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T regulatory cells (Tregs) play a key role in modulating T cell
responses. Clinical trials showed that Tregs modulate graft-
versus-host disease (GvHD) after allogeneic hematopoietic
stem cell transplantation (allo-HSCT). However, their ability
to mediate anti-leukemic activity (graft-versus-leukemia
[GvL]) is largely unknown. Enforced interleukin-10 (IL-10)
expression converts human CD4+ T cells into T regulatory
type 1 (Tr1)-like (CD4IL-10) cells that suppress effector T cells
in vitro and xenoGvHD in humanized mouse models. In the
present study, we show that CD4IL-10 cells mediate anti-
leukemic effects in vitro and in vivo in a human leukocyte
antigen (HLA) class I-dependent but antigen-independent
manner. The cytotoxicity mediated by CD4IL-10 cells is gran-
zyme B (GzB) dependent, is specific for CD13+ target
cells, and requires CD54 and CD112 expression on primary
leukemic target blasts. CD4IL-10 cells adoptively transferred in
humanized mouse models directly mediate anti-tumor and
anti-leukemic effects. In addition, when co-transferred with
peripheral blood mononuclear cells (PBMCs), CD4IL-10 cells
contribute to the GvL activity but suppress xenoGvHD medi-
ated by the PBMCs. These findings provide for the first time
a strong rationale for CD4IL-10 cell immunotherapy to prevent
GvHD and promote GvL in allo-HSCT for myeloid malig-
nancies.
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INTRODUCTION
T regulatory cells (Tregs) promote and maintain immunological
tolerance. Among Tregs, FOXP3+ Tregs1 and the T regulatory type
1 (Tr1) cells have been extensively investigated.2 Tr1 cells are induced
in the periphery upon chronic antigen (Ag) stimulation in the pres-
ence of interleukin 10 (IL-10);2 co-express CD49b and LAG-3;3 and
secrete IL-10, transforming growth factor b (TGF-b), variable
amounts of interferon (IFN)-g, and low IL-2, IL-4, and IL-17.2–4

Tr1 cells suppress T cell responses via the secretion of IL-10 and
TGF-b,2,5 and the specific killing of myeloid cells via granzyme B
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(GzB).6 Ag-specific Tr1 cells can be generated in vitro in the presence
of IL-10 or tolerogenic DC-10.7

In the past decade, much effort has been devoted to develop methods
for the in vitro induction and/or expansion of Tregs suitable for cell
therapy.8 Treg-based cell therapy has been extensively tested in pre-
clinical models of graft-versus-host disease (GvHD),9–12 and proof-
of-principle clinical trials in allogeneic hematopoietic stem cell
transplantation (allo-HSCT) have demonstrated the safety of Treg-
based cell therapy.13–17 Freshly isolated14,15,17 or in-vitro-expanded
polyclonal CD25+ Tregs13,16 were infused after allo-HSCT for hema-
tological malignancies to prevent GvHD. In these studies, a reduc-
tion in GvHD severity was observed as compared with historical
controls. Furthermore, it has been reported that in CD25+ Treg-
treated patients, the cumulative incidence of relapse was significantly
lower than in controls.17 In a clinical trial aimed at promoting im-
mune reconstitution in the absence of severe GvHD, we demon-
strated the safety and feasibility of Tr1 cell infusion in hematological
cancer patients undergoing haploidentical HSCT.18 Host-specific
IL-10-anergized donor T cells (IL-10 donor lymphocyte infusion
[DLI]), containing Tr1 cells, were infused in the absence of immuno-
suppression in a small cohort of patients. Results demonstrated that
after IL-10 DLI infusion, only moderate GvHD was observed and a
tolerance signature was achieved. Furthermore, the treatment accel-
erated immune reconstitution and correlated with long-lasting
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. CD4IL-10 Cells Kill Myeloid Cell Lines In Vitro

(A) Degranulation of CD4IL-10 cells. CD4IL-10 and CD4DNGFR cells were co-cultured with CD3, CD14, U937, BV-173, Daudi, K562, and ALL-CM target cells at a 5:1 (E:T) ratio

for 6 hr, and the frequency of CD107a+GzB+ cells wasmeasured by FACS. One representative donor (left panels) andmean ± SEM of n = 20 for CD4IL-10 and CD4DNGFR cells

cultured alone or with ALL-CM or U937 cell lines, n = 4 for CD4IL-10 cells and n = 2 for CD4DNGFR cells co-cultured with CD3+ cells, n = 8 for CD4IL-10 and CD4DNGFR cells co-

cultured with CD14+ cells, n = 5 for CD4IL-10 and CD4DNGFR cells co-cultured with the BV-173 cell line, n = 12 for CD4IL-10 and CD4DNGFR cells co-cultured with the Daudi cell

line, and n = 17 for CD4IL-10 cells and CD4DNGFR cells co-cultured with the K562 cell line (right panels) are reported. p, Mann-Whitney test. (B) Cytotoxicity of CD4IL-10 cells.

Cytotoxicity against U937, BV-173, Daudi, K562, and ALL-CM cell lines was determined by 51Cr-release assay. Mean ± SEM of cytotoxicity performed in duplicated is

(legend continued on next page)
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disease remission.18 A major difference between the CD25+ Treg-
based trials and the IL-10 DLI trial is that, in the former, a pool of
polyclonal non-Ag-specific cells was administered, whereas in the
latter, anergized donor-derived T cells, which contain host-specific
Tr1 cells, were infused.

Despite the significant progress in establishing in vitro protocols to
induce alloantigen-specific IL-10-anergized T cells for Tr1-based
immunotherapy, the resulting population still contains a large pro-
portion of effector T cells that could potentially limit the in vivo effi-
cacy of Tr1 cells.19 To overcome this limitation, we developed a
method to generate a selected population of IL-10-producing Tr1
cells by lentiviral vector (LV)-mediated human IL-10 gene transfer.
IL-10-engineered CD4+ (CD4IL-10) cells display a cytokine profile
and phenotype super-imposable to bona fide Tr1 cells, suppress
T cell responses, lyse myeloid cell lines in vitro, and prevent xen-
oGvHD in vivo.20

In the present study, we investigate the anti-leukemic and anti-tumor
activity of polyclonal and alloantigen-specific CD4IL-10 cells in vitro
and in vivo. We demonstrate that CD4IL-10 cells generated with an
LV encoding for human IL-10 and DNGFR (LV-IL-10) specifically
kill myeloid leukemic cell lines in a human leukocyte Ag (HLA) class
I-dependent, but Ag-independent, manner. CD4IL-10 cells kill also
primary myeloid blasts in vitro, and this anti-leukemic activity is
dependent on CD13, CD54, and CD112 expression on target cells.
Furthermore, CD4IL-10 cells have a direct anti-tumor and anti-
leukemic effect, and collaborate with allogeneic peripheral blood
mononuclear cells (PBMCs) to mediate graft-versus-leukemia
(GvL), while inhibiting xenoGvHD in vivo. These data strongly sup-
port the use of CD4IL-10 Tr1 cells as immunotherapy to prevent
GvHD and promote GvL in allo-HSCT for myeloid malignancies.

