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Acute myeloid leukemia (AML) patients with minimal resid-
ual disease and receiving allogeneic hematopoietic stem cell
transplantation (HCT) have poor survival. Adoptive admin-
istration of dendritic cells (DCs) presenting the Wilms tumor
protein 1 (WT1) leukemia-associated antigen can potentially
stimulate de novo T and B cell development to harness the
graft-versus-leukemia (GvL) effect after HCT. We established
a simple and fast genetic modification of monocytes for
simultaneous lentiviral expression of a truncated WT1 anti-
gen (tWT1), granulocyte macrophage-colony-stimulating
factor (GM-CSF), and interferon (IFN)-a, promoting their
self-differentiation into potent “induced DCs” (iDCtWT1).
A tricistronic integrase-defective lentiviral vector produced
under good manufacturing practice (GMP)-like conditions
was validated. Transduction of CD14+ monocytes isolated
from peripheral blood, cord blood, and leukapheresis mate-
rial effectively induced their self-differentiation. CD34+

cell-transplanted Nod.Rag.Gamma (NRG)- and Nod.Scid.G-
amma (NSG) mice expressing human leukocyte antigen
(HLA)-A*0201 (NSG-A2)-immunodeficient mice were immu-
nized with autologous iDCtWT1. Both humanized mouse
models showed improved development and maturation of
human T and B cells in the absence of adverse effects. To-
ward clinical use, manufacturing of iDCtWT1 was up scaled
and streamlined using the automated CliniMACS Prodigy
system. Proof-of-concept clinical-scale runs were feasible,
and the 38-h process enabled standardized production and
high recovery of a cryopreserved cell product with the
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expected identity characteristics. These results advocate for
clinical trials testing iDCtWT1 to boost GvL and eradicate
leukemia.

INTRODUCTION
Acute myeloid leukemia (AML) is a heterogeneous malignant disor-
der characterized by clonal expansion of myeloid cells.1 Specific
genomic lesions, karyotype anomalies, and clinical variables in
AML can be used to predict the event-free survival (EFS) and overall
survival (OS).1 The traditional treatment for AML is induction
chemotherapy (with cytarabine and anthracycline), resulting in
65%–75% first complete remission (CR1) for patients %60 years,
but for patients >60-years old, CR1 is only observed in 40%–60%
of patients.1,2 Patients who show persisting minimal residual disease
(MRD) by molecular methods are particularly at high risk of
relapse.3,4 Allogeneic hematopoietic stem cell (HSC) transplantation
(allo-HCT) remains the standard clinical care for patients with inter-
mediate- and high-risk AML. For HCT, HSCs and progenitor cells
obtained from donors with matching human leukocyte antigens
(HLAs) are infused into patients. Upon HCT, the donor cells engraft
in the preconditioned host and can eventually reconstitute full
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hematopoiesis. For patients >55 years old, a reduced intensity
concept (RIC) can be used for immunosuppressive conditioning
before HCT to lower the toxicities and side effects. Novel methods
based on next-generation sequencing are now applicable to the an-
alyses of AML patients before and after HCT to refine the manage-
ment of leukemia treatment and eventual relapses.4 Ultimately,
donor-derived T cell reconstitution can be supported by donor
lymphocyte infusions (DLIs).5 HCT plus DLI thus combines purging
of the leukemia stem cells with immunotherapeutic graft-versus-leu-
kemia (GvL) effects, resulting in durable survival benefits. Ongoing
innovative strategies are being tested to lower the risk of infections
and the occurrence of acute and chronic graft-versus-host disease
(GvHD).6 Clinical optimizations reducing morbidities and mortal-
ities after HCT have resulted in increased utilization of HCT as a
first-line option for unfavorable- and intermediate-risk patients,
including elderly patients.6,7 DLI can improve survival, but the cor-
relation with GvL is variable and has been associated with increased
risk of GvHD. Therefore, novel adjuvant approaches could be devel-
oped to enhance the GvL effect and leukemia eradication while
keeping GvHD under control. One logical adjuvant approach would
be to immunize the patients after HCT against a leukemia-associated
antigen (LAA) such as the Wilms tumor protein 1 (WT1). However,
this is limited by the prolonged (>6 months) duration of lymphope-
nia and immunodeficiency after transplantation. Dendritic cells
(DCs) are professional antigen-presenting cells (APCs) that capture
and process antigens into multiple peptide epitopes and present
them efficaciously through HLAs. Thus, the adoptive administration
of functional DCs after HCT could potentially help to accelerate the
development and priming of lymphocytes for the reconstitution of
cellular and humoral responses to combat relapse. We showed
that transduction of DC precursors with lentiviral vectors (LVs) ex-
pressing granulocyte macrophage-colony-stimulating factor (GM-
CSF) and interferon (IFN)-a resulted in in vivo self-differentiation
into highly viable and immunologically potent “induced DCs”
(iDCs).8,9 We also showed that autologous or donor-derived iDCs
co-expressing GM-CSF, interleukin (IL)-4 and truncated WT1
(tWT1) promoted in vitro stimulation of WT1-specific memory
cytotoxic T lymphocytes (CTLs) capable of killing HLA-matched
leukemia cells.10 Here, we designed a novel tricistronic LV backbone
expressing GM-CSF, IFN-a, and tWT1. A batch of integrase-defec-
tive (ID)LV particles was produced under good manufacturing prac-
tice (GMP)-like (GL) conditions. We show the proof of concept of
the feasibility of tWT1, GM-CSF, and IFN-a, co-expression in
monocytes after GL-IDLV transduction, promoting their self-differ-
entiation into induced DCs expressing WT1 (iDCtWT1). Two fully
humanized mouse models recapitulating human HCT were used to
test iDCtWT1 immunizations showing enhanced human T and B
cell de novo development and maturation. Toward a highly stan-
dardized and decentralized production of iDCtWT1, an automated
process was established using the CliniMACS Prodigy system. In
summary, this work has achieved critical milestones for the future
use of iDCtWT1 in the post-HCT setting to accelerate the immune
reconstitution, augmenting the GvL effect through cellular and hu-
moral responses to improve the EFS and OS of AML patients.
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RESULTS
LV-G2a-tWT1 simultaneously expressed secreted GM-CSF and

IFN-a and intracellular tWT1

The previously reported bicistronic vector construct co-expressing
GM-CSF and IFN-a2b (LV-G2a)9 was extended into the tricistronic
vector LV-G2a-tWT1 after the introduction of the foot-and-mouth
disease virus 2A element (F2A) and the sequence encoding tWT1
(amino acids 1�326; Figure 1A). The final “gene cargo” of the result-
ing tricistronic vector is 2,112 bp. Research-grade (RG) batches of
vectors pseudotyped with the vesicular stomatitis virus G glycopro-
tein (VSV-G) were consistently produced following the third-gener-
ation packaging method (with two packaging plasmids, envelope
plasmid, and transfer plasmid). 293T cells transduced with inte-
grase-competent (IC)LV co-expressing GM-CSF, IL-4, and tWT1
(LV-G24-tWT1)10 or ICLV-G2a-tWT1 showed intracellular accu-
mulation of tWT1 expression during 5 days of culture post-transduc-
tion (Figure S1). On the other hand, cells transduced with the IDLVs
showed a gradual loss of WT1 expression, as the episomal vector was
progressively lost upon cell proliferation (Figure S1). Thus, IDLVs
carry a lower risk of insertional mutagenesis. The expression of the
three transgenes was evaluated by western blot analyses of transduced
293T cells. Comparable levels of GM-CSF were detectable in protein
extracts of 293T cells transduced with LV-G2a or LV-G2a-tWT1,
prepared either as total cell lysates or as cell supernatants (Figure 1B,
upper panels). Secreted IFN-a was detectable for cells transduced
with the LV-G2a-tWT1 vector (Figure 1B, lower left panel). The mo-
lecular weights observed for GM-CSF-2A and IFN-a-2A were higher
than expected, indicating glycosylation. The tWT1 protein was
detectable only in total cell lysates as larger fusion protein products
(probably translated as a read-through of the polycistron) and as
smaller degraded products. In conclusion, LV-G2a-tWT1 expressed
simultaneously all of the incorporated transgenes.
GL production and purification of IDLV-G2a-tWT1

We previously reported methods for GL manufacturing of IDLV-
G2a-pp65 for generation of iDCpp65 against human cytomegalovirus
(HCMV).11Here, novelmethodswere used for IDLV-G2a-tWT1pro-
duction. Full sequencing analyses of the LV-G2a-tWT1 backbone vec-
tor and the packaging plasmids were performed by a contracted
research organization (CRO) (PlasmidFactory, Bielefeld, Germany).
Once the plasmid sequences were confirmed, master bacteria cell
stocks were established for the production of covalently closed circular
(ccc)-grade plasmids. High-purity, ccc-grade plasmids were used for
the transfection of 293T cells in multilayer flasks using the polyethy-
lenimine (PEI)method (Figure 1C). Viral supernatants were harvested
and subjected to downstream purification (0.45 mm filtration, tangen-
tial flow filtration, centrifugation, filling, and storage). The physical
viral particle titer was determined by quantification of the HIV-1
p24 core protein by enzyme-linked immunosorbent assay (ELISA) af-
ter each processing step. Approximately 10% of the original p24 con-
tent was recovered in the final product, indicating the removal of
empty vector particles (Figure 1D). After centrifugation and 300-
fold concentration, the vector was resuspended in 10 mL volume
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with a titer of 1.34 � 103 ng p24/mL (Figure 1E). The functional titer
(infectious units per milliliter) was determined by transduction of
293T cellswith serially diluted IDLV-G2a-tWT1 anddetection of viral
sequences in total cell DNA by quantitative real-time PCR as previ-
ously described.11 The vector copy numbers (VCNs) determined per
cell genome were directly correlated with the p24 concentration after
serial dilutions of the vector (r = 1.00), and a functional titer of 7.6 �
106 IU/mL was calculated (Figure 1E). GM-CSF and IFN-a were
detectable by ELISA in supernatants of 293T cells collected 72 h after
transduction with the IDLV-G2a-tWT1 vector (0.50�1.00 � 102 ng
p24 equivalents) (Figure 1F). Fluorescence-activated cell sorting
(FACS) analyses of 293T cells transduced with 1.00 � 102 ng p24
equivalents showed >90% of cells expressing tWT1 (Figure 1G). In
conclusion, the GL production of IDLV-G2a-tWT1 was successful,
and the vector was functional in transduced 293T cells.

