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Type-1 polarized dendritic cells primed for high IL-12 production
show enhanced activity as cancer vaccines
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Abstract While multiple pathways of dendritic cell (DC)
maturation result in transient production of IL-12, fully
mature DCs show reduced ability to produce IL-12p70
upon a subsequent interaction with Ag-specific T cells, lim-
iting their in vivo performance as vaccines. Such “DC
exhaustion” can be prevented by the presence of IFNy dur-
ing the maturation of human DCs (type-1-polarization),
resulting in improved induction of tumor-specific Thl and
CTL responses in vitro. Here, we show that type-1 polariza-
tion of mouse DCs strongly enhances their ability to induce
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CTL responses against a model tumor antigen, OVA, in
vivo, promoting the induction of protective immunity
against OVA-expressing EG7 lymphoma. Interestingly, in
contrast to the human system, the induction of mouse DCl1s
requires the participation of IL-4, a nominal Th2-inducing
cytokine. The current data help to explain the previously
reported Th1-driving and anti-tumor activities of IL-4, and
demonstrate that type-1 polarization increases in vivo activ-
ity of DC-based vaccines.
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Introduction

Dendritic cells (DCs) are professional antigen presenting
cells that are crucial for inducing immune responses and in
directing them to adequately respond to different types of
pathogens [2]. In their immature state, DCs are highly
efficient in the uptake and processing of antigen (Ag), but
express low levels of costimulatory molecules that are
required to activate T cells. Upon maturation, DCs upregu-
late MHC expression, enhancing their ability to engage
TCR (“‘signal 17), and the expression of CD80/CD86 (B7.1/2)
and CD40, to provide the required costimulatory molecules
(“signal 27). In addition, it is becoming increasingly clear
that DCs are instructed to preferentially induce type-1
(Thl1- and CTL-dominated) or type-2 (Th2 and B cell-dom-
inated) responses (‘“signal 3”) during maturation [13, 37].
The ability of DCs to generate potent type-1 immune
responses has made them highly attractive for use as cancer
vaccines where cytolytic immunity is desired for the clearance
of tumor cells [1]. Unfortunately, the maturation stimuli
commonly used in the preparation of DC-based vaccines
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induce only transient production of IL-12, the key cytokine
promoting type-1 immune responses [36], and limit their
physiologically relevant ability to produce IL-12 after sub-
sequent activation at a fully-mature stage during the inter-
action with T cells [15, 19]. Numerous studies have
demonstrated that co-administration of IL-12 [6] or genetic
engineering of DCs to produce high levels of IL-12 [21, 22,
42, 43], strongly enhances the antitumor efficacy of cancer
vaccines. However, the high toxicity of IL-12 limits the
clinical use of therapies relying on systemically-adminis-
tered or constitutively-produced IL-12 [29, 33]. The use of
DCs that have undergone short-term stimulation directly
before vaccine administration, allowing the transient IL-12
production after DC injection [10, 20, 23], have been
shown to improve anti-tumor responses but do not alleviate
concerns of DC exhaustion before they reach the lymph
node, particularly in the human system where the LN
migration of DCs can take up to 48 h [5].

In order to allow the controlled release of IL-12 and to
focus it at the relevant time and site of DC interaction with
tumor-specific T cells, we have developed several methods
of maturing human DCs while preserving or even enhancing
their ability to secrete high levels of IL-12 during subse-
quent interaction with T cells [14, 17, 24-27, 37, 38]. Such
“type-1-polarized DCs” (DC1 s), induced by inflammatory
cytokines, memory CD8" T cells or properly activated NK
cells, [17, 24-27, 37, 38] show a strongly-elevated ability to
activate the Thl-pathway of differentiation of CD4* T cells
[24-26, 37, 38] and to induce tumor-specific Thl cells and
CTLs during in vitro sensitization [14, 27, 40].

While the above in vitro data provides compelling evi-
dence to argue for the use of this maturation strategy for
DC-based cancer vaccines, it remains to be seen if polar-
ized DCs, that rely on the interaction with T cells for opti-
mal IL-12 secretion [25-27, 37], instead of spontaneously
producing this factor, are capable of promoting type-1 anti-
tumor responses in vivo. To date, there are no mouse mod-
els that replicate the DC1 polarized phenotype.

