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A B S T R A C T

Background aims: Dendritic cell (DC)-based immunotherapy is a promising approach to treat cancer; how-
ever, there is no consensus on the manufacturing processes. Cell type heterogeneity in products manufac-
tured by various methods is understudied and may elicit safety concerns from the regulatory perspective.
Methods: We characterized the cell type composition of a recently developed DC vaccine, CUD-002, consist-
ing of DCs loaded with mRNA encoding personalized tumor neoantigens (NCT05270720).
Results: Using single-cell transcriptomic analysis as an unbiased approach, we found that >80% cells in the
final product were DCs and the rest primarily comprised myelocytes and lymphocytes. Subsequent fluores-
cence-activated cell sorting analyses confirmed these cellular identities. These results indicate that unin-
tended cells originate from leukapheresis, the first step of the manufacturing process, and thus likely safe.
Consistently, no overt toxicity or tumorigenicity was observed in mice inoculated with CUD-002.
Conclusions: Considering that leukapheresis is a widely used procedure for collecting diverse peripheral
blood cell types to manufacture various cytotherapies, this study establishes a workflow to analyze and
address regulatory considerations on cell type heterogeneity.
© 2022 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Dendritic cell-based immunotherapy is an approved treatment for
prostate cancer and is under clinical evaluation for a variety of human
cancers [1]. Endogenous dendritic cells are the most proficient
antigen-presenting cells to display tumor antigens and play an essen-
tial role in anti-tumor immunity [2]. However, it is impractical to iso-
late a sufficient amount of endogenous dendritic cells for autologous
cell therapies [3]. To manufacture dendritic cells on an industrial
scale, the most popular approach is to collect peripheral blood mono-
cytes via leukapheresis. Enriched monocytes can be further purified
by elutriation based on the physical properties of monocytes or by
the affinity to lineage-specific antibodies. Purified monocytes are
then cultured by various methods to generate dendritic cells [4]. At
the final step of the manufacturing process, different methods are
used to load dendritic cells, such as mRNA electroporation and incu-
bation with peptide, recombinant protein or tumor cell lysate [5]. A
prominent example is Sipuleucel-T, also known as PROVENGE or
Dendreon, the first therapeutic dendritic cell vaccine approved by
the US Food and Drug Administration to treat metastatic castration-
resistant prostate cancer with no or minimal symptoms [6].
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Notably, there is still no consensus on the optimal way to manu-
facture dendritic cells for cancer therapy [7]. Variations on donor
materials and manufacturing methods inevitably result in heteroge-
neity in cell-type compositions in the final products. For regulatory
considerations, it is important to define the cell-type composition to
address safety concerns but also to ensure reproducible, high-quality
manufacturing of intended cell type. Fluorescence-activated cell sort-
ing (FACS) analysis frequently is used to immunophenotype cell
types. However, it requires previous knowledge of the cell types in
the products and offers limited information on functional cellular
states. Thus, other methodologies are needed to characterize the het-
erogenous cell types in an unbiased manner.

Ovarian cancer has been the most lethal gynecologic cancer dur-
ing the past decade and remains a high unmet medical need world-
wide. High mortality is partly the result of a long-standing paucity of
effective therapies other than platinum-based chemotherapy [8].
Interestingly, two decades ago, tumor-infiltrating T cells were dem-
onstrated in many patients with ovarian cancer [9]. However, recent
large-scale phase 2 and 3 clinical trials with immune checkpoint
inhibitors including anti-programmed cell death protein 1 (anti-PD-
1, pembrolizumab) and anti-programmed death-ligand 1 monoclonal
antibodies (anti-PD-L1, atezolizumab and avelumab) failed to achieve
meaningful efficacy in patients with ovarian cancer, either as stand-
alone or combined with stand-of-care therapeutic agents [10�12].
These observations indicate that the priming phase of anti-tumor
immunity by dendritic cells may be deficient in ovarian cancer
[13,14].

We recently developed a versatile dendritic cell-based platform,
CUD-002, consisting of Good Manufacturing Practice (GMP)-grade
dendritic cells loaded with in vitro�transcribed mRNA encoding per-
sonalized neoantigens. CUD-002 exhibits favorable efficacy in pre-
clinical cellular and animal models to treat ovarian cancer and is cur-
rently under evaluation in phase I clinical trial (NCT05270720). Here,
we demonstrate a reproducible production of high-quality CUD-002
product and use single-cell transcriptomic sequencing as an unbiased
approach to characterize cell type compositions in CUD-002 and to
guide the development of FACS-based method as quality assurance
and control steps in the manufacturing process.

Methods

Leukapheresis

To develop a GMPmanufacturing process, peripheral blood mono-
nuclear cells were collected by leukapheresis at West China Second
University Hospital of Sichuan University. Informed consent was
obtained from all volunteers for apheresis donation, and this study
was approved by the Ethical Committees of West China Second Uni-
versity Hospital at Sichuan University. A single collection from health
donors (median age: 33 years; range: 19�56 years; 66 male and 19
female donors) using Spectra Optia system (Terumo BCT, Lakewood,
CO, USA) with the mononuclear cell collection procedure was made.