Establishment of iDCtWT1 productions with peripheral blood

(PB) and cord blood (CB) after transduction with the GL vector

Monocytes were obtained from fresh PB after gradient centrifuga-
tion separation of PB mononuclear cells (PBMCs) and CD14+ mag-
netic bead isolation (>90% purity). For generation of iDCtWT1, the
monocytes were stimulated with recombinant GM-CSF and IL-4 for
8 h, transduced with the GL-IDLV-G2a-tWT1 vector for 16 h,
washed, and cryopreserved (see scheme in Figure S2A). As a refer-
ence control for transduction, the RG-IDLV-G2a-tWT1 vector pro-
duced by calcium phosphate transfection was used at a dose of 2.5 �
103 ng p24 for 5 � 106 cells/mL. After pilot tests, the dose of 1.00 �
102 ng p24 for 5 � 106 cells/mL of GL-IDLV-G2a-tWT1 was shown
to be sufficient for the generation of iDCtWT1. PB-iDCtWT1 pro-
duced with the purified GL vector showed higher viability at day 7
after thaw (trypan blue analyses) yet lower VCN than cells produced
after transduction with higher doses of the RG vector (Figures
S2B�S2D). The immunophenotypic characterization of the cells af-
ter thawing and 7 days of culture showed high frequencies of viable
CD45+/CD11cbright cells. The CD11cbright cells homogenously ex-
pressed DC functional markers on the cell surface: the HLA class
II molecule HLA-DR, the co-stimulatory molecule CD86, and the
DC activation and maturation marker CD83 (Figures S2E and
S2G). The viability analyzed by FACS was higher for cells generated
with GL than RG vector (Figure S2F). The levels of GM-CSF, IFN-a,
Figure 1. Design, validation, and GMP-like (GL) production of integrase-defect

(A) Schematic representation of RRL-derived third-generation LVs containing the CMV

expresses human GM-CSF/P2A/IFN-a2b/F2A linked in-frame to a human tWT1 transg

indicated in base pairs, and the expected molecular weights are indicated in kilodalto

transduced with the vectors. Upper panels: analyses of GM-CSF detection in the c

G2a-tWT1-transduced, and recombinant (Rec) protein as a reference. Lower panel lef

tWT1 detection in cell lysates of cells transduced with the LV-tWT1 and with the LV-G2a

at different steps during the process to measure p24 equivalents by ELISA. (D) Recove

crograms). (E) Upper panels: 293T cells were transduced with variable amounts of p24 e

PCR analyses. Lower left panel: measured p24 titer. Lower middle panel: linear correlat

right panel: infective IDLV titer. (F) Concentration of GM-CSF (gray bars) and IFN-a (black

3 days after, seeded at 1� 105 cells/mL. Supernatants were collected 72 h later, and EL

detection of WT1 in 293T cells transduced with GL-IDLV-G2a-tWT1 (1.00� 102 ng/mL

as reference controls.
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and other DC-endogenous cytokines detectable in iDCtWT1cell su-
pernatants collected on day 7 of culture were similar for the two vec-
tors used (Figures S2H�S2J). Therefore, the GL vector was validated
for generation of iDCtWT1 with the expected immunologic
properties.

CB is an important alternative stem cell source for HCT of pediatric
patients. Thus, we evaluated whether cryopreserved CB could be used
for iDCtWT1 generation. Monocytes isolated from the CD34 nega-
tive (CD34neg) fraction were transduced with GL-IDLV-G2a-tWT1
and cryopreserved. After thawing, they were used for in vitro quality
control (QC) analyses or for in vivo testing in mice transplanted with
CD34+ cells isolated from the same CB donor (Figure 2A). For QC,
cells were thawed and cultured for 7 days in vitro. On day 0 after
thaw, CB-iDCtWT1 contained a VCNof approximately 5 (Figure 2B).
CB-iDCtWT1 maintained in culture for 7 days showed high viability
(>80% 7-AAD-negative cells) and high frequencies of homogeneous
DC populations within the viable cells (Figures 2C�2E). Analyses
of cell supernatants by ELISA confirmed the secretion of GM-CSF
(average 1� 101 pg/mL) and IFN-a (average 1� 102 pg/mL) (Figures
2F and 2G). Bead-array immunoassay analyses detected several cyto-
kines such as IL-10 (average 5 � 100 pg/mL), IL-12/p70 (average 6�
100 pg/mL), IL-12/p40 (average 3� 102 pg/mL), MCP-1 (average 2�
104 pg/mL), and IL-8 (average 2 � 104 pg/mL), indicating an unbi-
ased cytokine composition for activation of both T helper type 1
(Th1) and 2 (Th2) cells (Figure 2H). Microscopic observation on
day 7 showed differentiated DCs with the prototypical morphology
and presence of dendrites (Figure 2I). In conclusion, CB-CD14+

monocytes transduced with GL-IDLV-G2a-tWT1 generated viable
iDCtWT1.

CB-iDCtWT1 applied to Nod.Rag.Gamma (NRG) mice after

CD34+ CB-HCT promotes de novo development and maturation

of human B and T cells

Fully humanized mouse models are emerging for testing the potency,
immune effects, and safety of human-specific immunotherapies.12

We have previously demonstrated that irradiated NRG mice trans-
planted with CB CD34+ cells and immunized with iDCs co-express-
ing the HCMV antigens pp65 or gB antigens showed accelerated
development of human mature B and T cells, antigen-specific
ive lentiviral vector (IDLV)-G2a-truncated WT1 (tWT1)

promoter. LV-G2a co-expresses human GM-CSF/P2A/IFN-a2b. LV-G2a-tWT1 co-

ene (tWT11�326) lacking the DNA-binding domain. The sizes of the transgenes are

ns. (B) Western blot analyses comparing 293T cells non-transduced mock (M) or

ell lysate (left) or supernatants (right) comparing mock, LV-G2a-transduced, LV-

t: analyses of IFN-a2b detection in the supernatant. Lower panel right: analyses of

tWT1 vector. (C) Production of GL-IDLV-G2a-tWT1 vector. Samples were collected

ry of IDLV-G2a-tWT1 during the process determined by p24 equivalents (total mi-

quivalents (nanograms), and the infective titer was obtained by quantitative real-time

ion between p24 titer (ng/mL) and numbers of IDLV copies per cell genome. Lower

bars) in cell supernatants. 293T cells were transduced with GL-IDLV-G2a-tWT1 and

ISA was performed. Mock cells showed no detectable cytokines. (G) Flow cytometry

p24 equivalent of per 1� 105 cells) and analyzed 8 days later. Mock cells were used
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humoral and cellular responses, and broad B cell receptor (BCR) and
T cell receptor (TCR) repertoires.9,13,14 Despite these accelerated im-
mune reconstitutions, no side effects such as acute xenograft GvHD
were observed.14,15 Taking into account that pp65 and gB are viral an-
tigens, here, we explored if iDCs expressing the autoantigen tWT1
could also promote de novo human T and B cell development without
causing GvHD. After irradiation and HCT, humanized NRG
(huNRG) mice were immunized with cryopreserved CB-iDCtWT1
cells autologous to the CD34+ HSCs. The mice were immunized 6
times subcutaneously (s.c.) from week 7 to 16 after HCT (Figure 3A).
The experiments were performed as independent duplicates. Only fe-
male mice were used for HCT and immunizations, as they showed in
our hands more consistent human hematopoietic reconstitution and
more robust immune responses.13 Mice did not show any clinical
signs of acute GvHD until the final analysis in week 25 post-HCT
(Figure S4A), although two mice immunized with iDCtWT1 showed
slight weight losses and skin rashes and were humanely and prema-
turely terminated due to ethical restrictions. Control mice receiving
phosphate-buffered saline (PBS; n = 8) injections and mice immu-
nized with iDCtWT1 (n = 9) showed comparable, persistent, high
levels of human CD45+ (huCD45+) cells in PB lymphocytes (PBLs)
over time, with minor fluctuations (average 43%; Figure 3B; see
FACS gating strategies of human lymphocytes in Figure S3A). Within
huCD45+ cells in PBLs, slightly higher frequencies of CD20+/immu-
noglobulin G (IgG)+ B cells and CD4+ T cells could be observed over
time in mice immunized with iDCtWT1 (Figure 3B). After eutha-
nasia, the lymph nodes were counted, showing a modest increase in
numbers for mice immunized with iDCtWT1 (Figure S4B). Analyses
of human cytokines detectable in plasma showed that the level of hu-
man IFN-g was significantly higher in the control group (p < 0.05),
and the levels of other cytokines were also higher in control mice
(IL-1b, IL-2, IL-8, IL-12(p70), and IFN-a). Since IFN-g is a relevant
pro-inflammatory cytokine associated with skin pathologies in the
huNRG HCT model15 and was associated with graft failure in allo-
HCT of pediatric patients,16 these results indicated that iDCtWT1
immunizations may have an anti-inflammatory effect in the HCT
model. The levels of human Igs in plasma showed that, with exception
of IgG1 and IgG4, all other Igs were increased approximately to 2-fold
after iDCtWT1 immunization (Figure 3D; Table 1). This correlated
with an overall 2-fold increase in the numbers of CD19+/IgG+ and
CD19+/IgA+ class-switched human B cells detectable by FACS in
the spleen of immunized mice (Figure 3E). Immunization was associ-
ated with an 1.6-fold increase in the total numbers of huCD4+ T cells
recovered from the spleen with an effector memory (EM) phenotype
Figure 2. Generation of iDCtWT1 with monocytes isolated from cord blood (CB

(A) Strategy for generation of iDCtWT1 autologous to the CD34+ stem cells used for tra

tested in vitro and then used for immunizations of humanized mice. (B) Vector copy n

batches were maintained for 7 days in culture, and viability was analyzed (% 7-AAD ne

maintained for 7 days in culture: viability (7-AADneg), CD45+/CD11cbright, HLA-DR+/CD8

and IFN-a concentrations (pg/mL) measured by ELISA (F and G) and IL-10, IL-12(p70),

immunoassay (H) in supernatants of day 7 iDCtWT1. (I) Phase-contrast microscopy p

homogeneous culture. Right panel: isolated cells showing morphology. Bar graphs sho

(n = 4).
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(CD62LnegCD45RAneg) (Figure 3F; see gating strategy in Figure S3).
A significant increase in the total numbers of CD8+ T cells was
observed in the spleen of immunized mice (p < 0.01, 2.3-fold; Fig-
ure 3G; Table 1). Within CD8+ T cells, both EM and terminal effector
(TE) subtypes (CD62LnegCD45RApos) were significantly increased af-
ter immunization (p < 0.01; Figure 3G; Table 1). Total numbers of
central memory (CM) CD8+ T cells in bone marrow (BM) were
also significantly increased after immunization (p < 0.05; Table 1).

