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Abstract Recent reports revealed that dendritic cell
(DC)–natural killer (NK) cell interaction plays an
important role in tumor immunity, but few DC vac-
cine studies have attempted to evaluate the non-spe-
cific, yet potentially clinically relevant, NK response to
immunization. In this study, we first analyzed in vitro
activation of NK cells by DCs similar to those used in
clinical trials. Subsequently, NK cell responses were
analyzed in a phase I clinical trial of a vaccine con-
sisting of autologous DCs loaded with a fowlpox
vector encoding CEA. The data were compared with
the clinical outcome of the patients. DC enhances NK
activity in vitro, partly by sustaining NK cell survival
and by enhancing the expression of NK-activating
receptors, including NKp46 and NKG2D. Among
nine patients in our clinical trial, NK cytolytic activity
increased in four (range 2.5–5 times greater lytic
activity) including three who had increased NK cell
frequency, was stable in two and decreased in three.
NKp46 and NKG2D expression showed a good cor-
relation with the patients’ NK activity. When patients
were grouped by clinical activity (stable disease/no
evidence of disease (stable/NE, n=5) vs progressive
disease (N=4) at 3 months), the majority in the sta-
ble/NE group had increases in NK activity (P=0.016).
Anti-CEA T cell response was enhanced in all the nine
patients analyzed, but was not significantly different
between the two groups (P=0.14). Thus, NK re-
sponses following DC vaccination may correlate more
closely with clinical outcome than do T cell responses.
Monitoring of NK response during vaccine studies
should be routinely performed.
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Introduction

Most cancer vaccines in development are intended to
function by activating tumor antigen-specific T cells.
Therefore, the goal of animal and human studies with
these vaccines has been to demonstrate the induction of
CD8+ and sometimes CD4+ antigen-specific T cells.
Because dendritic cells (DCs) are the most important
cells for processing and presenting antigen to T cells, a
promising strategy for immunotherapy has been to
utilize vaccines based on DC loaded with tumor anti-
gen. Recently, we completed a study in which patients
with advanced carcinoembryonic antigen (CEA)
expressing malignancies were immunized with autolo-
gous, monocyte-derived DC modified to express the
tumor antigen CEA and a triad of costimulatory
molecules by infection with the fowlpox vector rF-
CEA(6D)-TRICOM [1]. As expected, we found that
the number of CEA-specific CD8+ and CD4+ T cells
at the height of the immune response tended to cor-
relate with the ability to maintain tumor stability.
Nonetheless, there were patients with clinical stability
and fairly low levels of CEA-specific T cell response.
This suggested that there may be other mechanisms for
immune response to the tumor, such as natural killer
(NK) mediated tumor destruction.

Natural killer cells, members of the innate immune
system, are important for the immunological control of
infection and tumors due to their capacity for cellular
cytotoxicity and production of cytokines such as inter-
feron-c (IFN-c) and tumor necrosis factor (TNF) [2].
Unstimulated NK cells are generally thought of as
resting, but strong functional activity is induced in vivo
by exposure to pathogen-produced molecules such as
double-stranded RNA or CpG oligonucleotides, as well
as tumors [3]. There is increasing evidence that activa-
tion of NK cells in vivo may be due to interactions with
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DCs [4–8]. In particular, co-culture of NK cells with DC
enhances NK-mediated cytolytic activity and IFN-c
production.

Dendritic cell–NK cell interactions appear to be
important for tumor rejection. For example, injected
DCs substantially augment NK cell-mediated protection
from challenge with tumor cells [4, 9]. In glioma models,
Parajuli [10] demonstrated that both CTLs and NK-like
T cells (CD3(+)CD56(+)) are expanded and stimulated
by mature, tumor-pulsed DCs. NK cells also recipro-
cally provide activating stimuli to DCs. NK cells can
cause immature DCs to undergo maturation with the
result that they produce interleukin 12 [6, 7] and upre-
gulate costimulatory molecules such as CD86. Further-
more, T cell responses are further influenced by IFN-c
produced by NK cells, which promotes antigen pro-
cessing and presentation to T cells and T helper type 1
cell polarization [8]. Finally and surprisingly, control of
DC, especially immature DC, may also be achieved by
NK cell-mediated lysis of DCs [11, 12].

