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coexpression of IL-4 significantly skewed the Ag-specific immune
response to Th2 and inhibited the induction of Graves™ hyperthy-
roidism, In contrast, immune deviation to Thl by coexpression of
IL-12 had no effect on disease induction, Qur findings reinforce the
implication of the TSAb subclass data in humans, namely, that
Th|-type responses mediate Graves’ disease.

Materials and Methods

Adenovirus vectors used

Adenovirus expressing the human TSHR (AJCMVTSHR) has previously
been described {13). Adenoviruses expressing mouse IL-12 or mouse [L-4
weré constructed according to a recenily described method (16, 17). The
plasmid pBSKS™ IL-12BIA containing cDNAs for mouse 1L-12 p35 and
p40 linked with the internal ribosome entry sile gene of encephalomyo-
carditis virus (18} (kindly provided by Dr. H. Yamamoto, Osaka Univer-
sity, Osaka, Japan) was digested with £coRV and Nosl. The plasmid pB-
SKS' miL4 containing ¢cDNA for mouse IL-4 (RIKEN DNA Bank,
Tsukuba, Japan) was digested with EcoRI, blunt-ended with DNA T, poly-
merase, and digested with Norl, These fragments were ligated into pHM-
CMV6 (16) which had been digested with Miel, blunt-ended, and digested
with Xbal, The resultant plasmids pHMCMVIL-12 and pHMCMVIL-4
were then digested with [-Cenl/Pl-Scel, and ligated into [-Ceul/P1-Scel-
digested pAdHM15-RGD (17). pAdHMRGDCMVIL-12 and pAdHMRG-
DCMVIL-4 were linearized with Pacl and transfected inte 293 human
embryonal kidney cells with PolyFect (Qiagen, Tokya, Japan) according to
the manufacturer’s instructions, Recombinant adenoviruses expressing
IL-12 or IL-4 (designated AdRGDCMVIL-12 and AdRGDCMVIL-4)
were then plaque purified. Adenovirus was propagated in 293 human em-
bryonal kidney cells and purified through two rounds of CsCl density gra-
dient centrifugation. The viral particle concentration was determined as
previously described (15). The multiplicity of infection (MO} was defined
as the ratio of total number of particies used in a particular infection di-
vided by the number of cells.

Innmumization protocol

Femate BALB/c mice {6 wk old) were purchased from Charles River
Breeding Laboratory (Tokyo, Japan). All experiments were conducted in
accordance with the principles and procedures cutlined in the Guidelines
Sor the Care and Use of Laboratory Animals at the Nagasaki University
(Nagasaki, Japan). Mice were kept in a specific pathogen-free condition
through the experiments. For immunization, mice were injected im. with
50 wl of PBS containing 10'" particles of AGCMVTSHR alone or in com-
bination with 5 X 10" particles of ARGDCMVIL-4 or AdRGDCMViL-
12. The sume immunization schedule was repeated twice at 3-wk intervals.
Blood was drawn from tails before the second and third immunizations and
3 wk after the third immunization and by cardiac puncture 8 wk after the
third immunization. Thyroid glands were preserved for histology.

In a therapeutic selting, ARGDCMVIL-4 {5 X 10" particles/mouse)
alone or in combination with AJCMVTSHR (10'* particles/mouse) was
injected twice at a 2-wk interval into mice that were in a hyperthyroid state
8 wk after three injections of AACMVTSHR.

Thyroxine (T,), TSAb, thyroid-stimulating hormone (TSH)-
blocking Abs (TBAB). and TSH-binding inhibiting Ab (TBIAb)
measurements

Total T, in murine sera was measured with a commercially available RIA
kit (RIA-gnost tT,, Nippon Schering, Osaka, Japan). The normal range was
defined as the mean = 3 SD of control mice.

TSAb activities in murine sera were measured with FRTLS cells as
previously deseribed (15). The cells were seeded at 3 X 10* cells/well in
a 96-well culture plue and incubated- in 50 pl of hypotonic HBSS con-
taining 0.5 mM isobulyl-methylxanthine, 20 mM HEPES, 0.25% BSA, and
5 p!t of serum for 2 h at 37°C. cAMP released into the medium was mea-
sured with a cAMP RIA kit (Yamasa, Taokye, Iapan). A value over [50%
of control mice was judged as positive. TBAb activities were measured in
the same hypotenic bufler supplemented with 100 mUfmi bovine TSH
(Signwa-Aldrich, St. Louis, MO} and were expressed as percent inhibition
of TSH-induced cAMP generation by test sera.

TBIAb values were delermined with a commercially available TRAb kit
{BRAHMS Diagnostica, Berlin, Germany). Ten microliters of serum was
used for each assay. A value over 15% iphibition of control binding was
judped as positive.
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ELISA for TSHR Abs

ELISA for detecting mouse 1gG Abs against the TSHR was as previously
reported (11, 13 with minor modifications. TSHR-289, a variant of the
receptor expressed in eukaryotic cells that corresponds approximately to
the extracelfular A subunit ({9), was affinity purified from cutture medium
(20). ELISA wells were coated overnight with 100 ul of TSHR-289 protein
{1 pg/mt) and incubated with mouse sera (1/300 dilution), After incubation
with HRP-conjugated anti-mouse [gG (diluted 3000 times, A3673: Sigma-
Aldrich) or subclass-specific anti-mouse [gG1 and igG2a (diluted 1000 and
1500 times, respectively; X56 and R19-15; BD PharMingen, San Diego,
CA), color was developed using o-phenylenediamine and H,0, as sub-
strate and the OD read at 492 nm.

Cytokine assays

COS cells seeded at 1 X 10* cells/well in a 24-well culture plare were
infected with adenovirus encoding IL~12 or IL-4 at the indicated MOls.
The next day, the cells were washed three times with PBS and the culture
was continued in fresh medium for 2 days. The concentrations of 1L-12 or
IL-4 in culture supernatants were determined with ELISA kits (BioSource
International, Camarillo, CA) according to the manufacturer's protocols.
Serum levels of IL-4 and IL-12 were also measured with EL1SA kits (Bio-
Source International).