Next, we investigated whether we could detect WT1-specific human
CTLs in huNRG mice. Splenocytes recovered from individual mice
analyzed in experiment #1 were stimulated with WT1 peptides, and
detection of IFN-gwas performed by intracellular staining (ICS) (Fig-
ure 3H; see Figure S5 for a description of the ICS assay and FACS
gating strategy). Mice immunized with iDCtWT1 showed overall
higher frequencies of IFN-g+ EM and CM CD8+ T cells than controls
(Figure 3H), but the activated T cells in spleen were not WT1 specific,
as cells that were not reprimed with peptides also showed higher IFN-
g+ expression (Figure 3H, white bars). We also performed analyses
with pooled lymphocytes recovered from mesenteric lymph nodes
(MLNs) of mice. EM and CM CD8+ T cells obtained from
iDCtWT1-immunized mice and stimulated with WT1 peptides
in vitro showed some reactivity, but the frequencies of detectable
IFN-g+ cells were very low (less than 0.06%; Figure 3I). Thus, immu-
nization of huNRG with iDCtWT1 promoted the development of
class-switched human IgG+/IgA+ B cells, EM CD4+ Th cells, and
CD8+ CTLs (Table 1). However, the IFN-g ICS method used for
detection of WT1-specific CTLs in huNRG mice was inconclusive.

Testing iDCtWT1 in humanized Nod.Scid.Gamma (NSG) mice

expressing HLA-A*0201 (NSG-A2)

Najima et al.17 reported that WT1-specific CTLs could be detected by
tetramer staining in frequencies of 0.3%–0.6% in tissues of NSG-A2
or for HLA-A*2402 (NSG-24) transplanted with HLA class I-
matched HSCs and then immunized with conventional DCs treated
with polyinosinic:polycytidylic acid pulsed with WT1 peptides.
Therefore, we transplanted NSG-A2 mice with HLA-A*0201-positive
CB-CD34+ HSCs and immunized them with iDCtWT1 (Figure 4A).
The experiments were terminated at 20�21 weeks after HCT, since
NSG-A2 mice are more radiation sensitive than NRG mice and
showed in our hands sporadic xeno-GvHD. Humanized NSG-A2
(huNSG-A2) mice immunized with iDCtWT1 showed normal hu-
man immune reconstitution and higher frequencies of huCD45+/
CD4+ T cells in PBLs than control mice (Figure 4B). No weight loss
)

nsplantation of irradiated mice. Cryopreserved iDCtWT1 aliquots were thawed and

umber (VCN) analysis of a representative iDCtWT1 batch after thaw. (C) iDCtWT1

gative [7-AADneg]). (D) Representative flow cytometry analyses of thawed iDCtWT1

6+, and HLA-DR+/CD83+. (E) Frequency of cells positive for markers. (F–H) GM-CSF

IL-12p(40), MCP-1, IL-8, GM-CSF, and IFN-a2 (pg/mL) measured by bead-based

ictures of day 7 iDCtWT1 (taken at 40� magnification). Left panel: field depicting

w the mean values obtained for iDCtWT1 batches produced with different CB units
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or signs of acute xeno-GvHD were observed in control or immunized
mice, and the development of lymph nodes was observed in most
mice (Figures S6A and S6B). The levels of human IFN-g in plasma
of the control group were significantly higher than in the immunized
cohort (Figure 4C). Other inflammatory cytokines were also more
elevated in control mice (IL-1b, MCP-1, and IFN-a), confirming
that iDCtWT1 immunization provided anti-inflammatory effects.
The levels of several Igs in plasma were noticeably increased after im-
munization: IgG1 (4.1-fold), IgG3 (2.9-fold), IgG4 (3.2-fold), and IgA
(2.0-fold) (Figure 4D; Table 1). FACS analyses showed that iDCtWT1
elevated the development of CD19+/IgG+ (1.6-fold) and CD19+/IgA+

(1.4-fold) class-switched B cells in the spleen (Figure 4E). Immuniza-
tion was associated with a 1.7-fold increase in the numbers of huCD4+

T cells in the spleen, with the EM (p < 0.05) and CM subtypes being
the most enhanced (Figure 4F; Table 1). The total numbers of CD8+

T cells were 1.8-fold higher in the immunized group with a 2.0-fold
increase for the EM subtype (Figure 4G). However, analyses of
WT1-specific IFN-g+ CD8+ T cells after in vitro repriming with pep-
tides and ICS showed very low frequencies and inconsistent results
(Figures 4H and 4I). In summary, immunization of huNSG-A2
mice with iDCtWT1 confirmed the superior development and matu-
ration of human IgG+/IgA+ B cells, CD4+, and CD8+ EM T cells (Ta-
ble 1). However, we could not reliably detect WT1-specific CTLs
using the IFN-g ICSmethod in this partially HLA class I-matched hu-
manized mouse model.

GMP-compatible manufacturing of iDCtWT1 cells in the

automated CliniMACS Prodigy cell-processing device

One major advantage of iDCtWT1 is the simple manufacturing of the
cell product enabling automatization. Thus, we exemplarily
performed two GMP-compatible establishment runs of iDCtWT1
generation using an adaptation of the T cell transduction (TCT) pro-
cess established for the production of chimeric antigen receptor
(CAR)-T cells using the CliniMACS Prodigy system.18 After collec-
tion of the leukapheresis material, the 38-h automated process started
with immune magnetic positive selection of CD14+ cells, followed by
Figure 3. In vivo testing of iDCtWT1 immunizations in humanized NRG mice

(A) Scheme of experimental design. CB-CD34+ HSCs were used to transplant irradiated

after HCT with 1� 105 autologous iDCtWT1 (n = 9; blue color code throughout the figure

Blood analyses were performed longitudinally on weeks 9, 13, 17, 20, and 23 after H

hematopoiesis in blood: frequencies of human CD45+ (huCD45+) cells, CD45+CD20+Ig

and ratios between CD4+ and CD8+ T cells. Mice immunized with iDCtWT1 are shown as

time points of iDCtWT1 injections. Longitudinal data are shown as mean + 95% confiden

with iDCtWT1 are shown as blue bars, and PBS control mice are shown as gray bars.

deviation (SD). Statistical significance was determined using the Holm-Sidak method, w

3, and 4, IgA, and IgM detectable in plasma (pg/mL). (E) Total number (#) of single- or d

control (gray dots, n = 8) or iDCtWT1-immunizedmice (blue dots, n = 9). (F andG) Total nu

was enumerated in the spleen of PBS control (gray dots, n = 8) or iDCtWT1-immunized m

central memory (CM), or terminal effector (TE). Negative binomial regression analysis wa

the mean is shown. Fold difference of the mean comparing the values obtained for PBS

and plots. (H and I) In vitro analyses of T cell reactivity against WT1. (H and I) Splenocy

mesenteric lymph nodes (MLNs) (I) from the first experiment were analyzed. Cells we

peptides, gray bars) or were not loaded (no peptide, white bars). Intracellular staining f

subtypes were performed. Not detectable (n.d.) indicates no IFN-g+ cells.

628 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
media exchange, cytokine stimulation, and transduction with RG-
IDLV (run 1) or GL-IDLV (run 2) (Figure 5A). The cells were washed
three times to remove excess vector, and the cell product was formu-
lated in resuspension buffer, aliquoted, and cryopreserved. QC ana-
lyses of identity (cell counts, viability, cell composition) were carried
out during the process and for the final product. After cryopreserva-
tion, the final product was thawed for characterization of potency on
day 0 and after 7 days of in vitro culture (Figure 5A). The frequency of
CD14+ cells in the leukapheresis product was approximately 15%
(Figure 5B; see gating strategy in Figure S7). Approximately 44% of
the volume of the collected leukapheresis material was applied to
the apparatus for automated cell selection (total 5.81 � 109 cells for
run 1 and 8.12 � 109 cells for run 2) (Table 2). For runs 1 and 2,
the CD14+ target cells were selected, reaching a recovery of 68.7%
and 37.6% and a total number of 6.77 � 108 and 3.98 � 108 cells,
respectively. The CD45+CD14+ purity was 98.09% for run 1 and
94.69% for run 2, and only residual CD3+ T cells (0.92% and 1.09%
for runs 1 and 2, respectively), residual CD19+ B cells (0.55% and
3.91% for runs 1 and 2, respectively), very few CD56+ natural killer
(NK) cells (0.01% for both runs 1 and 2), and no CD34+ HSCs
were detectable (Table 2; Figure 5C). Viability after CD14+ cell selec-
tion was >95% in both runs (Figure 5E).

After the CD14+ cell selection, a media exchange for culture set-up
was performed, and stimulation with GM-CSF and IL-4 was carried
out for 6 h. The cells were transduced overnight for 16 h: (1) 1.5 �
108 cells were transduced with RG-IDLV using a dose of 2.5 � 103

ng p24 equivalents of vector for 5 � 106 cells, and (2) 2.0 � 108 cells
were transduced with GL-IDLV using a dose of 1.0 � 102 ng p24
equivalents of vector for 5 � 106 cells. The next day, the cells were
washed and harvested. The cell composition of the final product
showed a CD14+ purity of 88.7% for RG-IDLV, 92.0% for GL-
IDLV, and only residual impurities of CD3+ and CD19+ cells, and
sparse residual CD56+ cells and CD34+ cells were detected (Fig-
ure 5D). The viability of the final product was 32.5% for RG-IDLV
transduction (cells cultured in DendriMACS GMP media) and
NRGmice. Humanized mice were immunized s.c. on weeks 7, 8, 11, 12, 15, and 16

). Control mice were treated with PBS (n = 8; gray color code throughout the figure).

