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Abstract Immunotherapy for leukemia is a promising tar-
geted strategy to eradicate residual leukemic cells after stan-
dard therapy, in order to prevent relapse and to prolong the
survival of leukemia patients. However, effective anti-leuke-
mia immune responses are hampered by the weak immuno-
genicity of leukemic cells. Therefore, much effort is made to
identify agents that could increase the immunogenicity of
leukemic cells and activate the immune system. Synthetic
agonists of Toll-like receptor (TLR)7 and TLR8 are already
in use as anticancer treatment, because of their ability to acti-
vate several immune pathways simultaneously, resulting in
effective antitumor immunity. However, for leukemic cells
little is known about the expression of TLR7/8 and the direct
effects of their agonists. We hypothesized that TLR7/8 ago-
nist treatment of human acute myeloid leukemia (AML) cells
would lead to an increased immunogenicity of AML cells.
We observed expression of TLR7 and TLRS in primary
human AML cells and AML cell lines. Passive pulsing of
primary AML cells with the TLR7/8 agonist R-848 resulted
in increased expression of MHC molecules, production of
proinflammatory cytokines, and enhanced allogeneic naive
T cell-stimulatory capacity. These effects were absent or
suboptimal if R-848 was administered intracellularly by
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electroporation. Furthermore, when AML cells were
cocultured with allogeneic PBMC in the presence of R-848,
interferon (IFN)-y was produced by allogeneic NK and NKT
cells and AML cells were killed. In conclusion, the immuno-
stimulatory effect of the TLR7/8 agonist R-848 on human
AML cells could prove useful for the design of TLR-based
immunotherapy for leukemia.

Keywords TLR7 - TLRS - R-848 - AML -
Immunotherapy

Introduction

To prolong remission and survival of patients with acute
myeloid leukemia (AML), there is a strong need for the
development of novel adjuvant treatment options, such as
immunotherapy, to eliminate residual leukemic cells after
standard therapy. The aim of leukemia immunotherapy is to
specifically eradicate leukemic cells by activation of the
immune system. However, effective anti-leukemia immune
responses are hampered by the weak immunogenicity of
leukemic cells. Toll-like receptors (TLR) are a family of
pattern-recognition receptors (PRR) that are considered to
be very important in the induction of effective immune
responses. Expression of TLR has been shown for several
immune cells, whereby the amount of expression and the
combination of TLR differs from one cell type to another
[1, 2]. Signaling pathways activated by TLR ligands lead to
NF-xB and MAPK activation, cytokine gene transcription
(e.g., IL-6, IFN-«, and IL-12) and increased costimulatory
molecule expression (e.g., CD40, CD80, and CD86) [3].
Before ssRNA was identified as the natural ligand for
TLR7 and TLRS, imidazoquinolines (adenosine analogs)
were already used as agonists of TLR7 and TLR8 [4].
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In animal models and in clinical studies, it was shown that
these synthetic ligands of TLR7/8 provoked a profound
antitumoral immune response [5]. The imidazoquinoline
imiquimod stimulates the secretion of proinflammatory
cytokines by human blood cells through activation of
transcription factors, like NF-xB, resulting in a T helper
(Th)1-polarized immune response [6]. Administration of
imiquimod to human myeloid or plasmacytoid dendritic
cells (DC), the most professional antigen-presenting cells
(APC), leads to both cytokine production and to the ability
to kill tumor cells [7, 8]. The use of imiquimod as a cancer
vaccine adjuvant also results in CTL and NK cell activation
[5]. Resiquimod (R-848) is another imidazoquinoline that
binds to both TLR7 and TLRS [4], resulting in an enhanced
activity profile as compared to imiquimod [9]. Several
animal studies have shown that resiquimod can enhance
specific T cell responses when administered topical or
systemic as vaccine adjuvant [10-13]. Therefore, R-848
has become the subject of active research to determine its
effects on human cells for immunotherapeutic purposes
[14]. A clinical study has already demonstrated that topical
application of resiquimod is safe and effective at activating
the local immune response [15]. Progenitor cells [16] and
cancer cells [17] show detectable levels of TLR7 and TLR8
expression [18]. For plasma cells and cell lines from multi-
ple myeloma (MM) patients, it was shown that addition of
TLR ligands like R-848 resulted in increased survival and
proliferation of the plasma cells, providing a possible link

between inflammation and progression of MM [17, 19]. For
chronic lymphocytic leukemia (CLL) cells however, activa-
tion of TLR7 did not result in a strong proliferation, but in
an increased susceptibility to chemotherapeutic agents [20].
It was also shown that TLR7 activation of CLL cells
resulted in a heterogeneous increase in expression of
costimulatory molecules and production of proinflamma-
tory cytokines, further enhanced by the simultaneous addi-
tion of protein kinase C (PKC) agonists [21].

