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Abstract Therapeutic treatment with hu14.18-IL-2
immunocytokine (IC) or Flt3-L (FL) protein is initially
eVective at resolving established intradermal NXS2 neuro-
blastoma tumors in mice. However, many treated animals
develop recurrent disease. We previously found that tumors
recurring following natural killer (NK) mediated IC treat-
ment show augmented MHC class I expression, while the
tumors that recurred following T cell dependent Flt3-L
treatment exhibited decreased MHC class I expression. We
hypothesized that this divergent MHC modulation on recur-
rent tumors was due to therapy-speciWc immunoediting. We
further postulated that combining IC and Flt3-L treatments
might decrease the likelihood of recurrent disease by pre-
venting MHC modulation as a mechanism for immune
escape. We now report that combinatorial treatment of FL
plus hu14.18-IL-2 IC provides greater antitumor beneWt
than treatment with either alone, suppressing development
of recurrent disease. We administered FL by gene therapy
using a clinically relevant approach: hydrodynamic limb
vein (HLV) delivery of DNA for transgene expression by
myoWbers. Delivery of FL DNA by HLV injection in mice

resulted in systemic expression of >10 ng/ml of FL in blood
at day 3, and promoted up to a fourfold and tenfold increase
in splenic NK and dendritic cells (DCs), respectively. Fur-
thermore, the combination of FL gene therapy plus subopti-
mal IC treatment induced a greater expansion in the
absolute number of splenic NK and DCs than achieved
by individual component treatments. Mice that received
combined FL gene therapy plus IC exhibited complete
and durable resolution of established NXS2 tumors, and
demonstrated protection from subsequent rechallenge
with NXS2 tumor.
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Abbreviations
CTL cytolytic T-lymphocyte
DC dendritic cell
Flt3-L fms-like tyrosine kinase 3 ligand
IC immunocytokine
NB neuroblastoma
NK natural killer
TAA tumor associated antigen
TEV tumor escape variants

Introduction

Natural killer (NK) cell-mediated and T cell-mediated
responses are complementary antitumor eVector mecha-
nisms against tumors expressing disparate levels of MHC
class I molecules [2, 3]. Tumor cells expressing a rela-
tively low level of MHC class I are generally more suscep-
tible to NK-dependent antitumor eVects [12, 15]. Higher
levels of MHC class I expression on tumor cells are
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required for eVective presentation of antigen and induce
activation of cytolytic T-lymphocyte (CTL) responses [1,
31]. Immunotherapy has focused on either augmenting
innate immunity by promoting NK-dependent antitumor
responses, or triggering adaptive CTL responses through
activating tumor-speciWc T cells using deWned tumor asso-
ciated antigens (TAAs). Unfortunately, approaches that
rely predominantly on a single antitumor eVector mecha-
nism can favor development of tumor escape variants
(TEVs), via “immunoediting” [5]. Naturally occurring
innate [35] and adaptive immunity can eliminate spontane-
ously arising subclinical tumors through immunosurveillance.
However, this also applies selective pressure to “sculpt”
developing tumors that become resistant to immune recog-
nition or destruction, with the eventual development of
clinically detectable cancer [5, 7]. The process of immuno-
editing also generates tumors that are resistant to immuno-
therapy and facilitates further evolution and selection of
TEVs.

In previous studies with the NXS2 murine neuroblas-
toma (NB) model, we treated mice with suboptimal doses
of either hu14.18-IL-2 immunocytokine (IC; an antibody/
human interleukin 2 (IL-2) fusion molecule that targets
the GD2 disialoganglioside on NXS2 [32]) or Fms-like
tyrosine kinase-3-ligand (FL). We showed that each treat-
ment was eVective at resolving established tumor in mice,
but often failed to prevent tumor recurrence resulting from
TEV [28]. Recurrent tumors that developed following IC
treatment exhibited a Wvefold increase in MHC class I
expression, as compared to the MHC class I expression on
NXS2 tumors excised from PBS-treated control mice.
Conversely, tumors from FL-treated animals showed a
decrease in MHC class I expression. IC treatment medi-
ates an eVective NK-dependent resolution of established
NXS2 tumors when given early following tumor establish-
ment and at a suYcient dose [22, 23], but fails to induce
protective antitumor memory. FL is a hematopoietic stem
cell growth and diVerentiation factor that acts on CD34+

progenitor cells and induces in vivo expansion of den-
dritic cells (DC) and NK cells when administered as pro-
tein [33] or by gene therapy [14]. FL treatment may
induce an NK- or T cell-dependent antitumor response.
The latter may result in durable antitumor memory [34], as
shown in mice that were cured of NXS2 tumor [28]. The
divergent modulation in MHC class I expression by NXS2
TEVs reXects the outcome of therapy-induced immunoed-
iting. IC recruits and activates IFN�-producing NK cells
to the tumor microenvironment. IFN� promotes up-regu-
lation of antigen processing and MHC class I expression
on many cell types [10]. The local increase in IFN�
induces elevated expression of MHC class I on NXS2
tumor cells and reduces their susceptibility to the antitu-
mor eVects of the NK eVectors. These tumor cells progress

and develop into recurrent TEVs. Alternatively, antitumor
T cell responses elicited by FL treatment result in the
outgrowth of TEVs expressing reduced MHC class I.
The lowered MHC class I expression can aid in escape
from antitumor T cell immunity by minimizing antigen
presentation [18].