We wished to determine if NK cells were responsive
to DC-mediated activation and whether this activation
was more potent with DCs modified to express high
levels of costimulatory molecules. Based on this data,
we then evaluated whether NK cells might be respon-
sive to vaccinations using DCs modified with fowlpox
vectors encoding CEA and a triad of costimulatory
molecules in our phase I clinical trial. Therefore, uti-
lizing specimens available from the phase I clinical
trial, we evaluated NK cell number, phenotype and
function in the peripheral blood before and after
immunization with the DC vaccine. We correlated the
in vitro results with clinical outcomes and observed
that there was an association between NK activity and
clinical outcome in this phase I study. Based on these
results, we conclude that DCs can sustain NK cell
survival and upregulate NK activation receptors. By
these mechanisms, DC-based vaccination seems to en-
hance innate immunity, and benefits to improve anti-
tumor immune response.

Materials and methods

Patients and protocols

Participants were provided signed informed consent
approved by the Duke University Medical Center
Institutional Review Board before enrollment. This
clinical trial was performed under FDA approved
Investigational New Drug Exemption (IND). The par-
ticipants were required to have a metastatic cancer
expressing CEA as defined by immunohistochemical
analysis or elevated CEA in peripheral blood. Detailed
inclusion criteria were described in our previous report
[1]. Of the 14 patients enrolled in the trial, blood samples
from nine were available for this study. Five of them had
colorectal cancer, three had lung cancer and the other
had urachal adenocarcinoma. Most of these patients had

failed at least two prior chemotherapeutic regimens.
Vaccinations of the patients were done by the following
method. Seven day cultured monocyte-derived DCs
were infected with the recombinant fowlpox virus (rF-
CEA(6D)-TRICOM) containing genes for human CEA
and the three costimulatory molecules B7.1, ICAM-1
and LFA-3 at moi5 for at least 30 min before adminis-
tration. rF-CEA(6D)-TRICOM was manufactured by
Therion Biologics Corporation (Cambridge, MA) and
supplied by the Cancer Treatment Evaluation Program
(NCI). Patients received one or two cycles of the DC
vaccines. A cycle consisted of the leukapheresis, gener-
ation of DCs, loading the DCs with antigen and
administration of the fresh DCs followed by three, tri-
weekly immunizations with previously cryopreserved
DC. Those who had progressed on imaging studies did
not receive the second cycle of vaccinations. Clinical
activity was assessed by applying the RECIST criteria to
CT or MRI scans obtained before and after each cycle of
immunization.

Flow cytometric analysis

PBMCs harvested from leukapheresis products were
kept frozen in 10% DMSO+90% autologous plasma
until use. The cells were analyzed on a FACSCaliber
using the CellQuest software (Becton Dickinson, San
Diego, CA). The monoclonal antibodies used were:
APC-labeled CD56, FITC-labeled CD3, PerCP-labeled
CD45 and the following PE-labeled antibodies: CD69,
CD244 (2B4), NKG2A, NKG2C, NKG2D (PharMin-
gen, San Diego, CA), NKp30, NKp44, NKp46 (Im-
munotech, Marseille, France). CD45+ cells were first
gated by histograms and then lymphocytes were gated
from these cells using forward scatter/side scatter dot
plots. CD3-CD56+ NK cells were analyzed for their
expression of those molecules mentioned above. The
percentages of CD3-CD56+ NK cell and CD3+CD56-
T cell were also analyzed.

51Cr release assay

Frozen stocked PBMCs were thawed and incubated
overnight in RPMI1640 medium+10% human AB
serum with or without IL-2 (1,000 IU/ml). In some
cases, NK cells were isolated using NK cell isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions and were
used as effector cells. The purity of CD3-CD56+ NK
cell after magnetic beads isolation procedure was always
more than 90%. K562 cells and Raji cells were labeled
with 51Cr and used as target cells. Three to five thousand
target cells were put into each well of 96-well U-bot-
tomed plates and effector cells were added to make the
E:T ratio appropriate (125:1, 25:1, 5:1, 1:1 for PBMCs,
10:1, 2:1 for NK cell). The cells were incubated for 4 h at
37�C, and 51Cr release was analyzed by TRILUX gam-
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ma counter (Wallac). More than 10% increase or de-
crease in cytotoxicity at 25:1 E:T ratio was evaluated as
a significant change.