As there is a growing interest in imidazoquinolines as can-
cer vaccine adjuvants, we wanted to assess the effect of
TLR7/8 ligands on primary AML cells and cell lines. There-
fore, we determined the expression of TLR7 and TLRS in
AML cells and we measured the effects of R-848 on cell via-
bility, costimulatory molecule expression, cytokine produc-
tion, and immunogenicity of AML cells, as well as the ability
of AML cells to stimulate activation of allogeneic T cells,
NK cells, and NKT cells in the presence of R-848.

Materials and methods

Source of cell lines and primary cells

Peripheral blood from healthy donors was obtained from
buffy coats provided by the Antwerp Blood Transfusion

Center. Peripheral blood and bone marrow samples from 21
newly diagnosed or relapsed patients with AML (Table 1)

Table 1 Demographic and

clinical features of acute Patient Gender Age (years) PB or BM FAB Karyotype
myeloid leukemia patients AML P1 E 79 BM M2 Normal
AML P2 M 53 BM M1 Normal
AML P3 F 77 PB M6 46, XX, 1(5;17)
AML P4 F 78 PB M1 Normal
AML P5 M 63 PB MS5a 46, XY/73-78, XXXY, 1g-(3:14)
AML P6 M 62 PB Sec AML Normal
AML P7 M 62 PB M2 46, XY, der(17) t(8;17)
AML P8 M 77 BM Sec AML 46, XY, t(9;22)
AML P9 M 75 BM MS5b 47, XY, +8, add(10)(p15)
AML P10 M 77 BM M2 Normal
AML P11 F 73 PB MS5b Normal
AML P12 M 23 BM M2 Normal
AML P13 M 69 PB/BM M5a Normal
AML P14 M 36 PB/BM M2 Normal
AML P15 M 71 PB M2 Normal
AML P16 M 62 PB M2 Normal
e AML P17 F 71 PB Sec AML Normal
Abbreviations: M, male;
F, female; PB, peripheral blood; AML P18 F 25 PB M5a Normal
BM, bone marrow; AML P19 M 30 PB M3 Normal
FAB, French—American—British AML P20 F 67 BM M2 46, XX, del(5q)
classification system; AMLP2I F 61 BM M2 46, XX, inv(16)

Sec AML, secondary AML
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were collected after obtaining informed consent. Only
patients with >75% CD33* or CD34" AML cells in blood
or bone marrow were included in this study. Experiments
were performed on fresh or thawed AML cells. Peripheral
blood mononuclear cells (PBMC) and bone marrow mono-
nuclear cells (BMMC) were isolated by Ficoll-Paque Plus
gradient separation (Amersham Biosciences, Uppsala,
Sweden). The human myeloid leukemia cell lines NB-4 and
U-937 were obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (Braunschweig, Ger-
many) and the American Type Culture Collection (Rock-
ville, MD, USA), respectively. Cells were cultured in
complete medium consisting of Iscove’s modified Dul-
becco’s medium (IMDM; Cambrex Bio Science, Verviers,
Belgium) supplemented with L-glutamine (584 mg/L),
4-(2-hydroxy-ethyl)-1-piperazineethane-sulfonic ~ acid
(HEPES; 25 mM), gentamicin (10 mg/L; Invitrogen, Mere-
Ibeke, Belgium), amphotericin B (1 mg/L Fungizone; Invit-
rogen), and 10% fetal bovine serum (FCS; Perbio Science,
Erembodegem, Belgium). Cells were maintained in loga-
rithmic growth phase at 37°C in a humidified atmosphere
supplemented with 5% CO,.