Recent evidence indicates that the interaction between
NK cells and DCs results in cell-to-cell contact-dependent
bidirectional “cross-talk.” This promotes DC maturation
and NK cell activation [26, 38], which can lead to induction
of antitumor T cell immunity [16, 17]. Therefore, we
hypothesized that a combinatorial regimen of FL treatment
to expand both NK and DC populations, in concert with the
NK-dependent antitumor eVect of IC against NXS2 tumors,
could simultaneously enhance the IC-mediated NK-depen-
dent antitumor response and induce tumor-speciWc T cell
immunity. The larger pool of FL-expanded NK eVectors
would enable greater IC-mediated NXS2 tumor killing.
This “immediate” IC-directed tumor resolution would also
provide tumor antigen for presentation by the FL-expanded
population of DCs. Such tumor-antigen-loaded DCs could
subsequently activate tumor-speciWc T cell responses nec-
essary for durable antitumor immunity. Given their comple-
mentary mechanisms of tumor recognition, a combination
immunotherapeutic approach that includes concomitant
NK- and T cell-dependent immune responses should result
in increased antitumor eYcacy against established tumor
and reduce the potential development of TEVs and recur-
rent disease.

To test this hypothesis, established NXS2 tumors were
treated with a combination therapy of FL plus IC. FL was
administered by non-viral hydrodynamic gene transfer to
skeletal muscle [13], as an economical and practical alter-
native to protein delivery. We evaluated the level of FL
production in the blood and the associated changes in the
lymphocyte proWle of the spleen following treatment. Mice
that resolved their primary tumors following FL plus IC
treatment were tested for induction of antitumor memory
by NXS2 rechallenge. Tumors that failed to resolve follow-
ing treatment were assessed for modulation in MHC class I
expression.

Materials and methods

Animals

Female A/J and ICR strain mice (6–8 weeks of age) were
obtained from the Jackson Laboratory, Bar Harbor, ME, or
from Harlan Sprague Dawley, Indianapolis, IN. All animals
were housed and handled in accordance with the NIH
Guide for Care and Use of Laboratory Animals and Institu-
tional Animal Care and Use Committee guidelines.
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Cell lines and murine tumor models

GD2
+ NXS2 NB cells were created by fusion of the GD2

¡

C1300 NB line from A/J mice, with dorsal root ganglion
cells from C57BL/6J mice, followed by sorting for high
GD2 expression [11, 22]. These hybrid cells are H2Kk and
H2Dd positive and grow in A/J strain mice. The cells were
maintained in Dulbecco’s minimal essential medium
(DMEM), supplemented with 10% fetal bovine serum and
100 U/ml penicillin/streptomycin at 5% CO2 and 37°C.
Cells were used for tumor induction only if their viability
exceeded 95%, as determined by eosin staining.

Intradermal tumors were induced by injection of 2 £ 106

tumor cells in 100 �l of phosphate buVered saline (PBS) in
the left lateral Xank proximal to the spleen. Tumor growth
was monitored by periodically measuring tumors with mic-
rocalipers and determining tumor volume using the for-
mula: tumor size = width £ length £ width/2, where length
is the larger of two perpendicular measurements. Tumor-
bearing mice were sacriWced once tumor length reached
15 mm.

Expression vectors

Full length and a truncated (secreted) form of murine FL
were expressed under transcriptional control of the elonga-
tion factor 1� (EF1�) and human cytomegalovirus (CMV)
promoters, respectively. pORF9-mFL3L expresses the
complete extracellular, transmembrane, and intracellular
domains of the murine FL gene, and was obtained from
InVivoGen (San Diego, CA). pUMVC3-mFLex (FLex)
expresses only the extracellular domain of murine FL gene,
and was obtained from Aldevron (Fargo, ND). All plasmid
DNA for these studies was ampliWed and supplied endo-
toxin free by Aldevron.

Gene therapy

Plasmid DNA was administered in vivo by hydrodynamic
limb vein (HLV) or tail vein (HTV) delivery [13, 21, 40].

Gene delivery by HLV

As described previously [13], mice were anesthetized
with 1–2% isoXurane throughout each procedure. For
each transfection procedure, pDNA was delivered into
the great saphenous vein of the right hind limb in 1.0 ml
of normal saline solution at a rate of 8 ml/min. Just prior
to injection, blood Xow to and from the limb was
restricted by placing a tourniquet around the upper leg
just proximal to, or partially over, the quadriceps muscle
group. The tourniquet remained in place during the injec-
tion and for 2 min post-injection. In some experiments,

both right and left hind legs were injected on the same
day.

