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Hematopoietic stem cell transplantation (HSCT) using unre-
lated cord blood (CB) donors is a suitable approach when an
HLA-matched donor is not available. However, one important
drawback is the risk of life-threatening viral infections prior
to immune reconstitution, particularly from adenoviruses
(AdVs). Although adoptive therapy with ex vivo expanded
virus-reactive donor T cells has proven effective to treat these
infections in HSCT recipients, the manufacturing process is
complex and requires large numbers of cells, which is incom-
patible with CB donor units. Here, we have adapted our previ-
ous accelerated co-cultured dendritic cell (acDC) method,
which allows to efficiently and rapidly expand peripheral blood
T cells reactive to a given antigen, for use on limited CB mate-
rial. Selected cytokine cocktails induced DC differentiation and
maturation from unfractionated CB mononuclear cell cultures
and simultaneously stimulated and expanded, within 10 days,
functional CD8+ T cells specific for the model antigen MelanA
or AdV immunodominant peptides. In addition, the use of
G-Rex cultures yielded numbers of AdV-reactive CD8+ T cells
compatible with adoptive cell therapy applications. Our
acDC strategy, which uses reagents compatible with good
manufacturing practices, may be promptly translated into
the clinic for treating intercurrent infections in CB HSCT
recipients.
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INTRODUCTION
For the many patients who lack a suitable HLA (human leukocyte
antigen)-matched donor, the use of alternative donors—i.e., mis-
matched unrelated donors, unrelated cord blood (CB) donors, and
haplo-identical family donors—has extended the possibility of he-
matopoietic stem cell transplantation (HSCT).1 The use of CB has
some major advantages: it can be more readily available; it tolerates
some degree of HLA mismatch, which greatly helps in finding
suitable CB units; and it yields a reduced risk of graft-versus-host
disease (GvHD) and relapse.2 Partially HLA-matched CB HSCT af-
fords similar long-term leukemia-free survival compared to fully
matched unrelated bone marrow HSCT in both children3 and
adults.4 However, CB HSCT is frequently associated with a delayed
immune reconstitution, which leaves recipients vulnerable to severe
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viral infections, e.g., cytomegalovirus (CMV), Epstein-Barr virus
(EBV) and adenovirus (AdV, mainly AdV5). While antiviral agents
(e.g., ganciclovir and foscarnet) and anti-CD20 treatment can con-
trol CMV reactivation and EBV-associated lymphoproliferation,
respectively, such agents are toxic and not always effective, and
no adequate treatment (with the limited exception of cidofovir) is
available for AdV.5 AdV infection is particularly daunting in chil-
dren, occurring in 10%–30% of cases and in up to 80% in children
under 5 years of age.5

Adoptive T cell therapy, using in vitro expanded virus-reactive T cells,
can be used to control these infections in adult donor HSCT recipi-
ents.6,7 Such virus-reactive T cells are usually produced from the
donor’s peripheral blood mononuclear cells (PBMCs) by cell culture
over 4 to 10 weeks8,9 or by direct selection through interferon (IFN)-g
capture assays10–13 or HLA multimers (MMrs).14,15 This procedure
is mainly limited by its high PBMC needs, which make it unfeasible
in the setting of CB HSCT, in which the CB donor is not available
and the CB units are limited in amount. One further challenge is
that the CB T cell repertoire is largely immature, hence requiring
the expansion of antigen (Ag)-reactive T cells from naive precur-
sors.16,17 These drawbacks currently limit both wider applicability
of CB HSCT and the success rate in patients on whom the procedure
is performed.

Hence, techniques to generate viral-reactive T cells in quantities suit-
able for adoptive cell therapies are needed, starting from the limited
cell numbers available in the CB unit(s), without jeopardizing the suc-
cess of concomitant HSCT using the same unit(s). In the few previous
works addressing this issue,18,19 CB T cells were successfully
expanded in 8–14 days, starting from a negligible (3%–5%) fraction
of a single CB unit, but a polyclonal anti-CD3/CD28 bead stimulation
was used, which yields a higher risk of GvHD. On the other hand,
019 ª 2018 The Author(s).
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Figure 1. acDC Cytokine Cocktails Induce Equivalent APC Populations in CB and PB