Treatment of AML cells with R-848

The AML cells were treated with R-848 (PharmaTech,
Shanghai, China) by means of passive pulsing or electro-
poration. Resiquimod (R-848; 4-amino-2-ethoxymethyl-
a,a-demethyl-1H-imidazo-{4,5-c}quinoline-1-ethanol) is a
member of the imidazoquinoline family (adenosine ana-
logs). Passive pulsing of AML cells with R-848 was per-
formed by adding 5 pg/mL R-848 during 24 h (unless
otherwise stated). The cells were extensively washed to
remove excess of R-848. Electroporation of R-848 was per-
formed as described previously for poly(I:C) [22, 23] with
minor modifications. After washing, 0.2 mL of cell suspen-
sion was mixed with 10 pg R-848 and electroporated for
7 ms in a 0.4 cm cuvette (Thermo Fisher Scientific, Zellik,
Belgium) at 300 V using a GenePulser Xcell device (Bio-
Rad Laboratories, Nazareth, Belgium). Immediately after
electroporation, cells were washed twice to remove extra-
cellular R-848. Mock-electroporation was performed
similarly, but without the addition of R-848 in the
electroporation protocol. About 24 h after R-848 treatment
of AML cells, cytokines in the supernatant were measured
using a multiplex fluorescent bead immunoassay (Human
Th1/Th2 11plex Kit; Bender MedSystems, Vienna, Aus-
tria). Interferon (IFN)-a production by AML cells upon
R-848 treatment was performed by IFN-o enzyme-linked
immunosorbent assay (ELISA; PBL Biomedical Laborato-
ries, New Jersey, USA).

Priming of naive T cells

After 24 h of R-848 treatment, primary AML cells were
extensively washed to remove all produced cytokines and
the excess of R-848 when passively pulsed. Washed AML
cells were plated with allogeneic naive T cells in 48-well
plates at ratio 1:1. Naive CD4*CD45RA™ T cells were iso-
lated from PBMC using the naive CD4* T cell enrichment
kit, according to the protocol (Easysep, StemCellTechnolo-
gies, Grenoble, France). After 3 days, IL-2 (30 U/mL; Bio-
source) was added and at day 5, supernatant was taken to
determine the level of IFN-y by ELISA (Biosource).

Addition of R-848 to AML/PBMC cocultures

To determine the effect of R-848 on cytokine production in
cocultures of AML cells and PBMC, thawed primary AML
cells or NB-4 cells were cocultured with thawed PBMC at
ratio 1:1 in 48-well plates in the presence or absence of
5 pg/mL R-848. In the transwell experiments, the AML
cells were put in transwells (pore size 0.4 um; BD) during
coculture with the PBMC. After 3 days, supernatant was
harvested for multiplex immunoassay.

For the intracellular cytokine staining, primary AML or
NB-4 cells were cocultured with thawed PBMC at ratio 1:1
with or without R-848 (5 pg/mL). After 30 h, brefeldine A
(Golgi Plug; BD, Erembodegem, Belgium) was added
overnight to block cytokine secretion. Thereafter, mem-
brane staining was performed for CD3 and CD56 with spe-
cific PerCP- and PE-labeled antibodies, respectively. Then,
cells were lysed and permeabilized (BD) before staining
with a specific FITC-labeled monoclonal antibody directed
against IFN-y (Pharmingen, Erembodgem, Belgium). To
determine the effect of type I IFN on cocultures of AML
cells and PBMC, IFN-o (PeproTech, London, UK) was
added at 1 x 10* U/mL.

A flow cytometric cytotoxicity assay was performed
as described previously with minor modifications [24].
Briefly, AML cells were labeled with PKH67 (Sigma)
according to the manufacturer’s protocol. The PKH67-
labeled AML cells were cocultured for 16 h with fresh
PBMC or highly purified NK cells (isolation by negative
selection; Miltenyi Biotec, Utrecht, The Netherlands) at
effector:target ratio 5:1. Thereafter, cells were stained
with annexin V and PI to determine viability of the
PKH67-positive AML cells. The percentage of killing
was determined by the fraction of non-viable (cells that
stained positive for annexin V and/or PI) PKH67-positive
cells. Neutralizing antibodies directed against human IL-6
and TNF-o were purchased from R&D (Oxon, UK) and
were used at 5 pg/mL.
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Flow cytometry

Apoptosis was measured by staining with annexin V
(FITC-conjugated; BD) and propidium iodide (Sigma,
Bornem, Belgium) to distinguish between apoptotic and
necrotic cells. Staining of B7 and MHC molecules on
AML cells was performed using FITC- or PE-labeled
monoclonal antibodies for CD80, CD86, HLA-ABC,
and HLA-DR (BD). Propidium iodide was added to
include only viable cells in the analysis. Intracellular
staining of TLR7 and TLR8 on AML cells was per-
formed using monoclonal antibodies for TLR7 and
TLR8 (FITC- and PE-labeled, respectively; Imgenex,
San Diego, USA), costained with monoclonal antibodies
directed against CD33 or CD34 (BD). Before staining
the cells with TLR7 and TLR8 antibodies, cells were
fixed for 10 min at room temperature using lyse/fix solu-
tion (BD) and permeabilized for 10 min at room temper-
ature using Perm?2 solution (BD). Three-color flow
cytometry was performed on a FACScan (BD). Flow
cytometry in the cytotoxicity assay was performed on a
CyFlow (Partec, Miinster, Germany). Relevant fluoro-
chrome-labeled isotype-matched antibodies were used as
negative controls. Routinely, 1 x 10 events per target
population were analyzed using CellQuest software
(BD) or FlowJo software version 7.2 (Tree Star, Ashland,
USA).

Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was isolated from 1 to 5 x 10° cells using
an RNeasy kit (Qiagen, Antwerp, Belgium). DNase
treatment was performed during the RNA isolation
according to manufacturer’s protocol. cDNA was
obtained by incubating 1-3 pg total RNA with 1 mM
dNTP, 0.2 pg random hexamer primers, 20 units of
RNasin, and 40 units of Moloney murine leukemia virus
reverse transcriptase in a total volume of 20 pL for
10 min at 25°C, 1 h at 42°C, and 10 min at 70°C accord-
ing to manufacturer’s protocol (Fermentas, St. Leon-Rot,
Germany).

Quantitative PCR was performed as described previ-
ously [22]. Primer pairs were used specific for human
TLR7 (forward 5'-AGT GTC TAA AGA ACC TGG-3';
reverse 5'-CTT GGC CTT ACA GAA ATG-3'; amplicon:
545 bp) [25], human TLRS (forward 5'-CTT CGA TAC
CTA AAC CTC TCT AGC AC-3’; reverse 5'-AAG ATC
CAG CAC CTT CAG ATG A-3’; amplicon 90 bp) [26],
and ABL1 (forward 5'-AGC ATC TGA CTT TGA GCC-3';
reverse 5'-CCC ATT GTG ATT ATA GCC TAA GAC-3';
amplicon: 194 bp). RT-PCR products were analyzed in a
2% agarose gel stained with 0.5 pg/mL ethidium bromide
(Sigma) and visualized by UV light.
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Statistical analysis

Quantitative experiments were analyzed using Student’s
t-test. All P-values were obtained by two-tailed tests and
differences were considered statistically significant when
P <0.05.

Results
Expression of TLR7 and TLR8 in AML cells

First, we checked the expression of TLR7 and TLRS8 in
unmanipulated AML cells by RT-PCR (purity >90%).
Expression of both TLR7 and TLRS8 was clearly detectable
in all AML samples tested [11 primary AML patient sam-
ples (Fig. 1a) and 2 AML cell lines (NB-4, U-937; data not
shown)]. We also checked protein expression by using spe-
cific antibodies for intracellular staining. Flow cytometric
detection showed that 6 out of 8 primary AML patient sam-
ples tested had detectable expression of TLR7, whereas all
8 samples had TLR8 expression (Fig. Ib and data not
shown). NB-4 and U-937 AML cells showed only little
expression of TLR7, but had a high expression of TLRS8 by
intracellular staining and flow cytometric detection
(Fig. 1b).

Effect of R-848 treatment on AML cells: viability,
phenotype, and cytokine production

To check if the synthetic TLR7/TLR8 ligand R-848 (Resig-
uimod) induces apoptosis of AML cells, we treated AML
cells with 5 pg/mL R-848 and stained the cells with annex-
ine V and PI 24 h after R-848 treatment. Viable cells were
defined as both annexine V- and Pl-negative cells. No sta-
tistically significant decrease in viability of primary AML
cells could be detected (P =0.15; n=35), although there
was a tendency to decreased viability following R-848
treatment (Fig. 2a). For the tested AML cell lines NB-4 and
U-937, we could not detect any influence of R-848 treat-
ment on viability of the AML cells (data not shown). As it
was shown that TLR7/8 activation can enhance the prolifer-
ation of MM cells [17, 19], we monitored the number of
AML cells from patients or AML cell lines 24 h after R-
848 treatment, as an indicator of cell proliferation. Resiqui-
mod treatment did not result in a statistically significant
increase in the amount of AML cells (P =0.66; n=7). In
conclusion, treatment of AML cells with R-848 does not
significantly alter apoptosis, or the number of AML cells.
As it is known that TLR activation results in upregula-
tion of costimulatory molecules and MHC molecules on
myeloid antigen-presenting cells [27, 28], we hypothesized
that R-848 could also upregulate the expression of CD80,
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Fig. 1 Expression of TLR7/8 A
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CD86, and MHC molecules on the membrane of AML
cells. Treatment of primary AML cells (n = 11) or the AML
cell lines NB-4 and U-937 with R-848 did not result in de
novo expression or upregulation of the costimulatory mole-
cules CD80 or CD86 (data not shown). However, we
observed an increase in expression of MHC class I and II
molecules on the membrane of primary AML cells (n = 8),
measured by flow cytometry 24 h after treatment with
R-848. Administration of R-848 by passive pulsing resulted
a statistically significant increase in mean fluorescence
intensity (MFI) for HLA-ABC (P = 0.01), but not for HLA-
DR (P =0.06) (Fig. 2b). Interestingly, when we focused on
the AML cells of 4 patients with intrinsic HLA-DR expres-
sion, we observed a statistically significant upregulation of
HLA-DR following R-848 treatment in this subgroup