CT. The experiments were terminated 25 weeks after HCT. (B) Kinetics of human

M+ B cells, CD45+CD20+IgG+ B cells, CD45+CD4+ T cells, and CD45+CD8+ T cells

blue solid line, and PBS control mice are shown as gray dotted line. Arrows indicate

ce interval (CI). (C) Human cytokines detectable in plasma (pg/mL). Mice immunized

A dataset below the detection limit (b.d.) is indicated. Shown are mean + standard

ith alpha = 0.05. Significance is indicated as *p < 0.05. (D) Human IgG subtypes 1, 2,

ouble-positive IgM+, IgG+, and IgA+ cells within CD19+ B cells in the spleen of PBS

mber of huCD45+/CD4+ T cells or huCD45+/CD8+ T cells in the spleen, respectively,

ice (blue dots, n = 9). T cell subtypes are shown as naive (N), effector memory (EM),

s performed for total cell counts. Significances are indicated as *p < 0.05. The SD of

controls and iDCtWT1-immunized mice is indicated in the boxes above the graphs

tes obtained from single mice (iDCtWT1, n = 5; PBS, n = 5) (H) or pooled cells from

re cultured with cytokines and loaded with an overlapping WT1 peptide mix (WT1

or detection of IFN-g and surface staining for detection of CD8+ T cell EM and CM

021



Table 1. Immune effects of iDCtWT1 immunizations in humanized NRG (huNRG) or NSG-A2 humanized (huNSG-A2) mouse models

Biomarker

huNRG huNSG-A2

PBS control iDCtWT1 PBS control iDCtWT1

Mean SD Mean SD p value or fold difference Mean SD Mean SD p value or fold difference

%CD45/CD4 in PBL 27.90 3.47 31.28 8.80 0.064 19.75 10.16 26.26 6.39 0.437

#CD4 in Spl 2.49E+06 1.70E+06 4.09E+06 1.95E+06 0.151 2.53E+06 2.39E+06 4.39E+06 3.92E+06 0.079

#CD4 EM in Spl 1.66E+06 1.17E+06 2.78E+06 1.31E+06 0.745 1.47E+06 1.56E+06 2.71E+06 2.47E+06 0.031a

#CD8 in Spl 1.17E+06 7.68E+05 2.64E+06 1.89E+06 0.003a 1.55E+06 1.38E+06 2.73E+06 2.90E+06 0.437

#CD8 EM in Spl 6.03E+05 4.51E+05 1.60E+06 1.25E+06 0.002a 8.01E+05 8.22E+05 1.63E+06 1.82E+06 0.129

#CD8 TE in Spl 2.69E+05 1.68E+05 5.68E+05 5.68E+05 0.008a 1.74E+05 1.06E+05 1.61E+05 1.19E+05 0.504

#CD8 CM in BM 1.19E+04 1.23E+04 2.38E+04 2.09E+04 0.035a 4.93E+04 5.18E+04 6.78E+04 7.58E+04 0.775

#Single IgG+ B cells in Spl 2.06E+04 1.43E+04 3.90E+04 3.13E+04 1.9� 4.27E+04 3.89E+04 6.66E+04 6.72E+04 1.6�
#Single IgA+ B cells in Spl 1.41E+04 1.19E+04 2.76E+04 3.05E+04 2.0�b 4.72E+04 3.72E+04 6.74E+04 2.86E+04 1.4�
#IgG1 in plasma (pg/mL) 3.70E+06 6.26E+06 3.62E+06 4.33E+06 1.0� 2.68E+06 6.17E+06 1.10E+07 1.04E+07 4.1�b

#IgG2 in plasma (pg/mL) 2.76E+06 2.99E+06 5.62E+06 8.92E+06 2.0�b 2.36E+06 3.14E+06 2.77E+06 2.89E+06 1.2�
#IgG3 in plasma (pg/mL) 4.97E+05 8.64E+05 7.79E+05 9.20E+05 1.6� 3.39E+05 6.20E+05 9.68E+05 8.63E+05 2.9�b

#IgG4 in plasma (pg/mL) 1.73E+05 4.77E+05 4.07E+04 4.57E+04 0.2� 5.54E+03 6.54E+03 1.79E+04 3.02E+04 3.2�b

#IgA in plasma (pg/mL) 1.25E+07 8.80E+06 2.67E+07 2.76E+07 2.1�b 8.94E+06 8.95E+06 1.78E+07 2.03E+07 2.0�b

T cell types (effector memory, EM; terminal effector, TE; central memory, CM) and B cells (expressing immunoglobulin [Ig]A or IgG) recovered from spleen (Spl) or bone marrow
(BM) were quantified and displayed as frequencies (%) and total number of cells (#). Igs were measured in plasma (pg/mL). Shown are mean, SD, and p value (for analysis of T cell
subsets) or �-fold difference of mean (for analysis of B cells and Igs), comparing PBS controls and iDCtWT1-immunized mice.
aSignificant p values %0.05.
bValues representing >2� increase after immunization.
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88.9% for GL-IDLV transduction (cells cultured in TheraPEAK X-
VIVO 15 media) (Figure 5E). Correspondingly, 20.7% viable
CD14+ cells (0.30 � 108 total cells) and 80.1% viable CD14+ cells
(1.49 � 108 total cells) were recovered after RG-IDLV and GL-
IDLV transductions, respectively (Table 2). Measurement of VCN
in the final product resulted in 1.4 and 0.4 copies per genome for
RG-IDLV and GL-IDLV transductions, respectively (Figure 5F). In
conclusion, we successfully established an automated process for
iDCtWT1 manufacturing. Transduction with the purified GL-IDLV
vector resulted in superior viability of the final CD14+ cell product.
The low transduction efficiency obtained with GL-IDLV transduction
remains to be improved by increasing the vector to cell dose.

In vitro characterization of iDCtWT1 at days 0 and 7 after thawing

Characterizations of iDCtWT1 products were performed after thaw-
ing (on day 0) and on day 7 of culture (Figure 6A). The character-
izations included analyses of viability, morphology, VCN, DC
phenotype, expression of WT1 mRNA, and cytokine production.
In vivo testing of iDCtWT1 immune effects was performed in
long-term reconstituted huNRG mice (Figure 6A). The recovery of
viable cells after thawing measured by trypan blue staining was
95.1% for the cell product transduced with RG-IDLV and 76.1%
for GL-IDLV (Figure 6B). Viability analyses after 7 days by 7-
AAD staining resulted in approximately 67% viable cells for RG-
IDLV and 68% for GL-IDLV transduction (Figure 6B). CD14+

isolated cells maintained in the absence of recombinant GM-CSF
and IFN-a showed very few viable cells after 7 days of culture,
Molecul
whereas iDCtWT1/GL-IDLV cells maintained without cytokines
showed abundant viable cells with typical DC morphology, similar
to CD14+ cells maintained in medium supplemented with cytokines
(Figure 6C). The measured VCN was 0.53 for RG-IDLV and 0.03 for
GL-IDLV-transduced cells (Figure 6D). Analyses of iDC immuno-
phenotypic markers showed similar frequencies of cells expressing
CD11c, HLA-DR, and CD86, but lower frequencies of cells express-
ing CD83 were observed for GL-IDLV transduction (Figure 6E).
Expression of WT1 mRNA was detectable in different types of
iDCtWT1 cultures: PBL/CD14+ cells transduced with RG-IDLV,
CB/CD14+ cells transduced with GL-IDLV, leukapheresis product/
CD14+ cells transduced with RG-IDLV, and leukapheresis prod-
uct/CD14+ cells transduced with GL-IDLV. The WT1 mRNA
expression levels were within the ranges detectable in the positive
control K562-A2 and K562-A2-LV-tWT1 cell lines (the latter is a
cell line transduced with LV-tWT1 and overexpressing tWT1
mRNA) (Figure 6F). Analyses of cell supernatants collected on day
7 of culture demonstrated a similar pattern for the accumulation
of endogenous and transgenic cytokines, but the levels were 1�2
logs lower for cells transduced with GL-IDLV (Figure 6G).
Concluding, CD14+ cells transduced in the automated system
showed the expected self-differentiation into iDCtWT1, with the
product transduced with GL-IDLV showing higher viability but
lower expression of CD83, WT1 mRNA, and secreted cytokines.
This suggested that higher doses of GL-IDLV to cells should be
tested in the future in order to enhance transduction efficacy for
iDCtWT1 generation.
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 629
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Administration of GL-iDCtWT1 into huNRG and analyses of

in vivo huCD8+ T cell expansion and activation

The guideline on strategies to identify and mitigate risks for first-in-
human and early clinical trials with investigationalmedicinal products
of the European Medicines Agency (EMA; https://www.ema.europa.
eu/en/strategies-identify-mitigate-risks-first-human-early-clinical-
trials-investigational-medicinal) states that if no relevant species exists
for non-clinical models, then the use of humanized animals with the
human target should be considered. Further, studies conducted in an-
imal models of the intended indication may be used as an acceptable
alternative to toxicity studies in normal animals. Therefore, we estab-
lished a non-clinical humanizedmousemodel that could be eventually
transferred to a CRO to evaluate the in vivo safety and potency of
iDCtWT1. Pairs of huNRG mice were generated with HSCs from
four different CB donors in order to evaluate the variability of results.
At 23 weeks after HCT, the mice were injected s.c. with PBS or with a
total of 1 � 106 thawed iDCtWT1 generated with GL-IDLV (Fig-
ure 6H). The experiment was terminated 10 days later. Immunized
mice showed no weight loss. Spleens were collected for histology ana-
lyses andFACS. Immunohistochemistry analyses of spleen showed the
presence of humanized follicles containing cells intensely stainingwith
the anti-humannuclei (AHN)marker in thewhite pulp surrounded by
the red pulp, with much lesser AHN staining (Figure 6I). Within fol-
licles and surrounding the arteries, most of the human T cells were
CD4+ T cells with only sparse CD8+ T cells (Figure 6I). Immunized
mice did not show any histopathological signs of acute GvHD on
the skin. GvHD was observed only in one control mouse, as indicated
by the presence of apoptotic cells, e.g., in the basal cell layer of the
epidermis (Figure S8). FACS analyses showed that the frequencies of
huCD45+ cells in the spleen remained comparable between the PBS
control and iDCtWT1-immunized mice (Figure 6J). However,
compared with control mice, immunized mice showed increased fre-
quencies of CD8+ T cells (average 2.3-fold increase; Figure 6K) and
CD8+ TE cells (average 2.0-fold increase; Figure 6L). Thus, this
short-term, non-clinical, humanized model showed the ability of
iDCtWT1 to prime and stimulate allo-CD8+ T cells developed in vivo
in the animal in the absence of pathological GvHD signs.
Figure 4. In vivo testing of iDCtWT1 immunizations in humanized NSG-A2 mice