RESULTS
Polyclonal CD4IL-10 Cells Have a Tr1 Phenotype and Kill Myeloid

Leukemic Cell Lines In Vitro

CD4IL-10 cells were generated by transducing CD4+ T cells with a bidi-
rectional LV co-encoding for human IL-10 and DNGFR, as a clinical-
grade marker gene (LV-IL-10/D nerve growth factor receptor
[NGFR]; Figure S1A). Transduction efficiency of CD4+CD45RO�

T cells was on average 51.3%, and the percentage of cell recovery after
selection ofDNGFR-expressing cells reflected the percentage of trans-
duced cells (57% ± 19%, mean ± SD, n = 8; Table S1). After selection,
in vitro expansion of polyclonal CD4IL-10 cells cultured with feeder
mixture was lower compared with control cells transduced with
LV-GFP/DNGFR (CD4DNGFR) (Table S1). CD4IL-10 cells generated
with LV-IL-10/DNGFR recapitulated the Tr1 cell phenotype, as pre-
reported; n = 4 independent donors for CD4IL-10 and CD4DNGFR cells against ALL-CM an

CD4DNGFR cells against BV-173, Daudi, and K562 cell lines tested in one experiment. p, t

CD4DNGFR cells were co-cultured with CD14, U937, BV-173, K562, THP-1, and ALL-C

counted by FACS, and cytolysis mediated by CD4IL-10 cells was measured as eliminatio

five independent experiments. Dots represent the elimination index of CD4IL-10 cells

elimination index. Gray area indicates the threshold of cytotoxicity.
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viously described for LV-IL-10/GFP.20 Expanded CD4IL-10 cells are
memory (CD45RO+CD45RA�) T cells that express CD25, but not
FOXP3 (Figure S1B). Moreover, CD4IL-10 cells, in contrast with con-
trol LV-transduced CD4DNGFR cells, but similar to naturally occur-
ring Tr1 cells,3 secreted significantly higher levels of IL-10 and IFN-
g, and low amounts of IL-4 and IL-17 (Figure S1C). CD4IL-10 cells,
but not CD4DNGFR cells, suppressed polyclonal T cell responses
in vitro (Figure S1D). Importantly, similar to Tr1 cells,6 CD4IL-10 cells
expressed significantly higher levels of CD18, CD2, and CD226 as
compared with freshly isolated CD4+ memory T cells and CD4DNGFR

cells, which have been previously demonstrated to be critical markers
for Tr1-mediated cytotoxicity (Figure S2).

Next, we evaluated the ability of CD4IL-10 cells to kill a panel of
immortalized leukemic cell lines. Freshly isolated T lymphocytes
(CD3) and monocytes (CD14) were used as negative and positive
control target cells, respectively. A significantly higher proportion
of GzB+CD107a+ cells was observed in co-cultures of CD4IL-10 cells
with CD14 cells, U937, a monocytic cell line, or ALL-CM, a cell
line derived from a patient suffering from a lymphoblastic crisis of
chronic myelogenous leukemia21,22 as compared with CD4DNGFR cells
(Figure 1A). Conversely, CD4IL-10 cells did not degranulate when
cultured with CD3 cells, BV-173,23 Daudi, or K562, an erythroleuke-
mic cell line (Figure 1A), and the percentage of GzB+CD107a+ cells in
the later conditions was similar to that observed with unstimulated
CD4IL-10 cells alone. CD4IL-10 cells also killed U937 and ALL-CM,
but not BV-173, Daudi, or K562, cell lines at a 100:1 (effector:target)
ratio at significantly higher levels than CD4DNGFR cells (Figure 1B).
Consistently, in 4-day co-culture experiments, CD4IL-10 cells elimi-
nated CD14 cells, U932, ALL-CM, and THP-1, but not BV-173 or
K562 cell lines (Figures 1C and S3).

Overall, these data demonstrate that CD4IL-10 cells kill specifically
myeloid cells and myeloid leukemic cell lines.

Alloantigen-Specific CD4IL-10 Cells Kill Myeloid Leukemic Cell

Lines In Vitro in an Ag-Independent Manner

Alloantigen-specific LV-10-transduced T (allo-CD4IL-10) cells were
generated by stimulation of naive CD4+ T cells with allo-mDCs and
transduced upon secondary stimulation (Figure 2A). Transduction
efficiency was on average 52.5%, and after selection of DNGFR-ex-
pressing cells, the percentage of cell recovery (45% ± 9.9%, mean ±

SD, n = 10) reflected that of transduced cells (Table S2). Allo-
CD4IL-10 and allo-CD4DNGFR cells equally expanded in vitro when
cultured with feeder mixture (Figure 2B; Table S2). In contrast,
allo-CD4IL-10 cells re-stimulated with allo-mDCs proliferated signifi-
cantly less compared with allo-CD4DNGFR cells (Figure 2C), despite
d U937 cell lines, tested in two independent experiments, and n = 2 for CD4IL-10 and

wo-sidedMann-Whitney test. (C) CD4IL-10 cells killed myeloid cell lines. CD4IL-10 and

M cells at a 1:1 ratio for 3 days. Residual leukemic cell lines (CD45lowCD3�) were
n index (see Materials and Methods) for each target cells. Analysis was performed in

generated from different healthy donors, and lines represent mean values of the



Figure 2. Enforced IL-10 Expression in Alloantigen-Specific CD4+ T Cells Promotes Their Conversion into Tr1-like Cells with the Ability to Kill Myeloid Cells

(A) Protocol to generate allo-CD4IL-10 cells. Enriched alloantigen-specific CD4+ T cells were transduced with LV-IL-10 or LV-GFP at an MOI of 20 during a secondary

stimulation with the same allo-mDCs used for priming (see also Materials and Methods). (B) Allo-CD4IL-10 and allo-CD4DNGFR cells equally expanded in vitro. Purified

(legend continued on next page)
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similar levels of IFN-g production (Figure 2D). As expected, allo-
CD4IL-10 cells spontaneously released significantly higher IL-10
amounts compared with allo-CD4DNGFR cells. Importantly, upon
allo-mDC stimulation, IL-10 production by allo-specific CD4IL-10

cells increased and was significantly higher compared with that of
control cells (Figure 2E). Allo-CD4IL-10 and allo-CD4DNGFR cells
had similar low proliferative capacity and IFN-g production in
response to third-party Ags (third-party mDCs) (Figures 2C and
2D), but allo-CD4IL-10 cells produced higher levels of IL-10 (Fig-
ure 2E). Moreover, allo-CD4IL-10, but not allo-CD4DNGFR, cells effi-
ciently suppressed the proliferation of allo-specific T cell lines acti-
vated with allo-mDCs, but not with third-party mDC (Figure 2F).
Finally, allo-CD4IL-10 cells killed ALL-CM and U937, but not K562
leukemic, cell lines, similar to what we observed with polyclonal
CD4IL-10 cells (Figure 2G).

These results show that enforced IL-10 expression in allo-specific
CD4+ T cells promotes their conversion into Tr1-like suppressor cells
able to kill myeloid cell lines.

CD4IL-10 Cells Kill Myeloid Cell Lines in a GzB-Dependent and

HLA Class I-Mediated Recognition

In non-activating conditions, >95% of CD4IL-10 cells expressed GzB,
whereas <5% of CD4DNGFR cells were GzB+ (Figure 1A). Addition of
the GzB inhibitor Z-AAD-CMK inhibited the killing of ALL-CM
and U937 cell lines by CD4IL-10 cells in a dose-dependent manner
(Figure 3), indicating that GzB is required for CD4IL-10-mediated
killing.