Enrichment of monocytes by elutriation

Continuous-counterflow elutriation was performed with the Elu-
tra system (Terumo BCT) in Hanks’ buffered salt solution (Lonza,
Basel, Switzerland) supplemented with 1% human albumin. After
priming with Hanks’ buffered salt solution, the leukapheresis product
was loaded via the inlet pump into the constantly rotating elutriation
chamber, using a constant centrifugation speed of 2400 rpm and
increasing the cell medium flow rate step-by-step (37 mL/min,
97.5 mL/min, 97.5 mL/min, 97.5 mL/min, 103.4 mL/min and 100 mL/
min). The total elutriation time was 1 h. Six fractions were collected,
and the percentage of various immune cells was analyzed by ABX
Pentra 60 hematology analyzer (HORIBA, Irvine, CA, USA). The
cellular viability was measured using flow cytometry (Accuri C6 Plus;
Beckman Coulter Life Sciences, Indianapolis, IN, USA) by staining
with propidium iodide and anti-CD45 antibody (BD Biosciences, San
Diego). The percentage of monocytes was determined using flow
cytometry (Accuri C6 Plus; Beckman Coulter Life Sciences) by labeling
with propidium iodide and anti-CD14 antibody (BD Biosciences). In
most circumstances, monocytes were enriched in fractions 4, 5 or 6.
At least 109 monocytes were cultured to generate dendritic cells. Due
to variations on donor materials, monocytes from single-fraction or
combined fractions were used. Of 85 batches produced, 42 were
manufactured using faction 6 alone, 35 from combined fractions 5
and 6, 4 from combined fractions 4, 5 and 6, 3 from fraction 5 alone
and 1 from combined fractions 4 and 5.

Generation of dendritic cells

Monocytes were cultured in gas-permeable plastic bags (Corning,
Corning, NY, USA) at a density of 5 £ 105 cells/mL in AIM-V (Gibco/
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
800 U/mL granulocyte-macrophage colony-stimulating factor (R&D
Systems, Minneapolis, MN, USA) and 500 U/mL interleukin-4 (R&D
Systems) for 5 days, followed by the addition of 10 ng/mL recombi-
nant human tumor necrosis factor-a (R&D Systems), 5 ng/mL recom-
binant human interferon (IFN)-g (R&D Systems) and 2.5 mg/mL PGE2
(Cayman Chemical Company, Ann Arbor, MI, USA) into the culture
bag. Mature dendritic cells were collected by centrifugation (300 x g)
at day 7. For electroporation with in vitro transcribed mRNA, den-
dritic cells were resuspended in 4-mm gap cuvettes using the Gene
Pulser X cell Electroporation System (Bio-Rad, Hercules, CA, USA)
with proprietary parameters. After electroporation, cells were cul-
tured for 4 h, collected by centrifugation, resuspended in CS10
(STEMCELL Technologies) and aliquoted in Daikyo Crystal Zenith
Vials (West, Exton, PA, USA; 107 cells/vial). Each vial was placed in a
CryoMed controlled-rate freezer (Thermo Fisher Scientific) until tem-
perature reached to �130°C, then transferred to the liquid phase of
liquid nitrogen for long-term storage until the day of distribution.

Cell counting and immunophenotyping analyses

The quantity and percentage of various immune cell types in leu-
kapheresis product and elutriation fractions were analyzed by an
ABX Pentra 60 hematology analyzer (HORIBA). For other experi-
ments, FACS analysis (Accuri C6 Plus; Beckman Coulter Life Sciences)
was used. Monocytes were enumerated by CD45+/CD14+ and propi-
dium iodide�negative population (Beckman Coulter Life Sciences).
Dendritic cells were gated by forward scatter and side scatter on the
basis of cell size and cellular complexity, and further gated by anti-
CD45 and propidium iodide. Phenotypic analyses of dendritic cells
were performed using anti-CD209-APC, CD80-PE, CD83-PE, CD86-PE,
CD11c-PE, HLA-DR-APC, HLA-ABC-APC and CCR7-APC (Beckman
Coulter Life Sciences). To analyze cell type compositions in CUD-002
product, anti-CD45-APC, CD19-PE, CD20-PE, CD3-Percp-Cy5.5, CD56-
PE, CD34-PE, lineage cocktail (CD3/CD14/CD16/CD19/CD20/CD56)-
FITC, CD13-PE, CD33-PE and S100A9-PE (Beckman Coulter Life Scien-
ces) were used.