IFN-c ELISPOT assay

Interferon-c ELISPOT assay was performed using anti-
human IFN-c Mab (diaPharma Group, Inc., West
Chester, OH) as reported previously [1]. Briefly, PBMCs
were plated to 96-well plates in the presence of rF-
CEA(6D)-TRICOM (moi 10) or rF-wild type (moi 10)
as a control for any anti-fowlpox responses. The plates
were incubated for 18–20 h at 37�C, 5% CO2, followed
by incubation with anti-IFN-c biotinylated Mab (dia-
Pharma Group, Inc.) for 2 h and Vectastain ABC Per-
oxidase (Vector Labs, Inc., Burlingame, CA) for 1 h.
Color was developed using 3-amino-9-ethyl-carbazole
[AEC] (Sigma, St. Louis, MO). Spot numbers were
estimated using the KS ELISPOT Automated Reader
System with the KS ELISPOT 4.2 Software (Carl Zeiss,
Inc., Thornwood, NY).

Cytokine analysis

The concentrations of IL-2, IL-4, IL-10, TNF-a and
IFN-c in the culture supernatant were measured with
the Cytometric Bead Array (CBA) kit (BD Pharmin-
gen), according to the manufacturer’s instructions, and
analyzed on a FACSCaliber flow cytometer using BD
CBA software (BD BioScience, San Diego, CA). The
Interleukin-12 (IL-12) p70 concentration was measured
by the enzyme-linked immunosorbant assay (Mabtech,
Nacka, Sweden) according to the manufacturer’s
instructions.

Effect of DCs on NK activity in vitro

The DCs were cultured from flask adherent cells as
described above. After 7 days culture with GM-CSF
and IL-4, cells were harvested from the flask. PBLs
were prepared from PBMCs using the flask adherent
technique, that is, eliminating flask adherent cells after
2 h of incubation at 37�C. CD56 MicroBeads (Milte-
nyi Biotec) was used to deplete NK cells from the
PBLs and the DC population. One half of the DCs
were infected with rF-CEA(6D)-TRICOM at moi 5 for
1 h, and further incubated overnight. To examine the
effect of DCs on NK cell-activation status and NK
killing activity, 5·106 of autologous PBLs or NK cell-
depleted PBLs were cultured alone or with 5·105 of
mock-infected DCs or rF-CEA(6D)-TRICOM-infected
DCs at the ratio of 10:1 in 25-cm2 flask. After 3 or
7 days culture, the cells were harvested from the flasks
and analyzed by flow cytometry. NK killing activity
was analyzed using 7-day cultured cells by the stan-
dard 4 h 51Cr release assay.

Statistical analysis

Wilcoxon rank sum was used to compare the NK
activities between patients with stable disease or minor
response and those with progressive disease. Student’s
t-test was used to compare expression of NK cell
receptors between pre- and post-vaccination.

Results

NK cell activation by DC in vitro

We wished to determine if NK cells and their functional
activity were modified by the DC platform used in our
clinical vaccination study. Therefore, we cultured PBL
with DC alone (mockDC) or DC modified with a re-
combinant fowlpox encoding a triad of costimulatory
molecules (tricomDC). We demonstrated that after
3 days of stimulation, the percentage of CD56+CD3-
NK cells was greater when PBL were exposed to DC,
and was preserved to a greater degree with tricomDC
(Fig. 1a). As shown in the histograms, 33.5% of the NK
cells in the PBL culture alone were dead (7-AAD posi-
tive), whereas lesser percentages of NK cells were dead
in the co-culture with DCs (PBL/mock DC, 13.2%;
PBL/tricomDC, 8.95%). Thus, DCs in the culture
helped the survival of NK cells in the culture condition
without IL-2.