The U937, THP-1, and ALL-CM cell lines that were killed by CD4IL-10

cells expressed CD54, HLA class I, CD58, CD155, and CD112,
whereas K562 and Daudi cell lines that were not killed by CD4IL-10

cells were HLA class I-negative and expressed CD54 and variable
levels of CD58, CD155, or CD112 (Figure S4). The BV173 cell line,
which was not killed by CD4IL-10 cells, expressed HLA class I and
CD58, but not CD54 and CD155, and it was CD112 dim (Figure S4).
These findings suggest that CD4IL-10-mediated killing requires HLA
class I expression, stable CD54/LFA-1-mediated adhesion, and
allo-CD4IL-10 and allo-CD4DNGFR cells were expanded with feeder mixture (see Materi

presented. Mean ± SD of n = 6 independent experiments are presented. (C) The p

allo-CD4DNGFR cells were stimulated with allogeneic (allo-mDCs) or 3rd party mDCs (ratio

5, respectively. Mean ±SEMof n = 19 for allogeneic stimulation and n = 16 for 3rd-party s

in duplicate-triplicate. p, Wilcoxon matched-pairs signed rank test. (D and E) Cytokine

CD4DNGFR cells were stimulated with allo-mDCs or a third-party mDC (ratio 10:1), and IF

activation by ELISA. Mean ± SEM of n = 12–26 donors tested in five independent expe

signed rank test. (F) Suppressive activity of allo-CD4IL-10 cells. Autologous allo-specific C

mDCs (ratio 10:1) alone or in the presence of allo-CD4IL-10 or allo-CD4DNGFR cells at a 1:1

dilution of CD4+DNGFR� cells. One representative donor (left panel) and mean ± SEM of

experiments (right panel) are shown. The suppression mediated by allo-CD4IL-10 cells o

presence of transduced cells/proliferation of responders alone] � 100). p, Wilcoxon ma

and CD4DNGFR cells were co-cultured with ALL-CM, U937, and K562 cell lines at 1:1 ra

Cytolysis mediated by CD4IL-10 cells was measured as elimination index (see Materia

experiments. Dots represent the elimination index of CD4IL-10 cells generated from diffe

area indicates the threshold of cytotoxicity.
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CD2/CD58- and CD155-CD112/CD226-mediated activation. To
determine the need of HLA class I expression on target cells for an
efficient CD4IL-10-mediated killing, we selectively deleted HLA class
I expression on ALL-CM and U937 cell lines by disrupting the b2-mi-
croglobulin (b2 m) encoding gene. b2 m-deficient (b2 m

�/�). ALL-
CM and U937 cell lines were killed by CD4IL-10 cells at significantly
lower levels compared with wild-type ALL-CM and U937 cell lines
(Figure 4A). CD4IL-10 cells activated by b2 m�/� ALL-CM and
U937 cell lines also released significantly lower levels of GzB
compared with CD4IL-10 cells activated by wild-type ALL-CM and
U937 cell lines (Figure 4B). Further, the addition of a pan anti-
HLA class I monoclonal antibody (mAb) inhibited CD4IL-10-medi-
ated killing of ALL-CM andU937 cell lines (Figure 4C) and prevented
the degranulation of CD4IL-10 cells, as shown by the significantly
lower frequency of GzB+CD107a+ cells (Figure 4D). The lower
degranulation observed in the presence of an anti-HLA class I mAb
paralleled the significantly lower levels of GzB released by CD4IL-10

cells (Figure 4E). Interestingly, addition of a pan anti-HLA class II
mAb during co-culture of CD4IL-10 cells with ALL-CM or U937 cell
lines did not prevent degranulation and release of GzB (Figure 4F;
data not shown).

These findings indicate that HLA class I expression on myeloid target
cells is required for efficient CD4IL-10-mediated lysis, and that the
interaction of CD4IL-10 cells with HLA class I-expressing target cells
mediates their activation and the consequent release of GzB.

CD4IL-10 Cells Specifically Kill Myeloid Leukemic Primary Blasts

We next tested the ability of CD4IL-10 cells to kill primary blasts iso-
lated from patients with acute myeloid leukemia (AML blasts) at diag-
nosis and classified according to the French-American-British (FAB)
subtypes and World Health Organization (WHO) categories (Ta-
ble 1). As negative controls, we used primary non-myeloid blasts iso-
lated from patients with acute lymphoblastic leukemia (ALL blasts) at
diagnosis (Table 1). CD4IL-10 cells killed four out of eight primary
AML blasts (Figure 5A). CD4IL-10-mediated lysis correlated with
the expression of CD13, CD54, and CD112 on AML blasts, but not
with CD58 or CD155 (Figure 5B). CD4IL-10 cells eliminated CD13+
als and Methods), and numbers of recovered cells at the indicated time points are

roliferative responses of allo-CD4IL-10 and allo-CD4DNGFR cells. Allo-CD4IL-10 and

10:1), and proliferation was evaluated by [3H]thymidine incorporation on days 3 and

timulation tested inmore than five independent experiments. All samples were tested

production of allo-CD4IL-10 and allo-CD4DNGFR cells. (D and E) Allo-CD4IL-10 or allo-

N-g (D) and IL-10 (E) production were determined in culture supernatants 48 hr after

riments. All samples were tested in duplicate-triplicate. p, Wilcoxon matched-pairs

D4+ T cell lines (responders) were labeled with eFluor dye and stimulated with allo-

ratio. After 3 days of culture the suppressive ability was determined by CFSE/eFluor

n = 6 for allogeneic stimulation and 3rd-party stimulation tested in three independent

r allo-CD4DNGFR cells was calculated as follows: ([proliferation of responders in the

tched-pairs signed rank test. (G) Allo-CD4IL-10 cells killed myeloid cell lines. CD4IL-10

tio for 3 days. Residual leukemic cell lines (CD45lowCD3�) were counted by FACS.

ls and Methods) for each target cell. Analysis was performed in two independent

rent healthy donors, and lines represent mean values of the elimination index. Gray



Figure 3. CD4IL-10 Cell-Mediated Killing of Myeloid Cell Lines Is GzB-

Dependent

CD4IL-10 cells were pre-incubated with the GzB-inhibitor Z-AAD-CMK at the

indicated concentrations and cultured with ALL-CM and U937 target cell lines at a

50:1 (E:T) ratio. Cytotoxicity was determined by 51Cr release. Mean ± SEM of n = 3

independent donors performed in triplicates is reported. Analysis was performed in

one experiment.
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CD54+CD112+ AML blasts from patients Leu #1, Leu #2, Leu #6, and
Leu #8, but they did not kill AML blasts from patients Leu 3, Leu 4,
and Leu #5, which were CD13� and CD54�. Moreover, CD4IL-10 cells
did not eliminate CD13+CD54+CD112�AML blasts from patient Leu
#7 (Figure 5B). Interestingly, CD4IL-10 cells eliminated blasts express-
ing CD13, CD54, and CD112 from one of the three ALL patients (Leu
#10) (Figure 5B).

Although a small cohort of patients was tested, these data suggest
that CD4IL-10 cells selectively eliminate CD13+ leukemic cells
and that optimal CD4IL-10-mediated killing requires stable
CD54/LFA-1-mediated adhesion and CD112/CD226-mediated
activation.

CD4IL-10 Cells Mediate Anti-tumor Effects In Vivo

We tested the anti-leukemic activity of CD4IL-10 cells in vivo in four
different humanized models: the subcutaneous myeloid sarcoma,
the extra-medullary THP-1 myeloid tumor,24 and two ALL-CM
leukemia models. Non-obese diabetic scid gamma (NSG) mice
subcutaneously injected with ALL-CM cells developed a myeloid
sarcoma 3 weeks later. Subcutaneous injection of CD4IL-10 cells
day 3 after ALL-CM infusion significantly delayed myeloid sarcoma
growth (Figure 6A). No tumor development was detected within
the first 14 days in CD4IL-10-treated mice, and on day 21 the tumor
size was significantly smaller in CD4IL-10-treated mice as compared
with both ALL-CM control mice and CD4DNGFR-injected cells (p =
0001 and p = 0.029, respectively; Figure 6A). CD4DNGFR-injected
mice developed myeloid sarcomas similar to mice injected with
ALL-CM alone. Injection of allogeneic PBMCs, used as positive
controls, completely prevented tumor growth (Figure 6A). CD4IL-
10 cells did not induce a significant reduction in the tumor size in
NSG mice subcutaneously injected with b2 m

�/� ALL-CM cell lines
(Figure S5), indicating that HLA class I expression on tumor cells is
required for CD4IL-10 cell in vivo anti-tumor activity.