Single-cell transcriptomic analysis

Cell suspension (20 mL, 106/mL, viability >95%) was loaded into
Chromium microfluidic chips with 3�reagent kit (v3.1 chemistry), and
barcoded with a 10x Chromium Controller (10X Genomics, Pleasan-
ton, CA, USA). RNA from the barcoded cells was subsequently
reverse-transcribed and sequencing libraries constructed with
reagents from a Chromium Single Cell 3�v3.1 reagent kit (10X Geno-
mics) following manufacturer’s instructions. Sequencing was per-
formed using Illumina NovaSeq platform following manufacturer’s
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instructions. In total, 25,718 single cells from two healthy donors
were analyzed. On average, approximately 45,000 reads were gener-
ated per cell by Illumina NovaSeq PE150. Raw binary base call files
were converted to FASTQ files, aligned to human GRCh38 reference
genome to produce sparse gene expression matrix by CellRanger v3.0
pipeline [15]. To filter out low-quality data, cells with percentage of
counts in mitochondrial genes over 30% and with less than 100 genes
or 200 UMI were removed from downstream analyses [16]. Potential
cell doublets were identified by DoubletFinder and removed down-
stream analyses [17]. The expression matrix generated by CellRanger
v3.0 was further processed and analyzed by Seurat v4.0. SCTransform
to normalize UMI counts in each cell [18]. Percentage of counts in
mitochondrial genes and cell cycle scores were regressed out using
vars.to.regress. variable.features.n was set to 5000 for the following
analysis. Fifty principal components were calculated and their signifi-
cances were tested using ElbowPlot [18]. The top 30 principal compo-
nents were analyzed by Seurat v4.0. FindNeighbors and uniform
manifold approximation and projection (UMAP) visualization [19].
Batch effects were corrected using the Harmony package in UMAP
visualization. Differentially expressed genes in each cell cluster were
identified by Seurat v4.0 FindAllMarkers (log2(fold change) > 0.5,
min.pct = 0.5), and visualized using Seurat v4.0 DoHeatmap. Wil-
coxon rank-sum test was used to compute P-values adjusted for mul-
tiple testing using the Benjamini�Hochberg correction. To assign cell
identity for each cluster, SingleR package was used to annotate the
most plausible cell types, and marker genes were used to confirm
their identities manually.

Functional analyses of the efficacy of CUD-002

CUD-002 products were co-cultured with autologous CD8+ T cells
in AIM-V (Gibco/Thermo Fisher Scientific) supplemented with inter-
leukin-2 (20 U/mL) for 14 days. The functionality of CUD-002-stimu-
lated T cells was analyzed by three assays. First, the percentage of
neoantigen-specific CD8+ T cells was determined by the major histo-
compatibility complex tetramer staining assay following manufac-
turer’s instruction (MBL, Tokyo, Japan). To summarize, the stimulated
CD8+ T cells were harvested and stained with PE-conjugated MART-1
peptide/HLA-A0201 tetramer (MBL) as well as fluorescein isothiocya-
nate�conjugated anti-human CD8 (BD Biosciences), and then were
analyzed by flow cytometry (BD Biosciences). Second, the ability of
neoantigen-specific CD8+ T cells to secret IFN-g was measured by an
automated ELISPOT reader (Cellular Technology Ltd., Shaker Heights,
OH, USA). Third, neoantigen-specific CD8+ T cells were examined for
their abilities to kill OVCAR-8 ovarian cancer cells in a cytotoxicity
assay. To summarize, CD8+ T cells were incubated with OVCAR-8
ovarian cancer cells loaded with MART-1 peptide for 24 h. OVCAR-8
were also stably transfected with red fluorescent protein (mCherry)
to facilitate its detection by FACS analysis.

Tumorigenicity assessment

To examine the tumorigenic potential of CUD-002 products, NOD/
SCID mice (Beijing Vitalstar Biotechnology Co., Ltd., Beijing, China) were
used with equal number of 7- to 8-week-old male and female mice. In
accordance with the China National Medical Products Administration
(NMPA) guidelines, this experiment was carried out by an independent
contractor, JOINN Laboratories, Suzhou, China, under the Organisation
for Economic Co-operation and Development (OECD) principles of Good
Laboratory Practice in an Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC)�accredited animal research facil-
ity. Each mouse was subcutaneously injected with a single dose of
CUD-002 product containing 1£ 107 dendritic cells (4 £ 108 cells/kg
for a 25g mouse) (n = 24). This quantity of dendritic cells will be used
in human patients in the clinical trial (NCT05270720). As a positive con-
trol, six male and six female mice were subcutaneously injected with
Hela cells (single dose of 1£ 106 Hela cells per mouse). Subsequently,
all animals were assessed for body weight, macroscopic and micro-
scopic changes, and tumor masses. Animals injected with HeLa cells
were sacrificed after 56 days, due to tumor volume approaching 1 cm3.
Animals injected with CUD-002 products were observed till 112 days.
All masses formed at the site of injection were isolated and assessed by
histopathology. None of mice injected with CUD-002 product formed
any detectable tumor.