Splenocytes were cultured (triplicate aliquots) at 4 X 107 cells/well ina
96-well round-bottom plate in the presence or absence of TSHR-289 pro-
tein (5 pg/ml). Five days later, the concentrations of IFN-y and IL-4 in the
medium were determined with EL1SA kits (BioSource International), Cy-
tokine production was expressed as picograms per milliliter using standard
curves of recombinant murine IL-12 and IL-4 or as a fold increase relative
to cultures without TSHR Ag.

Thyreid histology

Thyroid tissues were removed and fixed with 10% Formalin in PBS. Tis-
sues were embedded in paraffin and 5-pm thick sections were prepared and
stained with H&E.

Results

To investigate the effect of coexpression of 1L4 or IL-12 in our
murine Graves® model (15), we constructed replication-defective
recombinant adenoviruses encoding 1L-4 and 1L-12 (AdRGDCM-
VIL-4 and AARGDCMYVIL-12). These adenoviruses have a RGD
sequence, the binding site for «, B;- and a, Bs-integrin, on the HI
loop of the fiber knob, thus facilitating RGD/integrin-dependent
viral infection (17). Although this mutant virus retains the binding
activity with its cognate receptor, it exhibits higher infectivity to a
variety of cells than wild-type adenovirus (17). COS cells infected
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FIGURE 1. In vitro production of cytokines in COS cells infected with
adenoviruses expressing either 1L-4 or IL-12. The concentrations of 1L-4
and [L-12 released for 2 days from COS cells infected with ARGDCM-
ViL-4 or AIRGDCMVIL-12, respectively, at the MOIs indicated were
measured as described in Materials and Methods, Data are means = SD
{n = 3)in one of two independent experiments.
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FIGURE 2. In vivo production of cytokines in mice injected with ad-

enoviruses expressing either IL-4 or IL-12, Mice were injected im. with
AdRGDCMYVIL-4 or AARGDCMVYIL-12 (5 X 10" particles/mouse; day
0) and bled on days 1, 3, and 5 for eytokine assays. Data are means * SD
of three mice in each group.

with AARGDCMVIL-4 and AARGDCMVIL-12 produced signifi-
cant amounts of IL-4 and [L-12, respectively, in a MO{-dependent
manner (Fig. 1). Furthermore, i.m. injection of AdRGDCMVIL-4
and ARGDCMVIL-12 (5 x 10'? particles/mouse) to mice also
increased serum concentrations of 1L-4 and IL-12, respectively,
although the expression was transient (Fig. 2). In vitro infection
(MOI of 3000 particles/cell) or in vivo injection (10" particles/
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FIGURE 3. Incidence of hyperthyroidism, anli-TSHR Abs in ELISA
(1gG. 1gG1, and 1gG2a), and TBIAb activities in mice inununized with
AJCMVTSHR alone or in combination with AdRGDCMVIL-4 or AdRG-
DCMVIL-12. Groups of mice were intmunized with AJCMVTSHR (1 X
10'" particles/mouse) alone or in combination with AARGDCMVIL-4 or
AJRGDCMVIL-12 (5 X 10" particles/mouse) and bled for T, and auto-
antibedy assays just before the second and third immunizations and 3 and
§ wk after the third immunization. 4, Mice with T, more than mean = 3
SD of control mice were judged as hyperthyroid. =, p = 0.005 and 0.02 for
the TSHR plus 1L-4 group vs the TSHR and the TSHR plus 1L-12 groups,
respectively (x° test). 8-D, Anti-TSHR Abs of 1gG, 1gG 1. and 15G2a and
TBIAD activities in mouse sera were measured as described in Marerials
and Methods. ©, Mice immunized with AACMVTSHR alone; @, those
with ACMVTSHR and AdGRDCMVIL-12; [0, those with AACMVT-
SHR and AJRGDCMV1L-4; B, paive mice. Data are means % SD in 8 and
D and means * SE in C, each determined in duplicates. Arrows indicate
adenovirus injections, = and =+, p = 0.021 and 0.009 for the TSHR plus
IL-4 group vs the TSHR group, respectively {Student’s 7 test).
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mouse) of AACMVTSHR did not induce detectable IL-4 or IL-12
(data not shown).

AJCMVTSHR alone (10ll particles/mouse) or in combination
with AARGDCMVIL-4 or AARGDCMVIL-12 (5 X 10'° particles/
mouse) was injected into quadriceps of female BALB/c mice three
times at 3-wk intervals. As shown in Fig. 34, some mice in all
groups developed hyperthyroidism after the second immunization,
and thereafter the incidence of hyperthyroidism increased. In our
preliminary experiments, the incidence of hyperthyroidism pla-
teaued 8 wk after the third immunization {data not shown). The
serum concentration of T, in naive mice was 4.52 £ 0.83 pp/dl
(mean * SD). On this basig, the normal range of T, was defined
as 2.03-7.01 pg/d] (mean * 3 8D). Disease incidence at this time
point was 60% {12 of 20) in mice immunized with AdCMVTSHR
alone (TSHR group), similar to our previous study {135, 21), 53%
(8 of 15) in those with AACMVTSHR and AAdRGDCMVIL-12
{TSHR plus IL-12), but only 13% (2 of 15) in those with ACM-
VTSHR and AJRGDCMVIL-4 (TSHR plus IL-4) (Figs. 34 and
44). Thus, coexpression of 1L-4 significantly suppressed disease
induction compared with induction by TSHR alone or by TSHR
plus 1L-12 (p = 0.005 and 0.020, respectively, }* test).

