preparation stage has
limited their clinical applicability [11-13]. Additionally,
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following the adoptive cell transfer of human IKDCs,
the yield and functionality of TAA-specific CD8 T cells
may be insufficient [14].

Ovarian cancer (OC) stands out as an immunogenic
cancer and a promising target for immunotherapy [15].
Nevertheless, the clinical outcomes of various immuno-
therapies have proven disappointing [16]. One signifi-
cant hurdle is tumor immune escape, characterized by
OCs lacking or losing tumor-specific antigens, imped-
ing the generation of TAA-specific T cells for effective
recognition and attack [17, 18]. In this study, we gath-
ered peripheral blood from OC patients to develop an
immune cell-based regimen named Phyduxon-T, com-
bining a novel human IKDC counterpart (Phyduxon,
derived from NK cells with acquired DC characteristics
and functions) with expanded TAA-specific T cells. Co-
culturing Phyduxon with primary OC cells revealed its
ability to kill OC cells and present tumor antigens. This
process facilitated the selection of TAA-specific CD8
T cells expressing 4-1BB and IFN-y. Notably, the Phy-
duxon-T manufacturing process also created a favorable
environment for the in-vitro expansion of 4-1BB* TAA-
specific CD8 T cells producing IFN-y, thereby enhancing
T cell-mediated tumoricidal activity. Hence, our immune
cell-based regimen, integrating NK cells, DCs, and TAA-
specific CD8 T cell functions, represents a novel and
promising approach to cancer treatment.

Materials and methods

Reagents and antibodies

Detailed information on the reagents and antibodies used
in this study is listed in Tables S2 to S5.

Subject enrollment

This study, conducted in accordance with the Declara-
tion of Helsinki, received approval from the Institutional
Review Board (IRB) of the National Taiwan University
Hospital (202108121RSD, October 22, 2022). Informed
consent was obtained from all participants involved in
the study. A total of six patients were enrolled, all with
histologically confirmed stage I to IV ovarian cancer or
recurrent ovarian cancer (Table S1). Exclusion criteria
included severe, uncontrolled clinical conditions affect-
ing the heart, liver, or kidneys, infectious diseases, or
CTCAE grade 2 or higher pulmonary or abdominal effu-
sion. Experimental drug treatments were prohibited
within the 28 days prior to study enrollment. On the
day of surgery, approximately 40 ml of peripheral blood,
residual tissue (1 cm x 1 cm x 0.5 ¢cm), and 300—-500 ml of
ascites were collected from each patient.



Fang et al. BMC Cancer (2024) 24:395

Cell lines and primary tumor cell isolation

The human chronic myelogenous leukemia cell line K562
was purchased from the Bioresource Collection and
Research Center (Taiwan, 60,007). K562 cells were cul-
tured in Iscove’s Modified Dulbecco’s Medium (IMDM)
supplemented with 10% fetal bovine serum (FBS) and
passaged every 2 or 3 days. K562 cells were tested to
ensure the absence of mycoplasma contamination.

OC cells were isolated from tissue or ascites [19, 20].
Briefly, tumor tissues were minced into small pieces
and digested with a mixture of 0.05 ng/mL collagenase
type IV, 0.01 ng/mL DNase I, and 0.025 ng/mL hyalu-
ronidase for 30 min at 37 °C with 5% CO, atmospheres.
The digested solution was passed through a 100 pm cell
strainer and resuspended in a 1:1 mixture of Medium
199 and MCDB (Molecular Cellular Developmental Biol-
ogy) 105 Medium. Ascites were washed twice at 400
X g for 5 min with 1X phosphate-buffered saline (PBS).
Mononuclear cells were isolated through Ficoll-Hypaque
density gradient centrifugation at 930 X g for 30 min at
room temperature. The isolated tumor cells were resus-
pended in a mixture of 50% Medium 199 and 50% MCDB
105 medium and half autologous ascitic fluid for further
cultivation.

PBMC isolation and cell enrichment

Peripheral blood collected from patients with OC was
diluted with an equal volume of 1X PBS. Ficoll-Hypaque
was slowly loaded into a cell fraction and subjected to
density gradient centrifugation at 930 X g for 30 min at
room temperature. PBMCs were then collected from the
buffy coat layer. Magnetic-activated cell sorting (MACS
cell) separation was used for cell enrichment (Table S3).
For preparing CD25 responder T cells, PBMCs were
labeled with biotinylated anti-CD25. For preparing CD8
T cells, PBMCs were labeled with biotinylated anti-
CD56, anti-CD4, anti-CD11c, anti-CD14, and anti-CD19.
For preparing pure Phyduxon and T cells, Phyduxon-T
was labeled with biotinylated anti-CD3 and anti-CD56,
respectively. All cells were labeled with biotinylated anti-
bodies for 8 min at room temperature. Biotin-conjugated
cells were labeled with streptavidin (SA) microbeads
for 10 min at room temperature. The labeled cells were
passed through LD columns under a strong magnetic
field and collected from the flow-through and eluate
fractions.