(P =0.04). The AML cell lines NB-4 and U-937, however,
did not upregulate MHC molecules after treatment with
R-848 (data not shown). In conclusion, primary AML cells
but not AML cell lines, respond to treatment with R-848 by
increased expression of MHC molecules.

Next, we checked the production of cytokines by AML
cells after R-848 treatment. We detected a statistically sig-
nificant increase in IL-6 production after passive pulsing of
primary AML cells with R-848, compared to untreated
AML cells (Fig. 2¢; n = 10). Similar trends were observed
for IL-1p and TNF-a (Fig. 2¢). No cytokine production was
observed after R-848-treatment of NB-4 and U-937 AML
cell lines (data not shown). For IFN-a, 5 out of 12 AML
patients secreted detectable amounts of IFN-a (22.1 £+
5.1 pg/1 x 10% AML cells/24 h; n = 5) after R-848 pulsing.
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In conclusion, passive pulsing of primary AML cells with
R-848 results in production of the proinflammatory cyto-
kines IL.-6, TNF-¢, IL-13, and/or IFN-¢.

Increased immunogenicity of R-848-treated AML cells

To investigate whether R-848 treatment would increase the
ability of AML cells to stimulate allogeneic T cells toward
a Th1 response, primary AML cells (unmodified or R-848-
exposed) were put into coculture with purified allogeneic
naive CD4*"CD45RA* T cells. At day 5, we performed IFN-
7 ELISA on the supernatant of the coculture. Primary AML
cells exposed to R-848 led to a 6- to 285-fold increase
(P < 0.05) in IFN-y production as compared to naive T cells
cocultured with untreated AML cells for 2 out of 3 patients
tested (Fig. 3). In contrast, no increase in IFN-y was
detected in supernatant of cocultures of PBMC when R-848
was introduced into AML cells by means of electroporation
(Fig. 3). In conclusion, passive pulsing of primary AML
cells with R-848 can increase their immunogenicity, as
determined by IFN-y production by allogeneic naive
T cells.

Synergistic cytokine effects of R-848 in cocultures
of PBMC and AML cells

Based on the initial observation that passive pulsing of pri-
mary AML cells with R-848 increased their immunogenic-
ity, we investigated the effect of R-848 administration to
cocultures of AML cells and allogeneic PBMC. In this set-
ting, PBMC could also benefit from the immunostimulatory
effects of R-848 administration. After 3 days of coculture,
cytokine concentrations were measured by multiplex
immunoassay. Both primary AML cells and NB-4 cells
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Fig. 3 Effect of R-848 treatment on the immunogenicity of primary
AML cells. The concentration of IFN-y detected in the supernatant
taken after 5 days of coculturing allogeneic naive T cells and primary
AML cells. The AML cells were treated with or without R-848 prior to
coculture with allogeneic T cells. The results shown are representative
of 2 AML patients. AML Unmod, unmodified AML cells; AML EP
Mock, mock-electroporated AML cells; AML EP R-848, AML cells
electroporated with R-848; AML PP R-848, AML cells passively
pulsed with R-848; CD4*CD45RA* T cells, naive CD4* T cells.
* P <0.05
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Fig. 4 Effect of R-848 addition to cocultures of PBMC and AML
cells. The concentration of IFN-y detected in supernatant after 3 days
of coculturing AML cells (AML), allogeneic PBMC, and/or R-848.
The mean = SD shown is of 3 independent experiments with AML
cells from AML P21 (a) or NB-4 cells (b). —TW, without transwell;
+TW, with transwell. * P < 0.05

were used as AML cells. While only low levels of IFN-y
were induced upon exposure of AML cells or PBMC alone
to R-848, coculture of primary AML cells and PBMC
resulted in marked levels of IFN-y. This IFN-y production
could synergistically be boosted by adding R-848 to the
coculture (Fig. 4a). Transwell experiments pointed out that
this boosted IFN-y production was strictly dependent on
cell contact between primary AML cells and allogeneic
PBMC (Fig. 4a). The same trend was seen when NB-4 cells
were used as AML cell source (Fig. 4b). In conclusion, the
presence of R-848 in cocultures of PBMC and AML cells
has a synergistic effect on the production of IFN-y.