These NK cells cultured with DCs demonstrated
increased activation as determined by an increased
expression of CD69 (Fig. 1b). Furthermore, there were
subtle differences in NK receptor phenotype with a
slightly greater expression of NKp46 and NKG2D,
both activating receptors (Fig. 1b). The NK cell cul-
tures exposed to DCs generated substantially more
IL-12, but only the cultures with DC modified to hy-
perexpress the costimulatory molecules (tricomDC)
produced IFN-c (Fig. 1c). The cytolytic activity of
these cultures was greater when exposed to DC with a
trend for greater cytolytic activity for cultures stimu-
lated with tricomDC (Fig. 1d). Removing the NK cells
from the culture before starting co-culture abolished
the cytolytic activity. These data taken together dem-
onstrate that DCs, particularly those hyperexpressing
costimulatory molecules as used in our clinical trial,
activate NK cells.

NK cell frequency in the peripheral blood of patients

We wished to analyze the NK cell frequency, phenotype
and function in our DC vaccine clinical trial. Among
nine patients analyzed, four patients received two cycles
of vaccination. CD3-CD56+ NK cell frequency was
analyzed by flow cytometric analysis (Table 1). NK cell
frequency increased by more than 5% in the lympho-
cytes of four patients (TRI-07, -21, -22, -38) and slightly
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in one (TRI-37) after vaccinations. Likewise, two pa-
tients (TRI-26 and TRI-40) had stable (changes less than
1%) NK cell proportion and the two others (TRI-06 and
TRI-32) showed a slight decrease. Absolute numbers of
NK cells in the peripheral blood were calculated based

on the NK cell frequency in the lymphocytes analyzed
by flow cytometry and the absolute lymphocyte numbers
obtained by the automated cell counter, and are shown
in Table 1. In five patients (TRI-07, -21, -22, -37, -38),
NK cell number increased during vaccination, two

Fig. 1 NK cell activation by DC–NK cell interaction in vitro. DCs
were cultured from flask adherent cells in AIM V media containing
rh-GM-CSF and rh-IL-4 for 7 days. CD56 MicroBeads (Miltenyi
Biotec) was used to deplete NK cells from PBLs and DC
population. One half of the DCs were infected with rF-CEA(6D)-
TRICOM at moi 5 and incubated overnight. Then, PBLs or NK-
depleted PBLs were incubated alone or with mock-infected
(mockDC) or rF-CEA(6D)-TRICOM-infected DCs (tricomDC).
a, b After a 3-day culture, the cells were harvested and analyzed for
NK cell percentages, NK cell viability (a) and receptor expression
on NK cells (b). Cells were stained with anti-CD3-FITC, anti-
CD56-APC, 7-AAD and PE-labeled antibodies for the following
antigens: CD69, CD161, CD244 (2B4), NKp30, NKp44, NKp46,
NKG2A, NKG2C, and NKG2D. a Percentages of CD56+CD3-
NK cells are shown in each dot plot. In each histogram,

percentages of dead cells (7-AAD positive) in total NK cells are
shown. b Percentages of receptor positive cells are shown in each
histogram and mean fluorescence intensities are shown in paren-
theses. c, d After a1-week culture, the cells were harvested for the
following assays. Representative data of two experiments with
similar results are shown. c Culture supernatants were collected and
their cytokine concentrations were analyzed by Cytometric Beads
Array assay and IL-12 ELISA. d Cells were used as effector cells in
standard 4 h 51Cr release assay. K562 cells were used as target cells.
Open symbols PBLs cultured alone or with DCs. Filled symbols
NK-depleted PBLs cultured alone or with DCs. Square symbols
PBLs cultured without DC addition. Triangle symbols PBLs
cultured with mock-infected DCs (mockDC). Circle symbols PBLs
cultured with fp-TRICOM-infected DCs (tricomDC)
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Table 1 White blood cell
counts and NK cell numbers
in patients

NK cell percentages in lym-
phocytes were analyzed using
flow cytometry by gating CD3-
CD56+ NK cell population in
CD45+ FSClow SSClow lym-
phocytes population. Absolute
NK cell numbers were calcu-
lated based on lymphocytes
number in peripheral blood and
NK cell percentages in the
lymphocyte population

Pt-number Time (before/after
vaccination)

WBC
(·103/ml)