Preparation of Phyduxon-T

The Phyduxon-T manufacturing process was modified
from the previous study [13]. Briefly, PBMCs were cul-
tured in AIM-V medium with 4% human platelet lysate
(HPL), 30 ng/mL human interleukin (hIL)-15, 3 ng/mL
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hIL-12, and 50 ng/mL hIL-18 at 37 °C under 5% CO,. On
day 3, the cells were subcultured in AIM-V medium with
4% HPL, 30 ng/mL hIL-15, 3 ng/mL hIL-12, and 50 ng/
mL hIL-18. On day 6, 50% of the cells were harvested and
pelleted through centrifugation (at 400 Xg for 5 min); the
cell pellets were resuspended in AIM-V medium contain-
ing 4% HPL, 30 ng/mL hIL-15, and 3 ng/mL hIL-12. On
day 9, the remaining 50% of the cells were subjected to an
identical process. Phyduxon-T was harvested on day 12
to evaluate its phenotype and functional activities.

Flow cytometry

Flow cytometry was used to assess the phenotype of
Phyduxon-T. Immune profiling for Phyduxon and T cells
involved staining with specific monoclonal antibodies
and corresponding isotype controls (Table S4). Immune
profiling for cytotoxic molecules included cell stimula-
tion using Cell Stimulation Cocktail (a cocktail of phor-
bol 12-myristate 13-acetate (PMA) and ionomycin) and
brefeldin A for 2 h at 37 °C with 5% CO2 atmospheres.
The cells were stained with the monoclonal antibodies
and corresponding isotype controls listed in Table S5
for 10 min at 4 °C. After 20 min of fixation and perme-
abilization at 4 °C, intracellular staining was performed
using specific monoclonal antibodies and correspond-
ing isotype controls listed in Table S5 for 30 min at 4 °C.
Samples were acquired using a Navios flow cytometer
(Beckman Coulter), and all related data were analyzed
with Kaluza (Beckman Coulter, version 2.1).

Cytotoxic assay

The cytotoxicity of Phyduxon was evaluated using the
PanToxiLux kit by assessing granzyme B activity and cas-
pase activation in tumor cells [21]. K562 cells and pri-
mary OC cells were stained with TFL4 for 50 min. On
day 12, total Phyduxon-T, sorted Phyduxon or sorted T
cells out of total Phyduxon-T were incubated with TFL4*
K562 cells (ratio of effector to target cells, 5:1) for 20 min
and TFL4" OC cells (effector to target cell ratio, 20:1) for
60 min, respectively. The expression level of TFL4" gran-
zyme B/caspase™ was evaluated through flow cytometry,
and all related data were analyzed using Kaluza.

APC activity assay

Allogeneic responder cells (CD25~ PBMCs) were
enriched and stained with the CellTrace CFSE (Car-
boxyfluorescein succinimidyl ester) cell proliferation
kit in the mixed lymphocyte reaction assay. CFSE™ cells
were cocultured with sorted Phyduxon (ratio of APCs
to responder cells, 2:1) for 5 days in the presence of
IL-2 and IL-15 to reduce the TCR threshold. The CFSE-
diluted pattern of CD3 T cells was evaluated through
flow cytometry. To establish a triple-cell coculture
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model, primary OC cells were cocultured with sort-out
Phyduxon (ratio of effector to target cells, 20:1) for 2
days; next, CellTrace Violet-labeled CD8 T cells were
added to the target cells and cultured for another 4
days in the presence of IL-2 and IL-15. Violet, 4-1BB,
and IFN-y expression levels on CD8 T cells were evalu-
ated using flow cytometry, and all related data were
analyzed using Kaluza.

Statistical analysis

Data in two-group comparisons were analyzed using
the unpaired, nonparametric, two-tailed Mann-Whit-
ney test. Data in three-group comparisons were ana-
lyzed using the One-Way ANOVA (Kruskal-Wallis test)
and Dunn’s multiple comparisons test for further mul-
tiple comparisons. Correlations were assessed using
Pearson’s r, and regression analysis was performed
using simple linear regression. All statistical analyses
were conducted using GraphPad Prism (version 9.1.2)
for Windows. Results were considered statistically sig-
nificant at p <0.05.

Results
Phyduxon is a novel human IKDC counterpart exhibiting
NK cell and DC phenotypes and activities
We developed a manufacturing platform for Phyduxon-
T by building upon our previous study [13]. In this
platform, we utilized hIL-15 and hIL-12 to induce the dif-
ferentiation of initial NK cells, facilitating the acquisition
of DC phenotypes and activities. This specialized regi-
men, termed Phyduxon, was further enhanced with IL-18
to boost the activities of both NK cells and DCs, thereby
improving the overall production of Phyduxon (Fig. 1a).
Following a 12-day Phyduxon-T manufacturing pro-
cess, we conducted the phenotypic analysis to discern NK
and DC phenotypes on Lineage-negative (Lin~) CD56"%
cells (Fig. S1). As a result, the Lin"CD56% NK cells dem-
onstrated a substantial expression of NK cell phenotype,
as evidenced by the expression of CD16 (p=0.0043) and
NKG2D (p=0.3939) (Fig. 1b and c and Fig. S1). Further-
more, the sorted CD561 NK cells exhibited cytotoxicity
against K562 target cells, with 74.43% showing caspase/
granzyme BT characteristics, indicating the presence
of NK-dependent cytotoxicity (p=0.0022) (Fig. 1d and
e and Fig. S2a). On the other hand, the Lin"CD56" NK
cells displayed an upregulated expression of DC markers,
including HLA-DR (p=0.0022), CD86 (p=0.0022), and
CD11c (p=0.0087) (Fig. 2a and b). The sorted CD561 NK
cells exhibited an allostimulatory APC function, lead-
ing to a 7.21% increase in the proliferation of allogeneic
CD3* responder (Res.) T cells (Fig. 2c and d). These find-
ings illustrate that the Phyduxon-T manufacturing pro-
cess induces the differentiation of CD56% NK cells into
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Phyduxon, a novel human IKDC counterpart express-
ing CD3 CD14 CD19 CD45tCD56"NKG2D*CD16"
HLA-DRTCD86"CD11c*t, with both NK cell and DC
functions.