While, similar to the human studies [16, 18], mouse
IFNy and IL-4 have been shown to co-stimulate IL-12 pro-
duction when applied simultaneously with CD40L [9] or
TLR ligands [9, 10], resulting in a transient production of
high levels of IL-12, the ability of such factors to prime
DC:s for high IL-12 production upon a subsequent stimula-
tion has not been determined. Here, we report that IL-4 and
IFNy synergistically act to prime maturing bone marrow-
derived DCs for high IL-12 production upon a subsequent
CD40 stimulation, providing a mouse model of type-1-
polarized DCs. Compared to mouse non-polarized DCs,
such type-1-polarized DCs show a superior ability to
induce Ag-specific immune responses in vivo and to induce
a protective immunity against tumor challenge.
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Materials and methods
Mice

Female 6-8-week-old C57BL/6 and C57BL/6-IL-12'!™
(IL-12p40 knockout) mice were purchased from Jackson
Laboratories (Bar Harbor, ME). Mice were maintained in
the Hillman Cancer Center Animal Facility and all animal
studies were approved by the University of Pittsburgh Insti-
tutional Animal Care and Use Committee.

Cell lines

EL4 and EG7 (an OV A-expressing EL4 variant) cell lines,
purchased from ATCC (Manassas, VA, USA), were cul-
tured in complete medium (CM; RPMI 1640 supplemented
with 10% heat-inactivated FBS, 100 U/mL penicillin,
100 pg/mL streptomycin and 10 mM L-glutamine; all pur-
chased from Invitrogen, Carlsbad, CA, USA) in a humidi-
fied incubator at 5% CO, at 37°C.

Generation of bone marrow-derived dendritic cells (DCs)

Bone marrow was isolated from the femur and tibia of
C57BL/6 wild-type (wt) mice (or IL-12p40 KO mice,
where indicated). RBCs were lysed with ACK lysis buffer
(0.15M NH,CI, 10 mM KHCO;, 0.1 mM Na,EDTA, pH
7.2). Cells were washed and resuspended in CM supple-
mented with 1,000 U/mL GM-CSF (Schering Plough, Ken-
ilworth, NJ, USA), as described [34]. On day 6-7, CD11c¢*
DCs were isolated using anti-mouse CD11c-coated mag-
netic beads and MACS™ separation columns (Miltenyi
Biotech), according to manufacturer’s protocol. The DCs
were matured for 24 h in the presence of 250 ng/mL LPS
(Sigma-Aldrich), 1,000 U/mL IL-4, 1,000 U/mL IFNy,
20 pg/mL poly(I:C) (Sigma-Aldrich), and/or 10 pg/mL
CpG (type A, Coley Pharmaceuticals), as indicated. All
maturation conditions contained 1,000 U/mL GM-CSF to
sustain cell viability.

Antibodies and flow cytometry

The following Abs were used for flow cytometry analy-
sis: anti-CD11c (N418), anti-CD86 (GL1), anti-CD40
(HM40-3), and anti-IA® (AF6-120 1). All antibodies
were purchased from BD Biosciences (Mountain View,
CA, USA). Directly conjugated Abs (PE or FITC) were
added to cells and incubated at 4°C for 20 min, washed,
and fixed in 75 pL of 2% paraformaldehyde. Fixed
cells were analyzed within 12-72 h on a Beckman Coulter
XL. Analyses were performed using WinMDI software,
version 2.8.
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Induction of IL-12 production

Mature DCs were harvested, washed and stimulated
(2 x 10* cells/0.2 mL/well) with 5 x 10* CD40L-transfected
J558 cells [16, 27, 30, 39] for 24 h in the absence or
presence of maturation cytokines (as indicated). All stimu-
lation conditions contained 1,000 U/mL GM-CSF, to sustain
cell viability. IL-12p70 concentrations were determined
by ELISA (Endogen), according to the manufacturer’s
protocol.