To find the nature of the cells responsible for the
observed IFN-y production in the coculture of PBMC,
AML cells, and R-848, we performed intracellular cytokine
staining (ICS) by multiparametric flow cytometry as
described in the section ‘“Materials and methods”. As
shown in Fig. 5, the ICS data confirmed that IFN-y was
predominantly present in PBMC cocultured with AML
cells (primary AML cells or NB-4 cells) in the presence of
R-848. Interferon-y was detected in the CD3~CD56" NK
cell, the CD3*CD56" NKT cell, and CD3"CD56~ T cell
population, with the highest percentage of IFN-y-positive
cells in the NK and NKT cell population (Fig.5). In
conclusion, simultaneous treatment of PBMC/AML cell
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Fig. 5 Determination of IFN-y-producing cells after coculturing PB-
MC, AML cells, and R-848. Intracellular staining of IFN-y production
in NK cells, NKT cells, and T cells after coculturing PBMC, AML

cells, and/or R-848. Dot plots shows the percentage of IFN-y-positive
cells within the NK cell population (above), NKT cell population

cocultures with R-848 results in potent activation of NK
and NKT cells.

Killing of AML cells by addition of R-848 to PBMC
and AML cocultures

Subsequently, we investigated if the addition of R-848 to
PBMC and AML cocultures resulted in killing of AML
cells. Therefore, AML cells were stained with the lipo-
philic fluorescent probe PKH67 and the percentage of
annexin V- and/or PI-positive AML cells was determined
16 h after coculture with allogeneic PBMC in the pres-
ence of R-848. Interestingly, for 2 out of 4 patients tested,
addition of R-848 to a coculture of AML cells and alloge-
neic PBMC resulted in decreased viability of AML cells
(decrease of 20 £ 2%; Fig. 6). Highly purified NK cells
were used to see if this cytotoxic effect could be obtained
by NK cells only. As shown in Fig. 6, the decrease in cell
viability was less pronounced (6 £ 0%) when using puri-
fied NK cells as compared to PBMC. In order to further
explore the mechanism of action, neutralizing antibodies
directed against the proinflammatory cytokines IL-6 and
TNF-o were added to the cocultures. These antibodies
were used to block cytokine production by primary AML
cells in response to R-848 treatment and to verify if these
cytokines contributed to the decreased AML cell viability.
However, neutralization of IL-6 and TNF-« did not abro-
gate the effect of R-848 on decreased AML cell viability
in cocultures of PBMC and primary AML cells. If NB-4
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cells were cocultured with allogeneic PBMC, cell viabil-
ity of NB-4 cells also decreased by adding R-848 with
12 & 7% (n = 3). In conclusion, NB-4 cells and primary
AML cells from 2 out of 4 patients tested were killed in
the presence of allogeneic PBMC and R-848. Production
of IL-6 and TNF-« did not contribute to the decrease in
cell viability.

Discussion

In this study, we demonstrate that the immunogenicity of
AML cells can be increased by treating them with the
TLR7/8 agonist R-848 and that addition of R-848 to cocul-
tures of AML cells and allogeneic PBMC results in marked
IFN-y production and killing of AML cells.

To our knowledge, this is the first report on the expres-
sion of TLR7 and TLR8 in AML cells. Previously, we
already demonstrated the expression of TLR3 in AML cells
and the responsiveness of AML cells to the TLR3 ligand
poly(I:C) [22]. Expression of TLR7 in leukemic cells was
previously found in ALL [29] and CLL cells [21], whereas
MM cell lines express both TLR7 and TLRS [17, 19].
Expression of other TLR in leukemic cells was reported by
Maratheftis et al. showing the expression of TLR4 in THP-1,
a human monocytic leukemia cell line [30] and of TLR1-4
in bone marrow-derived mononuclear cells (BMMC) and
CD34* hematopoietic progenitor cells from myelodysplas-
tic syndrome (MDS) patients [31].
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Fig. 6 Effect of R-848 on killing of primary AML cells by allogeneic
PBMC or NK cells. Flow cytometric detection of AML cell viability
following coculture of primary AML cells and allogeneic PBMC
(black bars) or NK cells (striped bars) in the presence of R-848.
PKH67-positive cells that were positive for annexin V and/or PI were
defined as non-viable AML cells. (a) Coculture of effector cells with
primary AML cells from AML P17. (b) Coculture of effector cells with
primary AML cells from AML P16. Results are representative of
experiments done with two different effector cell donors.+ R-848, addi-
tion of R-848; + Ab, addition of neutralizing antibodies directed
against IL-6 and TNF-o; + R-848 + Ab, addition of both R-848 and
neutralizing antibodies against IL-6 and TNF-«