(A) Scheme of experimental design. CB-CD34+ HLA-A*02.01-positive HSCs were use

weeks 6, 7, 10, 11, 14, and 15 after HCT with iDCtWT1 (n = 10; blue color code througho

the figure). Blood analyses were performed longitudinally on weeks 8, 12, 16, and 18 afte

(B) Kinetics of human hematopoiesis in blood: frequencies of huCD45+cells, CD45+CD

T cells and ratios between CD4+ and CD8+ T cells. Mice immunized with iDCtWT1 are s

indicate time points of iDCtWT1 injections. Longitudinal data are shown as mean + 9

iDCtWT1 are shown as blue bars, and PBS control mice are shown as gray bars. A da

nificance was determined using the Holm-�Sidák method, with alpha = 0.05. Significa

detectable in plasma (pg/mL). (E) Total number of single- or double-positive IgM+, IgG+,

iDCtWT1-immunized mice (blue dots, n = 9). (F and G) Total number of huCD45+/CD4+

spleen of PBS control (gray dots, n = 8) or iDCtWT1-immunized mice (blue dots, n = 1

analysis was performed for total cell counts. Significances are indicated as *p < 0.05.

obtained for PBS controls and iDCtWT1-immunized mice is indicated in the boxes abov

each experiment, T cells recovered from MLNs from the iDCtWT1 group or control we

peptide mix (WT1 peptides, gray bars) or were not loaded (no peptide, white bars). Intrac

EM and CM subtypes were performed. Not detectable indicates no IFN-g+ cells.
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DISCUSSION
Despite that several novel treatment modalities are being tested for
MRD+ AML patients, such as the use of hypomethylating drugs,
BCL2 inhibitors, or Hedgehog inhibitors, clinical responses remain
transient and variable.19 Allo-HCT is indicated for patients with in-
termediate- or adverse-risk AML who are in CR1 and younger than
75 years old.2 WT1 is both a LAA antigen highly expressed in AML
and a biomarker predictive of relapse and therefore an interesting
target for AML immunotherapy after HCT.20,21 Levels of WT1
mRNA detected in PBL by quantitative real-time PCR have been
used as a prognostic marker to monitor MRD and to predict relapse
after chemotherapy or HCT.20,21 Several clinical trials exploringWT1
immunogenic peptides to lower AML relapse in CR1 have been per-
formed.22 Accumulated data from these trials showed higher abun-
dance and functionality of WT1-specific T cells after peptide
immunization.22

Immunization of post-HCT AML patients is more challenging as the
patients are immune compromised. The relevance of appropriate DC
levels to induce anti-leukemia immunity in the post-HCT setting has
been demonstrated.23 In fact, we have observed the accumulation of
dysfunctional DCs in patients prior to AML relapse.24 Multiple tech-
nologies are currently being developed for the production of adoptive
DC vaccines using peptides, vectors, and RNA to enhance antigen
loading and presentation.25 Berneman and colleagues26 showed in
phase I and II clinical trials that vaccination of AML patients in
CR1 with ex vivo-cultivated autologous DCs electroporated with
mRNA expressing full-length or tWT1 was safe and prevented or
delayed relapse in up to 43% of patients. OS was correlated with mo-
lecular and WT1-specific CD8+ CTL responses. Recently, Subklewe
and colleagues27 evaluated autologous DCs transfected with mRNAs
(encoding the LAAs WT1 and preferentially expressed antigen in
melanoma [PRAME] combined with HCMV-pp65 antigen) and
matured with Toll-like receptor agonists. A first-in-human phase I
study showed that DC administration to AML patients during remis-
sion and at high risk of relapse was feasible and safe and stimulated
antigenic T cell responses.
d to transplant irradiated NSG-A2 mice. Humanized mice were immunized s.c. on

ut the figure). Control mice were treated with PBS (n = 8; gray color code throughout

r HCT. One experiment was terminated 20 weeks and the other 21 weeks after HCT.

20+IgM+ B cells, CD45+CD20+IgG+ B cells, CD45+CD4+ T cells, and CD45+CD8+

hown as blue solid line, and PBS control mice are shown as gray dotted line. Arrows

5% CI. (C) Human cytokines detectable in plasma (pg/mL). Mice immunized with

taset below the detection limit is indicated. Shown are mean + SD. Statistical sig-

nce is indicated *p < 0.05. (D) Human IgG subtypes 1, 2, 3, and 4, IgA, and IgM

and IgA+ cells within CD19+ B cells in the spleen of PBS control (gray dots, n = 8) or

T cells or huCD45+/CD8+ T cells in the spleen, respectively, was enumerated in the

0). T cell subtypes are shown as N, EM, CM, and TE. Negative binomial regression

The SD of the mean is shown. Fold difference of the mean comparing the values

e the graphs and plots. (H and I) In vitro analyses of T cell reactivity against WT1. For

re pooled. Cells were cultured with cytokines and loaded with an overlapping WT1

ellular staining for detection of IFN-g and surface staining for detection of CD8+ T cell
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Within the first 100 days after an unrelated donor allo-HCT or
HLA-matched sibling transplantation, primary disease and infections
account for approximately 50% of deaths (according to the
Center for International Blood & Marrow Transplant Research
(CIBMTR; https://www.cibmtr.org/ReferenceCenter/SlidesReports/
SummarySlides/pages/index.aspx). Because of the delayed immune
reconstitution after HCT, MRD+ patients can remain susceptible to
opportunistic infections and relapses for months to years. Our goal
has been to develop highly viable and potent donor-derived iDCs ex-
pressing the tWT1 antigen to exploit the GvL effect in the HCT
setting.28

Here, iDCtWT1 products were generated with a GL tricistronic IDLV
using different sources of CD14+ monocytes (PBL, CB, leukapheresis
material) after a short <2-day gene-delivery manipulation. Thus,
GMP-compliant iDC production and testing in humanized mice
were straightforward, as previously explored for post-HCT iDCpp65
or iDCgB cell therapies against HCMV reactivations.11 iDCtWT1
immunizations consistently augmented the development and matu-
ration of human T and B cells in two relevant, preclinical, fully hu-
manized mouse models (Table 1). Other groups are also exploring
in vivo or ex vivo strategies to redirect and harness DC development
and improve their viability and potency.25 For example, salvage IFN-
a treatment applied within 3 months of DLI to MRD+ patients with
acute leukemia/myelodysplastic syndromes showed significant
improvement in the outcome, and this may be explained by reverting
DCs to a functional state.29 Further, high-risk or relapsed AML pa-
tients receiving salvage IFN-a and GM-CSF after HCT and DLI
showed in some cases unanticipated long-term remissions.30 The
interpretation of this clinical effect was that IFN-a plus GM-CSF
cytokine treatment promoted in vivo differentiation of leukemia pro-
genitor cells toward DCs. It was shown pre-clinically that monocytes
modified to express IFN-a reprogrammed the tumor microenviron-
ment and inhibited leukemia in a mouse model.31 We and others32

have shown that IFN-a promotes the ex vivo differentiation of mature
DCs with migratory capabilities, and therefore, IFN-DCs are actively
being exploited in clinical trials for cancer vaccination.

T cells are relevant for GvL responses, as shown by the successful use
of DLIs after HCT and the fact that patients treated with T cell-
depleted grafts show higher rates of relapse.33 The regeneration of
T cells after HCT can occur via the adoptive transfer of memory
T cells or through de novo T cell development in the thymus and other
lymphatic tissues. In the humanized mouse models described herein,
no adoptive memory T cells were administered. Therefore, the
enhanced numbers of EM T cells after iDCtWT1 immunizations
Figure 5. Proof of feasibility of automated iDCtWT1 manufacturing in the CliniM

(A) Scheme of the process for the production of iDCtWT1 in a closed automated system

and characterization (black box). (B–F) Twomanufacturing runs were performed compar

CD14+, CD3+, CD19+, CD56+, and CD34+ cells within CD45+ viable (7-AADneg) cells d

material, (C) CD14+ fraction after selection, and (D) final product before cryopreservat

CD14+ fraction after selection, and final product after transduction with IDLV (before

preservation).
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resulted from de novo T cell development and maturation. Najima
et al.17 have reported the detection of HLA*0201-restricted WT1-
reactive CTLs by tetramer staining analyses in NSG-A2 using conven-
tional DCs pulsed with WT1 peptides, but we could not reproduce
this in NSG-A2 mice immunized with iDCtWT1. In our hands, the
direct assessment of the WT1-specific responses in the humanized
mice was challenging and inconsistent, due to the following: (1)
limited amount of T cells available for analyses recovered from spleen
or lymph nodes, (2) the complexities of the human-mouse major his-
tocompatibility complex (MHC) mismatches resulting in subopti-
mal-positive and -negative selection of TCRs, and (3) low frequencies
of WT1-reactive CTLs detectable by the IFN-g ICS method. These
factors may explain why we could not reliably detect WT1-specific
CTLs using similar ICS methods that previously resulted in the suc-
cessful detection of WT1-reactive CD8+ and CD4+ memory T cell re-
sponses in the majority of healthy human volunteers.34 We (R.S. and
K.S., unpublished data) and others35 are currently testing new trans-
genic mouse strains and developing technologies to match the class II
and class I HLAs of human cells with mouse tissues to support CD4+

Th and CD8+ CTL development and immune responses.