HTV gene delivery

Injection of the pDNA was performed as described before
[40]. BrieXy, pDNA was diluted in 1.6 ml of Ringer’s solu-
tion and injected into mice through their lateral tail vein
over 4–8 s, using a 27-gauge needle.

Murine FL ELISA

FL levels in animal sera were measured using the Mouse
Flt-3 Ligand DuoSet® ELISA (R&D Systems, Minneapo-
lis, MN). Tests were performed in 96-well MaxiSorp™
immunoplates (Nalge Nunc, Rochester, NY) according to
the manufacturer’s instructions. Sera were diluted 1:100–
1:100,000 before testing.

Constant infusion of IL-2

Systemic IL-2 therapy was initiated by the surgical implan-
tation of a subcutaneous (s.c.) osmotic pump (ALZET
model 2001 pump; Alza Corporation, Palo Alto, CA) into
the dorsal s.c. tissue of each mouse. These pumps delivered
»143,000 IU/day of recombinant human IL-2 (rhIL-2)
(TECIN; HoVmann-La Roche, Inc., Nutley, NJ) for four
days prior to spleen harvest.

Antitumor therapy

Mice bearing intradermal (i.d.) NXS2 tumors were treated
by: (1) a single HLV delivery of 200 �g of FL or FLex
pDNA to each hind limb on day 4 or 5 following tumor
implantation; (2) four consecutive days with 10 �g of
hu14.18-IL-2 IC (EMD Lexigen Research Center, Billerica,
MA) in 100 �l of PBS given by tail vein injection starting
on day 11 or 12 (suboptimal dose and schedule); or (3) the
combination of (1) plus (2). Ten �g of hu14.18-IL-2 con-
tains » 30,000 IU of IL-2 [28, 29].

Flow cytometry

As described previously [28], a single cell suspension of
spleen or tumor tissue was assessed by Xow cytometry for
expression of murine surface markers: CD4 (T cell), CD8
(T cell), DX5 (pan NK), CD11c (DC marker), or H2Dd

(MHC class I) antigen with the appropriate commercially
available Xuorochrome-conjugated monoclonal antibodies
(BD Biosciences, San Jose, CA).

The levels of H2Dd expression on NXS2 cells are repre-
sented as a speciWc mean Xuorescence intensity ratio
(sMFI-R) determined by the formula: sMFI-R = H2Dd
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antibody MFI/isotype control MFI [20]. sMFI-R values
allow for comparison of staining levels between cells or tis-
sues of diVering origins.

Statistics

The results of tests of signiWcance are reported as P values
and are derived from Student’s two-tailed t test assuming
equal variances.

Results

HLV-delivery of FL pDNA promotes expansion of splenic 
DC and NK cells

Both membrane-bound FL and its secreted form, FLex, are
biologically active and induce in vivo expansion of DCs and
NK cells in lymph nodes and spleens [24]. In these studies,
we used the murine forms of FL and FLex. We determined
the level of mFL in group-pooled sera obtained 24 h after
hydrodynamic tail vein (HTV) delivery of 10 �g of pORF9-
mFL3L or pUMVC3-mFLex into ICR mice (n = 3). FL
levels of 11.8 �g/ml and 27.4 �g/ml were detected in the
pooled sera from mice that received mFL and mFLex
pDNA, respectively. These values are similar to those
reported for human FLex delivered by HTV to mice [14].

While HTV gene delivery represents a highly eYcient
gene transfer procedure with research utility in rodents,
hydrodynamic delivery of pDNA to skeletal muscle is cur-
rently attracting more interest for potential clinical applica-
tion [39]. Therefore, we used the HLV procedure for all
other experiments. The HLV procedure results in highly
eVective transgene expression by the transfected myoWbers
of the treated limb [13]. The results in Table 1 indicate that
FL protein was systemically available in the blood vascula-
ture following HLV gene delivery. Unlike HTV delivery,
where maximal expression of transgene products is typi-
cally observed 12–24 h following gene transfer, the highest
expression level was noted at 72 h following HLV delivery

(evaluated at 1, 3, and 7 days post delivery). FL levels indi-
cated a dose-response relation between the amount of DNA
delivered and the level of FL expressed.