To check the effect of TLR7/8 agonists on AML cells,
we used R-848, because it is a synthetic agonist of both
TLR7 and TLRS [4]. Furthermore, R-848 has been shown
to stimulate cytokine secretion, macrophage activation, and
cellular immunity to a greater extent than the TLR7 agonist
imiquimod [6, 9, 32, 33]. In accordance with these results,
we showed that primary AML cells responded to R-848
treatment with increased expression of MHC molecules and
secretion of proinflammatory cytokines.

Although it was previously reported that TLR agonists
induce apoptosis [22, 34], we could not detect a statistically
significant increase in apoptosis or necrosis by treatment of
primary AML cells with resiquimod. These results corre-
spond to a report of Schon et al. [34], wherein resiquimod
did not induce apoptosis of skin cancer cells either, in con-
trast to imiquimod. Furthermore, we could not detect a sig-
nificant change in the number of AML cells by R-848
treatment. The viability and cell count results are in favor
of the hypothesis that resiquimod treatment does not lead to
AML cell proliferation. It was previously reported that

passive pulsing of MM cells with R-848 or loxoribine (as a
TLR?7 agonist) induced proliferation and increased survival
of the tumor cells [17, 19]. In addition, this effect on prolif-
eration of MM cells was partially due to autocrine IL-6 sig-
naling. We also observed increased secretion of IL-6 by
passive pulsing of AML cells, but no increase in number of
cells. From these data, we deduce that the effects of resiqui-
mod on apoptosis and cell proliferation are dependent on
tumor type and therefore need to be carefully examined per
cell type. Furthermore, the reported effects of IL-6 on
immune responses are contradictory. Although IL-6 is a
proinflammatory cytokine, suppressive effects on the acti-
vation of immune cells like T cells, NK cells, and NKT
cells are also attributed to this cytokine [35-37]. However,
we observed high activation of T cells in allo-MLR reac-
tions and activation of NK and NKT cells despite the pres-
ence of IL-6.

As shown in the allo-MLR experiments, the immunoge-
nicity of primary AML cells was enhanced after pulsing
with R-848 for 2 out of 3 patients tested. It was shown by
Caron et al. that R-848 can act directly on CD4* T cells,
leading to the induction of proliferation and cytokine pro-
duction [25]. Therefore, primary AML cells were thor-
oughly washed after R-848 treatment to ensure that no
remnants of R-848 could be responsible for the observed
CD4* T cell activation. Interestingly, we observed donor-
derived heterogeneity in the increase of expression of MHC
molecules and the amount of secreted cytokines after treat-
ment of AML cells with R-848, in concordance with the
results obtained by Spaner et al. for CLL cells treated with
the TLR7 agonist S28690 [21] and with PBMC from
healthy donors treated with different TLR7 agonists [38].
This heterogeneity might explain the lack of increased
immunogenicity of R-848-pulsed AML cells from 1
patient, but we were not able to confirm this hypothesis,
due to the absence of experimental data about increase in
MHC molecules or cytokine production for this particular
patient. However, the heterogeneity of the AML cell
response to R-848 can be considered to be rather limited,
because for all 10 AML patients tested (AML P1-10),
AML cells from only 1 patient showed a decrease in pro-
duction of 1 of the 3 cytokines tested (IL-6, IL-1f, and
TNF-a) after R-848 treatment (i.e., AML P3 for IL-6). We
could not find any link between karyotype or FAB class and
degree of responsiveness of the primary AML cells to
R-848. Remarkably, only primary AML cells responded to
R-848 treatment, in contrast to the AML cell lines NB-4
and U-937, despite expression of TLR7 and TLRS. This
non-responsiveness of the AML cell lines NB-4 and U-937
to R-848 treatment warrants further investigation.

We found a striking superiority of R-848 pulsing above
electroporation of primary AML cells in terms of upregula-
tion of MHC molecules, cytokine production (data not
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shown), and immunogenicity (Fig. 3). In previous reports,
only passive pulsing or lipofection of cells with TLR7/8 ago-
nists were evaluated, showing that these are suitable adminis-
tration methods, resulting in TLR7 and/or TLRS8 activation
[4, 39, 40]. From our observations, electroporation proves
less successful in directing the TLR7/8 agonist to its cognate
receptors. Since we have previously shown that electropora-
tion of AML cells with the TLR3 ligand poly(I:C) was supe-
rior over pulsing [22], we conclude that it is useful to test
different transfer techniques for each TLR ligand.