PBMCs or CBMCs (2 � 106 cells per well in 48-well plates) were cultured for 48 h with the indicated cytokine cocktails, namely, GM-CSF/IL-4, IL-1b, Flt3L, or no cytokines

during 24 h followed by the addition of TNF-a, PGE2, IL-1b, and low-dose IL-7 for another 24 h. At the end of this 48-h culture, the phenotype of CD3�CD19�CD11c+ cells
was assessed by flow cytometry using the indicated cell surface markers. (A) Representative staining obtained from one PBMC (white profiles) and one CBMC sample (gray

profiles), as compared to isotype control (dotted line indicates the mean fluorescence intensity; MFI). (B) Cumulative data obtained from 3 CBMC and 3 PBMC donors,

represented as relative MFI ± SD for each of the indicated markers, normalized to the MFI registered for PBMC samples in the absence of cytokines.
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successful generation of viral Ag-reactive T cells from CB was
obtained by using large numbers of starting cells (R40 � 106,
i.e., R20% of a typical CB unit) stimulated with crude Ag sources
such as CMV lysates, B-EBV lines, and transduced Ag-presenting
cells (APCs),20–23 quenching enthusiasm toward clinical application.

We have previously developed an accelerated co-cultured dendritic
cell (acDC) methodology,24–28 which may be more suitable for
clinical translation. Using appropriate cytokine cocktails, this cul-
ture system allows DCs to differentiate and mature directly in situ
within 48 h, using unfractionated PBMCs cultured without prelim-
inary purification of monocytes or other DC precursors. When
whole proteins or peptides are added at the start of culture, cognate
T cell precursors are stimulated and can be efficiently expanded over
the next few (9–11) days and sorted for further use. We have
here applied this acDC method to CB samples and obtained
numbers of viral Ag-reactive T cells that are suitable for therapeutic
applications.
Molecul
RESULTS
acDC Cytokine Cocktails Induce Equivalent APC Populations in

CB and PB

CB harbors immune cells with an immature phenotype29,30 that are
less prone to induce productive immune responses. Therefore, we
asked whether suitable APCs could be induced in a cord blood mono-
nuclear cell (CBMC) mixture, as previously obtained with
PBMCs,24,26 by exposing them to different cytokines for 48 h. Expo-
sure to granulocyte-macrophage colony-stimulating factor (GM-
CSF)/interleukin (IL)-4, IL-1b-, or fms-like tyrosine kinase 3 ligand
(Flt3L) followed by pro-inflammatory cytokines led to identical
phenotypic changes when comparing CBMCs with PBMCs (Figures
1A and 1B; gating strategy shown in Figure S1). The GM-CSF/IL-4
cytokine cocktail led to the differentiation of DCs, as evidenced by
CD14 downregulation and upregulation of HLA-DR and of the cos-
timulatory molecules CD80 and, to a larger extent, CD86. Conversely,
both IL-1b and Flt3L led to CD14 upregulation, without major
changes in the expression of HLA-DR, CD80, or CD86, consistent
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Figure 2. Efficient Priming of Ag-Reactive CD8+