To evaluate the impact of HLV delivered FL on the
immune system, we determined the cellular proWle of the
spleen. Groups of A/J strain mice received 200 �g of mFL
or mFLex pDNA into either the right hind limb on day 0,
into both the right and left hind limbs on day 0, or sequen-
tially, the right limb on day 0 followed by the left limb on
day 6. Sequential HTV delivery of human FLex pDNA has
been shown to have a greater than additive biological eVect
[14]. FL serum levels were determined 72 h following HLV
delivery and spleens harvested and analyzed on day 9 (pre-
vious studies with protein and HTV gene delivery of FL
suggest that maximal biological impact is observed approxi-
mately 10 days following treatment initiation [14, 25]). The
results in Table 2 indicate that HLV gene delivery to both
hind limbs resulted in a near additive eVect on the level of
FL expressed in the sera, as compared to HLV delivery to a
single limb. Delivery of mFLex pDNA resulted in 4.84 and
10.35 ng/ml of FL in the sera of mice that were single ver-
sus dual-limb treated, respectively. Likewise, mice that
received mFL pDNA exhibited a similar additive pattern for
FL expression, albeit at lower levels as compared to mFLex
gene therapy. The frequency of CD4+ and CD8+ T cells
remained relatively unchanged in all treatment groups. In
contrast, the frequency of CD11c+ DCs and DX5+ NK cells
were increased in all animals that received FL gene therapy.
Given the >2.5-fold increase in the number of splenocytes
from mice that received the dual-limb HLV gene therapy
(76 and 70  £ 106 cells/spleen: Groups 4 and 5, respec-
tively), combined with the increased frequency of DC and
NK cells in these treatment groups, a substantial expansion
in the absolute number of DC and NK cells occurred.
Whereas control mice possessed 0.3 and 1.0 £ 106 DC and
NK cells/spleen, respectively, spleens from animals that
were dual-limb HLV treated with mFL DNA (Group 5) had
1.4 and 3.6 £ 106 DC and NK cells/spleen. This gene ther-
apy-induced expansion represented a >fourfold and >three-
fold increase in the absolute number of available DC and
NK cells, respectively. In other studies, HLV or HTV deliv-
ery of the same amounts of control pDNA (having similar
CpG content as the FL-expressing pDNA) indicated no
appreciable change in the spleen proWle (data not shown),
further suggesting that the immunomodulation eVects noted
with FL gene therapy coincide with the amount of systemi-
cally available FL protein.

FL gene therapy augments hu14.18-IL-2-mediated 
antitumor eVects against NXS2 tumors

To evaluate the antitumor potential of a combinatorial regi-
men consisting of FL HLV gene therapy plus hu14.18-IL-2

Table 1 Time-course of FL expression

Not determined
a  Groups (n = 3) of ICR strain mice received hydrodynamic limb vein
gene delivery to the right hind limb on day 0

HLV gene therapya FL serum level (ng/ml)

Day 1 Day 3 Day 7

(1) No treatment 0.56 0.66 ND

(2) 25 �g mFLex DNA 0.74 1.26 0.18

(3) 100 �g mFLex DNA 1.96 2.13 1.30

(4) 200 �g mFLex DNA 3.32 4.96 2.89
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IC, mice with NXS2 tumors received FL HLV gene therapy
on day 3 and an IC treatment course on days 11 through 14.
The sequential administration of FL gene therapy followed
by IC treatment 8 days later permits a suYcient time delay
for the gene-expressed FL to induce the expansion of NK
eVectors, known to be involved in the IC mediated antitu-
mor eVect against NXS2 [23, 28].

Groups (n = 4) of NXS2 tumor-bearing A/J mice
received: no treatment (Fig. 1a), four consecutive daily
treatments of 10 �g of IC beginning on day 11 (Fig. 1b),
HLV delivery of 200 �g of mFL pDNA in both hind limbs
on day 3 (Fig. 1c), or the combination of FL gene therapy
plus IC treatment (Fig. 1d). All no-treatment and HLV
mFL gene therapy treated mice were euthanized by day 27
as a result of progressive NXS2 tumor growth. Some IC-
treated mice (2 of 4) also exhibited progressive tumor
growth and were euthanized by day 29. The remaining two
IC-treated mice displayed resolution of any grossly detecti-
ble tumor, followed by NXS2 tumor recurrence in one of
these animals. In contrast, all mice that received the combi-
natorial regimen of FL gene therapy plus IC exhibited dura-
ble cure of their existing NXS2 tumors.

To determine whether mice successfully treated with the
combinatorial FL gene therapy plus IC regimen possessed
protective antitumor immunity, the mice from Fig. 1d were
rechallenged with NXS2 tumor 70 days after the initial

tumor challenge. As shown in Fig. 1f, all (4 of 4) rechal-
lenged mice were completely protected, as compared to
tumor challenge in naïve animals (Fig. 1e). This result indi-
cates that the original combination therapy induced lasting
anti-tumor memory.