Next, we assessed the anti-leukemic activity of CD4IL-10 cells on
a THP-1 myeloid tumor.24 In this model, mice injected with THP-1
cell lines developed cysts in the liver starting from week 2, and at
week 4 the liver weight was 3.7 ± 1.7 g (mean ± SD, n = 12; Figure 6B).
Injection of PBMCs 2 weeks after THP-1 cell infusion prevented
tumor growth as demonstrated by the reduced liver weight (2.7 ±

0.3 g, mean ± SD, n = 3; Figure 6B) and the reduced number of liver
cysts and liver-infiltrating THP-1 cells (Figure S6). Adoptive transfer
of CD4IL-10 cells 2 weeks after THP-1 injection significantly inhibited
tumor growth (liver weight: 2.1 ± 0.9 g, mean ± SD, n = 8; Figure 6B).
In addition, CD4IL-10-treated mice had a lower number of liver cyst
and liver-infiltrating THP-1 cells (Figure S6). In contrast, no differ-
ences were observed in tumor development in CD4DNGFR-treated
versus untreated THP-1-injected mice (liver weight: 3.9 ± 0.8 g,
mean ± SD, n = 7, and 3.7 ± 1.7 g, mean ± SD, n = 12, respectively;
Figures 6B and S6).

We next evaluated whether CD4IL-10 cells mediate anti-leukemic ef-
fects in an ALL-CM leukemia model. NSG mice were sub-lethally
irradiated, injected with ALL-CM cell lines, and after 3 days with
allogeneic PBMCs, CD4IL-10 cells, or CD4DNGFR cells (Figure 6C).
Adoptive transfer of CD4IL-10 cells significantly delayed leukemia
progression, whereas treatment with CD4DNGFR cells did not. Impor-
tantly, the leukemia progression in CD4IL-10-injected mice was not
significantly different from that observed with PBMC-injected mice
(Figure 6C).

We previously showed that adoptive transfer of CD4IL-10 cells pre-
vents xenoGvHD mediated by human CD4+ T cells in non-obese
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Figure 4. CD4IL-10 Cell-Mediated Killing of Myeloid

Cell Lines Is HLA Class I Dependent

(A) HLA class I-deficient cell lines are resistant to CD4IL-10-

mediated killing. CD4IL-10 and CD4DNGFR cells were co-

cultured with ALL-CM, b2 m�/� ALL-CM, U937, or

b2m
�/�U937 target cell lines at a 1:1 (E:T) ratio for 3 days.

Residual leukemic cell lines (CD45lowCD3�) were counted
by FACS. Cytolytic effect mediated by CD4IL-10 cells was

measured as elimination index for each target cell. Dots

represent CD4IL-10 generated from eight different healthy

donors co-cultured with ALL-CM and b2 m�/� ALL-CM

and five different healthy donors co-cultured with U937

and b2 m�/� U937 tested in two independent experi-

ments. p, two-sidedWilcoxon matched-pairs signed rank

test. (B) CD4IL-10 cells activated with HLA class I-deficient

cell lines released low GzB. CD4IL-10 and CD4DNGFR cells

were co-cultured with ALL-CM, b2 m
�/� ALL-CM, U937,

or b2 m
�/� U937 target cell lines at a 1:1 (E:T) ratio, and

the levels of GzB in culture supernatants were analyzed by

ELISA 24 hr after activation. Mean ± SEM of GzB released

by seven different healthy donors tested in two indepen-

dent experiments is reported. p, two-sided Wilcoxon

matched-pairs signed rank test. (C) Addition of neutral-

izing anti-HLA class I mAb prevents killing of ALL-CM and

U937 cell lines. CD4IL-10 and CD4DNGFR cells were co-

cultured with ALL-CM or U937 target cell lines at a 1:1

(E:T) ratio in the presence of 10 mg/mL anti-HLA class I or

isotype control mAbs for 3 days. Residual leukemic cell

lines (CD45lowCD3�) were counted by FACS. Cytolytic

effect by CD4IL-10 cells was measured as elimination in-

dex for each target cell. Dots represent CD4IL-10 cells

generated from four different healthy donors co-cultured

with ALL-CM and eight different healthy donors co-

cultured with U937 tested in two independent experi-

ments. p, two-sidedWilcoxon matched-pairs signed rank

test. (D) Degranulation of CD4IL-10 cells is prevented by

the addition of neutralizing anti-HLA class I mAb. CD4IL-10

and CD4DNGFR cells were co-cultured with ALL-CM or U937 target cell lines at 5:1 (E:T) ratio in the presence of 10 mg/mL anti-HLA class I or isotype control mAbs for 6 hr. The

percentage of CD107a+GzB+ cells was measured by FACS. Mean ± SEM of GzB+CD107a+ cells generated from eight different healthy donors tested in two independent

experiments is reported. P, two-sided Wilcoxon matched-pairs signed rank test. (E) CD4IL-10 cells activated in the presence of neutralizing anti-HLA class I mAb released low

GzB. CD4IL-10 cells were co-cultured with ALL-CM or U937 target cell lines at 1:1 (E:T) ratio in the presence of 10 mg/mL anti-HLA class I or isotype control mAbs, and the

levels of GzB in culture supernatants were analyzed by ELISA 24 hr after activation. Mean ± SEM of GzB released by 11 different healthy donors co-cultured with ALL-CM and

U937 in the presence of isotype control Abs and 4 different healthy donors co-cultured with ALL-CM and U937 in the presence of anti-HLA class I Abs tested in two in-

dependent experiments are reported. p, two-sided Wilcoxon matched-pairs signed rank test. (F) Degranulation of CD4IL-10 cells is not prevented by the addition of

neutralizing anti-HLA class II mAb. CD4IL-10 and CD4DNGFR cells were co-cultured with ALL-CM or U937 target cell lines at 5:1 (E:T) ratio in the presence of 10 mg/mL anti-HLA

class II or isotype control mAbs for 6 hr. The percentage of CD107a+GzB+ cells was measured by FACS. Mean ± SEM of GzB+CD107a+ cells generated from four different

healthy donors tested in two independent experiments is reported.
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diabetic-severe combined immunodeficiency (NOD-SCID) mice.20

Here, we tested the effects of CD4IL-10 cells in irradiated NSG mice
injected with ALL-CM cell lines and PBMCs. In this setting, PBMCs
protected mice from leukemia, but induced a lethal xenoGvHD (Fig-
ure 7). Mice injected with PBMCs in the absence of ALL-CM devel-
oped xenoGvHD with a slower kinetic compared with mice injected
with ALL-CM+PBMCs, and as expected, they did not develop leuke-
mia (Figure 7). This different kinetic could be because of the presence
of allogeneic ALL-CM, which may provide an additional signal
for PBMC activation in vivo. Interestingly, adoptive transfer of
CD4IL-10 cells together with PBMCs mediated protection from leuke-
2260 Molecular Therapy Vol. 25 No 10 October 2017
mia in 60% of the mice and prevented development of xenoGvHD in
the mice (Figure 7). Using a bioluminescence analysis, we observed
that CD4IL-10 cells infused in combination with PBMCs contributed
in preventing leukemia development (Figures 8A–8C) and at the
same time completely blocked lethal xenoGvHDmediated by PBMCs
(Figure 8D).

Overall, these findings demonstrate that CD4IL-10 cells have direct anti-
tumor and anti-leukemic effects in vivo in humanized mouse models.
In addition, CD4IL-10 cells and PBMCs have a cumulative GvL effect,
but CD4IL-10 cells prevent xenoGvHD induced by allogeneic PBMCs.