T Cells from acDC-Stimulated CBMCs Requires the

Presence of Homeostatic Cytokines

(A) acDC cultures were performed as described previously

(2 � 106 CBMCs per well in 48-well plates) in the presence

of the indicated cytokines (followed 24 h later by TNF-a,

PGE2, IL-1b, and low-dose IL-7), alone (diamonds), with

IL-15 plus IL-2 (squares), or with IL-15 plus IL-2 and IL-7

(triangles) from day 2 of culture. The stimulation lasted for a

total of 10 days, and the number of total CD8+ T cells

obtained was counted by flow cytometry using Count-

Bright beads. (B) Cultures (2 � 106 CBMCs per well in

48-well plates) were performed using the GM-CSF/IL-4

acDC cocktail followed by TNF-a, PGE2, IL-1b, and low-

dose IL-7, along with MelanA26–35 peptide after 24 h, and

by the indicated homeostatic cytokines from day 2 of

culture. The number of MelanA26–35-reactive CD8+ T cells

obtained at the end of the 10-d culture was counted as

described earlier, using MelanA26–35-loaded HLA-A2

MMrs, and absolute numbers were determined with

CountBright beads. Results refer to a representative

experiment from one donor out of two tested. (C) HLA-A2+

CBMCs (2 � 106 cells per well in 48-well plates) were

cultured using the indicated acDC cytokine cocktails fol-

lowed by TNF-a, PGE2, IL-1b, and low-dose IL-7, along

with MelanA26–35 and a pool of 3 AdV5 peptides

(Hexon542–550, Hexon892–901, and Hexon916–925) after 24 h,

and by the indicated homeostatic cytokines from day 2 of

culture. The number of MelanA26–35-reactive (x axis; APC

fluorochrome) and of AdV5-reactive (y axis; PE fluoro-

chrome) CD8+ T cells obtained at the end of the 10-day

culture was counted using fluorochrome-labeled HLA-A2

MMrs loaded with the corresponding peptides. Numbers

show the absolute counts of MMr+CD8+ T cells, as

determined with CountBright beads. Results refer to two

representative donors out of four tested.
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with the induction of different APC populations. Collectively, these
results show that acDC cytokine cocktails can be used to differentiate
APCs from both CBMCs and PBMCs, with similar results.

Efficient Priming of Ag-Reactive CD8+ T Cells from acDC-

Stimulated CBMCs Requires the Presence of Homeostatic

Cytokines

CB T cells mostly harbor a naive phenotype and are exquisitely sen-
sitive to apoptosis, a feature that can be corrected by supplementa-
tion of homeostatic cytokines such as IL-2, IL-7, and IL-15.18 We
therefore explored the requirement for these common g-chain recep-
tor cytokines to support the survival and expansion of CD8+ T cells.
We focused on CD8+ T cells in light of their role as final effectors in
viral clearance, consistent with the therapeutic application envisaged.
The previous 48-h acDC stimulation was extended for an additional
8 days (i.e., 10 days total), with homeostatic cytokines added from
day 2 and replenished every 2–3 days. Previous kinetics studies docu-
mented that 10-day cultures provide the optimal time point to
expand Ag-reactive CD8+ T cells.26 As shown in Figure 2A, the num-
ber of total CD8+ T cells that could be retrieved after these acDC
cultures in the presence of different cytokines was significantly
114 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
increased by the addition of IL-2 and IL-15, with higher yields ob-
tained when IL-7 was further included. This was also true when
acDC cultures were performed in the presence of an immunodomi-
nant MelanA26–35 epitope peptide, here used as a model Ag in light of
the high precursor frequencies of cognate CD8+ T cells present in a
majority of HLA-A2+ healthy individuals (the most prevalent HLA
variant in the Caucasian population).26,31 The number of Mel-
anA26–35-reactive CD8+ T cells retrieved at day 10 of culture
following acDC stimulation with GM-CSF/IL-4 was 17-fold higher
in the presence of IL-2/IL-15 or IL-2/IL-15/IL-7 (Figure 2B).

These experiments were then repeated by analyzing the expansion
obtained with the MelanA26–35 model Ag and with relevant viral
epitopes; namely, the HLA-A2-restricted AdV5 Hexon542–550,
Hexon892–901, and Hexon916–925. Also, in this case, the expansion
was superior when the homeostatic cytokines IL-2, IL-15, and IL-7
were included in the acDC cocktails (Figure 2C). This addition of
homeostatic cytokines was, therefore, retained for further experi-
ments. While the supporting effect of these cytokines was highly
reproducible, different acDC cocktails induced expansion of Ag-reac-
tive CD8+ T cells with different efficiencies, depending on the Ag
019



Figure 3. More Complex acDC Cytokine Cocktails Induce APCs of Similar Phenotype

(A) CBMCs and PBMCs (2 � 106 per well in 48-well plates) were cultured using the indicated acDC cytokine cocktails followed by TNF-a, PGE2, IL-1b, and low-dose IL-7

after 24 h. At the end of this 48-h culture, the phenotype of adherent CD3�CD19�CD11c+ cells was assessed by flow cytometry using the indicated cell surface markers.

A representative staining obtained from oneCBMC sample (left) and one PBMC sample (right) is shown. (B) Cumulative data obtained from 3CBMCdonors (top) and 3 PBMC

donors (bottom), displayed as the relative representation of CD14+ and CD14� cells among adherent CD3�CD19�CD11c+ cells expressing 0 to 3 different markers among

HLA-DR, CD80, and CD86.
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targeted and on the CB donor. An example is shown in Figure 2C, in
which the hierarchies of the expansion of AdV5-reactive CD8+ T cells
was GM-CSF/IL-4 > Flt3L > IL-1b for donor 1 and IL-1b > Flt3L >
GM-CSF/IL-4 for donor 2. Similarly, MelanA26–35-reactive CD8+

T cell expansion was higher for Flt3L in one case and for IL-1b in
the second case.