Toxicity assessment

NOG-dKO mice (Charles River Laboratories, Beijing, China) were
used with an equal number of 9-week-old male and female mice. The
experiment was carried out by an independent contractor, JOINN
Laboratories, Suzhou, China, under the OECD principles of Good Labo-
ratory Practice in an AAALAC-accredited animal research facility. The
potential toxicity profiles of CUD-002 product were assessed after
repeated intravenous slow bolus injections in NOG-dKO mice
(n = 60). Two doses were examined, containing 3 £105 or 3£ 106

dendritic cells, respectively (1.2 £ 107 or 1.2 £ 108 cells/kg for a 25-g
mouse, respectively). Dendritic cells were injected weekly for eight
consecutive weeks. Eight doses were chosen because human patient
will receive eight doses of CUD-002 (NCT05270720). During a period
of 64 days, animals were constantly monitored and assessed for clini-
cal signs, body weight, food consumption, functional and behavioral
changes, clinical pathology such as clinical chemistry parameters
(A/G ratio (calculated), alanine aminotransferase, albumin, alkaline
phosphatase, aspartate aminotransferase, bilirubin (total), calcium,
chloride, cholesterol (total), creatinine, globulin (calculated), glucose,
phosphorus (inorganic), potassium, protein (total), sodium, triglycerides,
urea; urinalysis: blood, pH, glucose, protein, urobilinogen, ketones, bili-
rubin, color and appearance, specific gravity, volume). At the end of the
observation time, macroscopic changes and organ weights were
recorded, and organs were subjected to histopathology examination.

Results

An overview of the CUD-002 manufacturing process

An overview of the CUD-002 manufacturing process is shown in
Figure 1A. To develop a personalized dendritic cell�based therapy,
the manufacturing process was developed and optimized using
peripheral blood monocytes collected by leukapheresis and enriched
by subsequent elutriation (day 1). Enriched monocytes were differen-
tiated in culture bags to generate dendritic cells, followed by electro-
poration of in vitro�transcribed mRNA encoding personalized
neoantigens and an ovarian cancer�associated antigen (days 2-7).
Various quality assurance and control analyses as well as microbio-
logical examinations (days 7-28) were carried out in accordance with
GMP guidelines from the China National Medical Products Adminis-
tration (NMPA, formerly known as the China Food and Drug Adminis-
tration) (Figure 1A).

To develop a robust manufacturing process to enrich monocytes,
we carried out 85 test runs. Monocytes in peripheral blood from 85
healthy volunteers were collected by leukapheresis using the Spectra
Optia apheresis system. The percentage of monocytes ranged from
8.8% to 41.9% (median: 21.1%; mean: 21.8 § 0.1%), quantified by an
ABX Pentra 60 hematology analyzer (Figure 1B). Monocytes collected
by leukapheresis were further purified using the Elutra system,
resulting in a median of 74.3% monocytes (range: 60.3�89.3%; mean:
74.1§0.1%) (Figure 1C). The identity of purified monocytes was veri-
fied by FACS analysis (CD14+) (Figure 1D). These monocytes were
then differentiated into dendritic cells in culture bags. In most cir-
cumstances, monocytes were enriched in fractions 4, 5 or 6 (Figure 1E).
At least 109 monocytes were cultured to generate dendritic cells. Due
to variations on donor materials, monocytes from single-fraction or



Figure 1. Analysis of monocytes purified by leukapheresis and elutriation. (A) An overview
of the manufacturing process of newly developed dendritic vaccine, CUD-002. In summary,
periphery blood monocytes are collected by leukapheresis and elutriation (day 1) and used
to generate dendritic cells followed by electroporation with mRNA encoding personalized
neoantigen (day 7). The CUD-002 product is subjected to various quality control steps (day
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combined fractions were used. Of 85 batches produced, 42 were manu-
factured using faction 6 alone, 35 from combined fractions 5 and 6, 4
from combined fractions 4, 5 and 6, 3 from fraction 5 alone, and 1 from
combined fractions 4 and 5 (Figure 1F).

Several quality-control steps were carried out to ensure the quality
of manufactured dendritic cells. Microscopic inspection revealed that
most cells had a high surface-to-volume ratio and contained multiple
cytoplasmic projections characteristic of dendritic cell morphology
(Figure 2A). Immunophenotyping by FACS analysis was carried out to
verify the identity (CD11c+, HLA-DR+ and CD209+), the maturation
state (CD80+, CD83+, CD86+ and HLA-ABC+) and the migratory ability
(CCR7+) of dendritic cells (Figure 2B). No residue monocytes were
detected (lack of CD14+ cells) (Figure 2B). In 72 manufactured batches,
the median percentage was 91.0% for CD209+ (range: 63.0�100%;
mean: 88.7 § 0.13%), 99.0% for CD80+ (range: 83.0�100%; mean: 91.0
§ 0.05%), 93.0% for CD83+ (range: 75.0�100%; mean: 74.1 § 0.1%),
100% for CD86+ (range: 95.3�100%; mean: 99.6 § 0.01%), 80.0% for
CCR7+ (range: 60.0�97.0%; mean: 78.9 § 0.12%) and 100% for HLA-
ABC+ (range: 96.0�100%; mean: 99.9 § 0.01%) in the dendritic cell
population by FACS analysis (Figure 2C). The median cellular viability
was 91.0% (range: 79.0�99.2%; mean: 90.0 § 0.1%) (Figure 2D). The
median yield of dendritic cell per monocyte was 35.4% (range:
12.6�71.4%; mean: 36.3 § 0.2%) (Figure 2E). Among donors, the yield
was positively proportional to the quantity of monocytes at the begin-
ning of culturing process (Figure 2F).
Single-cell transcriptomic analysis of CUD-002 cell type compositions