Table 1. Patient Characteristics

Leu # Patients Sex/Age (year) FABa WHOb Cytogenetics Molecular Markers Source Blasts (%)

1 AML 61 F/71 M0 AML NA Flt3 ITD+/NPMI+ PB 92

2 AML 63 F/83 M0 AML with minimal maturation del7, t(1;7), t(4;12) Flt3 ITD+/NPMI+ PB 98

3 AML 39 F/47 M1 AML without maturation 46, XX Flt3 ITD�/NPMI� BM 79

4 AML 60 F/64 M1 AML 46, XX Flt3 ITD+/NPMI� BM 78

5 AML 1 F/50 M1 AML without maturation NA Flt3 ITD�/NPMI+ PB 98

6 AML 64 M/60 M2 AML with t(8;21)RUNX1-RUNKX1T1 del9, t(8;21) Flt3 ITD+/NPMI+ PB 26

7 AML 37 F/59 M2 AML with maturation 46, XX Flt3 ITD�/NPMI+ BM 54

8 AML 5 F/66 M2 AML with maturation dup8 Flt3 ITD+/NPMI+ PB 65

9 ALL 57 M/38 ALL ALL-T NA NA PB 46

10 ALL 48 F/22 ALL ALL NA NA BM 85

11 ALL 62 F/76 ALL ALL-B L2 NA Flt3 ITD+/NPMI+ PB 91

BM, bone marrow; F, female; Flt3 ITD, Flt3 internal-tandem duplication; M, male; NA, not applicable; NPM1, nucleophosmin; PB, peripheral blood.
aAML and ALL subtypes according to the French-American-British (FAB) classification.
bAML and ALL categories according to the World Health Organization (WHO) classification.
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DISCUSSION
We previously reported that enforced expression of IL-10 confers
a Tr1-like phenotype and function to human CD4+ T cells, including
killing of myeloid cells.20 In this study, we show that Tr1 (CD4IL-10)
cells generated with a novel bidirectional LV encoding for human
IL-10 and DNGFR, as a clinical-grade marker gene, upregulate the
expression of CD18, CD2, and CD226, and secrete GzB. CD4IL-10 cells
acquire cytotoxic activity restricted tomyeloid cells, includingmyeloid
leukemic cell lines and, of note, primary myeloid leukemic blasts. We
demonstrate that alloantigen-specific Tr1 cells obtained by LV-10
transduction of allogeneic T cells (allo-CD4IL-10 cells) are also able
to kill myeloid cells in an Ag-independent manner. The myeloid-spe-
cific killing mediated by CD4IL-10 is HLA class I dependent; however,
HLA-class I expression on target CD13+ primary blasts is not suffi-
cient to promote the CD4IL-10-mediated cytotoxicity, which also re-
quires stable CD54-mediated adhesion and activation via CD226. In
humanized mouse models, CD4IL-10 cells mediate potent direct anti-
tumor and anti-leukemic effects, prevent xenoGvHD mediated by
allogeneic effector cells, and contribute to the GvL effect.

Previous studies indicated that Tregs can kill effector T cells through a
granzyme-dependent mechanism and that this cytotoxicity contrib-
utes to their suppressive function.25,26 In addition, we showed that
Tr1 cells eliminate myeloid, but not lymphoid, cells.6 In the present
study, we demonstrate that the cytotoxic activity of CD4IL-10 cells is
specifically directed againstmyeloid leukemic cells andmyeloid blasts.
Furthermore, we show that CD4IL-10 cells have cytotoxic activity also
in vivo. We prove that the lack of HLA class I on target cells, or the in-
hibition of HLA class I recognition by neutralizing mAbs, abrogates
theCD4IL-10-mediated killing in vitro and in vivo, suggesting that acti-
vation of CD4IL-10 cells through receptor-HLA class I interaction is
necessary for GzB release and killing of target cells. Conversely, inhi-
bition of HLA class II does not impair CD4IL-10 cell activation and the
elimination of target myeloid cells. This mechanism of target recogni-
tion and killing mediated by CD4IL-10 cells resembles the recognition
and activation of NK cells; however, CD4IL-10 cells do not express spe-
cific killer-cell immunoglobulin-like receptors (KIRs) or CD94/
NKG2D (data not shown). Future studies are required to identify
the specific activating receptor that recognizes HLA class I molecules
on target cells triggering the activation of CD4IL-10 and Tr1 cells.

The correlation between the expression of the myeloid marker CD13
on target cells and the ability of CD4IL-10 cells to eliminate primary
leukemic blasts suggests that CD13 expression determines themyeloid
specificity of CD4IL-10 cell-mediated cytotoxicity. Killing of primary
blasts by CD4IL-10 cells also correlates with CD54 expression, showing
the importance of adhesion between target cells and CD4IL-10 cells for
effective cytolysis. CD54 onmyeloid blasts allows stable and prolonged
interaction with LFA-1 on CD4IL-10 cells, which enables the target-
directed secretion of lytic granules containingGzB. In addition, similar
towhatwas described forNK-mediated lysis ofAMLblasts,27 the inter-
action between CD112 on myeloid leukemic target blasts and CD226
on CD4IL-10 cells is required for CD4IL-10 cell activation. Because
CD226 is involved in the downstream signaling cascade of LFA-1,28

we speculate that CD112/CD226 interaction contributes to the stabili-
zation of CD4IL-10-target cell conjugates that triggers CD4IL-10 cell
degranulation. CD226-mediated activation of T cells is inhibited by
T cell immunoreceptor with Ig and ITIM domains (TIGIT),29 another
receptor for CD112 and CD155.30 TIGIT binds to CD155 with higher
affinity than CD226 and inhibits the cytotoxic activity and IFN-g
production by NK cells.31,32 However, primary blasts express CD155
at lower levels than CD112,27,33 and CD4IL-10-mediated lysis does
not correlate with CD155 expression. Thus, althoughCD4IL-10 cells ex-
press both TIGIT (data not shown) and CD226, activation via CD226/
CD112 is dominant over the inhibitory signal mediated by TIGIT/
CD155. Overall, our findings indicate that CD13, CD54, and CD112
expression on leukemic blasts may be used as biomarkers predictive
of the anti-leukemic effect mediated by CD4IL-10 cells.
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Figure 5. CD4IL-10 Cells Specifically Kill Primary Blasts Expressing CD13,

CD54, and CD112 In Vitro

(A) CD4IL-10 and CD4DNGFR cells were co-cultured with primary blasts at a 1:1 (E:T)

ratio for 3 days. Residual leukemic blasts (CD45lowCD3�) were counted by FACS.

Cytolytic effect of CD4IL-10 cells was measured as elimination index (see Materials

and Methods) for each target cell. Dots represent each primary blast co-cultured

with CD4IL-10 cells. Analysis was performed in two independent experiments. Gray

area indicates the threshold of cytotoxicity. (B) Correlation between cytotoxicity and

expression of specific markers on primary blasts. Plots represent percentages of

CD13, CD54, HLA class I, CD58, CD155, and CD112-positive primary blasts versus

elimination index of CD4IL-10 cells for each primary blast tested in a co-culture assay

(mean ± SEM). The line represents the linear regression. The p value of the corre-

lation and the coefficient of determination (R2) are reported (two-tailed test).
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CD4IL-10 cells mediate anti-tumor and anti-leukemic effect in vivo in
humanized mouse models of solid myeloid tumors and leukemia. The
anti-tumor effect was strictly related to the co-localization of CD4IL-10

and the tumor cells. CD4IL-10 cells displayed anti-tumor activity when
locally injected within the myeloid sarcoma, or when administered
systemically in mice with liver-bearing myeloid tumors, or in mice
with leukemia where CD4IL-10 cells home to the target tissue and
co-localize with the tumor cells (data not shown). The finding that
CD4IL-10 cells eliminate myeloid leukemia in a TCR-independent,
but HLA class I-dependent, manner suggests their possible use to
limit, and possibly to overcome, leukemia relapse caused by the loss
of not-shared HLA alleles after allo-HSCT.34–36

Recognition of host alloantigens by donor T lymphocytes is respon-
sible for GvHD after allo-HSCT, a major cause of transplant-related
morbidity and mortality. Donor T cells also recognize alloantigens
on leukemic cells, thus mediating a beneficial GvL.37 Prevention
and treatment of GvHD currently relies on depletion of T cells
from the graft or on general immunosuppression, which, however,
abrogates the GvL effect, increasing the incidence of leukemia
relapse.38 Establishing a regimen that prevents GvHD without
affecting GvL represents a key challenge in allo-HSCT treatment
of hematological malignancies. Pre-clinical studies showed that
immunotherapy with Tregs12 or CD4IL-10 cells20 inhibits xenoGvHD.
In addition, clinical studies with Tr1 cell-containing DLI18 or CD25+