By ELISA, anti-TSHR of the 1gG class were detected 3 wk after
the first immunization in all groups of immunized mice and the
titers plateaued after the second immunization (Fig. 38). TBIAb
activities were detectable later, after the second immunization
(Fig. 3D). 1t is at present unclear whether the TBIAD assay is less
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FIGURE 4. T,and TSAb and TBAb activities in mice immunized with
AJCMVTSHR alone or in combination with AARGDCMVIL-4 or AdRG-
DCMVIL-12. T,, TSAb, and TBAb activities were determined 8§ wk after
the third immunization as described in Materials and Methods. Data are
means of duplicate assays. O and @, Euthyroid and hyperthyroid mice,
respectively. TBAb activities were determined only in mice for which suf-
ficient sera were available (n = 10-11 in each group). Horizonta! lines
indicate the normal uppet limits of T, and TSAb assays: the normal upper
limit of TBAb was not calculated because only a small number of control
sera (n = 3) were available in this assay. 8, », p = 0.036 for the TSHR
group vs the TSHR plus [L-4 group; C, * and *«, p = 0.0002 and 0.001 for
the TSHR plus IL-4 group vs the TSHR plus 11-4 and TSHR plus IL-12
groups, respectively (Student’s £ test),
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sensitive than ELISA or whether neutral Abs (without TSAb or
TBIAb activities) appear first, followed by TBIAb. In contrast to
thyroid function mentioned above, there were no differences in the
Ab levels measured by ELISA or TBIAb between the mice in-
jected with the different combinations of adenovirus, namely,
TSHR, TSHR plus IL-4, or TSHR plus 1L-12, during the course of
the experiment (Fig. 3, B and D). TSAb and TBAD activities were
measured only at the end of the experiments because of limited
amounts of sera. TSAb activities, positive in most hyperthyroid
mice, were significantly lower in the TSHR plus IL-4 group than
in the TSHR group (p = 0.036, Student’s ¢ test; Fig. 48). TBAb
activities were significantly lower in the TSHR plus IL-12 group
(24.3 * 13.1%, mean * SD} than in the TSHR group or the TSHR
plus IL-4 group (51.9 * 14.9% and 57.9 > 14.9%, p = 0.0002 and
0.0001, respectively, Student’s ¢ test; Fig. 4C).

Th1 vs Th2 balance was examined in two ways: 1) in terms of
the 1gG subclass-specific ELISA (Fig. 3C) and 2) cytokines se-
creted by splenocytes in response to TSHR Ag (Fig, 5). The
1gG2a:1gG1 (Thl:Th2) ratio of anti-TSHR Abs was significantly
lower in the TSHR plus 1L-4 group 3 wk afier the second and third
immunizations as compared with TSHR and TSHR plus 1L-12
groups { p = 0.021 and 0.009, respectively, Student’s 1 test). How-
ever, this difference was not observed before the second immuni-
zation or 8 wk after the third immunization (p = 0.173 and 0.065).
Although the mean 1gG2a:1gG1 ratios in the TSHR/IL-12 group
were slightly elevated compared with the mean values in the
TSHR group throughout the experiment, the differences were not
statistically significant,

Splenocytes obtained 10 days after a single injection with Ad-
CMVTSHR secreted 1FN-vy in response to TSHR Ag (Fig. 5, 4 and
B). When expressed as fold increase, IFN- vy secretion was signif-
icantly lower in the TSHR plus [L-4 group vs the TSHR group
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FIGURE 5. 1FN-y production frem splenocytes of mice immunized

with AJCMVTSHR alone or in combination with AARGDCMVIL-4 or
AJRGDCMVIL-12. Splenocytes were isolated 10 days afier a single ad-
enovirus injection {4 and B) or 8 wk after three injections (Cand D). IFN-y
in cutture supernatants of splenocytes incuhated in the presence or absence
of TSHR Ag (TSHR-289, § pe/ml) for 5 days was determined by ELISA,
Data are means * SD (n = 4) and are expressed either as picograms per
milliliter in 4 and C or as fold increase relative 1o cultures without TSHR-
289 in 8 and D. (J and W, Splenocytes cultured in the absence or presence
of TSHR-289, respectively. 4, , p = 0.012 for the TSHR group vs the
TSHR plus IL-4 group; **, p = 0.027 for the TSHR group vs the TSHR
plus IL-12 group. B, &, p = 0.011 for the TSHR group vs the TSHR plus
IL-4 group; #+, p = 0.0038 for the TSHR group vs the TSHR plus 1L-12
roup (Student’s ¢ test), ND, Not done.
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FIGURE 6. T, levels in hyperthyroid mice Ireated with AJRGDCM-
VIL-4 alone or in combination with AJCMVTSHR. Groups of mice (n =
6-=7T) that were in a hyperthyroid state 8 wk afier three injections of Ad-
CMVTSHR were treated with two i.m. injections of AARGDCMVIL-4
(5 % 10! particles/mouse) alone or in combination with AACMVTSHR
(10'" particles/mouse) at a 2-wk interval, Serum T, levels were measured
before (M} and 2 wk after the second injection (CJ).

(~6-fold vs ~2.5-fold, p = 0.011) and significantly higher in the
TSHR plus 1L-12 group as compared with the TSHR group (~36-
fold, p = 0.0038; Fig. 58). However, this difference was no longer
observed in splenocytes isclated from mice at the end of the ex-
periments (Fig. 5, C and D). These data clearly demonstrate the
shifting of imumune response, albeit transiently, to Thl and Th2 by
IL-12 and IL-4, respectively. No IL-4 secretion was observed in
mice of any group (data not shown).

Incidentally, the histology of the thyroid glands from hyperthy-
roid mice was essentially same among the three groups. 1n partic-
ular, the hyperthyroid mice had diffuse goiters with hypertrophy
and hypercellularity of thyroid epithelial cells as previously re-
ported (15), findings consistent with those in overstimulated thy-
roid glands. No lymphocytic infiltration was observed.

Finally, the feasibility of 1L-4 for treatment of Graves’ disease
was evaluated, Groups of hyperthyroid mice (# = 6-7 in each
group) were left untreated or injected i.m. with AARGDCMVIL-4
(5 X 10" particles/mouse) alone or in combination with AdCM-
VTSHR (10'" particles/mouse) twice at a 2-wk interval. Serum T,
was measured 2 wk after the second immunization. Although the
disease remitted spontaneously in some mice, the incidence of dis-
ease and mean T, levels were not significantly different afler treat-
ment in three groups (Fig. 6).