More Complex acDC Cytokine Cocktails Induce APCs of Similar

Phenotype and Ag-Reactive CD8+ T Cells in Similar Numbers but

Producing More Cytokines

Given this variability in the expansion yield of Ag-reactive CD8+

T cells, different acDC cytokine combinations were tested to verify
whether a synergistic effect could be achieved, thus maximizing the
odds for a given CBMC sample and Ag specificity to respond to
stimulation.

First, the phenotype of the APCs obtained with different acDC cyto-
kine combinations was studied in parallel in CBMC and PBMC sam-
ples. These combinations further included the Toll-like receptor 8
ligand (TLR8L) sRNA40, which we previously showed to prime qual-
itatively superior CD8+ T cells in terms of cytotoxic potency, func-
tionality, and Ag sensitivity.26 First, we observed that IL-4 needed
to be combined with GM-CSF to achieve complete CD14 downregu-
lation, both in CBMCs and PBMCs (Figures 3A and 3B). Second,
further enrichment of this GM-CSF/IL-4 cocktail with IL-1b and
Flt3L—alone or in combination with TLR8L, added along with tumor
Molecul
necrosis factor (TNF)-a, prostaglandin (PG)E2, and IL-7 at day
1—did not significantly change this phenotype, with equivalent
CD14 downregulation accompanied by similar upregulation of
HLA-DR, CD86, and CD80, both in CBMCs and PBMCs. Cumulative
results are shown in Figure 3B, where the fractions of CD14+ and
CD14� cells are represented along a color scale, depending on the
number of stimulatory molecules expressed (0, 1, 2, or 3 among
HLA-DR, CD80, and CD86), reflecting different degrees of matura-
tion and stimulatory potency. While CD14+ cells represent cells of
the monocyte lineage, the CD14� fraction represents bona fide
DCs. This representation also highlights that, while the APC compo-
sition in the absence of IL-4 is mostly made of CD14+ cells, the
CD14� fraction becomes predominant once IL-4 is added, with a
substantial fraction (>60%) of these cells displaying a mature pheno-
type expressing 2 to 3 molecules among HLA-DR and co-stimulatory
receptors CD80 and CD86. Collectively, these results show that
enrichment of the GM-CSF/IL-4 cocktail with additional acDC cyto-
kines does not significantly modify the APC phenotype compared to
what was obtained with GM-CSF/IL-4 alone.

The number and cytokine response of MelanA26–35-reactive CD8+

T cells obtained with these different acDC cocktails was then analyzed
in parallel with APC phenotypes (Figure 4). For both PBMCs and
CBMCs, yields increased with GM-CSF/IL-4 but were not different
when this cocktail was enriched with additional acDC cytokines, as
assessed by MMr staining (Figure 4A). Interestingly, the number of
ar Therapy: Methods & Clinical Development Vol. 13 June 2019 115
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Figure 4. More Complex acDC Cytokine Cocktails Induce Ag-Reactive CD8+ TC in Similar Numbers but Produce More Cytokines

(A) PBMCs and CBMCs (3 donors each, same donors as in Figure 3; 2 � 106 CBMCs per well in 48-well plates) were cultured using the indicated acDC cytokine cocktails

followed by TNF-a, PGE2, IL-1b, and low-dose IL-7 along with MelanA26–35 peptide after 24 h and by IL-2, IL-15, and IL-7 from day 2 of culture. Absolute numbers of

MelanA26–-35-reactive CD8
+ T cells per million PBMCs (green) or CBMCs (black) obtained at the end of the 10-day culture are plotted, as determinedwithMelanA26–35-loaded

HLA-A2MMrs andCountBright beads. (B) The same cultures were tested at day 13 during a 6-h recall assay in the presence of HLA-A2+ LCL cells pulsedwith MelanA26–35 or

no peptide. The graph displays absolute numbers of CD8+ T cells from PBMCs (green) or CBMCs (black) producing at least one cytokine among IFN-g, TNF-a, IL-2, andMIP-

1b in response to MelanA26–35-pulsed LCL cells after background subtraction, i.e., the number of cytokine-positive CD8+ T cells detected in response to unpulsed LCL cells.