Tregs15–17 suggest that these cells are able to inhibit GvHD. Here, we
demonstrate that adoptive transfer of CD4IL-10 cells prevents
xenoGvHD mediated by allogeneic PBMCs and delays leukemia
development. This unique property of CD4IL-10 cells is due to their
intrinsic anti-leukemic function and to their ability to suppress the
peripheral T cells, mediating GvHD. In vivo bioluminescence ana-
lyses confirm that CD4IL-10 cells collaborate with PBMCs to promote
a GvL effect, but inhibit the xenoGvHD mediated by PBMCs. We
envision that CD4IL-10 cells, upon HLA class I- and CD226-mediated
activation, exert a direct anti-leukemic effect eliminating CD13+

myeloid leukemic cells, whereas after TCR-mediated activation,
they secrete IL-10 and suppress allo(xeno)-reactive human T cells.
Moreover, transgenic IL-10 expression favors the expansion of
CD8+ T cells with anti-tumor activity;39 thus, it is possible that
CD4IL-10 cells preferentially suppress the effector CD4+ T cells,
which mediate GvHD, but spare effector CD8+ T cells, which
mediate GvL.

In conclusion, we have established reproducible and robust methods
to generate a large and homogeneous pool of polyclonal and allo-
antigen-specific human Tr1-like cells. We have demonstrated that
CD4IL-10 cells (1) specifically kill CD13+CD54+CD112+ myeloid
leukemic cells; (2) kill myeloid cells in a HLA class I-dependent
but Ag-independent manner; (3) mediate anti-tumor and anti-
leukemic activities in vivo; and (4) contribute to the GvL activity,
but suppress the xenoGvHD mediated by the PBMCs in vivo. These
findings pave the way for the use of CD4IL-10 cell immunotherapy to
prevent GvHD and promote GvL in allo-HSCT for myeloid
malignancies.



Figure 6. CD4IL-10 Cells Mediate Anti-tumor Activity In Vivo

(A) CD4IL-10 cells prevent sarcoma growth. NSG mice were subcutaneously injected with ALL-CM (2 � 106 cells/mouse) and on day 3, mice received allogeneic PBMCs

(2 � 106 cells/mouse), CD4IL-10 cells, or CD4DNGFR cells (1 � 106 cells/mouse). Tumor growth was measured at the indicated time points. Data obtained from three in-

dependent experiments are presented. Statistical analysis was performed by comparing CD4IL-10 cell-treated mice (ALL-CM + CD4IL-10) versus un-treated control mice

(ALL-CM): p, two-sided Mann-Whitney test. (B) CD4IL-10 cells mediate anti-tumor activity in a model of extra-medullary tumor. NSG mice were intravenously injected with

THP-1 leukemia cells (2 � 106 cells/mouse), and 14 days later mice received allogeneic PBMCs (2 � 106 cells/mouse), CD4IL-10 cells, or CD4DNGFR cells (1 � 106 cells/

mouse). Tumor growth was analyzed by measuring the weight of THP-1-infiltrated livers. Mean ± SEM of n = 12mice for THP-1, n = 3mice for THP-1+ PBMCs, n = 8mice for

THP-1 + CD4IL-10 cells, and n = 7 mice for THP-1 + CD4DNGFR cells are presented. Data obtained from two independent experiments are presented; p, two-sided Mann

Whitney test. (C) CD4IL-10 cells delay leukemia development. NSGmice were sub-lethally irradiated and intravenously injected with ALL-CM (5� 106 cells/mouse). On day 3,

mice received allogeneic PBMCs (5 � 106 cells/mouse), CD4IL-10 cells, or CD4DNGFR cells (2.5 � 106 cells/mouse). Percentages (%) of leukemia-free mice, presence of less

than 50% of circulating human blast hCD45+hCD3� in peripheral blood, are shown. Data obtained from three independent experiments are presented. Statistical analyses

were performed by comparing treated mice versus un-treated control mice (ALL-CM): p, one-way ANOVA plus Bonferroni posttest.
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MATERIALS AND METHODS
Subjects

All protocols were approved by the Institutional Review Board,
and samples were collected under written informed consent
according to the Declaration of Helsinki. AML and ALL pa-
tient characteristics referred to the San Raffaele Hematology and
Bone Marrow Transplantation Unit at diagnosis are listed in
Table 1.

Cell Preparation and Cell Lines

PBMCs were prepared by centrifugation over Ficoll-Hypaque gradi-
ents. CD4+ T cells were purified with the CD4 T cell isolation kit
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Figure 7. Adoptive Transfer of CD4IL-10 Cells Inhibits Leukemia

Development and Prevents XenoGvHD Mediated by Human Allogeneic

PBMCs

NSG mice were sub-lethally irradiated and intravenously injected with ALL-CM

(5 � 106 cells/mouse). On day 3, mice received allogeneic PBMCs (5 � 106 cells/

mouse) alone or in combination with CD4IL-10 cells (2.5 � 106 cells/mouse).

As control, irradiated mice were intravenously injected on day 3 with PBMCs

(5 � 106 cells/mouse) alone. Percentages (%) of xenoGvHD-free mice, presence

of less than 50% of circulating human T lymphocytes hCD45+hCD3+ in pe-

ripheral blood with a loss of weight lower than 20% (middle panel), and % of

leukemia-free mice, presence of less than 50% of circulating human blast

hCD45+hCD3� in peripheral blood (lower panel), are shown. Data obtained from

nine independent experiments are presented. Statistical analyses were per-

formed by comparing ALL-CM + PBMCs + CD4IL-10 versus ALL-CM + PBMCs

(middle panel) and ALL-CM + PBMCs + CD4IL-10 or ALL-CM + PBMCs versus

un-treated control mice (ALL-CM) (lower panel): P, one-way ANOVA plus Bon-

ferroni posttest.
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(Miltenyi Biotec), resulting in purity of >95%. CD4+ T cells were
then depleted of CD45RO+ cells using anti-CD45RO-coupled mag-
netic beads and LD-negative selection columns (Miltenyi Biotech).
The proportion of CD4+CD45RA+ in the selected population was
consistently >90%. CD14+ and CD3+ T cells were purified by positive
selection with CD14+ and CD3+ Microbeads (Miltenyi Biotec),
2264 Molecular Therapy Vol. 25 No 10 October 2017
respectively, with a resulting purity of >95%. U937 (monocytic cell
line), K562 (erythroleukemic cell line), BV-173 (a pre-B lympho-
blastic leukemia),23 Daudi (B lymphoblastic cell line), and THP-1
(myelomonocytic leukemia) cell lines were obtained from the
ATCC. The ALL-CM cell line derived from a CML patient suffering
from a Philadelphia chromosome-positive lymphoid blast crisis was
kindly provided by Dr. A. Bondanza. To generate b2 m-deficient
ALL-CM and U937 cell lines, cells were nucleofected by Amaxa
4D Nucleofector System with X-unit (Lonza) using the EP100 pro-
gram. In brief, 3� 105 cells were re-suspended in a solution contain-
ing 20 mL of SF solution (Lonza) and 3 mL of pre-mixed Cas9 plasmid
(500 ng) and the specific B2M guide #18 CRISPR plasmid (50-GAGT
AGCGCGAGCACAGCTA-30 cut in B2M exon 1, 250 ng). After
nucleofection, cells were expanded in culture. To generate ALL-
CM-expressing luciferase (ALL-CMLuc), the ALL-CM cell line was
transduced with an LV encoding for phosphoglycerate kinase
(PGK)-luciferase (kindly provided by Prof. Ferrari G.) at an MOI
of 50 and expanded in X-VIVO15 medium with 5% human
serum (BioWhittaker-Lonza), 100 U/mL penicillin-streptomycin
(BioWhittaker). All cell lines were routinely tested for mycoplasma
contamination.