Phyduxon exhibited APC activity by capturing

and presenting tumor antigens to T cells, thus inducing
TAA-specific CD8 T cells

Given the potential of Phyduxon in both NK cells and
DCs, evaluating its ability to kill tumor cells, capture
TAAs, and present TAAs to T cells is crucial. To assess
the APC function of Phyduxon in vitro, we developed
a primary OC cell culture model. Established OC cells
displayed an upregulated expression of cytokeratin-7/8
(p=0.0022), commonly occurring in malignant neo-
plasms (Fig. 3a) [22, 23].

For the investigation of Phyduxon’s APC function, we
measured the proliferation and activation of CD8 T cells
using a triple-cell coculture model (Fig. 3b). Phyduxon
exhibited NK-dependent cytotoxicity and induced an
approximately one-fold increase (p=0.0260) in the apop-
tosis of OC cells (20.7%) compared to that observed in
OC cells cultured alone (9.71%; Fig. 3c, d). To further
explore whether TAA-specific T cells can be primed after
the Phyduxon-mediated death of OC cells, we utilized
CellTrace Violet and activation-induced markers (AIMs),
including 4-1BB and IFN-y, to identify the population of
TAA-specific CD8 T cells [24]. Consequently, following
the Phyduxon-mediated death of OC cells, we observed
an approximately 25% increase (p=0.0079) in the lev-
els of autologous proliferated 4-1BB*IFN-y*CD8 T cells
compared to those observed without tumor engagement
(Fig. 3e and f). These findings indicate that Phyduxon
promotes the expansion of tumor-reactive CD8 T cells
after engaging with tumors.

Emergence of AIM* CD8T cells in the Phyduxon-T
manufacturing process

While TAA-specific T cells carrying 4-1BB and IFN-y
can be primed after coculturing with tumor-loaded Phy-
duxon, the limited yield of TAA-specific T cells may
hinder their clinical application (Fig. 3). Thus, strate-
gies for the in-vitro expansion of TAA-specific CD8 T
cells are crucial. IL-15 plays a role in the differentiation,
persistence, and maintenance of T cell memory [25, 26].
Recently, IL-15-encoded CAR-T demonstrated superior
memory-like T-cell expansion and persistence, enhanc-
ing antitumor effects in various CAR-T pipelines [27].
IL-12 and IL-18, alone with IL-15, enhanced the IFN-y
production of memory CD8 T cells [28]. Therefore, we
hypothesized that the cytokine cocktail used in the Phy-
duxon-T manufacturing protocol might expand a small
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population of TAA-specific CD8 T cells during Phy-
duxon generation.

After the 12-day culture, we evaluated CD4 and CD8
T cell changes, observing CD8 T cell expansion com-
pared to fresh PBMCs (CD4: p=0.0087, CD8: p=0.0043)
(Fig. 4a). Additionally, we examined the differentia-
tion phenotype of CD8 T cells, revealing an increase
in CCR7 CD45RO" effector memory CD8 T cells
(»=0.0022) and CCR7"CD45RO™" central memory CD8
T cells (p=0.0087) (Fig. 4b and Fig. S3a). Furthermore, we

observed a significant increase in the expression levels of
T cell activation markers, such as CD25 (p=0.0022) and
CD69 (p=0.0411), on CD8 T cells (Fig. 4c and d and Fig.
S3b). IFN-y production by 4-1BB™ CD8 T cells, a pheno-
type known as TAA-specific CD8 T cells, was significantly
increased in vitro (p=0.0043) (Fig. 4e and f, and Fig. S3c).
These findings demonstrate that the Phyduxon-T manufac-
turing platform enables the expansion of a small amount
of TAA-specific CD8 T cells derived from the peripheral
blood.
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cytotoxicity against primary tumors nificant overall cytotoxicity against primary cancer. OC
The Phyduxon-T immune composition, comprising cells exposed to Phyduxon-T exhibited cytotoxicity of
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24.25%, evidenced by caspase/granzyme B, whereas OC
cells alone exhibited cytotoxicity of 9.71% (p=0.0022)
(Fig. S4). These findings demonstrate that Phyduxon-T
exhibits antitumor activity in vitro.