Results are expressed as mean ± SD (*p < 0.05).
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CD8+ T cells expressing one or more effector cytokines among IFN-g,
TNF-a, IL-2, and/or macrophage inflammatory protein (MIP)-1b in
response to a MelanA26–35 recall was the highest for PBMCs using the
GM-CSF/IL-1b/Flt3L/TLR8L cocktail (no IL-4), which induced
CD14+ monocytes and/or macrophages rather than DCs (Figure 3).
This was not observed for CBMCs. The cytokine production was
significantly higher in CB T cells obtained with the combination of
GM-CSF/IL-4, IL-1b, Flt3L, and TLR8L, as compared to all other
cytokine cocktails except GM-CSF/IL-4/IL-1b/Flt3L, which displayed
a higher variability in the induction of functional MelanA26–35-reac-
tive CD8+ T cells (Figure 4B). The GM-CSF/IL-4/IL-1b/Flt3L/TLR8L
cocktail was, therefore, retained for further experiments.

acDC Stimulation in G-Rex Devices Further Increases the Yield

of Ag-Reactive CD8+ T Cells

Last, we explored strategies tomaximize the yield of Ag-reactive CD8+

T cells obtained during the acDC culture. G-Rex flasks have been
recently described to increase cell culture yields by maximizing gas
exchanges from the bottom rather than the top of the vessel, i.e., in
closer contact with cells. Using the acDC cytokine cocktail selected
earlier, supplemented with IL-2, IL-7, and IL-15 and the model Ag
MelanA26–35, we observed that acDC stimulation in G-Rex flasks led
to an 11-fold increase in Ag-reactive CD8+ T cell expansion compared
to a standard plate culture (Figure 5A). In addition, expanded cells
consistently showed higher numbers of CD8+ T cells producing
TNF-a, IL-2, IFN-g, and/or MIP-1b for G-Rex cultures (Figure 5B),
the two latter cytokines being undetectable in plate cultures.

We then used the G-Rex culture system to expand AdV5-reactive
CD8+ T cells from CBMCs, which were stimulated by adding
116 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
a pool of three AdV5 peptides (Hexon542–550, Hexon892–901,
Hexon916–925) along with the MelanA26–35 peptide. As shown fo 2
representative donors (Figures 5C and 5D), a significant
T cell expansion was observed: T cell yields obtained for these AdV
specificities, starting from a single aliquot of 10 � 106 frozen-thawed
CBMCs, were 3.9 � 105 and 6.0 � 105 CD8+ T cells, which would
meet the cell numbers required for adoptive cell transfer into adult
hosts.

DISCUSSION
This study provides a novel methodology adaptable to the standards
of good manufacturing practice (GMP) to efficiently generate func-
tional virus-reactive CD8+ T cells from CB units after a simple and
short (10-day) in vitro culture. Indeed, the use of acDC stimulation
protocols and suitable culture vessels enhanced the expansion of
the viral Ag-reactive fractions of interest to the amounts needed for
adoptive T cell transfer therapies using minimal CBMC numbers.

The use of virus-reactive T cells generated from the donor’s PBMCs
has emerged as a reliable therapeutic strategy for preventing and
treating intercurrent infections in immunocompromised HSCT pa-
tients.7 The cell needs for this type of procedure are of �109 PBMCs
to obtain 1–50 � 103 Ag-reactive T cells per kilogram to infuse into
patients.10 This approach is, however, difficult to apply in the setting
of CB transplantation due to the low number of T cells available and
to their naive phenotype, which requires priming andmultiple expan-
sion rounds.

To overcome these limitations and to reduce the cost and complexity
of product manufacture, we used a modified version of our previously
019
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Figure 5. acDC Stimulation in G-Rex Devices Further Increases the Yield of

Ag-Specific CD8+ T Cells

(A) CBMCs were cultured in 12-well plates (10 � 106 CBMCs per well) or G-Rex10

flasks (10� 106 CBMCs per flask) using a combination of GM-CSF, IL-4, IL-1b, and

Flt3L, followed by TLR8L, TNF-a, PGE2, and low-dose IL-7 along with MelanA26–35

peptide after 24 h and by IL-2, IL-15, and IL-7 from day 2 of culture. The number of

MelanA26–35-specific CD8+ T cells obtained at the end of the 10-day culture is

represented after gating on viable CD8+ T cells andwas counted usingMelanA26–35-

loaded HLA-A2 MMrs. The absolute numbers of MMr+ cells per million CBMCs

obtained are indicated, as determinedwith CountBright beads. (B) The same culture

was tested at day 13during a6-h recall assay in the presence of LCLcells pulsedwith