To dissect cell type compositions in an unbiased manner, we carried
single-cell transcriptomic analysis of CUD-002 products from two
donors. In total, 13,790 and 11,928 cells were profiled using droplet-
based single-cell RNA sequencing (Chromium; 10x Genomics) for donor
1 and donor 2, respectively. After quality control, high-quality sequenc-
ing data were obtained containing 11,887 and 10,025 cells for donor 1
and donor 2, respectively. All cells were integrated and subjected to
donor correction by Harmony [20]. Twenty distinct clusters were identi-
fied by unsupervised clustering using the Louvain method [21]. Cell
types were first calculated using the SingleR package [22], assigned with
the most differentially expressed marker genes using Seurat [18], and
then annotated by highly lineage-specific canonical markers. These anal-
yses generated six distinct cell groups. Top 20 representative marker
genes using z-score calculation were illustrated in a heatmap for non-
dendritic cell types (Figure 3A). In total of 5751 bystander cells, the
expression levels of top five marker genes per bystander cell type were
illustrated (Figure 3B). Uniform manifold approximation and projection
visualization of these cells revealed that the majority of cells were identi-
fied as dendritic cell (91.61% and 90.54% for donor 1 and 2, respectively)
(Figure 3C). The percentage of remaining immune cell types included
3.63% and 4.12% T cells, 2.73% and 3.74% myelocytes, 1.46% and 0.82% B
cells, 0.56% and 0.71% natural killer cells (NK), 0.32% and 0.33% hemato-
poietic stem cells (HSC) for donor 1 and 2, respectively (Figure 3C). Har-
mony integration demonstrated that samples from different donors
were well mixed and grouped by defined cell types (Figure 3D). We
7-28) before intradermal injection into patients. (B) The percentage of monocytes in leuka-
pheresis product determined by ABX Pentra 60 hematology analyzer from 85 test runs. (C)
The percentage of monocytes in elutriation product determined by ABX Pentra 60 hema-
tology analyzer from 85 test runs. (D) Analysis of the percentage of monocytes after leuka-
pheresis and elutriation. Gating strategy of FACS using anti-CD14 antibody for elutriation
product was shown. Cells were gated based on side scatter area (SSC-A) and forward scat-
ter area (FSC-A) (panel 1), then gated to include singlet (panel 2) and live cells (panel 3).
CD45+ cells (panel 4) were further gated to identify CD14+ monocytes (panel 5). An exam-
ple of the comparison of monocyte purity after leukapheresis and elutriation was shown
(panel 6). (E) Example of fractions separated by elutriation. Cellular components deter-
mined by ABX Pentra 60 hematology analyzer were shown for each fraction. (F) Statistics
of elutriation fractions used to generate dendritic cells. 85 donor materials were used. Due
to donor variations, monocytes from single or combined fractions were used. (Color version
of figure is available online.)



Figure 2. A reproducible production of GMP-grade CUD-002. (A) Microscopic examination
of CUD-002 product. Dendritic cells are denoted with an arrow. (B) Phenotyping of CUD-
002 by FACS analysis. FACS analysis was carried out to verify the identity (CD11c+, HLA-
DR+ and CD209+), the maturation state (CD80+, CD83+, CD86+ and HLA-ABC+) and the
migratory ability (CCR7+) of dendritic cells. Dendritic cells (DC) were gated based on side
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analyzed dendritic cell markers for maturation (CD80, CD83 and CD86)
and the migratory abilities (CCR7). These markers were highly expressed
in DC population by single-cell analysis (Figure 3E).
Verification of CUD-002 cell type composition by FACS analysis

To verify cell types identified by single-cell transcriptomic analy-
sis (Figure 3), we carried out direct comparison of each cell type
between starting material and product from these two donors using
FACS analysis. Gating strategies for dendritic cell (Figure 4A), T
(Figure 4B), NK, B, HSC and myelocyte (Figure 4C) in CUD-002 were
shown. In CUD-002 product manufactured from donor 1 material,
the frequencies of immune cells were 92.5% dendritic cells, 5.2% mye-
locytes, 0.6% T cells, 1.6% B cells, 0.10% NK cells and 0.044% HSCs. For
donor 2, the frequencies of immune cells were 88.2% dendritic cells,
9.0% myelocytes, 1.0% T cells, 1.6% B cells, 0.175% NK cells and 0.012%
HSCs (Figure 4D). These results also demonstrate a high concordance
in cell type composition and frequency between single-cell sequenc-
ing and FACS analysis. Thus, we integrated FACS analysis of these cell
types into quality-control procedures. As an example, analyses of
CUD-002 product manufactured from additional 10 donor materials
were shown. The median frequencies of immune cells were 85.3%
dendritic cells (range: 80.7�93.2%; mean: 86.9 § 0.4%), 9.2% myelo-
cytes (range: 3.9�16.2%; mean: 8.6 § 0.4%), 3.1% T cells (range:
0.6�6.5%; mean: 2.5 § 0.2%), 1.1% B cells (range: 0.3�5.0%; mean: 1.8
§ 0.2%), 0.10% NK cells (range: 0�0.1%; mean: 0.1 § 0.005%) and
0.10% HSCs (range: 0�0.4%; mean: 0.1 § 0.007%) (Figure 4E).