Despite the HLA/mouse MHC disparities that can account for the
challenging analyses of WT1-specific CTL responses, an interesting
observation was that iDCtWT1 stimulated B cell maturation and
IgG and IgA class switching. This was not surprising, as we have pre-
viously observed similar effects in humanized mice for the similar
product iDCgB.14 Thus, the humoral effects after iDCTWt1 immuni-
zation represent a novel immunotherapeutic aspect for enhancement
of GvL effects. Indeed, several therapies exploring antibody recogni-
tion of AML antigens are underway to promote cytotoxicity against
AML,36 also including immune checkpoint inhibitors (ICIs) and
T cells engineered with CARs (CAR-T cells).37,38

As discussed above, the manufacturing of DCs modified with mRNAs
encodingWT1 for phase I and II clinical trials was feasible, and prom-
ising immunological and therapeutic effects against AML were
observed.27,39 Nevertheless, the manufacturing of these ex vivo-culti-
vated DC vaccines is complex and requires several steps and different
types of GMP-grade reagents for antigen loading and maturation. We
previously demonstrated feasibility of a 2-day protocol for GL
manufacturing of iDCpp65 after CD14+ monocyte selection on Clini-
MACS and subsequent LV transduction in bags.11 Here, we were able
to advance toward a GL-IDLV and automated cell-manufacturing
methods. Tangential flow filtration of GL-IDLV prior to ultracentrifu-
gation was performed to remove empty virus particles. Pilot transduc-
tion experiments in the research laboratory showed that 25-fold less
ACS Prodigy

(gray boxes), QC analyses (white boxes), and estimated time for manufacturing, QC,

ing transduction with research-grade (RG)-IDLV and GL-IDLV. (B�D) Frequencies of

etermined by flow cytometry for analysis of identity and purity in: (B) leukapheresis

ion. (E) Cell viability is defined as percent 7-AADneg cells in leukapheresis material,

cryopreservation). (F) VCN after transduction with IDLV (final product before cryo-
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Table 2. Comparisons between two pilot automated iDCtWT1 manufacturing productions using the CliniMACS Prodigy device

Input cells
(�108)

Purity
CD14+ (%)

Isolated CD14+

(�108)
Cells transduced
(�108)

IDLV ng p24 equivalents per
5 � 106 cells

Viability in
product (%)

Purity
CD14+ (%)

Cells in product
(�108)

VCN in
product

Run 1 RG-
IDLV

58.14 98.1 6.77 1.5 2.5 � 103 32.5 88.7 0.30 1.4

Run 2 GL-
IDLV

81.17 94.7 3.98 2.0 1.0 � 102 88.9 92.0 1.49 0.4

Run 1: CD14+ cells were transduced with research-grade (RG)-IDLV and cultured in DendriMACS GMP media. Run 2: CD14+ cells were transduced with GMP-like (GL)-IDLV and
cultured in TheraPEAK X-VIVO 15 media. VCN, vector copy number.
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p24 ng equivalents of the GL-IDLV compared with RG-IDLV yielded
higher frequencies of viable-differentiated iDCtWT1 at day 7 (Fig-
ure S2). This effect was confirmed in the iDCtWT1 manufacturing
runs performed in CliniMACS Prodigy (Figure 5E). This indicated
that impurities in the raw RG-IDLV produced toxic effects affecting
the cell viability. Yet, lower transduction efficiency measured by VCN
and expression of WT1 mRNA and of CD83 were obtained with
iDCtWT1producedwithGL-IDLV (Figures 5F, 6E, and 6F). Therefore,
for future optimizations, higher amounts of the purified GL-IDLV
remain to be tested in CliniMACS Prodigy to yield simultaneously
high viability, high transduction efficiency of monocytes, and high
WT1mRNAandCD83 expression in the differentiated iDCtWT1 cells.

Although further preclinical optimizations, validations, and analyses
will be required, we have set a clear path for translation using a system
that allows a decentralized and global production of iDCtWT1 in
clinical centers treating high-risk AML patients after HCT see graph-
ical abstract. For clinical development, donors after HSCmobilization
and apheresis collection will be asked to undergo a second, short leu-
kapheresis for manufacturing of iDCtWT1 and generation of the cry-
opreserved cell product. After HCT engraftment is confirmed, and no
GvHD is evident, two cycles of iDCtWT1 prime/boost applications
will be administered within the first 100 days after HCT. In summary,
we have used gene-therapy approaches and advanced automated cell-
manufacturing methods to develop the novel iDCtWT1immunother-
apeutic product, which can be used as a reprogrammed monocyte
vaccine resulting in iDCs. De novo T and B cell immune-stimulatory
effects and safety aspects of iDCtWT1 could be shown in relevant hu-
manized mouse models. First-in-human clinical trials are currently
being proposed to evaluate the effects of iDCtWT1 immunizations af-
ter HCT to improve the survival of AML patients.

MATERIALS AND METHODS
Ethics statement

Umbilical CB units were obtained from the mothers in accordance to
study protocols approved by Hannover Medical School (MHH)
Ethics Review Board under written, informed consent (approval
number [no.] 4837). Mice experiments were performed in accordance
with European Union (EU) directive 2010/63 and the German Ani-
mal Welfare Law and permitted by the Lower Saxony State Office
for Consumer Protection and Food Safety (approval no. 33.12-
42502-04-16/2347). For the automated GL manufacturing of
iDCtWT1, leukapheresis products from healthy donors were
634 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
obtained from the Institute for Transfusion Medicine of MHH after
donors’ written, informed consent. According to standard donation
requirements, donors had no signs of acute infection and no previous
history of blood transfusion. The study was approved by the Ethics
Committee of the MHH (protocol no. 4837).

Cell culture and selection of primary cells

HEK293T cells (human embryonic kidney cells; ATCC) were
expanded and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) containing
10% fetal bovine serum (FBS; HyClone, Logan, UT, USA) and 1%
penicillin/streptomycin (Merck Millipore, Billerica, MA, USA) at
37�C with 5% CO2. PBMCs were isolated by Ficoll gradient centrifu-
gation as described previously.13 Immune magnetic separation was
used to isolate CD14+ and CD34+ cells (Miltenyi Biotec, Bergisch-
Gladbach, Germany) as described.13

LV construction and production

The self-inactivating (SIN) LV expressing GM-CSF, IFN-a2b, and
tWT1 (G2a-tWT1), interspaced with a porcine teschovirus-1 2A
element (P2A) and F2A, was constructed by overlapping PCR as previ-
ously described.10 Transient transfection of 293T cells was performed
with the transfer plasmid vector LV-G2a-tWT1 and the packaging
plasmids: pCDNA3.g/p.4xCTE encoding the D64Vmutation in the in-
tegrase gene, pRSV/Rev expressing Rev, and the pMD.G plasmid en-
coding for the VSV-G. Transfection was performed essentially as
described9 and later adapted to the PEI transfectionmethod.40 All plas-
mids were produced at ccc-grade quality (ccc and supercoiled, enzyme
free, devoid of any substances of animal origin, endotoxin free, and
certified for purity) and fully sequenced by PlasmidFactory (Bielefeld,
Germany). IDLV-G2a-tWT1was produced under GL conditions after
several adaptations of the standard operation procedures previously es-
tablished at Cell andGene Therapy at King’s College London.41 Briefly,
multi-layer culture flasks were seeded with 293T cells and cultured to
sub-confluent optimal density in DMEM. PEI transfection was per-
formed with the transfer and packaging plasmids. 24 h after transfec-
tion,mediumchangewas performed. The supernatant containing virus
was harvested after 24 h. The virus supernatant was clarified through
0.45mm filters and processed by tangential flow filtration and subjected
to high-speed centrifugation. The virus pellet was resuspended in PBS.
A 300�-fold volume reduction was achieved from bulk harvest to final
concentration.ThePBS formulatedfinal concentrated virus suspension
was filled in 100 mL per vial aliquots and stored at �80�C.
021
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Western blot analyses to confirm expression of the transgenes

1 � 105 293T cells were transduced with 1 mg p24 equivalent of RG-
IDLV-G2a-tWT1, IDLV-G2a (expressing GM-CSF and IFN-a2b),
or LV-tWT1 (expressing tWT1), produced by standard methods as
described previously42 and harvested 3 days later. Culture superna-
tants and cell lysates were separated based on the molecular weight
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; AnykD gel, Bio-Rad Laboratories). The proteins were trans-
ferred to nitrocellulose membranes using the Mini-PROTEAN Tetra
electrophoresis system (Bio-Rad Laboratories). Immunodetection
was performed with the following primary antibodies: rabbit anti-hu-
man GM-CSF (catalog no. 500-P33; PeproTech, Cranbury, NJ, USA),
mouse anti-human IFN-a (catalog no. 3110; Cell Signaling Technol-
ogy, Danvers, MA, USA), and mouse anti-human-WT1 (catalog no.
sc-7385; Santa Cruz Biotechnology, Dallas, TX, USA). After incuba-
tion with the secondary antibodies coupled to horseradish peroxidase,
the proteins were detected using the SuperSignal West Pico Chemilu-
minescent Substrate Kit (Thermo Fisher Scientific, Darmstadt, Ger-
many) according to the manufacturer’s instructions.
Intracellular detection of WT1 by flow cytometry

1� 105 293T cells were transduced with 1� 102 ng p24 equivalent of
GL-IDLV-G2a-tWT1 and harvested 8 days after transduction. Cells
were permeabilized and fixed with Cytofix/Cytoperm solution (Bec-
ton Dickinson [BD], Heidelberg, Germany) according to the manu-
facturer’s instructions, followed by incubation with monoclonal
mouse anti-WT1 and a secondary antibody (antibodies used are listed
in Table S1). Cells were then washed with BD Perm/Wash solution
(BD) and analyzed by flow cytometry.
Determination of IDLV-G2a-tWT1 particle content by p24

measurement

Physical titers of the vectors produced were determined by quantifying
the p24 HIV-1 core protein by ELISA (QuickTiter HIV Lentivirus
Quantitation Kit, BioCat, Heidelberg, Germany, for RG-IDLV; and
Figure 6. Characterization of iDCtWT1 manufactured in CliniMACS Prodigy