Lymphocyte
(·103/ml)

NK cell in
lymphocyte (%)

NK cell
(·103/ml)

TRI-06 Before 6,900 1,380 8.81 122
After first 6,700 1,005 7.62 77

TRI-07 Before 4,600 860 32.11 276
After first 6,700 864 39.99 346

TRI-21 Before 4,000 688 12.46 86
After first 6,000 978 15.00 147
After second 5,200 842 18.36 155

TRI-22 Before 4,100 1,415 10.20 144
After first 4,600 1,306 6.17 81
After second 4,800 955 19.84 190

TRI-26 Before 3,900 901 19.91 179
After first 4,100 951 12.55 119
After second 4,800 806 20.89 168

TRI-32 Before 6,300 1,273 9.90 126
After first 7,700 924 8.45 78

TRI-37 Before 6,200 1,364 10.31 141
After first 6,000 1,848 11.87 219

TRI-38 Before 8,700 2,862 5.57 159
After first 5,900 1,929 10.85 209

TRI-40 Before 3,900 1,162 13.91 162
After first 3,900 1,127 13.25 149
After second 3,900 1,104 14.75 163

Fig. 2 Changes of NK activity
in patients vaccinated with rF-
CEA(6D)-TRICOM-infected
DCs. Frozen stocked PBMCs
were thawed the day before the
assay, and were incubated
overnight in RPMI1640
medium+10% human AB
serum with or without IL-2
(1,000 IU/ml). K562 cells
labeled with 51Cr were used as
target cells. Raji cells were used
as negative controls. Three to
five thousand K562 cells were
put into each well of 96-well
U-bottom plates, and PBMCs
were added to make
appropriate effector:target
ratios. After 4 h of incubation,
51Cr release was analyzed by
gamma counter. TRI-06 and
TRI-32 underwent one cycle of
vaccination, whereas TRI-21
and TRI-22 had two cycles.
Square before vaccination,
circle after first cycle of
vaccination, triangle after
second cycle of vaccination,
filled symbol with IL-2, open
symbol without IL-2
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(TRI-26 and TRI-40) had no significant change and two
others (TRI-06 and TRI-32) showed a decrease. Chan-
ges in the absolute NK cell number showed a similar
trend to the changes in NK cell frequencies in the
PBMCs.

NK cytolytic activity of patients treated with
rF-CEA(6D)-TRICOM-infected DCs

Among the five patients who finished one cycle of
vaccination, three patients (TRI-07, -32, -37) showed
decreased NK activity after treatment, while one pa-
tient (TRI-06) showed no change and the other (TRI-
38) showed a moderate increase (Fig. 2, Table 2).
Among the four patients who finished two cycles, three
(TRI-21, -22, -40) showed a gradually enhanced NK
activity (Fig. 2). The other one patient (TRI-26)
showed a slight decrease after one cycle treatment and
had recovered NK activity at the end of the second
cycle (estimated as ‘‘no change’’). Cytotoxicity against
Raji cells was always significantly lower than that
against K562 target cells. In summary, NK cytolytic
activity increased in four patients (range 2.5–5 times
greater lytic activity), was stable in two and decreased
in three. Five patients showed good correlation be-
tween NK killing activity and absolute NK cell number
in the peripheral blood, whereas two patients had the
opposite trend.

From three patients’ PBMCs (TRI-37, -38, -40), NK
cells were negatively isolated using NK Cell Isolation
Kit and NK killing activity of each time point was
compared with those of the PBMCs. As expected,
PBMCs and NK cells showed a similar trend with regard
to the change of NK cytolytic activity. In two patients
(TRI-38 and TRI-40), NK cell showed gradual increase

in killing activity just like the PBMCs did (Fig. 3), and
the other patient (TRI-37) had decreased activity com-
pared to the pre-vaccination status for both the PBMCs
and the isolated NK cells. Thus, we believe that the
analysis of NK activity in PBMCs reflects not only NK
cell numbers in the peripheral blood at each time point
but also indicates, at least in some cases, the activation
status of individual NK cells.