To trace the origin of theses bystander cell types, we analyzed
their percentages in leukapheresis and elutriation products. Gating
strategies for T (Figure 4F), NK, B, HSC and myelocyte (Figure 4G) in
elutriation product are shown. The frequencies of immune cells for
donor 1 were 59.5% monocytes (CD14+), 27.9% granulocytes (CD16+),
7.7% myelocytes (negative for lineage cocktail containing CD3/CD14/
CD16/CD19/CD20/CD56, and positive for CD13/CD33/S100A9), 2.4% T
cells (CD3+), 2.3% B cells (CD19/CD20+), 0.015% NK cells (CD56+) and
0.197% HSCs (negative for lineage cocktail containing CD3/CD14/
CD16/CD19/CD20/CD56, and positive for CD34). For donor 2, the fre-
quencies were 67.6% monocytes, 14.8% granulocytes, 13.5% myelo-
cytes, 1.8% T cells, 2.0% B cells, 0.004% NK cells and 0.237% HSCs
(Figure 4H). Interestingly, the percentage of myelocyte was similar in
elutriation product and CUD-002 derived from donor 1 and 2
(Figure 4D and 4H), indicating that myelocyte might not arise from
the culturing process. We further analyzed the percentage of myelo-
cyte in leukapheresis product (Figure 4I). The frequency of myelocyte
was 0.01% and 0.02% for donor 1 and 2, respectively (Figure 4J).
Because elutriation is a separation method by physical force, these
results indicate that myelocyte is originated from leukapheresis and
further enriched by elutriation.
Non-dendritic cell types in CUD-002 do not impair the efficacy of
dendritic cells

To address whether bystander cells in CUD-002 might interfere
with dendritic cell function, we chose two CUD-002 products
scatter area (SSC-A) and forward scatter area (FSC-A) (panel 1), then gated to include sin-
glet cells (panel 2). Cells from panel 2 were further gated to identify CD14+ monocytes
(panel 3), HLA-DR+/CD11c+ dendritic cells (panel 4) and CD209+ dendritic cells (panel 5).
Because HLA-DR+/CD11c+ and CD209+ identified virtually the same population, CD209+

was used as a phenotypic marker for dendritic cells in manufacturing process. CD209+ den-
dritic cells (panel 5) were further gated to identify the percentage of CD80+ (panel 6),
CD83+ (panel 7), CD86+ (panel 8), HLA-ABC+ (panel 9), and CCR7+ (panel 10) cells. (C) Phe-
notyping of 72 batches of CUD-002 product using FACS analysis as in (B). (D) Viability of
72 batches of CUD-002 product determined FACS analysis. (E) The yield of dendritic cells
from 72 batches of CUD-002 product. (F) Correlation analysis between the quantity of
monocytes and generated dendritic cells from 72 batches of CUD-002 product. (Color ver-
sion of figure is available online.)



Figure 3. Single-cell transcriptomic analysis of the cell type composition in CUD-002.
(A) Heatmap presentation of five non-dendritic cell (DC) types in CUD-002, classified
by top 20 differentially expressed genes using z-score calculation. (B) Expression levels
of marker genes in 5,751 bystander cells. Top 5 marker genes for each cell type were
presented. Numbers on the right denote maximum detected expression by single-cell
analysis. (C) UMAP visualization of six cell types in CUD-002 manufactured from two

Q. Li et al. / Cytotherapy 25 (2023) 210�219 215
containing relatively high myelocyte content (8.7% and 13.9% for
donor 3 and 4, respectively) (Figure 5A). We used anti-CD209 to affin-
ity purify dendritic cells from CUD-002 product (purity >99% by FACS
analysis). We compared unpurified cells (CUD-002) and purified cells
(purified DC) in their abilities to stimulate antigen-specific T-cell
response using MART-1 as a model antigen (Figure 5B). For donor 3,
CUD-002 stimulated slightly more MART-1�specific T cells than
purified DC. For donor 4, CUD-002 and purified cells had similar
efficiency. Consistently, in the enzyme-linked immunospot (ELISPOT)
assay, MART-1�specific T cells secreted similar amounts of IFN-g
(Figure 5C). In addition, we retrospectively analyzed our pre-clinical
data that have pairwise information on the percentage of non- den-
dritic cells (FACS analysis), percentage of neoantigen-specific T cells
(major histocompatibility complex tetramer staining), the ability of
neoantigen-specific T cells to secrete IFN-g (ELISPOT assay) and the
ability of neoantigen-specific T cells to kill OVCAR-8 ovarian cancer
cells in vitro (cytotoxicity assay). CUD-002 products derived from six
donors had these pairwise data. We found that the percentage of
non-dendritic cells did not correlate with the percentage of neoanti-
gen-specific T cells (Figure 5D), IFN-g secretion (Figure 5E) or T-cell
cytotoxicity (Figure 5F). Taken together, we concluded that non-
dendritic cells present in CUD-002 product did not alter the anti-
tumor ability of dendritic cells.
Tumorigenicity and toxicity tests of CUD-002 product in mice