MelanA26–35 or no peptide. The graph displays absolute numbers of CD8+ cells per

million CBMCs producing the indicated cytokines in response to MelanA26–35-

pulsed LCL cells after background subtraction, i.e., the number of cytokine-positive

CD8+ T cells detected in response to unpulsed LCL cells. (C andD) CBMCs from two

representative donorswere cultured as described earlier inG-Rex10 flasks (10�106

CBMCs per flask) with MelanA26–35 or pooled AdV5 Hexon542–550, Hexon892–901,

andHexon916–925 peptides. The number of peptide-reactiveCD8+Tcells obtained at

the end of the 10-day culture was analyzed after gating on viable CD8+ T cells using

HLA-A2 MMrs loaded with the corresponding peptides. (C) The frequency of MMr+

cells out of total CBMCs. (D) The absolute numbers of MMr+ cells obtained from the

same cultures, as determined with CountBright beads.
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described acDC protocol, which allows the Ag-driven stimulation of
very low-frequency naive CD8+ T cells.24,26 The three key advantages
of this technology are: (1) reduced CBMC needs to obtain Ag-reactive
T cells (typically only 1–2 million per Ag specificity); (2) efficient
amplification of Ag-reactive T cells, as the procedure lines up the
three critical steps of APC differentiation and maturation, Ag presen-
tation, and T cell triggering both spatially, within a small culture
vessel, and temporally (10 days); and (3) the use of professional
APCs such as DCs, which are permissive for a variety of Ag stimuli
Molecul
(e.g., proteins or polypeptides), without prior knowledge of the pre-
cise epitopes recognized or the selection of donors based on specific
HLA haplotypes.24

We optimized the cytokine cocktails utilized for DC differentiation
and maturation through the use of GM-CSF, IL-4 IL-1b, Flt3L, and
TLR8L during the first 48 h of culture. Moreover, the addition of
IL-2, IL-7, and IL-15 during the following 8 days was instrumental
for promoting T cell survival, expansion, and function (production
of multiple inflammatory cytokines) in response to peptide stimula-
tion. Of importance, the use of G-Rex devices yielded numbers of
AdV-reactive T cells that are compatible with their in vivo applica-
tion. Indeed, the targeted number of freshly isolated virus-specific
T cells currently used for adoptive transfer is of�5� 103 cells per ki-
logram of body weight. Thus, the AdV-specific CD8+ T cells obtained
here (3.9–6.0 � 105) would be sufficient to treat adult individuals,
provided that they maintain potent in vivo proliferative capacities,
which should be the case after this short-term (10-day) culture period.
The in vivo persistence and expansion rate of these in vitro expanded
CB CD8+ T cells remains, however, to be investigated. An extended
survival (up to 10 years) of cytotoxic T lymphocytes (CTLs) generated
from the donor’s PBMCs has been reported in HSCT patients.9,14,32

In contrast, a shorter persistence (14–90 days) of banked third-party,
partially HLA-matched CTLs, which are currently being explored as
an alternative strategy to restore the anti-viral immunity in bone
marrow or CB HSCT recipients, has, so far, been reported.32–35

Indeed, in the context of CB transplantation, Barker et al. showed
that EBV-specific third-party CTLs expanded in vivo after infusion
and persisted for 7–10 days but rapidly disappeared afterward,
possibly due to apoptosis or rejection.33 Multiple infusions were
required for effective treatment. Encouraging results were, however,
recently observed following infusion of AdV-specific T cells generated
from a related haplo-identical third-party donor in CB HSCT recip-
ients.36 In vivo expansion was observed for up to 3 months post-infu-
sion, along with potent anti-viral responses, although some cases of
GvHD occurred during the first month after infusion. Thus, CB-
derived CTLs of the donor’s origin may achieve a better and durable
engraftment and provide long-term outcomes without repeated
infusions.