NK cell receptor expression on NK cells

For nine patients, we analyzed CD69, 2B4(CD244),
NKG2A, NKG2C and NKG2D expression on CD3-
CD56+ NK cells (Fig. 4), and for four patients
among them, we also analyzed the expression of nat-
ural cytotoxicity receptors, NKp30, NKp44 and
NKp46 (Fig. 5). Expression of NKG2A, one of the
inhibitory NK cell receptors, was enhanced in five
patients (TRI-21, -22, -37, -38, -40) and decreased in
two (TRI-06 and TRI-26). Expression of NKG2C, one
of the activating NK cell receptors, was stable in most
cases except in one patient (TRI-37). NKG2D, an-
other c-type lectin receptor, was enhanced in expres-
sion in three (TRI-32, -38, -40), and two of them had
enhanced NK killing activity. Four patients, however,
had stable NKG2D expression, while two (TRI-06 and
TRI-37) had lower NKG2D expression, among them
one (TRI-37) had decreased NK activity. There were
no significant changes in 2B4 expression. NKp30 and
NKp46 showed enhanced expression in two (TRI-37
and TRI-38) of the four patients, another patient
(TRI-40) showed mildly increased MFI (90.8 fi 104.7)
after two cycles of treatment and two of those three
patients who showed stronger NKp46 expression had
enhanced NK activity after vaccination. The other
patient (TRI-32) showed lower expression of NKp46
after vaccination, which coincided with the change of
NK activity. The other natural cytotoxicity receptor,
NKp44, did not show any significant changes in
expression. Thus, NKG2D and NKp46 expression of
NK cell seemed to have a good correlation with NK
activity in this study.

Correlation between NK activity and clinical outcome

When the patients were grouped by clinical activity
(stable disease/no evidence of disease (n=5) vs pro-
gressive disease (N=4) at 3 months), we observed that
the majority (four of five cases) of those with stable
disease/no evidence of disease had increases in their NK
activity (chi square, P=0.0163) and the other one case
showed no significant change (Table 2). All the patients
who had increased NK activity after vaccination showed
better prognosis. On the contrary, the majority (three of
four cases) of those patients with clinically progressive
disease had decreased NK activity after their vaccina-
tions. All three patients who showed a decrease in NK

Table 2 Changes of NK activity and clinical outcome

Pt Treatment
cycle

T cell response
(baseline)

NK activity Clinical
outcome

TRI-06 1 13 (2.7) No change Progressive
TRI-07 1 69 (10.2) Decreased Progressive
TRI-21 2 228.5 (1.2) Increased Stable/NE
TRI-22 2 26.3 (0.3) Increased Stable/NE
TRI-26 2 169.7 (0.2) No change Stable/NE
TRI-32 1 53 (2.5) Decreased Progressive
TRI-37 1 57 (2) Decreased Progressive
TRI-38 1 72 (0.7) Increased Stable/NE
TRI-40 2 91.5 (1) Increased Stable/NE

NK activity was examined by 4 h 51Cr release assay against NK-
sensitive K562 cells. T cell response shows maximum response for
fp-TRICOM-CEA transduced DCs in ELISPOT assay (IFN-c+
cells in 100,000 PBMCs) after first vaccination. The values before
vaccinations are shown in parentheses. Change of NK activity was
estimated at 25:1 effector to target ratio, and less than 10% increase
or decrease was regarded as no change. Clinical outcome was as-
sessed by applying the RECIST criteria to CT or MRI scans ob-
tained before and after each cycle of immunization. Progressive
progressive disease, stable/NE stable disease or no evidence of
disease
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activity had progressive disease. However, based on the
results of ELISPOT assay, all the patients included in
this analysis showed enhanced T cell response after
vaccination (more than 10 IFN-c positive spots per
100,000 PBMCs). Although it was not significant, sta-
ble/NE patients tended to have higher numbers of IFN-
c+ spots than patients with the progressive disease
(118±80.8 vs 48.0±24.3, respectively, P=0.14). Thus,
importantly, the NK results predicted more closely with
the clinical outcome than did the T cell responses (chi
square, P=NS).