Phyduxon-T exhibited slightly higher cytotoxicity
against primary OC cells compared to Phyduxon (Fig. 3d
and Fig. S4), indicating that the T cells within Phyduxon-
T may be responsible for executing T cell-dependent
cytotoxicity. To confirm this, we isolated approximately
90% of CD3 T cells from Phyduxon-T and cocultured
them with OC cells to assess their tumor specificity (Fig.
S2b). Initially, we cocultured T cells and Phyduxon with
K562 cells to assess innate-cell-like cytotoxicity, reveal-
ing that Phyduxon, but not T cells (»=0.1032), exhib-
ited NK-mediated innate-cell-like killing activity against
K562 cells (p=0.0002) (Fig. S5). Conversely, the isolated
T cells demonstrated T cell-dependent cytotoxicity (rate
of apoptosis in OC cells: 18.84%), approximately one-
fold higher (p=0.0152) than that observed in OC cells
alone (9.71%; Fig. 5a and b). Furthermore, we observed
strong correlations between the levels of the production

of IFN-y, perforin, and CD107a by 4-1BBT CD8 T cells
and their ability to exert T cell-dependent cytotoxicity by
inducing apoptosis in OC cells (Fig. 5c). These findings
indicate that T cells expanded through the Phyduxon-T
manufacturing process exhibit T cell-dependent tumor-
specific cytotoxicity against primary tumors, providing
evidence for the capability of the Phyduxon-T manufac-
turing process to expand TAA-specific T cells and com-
bat tumors in vitro.

Discussion

In this study, we developed a manufacturing process to
generate a novel adoptive cell transfer regimen called
Phyduxon-T. This regimen involves culturing PBMCs
with hIL-15, hIL-12, and hIL-18 for 12 days to generate a
human IKDC counterpart, Phyduxon, and TAA-specific
CD8 T cells in vitro. Phyduxon exhibited NK-dependent
killing activity and APC function, while the TAA-specific
CD8 T cells were responsible for T cell-dependent cyto-
toxicity toward OC cells (Fig. 6).
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Fig. 4 Antigen-exposed CD8T cells were selectively activated and expanded through the Phyduxon-T manufacturing process in vitro. Cells

from patients with OC were harvested on day 0 (fresh PBMCs) and day 12 (Phyduxon-T) and stained with monoclonal antibodies to acquire T cell
phenotype via flow cytometry. a We evaluated the changes in CD4 and CD8 on T cells, (b) the expression levels of CCR7*CD45RO*(central memory)
and CCR7°CD45R0O*(effector memory) on CD14"CD19-CD56 TCRyS CD4~CD45*TCRaR*CD8* cells, (¢, d) the expression levels of CD25 and CD69
on CD147CD19 CD56 TCRyS CD4 CD45*CD3*TCRaB*CD8*cells, (e, f) the expression level of IFN-y on CD14"CD19-CD56 CD3*CD8*4-1BB*

cells. The results shown in (c) and (e) are representative of six independent experiments. Data are presented as means + SD of six independent
experiments. Differences between groups were analyzed using the nonparametric Mann-Whitney test. p values:*p <0.05,**p <0.01

Mouse IKDC was first discovered in 2006 and defined
as NK1.1tB220*CD11c™ [7, 8]. Mouse IKDCs secrete
IFN-y and mediate tumoricidal activity in a TRAIL-
dependent manner [8] and also secrete IL-12 to upreg-
ulate the expression of MHC-II and costimulatory

molecules, thereby acquiring APC function [7, 29].
Adoptively transferring this particular immune subset,
exhibiting the phenotype and properties of both NK
cells and DCs, results in antitumor activity in vivo [9].
The human counterpart of IKDC expresses CD56 and
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cell-dependent cytotoxicity and the percentage of 4-1BB*IFN-y*, 4-1BB*perforintand 4-1BB*CD107a*on CD8T cells was determined. The results
shown in (a) are representative of six independent experiments. Data are presented as means +SD of six independent experiments. Differences
between groups were analyzed using the nonparametric Mann-Whitney test. p values:*p <0.05
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Fig. 6 Phyduxon-T, asan immune cell-based regimen, exhibits the characteristics of NK cells, DCs, and TAA-specific CD8 T cells. Phyduxon-T
is a novel immune cell-based regimen consisting of the human IKDC counterpart, Phyduxon, and TAA-specific CD8 T cells. Phyduxon demonstrates

the ability to eliminate tumor cells and present TAAs, thereby inducing TAA-specific CD8 T-cell responses. The manufacturing protocol

of Phyduxon-T facilitates the expansion of TAA-specific T cells, enhancing their potential for tumor destruction. In summary, Phyduxon-T exhibits
the characteristics of NK cells, DCs, and T cells, mimicking immunosurveillance and providing a new strategy for adoptive cell transfer therapy
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HLA-DR and can be expanded in vitro in response to
cytokines such as IL-15, IL-12, and IFN-y [10-12]; this
expanded IKDC exhibits the functional activities of both
NK cells and DCs [30]. In a previous study, we investi-
gated using IL-15 combined with IL-12 or IL-18 by var-
ying the timing and duration of exposure to establish a
new platform for manufacturing human IKDCs [13]. The
initial phase of cell preparation involved cell depletion to
eliminate unwanted cells before manufacturing [11-13].
In this study, we manufactured Phyduxon-T to generate
a novel human IKDC counterpart, Phyduxon, by cultur-
ing PBMCs with hIL-15, hIL-12, and hIL-18 for 12 days,
eliminating the need for the modification of the initial
cells (Figs. 1 and 2). This innovative manufacturing pro-
tocol proves to be more practical for producing human
IKDC products in clinical settings.