Our results show that CD8+ T cells reactive against AdV or Mel-
anA Ags can be simultaneously stimulated and expanded in the
same culture, thus supporting the feasibility of producing multivi-
rus-reactive or mixed virus- and tumor-reactive T cells from a CB
unit. This is similar to what was obtained with PB-derived
CTLs,8,34,35 using a mixture of immunodominant peptides from
the major viral pathogens (AdV, CMV, and EBV) involved in the
infectious complications of HSCT. Along the same line, another
approach used DCs and EBV-transformed lymphoblastoid cell
lines (EBV-LCLs) generated from donor CBMCs and transduced
with recombinant AdV vectors encoding CMV peptides to stimu-
late CB T cells (10 days with DCs and then 2 rounds of 7 days
with EBV-LCLs).21 It may, however, be difficult to implement
this procedure on a large scale. More recently, Dave et al. reported
ar Therapy: Methods & Clinical Development Vol. 13 June 2019 117
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the production of CB-derived multivirus-reactive T cells using
overlapping peptide pools.37 However, this approach required pu-
rification and pulsing of mature DCs for the first round of stimu-
lation and the use of genetically modified K562 cells expressing
co-stimulatory molecules as feeders for subsequent stimulations,
for a total manufacturing time of 28 days. In comparison, our
approach allows DCs to mature directly in the well and to generate
virus-reactive CD8+ T cells within a 10-day culture period using
unfractionated frozen CBMCs, which provides a more feasible,
GMP-compatible, and cost-effective method. After volume reduc-
tion, CB units contain approximately 80% of mononuclear cells,38

thus further supporting the clinical feasibility of our acDC
approach directly on banked cryopreserved CB units. Furthermore,
expansion of CD8+ T cells reactive to each virus can be evaluated
by our combinatorial flow cytometry assays that use HLA class I
MMrs loaded with the same peptides used for stimulation.39 Lastly,
acDC cultures may be easily upgraded by performing a concomi-
tant stimulation with both HLA class-I- and HLA class-II-
restricted peptides derived from the same viral Ags, as both
CD8+ and CD4+ T cell subsets are needed for optimal viral clear-
ance.10 In this regard, we have previously shown that virus-specific
CD4+ and CD8+ T cells, identified by HLA-DR4 and HLA-A2
MMrs, respectively, efficiently expanded when primed by their
cognate peptides24 and that expansion of both CD4+ and CD8+

T cells can also be obtained when acDC cultures are stimulated
with protein Ags.24

With the advent of the chimeric Ag receptor (CAR) technology, it
would be appealing to use our acDC culture system for generating
virus-reactive T cells that can be later engineered with a tumor-spe-
cific CAR. Infusion of such bi-specific T cells derived from PB demon-
strated encouraging results in the context of neuroblastoma40 or B cell
malignancy relapses after HSCT.41 Of note, Micklethwaite et al.
demonstrated the feasibility of generating bi-specific T cells from
CB by transfecting multivirus (CMV, EBV, and AdV)-reactive
T cells with a CAR.CD19-28z construct.22 Our acDC methodology
may, thus, be considered for generating virus-reactive CAR T cells en-
dowed with anti-viral (through the native TCR) and anti-tumor
(through the introduced CAR) activity.

In conclusion, we propose a simple, rapid, and GMP-compatible
method to produce virus-reactive T cells from small fractions of
banked CBMCs, with the potential to adoptively provide immunity
against opportunistic infections and to increase graft-versus-leukemia
activity in CB HSCT recipients.

MATERIALS AND METHODS
Blood Samples

CB units for research purposes were obtained from the AP-HP Cord
Blood Bank and provided by Prof. J. Larghero (Cell Therapy Unit,
Saint Louis Hospital, Paris, France). PB samples were obtained
from healthy donors. All donors gave written informed consent,
and the study was approved by the local ethics committee (Ile de
France II, study number 2009-11-03). Mononuclear cells (CBMCs
118 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
and PBMCs) were separated by density gradient centrifugation and
stored frozen in liquid nitrogen as described previously.42–44 HLA
class I typing was performed with AmbiSolv primers (Thermo Fisher
Scientific).