Plasmid Construction

The coding sequence of human IL-10 was excised from
pH15C (ATCC 68192), and the 549 bp fragment was cloned
into the multiple cloning site of pBluKSM (Invitrogen) to obtain
pBluKSM-human interleukin-10 (hIL-10). A fragment of 555 bp
was obtained by excision of hIL-10 from pBluKSM-hIL-10 and
ligation to 1074.1071.hPGK.GFP.WPRE.mhCMV.dNGFR.SV40PA
(here named LV-DNGFR), to obtain LV-IL-10/DNGFR. The pres-
ence of the bidirectional promoter (human PGK promoter plus
minimal core element of the cytomegalovirus (CMV) promoter
in the opposite direction) allows co-expression of the two trans-
genes. The sequence of LV-IL-10/DNGFR was verified by pyrose-
quencing (Primm).

Vector Production and Titration

VSV-G-pseudotyped third generation bidirectional lentiviral vectors
(bdLVs) were produced by Ca3PO4 transient four-plasmid co-trans-
fection into 293T cells and concentrated by ultracentrifugation as
described previously.20 Titer was estimated by limiting dilution, vec-
tor particles were measured by HIV-1 Gag p24 Ag immune capture
(NEN Life Science Products), and vector infectivity was calculated
as the ratio between titer and particle. Titers ranged from 5 � 108

to 6 � 109 transducing units/mL, and infectivity from 5 � 104 to
105 transducing units/ng p24.

Dendritic Cell Differentiation

Peripheral blood CD14+ monocytes were positively selected using
CD14+ Microbeads (Miltenyi Biotec) according to the manufac-
turer’s instructions. Cells were cultured in RPMI 1640 (Lonza)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL peni-
cillin/streptomycin (Lonza), 2 mM L-glutamine (Lonza), at 37�C
in the presence of 10 ng/mL recombinant human (rh) IL-4



Figure 8. CD4IL-10 Cells Contribute with Allogeneic PBMCs in Mediating GvL while Inhibiting XenoGvHD

NSG mice were sub-lethally irradiated and intravenously injected with ALL-CMLuc cells (5 � 106 cells/mouse), and received allogeneic PBMCs (5 � 106 cells/mouse) or

CD4IL-10 cells (2.5 � 106 cells/mouse) alone or in combination. (A and B) Leukemia development was monitored by BLI at the indicated time points. (A and B) Single mice

scanning (A) and mean ± SEM of the total flux (photons/seconds) of single mice over time (B) are shown. (C) Analysis of the total flux (photons/seconds) at day 11. Bars

represent mean ± SEM of the total flux of mice analyzed at day 11 after ALL-CMLuc cell injection; dots represent a single mouse. (D) Analysis of xenoGvHD occurrence. Bars

represent the mean ± SEM of the% of human CD3+ lymphocytes and CD3+DNGFR+ cells within hCD45+ cells in peripheral blood of mice analyzed at day 11 post-treatment,

and dots represent the mean % of treated mice with a loss of weight >20%. Data obtained from one representative experiment out of two performed are presented.
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(R&D Systems) and 100 ng/mL recombinant human granulocyte-
macrophage colony-stimulating factor (rhGM-CSF) (Genzyme)
for 5 days. To generate mature dendritic cells (mDCs), on day 5
we matured cells with 1 mg/mL lipopolysaccharide (LPS; Sigma)
for an additional 2 days. At day 7, DCs were collected, phenotyp-
ically analyzed, and used to stimulate T cells. The purity and
maturation state of DCs were checked by flow cytometry to deter-
mine expression of CD1a, CD14, CD86, CD83, and HLA-DR.

Transduction of Human CD4+ T Cells

Polyclonal CD4-transduced cells were obtained as previously
described.20 CD4+DNGFR+ cells were beads-sorted using CD271+

Microbeads (Miltenyi Biotec) and expanded in X-VIVO15 medium
with 5% human serum (BioWhittaker-Lonza), 100 U/mL penicillin-
streptomycin (BioWhittaker), and 50 U/mL rhIL-2 (PROLEUKIN;
Novartis). To generate alloantigen-specific transduced cells, we stim-
ulated naive CD4+ T cells (106/well) with allogeneic mDCs (105/well).
At days 7 and 10, medium was replaced by fresh medium supple-
mented with 25 U/mL rhIL-2. At day 14, cells were collected, washed,
and 24 hr after the secondary stimulation with the same allo-mDCs
used for priming, cells were transduced with LV-GFP/DNGFR
(allo-CD4DNGFR) or LV-IL-10/DNGFR (allo-CD4IL-10) at an MOI
of 20. Transduced CD4+DNGFR+ T cells were purified and stimulated
every 2 weeks with allogeneic feeder mixture as previously
described.20 Purity of selected cells was consistently greater than
95%. Allo-CD4DNGFR and allo-CD4IL-10 cells after two to three feeder
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mixture expansions were used to perform in vitro and in vivo
experiments.

Cytokine Determination

In vitro experiments were performed with CD4DNGFR and CD4IL-10

cells at least 12 days after feeders. To measure cytokine production,
we stimulated CD4DNGFR and CD4IL-10 cells with immobilized anti-
CD3 (10 mg/mL) and soluble anti-CD28 (1 mg/mL) mAbs in a
final volume of 200 mL of medium (96-well round-bottom plates,
2 � 105/well), whereas allo-CD4DNGFR and allo-CD4IL-10 cells were
stimulated with allo- or third-party mDCs at a 10:1 ratio (105/well
CD4DNGFR or CD4IL-10 cells with 104/well mDCs in a final volume
of 200 mL of medium, 96-well round-bottom plates). Supernatants
were harvested after 48 hr of culture, and levels of IL-4, IL-10,
IFN-g, and IL-17 were determined by ELISA according to the man-
ufacturer’s instructions (BD Biosciences). To measure GzB produc-
tion, we co-cultured CD4IL-10 or CD4DNGFR cells with ALL-CM or
U937 target cell lines at 1:1 (effector: target [E:T]) ratio in the presence
of 10 mg/mL anti-HLA class I or isotype control mAbs or with wild-
type (WT) or b2 m

�/� target cell lines. Supernatants were harvested
after 24 hr of culture, and levels of GzB were determined by ELISA
according to the manufacturer’s instructions (R&D).

Proliferation and Suppression Assays

To evaluate alloantigen-specific proliferative responses, we stimulated
allo-CD4DNGFR and allo-CD4IL-10 cells with allo- or third-party
mDCs at a 10:1 ratio (105/well CD4DNGFR or CD4IL-10 cells with
104/well mDCs in a final volume of 200 mL of medium, 96-well
round-bottom plates). After the indicated time, cells were pulsed
for 16 hr with 1 mCi/well [3H]thymidine. To test the suppressive
capacity of CD4DNGFR and CD4IL-10 cells, we labeled Responder
cells with carboxyfluorescein succinimydl ester (CFSE) (Molecular
Probes) or eFluor670 (Invitrogen) before stimulation with immobi-
lized anti-CD3 (10 mg/mL) and soluble anti-CD28 (1 mg/mL) mAbs
or with allo- or third-party mDCs at a 10:1 ratio. Suppressor cells
were added at a 1:1 ratio. After 4–6 days of culture, proliferation of
responder cells was determined by analyzing the CFSE/eFluor670
dilution of CD4+ DNGFR� T cells.