Discussion

We wished to study NK cell activation by DCs to
determine if part of the clinical activity ascribed to DC-
based vaccines might be related to enhanced NK cell
function. We first demonstrated that DC, particularly
those hyperexpressing the costimulatory molecules
CD54, CD58 and CD80, activated NK cells in vitro and
maintained their survival. Subsequently, we showed that
changes in NK activity following DC vaccination

correlated with clinical outcome. Previously, we had
observed a correlation between the magnitude of the
CEA-specific T cell response and clinical activity (stable
disease and minor response) [1]. We now hypothesize
that those patients who experienced clinical benefit did
so because of T cell and/or NK cell activation.

Dendritic cells have long been recognized as highly
versatile components of the immune system that can
affect adaptive immunity at multiple levels. Interaction
of DCs with T cells, B cells and NKT cells have been
well described. Recent studies indicate that cell-to-cell
contact between DC and NK cell increases NK cell
cytolytic activity and IFN-c secretion in mice [4].
Gerosa [13] reported that myeloid DC induced NK
cell secretion of IFN-c through a mechanism depen-
dent on both IL-12 secretion and cell contact between
NK cells and DC. Interestingly, Van den Broeke et al.
[14] found in their murine tumor model that vacci-
nation with antigen-unpulsed DC induced tumor
immunity through the activation of NK cells. They
showed increased NK activity and increased NK cell
infiltration into the tumors in these mice, and, similar
to our observations, demonstrated that activation of

Fig. 3 Changes of NK activity
in PBMCs and purified NK
cells. Frozen stocked PBMCs
were thawed the day before the
assay, and were incubated with
or without IL-2 (1,000 IU/ml).
NK cells were purified using
NK Cell Isolation Kit after
overnight incubation. K562
cells labeled with 51Cr were used
as target cells. Isolated NK cells
were put to 96-well plates to
make 10:1 and 2:1
effector:target ratios. Square
before vaccination, circle after
first cycle of vaccination,
triangle after second cycle of
vaccination, filled symbol with
IL-2, open symbol without IL-2
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NK cells relied on the expression of costimulatory
molecules on DCs. Similarly, Adam et al. [15] recently
reported that antigen-unloaded DCs induced tumor
rejection and tumor-specific long-term memory inde-
pendent of CD4+ helper cell. NK activation follow-
ing DC–NK cell interaction was necessary for the
primary rejection and NKG2D–NKG2D ligand were
involved in this process. In addition, the long-term
protection against tumor was provided by cytolytic T
cells activated by IL-12 and IFN-c secreted in the
course of the DC–NK cell interaction. Interestingly,
we also observed increases in IL-12 and IFN-c in our
NK cell cultures. These findings suggest that DC–NK
cell interaction may result in anti-tumor activity
through enhanced NK cell killing or by enhanced
activation of cytolytic T cells. Nieda et al. [16] recently
reported a clinical trial of cancer immunotherapy
using DCs pulsed with CD1d-specific ligand, a-galac-
tosylceramide. They observed the activation of NK
cells as well as NKT cells after DC administration,
and found that NK cytolytic activity was enhanced in
five out of 11 patients. Thus, DCs might be able to
activate NK cells directly or indirectly through acti-
vation of other cell types, such as the NKT cells. We
found the prolonged survival of NK cells when they
were co-cultured with DCs (Fig. 1a), which is consis-
tent with the previous report [17]. Direct secretion of
cytokines, such as IL-12 and IL-15, by matured DCs
can reciprocally promote NK cell survival and differ-
entiation in vivo [18, 19]. This might be the mecha-

Fig. 4 Expression of natural killing receptors on NK cells in
patients vaccinated with rF-CEA(6D)-TRICOM-infected DCs.
Frozen stocked PBMCs were thawed the day before the staining.
Cells were stained with FITC-labeled anti-CD3, PerCP-labeled anti-
CD45, APC-labeled anti-CD56 and PE-labeled anti-NKp30, 44 or
46. CD45+ FSClow SSClow CD3-CD56+ NK cells were analyzed
for their expression of natural killing receptors. Two representative
cases, which had increased NK activities after vaccination, are
shown. Filled histograms show the NK receptor staining and solid
lines show isotype controls. The numbers indicated in histogram
show percentage of positive cells and the numbers in parentheses
show mean fluorescence intensity