acDC Cytokine Treatment of PBMCs and CBMCs

We adapted a methodology that we previously developed to generate
Ag-reactive T cells from PBMCs.24–28 Frozen-thawed PBMCs or
CBMCs were plated at the following densities in AIM-V medium
(Thermo Fisher Scientific): 2 � 106 cells per 500 mL per well in
48-well plates; 5 � 106 cells per 1 mL per well in 24-well plates;
10 � 106 cells per 2 mL per well in 12-well plates; and 10 � 106 cells
per 20 mL per flask in G-Rex10 flasks (Wilson Wolf). The following
cytokines were used for acDC stimulation, added sequentially as
detailed for each figure: for day 0, GM-CSF (R&D Systems;
1,000 U/mL), IL-4 (R&D Systems; 500 U/mL), IL-1b (R&D
Systems; 10 ng/mL), and Flt3L (R&D Systems; 50 ng/mL); for
day 1, TLR8L (ssRNA40, Invivogen; 0.5 mg/mL), TNF-a (R&D Sys-
tems; 1,000 U/mL), PGE2 (Merck Calbiochem; 1 mM), and IL-7
(R&D Systems; 0.5 ng/mL); and for day 2, IL-2 (Proleukin, Novartis;
100 U/mL), IL-15 (R&D Systems; 25 ng/mL), and IL-7 (R&D Sys-
tems; 5 ng/mL), which were added by replacing the half medium vol-
ume with AIM-V and 10% human serum containing these cytokines
at the indicated final concentrations calculated for the whole culture
volume. When IL-1b was added at day 0, it was not further added at
day 1. Half medium was replenished every 2–3 days with AIM-V and
10% human serum, supplemented with 100 U/mL IL-2, 25 ng/mL IL-
15, and 5 ng/mL IL-7 when indicated.

APC Phenotyping

Cells were collected after 48 h of acDC stimulation and phenotyped
using the following antibodies: CD80-FITC (clone BB1), CD86-PE
(clone IT2.2), CD14 PerCP-Cy5 (clone M5E2), HLA-DR-APC (clone
G46-6), CD3-V450 (clone UCHT1), CD19-V450 (clone HIB19), all
from BDBiosciences; CD11c-Alexa Fluor 700 (clone 3.9; eBioscience)
and Live/Dead Aqua (Life Technologies). Cells were acquired using a
16-color BD LSR Fortessa flow cytometer and analyzed with FlowJo
software (TreeStar).

Expansion of Ag-Reactive CD8+ T Cells by acDC Stimulation

CBMCs and PBMCs from HLA-A2+ (HLA-A*02:01+) donors
were used and analyzed at day 10 of acDC cultures. The
following HLA-A2-restricted peptides (synthesized at >85%
purity; ChinaPeptides) were added after the first 24 h of acDC
culture at a 10-mM final concentration: Melan-A26-35 (A27L
variant; ELAGIGILTV), AdV5 Hexon542–550 (GLRYRSMLL),45

AdV5 Hexon892–901 (LLYANSAHAL),46 and AdV5 Hexon916–925
(YVLFEVFDVV).46 HLA-A2 MMrs were synthesized using the
one-pot, mix-and-read technology,47 and staining was performed
in the presence of 50 nM dasatinib,48 as described previously.44

Cells were gated on viable (live/dead�) CD8+ events for analysis.
Absolute numbers of MMr+ cells retrieved from each culture
were determined with CountBright beads (Thermo Fisher Scienti-
fic) following manufacturer’s instructions.
019
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EBV-transformed HLA-A2+ LCL cells39 were used as APCs and
labeled with CellTrace CFSE (Thermo Fisher Scientific) to separate
them from cells retrieved from acDC cultures. They were then pulsed
for 2 h with the indicated peptide at a 10-mM final concentration.
After washing, 0.5 � 106 LCL cells were incubated 1:1 with CBMCs
or PBMCs from acDC cultures for 6 h in the presence of 10 mg/mL
brefeldin A in 96-well flat-bottom plates. Intracellular cytokine
staining was performed using BD Cytofix/Cytoperm reagents
and analyzed on a BD LSR Fortessa flow cytometer after gating
on live CFSE�CD8+ events with the following antibodies: MIP-
1b-Fluorescein (clone 24006, R&D Systems), IFN-g-PE (clone
4S.B3, eBioscience), IL-2-PE-Cy7 (clone MQ1-17H12, eBioscience),
and TNF-a-APC (clone MAb11, BD Biosciences).

Statistical Analysis

Statistical tests were performed using GraphPad Prism 6. Results were
analyzed using Student’s t tests. A p value < 0.05 was considered
significant.
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Supplementary Figure 1: Gating strategy employed for the phenotypic characterization of acDCs. PBMCs/CBMCs (2x106/well in 
48-well plates) were cultured for 24 h with GM-CSF/IL-4, IL-1β, Flt3L or no cytokines, followed by addition of TNF-α, PGE2, IL-1β and low-
dose IL-7 for another 24 h. Cells were recovered at the end of this 48 h culture and analyzed by flow cytometry. T cells, B cells and dead 
cells were excluded on the basis of CD3/CD19 and Live/Dead staining. Cells positive for CD11c (high and low) were selected and further 
analyzed for the expression of CD14, HLA-DR, CD80 and CD86 (see Figure 1). 
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