We examined tumorigenicity and toxicity of CUD-002 product.
Using Click-iT EdU cell proliferation assay, we found negligible incor-
poration of EdU into CUD-002 product (Figure 6A). Consistently, sin-
gle-cell RNA-sequencing analysis revealed that cell-cycle gene
expression signature were absent in all cell types except for the HSC
population (Figure 6B). The frequency of HSC was typically less than
0.1% in CUD-002 product. These results indicate that the tumorigenic
potential of CUD-002 should be negligible. In accordance with NMPA
guidelines to develop cell therapy, the tumorigenic potential and tox-
icity profiles of CUD-002 product in vivo were assessed by an inde-
pendent contractor. HeLa cells or CUD-002 product were injected
subcutaneously into flanks of NOD mice, respectively, and tumor size
was measured every week for eight weeks. As expected, 100% of NOD
mice inoculated with HeLa cells developed palpable tumors (n = 12).
In contrast, no detectable tumors were formed in mice injected with
CUD-002 product at any time during an 8-week period (n = 24)
(Figure 6C). CUD-002 also did not form any tumors after 112 days
(n = 24). In a separate experiment to examine in vivo toxicity profiles,
no overt adverse effects were reported by the independent contractor,
as mice injected with CUD-002 product exhibited normal tissue archi-
tecture as well as normal clinical parameters (n = 60) (Figure 6D).
Discussion

Successful anti-tumor immunity largely depends on the cross-
presentation of tumor-derived antigens by dendritic cells to cytotoxic
T cells. This principle has been exploited to develop novel therapeu-
tics that have achieved remarkable clinical efficacies in human can-
cers. The first cell-based immunotherapy approved by the US Food
and Drug Administration to treat cancer is Sipuleucel-T, also known
as PROVENGE or Dendreon, a dendritic cell�based cytotherapy. Since
then, dendritic cells have been used as vessels to load tumor-specific
antigens to treat cancer patients in many clinical trials. These trials
have collectively demonstrated that dendritic cell�based therapies
donors (21,912 cells). Numbers in parenthesis denote the frequency of indicated cell
types from donor 1 and donor 2, respectively. (D) UMAP visualization of 21,912 cells
from two donors after Harmony integration. (E) Expression levels of markers for DC
maturation (CD80, CD83 and CD86) and the migratory abilities (CCR7). Side bar
denotes relative expression level. (Color version of figure is available online.)