Several methods have been proposed to generate TAA-
specific T cells targeting tumor epitopes. First, the adop-
tive transfer of DCs combined with cytokine-induced
killer (DC-CIK) cells can induce TAA-specific T cells
in vivo [31, 32]. However, ensuring quality control dur-
ing preparation poses challenges, complicating the man-
ufacturing process. Second, neoantigen prediction can
provide extensive information on somatic mutations
in tumor cells, generating a wide range of TAA epitope
candidates [33]. Nonetheless, validating the vast num-
ber of TAA epitopes is challenging and demands con-
siderable time and effort, as only a limited subset can
provoke effective antitumor responses [33, 34]. Studies
using murine and human models have demonstrated
that IKDC can induce downstream CD8 T-cell prolifera-
tion after eliminating tumor cells [9, 35]. Our data also
revealed that Phyduxon eliminated tumors and processed
tumor antigens, triggering the expansion of downstream
4-1BB*IFN-y" CD8 T cells (Fig. 3); this indicates the
emergence of tumor-specific CD8 T cells [36, 37]. This
approach significantly reduces the complexity of manu-
facturing DC-CIK cells. Furthermore, this natural T-cell
induction protocol simplifies the currently complex pro-
cess of validating neoantigen epitopes for selecting TAA-
specific T cells.

OC has a low mutation burden, resulting in a low fre-
quency of neoantigen-specific T cells and poor clini-
cal outcomes [38]. This study used proinflammatory
cytokines, including IL-15, IL-12, and IL-18, to activate
T cells and expand memory CD8 T cells. We further dis-
covered that rare IFN-y-producing 4-1BB* CD8 T cells
from peripheral blood, representing TAA-specific T
cells, can be expanded through the Phyduxon-T manu-
facturing process; these cells exhibited T cell-dependent
cytotoxicity (Figs. 4 and 5). These findings are consist-
ent with studies reporting that overnight incubation with
common y-chain cytokines, such as IL-7 and IL-15, can
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upregulate the expression of 4-1BB in T cells [37]. Fur-
thermore, most TIL repertoires comprise 4-1BBYTIL
cells secreting IFN-y, which plays a crucial role in the
immune response to tumor cells [37, 39]. Our Phyduxon-
T manufacturing protocol enabled the expansion of IFN-
y-producing 4-1BB*CDS8 T cells, perforin, and CD107a
by using peripheral blood samples from patients with
OC (Fig. 5¢). This approach holds promise for enhancing
clinical outcomes in patients with OC or other cancers.

Studies have demonstrated a phenomenon known as
bystander T-cell activation, characterized by the expan-
sion and activation of T cells with innate-cell-like activi-
ties in response to microbial and viral infections or
tumors. These innate-cell-like cells exhibit innate-like
cell cytotoxicity independently of the TCR [40, 41]. For
instance, IL-15 alone or a combination of IL-12 and IL-18
has been shown to induce IFN-y production and upreg-
ulate CD69 expression [42]. In acute hepatitis A, these
innate-cell-like cells are activated through bystander
cytokines within a short period to exhibit NK cell-like
cytotoxicity independently of the TCR but through
NKG2D and its ligand [43, 44]. However, T cells from
Phyduxon-T exhibited T cell-dependent cytotoxicity
against primary OC cells instead of innate-like cell cyto-
toxicity against K562 cells (Fig. 5a and b and Fig. S5). This
discrepancy may be attributed to the fact that innate-like
cell cytotoxicity is typically induced within a short period
of approximately 48 h and may exhibit NK cell-like activ-
ity during the initial induction phase. A previous study
showed that the extended cultivation period triggered the
production of IFN-y by IL-7 and IL-15 overnight-treated
4-1BB™ T cells after engaging with tumors, resulting in
T-dependent killing [37]. Our Phyduxon-T manufac-
turing protocol entails a long cultivation period in the
presence of a unique cytokine combination to induce a
T-mediated immune response rather than an innate-like
immune response.

This study demonstrated that Phyduxon-T has the
potential to initiate TAA-specific CD8 T cell responses
and execute T-dependent tumoricidal activities in vitro.
However, limitations arise from the suppressive tumor
microenvironments, hindering the migration and infiltra-
tion of TAA-specific CD8 T cells and their corresponding
cytotoxicity against cancer [45]. Therefore, a future ther-
apeutic strategy combining immune checkpoint inhibi-
tors to alleviate the immune suppression of the tumor
microenvironment, along with ACT, could be a promis-
ing approach to treating solid tumors [46].

Conclusions

In conclusion, our study presents the successful develop-
ment of Phyduxon-T, a novel immune cell regimen that
integrates NK, DC, and T cell functions. This regimen
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effectively selects and expands TAA-specific T cells from
the peripheral blood of patients. By bridging innate and
adaptive immunity, Phyduxon-T initiates immunosur-
veillance, effectively overcoming tumor immune escape,
a frequent obstacle in solid tumors. This ultimately
facilitates the delivery of potent anti-tumor immune
responses.