Induction and quantification of OV Ap-specific immune
responses

The dominant H-2 KP°-restricted OVA epitope (OVAp),
OVA,57 564 (SIINFEKL) was synthesized by the University
of Pittsburgh Peptide Synthesis Facility. Matured DCs were
pulsed with OVAp, washed twice with PBS, and injected
s.c. (3 x 10° DCs in 0.2 mL PBS). To quantify the OVAp-
specific immune responses, spleens were harvested from
vaccinated animals (two mice per group, 2 weeks post-vac-
cination) and splenocyte suspensions were made by disso-
ciation of tissue through a 70 pm filter. RBCs were lysed
with ACK lysis buffer and cells were washed and resus-
pended in CM. Splenocytes were restimulated ex vivo with
irradiated OVAp-pulsed EL4 cells. On day 5, cells were
harvested and re-plated (1 x 10° cells/well) with OVAp-
pulsed or unpulsed EL4 cells (5 x 10? cells/well) for 24 h
for IFNy ELISpot analysis (mAb Tech), according to manu-
facturer’s protocol.

Tumor protection models

To determine if differentially matured DCs varied in their
ability to mediate protective immune responses to a subse-
quent tumor challenge, C57BL/6 mice were vaccinated
with OVAp-pulsed DCs (5-8 mice per group), as described
above. Six weeks post-vaccination, mice were inoculated
s.c. on the flank with EG7 (3 x 10° cells/0.2 mL). Tumors
were measured with vernier calipers every 2-3 days. Data
are reported as the mean £ STD of tumor volume:
width? x length x 0.52, where the width is the smaller of
two perpendicular diameters.

Statistical analysis

Comparison of tumor growth on the last day all animals
were alive was determined using an exact Jonckheere—
Terpstra test for equality of the three groups. If the
Jonckheere-Terpstra test was significant at P = 0.05, pair-
wise contrasts were compared with the exact two-tailed
Wilcoxon test. Animal survival was defined as the time in

days between tumor cell inoculation and the day of sacri-
fice, when the tumor diameter reached 2 cm. The compari-
son of animal survival was performed by an exact log rank
test, P < 0.05 was considered as significant.

Results

Combination of IL-4 and IFNy primes maturing DCs for
high IL-12 production

In order to determine whether type-1 polarization of DCs
can be used to enhance the induction of type-1 immunity in
vivo, we needed to establish the conditions of maturation of
mouse bone marrow-derived DCs (DC) leading to the gen-
eration of mature DCs with enhanced, rather than exhausted
ability to produce IL-12, following their follow-up stimula-
tion. Previous reports have examined the IL-12-enhancing
impact of IL-4 when present during the CD40L stimulation
[2, 29, 31]. However, the ability of this cytokine to prime
DC:s for subsequent IL-12 production (DC polarization) has
not been determined.

As shown in Fig. 1a, the presence of IL-4 during the
LPS-induced DC maturation resulted in a strong enhance-
ment of the ability of the resulting mature DCs to produce
IL-12 after the removal of this factor and subsequent stimu-
lation of DCs with CD40L. Interestingly, in contrast to the
human system where IFN7y, rather than IL-4, is the key fac-
tor responsible for costimulation of IL-12 production [16]
and is required for priming of DCs for IL-12 production
[37], the presence of IFNy alone at the maturation stage had
only marginal impact on the ability of mature DCs to pro-
duce IL-12 (Fig. 1a). However, IFNy strongly synergized
with IL-4 in priming DCs for high IL-12 production. This
key requirement for IL-4 at the stage of DC maturation was
similarly evident in the DCs that were obtained from bone
marrow precursors in each of the alternative protocols of
immature DC generation, either in the absence [11, 12, 34]
or in the presence [34, 35] of IL-4 at the early stage of DC
cultures (Electronic Supplementary Material (ESM) Fig. 1).
The priming effects of IL-4 and IFNy were also seen when
the DCs were stimulated with CD40L in the additional
presence of high concentrations of these cytokines (ESM
Fig. 2), arguing against the role of possible carry-over of
minor amounts of these factors from the maturation cul-
tures in determining the differences in IL-12-producing
capacity of the differentially matured DCs.