Discussion
We have investigated the role of 1L-12 and 1L-4, Thi and Th2
eytokines, respectively, in the development of Graves® hyperthy-

-toidism in our recently established novel murine model (15). In

this medel, multiple i.m. injections of TSHR-expressing adenovi-
rus induce stimulating TSHR Abs and hyperthyroidism in >50%
of female BALB/c mice. Appearance of anti-TSHR Abs of both
15G1 and 1gG2a subclasses measured by ELISA and preferential
sectetion of IFN-y, not 1L-4, from splenocytes in response to
TSHR Ag in TSHR-immunized mice reflect the induction of both
Th2 and, particutarly, Thi immune responses in this model.
Coinjection of adenovirus expressing IL-4 skewed the develop-
ment of the immune response against the TSHR toward the Th2
phenotype, as reflected in the decreased ratio of 1gG2a:1gG1 TSHR
Abs (Th1:Th2) as well as Ag-specific secretion by splenocytes of
a Thi cytokine IFN-y. This deviation of anti-TSHR immwune re-
sponse away from Thl domination was accompaniced by signifi-
cant suppression of stimulating TSHR Abs and hyperthyroidism.
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In contrast, coinjection of adenovirus expressing 1L-12 enhanced
IFN-+y secretion from splenocytes, that biasing toward Th1 did not
affect induction of stimulating Abs or disease incidence. It is worth
noting that Ab titers determined with ELISA and TBIAb assays
were not affected quantitatively by expression of either cytokine,
supgesting that Ab quality, not quantity, is responsible for disease
induction. Similar results have recently been observed in our ad-
enovirus model with different mouse strains (21) as well as for
DNA vaccination of outbred mice (9). The significantly lower lev-
els of TSAb and comparable levels of TBAb in the TSHR plus
1L-4 group vs the TSHR group indicate that the protective effect of
IL-4 is not attributed to the increased proportion of blocking to
stimulating Abs. On the other hand, the significantly lower TBAb
activities in the TSHR plus IL-12 group than in the other two
groups suggest that the Th!/Th2 balance influences the ratio of
stimulating/blocking Abs. Overall, these data strongly indicate the
crucial role of the Th! immune response in the pathogenesis of
Graves’ disease in our mode!. Incidentally, it is unlikely that the
different abilities of IgG1 and 1gG2a to bind distinct FcRs and to
activate complement (22} contribute to disease pathogenesis.

In this context, it is of interest that the Th2 adjuvant alumn, but
not the Th1 adjuvant polyriboinosinic polyribocytidylic acid, com-
pletely suppresses Ab production and disease development in an-
other murine Graves’ model we have recently established. This
model involves injecting female BALB/c mice with bone marrow-
derived dendritic cells infected with adenovirus expressing TSHR
(23). These data suggesting the importance of Thl immune re-
sponses in Graves” models utilizing TSHR-expressing adenovirus
are consistent with our present observations, but are in sharp con-
trast to the previous studies with the Shimojo medel of Graves’
disease (10).

These appatently opposing effects of alum in different animal
models, along with controversial data regarding the Th1/Th2 par-
adigm in experimental murine and human disease (reviewed in the
Introduction), indicate that it is unwise to conclude that Graves’
manifestations are the outcome of Thl-type immune responses.
Moreover, the view that Th2 cytokines play a primary role in hu-
moral autoimmune diseases may be unwarranted. Indeed, the im-
portance of Thi immune responses has been demonstrated in other
Ab-mediated organ-specific autoimmune diseases such as autoim-
mune hemolytic anemia (AIHA), myasthenia gravis, and Good-
pasture’s disease (24). For example, preferential secretion of Thl
cytokines in response to autoantigens has been demonstrated in
AlHA and myasthenia gravis (24, 25). Moreover, amelioration in
AlHA was observed when mice were injected with DNA encoding
1L-4 or with anti-1L-12 Ab (24). On the other hand, in murine
lupus, an Ab-mediated systemic autoimmune disease (26), disease
activity was suppressed in IFN-y and IL-4 KO mice as well as in
1L-4-transgenic mice (27, 28). These divergent results are not easy
to reconcile and may point to the complexity of cytckine
interactions.

Cytokines exert variable actions on the induction/suppression of
immune response, depending on the level and location of produc-
tion or the route and timing of administration, For exampie, IL-4,
which is generally believed to stimulate humoral immunity and
inhibit a Thl immune response (29), is also shown to have the
indispensable role in establishment of an early phase of Thl im-
mune response (30, 31). Divergent effects of certain cytokines
have been reported in Thi-dominated, T cell-mediated autoim-
mune diseases, Thus, the therapeutic efficacy of adenovirus-medi-
ated transiently expressed IL-4 {32) and a pathogenic role of sus-
tained administration of r1L-4 (33) have both been demonstrated in
inflammatory bowel disease. Prevention of autoimmune diabetes
in nonobese diabetic mice has been achieved with systemic injec-
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tion of adenovirus-expressing IL-4 (34) and also in IL-4R KO
mice {35).