Abbreviations

NK cells Natural killer cells

MHC Major histocompatibility complex
TAAs Tumor-associated antigens

APCs Antigen-presenting cells

DCs Dendritic cells

CAR-T cells Chimeric antigen receptor T cells

TCR-T cells T-cell receptor (TCR)-engineered T cells
IFN Interferon

IKDCs Interferon-producing killer dendritic cells
oC Ovarian cancer

PBMCs Peripheral blood mononuclear cells
MCDB Molecular Cellular Developmental Biology
IMDM Iscove’'s Modified Dulbecco’s Medium

PBS Phosphate-buffered saline

MACS Magnetic-activated cell sorting

SA Streptavidin

IL Interleukin

HPL Human platelet lysate

CFSE Carboxyfluorescein succinimidyl ester

Lin Lineage

AlMs Activation-induced markers

DC-CIKcells  DCs combined with cytokine-induced killer cells

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512885-024-12101-3.

[ Supplementary Material 1. }

Acknowledgements

We acknowledge the assistance of Dr. Jung Chen (Department of Obstetrics
and Gynecology, National Taiwan University Hospital) in subject enroliment,
as well as Ms. Wan-Yu Lai and Ms. Shiu-Lan Wang (FullHope Biomedical) for
their help with IRB application and clinical sample shipping. We also thank
Dr. Hsiang-Jen Lin (FullHope Biomedical) for his assistance with manuscript
preparation.

Authors’ contributions

C-H. F: Methodology; Formal Analysis; Investigation; Data Curation; Validation
and Writing - Original Draft Preparation. W.-F. C.: Resources. Y-F. C.: Methodol-
ogy; Investigation and Data Curation. K-L. L.: Writing - Review & Editing and
Supervision. J.-M. L: Conceptualization; Writing - Review & Editing; Supervision
and Funding Acquisition. All authors reviewed the manuscript and approved
it for publication.

Funding
This study was supported by FullHope Biomedical Co,Ltd.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
This study, conducted in accordance with the Declaration of Helsinki,
received approval from the IRB of the National Taiwan University Hospital

Page 11 of 12

(202108121RSD, October 22, 2022). Informed consent was obtained from all
participants involved in the study.

Consent for publication
Not applicable.

Competing interests

J-M. L, C-H.F, and Y-F. C. are employees of Full[Hope Biomedical Co.Ltd. They
also hold shares in FullHope Biomedical Co,Ltd. J-M. L, K-L. L, C-H. F, and
Y.-F. C. are inventors of patent applications (Application No. 18/170,671). All
authors declare no other conflicts of interest related to this study.

Author details

'Biomedical Industry Ph.D. Program, College of Life Sciences, National Yang
Ming Chiao Tung University, Taipei, Taiwan. 2FullHope Biomedical Co,Ltd, 10F,
No. 10, Ln. 609, Sec. 5, Chongxin Rd., Sanchong Dist., New Taipei City 241405,
Taiwan. *Graduate Institute of Clinical Medicine, College of Medicine, National
Taiwan University, Taipei, Taiwan. “Department of Obstetrics and Gynecology,
College of Medicine, National Taiwan University, Taipei, Taiwan. °Graduate
Institute of Oncology, College of Medicine, National Taiwan University, Taipei,
Taiwan. ®Department of Heavy Particles & Radiation Oncology, Taipei Veterans
General Hospital, Taipei, Taiwan. ’ Institute of Traditional Medicine, School

of Medicine, National Yang Ming Chiao Tung University, No. 155, Sec. 2, Linong
St. Beitou Dist,, Taipei City 112304, Taiwan.

Received: 12 December 2023 Accepted: 9 March 2024
Published online: 28 March 2024

References

1. Vakkila J, Lotze MT. Inflammation and necrosis promote tumour growth.
Nat Rev Immunol. 2004;4(8):641-8.

2. Bottcher JP,Reis e Sousa C. The role of type 1 conventional dendritic cells
in cancer immunity. Trends Cancer. 2018;4(11):784-92.

3. LiuS, GalatV, GalatY, Lee YKA, Wainwright D, Wu J. NK cell-based cancer
immunotherapy: from basic biology to clinical development. J Hematol
Oncol. 2021;14(1):7.

4. LiuJ, Fu M, Wang M, Wan D, Wei Y, Wei X. Cancer vaccines as promising
immuno-therapeutics: platforms and current progress. J Hematol Oncol.
2022;15(1):28.

5. Kirtane K, ElImariah H, Chung CH, Abate-Daga D. Adoptive cellular
therapy in solid tumor malignancies: review of the literature and chal-
lenges ahead. J Immunother Cancer. 2021;9(7):e002723.

6. Shortman K, Villadangos JA. Is it a DC, is it an NK? No, it's an IKDC. Nat
Med. 2006;12(2):167-8.

7. Chan CW, Crafton E, Fan H-N, Flook J, Yoshimura K, Skarica M, Brockstedt
D, Dubensky TW, Stins MF, Lanier LL, et al. Interferon-producing killer
dendritic cells provide a link between innate and adaptive immunity. Nat
Med. 2006;12(2):207-13.