(A) Scheme of the process for characterization of iDCtWT1. Viability, purity, and VCN

purposes after cryopreservation and thaw, viability was re-assessed, and cells were cu

viability, DC phenotype by flow cytometry, andWT1mRNA expression by quantitative re

for in vivo testing in fully humanized mice. (B) Left panels: recovery measured by trypan

Morphology of iDCtWT1 producedwith GL-LV after 7 days of in vitro culture without cytok

cytokines as controls. (D) VCN determined by quantitative real-time PCR after 7 days of

7 days of culture: viable (7-AADneg) cells, CD11cbright gated on live cells (7-AADneg p

expression determined by quantitative real-time PCR. iDCtWT1 was produced from per

CB (CB-GL: 1.00 � 102 ng p24 per 5 � 106 cells), or leukapheresis material in the auto

cultured for 7 days, and RNA was isolated and cDNA synthesized. The K562-A2 cell line

cytokines served as negative control (NC). The expression of WT1mRNAwas detected i

10, IL-12(p70), IL-12p(40), MCP-1, IL-8, GM-CSF, and IFN-a2 (cells seeded 1 � 106

dependent in vitro cultures of the iDCtWT1 final product. (H) Experimental model to evalu

GL-iDCtWT1 produced in CliniMACS Prodigy (n = 4; color code indicates different CB un

sacrificed, and analysis of spleen was performed 10 days after immunizations. (I) Immun

a humanized mouse. Right panels show detectable follicles containing the AHN+ huma

CD4+ and left lower panel staining of CD8+ T cells in the WP. (J) Percentage of huCD45

TE cells in spleen measured by flow cytometric analysis.
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HIV-1 p24 Antigen ELISA, ZeptoMetrix, Buffalo, NY, USA, for GL-
IDLV) according to the manufacturer’s instructions.

Determination of LV titer by quantitative real-time PCR and VCN

analysis

Genomic DNA was isolated from 1 � 106 transduced or non-trans-
duced cells (�20�C frozen cell pellets) with the QIAamp DNA Blood
Mini Kit (QIAGEN, Hilden, Germany) according to the manufac-
turer’s protocol. Standard curve quantification was performed with
five serial dilutions (1 � 106�1 � 102 copies) of the PTBP2-WPRE
single-copy gene-containing plasmid “pQPCR-Stdx4.”43 Specific
primers for WPRE (forward: 50-GAGGAGTTGTGGCCCGTTGT-
30, reverse: 50-TGACAGGTGGTGGCAATGCC-30, probe: 50-CTGT
GTTTGCTGACGCAAC-30 (50-FAM-30-BHQ1); and PTBP2 (for-
ward: 50-TCTCCATTCCCTATGTTCATGC-30, reverse: 50-GTTC
CCGCAGAATGGTGAGGTG-30, probe 50-ATGTTCCTCGGAC
CAACTTG-30 (50-JOE-30-BHQ1) (BioSpring, Frankfurt am Main,
Germany)43 were used with the TaqMan Fast Advanced Master
Mix (Thermo Fisher Scientific) and the StepOnePlus Real-Time
PCR Detection System (Applied Biosystems, Darmstadt, Germany).
Cycling conditions were 95�C, 2 min (initial step); 95�C, 1 s; and
58�C, 5 s (data accumulation), with 40 cycles. All samples were tested
in triplicate, and negative controls were included to monitor sample
cross-contamination. The in-house established control cell line
293T-bright3 (containing three WPRE copies per genome) served
as an internal control. The quantitative real-time PCR was performed
according to the MIQE guidelines to facilitate the standardization of
the qPCR results.44

Generation of iDCtWT1 and QC

The same CB unit used as a source of CD34+ cells for mouse HCTwas
used for iDCtWT1 production. For the generation of iDCtWT1,
CD14+ monocytes were isolated from the CD34� fraction using im-
mune magnetic beads (Miltenyi Biotec). After isolation, monocytes
were pre-conditioned with recombinant human GM-CSF and IL-4
(both 50 ng/mL; Miltenyi Biotec) for 8 h at 37�C in X-VIVO 15
were assessed in the final product before cryopreservation. For characterization

ltured in vitro without the addition of cytokines. After 7 days of culture, morphology,

al-time PCRwere assessed. Additionally, iDCtWT1 produced with GL-LV were used

blue staining; right panels: cell viability measure by 7-AADneg staining by FACS. (C)

ines. CD14+ cells from the samemanufacturing run were cultivated with andwithout

in vitro culture. (E) Flow cytometry analysis to show the phenotype of iDCtWT1 after

opulation), and HLA-DR+ in combination with CD83+ and CD86+. (F) WT1 mRNA

ipheral blood (PB) with RG-IDLV (PBL/RG: 2.5 � 103 ng p24 per 5� 106 cells), from

mated CliniMACS Prodigy system (with RG-LV or GL-IDLV). Cells were thawed and

and a K562-A2-tWT1 line served as references. CD14+ cells cultured for 7 days with

n relation to the expression of the ABL reference mRNA. (G) Detection of secreted IL-

cells/mL and supernatant harvested 7 days after). Shown is the mean of three in-

ate humanized NRGmice immunized s.c. on week 23 after HCTwith 1� 106 thawed

its used for HCT). Control mice were treated with PBS after HCTs (n = 4). Mice were

ohistochemistry analyses of anti-human nuclei (AHN), CD4, and CD8 using spleen of

nized white pulp (WP) within the red pulp (RP). Left upper panel showing staining of
+. (K) Percentage of huCD45+/CD3+/CD8+. (L) Percentage of huCD45+/CD3+/CD8+
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serum-free medium (Lonza, Basel, Switzerland). Afterward, media
were removed, and GL-IDLV-G2a-tWT1 (100 ng/mL p24 equiva-
lent) plus 5 mg/mL protamine sulfate (Valeant, Duesseldorf,
Germany) was added. Transduction was performed for 16 h, and af-
terward cells were washed extensively with PBS and cryopreserved.
For batch release and QC, an aliquot of the batch was thawed,
adjusted to 1 � 106 cells/mL, and cultured for 7 days in X-VIVO
15 medium. Immediately after thaw, cells were analyzed for identity
and purity (CD45, CD14, CD3, CD19, CD56, and CD34) by flow cy-
tometry. On day 7 after thaw, cells were analyzed for DC differentia-
tion (CD11c, CD83, CD86, and HLA-DR) (the antibodies used are
listed in Table S1). GM-CSF and IL-4 were detected by ELISA using
cryopreserved supernatants collected on day 7 of cell cultures (Mab-
tech, Stockholm, Sweden). Samples were thawed on ice, diluted, and
measured in duplicates. ELISA plates were analyzed with the Spectra-
Max 340PC384 plate reader and SoftMax Pro software (Molecular
Devices, San Jose, CA, USA). For immunizations, cells were thawed,
washed in PBS, counted, adjusted for the cell density, and
administered.

HCT and iDCtWT1 immunization

NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ (NRG) and NOD.Cg-
Mcph1Tg(HLA-A2.1)1Enge Prkdcscid Il2rgtm1Wjl/SzJ (NSG-HLA-A2.1;
NSG-A2) mice were obtained from The Jackson Laboratory (JAX;
Bar Harbor, ME, USA) and bred and maintained under pathogen-
free conditions at the Central Animal Facility of MHH. Female
mice were used for all experiments because they showed more consis-
tent immune reconstitutions.13 HCT was performed as previously
described.42 Briefly, 5- to 6-week-old mice were sub-lethally irradi-
ated (NRG: 450 cGy; NSG-A2: 150 cGy) using a [137Cs] column irra-
diator (Gammacell 3000 Elan; Best Theratronics, Ottawa, Canada).
4 h after irradiation, 2.0 � 105 human CB-CD34+ cells were injected
into the tail vein. CB units were tested prior to experiments for their
human immune reconstitution potential. Only CB units that resulted
in >20% huCD45+ cells in PBL at week 10 post-HCT were used in
studies. Cryopreserved and QC iDCtWT1 were thawed and injected
into NRG at 7, 8, 11, 12, 15, and 16 weeks post-HCT and for NSG-
A2, at 6, 7, 10, 11, 14, and 15 weeks post-HCT. Mice were immunized
with a total dose of 1 � 105 iDCtWT1 cells per injection time point
and injected s.c. near the anatomical regions of the inguinal and axil-
lary lymph nodes.

Analysis of immune reconstitution by flow cytometry

Cells recovered from the spleen and blood were incubated with a hy-
potonic solution (0.83% ammonium chloride/20 mMHEPES, pH 7.2,
for 5 min at room temperature [RT]) to lyse the erythrocytes. Blood
and tissues were further processed for immune staining and flow cy-
tometry analyses as described before.42 Cells were incubated with PBS
containing 10% human serum for blocking (20 min on ice), washed,
and incubated with prior titrated antibody concentrations for 30 min
on ice. Cells were washed to remove unspecific antibodies. Data were
obtained with an LSR II cytometer (BD Biosciences, Franklin Lakes,
NJ, USA) and analyzed with FlowJo (Treestar, Ashland, OR, USA).
The antibodies used are listed in Table S1.
Molecul
Analyses of WT1 expression by quantitative real-time PCR

For quantitative real-time PCR analysis of WT1 mRNA expression in
cells, RNA was purified using the QIAamp RNeasy Mini Kit
(QIAGEN, Hilden, Germany). WT1 RNA quantification was per-
formed according to the kit’s manufacturer’s instructions using the
ipsogen WT1 ProfileQuant Kit CE (QIAGEN, Hilden, Germany)
and StepOnePlus Real-Time PCR Detection System (Applied Bio-
systems, Darmstadt, Germany).