In conclusion, Graves’ disease induced by injecting TSHR-ex-
pressing adenovirus is characterized by Tht and to a lesser extent
Th2 responses. Despite its protective effect on induction of murine
Graves’ disease, 1L-4 had no beneficial effect in a therapeutic set-
ting. Skewing an established immune response might be more dif-
ficult than inducing a polarized response in naive mice. Indeed, it
is reported that 1L-4 fails to convert an already established Thi
response into a Th2 response (36). Nevertheless, the pathogenic
potential of the Thl-type immune response in Graves’ hyperthy-
roidism suggests the need for caution in developing therapeutic
strategies aimed at deviating a presumed Th2-mediated autoim-
mune response to Thl-dominant immunity. Furthermore, unlike
murine Graves’ models, Thl-dominated subclinical chronic thy-
roiditis likely coexists with Graves’ disease in humans, as indi-
cated by the presence of autcantibodies against thyroglobutin and
thyroid peroxidase in most Graves® sera, which may also worsen
with such treatment. Further studies will be required to explore the
therapeutic potential of cytokine therapy in humans with Graves’
disease.
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Dendritic cells transduced with gp100 gene by RGD
fiber-mutant adenovirus vectors are highly efficacious
in generating anti-B16BL6 melanoma immunity
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Dendritic cells (DCs) are the most potent professional
antigen-presenting cells for the initiation of antigen-specific
immune responses, -and antigen-loaded DCs have been
regarded as promising vaccines in cancer immunotherapy.
Wa previously demonstrated that RGD fiber-mutant adeno-
virus vector (AJRGD) could aftain highly efficient gene
transduction inte human and murine DCs. The aim of the
present study is lo demonstrate the predominance of ex vivo
genetic DC manipulation using AdRGD in improving the
efficacy of DC-based immunotherapy targeting gp100, a
melanoma-associated antigen (MAA). Vaccination with
muring bone marrow-derived DCs transduced with AJRGD
encoding gp100 (AdRGD-gp100/mBM-DCs) dramatically
impraved resistance to B16BL6 melanoma challenge and
pulmonary metastasis as compared with immunization with

conventional Ad-gp100-transduced mBM-DCs. The improve-
ment in antimelanoma effects upon immunization with
AdRGD-gp100/mBM-DCs correlated with enhanced cyto-
toxic activities of natural killer (NK) cells and B16BL6-specific
cytotoxic T lymphocytes (CTLs). Furthermore, in vivo
depletion analysis demonstrated that CO8* CTLs and NK
cells were the predominant effector cells responsible for the
anti-B16BLE immunity induced by vaccination with AdJRGD-
gp100/mBM-DCs, and that helper function of CD4* T cells
was necessary for sufficiently eliciting effector activity. These
findings clearly revealed that highly efficient MAA gene
transduction to DCs by AdRGD could greatly improve the
sfficacy of DC-based immunotherapy against melanoma.
Gene Therapy (2003) 10, 1891-1902. doi:10.1038/
sj.gt.3302090
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Introduction

The goal of cancer vaccines is to raise the cytotoxic
immune response, in which antitumor cytotoxic T
lymphocytes (CTLs) play a central role, to a level capable
of tumor rejection and regression. It is well established
that potent priming and subsequent activation of
antitumor CTLs are required for the processing and
presentation of tumor-associated antigens (TAAs) as
peptide fragments in the context of appropriate major
histocompatibility complex (MHC) class I molecules by
antigen-presenting cells (APCs).! The APC system is
represented by dendritic cells (DCs), which possess
structural and functional capabilities that are specialized
for processing and presenting antigens as peptide
fragments to T cells.>* Owing to their unique priming
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and stimulating ability to naive T cells, DCs offer new
perspectives in immune intervention strategies against
cancer. For this novel anticancer therapy, which is based
on the activation of tumor-specific CTLs using DCs as
APCs, optimal ex vivo TAA delivery into DCs is a key
issue for attaining effective therapeutic efficacy. To date,
multiple approaches have been designed for delivery of
TAAs to DCs, including loading with peptides, full-
length proteins, and tumor cell lysates, transfection with
mRNA, fusion between DCs and tumor cells, and gene
transfer via nonviral or recombinant viral vectors.>
While the use of peptides still ensures antigen specificity
and safety, the peptide sequence and the MHC allele
presenting that peptide must be known and expressed
by the individual, thereby limiting the population of
patients in whom T cells can be activated. On the other
hand, genetic modification of DCs with specific
sequences of TAA genes offers major advantages as
opposed to other approaches. Following the transduction
of TAA genes into DCs, full-length TAA proteins are
expected to be physiologically processed and presented
via MHC class I molecules by DCs. This, therefore, is a
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mean for activating specific antitumor CD8+ CTLs with
the full antigenic determinants spectrum. Furthermore,
TAA gene-modified DCs may also present MHC class II-
restricted epitope(s) to CD4™ T cells, and can express
TAA continuously and MHC-peptide complexes for long
periods.”? .

Among various techniques for transferring the TAA
gene to DCs, the ex vivo engineering of DCs using
adenovirus vector (Ad) provides encouraging results.’®"?
However, the low or lack of coxsackie-adenovirus
receptor (primary Ad-receptor) expression on the DC
surface makes sufficient gene transduction to DCs by
conventional Ad difficult.’*'¢ Likewise, the cytopathic
effect of high-dose Ad on DCs remains an impediment to
this strategy. We recently reported that RGD fiber-mutant
Ad (AdRGD), which targets a.-integrin during attach-
ment to cells by insertion of the RGD peptide into the HI
loop of the fiber knob,’” exhibited highly efficient foreign
gene transduction in murine and human DCs compared
to conventional Ad.*%1% Moreover, a murine DC line
(DC2.4 cells) transduced with ovalbumin (OVA) gene by
AdRGD could elicit a more effective OVA-specific
immune response in vaccinated mice than a cell line
transduced by conventional Ad.’® Although these results
suggest that efficient gene transduction by AdRGD
would improve the efficacy of DC-based gene immuno-
therapy, the use of primary DCs and the targeting of
natural TAA rather than a continuously proliferating DC
line and highly immunogenic model antigen is desirable
in order to establish the predominancy of AARGD in DC-
based immunotherapy.