Similar to human type-1 polarized DCs that rely on the
secondary stimulation to produce high levels of IL-12 [37],
mouse DC1 s generated in the presence of LPS, IL-4 and
IFNy produced only low levels of IL-12 spontaneously but
produce very high levels of IL-12 when stimulated with
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Fig. 1 Polarized DCs produce
increased amounts of IL-12 as
compared to equally mature, 1000 -
non-polarized DCs. CD11¢*
DCs were positively isolated

from day eight bulk cultures 750

differentiated in presence of

GM-CSF. a After 1 day of matu-

ration with LPS or polarization

with LPS, IL-4 and/or IFNy,
cells were harvested and
co-incubated with a CD40L- 250
transfected cell line (J558-

CD40L) without co-stimulating

cytokines for 24 h. IL-12 in the 0 -
supernatant was measured by LPS
ELISA. b Spontaneous and IL4
induced IL-12 production IFNy +
measured for cytokine-matured
(upper panels, LPS or LPS,
IL-4, IFNy) and TLR ligand-
matured (lower panels, poly-
(I:C)/CpG or poly-(I:C)/CpG/
IFNy) DCs. Supernatants were
harvested after 24 h maturation
(spontaneous) and after matured
DCs were stimulated with J558-
CD40L cells for an additional
24 h. ¢ After 1 day of maturation
with LPS or LPS, IL4 and IFNy,
cells were harvested and replat-
ed in medium containing only
GM-CSF. J558-CD40L cells
were added at the indicated
times and supernatants were
harvested 24 h later to measure
IL-12 production after delayed D
CD40L stimulation. d Expres-

sion of maturation markers on

immature DCs, non-polarized
(LPS-matured) and polarized

(LPS, IL-4 and IFNy-matured)

DCs. Representative histograms

are shown. Data represent one of

three independent experiments
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CD40L, even when such stimulation is delayed up to 24 h
after maturation (Fig. 1b, c). In this regard, these cells were
clearly a superior model of human polarized DCls, com-
pared to the recently proposed mouse model involving the
DCs matured in combination of distinct of TLR ligands
[10]. In contrast to such type-1-polarized DCs, DCs
matured in the presence of a combination of TLR ligands
showed a transient production of IL-12 during maturation,
but did not continue to produce IL-12 following their
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removal from the maturation cultures, neither spontane-
ously nor upon their subsequent stimulation with CD40L
(Fig. 1b).

In accordance with their fully-mature phenotype, non-
polarized and type-1-polarized DCs generated in the pres-
ence of LPS, IL-4 and IFNy showed uniformly high levels
of CD86 and I-AP (Fig. 1d), similar to their LPS-matured
non-polarized counterparts, further indicating their similar-
ity to human type-1 polarized DCs [27, 37].
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Superior immunostimulatory activity of polarized
DCls in vivo: key role of IL-12/IL-23

In order to determine if the DCs matured by LPS in the
presence of IL-4 and IFNy have an enhanced capacity to
induce antigen-specific type-1 immune responses in vivo,
C57BL/6 mice were vaccinated with the differentially
matured DCs (3 x 10° DCs) pulsed with the H-2 K-
restricted dominant CD8* T cell epitope of chicken ovalbumin
(OVA,57 9645 SIINFEKL). The frequency of OV Ap-specific
T cells was determined two weeks post-vaccination,
using IFNy ELISPOT of the ex vivo restimulated cul-
tures (Fig. 2). Even with the low number of DCs used for
the vaccination, the polarized DCs were capable of
inducing a robust immune response to OVA,s; ., Whereas
the non-polarized DCs were not. There was very low induc-
tion of non-specific T cell activation by either DC vaccine
(Fig. 2).

Since IL-12 is a key cytokine involved in the generation
of type-1 immunity [36], we tested the relative role of the
elevated production of IL-12 family members by polarized
DCls in their superior ability to induce antigen specific
immune responses in vivo. It has recently been shown that
human type-1 polarized DCs produce high levels of IL-12
and IL-23 [40]. To this aim, C57BL/6 mice were vaccinated
using OV Ap-loaded differentially matured DCs generated
from the bone marrow of IL-12p40-deficient animals, which
lack the common subunit for IL-12p70 and IL-23. As
expected, 1L-12/23p40 deficiency completely abolished the
advantage of type-1 polarized DCs in inducing enhanced
levels of Ag-specific immune responses (Fig. 2, inset).