Combined FL gene therapy plus IC treatment regimen 
results in enhanced expansion of NK and DC cells

To delineate the mechanism of the enhanced treatment
eVect, we investigated the changes in total spleen cellular-
ity, as well as NK and DC cell numbers, that were induced
in combination treated mice. In Table 3, groups of A/J
strain mice received: no treatment (Group 1), 10 �g/day
of hu14.18-IL-2 on days 7–10 (Group 2), HLV delivery of
200 �g of mFLex pDNA in right hind limb and 200 �g of
mFL pDNA in the left hind limb on day 0 (Group 3), the
combination of HLV gene therapy plus IC treatment
(Group 4), or 140,000 IU/day of rhIL-2 by osmotic pump
on days 8–11 (Group 5). Spleens were harvested 24 h fol-
lowing completion of the IC treatment schedule (day 11)
and DC and NK cells analyzed as in Table 2. Mice that
received the combinatorial treatment exhibited the highest
degree of splenomegaly, with a near fourfold increase in
the number of splenocytes (149 £ 106 cells/spleen) as
compared to no-treatment controls (38 £ 106 cells/spleen).

Table 2 Biological impact of HLV FL gene therapy

a  Groups (n = 4) of A/J strain mice received gene delivery as follows: (1) no treatment, (2) hydrodynamic limb vein injection (HLV) of 200 �g
murine FL extracellular secreted (mFLex) DNA to right limb on day 0, (3) HLV of 200 �g mFL DNA to right limb day 0, (4) HLV of 200 �g
mFLex DNA to both limbs on day 0, (5) HLV of 200 �g mFL DNA to both limbs on day 0, (6) HLV of 200 �g mFLex DNA to right limb on day 0
plus 200 �g mFLex DNA to left limb on day 6, and (7) HLV of 200 �g mFL DNA to right limb on day 0 plus 200 �g mFL DNA to left limb on
day 6
b  Serum murine FL concentration (ng/ml) of pooled sera 72 h following HLV gene delivery on day 0 as determined by ELISA (R&D Systems,
Minneapolis, MN). Additional values for Groups 6 and 7 represents serum levels 72 h following second HLV injection on day 6
c  Spleens were harvested on day 9 and pooled for each group. Following erythrocyte lysis by hypotonic shock, the number of viable cells was
determined. Values are £ 106  cells/spleen
d  Isolated splenocytes were pooled from all four animals per group and stained with primary-conjugated mAbs (BD Biosciences, San Diego, CA)
to murine CD4, CD8, CD11c, and DX5. Value represents the percent of viable splenocytes positive for speciWc cell-surface staining
e  The total number of CD11c+  DCs per spleen and is determined by the formula: number of viable cells/spleen £ %CD11c+  cells. Values are
£ 106  cells/spleen
f  The total number of DX5+  NKs per spleen and is determined by the formula: number of viable cells/spleen £ %DX5+  cells. Values are £ 106

cells/spleen

Gene therapya FL levelb Cells/spleen
(£ 106)c

Splenic phenotypic proWle (%)d Total DCs 
(£ 106)e

Total NKs 
(£ 106)f

CD4+ CD8+ CD11c+ DX5+

(1) No treatment 0.1 28 12.9 8.7 1.1 3.5 0.3 1.0

(2) mFLex (RT limb) 4.84 64 12.3 9.0 3.3 5.2 2.1 3.3

(3) mFL (RT limb) 0.87 56 13.8 9.7 1.7 4.8 0.9 2.7

(4) mFLex (Both limbs) 10.35 76 12.2 9.3 4.3 5.5 3.3 4.2

(5) mFL (Both limbs) 1.70 70 12.4 9.4 2.0 5.1 1.4 3.6

(6) mFLex (Sequential) 5.06, 5.65 80 11.5 9.4 3.4 4.8 2.7 3.8

(7) mFL (Sequential) 1.69, 1.01 66 12.4 8.6 1.6 4.4 1.1 2.9
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The combinatorial treatment induced NK expansion
(16.1 £ 106 cells/spleen) that was greater than IC or mFL
alone, and comparable to that induced by 4 d of constant
infusion IL-2 (Group 5). Furthermore, the combinatorial
treatment induced the highest observed increases in the fre-
quency of splenic DCs, reaching 4.3%. Thus, the biological
eVect of combining FL gene therapy with IC treatment
induced an even greater expansion in the absolute number

of DC (6.4 £ 106 cells/spleen) than all other treatments in
Tables 2 and 3.

MHC class I expression on NXS2 tumors

Our previous studies with NXS2 tumors showed that TEVs
that developed following initial resolution of the primary
tumor displayed profoundly disparate MHC class I expression

Fig. 1 HLV FL plus IC eVect 
on NXS2 tumor growth. Groups 
(n = 4) of A/J mice were injected 
with 5 £ 106 NXS2 cell i.d. on 
day 0 and received a no treat-
ment, b 200 �g mFL DNA by 
HLV in both hind limbs on d 3, 
c 10 �g/d hu14.18-IL-2 IC 
(day 11–14), or d both FL DNA 
+ IC. Small (FL) and large (IC) 
arrows indicate HLV gene deliv-
ery and hu14.18-IL-2 treatment 
initiation dates, respectively. 
f Mice that had received FL + IC 
(i.e., same animals use in panel 
d) were rechallenged with NXS2 
tumor 70 days later and com-
pared to e naïve mice for tumor 
progression. Data represent 
NXS2 tumor growth for 
individual animals