Figure 4. Verification by FACS of cell types identified by single-cell transcriptomic analysis. (A) Gating strategy of FACS analyses to quantitate dendritic cells (DCs) in CUD-002. Cells
were gated based on side scatter area (SSC-A) and forward scatter area (FSC-A) (panel 1), then gated to identify live cells (panel 2) and CD45+ cells (panel 3). (B) Gating strategy to
quantitate T cells in CUD-002. Non-DCs were gated based on SSC-A and FSC-A (panel 1), then gated to identify live cells (panel 2) and CD45+ cells (panel 3). CD45+ cells were further
gated to identify CD3+ T cells (panel 4). (C) Gating strategy to quantitate NK, B, HSC and myelocyte in CUD-002. Non-DC cells were gated based on SSC-A and FSC-A (panel 1), then
gated to identify live cells (panel 2) and CD45+ cells (panel 3). CD45+ cells were further gated to identify CD56+ NK cells (panel 4) and CD19+CD20+ B cells (panel 5). To quantify
hemopoietic stem cell and myelocyte, live cells (panel 2) and CD45+ cells (panel 3) were gated for lineage-negative cells (CD3, CD16, CD19, CD20, CD56 and CD14) (panel 6). Line-
age-negative cells were then gated to identify CD34+ hemopoietic stem cells (panel 7) and CD13+CD33+ S100A9+ myelocyte cells (panel 8 and 9). (D) The frequencies of indicated
cell types in CUD-002 product. Materials from the same two donors as Figure 3 were analyzed. (E) The frequencies of indicated cell types in additional 10 batches of CUD-002 prod-
uct. (F) Gating strategy to quantitate T cells in elutriation product. Cells were gated based on SSC-A and FSC-A (panel 1), then gated to identify live cells (panel 2) and CD45+ cells
(panel 3). CD45+ cells were further gated to identify CD3+ T cells (panel 4). (G) Gating strategy to quantitate NK, B, monocyte, granulocyte, HSC and myelocyte in elutriation product.
Cells were gated based on SSC-A and FSC-A (panel 1), then gated to identify live cells (panel 2) and CD45+ cells (panel 3). CD45+ cells were further gated to identify CD56+ NK cells
(panel 4) and CD19+CD20+ B cells (panel 5). To quantify hemopoietic stem cell and myelocyte, live cells (panel 2) and CD45+ cells (panel 3) were gated for lineage-negative cells
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Figure 5. Non-dendritic cell (DC) cell types in CUD-002 do not impair the efficacy of DCs. (A) The percentage of DC and myelocyte in CUD-002 derived from donors 3 and 4. (B) The
effect of non-DC cell types on the ability of CUD-002 to stimulate neoantigen-specific CD8+ T cells. DCs from CUD-002 product were affinity purified using anti-CD209 (purity > 99%
by FACS analysis). CUD-002 and purified DC were compared in their abilities to stimulate antigen-specific T cell response using MART-1 as a model antigen. MART-1�specific T cells
were quantified by major histocompatibility complex tetramer assay. (C) The effect of non-DC cell types on the ability of CUD-002 to stimulate IFN-g secretion in neoantigen-spe-
cific CD8+ T cells. MART-1�specific T cells from (B) secreted similar amount of IFN-g in ELISPOT assay. The number of spot-forming cells (SFCs) per 106 CD8+ T cells is shown. (D-F)
Retrospective analysis of the correlation between the percentage of non-DC cells and percentage of neoantigen-specific T cells (MHC tetramer staining) (D), the ability of neoanti-
gen-specific T cells to secrete IFN-g (ELISPOT assay) (E), and the ability of neoantigen-specific T cells to kill OVCAR-8 ovarian cancer cells in vitro (cytotoxicity assay) (F) (n = 6).
(Color version of figure is available online.)
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are usually safe in humans. However, the clinical efficacies vary
among patients, suggesting that several key aspects need further
optimization. In fact, there is currently no census on the best way to
manufacture dendritic cells on an industrial scale.
(CD3, CD16, CD19, CD20, CD56 and CD14) (panel 6). Lineage negative cells were then gated to
cells (panel 9 and 10). Lineage-positive cells were then gated to identify CD45low granuloc
types in the starting materials used for CUD-002 manufacturing. Materials from the same two
kapheresis product. Cells were gated based on SSC-A and FSC-A (panel 1), live cells (panel 2) a
CD56 and CD14) (panel 4). Lineage negative cells were then gated to identify CD13+CD33+ S1
sis product. Materials from the same two donors as in Figure 3 were analyzed. (Color version
In the present study, we demonstrate a fully developed process to
reproduciblymanufactureGMP-grade, therapeutic dendritic cell prod-
uct(namedCUD-002).CUD-002isaversatileplatformdevelopedtoload
in vitro�transcribed mRNA encoding any tumor-specific antigens of
identify CD34+ hemopoietic stem cells (panel 8) and CD13+CD33+ S100A9+ myelocyte
yte (panel 7) and CD45high monocyte (panel 7). (H) The frequencies of indicated cell
donors as in Figure 3 were analyzed. (I) Gating strategy to quantitate myelocyte in leu-
nd CD45+ cells (panel 3) were gated for lineage-negative cells (CD3, CD16, CD19, CD20,
00A9+ myelocyte cells (panel 5 and 6). (J) The frequencies of myelocyte in leukaphere-
of figure is available online.)



Figure 6. Tumorigenicity and toxicity tests of CUD-002 product. (A) EdU cell proliferation assay to analyze 14 batches of CUD-002 product, same batches as in Figure 5D. (B) Violin
plot of cell-cycle gene expression signature in identified cell types in CUD-002. Note that only HSC expresses this signature. (C) Tumorigenic capacity of HeLa cells and CUD-002
product. HeLa cells were subcutaneously inoculated in non-obese diabetic mice as positive control (n = 11). CUD-002 product was inoculated the same way (n = 24). This experiment
was carried out by an independent contractor. (D) Toxicity test of CUD-002 product. Mice were injected with eight doses of CUD-002 product, and evaluated after 65 days. Examples
of hematoxylin and eosin staining of representative tissues were shown. (Color version of figure is available online.)
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interest, and its efficacy is under clinical evaluation (NCT05270720). To
manufacture CUD-002, peripheral blood monocytes are first collected
by leukapheresis and then enriched by elutriation. Alternatively, anti-
body-based affinity purification strategy also can be used to enrich
monocytes after leukapheresis. Elutriation is cheaper and requires
fewer handing steps, although the resulting monocyte purity may be
slightly lower than affinity purification with anti-CD14 antibodies.
However, anti-CD14 antibodies may have the potential to activate
monocytes [4,23]. Here, we demonstrate that we have established a
robustmanufacturing process to produce dendritic cellswith high effi-
ciencyusingmaterials frommore than ahundreddonors. Regardless of
elutriation or affinity purification, the final product inevitably contains
cell typesother thandendritic cells. Theheterogeneity in cell type com-
positionmayelicitregulatoryconcerns.Usingsingle-celltranscriptomic
profiling, we identify lymphocyte, myelocyte and trace amount of NK
andHSCpresent inCUD-002.Thesecells likelyoriginate fromleukaphe-
resisproductbecausewecandetecttheirpresencebyFACSanalysis.Sin-
gle-cell sequencing and FACS analysis also demonstrate a complete
absence of monocytes and granulocytes in CUD-002. These two cell
types are the most abundant ones in leukapheresis product, further
demonstrating a highly efficientmanufacturing process.We anticipate
that single-cell sequencing will become an indispensable tool to guide
the development of manufacturing process to ensure reproducibility
andhighqualityforcytotherapies.
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