Intracellular cytokine staining

Cryopreserved cell material obtained from spleens or MLNs was
thawed and washed once to remove the remaining DMSO. MLNs
from each experimental group from the NRG experiment were
pooled together for analysis. Subsequently, cells were resuspended
in TexMACS medium (Miltenyi Biotec) supplemented with 3%
heat-inactivated human serum (c.c.pro, Oberdorla, Germany) and
5 ng/mL IL-7 and IL-15 (Miltenyi Biotec, Bergisch-Gladbach, Ger-
many). 5 � 105�1 � 106 cells were seeded into each well of a 96-
well U-bottom plate (Sarstedt, Nümbrecht, Germany). Cells were
rested at 37�C and 5% CO2 for 16 h, followed by stimulation with
500 ng/mL of WT1 PepTivator (Miltenyi Biotec, Bergisch-Gladbach,
Germany) and 500 ng/mL of WT1126�134 peptide (RMFPNAPYL;
IBA Lifesciences, Göttingen, Germany). As positive-staining controls,
cells were stimulated with 10 ng/mL of phorbol 12-myristate 13-ace-
tate (PMA; Sigma-Aldrich, St. Louis, MO, USA) and 500 ng/mL of
ionomycin (Sigma-Aldrich), and unstimulated cells were used as
negative controls. After 1 h of stimulation, 5 mg/mL of brefeldin A
(BioLegend, San Diego, CA, USA) was added to each well, and cells
were carefully mixed by pipetting. Cells were incubated at 37�C and
5% CO2 for a further 4 h. For staining, cells were harvested into
5 mL polystyrene tubes (Sarstedt, Nümbrecht, Germany) and washed
once with PBS (Lonza, Basel, Switzerland) prior to surface staining.
Afterward, cells were fixed, permeabilized, and stained intracellularly
using IntraPrep Permeabilization Reagent (Beckman Coulter, Brea,
CA, USA) according to the manufacturer’s instructions. The anti-
bodies used are listed in Table S1. Samples were acquired at FACS-
Canto with 10-color configuration (BD Biosciences) using FACSDiva
8.0.1 (BD Biosciences) and analyzed with FlowJo (Treestar).

Detection of human cytokines and Igs in plasma

Human Th1/Th2 cytokines in plasma were quantified by a fluorescent
magnetic bead-based 14-plex Luminex assay (Merck Millipore,
Darmstadt, Germany) and human Ig subtypes by bead-based 6-plex
LEGENDplex immunoassay (BioLegend). Human cytokines in cell
culture supernatant were quantified by bead-based 6-plex LEGEND-
plex immunoassay (BioLegend). Concentrations were determined ac-
cording to themanufacturer’s instructions. Samples weremeasured in
duplicates.

GL manufacturing of iDCtWT1

Instrumentation and tubing set

The GMP-compliant manufacturing of iDCtWT1 was performed us-
ing the CliniMACS Prodigy platform (Miltenyi Biotec), which allows
an automated cell processing in a closed system controlled by
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 637

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
operating software version (v.)1.3 and process software for TCT v.2.0
(released). The TCT process software was previously designed for the
manufacturing of CAR-T cells. Therefore, adaptations were per-
formed in order to adapt processing to allow CD14 selection, pre-con-
ditioning, and transduction. Within the scope of the automatically
running process, the input of different variable process parameters,
like time points of transduction, media exchange, culture wash, har-
vesting, and volume of media exchange, was feasible (activity matrix).
The installation of CliniMACS Prodigy Tubing Set TS520 and the
operational interventions were carried out via the graphical user
interface of the Prodigy. Pre-prepared sterile buffer, media, starting
cell material, and vector were connected directly to TS520 via a sterile
tubing welder device (TSCD II; Terumo Blood and Cell Technologies
[BCT]).

Buffer, media, reagents, and culture conditions

Clinical-grade materials for iDCtWT1 cell production were used if
available. Detailed information regarding the materials was recorded,
including the supplier, lot number, and expiration date. GMP-
compliant reagents (Miltenyi Biotec) were used if not otherwise
stated. For immunomagnetic selection of CD14+ cells, CliniMACS
PBS/EDTA buffer, supplemented with human serum albumin
(HSA; 200 g/L; Baxalta, Shire Deutschland, Berlin, Germany) to a
final concentration of 0.5% and CliniMACS CD14 reagent, was
used. For cytokine stimulation and culturing of cells, the basal me-
dium DendriMACS GMP medium for run 1 or TheraPEAK X-
VIVO 15 medium (Lonza) for run 2 was supplemented with 56 ng/
mL (616 IU/mL) MACS GMP Recombinant Human GM-CSF and
74 ng/mL (244 IU/mL)MACS GMPRecombinant Human IL-4. Dur-
ing cultivation, the temperature and atmosphere were maintained at
37�Cwith 5%CO2. The final product was formulated in Composol PS
(Fresenius Kabi AG, Bad Homburg, Germany)/2.86% HSA, and for
cryopreservation, the cell suspension was diluted and mixed with
DMSO (CryoSure-DMSO, USP grade;WAKChemie, Steinbach, Ger-
many) to a final concentration of 10% (v/v).

Operational sequence

For a schematic illustration of the manufacturing process, see Fig-
ure 5A. Starting material for iDCtWT1 was CD14+ cells derived
from non-mobilized leukapheresis material. Cell processing started
within 24 h after leukapheresis collection with immunomagnetic
enrichment of CD14+ cells. After 6 h of cytokine stimulation, trans-
duction was performed by adding 15 mL LV with a dose of 2.5 �
103 ng p24/5 � 106 for RG-IDLV or 1.0 � 102 ng p24/5 � 106 cells
for GL-IDLV plus 5 mg/mL protamine sulfate (heparin-antidot
1,400 international units (I.E.)/mL; LEO Pharma, Neu-Isenburg, Ger-
many) and culturing the cells for 16 h. After culture wash and harvest,
the cells were automatically formulated in pre-cooled resuspension
buffer (Composol PS/2.86% HSA) using the CliniMACS Prodigy de-
vice. The cell density was manually adjusted to 4� 106/mL, 10� 106/
mL, or 22 � 106/mL. For cryopreservation, 1:1 dilutions were per-
formed with same volume of pre-cooled resuspension buffer contain-
ing 20% DMSO. 1 mL aliquots of the cell suspensions containing 10%
DMSO were dispensed into cryogenic storage vials. The cryovials
638 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
were placed in an isopropanol chamber and stored at �80�C over-
night and then stored in the vapor phase above liquid nitrogen at
<�140�C. Aliquots of 2 � 106 cells/mL were used for analysis of
cell recovery after freezing and thawing. Aliquots of 5 � 106 cells/
mL and 11 � 106 cells/mL were used for in vitro and in vivo experi-
ments, respectively.

Flow cytometric characterization of cell product manufactured

in the CliniMACS Prodigy

The total cell numbers and cell viabilities were analyzed for samples
collected pre- and post-selection, after medium exchange for pre-con-
ditioning, and in the final product before cryopreservation. Flow
cytometric analysis was performed for quantification of CD45+ he-
matopoietic cells, CD14+ monocytes, CD34+ stem cell progenitors,
CD3+ T cells, CD19+ B cells, and CD56+ NK cells (the conjugated
monoclonal antibodies are listed in Table S1). A maximum of 2 �
106 cells were stained with the indicated volume of antibodies (see Ta-
ble S1). The cells were then stained with 7-AAD for 15 min at RT for
discrimination of dead cells. Afterward, the cells were incubated with
freshly prepared IOTest3 Lysing Solution (Beckman Coulter) for
15 min at RT according to the manufacturer’s instructions. Prior to
acquisition analyses by flow cytometry, FlowCount Beads (Beckman
Coulter) were added to the samples according to the manufacturer’s
instructions. Analyses were performed with the Navios flow cytome-
ter (Navios 3L 10C, software 1.3; Beckman Coulter). Cell debris were
excluded via forward-scatter (FSC)/side-scatter (SSC) scatterplot.
Viable leukocytes were defined as CD45+ and 7-AADneg. Viable
CD45+ leukocytes were further analyzed for the frequencies of
CD34+, CD3+, CD19+, CD14+, and CD56+ cells (see gating strategy
in Figure S7A).

Thawing and culturing of iDCtWT1 after manufacturing in the

CliniMACS Prodigy

For analysis of recovery after cryopreservation, cells were thawed in a
37�C water bath and stained with trypan blue, and viable cells were
counted using a Neubauer chamber. For characterization of
iDCtWT1 differentiation, cells were thawed in a 37�C water bath,
washed in 50 mL of PBS, and resuspended in a density of 1 � 106

cells/mL in DendriMACS GMP medium (for RG) or TheraPEAK
X-VIVO 15 medium (for GL). Cells were cultured in the absence of
exogenous cytokines for 7 days at 37�C 5% CO2. Cells were then har-
vested for flow cytometric analyses for quantification of viable DCs
(the antibodies used are listed in Table S1; 7-AAD staining was per-
formed as above). After setting the gate on live cells (7-AADneg pop-
ulation), CD45+/CD11cbright were gated for analyses of HLA-DR+/
CD86+ and HLA-DR+/CD83+ DCs. For exemplary gating, see
Figure S7B.

Histopathological analysis

For histopathological analysis and immunohistochemistry, tissues
were fixed in 4% buffered formaldehyde solution for 24 h and
embedded in paraffin. Slides of 3 mm thickness were cut from the
paraffin block and stained with hematoxylin and eosin, or immuno-
histochemistry was performed. For the detection of human cells, a
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monoclonal mouse AHN antibody (MAB4383; Merck Millipore;
dilution 1:100); for CD4, a monoclonal rabbit anti-huCD4
(ab133616; Abcam, Berlin, Germany; dilution 1:100); and for CD8,
a monoclonal mouse anti-huCD8 (ab17147; Abcam; dilution 1:25)
were used.

Statistical analysis

Data were collected as absolute cell counts from human lymphocyte
subsets and expressed in the percent range for both blood and tissues
(number of positive cells and percent positive cells). Data were orga-
nized in a PivotTable using Excel software 2010 (Microsoft, Red-
mond, WA, USA). ANOVA and �Sidák post hoc tests were applied
for comparisons of longitudinal data between groups. Negative bino-
mial regression was used for the comparison of total cell counts. The
regression was calculated in the open-source statistics software R (R
Core Team 2018) using the glm.bn function from the MASS package.
Results were expressed as rate ratios. Unpaired t tests of log-trans-
formed data using the Holm-�Sidák method for multiplicity adjust-
ment were used for the analysis of the cytokine and Ig concentrations
in plasma. Statistical analyses were performed using GraphPad Prism
v.7 software (GraphPad Software, La Jolla, CA, USA).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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