Melanoma is one of the few cancers for which multiple
TAAs capable of eliciting a specific cellular immune
response have been identified. These include gp100,
MART-1/Melan-A, tyrosinase, and tyrosinase-related
protein.’®?® Among these defined melanoma-associated
antigens (MAAs), which are nonmutated self-differentia-
tion antigens associated with melanin synthesis in
normal melanocytes, gpl00 appears to be a promising
target antigen. Several human MHC class I-restricted
peptides from gp100 have been identified, and vaccina-
tion strategies using synthetic gp100-derived peptides in
conjunction with chemical adjuvant or autologous DCs
have been evaluated in early phase /I clinical trials.242%
The murine B16 melanoma model expresses most mouse
homologs of these human MAAs, so it can be used to
evaluate vaccine strategies in a preclinical setting.
However, mice vaccinated with viral vectors encoding
murine gp100 do not develop measurable murine gp100-
specific immunity, and are apparently tolerant to murine
£p100.2%% In contrast, immunization with human gp100-
expressing viral vectors can overcome self-tolerance to
gpl00 in C57BL/6 mice because this approach induces
human gpl00-specific and also murine Bl16 melanoma-
crossreactive T-cell responses.®**” Furthermore, immuni-
zation with DCs transduced ex vive with human gp100
gene using conventional Ad generates more effective
anti-B16 melanoma immunity than iz vivo direct injection
of human gp100-expressing Ad.”®

In the current research, we attempted to demonstrate
the predominance of AdRGD in DC-based immuno-
therapy using murine bone marrow-derived DCs
(mBM-DCs) and targeting gpl00. We found that
mBM-DCs were highly susceptible to human gpl00 gene
transduction by AARGD, and that ex vive DC engineering
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with gpl00 genme using AdRGD, as compared with
conventional Ad, could generate more potent anti-
B16BL6 melanoma immunity, as determined by protec-
tion against tumor challenge, reduction of lung metas-
tasis, and analysis of effector activity. In addition, the
efficacy of AdRGD-applied DC-based immunotherapy
resulted from eliciting natural killer (NK) cells and a
specific CD8* CTLs response via a CD4* T cell-
dependent mechanism.

Resuits

Cytopathic effect of AdRGD-gp100- or Ad-gp100
transduction against mBM-DCs

Immature mBM-DCs from C57BL/6 mice were
expanded in vitro for 8-14 days in the presence
of granulocyte/macrophage colony-stimulating factor
(GM-CSF). Flow cytometric analysis indicated that the
resulting cell population was negative for B220 and
CD14, and that more than 85% of these cells displayed
characteristic DC surface markers, including I-A®, CD80,
CD86, and CDllc (data not shown). In order to
investigate cytopathic effects of AARGD-gpl00- or Ad-
gpl00 transduction on mBM-DCs, we performed an
MTT assay at 48 h post-transduction (Figure 1). Although
cytotoxicity after transduction with each vector was not
observed at a multiplicity of infection (MO of less than
50, the viability of AdRGD-gp100- or Ad-gpl00-trans-
duced mBM-DCs (AdRGD-gpl00/mBM-DCs or Ad-
gp100/mBM-DCs, respectively) tended to decrease at a
MOI of 100 or more. In addition, cell damage caused by
AdRGD-gp100 transduction was slightly more serious
than that by Ad-gpl100 transduction at a high MOI, and
the viability of AARGD-gp100/mBM-DCs fell to 80% at
an MOI of 200. Flow cytometric analysis using an
annexin-V and propidium iodide staining kit demon-
strated that the manner of cell death under high-dose
transductional conditions was partially apoptosis (data
not shown). On the basis of these results, we set the MOI
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Figure 1 Cytopathic effect of AARGD-gp100 and Ad-gpl00 on gene
transduction into mBM-DC. mBM-DCs were infected with ARGD-
gp100 or Ad-gpl00 at the indicated MOI, and then were cultured on
96-well plates at 1 x 10° eells/100 ul in GM-CSF-free culture medium,
After 2 days, cell viability was assessed by MTT assay. Each point
represents the mean +5.d. of triplicate cultures.




for each vector used for DC medification in the following
experiments as 50 or less, which did not affect the cell
viability. '

Humarn gp100 expression in AARGD-gp100/mBM-DCs
and Ad-gp100/mBM-DCs

Expression levels of human gpl00 mRNA in AdRGD-
gp100/mBM-DCs and Ad-gp100/mBM-DCs were ana-
lyzed by reverse transcription-polymerase chain reaction
(RT-PCR) at 48 h after transduction (Figure 2a). Human
gpl00-specific PCR products increased in an MOI-
dependent manner in both AdRGD-gp100/mBM-DCs
and Ad-gp100/mBM-DCs, whereas control vector-trans-
duced mBM-DCs (AdRGD-LacZ/mBM-DCs} did not
express any detectable gpl00 mRNA. In addition,
AdRGD-gp100/mBM-DCs showed much higher levels
of gp100 mRNA expression than Ad-gp100/mBM-DCs.
In order to confirm cytoplasmic expression of human
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Figure 2 Human gpl00 expression in AdRGD-gp100/mBM-DCs and
Ad-gp100/{mBM-DCs. mBM-DCs were infected with AARGD-gpl00,
Ad-gp100, or AdARGD-LacZ at the indicated MOI. After 48 h cultivation,
Fuman gpl00 gene expression was assessed by RT-PCR analysis (a) and
flow cytometric analysis with an intracellular staining method using
HMBS0 antibody (b). (a} PCR for human gpl00 and mouse f-actin
transcripts was performed on the same RT samples using each specific
primer set to ensure the quality of the procedure, (b) the % value and the
numerical value in the parenthesis express % of M1-gated cells and mean
fluorescence intensity, respectively.