After the initial observations that only passive pulsing
and not electroporation with R-848 increased the immuno-
genicity of primary AML cells, we decided to add R-848 to
AML cell/PBMC cocultures. In this way, we could test the
potency of R-848 as immune response enhancer in vitro,
acting both on AML cells and immune cells. Strikingly, we
observed a synergistic effect on IFN-y production when
adding R-848 to AML/PBMC cocultures for AML cells
from all 3 patients tested. The amount of secreted IFN-y
exceeded the sum of IFN-y produced by R-848-pulsed
PBMC, by R-848-pulsed AML cells, and by AML/PBMC
cocultures, thereby revealing an interaction between AML
cells and PBMC after addition of R-848. In order to iden-
tify the nature of the cells responsible for the production of
IFN-y, we performed intracellular staining experiments. In
these experiments we observed that mainly NK and NKT
cells became highly activated by addition of R-848 to
AML/PBMC cocultures. Both cell types are important for
the antitumor response against AML cells [41-45]. The
production of IFN-y by NK and NKT cells is thought to be
important to further polarize the adaptive immune response
to a Thl response [45—47]. Moreover, alloreactive NK cells
play a crucial role in the eradication of leukemic cells in
allogeneic transplantation models, as part of the graft-
versus-leukemia effect [42, 47-49].

It was previously reported that NK cell activation by
TLR7/8 agonists is dependent on contact with or factors
(e.g., IL-12 or type I IFN) produced by accessory cells in
PBMC [50-54]. However, in our experiments, R-848 did
not induce comparable NK cell activation (measured by
IFN-y production) when added to PBMC as when added to
PBMC/AML cells cocultures. These results show that an
NK cell activating factor was provided by the AML cells
themselves. This factor could be either a secreted cytokine
or a membrane-bound molecule. It is known that NK cells
can be activated by IL-2, IL-12, or type I IFN [55]. In our
experiments, we showed that R-848-pulsing of AML cells
induced only low levels of IFN-u« for 5 out of 12 patients
and not IL-2 or IL-12 (data not shown). Moreover, addition
of IFN-a to PBMC/AML cocultures could not replace
R-848 for the induction of high NK-cell activation (data not
shown), showing that the effect of R-848 cannot be
explained by the presence of IFN-«. Conversely, by per-
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forming transwell experiments, we were able to show that a
membrane-bound molecule is involved, because NK cell
activation in the presence of R-848 was highly dependent
on cell-to-cell contact between PBMC and AML cells. NK
cells contain a large number of inhibiting and activating
receptors [56]. MHC class I molecules are able to bind to
inhibitory NK cell receptors, thereby preventing NK cell-
mediated killing of normal cells. If tumor cells have low or
no expression of HLA class I molecules, they might activate
the killing function of NK cells [57]. However, in our experi-
ments, R-848 treatment resulted in an upregulation of MHC
class I molecules on AML cells, making it unlikely that NK
cells would become activated by the lack of these inhibitory
ligands. Conversely, activating ligands might be upregulated
on the membrane of R-848-treated AML cells. Therefore, we
checked the expression of the ligands for activating NK-cell
receptor NKG2D (MICA, MICB, and ULBPs) [58] by using
specific antibodies and flow cytometric detection. We were
not able to show upregulation of the NKG2D ligands MICA,
MICB, or ULBP3 on primary AML cells following R-848
treatment (data not shown). However, other activating NK
cell ligands may still be involved [57, 59].

Next to activation of NK cells, we also showed that addi-
tion of R-848 to AML/PBMC cocultures resulted in apop-
tosis and necrosis of AML cells. Cytokines produced by
AML cells after R-848 treatment (IL-6 and TNF-«) did not
contribute to the decreased AML cell viability in the AML/
PBMC cocultures. Furthermore, we showed that cell viabil-
ity of AML cells was more decreased if AML cells were
cocultured with PBMC than when cocultured with isolated
NK cells. This suggests that additional factors are provided
by accessory cells in PBMC to boost the cytotoxic potential
of the killer cells.

In conclusion, we observed that primary AML cells
respond to the TLR7/8 agonist R-848 by increased expres-
sion of MHC molecules, production of proinflammatory
cytokines, and enhanced T cell stimulatory capacity. Fur-
thermore, in the presence of R-848 and AML cells, alloge-
neic NK and NKT cells were activated and the AML cells
were killed. These results support the use of R-848 in TLR-
based immunotherapy of AML.
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