Table 3 Combined treatment

a  Groups (n = 4) of A/J strain mice received treatment as follows: (1) no treatment, (2) 10 �g/d of hu14.18-IL-2 IC days 7–10, (3) HLV delivery
of 200 �g mFLex DNA to right limb plus 200 �g mFL DNA to left limb on day 0, (4) combination of treatments described in (2) and (3), and (5)
140,000 I.U./d of rhIL-2 by constant infusion osmotic pump on days 8–11
b  Spleens were harvested on day 11 and pooled for each group. Following erythrocyte lysis by hypotonic shock, the number of viable cells was
determined. Values are £ 106  cells/spleen
c  Isolated splenocytes were pooled for each group and stained with primary-conjugated mAbs (BD Biosciences, San Diego, CA) to murine CD4,
CD8, CD11c, and DX5. Value represents the percent of viable splenocytes positive for speciWc cell-surface staining
d  The total number of CD11c+  DCs per spleen and is determined by the formula: number of viable cells/spleen £ %CD11c+  cells. Values are
£ 106  cells/spleen
e  The total number of DX5+  NKs per spleen and is determined by the formula: number of viable cells/spleen £ %DX5+  cells. Values are £
106  cells/spleen

Treatmenta Cells/spleen 
(£ 106)b

Splenic phenotypic proWle (%)c Total DCs 
(£ 106)d

Total NKs 
(£ 106)e

CD4+ CD8+ CD11c+ DX5+

(1) No Treatment 38 14.5 6.3 1.8 4.5 0.7 1.7

(2) hu14.18-IL-2 113 12.6 5.8 2.6 9.6 2.9 10.8

(3) mFL (Both) 79 13.6 7.1 3.2 5.9 2.5 4.6

(4) mFL + hu14.19-IL-2 149 14.8 8.4 4.3 10.8 6.4 16.1

(5) rhIL-2 130 13.3 9.3 1.8 12.8 2.3 16.6
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levels, which correlated with the immunotherapeutic
employed [28]. We wondered whether tumors that pro-
gressed during FL gene therapy or FL plus IC combination
treatment exhibited a similar modulation in MHC class I
expression. Progressively growing primary NXS2 tumors
were excised and evaluated for MHC class I H2Dd expres-
sion by Xow cytometry.

Six diVerent treatment groups bearing NXS2 tumors
were compared for tumor growth and H2Dd expression
(Fig. 2): no treatment (Fig. 2a), HLV delivery of 200 �g of
mFL pDNA in both hind limbs on day 5 (Fig. 2b), HLV
delivery of 200 �g of mFLex pDNA in both hind limbs on
day 5 (Fig. 2c), four consecutive daily treatments of 10 �g
of IC beginning on day 12 (Fig. 2d), the combination of
mFL gene therapy plus IC (Fig. 2e), or the combination of
mFLex gene therapy plus IC (Fig. 2f). Single-agent treat-
ment with mFL gene therapy, mFLex gene therapy, or IC
treatment (Fig. 2b, c, d) resulted in progressive tumor
growth in 6 of 8, 5 of 8, and 5 of 8 treated mice, respec-
tively, and failed to demonstrate statistical diVerence when
compared to no-treatment control mice (comparison of
day 25 tumor volumes). Furthermore no statistical diVer-
ences in tumor growth were noted in comparisons between
these three single-agent treatment groups. In contrast, the

combinatorial regimen was the most eVective with 7 of 8
FL gene therapy plus IC-treated mice (Fig. 2e), and 8 of 8
FLex gene therapy plus IC-treated mice (Fig. 2f), exhibit-
ing complete resolution of their NXS2 tumor. Animals that
were treated with mFL + IC or mFLex + IC showed signiW-
cant diVerences in tumor growth compared to animals
receiving mFL or mFLex alone. (P = 0.007 and 0.029,
respectively; day 25 comparison).

At day 27, all detectable NXS2 tumors were collected
and assessed for MHC class I H2Dd expression by Xow
cytometry. The sMFI ratio for the H2Dd expression level on
each individually excised NXS2 tumor is represented as a
numerical value adjacent to the graph showing the growth
of that speciWc harvested tumor in Fig. 2. In some
instances, animals with more progressively growing tumors
had to be sacriWced prior to day 27 and their tumors were
not analyzed. The sMFI ratio for H2Dd expression on cul-
tured NXS2 cells was 15. Tumors from untreated mice
exhibited a relative increase in H2Dd expression (Fig. 2a:
sMFI ratio of 54 and 42 for two individually excised NXS2
tumors; mean sMFI ratio value of 48) compared to cultured
NXS2 cells, consistent with results obtained in our earlier
study [28]. Although the number of tumor samples was
limited, the sMFI H2Dd ratios for tumors from the mFL