Antimelanoma effect of DCs transduced by AJRGD-gp100
N Dkada ef af

gp100 protein, we performed flow cytometric analysis by
the intracellular staining method using HMB50 antibody
(Figure 2b). Under transductional conditions at an MOI
of 50, more than 95% of AGQRGD-gp100/mBM-DCs could
express gpl00 protein in their cytoplasm, whereas only
83% of Ad-gpl00/mBM-DCs were gplO0-positive.
These data clearly demonstrate that AARGD is a very
potent vector system for ex vivo genetic modification
of DCs, as we showed in our previous studies using
reporter genes,’>1¢18

Allogenic and syngeneic T-cell proliferation-stimufating
ability of AdRGD-gp100/mBM-DCs and Ad-gp100/

mBM-DCs

Next, we performed allogenic and syngeneic mixed
leukocyte reaction {(MLR) to compare T-cell proliferation-
stimulating ability of AARGD-gp100/mBM-DCs and Ad-
gp100/mBM-DCs. Ad-gp100/mBM-DCs could stimulate
allogenic naive T cells more effectively than intact
{immature} mBM-DCs, and the proliferation level of
responder cells stimulated by Ad-gp100/mBM-DCs was
comparable with that by lipopolysaccharide (LPS)-driv-
ing mature mBM-DCs (Figure 3a). Moreover, AARGD-
gp100/mBM-DCs could more strongly induce allogenic
T-cell proliferation than Ad-gp100/mBM-DCs. On the
other hand, both AdRGD-gpl00/mBM-DCs and Ad-
gp100/mBM-DCs, as well as intact mBM-DCs, were not
able to stimulate syngeneic naive T-cell proliferation
(Figure 3b). However, only AdRGD-gp100/mBM-DCs
could induce the significant proliferation of syngeneic
gp100-primed T cells, which were purified from C57BL/
6 mouse vaccinated beforehand with 1x10° AdRGD-
gpl00/mBM-DCs, at responder/stimulator ratio of 5
(Figure 3c). These results suggested that AARGD-gp100/
mBM-DCs possessed the more potent allostimulating
ability than Ad-gpl100/mBM-DCs, and that they could
expand syngeneic T cells in the gpl00-specific
manner. We determined that the T-cell proliferation-
stimulating ability of AJdRGD-gpl00/mBM-DCs is
most likely related to not only to the sufficient pre-
sentation of processed gplO0 peptides via MHC
molecules but also the enhancement of both costimu-
latory molecules expression and interleukin (IL)-12
secretion on AdRGD-gp100/mBM-DCs, which we ob-
served previously.’®

Vaccine efficacy of AdRGD-gp100/mBM-OCs and

Ad-gp100/mBM-DCs against B16BL6 tumor chalienge
C57BL/6 mice received a single intradermal injection of
1 x 10° mBM-DCs transduced with AARGD-gp100, Ad-
gp100, or AARGD-Null at an MO! of 50, and then these
mice were inoculated with 2 x 10° B16BL6 melanoma
cells at 1 week postimmunization. The mice immunized
with AdRGD-Null/mBM-DCs showed no significant
protection against the inoculated B16BL6 cells. The
results in Figure 4 demonstrated that immunization with
Ad-gp100/mBM-DCs markedly inhibited B16BL6 mela-
noma growth when compared to the AdRGD-Null/
mBM-DCs control group. In addition, a more significant
inhibitory effect on tumor growth could be observed in
mice after vaccination with AdRGD-gp100/mBM-DCs
than in mice vaccinated with Ad-gp100/mBM-DCs. Four
of six mice immunized with AdRGD-gp100/mBM-DCs
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Figure 3 Allogenic and syngeneic T-cell proliferation-stimulating ability
of AdRGD-gpl00/mBM-DCs and Ad-gp100/mBM-DCs. C57BL{6 mBM-
DCs were infected with AARGD-gp100 or Ad-gp100 at an MOI of 50, and
cultured for 2 days. Naive BALBJc T lymphocytes (a), naive C57BLI6 T
lymphoeytes (b), or gpl00-primed C57BLI6 T lymphocytes (c) were
cocultured with AARGD-gp100/mBM-DCs, Ad-gp100/mBM-DCs, LPS/
mBM-DXCs, or intact mBM-DCs at different responder/stimulator ratios
for 3 days. Cell cultures were pulsad with BrdU during the last 18 h, and
then T-cell proliferation was assessed by BrdU-ELISA. Resulls are
expressed as meanzts.e. of three independent cultures using T cells
prepared from thr. individual mice.

remained tumor free for 60 days after B16BL6 cells
challenge, whereas only one of six mice immunized with
Ad-gp100/mBM-DCs were tumor free. Furthermore,
immunization with AGRGD-gp100/mBM-DCs was spe-
cifically effective only against B16BL6 melanoma because
mice vaccinated by AdRGD-gp100/mBM-DCs, as well
as mice immunized with phosphate-buffered saline
(PBS), did not exhibit any protective effect against
syngeneic irrelevant EL4 lymphoma challenge (data
not shown). These results reveal that vaccination
with Ad-gpl00/mBM-DCs could provide protection
against B16BL6 tumor challenge, but less effectively
than vaccination with AARGD-gp100/mBM-DCs. There-
fore, our data suggest that highly efficient MAA
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Figure 4 Vaccine efficacy of AGRGD-gp100/mBM-DCs and Ad-gpl00/
mBM-DCs against B16BL6 melanoma challenge. AdRGD-gp100/mBM-
DCs, Ad-gp100/mBM-DCs, and AARGD-NullimBM-DCs were prepared
using corresponding vectors at an MOI of 50. C57BL{6 mice were
immunized by intradermal injection of transduced mBM-DCs into the
right flank at 1 x 10° cells, and then 2 x 10° B16BL6 melaroma cells were
inoculated into the mouse left flank after 1 week postvaccination. The size
of tumors was assessed using microcalipers three times per week. Each
point represents the mean xs.e. from six ntice.

expression by application of AdRGD to ex vivo
DC engineering could significantly enhance protective
and specific antimelanoma immunity in DC-based
immunotherapy.