Fig. 5 Expression of NK-activating receptors and inhibitory
receptors on NK cells. Frozen stocked PBMCs were thawed the
day before the staining. Cells were stained with FITC-labeled anti-
CD3, PerCP-labeled anti-CD45, APC-labeled anti-CD56 and PE-
labeled anti-CD69, 2B4 (CD244), NKG2A, NKG2C or NKG2D.
CD45+ FSClow SSClow CD3-CD56+ NK cells were analyzed for

their expression of these receptors. Two representative cases are
shown, TRI-32: decreased NK activity, TRI-40: increased NK
activity after vaccination. Filled histograms show the NK receptor
staining and solid lines show isotype controls. The numbers
indicated in the histogram show the percentage of positive cells
and the numbers in parentheses show mean fluorescence intensity
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nism for the increased NK cell number and enhanced
NK activity in DC-vaccinated patients in our study.

Conversely, it is becoming clear that activated NK
cells can reciprocally modify DC function. Kalinski
[20] reported that activated NK cells induce matura-
tion of DCs with a 100-fold enhanced ability to pro-
duce IL-12p70 in response to subsequent interaction
with T helper cells. Our observations on increased IL-
12 production in DC/PBL cultures are consistent with
these reports. Thus, DC activation by NK cells may
result in more efficient T cell stimulation. Moreover,
recent study has demonstrated that NK cells by
themselves can augment the proliferation of antigen-
specific T cells through interactions between 2B4
(CD244) on NK cells and CD48 on T cells [21]. Thus,
NK cells can be involved in adaptive immunity
through T–NK cell interaction as well as DC–NK cell
interaction.

The mechanism for the enhanced NK function and
its correlation with clinical activity may be related to
the enhanced expression of the stimulatory receptors.
For example, engagement of NKG2D directly stimu-
lates NK cells and induces natural killing activity
[22–24]. In the present study, we demonstrated that
NK–DC interaction enhanced NKG2D expression on
NK cells in vitro, supporting the enhancement of NK
killing activity. In the present clinical trial, NKG2D
expression on NK cells were enhanced or stable in
seven patients, and among them five patients had
stable disease, whereas two patients who showed a
downregulated expression of NKG2D after vaccina-
tion had progressive disease. Other stimulatory recep-
tors include NKp30, NKp44 and NKp46 [25–27].
These receptors synergize in tumor cell recognition. It
has been reported that NK cells recognize DCs as well
as tumor cells through NKp30 and NKp46 [5, 28],
although the ligands expressed by DCs are still un-
known. Among the four patients analyzed in the
present study, NKp30 expression was enhanced in two
and NKp46 expression was stronger in three after
vaccination. Our in vitro experiments also demon-
strated the enhanced expression of these activating
NK receptors on NK cells by co-culturing with DCs.
Thus, DCs might be able to activate NK cells by
enhancing the expression of activating NK receptors.
Alternatively, upregulation of NKG2D and NKp46
expression could represent the selective expansion of
NKG2D and NKp46 positive NK cell subsets upon
DC vaccination. Since NKG2A expression was en-
hanced in some patients, this could represent rather
the accumulation of terminally differentiated cytolytic
CD56dimCD16+ NK cells, which is also suggested by
the increased cytolytic activity (Figs. 2, 3).

Owing to the ability of DCs to initiate immune re-
sponses, DC-based immunotherapy protocols are
undergoing increasing clinical trial testing. The inter-
mediate endpoint is typically the induction of tumor
antigen-specific CD4+ or CD8+ T cell responses.
However, NK cells, important effector cells in tumor

surveillance, can be activated by autologous DCs,
resulting in longer survival of NK cells, IFN-c secretion
and enhanced expression of activating NK receptors as
shown in the present study. Although relevant mecha-
nisms of NK activation require further clarification,
understanding DC–NK cell interactions will render
possible the development of more effective and specific
immunotherapies that will elicit both NK cell and T cell
responses and will provide long-term protective immu-
nity. Since NK activity correlated well with the clinical
outcome of the patients in this study, it might be also
important to monitor NK activity to estimate the effect
of vaccination and to find optimal treatments for indi-
vidual patients.
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