Flow Cytometry Analysis

Fluorescence-activated cell sorting (FACS) analyses were performed
on CD4DNGFR and CD4IL-10 cells at least 12 days after feeders. For
the detection of cell surface Ags, CD4IL-10 and CD4DNGFR cells
were stained with anti-CD4 (clone SK3; BD Pharmingen), anti-
CD25 (clone 2A3; BD Pharmingen), anti-CD45RO (clone
UCHC1; BioLegend), anti-CD45RA (clone HI100; BioLegend),
anti-CD226 (clone DX11; BioLegend or Miltenyi Biotec), anti-CD2
(clone RPA-2.10; BD Pharmingen), and anti-CD18 (clone 6.7; BD
Pharmingen) mAbs after a 2.4G2 blocking step. For the detection
of cell surface Ags on target cells, leukemic cell lines and primary
blasts were stained with anti-CD45 (clone HI30; BioLegend), anti-
HLA class I (clone W6/32; BioLegend), anti-CD112 (clone TX31;
BioLegend), anti-CD155 (clone SKII4; BioLegend), anti-CD13
(clone WM15; BD Pharmingen), anti-CD54 (clone HA58; BD Phar-
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mingen), and anti-CD58 (clone 1C3; BD Pharmingen). Cells were
incubated with the aforementioned mAbs for 30 min at 4�C in
PBS 2% FBS, washed twice, and fixed with 0.25% formaldehyde.
For the detection of FOXP3 (clone 259D; BioLegend) after surface
staining, cells were fixed, permeabilized, and stained with the
Foxp3 staining Buffer Set according to the manufacturer’s instruc-
tions (eBioscience). For the expression of GzB (clone MHGB04; In-
vitrogen) after surface staining, cells were fixed, permeabilized, and
stained with the BD Cytofix/Cytoperm Kit according to the manu-
facturer’s instructions (catalog no. 554714; BioLegend). To evaluate
human chimerism in peripheral blood of treated NSG mice, we
co-stained cells with anti-human CD45 (clone HI30; BioLegend),
anti-human CD3 (clone SK7; BD Biosciences), anti-human CD33
(clone AC104.3E3; Miltenyi Biotec), anti-CD271 (clone ME20.4;
BioLegend), and anti-murine CD45 (clone 30F11; BD Biosciences)
mAbs. Samples were acquired using a FACS Canto II flow cytometer
(Becton Dickinson), and data were analyzed with FCS express (De
Novo Software). Quadrant markers were set to unstained controls.
Cytotoxicity Assays

CD4DNGFR and CD4IL-10 cell degranulation was evaluated in CD107a
flow cytometric assay, and their cytotoxic activity was analyzed in a
standard 51Cr-release assay, as described by Magnani et al.6 Cytotox-
icity of transduced cells was also analyzed in co-culture experiments.
In brief, target and effector cells were plated in a 1:1 ratio for 3 days.
At the end of co-culture, cells were harvested and surviving cells were
counted and analyzed by FACS. In some experiments, anti-HLA
class I (clone W6/32; BioLegend), anti-HLA class II (anti-HLA-
DR, -DQ, -DR; BioLegend), and isotype control (IgG2a,k; BD Phar-
mingen) mAbs, or the GzB inhibitor (Benzyloxycarbonyl-Ala-Ala-
Asp-chlormethylkethone) (Z-AAD-CMK) (Sigma) were added at
the indicated concentrations. Elimination index (EI) was calculated
as 1 � (number of targets that remained in the co-culture with
CD4IL-10 per number of targets that remained in the co-culture
with CD4DNGFR).
Mice

NSG female mice were purchased from Charles-River Italia. All mice
were fed standard laboratory diet andmaintained under standard lab-
oratory conditions free of specific pathogens. All animal care proced-
ures were performed according to protocols approved by the OSR
Institutional Animal Care and Use Committee (IACUC protocol
488), following the 3R principles (replacement, reduction and refine-
ment) and the Decreto Legislativo #116 dated January 27th, 1992,
from the Italian Parliament.
Humanized Mouse Models

In all experiments 6- to 8-week-old female NSG mice were used.

Subcutaneous ALL-CM Tumor Model

On day 0 mice were subcutaneously injected with ALL-CM cells
(2 � 106) and on day 3 with PBMCs (2 � 106), CD4IL-10 cells, or
CD4DNGFR (1 � 106) cells. Sarcoma growth was monitored at least



www.moleculartherapy.org
three times per week, and moribund mice were euthanized for ethical
reasons.

THP-1 Tumor Model

On day 0mice were intravenously injected with THP-1 cells (2� 106)
and on day 14 with PBMCs (2 � 106), CD4IL-10 cells, or CD4DNGFR

(1� 106) cells. Survival and weight loss were monitored at least three
times per week as previously described.21 At week 4, mice were eutha-
nized to analyze human cells in the liver.

Graft-versus-Leukemia Model, ALL-CM Leukemia Model

On day 0 mice received total body irradiation with a single dose of
175–200 cGy from a linear accelerator according to the weight of
the mice and were intravenously injected with ALL-CM cells (5 �
106) and on day 3 with PBMCs (5� 106), CD4IL-10cells, or CD4DNGFR

(2.5 � 106) cells. Survival and weight loss were monitored at least
three times per week as previously described21 and were euthanized
for ethical reasons. At weekly intervals mice were bled and human
chimerism was determined by calculating the frequency of human
CD45+ cells within the total lymphocyte population.

Graft-versus-Leukemia and GvHD Model

On day 0 mice received total body irradiation as above and were intra-
venously injected with ALL-CMcells (5� 106). On day 3mice were in-
jected with PBMCs (5� 106) alone or in combination with CD4IL-10 or
CD4DNGFR (2.5 � 106) cells. As control, irradiated mice were intrave-
nously injected on day 3 with PBMCs (5� 106 cells/mouse). Survival,
weight loss, and human chimerism were monitored as above.

Bioluminescence Image Acquisition

Small-animal bioluminescence imaging (BLI)was performedusing the
IVIS Spectrum CT System (Perkin Elmer). The system is composed of
a low-noise, back-thinned, back-illuminated charge-coupled device
(CCD) camera cooled at �90�C with a quantum efficiency in the
visible range above 85%. Eachmouse received an intraperitoneal injec-
tion of 150 mg luciferin/kg body weight 10 min before BLI. During
image acquisition, the animals were kept at 37�C and under gaseous
anesthesia (2%–3% isoflurane and 1 L/min oxygen). Dynamic BLI
was performed by acquiring a set of images every 2 min from 10 to
20min after luciferin injection to detect the highest BLI signal. The im-
ages were obtained using the following settings: exposure time = auto,
binning = 8, f = 1, and field of view = 13 cm (field C). Dark images were
acquired before and then subtracted to bioluminescence images; no
emission filters were used during BLI acquisitions.

Bioluminescence Image Analysis

BLI image analysis was performed by placing a region of interest
(ROI) over the mouse and by measuring the total flux (photons/
seconds) within the ROI. Images were acquired and analyzed using
Living Image 4.5 (Perkin Elmer).

Statistical Analysis

The number of replicates per mouse to be used for each experiment
has been estimated in order to get a power in identifying the vari-
ables considered >90% alpha error = 0 and on the basis of previous
experience with the animal strains and animal models. No random-
ization was applied to animal studies, and investigators were not
blinded. All data produced were analyzed by statistical methods
chosen according to number and distribution of the determinations
and variance and variation of the experimental groups. All the re-
sults were tested for normal distribution of the variables analyzed,
and parametric or non-parametric test will be used accordingly.
All these statistical analyses were performed with the consulting
assistance of the University Centre for Statistics in the Biomedical
Sciences (CUSSB) at the San Raffaele University, Milan. Statistical
analyses on the functional data were performed using a Mann-
Whitney U test for non-parametric data and a two-way analysis
of variance test. One-way ANOVA tests and Bonferroni’s multiple
comparisons were used to analyze the data from the in vivo exper-
iments. The p values less than 0.05 were considered significant.
Statistic calculations were performed with the Prism program 5.0
(GraphPad Software). CD4IL-10 cells that did not display a cytokine
profile (IL-10/IL-4 ratio > 4) and suppressive activity were not
included in the analysis.
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