8. Taieb J, Chaput N, Ménard C, Apetoh L, Ullrich E, Bonmort M, Péquignot
M, Casares N, Terme M, Flament C, et al. A novel dendritic cell subset
involved in tumor immunosurveillance. Nat Med. 2006;12(2):214-9.

9. Himoudi N, Yan M, Bouma G, Morgenstern D, Wallace R, Seddon B,
Buddle J, Eddaoudi A, Howe SJ, Cooper N, et al. Migratory and antigen
presentation functions of IFN-producing killer dendritic cells. Cancer Res.
2009;69(16):6598-606.

10. Burt BM, Plitas G, Nguyen HM, Stableford JA, Bamboat ZM, Dematteo
RP. Circulating HLA-DR(+) natural killer cells have potent Iytic ability and
weak antigen-presenting cell function. Hum Immunol. 2008;69(8):469-74.

11. Liao NS, Lee JM, inventors; Academia Sinica, assignee. Formulation for
cultivating dendritic killer cells and method using the same. US patent
US9157068B2, October 13, 2015.

12. Liao NS, Lee JM, inventors; Academia Sinica, assignee. Modified natural
killer cells, compositions and uses thereof. US patent US10195231B2,
February 05, 2019.

13. Lee JM, Fang CH, Cheng YF, Chou PY, inventors; Fullhope Biomedical Co
Ltd, assignee. Modified natural killer cells, pharmaceutical composition,
manufacturing method thereof, and method of using the same. US pat-
ent US20210260115A1, August 26, 2021. Under review.


https://doi.org/10.1186/s12885-024-12101-3
https://doi.org/10.1186/s12885-024-12101-3

Fang et al. BMC Cancer

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31

32

33
34

35.

36.

(2024) 24:395

Hiam-Galvez KJ, Allen BM, Spitzer MH. Systemic immunity in cancer. Nat
Rev Cancer. 2021;21(6):345-59.
Yang C, Xia BR, Zhang ZC, Zhang YJ, Lou G, Jin WL. Immunotherapy for

ovarian cancer: adjuvant, combination, and neoadjuvant. Front Immunol.

2020;11:577869.

Morand S, Devanaboyina M, Staats H, Stanbery L, Nemunaitis J. Ovar-
ian cancer immunotherapy and personalized medicine. Int J Mol Sci.
2021,22(12):6532.

Rodriguez GM, Galpin KJC, McCloskey CW, Vanderhyden BC. The tumor
microenvironment of epithelial ovarian cancer and its influence on
response to immunotherapy. Cancers (Basel). 2018;10(8):242.

Ning F, Cole CB, Annunziata CM. Driving immune responses in the ovar-
ian tumor microenvironment. Front Oncol. 2020;10:604084.

Shepherd TG, Theriault BL, Campbell EJ, Nachtigal MW. Primary culture
of ovarian surface epithelial cells and ascites-derived ovarian cancer cells
from patients. Nat Protoc. 2006;1(6):2643-9.

Rosenberg SA, Yannelli JR, Yang JC, Topalian SL, Schwartzentruber DJ,
Weber JS, Parkinson DR, Seipp CA, Einhorn JH, White DE. Treatment of
patients with metastatic melanoma with autologous tumor-infiltrating
lymphocytes and interleukin 2. J Natl Cancer Inst. 1994,86(15):1159-66.
Packard BZ, Telford WG, Komoriya A, Henkart PA. Granzyme B activ-

ity in target cells detects attack by cytotoxic lymphocytes. J Immunol.
2007;179(6):3812-20.

Dum D, Menz A, Volkel C, De Wispelaere N, Hinsch A, Gorbokon N,
Lennartz M, Luebke AM, Hube-Magg C, Kluth M, et al. Cytokeratin 7 and
cytokeratin 20 expression in cancer: a tissue microarray study on 15,424
cancers. Exp Mol Pathol. 2022;126:104762.

Vang R, Gown AM, Barry TS, Wheeler DT, Yemelyanova A, Seidman JD,
Ronnett BM. Cytokeratins 7 and 20 in primary and secondary mucinous
tumors of the ovary: analysis of coordinate immunohistochemical
expression profiles and staining distribution in 179 cases. Am J Surg
Pathol. 2006;30(9):1130-9.

Ugolini A, Nuti M. CD137(+) T-cells: protagonists of the immunotherapy
revolution. Cancers (Basel). 2021;13(3):456.

Pilipow K, Roberto A, Roederer M, Waldmann TA, Mavilio D, Lugli E. IL15
and T-cell stemness in T-cell-based Cancer Immunotherapy. Cancer Res.
2015;75(24):5187-93.

Nolz JC, Richer MJ. Control of memory CD8(+) T cell longevity and effec-
tor functions by IL-15. Mol Immunol. 2020;117:180-8.

Bell M, Gottschalk S. Engineered cytokine signaling to improve CART cell
effector function. Front Immunol. 2021;12:684642.

Smeltz RB. Profound enhancement of the IL-12/IL-18 pathway of IFN-
gamma secretion in human CD8 +memory T cell subsets via IL-15.
Immunol. 2007;178(8):4786-92.