200 1 200
- IL-12p40 KO Wl e
) 150 B EL4:0vA
9]
S § 50/ :
Q c
¢ o 1004 ;| cwm .=. . mm
<3 PBS Non-  Polarized
Ouw polarized
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0 r % =% o * :
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Fig. 2 Polarized DCs induce superior antigen-specific responses in
vivo. Polarized or LPS matured DCs were prepared as in Fig. 1, pulsed
with the OVA,s; 5, peptide (OVAp) and injected s.c. (3 x 107 cells
per mouse) into two animals per group. Two weeks later, splenocytes
were harvested and restimulated for 5 days with irradiated EL4 cells
pulsed with OVAp (EL4 + OVAp). The number of OV Ap-specific T
cells was determined by IFNy ELISPOT. Data represent one of three
independent experiments. Inset DCs generated from IL-12/23p40 KO
mice were used for vaccination, as described above. *Below detect-
able level

Polarized DCs have superior ability to induce protective
anti-tumor immunity

In order to determine if the enhanced immune response
generated by the polarized DCs translated into improved
immunity to a subsequent tumor challenge, C57BL/6 mice
were pre-vaccinated with OVAp-loaded DCs and, 6 weeks
post-vaccination, they were inoculated with EG7, an
OVA-expressing lymphoma. As shown in Fig. 3a, vacci-
nation with polarized DCs had a significant reduction in
tumor size compared to both the untreated control animals
and to the animals receiving the analogous non-polarized
vaccine. The difference in tumor growth was reflected by
the doubling of the survival benefit of vaccination. Com-
pared to the median survival of the untreated animals of
19 days (Fig. 3b), the survival time resulting from DC
polarization increased from 25 days (6 day survival benefit
observed in mice vaccinated with non-polarized DCs) to
35 days (16 days survival benefit observed in mice vacci-
nated with polarized DCs). Taken together, these data
demonstrate the superior ability of polarized DCs to
induce antigen-specific immune responses and protection
from tumor challenge.

Discussion

It was previously shown that mouse antigen-carrying DCs
can be found in draining LN within hours [8, 28, 41], while
human DC-based cancer vaccines can take as long as 48 h
to migrate from the site of a subcutaneous (or intradermal)
injection to the LN and initiate an immune response [5].
Thus, the ability of the DCs to retain the capacity for high
IL-12 secretion upon delayed interaction with T cells, in the
absence of the original maturation stimulus, is likely to be
crucial for their ability to induce type-1 immune responses
in vivo.

In attempt to develop cancer vaccines with selectively-
enhanced ability to promote Thl, CTL, and NK cell-domi-
nated type-1 immunity, desirable in cancer, we have
recently described several ways of inducing fully mature
DCs capable of producing high levels of bioactive IL-12p70
after subsequent interaction with T cells or the stimulation
with T cell-representing stimuli, such as CD40L [2, 19, 20,
26]. In contrast to the previously-applied strategies (such as
DC pre-stimulation with CD40L or with a combination of
TLR ligands or transduction of DCs with both IL-12
genes), polarized DC1s do not produce IL-12p70 spontane-
ously but are primed for secretion of high levels of IL-12
after migration [27], upon contact with T cells or subse-
quent stimulation, resulting in their ability to convert pre-
existing Th2-type responses to Th1 responses, and superior
activity in inducing tumor-specific CTLs [2, 19, 20, 26].
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Fig. 3 Polarized DCs elicit protective immunity in EG7 cancer model.
Polarized or LPS matured DCs were prepared as in Fig. 1, pulsed with
OVAp and injected s.c. (3 x 10 cells per mouse) into 5—8 animals per
group. Six weeks later, mice were challenged with 3 x 10® EG7 cells.
a Tumor growth kinetics were monitored every 2-3 days. An exact
two-tailed Wilcoxon test was used to analyze the statistical signifi-
cance of tumor growth between the treatment groups. b Survival was
monitored daily and mice were sacrificed when tumors reached 2 cm
in diameter, in accordance with the University of Pittsburgh IACUC
protocol. An exact log rank test was used to analyze the survival differ-
ences between the polarized and non-polarized treatment groups
(P =0.0238). Data represent one of three independent experiments