Fig. 2 Modulation of MHC class I expression. Groups of A/J mice (6
mice in group A and 8 mice in all other groups) were injected with
NXS2 cell i.d. on day 0 and received a no treatment, b 200 �g mFL
DNA by HLV in both limbs on day 5, c 200 �g mFLex DNA by HLV
in both limbs on day 5, d 10 �g/d hu14.18-IL-2 IC (day 12–15), e both
FL DNA + IC, or f both FLex DNA + IC. Data represents NXS2 tumor
growth for individual animals. Primary tumors were harvested on

day 27 following NXS2 cell injection and individually proWled for
H2Dd expression. The speciWc MFI ratio for H2Dd expression is repre-
sented numerically and is adjacent to tumor growth graph for that par-
ticular tumor lesion. Due to progressive tumor growth, some mice were
euthanized prior to the tumor harvest date. Small (FL) and large (IC)
arrows indicate HLV gene delivery and hu14.18-IL-2 treatment initia-
tion dates, respectively
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(Fig. 2b: sMFI ratios = 49, 50, and 65; mean = 55) or
mFLex (Fig. 2c: sMFI ratios = 51, 58, and 59; mean = 56)
gene therapy treatment groups were similar to the sMFI
H2Dd ratios for tumors from the control group (mean = 48).
In contrast, the ratios for tumors from the IC treatment
group were notably elevated (Fig. 2d: sMFI ratios = 98,
100, 104 and 113; mean = 104). There was a signiWcant sta-
tistical diVerence (P = 3 £ 10¡6) in sMFI H2Dd ratio val-
ues from tumors obtained from the mFL and mFLex gene
therapy treated mice when compared to those obtained
from the IC treated animals. The single recurrent tumor that
developed from an animal in the mFL gene therapy plus IC
treatment group exhibited the lowest sMFI ratio (33) from
any of the recovered tumors.

Discussion 

The impact of immunoediting on the evolution of tumor
progression requires novel strategies that elicit several dis-
tinct and complementary antitumor mechanisms of action
in order to successfully treat cancers [5–7]. Such multifac-
eted approaches should provide better tumor destruction
(and greater clinical beneWt) by involving a larger accom-
paniment of the antitumor immune response machinery to
provide a more comprehensive antitumor response. The
results presented here support our hypothesis that the com-
bination of FL plus IC provides a greater immediate thera-
peutic antitumor response, induces tumor-speciWc T cell
immunity, and thwarts TEV development.

In our earlier study with NXS2 tumors [28], treatment
with FL protein induced a T cell-dependent antitumor
response, which promoted the development of H2-
depressed TEVs. Conversely, IC treatment mediated an
NK-dependent antitumor response [22, 23], which resulted
in H2-elevated TEVs. Tumor escape from IC treatment
involved the pro-inXammatory molecule IFN�. This factor
was released in the tumor microenvironment by IC-acti-
vated NK eVectors to mediate the increased MHC class I
expression on TEVs, making them less sensitive to the anti-
tumor eVects of NK cells. In contrast, attenuation of H2
expression on NXS2 tumors may have helped orchestrate
their escape from the FL-induced T cell response as low or
absent MHC class I expression by tumor cells results in
evasion from T cell immunity [1].

In our present study, we sought to elicit the complemen-
tary antitumor activity of NK- and T cell-dependent
responses with a combined immunotherapeutic regimen as
an attempt to thwart TEV development. We delivered FL,
administered as HLV gene therapy, plus IC as a combinato-
rial approach against established NXS2 tumors. The com-
bined regimen prompted a > ninefold increases in the
number of both splenic DC and NK cells, facilitated durable

resolution of established NXS2 tumors in 19 of 20 treated
mice, and induced long-term prophylactic antitumor mem-
ory in all animals tested. Alternatively, FL gene delivery
or IC treatment, given as single-agent modalities, failed
to evoke a tumor-resolving response in the majority of
mice.

Analysis of MHC class I expression on tumors that
progressed following immunotherapy, while limited in
sampling size, indicates that the eVects of IC-induced
immunoediting may be occurring during or shortly follow-
ing IC treatment. Tumors harvested 12 days after comple-
tion of IC treatment were already exhibiting evidence of
immunoediting as their group mean H2Dd sMFI value was
104, as compared to the mean value of 48 for the two
tumors from non-treatment control animals. This coincides
with our earlier report regarding MHC class I modulation
and tumor escape from IC treatment [28]. Conversely, HLV
FL gene therapy did not induce a detectible MHC class I
immunoediting response as the group mean H2Dd sMFI
value of tumors from these treated animals was similar to
non-treatment controls (55 and 48, respectively). These
results do not reXect our earlier observations with FL pro-
tein therapy where recurrent NXS2 tumors exhibited
depressed H2Dd expression [28], and may be attributed to
diVerences in the time interval between therapy and tumor
harvest, or an apparent lack of detectable antitumor eVect of
the HLV FL gene therapy alone.