Pletneva M, Fan H, Park JJ, Radojcic V, Jie C, Yu Y, Chan C, Redwood A,
Pardoll D, Housseau F. IFN-producing killer dendritic cells are antigen-
presenting cells endowed with T-cell cross-priming capacity. Cancer Res.
2009;69(16):6607—14.

Liao NS, Lee JM, inventors; Academia Sinica, assignee. Method for treat-
ing cancers with dendritic killer cells and pharmaceutical composition
comprising the same. US patent US9597356B2, March 21, 2017.
Mohsenzadegan M, Peng RW, Roudi R. Dendritic cell/cytokine-induced
killer cell-based immunotherapy in lung cancer: what we know and
future landscape. J Cell Physiol. 2020;235(1):74-86.

Wang S, Wang X, Zhou X, Lyerly HK, Morse MA, Ren J. DC-CIK as a
widely applicable cancer immunotherapy. Expert Opin Biol Ther.
2020;20(6):601-7.

Yamamoto TN, Kishton RJ, Restifo NP. Developing neoantigen-targeted T
cell-based treatments for solid tumors. Nat Med. 2019;25(10):1488-99.
Editorial. The problem with neoantigen prediction. Nat Biotechnol.
2017;35(2):97.

Liao NS, Lee JM, inventors; Academia Sinica, assignee. Formulation and
method for preparing specific T cell, and method for preparing the
formulation. US patent US9597383B2, March 21, 2017.

Wolfl M, Kuball J, Ho WY, Nguyen H, Manley TJ, Bleakley M, Greenberg
PD. Activation-induced expression of CD137 permits detection, isola-
tion, and expansion of the full repertoire of CD8 +T cells responding

to antigen without requiring knowledge of epitope specificities. Blood.
2007;110(1):201-10.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 12 of 12

Ye Q, Song D-G, Poussin M, Yamamoto T, Best A, Li C, Coukos G, Powell DJ.
CD137 accurately identifies and enriches for naturally occurring tumor-
reactive T cells in Tumor. Clin Cancer Res. 2014;20(1):44-55.

SongY, Zhang Y. Research progress of necantigens in gynecologic can-
cers. Int Immunopharmacol. 2022;112:109236.

Draghi A, Chamberlain CA, Khan S, Papp K, Lauss M, Soraggi S, Radic HD,
Presti M, Harbst K, Gokuldass A, et al. Rapid identification of the tumor-
specific reactive TIL repertoire via combined detection of CD137, TNF,
and IFNgamma, following Recognition of Autologous Tumor-Antigens.
Front Immunol. 2021;12:705422.

Meier SL, Satpathy AT, Wells DK. Bystander T cells in cancer immunology
and therapy. Nat Cancer. 2022;3(2):143-55.

Lee H, Jeong S, Shin EC. Significance of bystander T cell activation in
microbial infection. Nat Immunol. 2022;23(1):13-22.

Freeman BE, Hammarlund E, Raue HP, Slitka MK. Regulation of innate
CD8+T-cell activation mediated by cytokines. Proc Natl Acad Sci U S A.
2012;109(25):9971-6.

Kim J, Chang DY, Lee HW, Lee H, Kim JH, Sung PS, Kim KH, Hong SH,

Kang W, Lee J, et al. Innate-like cytotoxic function of bystander-activated
CD8(+) T cells is associated with liver injury in acute hepatitis A. Immu-
nity. 2018;48(1):161-e173165.

Correia MP, Costa AV, Uhrberg M, Cardoso EM, Arosa FA. IL-15 induces
CD8+T cells to acquire functional NK receptors capable of modulating
cytotoxicity and cytokine secretion. Immunobiology. 2011;216(5):604-12.
Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M,
Coussens LM, Gabrilovich DI, Ostrand-Rosenberg S, Hedrick CC, et al.
Understanding the tumor immune microenvironment (TIME) for effective
therapy. Nat Med. 2018;24(5):541-50.

Galli F, Aguilera JV, Palermo B, Markovic SN, Nistico P, Signore A. Relevance
of immune cell and tumor microenvironment imaging in the new era of
immunotherapy. J Exp Clin Cancer Res. 2020;39(1):89.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Characterization of tumoricidal activities mediated by a novel immune cell regimen composing interferon-producing killer dendritic cells and tumor-specific cytotoxic T lymphocytes
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Reagents and antibodies
	Subject enrollment
	Cell lines and primary tumor cell isolation
	PBMC isolation and cell enrichment
	Preparation of Phyduxon-T
	Flow cytometry
	Cytotoxic assay
	APC activity assay
	Statistical analysis

	Results
	Phyduxon is a novel human IKDC counterpart exhibiting NK cell and DC phenotypes and activities
	Phyduxon exhibited APC activity by capturing and presenting tumor antigens to T cells, thus inducing TAA-specific CD8 T cells
	Emergence of AIM+ CD8 T cells in the Phyduxon-T manufacturing process
	Expanding AIM+CD8 T cells promotes T cell-mediated cytotoxicity against primary tumors

	Discussion
	Conclusions
	Acknowledgements
	References