While such DCl1s showed superior immunostimulatory
activity in vitro, the evaluation of their immunogenic effec-
tiveness in vivo, and the design of the most effective DC1-
based strategies of cancer vaccination has been hampered
by the lack of suitable mouse models of human polarized
DCs. Our current data demonstrate that the combination of
IL-4 and IFNy is highly effective in driving type-1 polariza-
tion of LPS-matured DCs, in analogy to the human system,
manifested by the combination of mature phenotype and
elevated ability to produce high levels of IL-12 following
subsequent CD40L-stimulation, even if such stimulation is
delayed for up to 24 h. It has previously been shown that
mouse DCs injected s.c. can take 12-24 h to reach the LN
[8, 41], so the ability of polarized DCs to produce high IL-
12 after delayed CD40L stimulation is crucial in directing
type-1 responses in vivo, with important implications for
the use of polarized DCs as cancer vaccines. Moreover, our
data show that in addition to their superior ability to drive
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CTL and Thl responses demonstrated in the human system
in vitro [2, 19, 20], DCls are superior inducers of CTL
responses in vivo (Fig. 2), which translates into enhanced
induction of protective anti-tumor immunity (Fig. 3).

Recently, Hokey et al. [10] proposed the use of mouse
DCs matured under the influence of two TLR ligands,
poly(I:C) and CpG, as a model of human DC1s. However,
our current data demonstrate that while such TLR ligand-
matured DCs do have enhanced production of IL-12 during
the period of the TLR exposure, they become “exhausted”
within 24 h and lose the ability to produce IL-12, and thus,
do not develop a stable “polarized” character (Fig. 1b). The
stable ability to produce IL-12 is dependent on IL-4, which
can not be substituted for by type-1 interferons or TLR
ligands which induce type-1 interferons, in contrast to the
human system [27]. While these DCs exhibit enhanced
anti-tumor activity when used as a therapeutic vaccine, the
above study did not differentiate between the role of IL-12
production and elevated maturation stage of the DCs acti-
vated by the combination of two TLR ligands. Our current
data showing that DCs matured by LPS in the presence of
IFNy and IL-4 show similar (to LPS-alone matured DCs)
expression of the maturation-associated costimulatory mol-
ecules, and demonstrates the dependence of their elevated
stimulatory function on IL-12 production, help to overcome
these concerns, further indicating that the LPS, IFNy and
IL-4-matured DCs represent a mouse model of human type-
I-polarized DCs.

While IFNYy is the prototypic Thl cytokine and has been
known to enhance IL-12 [7], resulting in a positive feed-
back loop where IL12 enhances the secretion of IFNy by T
cells [4], IL-4 is nominally considered as a factor with Th2-
driving properties [32]. However, the data from IL-4
knockout mice revealed that IL-4 has also a paradoxical
role in the development of Thl responses [3, 31]. Our cur-
rent data helps to explain this paradox: while the presence
of IL-4 at the time of DC:T cell interaction may enhance
production of IL-12 [9, 16], its dominant effect is the shut-
ting down of the IL-12 responsiveness, resulting in the pro-
motion of Th2 responses. In contrast, the pre-exposure of
DCs to IL-4 prior to the interaction with Th cells polarizes
the DCs for high IL-12 production, allowing such polarized
DCls to promote Thl responses in another compartment
(such as LN) in the absence of IL-4 itself and its antagonis-
tic direct effects on Th1 cells.

In summary, the current data provide a model for the
generation of mouse type-1-polarized DCs and demonstrate
that ex vivo polarization of DCs allows for boosting their
subsequent activity in vivo as cancer vaccines. As such, the
current results facilitate an in depth analysis of the applica-
tion of DCl-based vaccines against cancer and chronic
infections in preclinical mouse models.
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