How the HLV FL gene therapy plus IC regimen provides
greater therapeutic antitumor beneWt remains speculative.
We favor a model involving an IC-mediated NK-dependent
resolution of the primary tumor mass (early innate response),
NK-DC cross-talk (innate-adaptive bridging response), and
the development of a tumor-speciWc T cell response able to
provide antitumor memory (late adaptive response). Recent
evidence has clearly demonstrated that the close interface
between DCs and NK cells may be instrumental in fully
activating NK-dependent innate immune responses, as well
as inducing DC maturation events critical in orchestrating
the development of adaptive T cell-dependent immunity
[16, 27, 38]. HLV delivery of FL resulted in a dramatic
increase in DC and NK cells (Table 2), which was even
more pronounced when followed by IC treatment (Table 3).
When IC is administered following the FL-induced expan-
sion of DC and NK cells, several events may occur. IC
should interact with the expanded pool of NK cells to medi-
ate a greater early antitumor response, due in part, to anti-
body dependent cellular cytotoxicity (ADCC) by the
increased number of NK eVectors available [28]. The IL-2
component of the IC molecule activates these NK eVectors
to mediate ADCC and to produce the proinXammatory fac-
tor, IFN� [28]. This IFN� increases MHC class I expression
on any viable tumor targets still remaining and should
cause them to become less susceptible to NK-dependent
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antitumor eVects. Yet, it also increases the MHC class I
expressed in the tumor microenvironment, and would boost
tumor immunogenicity if DCs are present. The prior FL
HLV should have expanded DC numbers near the tumor
and in the tumor draining lymph nodes. Additionally, the
NK-derived IFN� should promote maturation of the
expanded pool of DCs [38] and contribute to NK-DC cross-
talk. The maturing DCs would be expected to produce IL-
12, further activating the IFN�-producing NK eVectors
involved in the early antitumor response. It is known that
NK-mediated tumor rejection can induce tumor-speciWc T
cell memory [17]. In our proposed model, the destruction of
the primary tumor is mostly accomplished by NK eVectors
and provides a reservoir of antigenic tumor material for
accumulation and presentation by the maturing pool of
DCs. This should elicit a more eVective adaptive tumor-
speciWc CTL and T cell memory response, which is able to
break tolerance for tumor-expressed self-antigens. Those
tumor cells which escaped the ensuing NK-dependent
response by up-regulating their MHC class I expression
should also become more immunogenic and susceptible to
recognition and elimination by the adaptive T cell response
[8]. Furthermore, and although not evaluated in this study,
the CpG content of the mFL and mFLex pDNAs likely pro-
vided additional in vivo adjuvant eVects by stimulating
immature DCs [41] and NK cells [36].

Importantly for human therapeutic relevance, the HLV
gene delivery procedure works equally well in rodents and
larger animals, including non-human primates. The HLV
delivery method did provide important antitumor beneWt in
this animal model when combined with IC, and represents a
feasible option for the delivery of FL clinically [39]. As we
have recently demonstrated that HLV gene delivery is
highly eVective in administration of a genetic cancer vac-
cine in mice [30], we envision a “next generation” FL
(HLV delivered) plus IC regimen to also include HLV
delivery of a genetic cancer vaccine targeting tumor-spe-
ciWc antigens or universal tumor antigens such as telomer-
ase [37]. This study did not compare the relative
eVectiveness of FL protein and gene therapy. Yet, is inter-
esting to speculate that the constant and prolonged (metro-
nomic) dosing capable with hydrodynamic gene delivery,
and with HLV FL gene therapy in particular, may have
greater pharmacologic eVects, and potentially enhanced
therapeutic beneWt.

The immunocytokines KS-IL-2 [targeting the epithelial
cell adhesion molecule (EpCAM)] [4] and hu14.18-IL-2
[19] are presently being evaluated in Phase I and Phase II
clinical trials for patients with EpCAM or GD2 expressing
tumors. The results presented in this preclinical study dem-
onstrating an increased antitumor beneWt of including FL
pDNA delivery may be an important consideration in sub-
sequent clinical evaluation of IC therapy, or other monoclo-

nal antibody based treatments that are designed to induce
ADCC in vivo. The HLV gene delivery procedure will
soon be evaluated in patients and is anticipated to reinvigo-
rate the utility of gene therapy in the clinical setting [39].
As such, additional studies to conWrm the therapeutic anti-
tumor beneWt of a HLV FL gene therapy plus IC regimen in
other murine tumor models, as well as deciphering the anti-
tumor mechanisms of action should be pursued in develop-
ing this combinatorial strategy for future clinical testing. In
addition, these data suggest proceeding with preclinical
development of combinatorial regimens testing IC plus FL
protein, as both have been evaluated already as single agent
treatments in clinical trials [9, 19].
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