Inhibitory effect of AdJRGD-gp100/mBM-DCs and Ad-
gp100/mBM-DCs on B16BL6 pulmonary metastasis
DC-based immunotherapy is expected to satisfactorily
demonstrate its efficacy in prevention of metastasis
and recurrence after surgical removal of the primary
cancer rather than in regression of advanced
primary cancer mass. Thus, we compared the anti-
B16BL6 pulmonary metastasis effects of AGRGD-gp100/
mBM-DCs and Ad-gp100/mBM-DCs using both
the vaccine and therapeutic protocols (Figure 5). In
response to the vaccine protocol, B16BL6 metastatic
nodules in lung were reduced by a single immuni-
zation with AdRGD-gpl100/mBM-DCs or Ad-gp100/
mBM-DCs in an MOI-dependant manner, and more
potent inhibitory effects were observed in the AdRGD-
gp100/mBM-DCs group. The antimetastasis effect of
AdRGD-gp100/mBM-DCs prepared at an MOl of 1
was comparable with that of Ad-gp100/mBM-DCs
prepared at an MOI of 25, and more than 99% inhibition
was attained in mice immunized with AARGD-gp100/
mBM-DCs prepared at an MOI of 25. Likewise,
three immunizations with AdRGD-gp100/mBM-DCs
could more effectively inhibit established pulmonary
metastasis in the therapeutic protocol after intra-
venous injection of BI6BL6 cells than Ad-gp100/mBM-
DCs. These data indicate that the immunization
with MAA genemodified DCs using AdRGD can
greatly improve the efficacy against melanoma metas-
tasis not only when the animals were vaccinated
in advance but also when micrometastasis already
existed in peripheral tissue distant from the immuni-
zation site.
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Figure 6 NK activity of splenocytes from mice immunized with AdRGD-
gp100/mBM-DCs or Ad-gp100/mBM-DCs. AdRGD-gp100/mBM-DCs
and Ad-gpl100/mBM-DCs were prepared using corvesponding vectors at
an MOI of 50. Transduced or intact mBM-DCs were vaccinated once
intradermally into C57BL{6 mice at 1x10° cells. At 1 week after
immunization, nonadherent splenocytes were prepared from these mice,
and directly used in cytolytic assays against YAC-1 cells. Each point
represents the meantse. from three independent cultures using
splenocytes prepared from three individual mice.

Metastatic nodule formation
(% of PBS group)

Figure 5 Inkibition of B16BL6 pulmonary metastasis by immunization
with AdRGD-gpl00/mBM-DCs or Ad-gpl00/mBM-DCs. AdRGD-
£p100/mBM-DCs, Ad-gp100fmBM-DCs, and AdRGD-NullimBM-DCs
were prepared using corresponding vectors at the indicated MOL
Experimental procedure of both vaccine and therapeutic protocels is
described in the ‘Materials and methods” section. Results are expressed as
mean +s.e. from six mice.

Cytolytic activity of NK cells and CTLs from mice
immunized with AdRGD-gp100/mBM-DCs

or Ad-gp100/mBM-DCs

In order to attain sufficient therapeutic efficacy in cancer
immunotherapy, it is important to efficiently prime and
activate effector cells belonging to the cellular immune
system, which can directly recognize and eliminate
tumor cells, rather than activate the humoral immune
system. Thus, we examined the cytolytic activities of NK
cells and CTLs in mice intradermally immunized with
1x10° AdRGD-gp100/mBM-DCs or Ad-gpl0%/mBM-
DCs by Eu-release assay. At 1 week after immunization
of C57BL/6 mice with various vaccines, the splenocytes
were used in a cytolytic assay against YAC-1 cells, and
were restimulated in vitro with inactivated B16BL6 cells,
which were treated with interferon (IFN)-y to promote
the expression of their MHC class I molecules, for
CTL expansion.

As shown in Figure 6, the splenic NK activity
increased after immunization with AdRGD-gp100/
mBM-DCs, while effector cells from mice immunized
with Ad-gp100/mBM-DCs exhibited equivalent NK
activity to those from mice immunized with intact
mBM-DCs or PBS. These data suggested that the
enhancement of nonspecific immunity might be involved

50 50
B16BLE/NFN-y B16BLS
49 40}t
30Ff a0t
20t 20
10+t 1}
ks
a ¢ [ -
- o 20 40 60 o 20 40 60
0
2 50 50
EL4 YAC-1
40 | 40
8- AJRGD-gp10GMBM-DCs
307 _o- adgs1oomeMDCe »or
-8~ AJRGD-LacZ/mBM-DCs
201 D intact mEM-DG ¢
o | D@ﬂd&
U—D——ﬁ-—d
0 - - 0 *
0 20 40 80 ] 20 40 60
Effectoritarget ratio

Figure 7 B16BLé-specific CTL respomse in mice immunized with
AdRGD-gp100/mBM-DCs or Ad-gp100/mBM-DCs. AdRGD-gpl100/
mBM-DCs, Ad-gpl00/mBM-DCs, and AJRGD-LacZ/mBM-DCs were
prepared using corresponding vectors at an MOI of 50. Transduced or
intact mBM-DCs were vaccinated once intradermally into C57BL/6 mice
at 1 x 10° cells. At 1 week after immunization, nonadherent splenocytes
were prepared from these mice, and then were restimulated in vitro for 5
days with IFN-y-stimulated and mitomycin C-inactivated B16BL6 cells. A
cylolytic assay was performed using BI6BLE cells stimulated with or
without IFN-y, EL4 cells, and YAC-1 cells. Each point represents the
mearr+s.e. of three independent cultures using restimulated splenocytes
prepared from three individual mice.

in the improvement of anti-B16BL6 melanoma response
by AdRGD-gpl00/mBM-DCs immunization. On the
other hand, the cytolytic effects on B16BL6& cells by
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in vitro restimulated effector cells were promoted in mice
immunized with Ad-gp100/mBM-DCs as compared
with mice immunized with intact mBM-DCs. However,
the AARGD-gp100/mBM-DCs group exhibited the most
effective cytolytic activity (Figure 7). When B16BL6 cells
stimulated with IFN-y were used as target cells, the

olytic activities in the groups immunized with
AdRGD-gp100/mBM-DCs  or  Ad-gp100/mBM-DCs
were still more obvious than those in the other groups.
This cytolytic activity was caused by B16BLé-specific
CTLs because the effector cells prepared from mice
immunized with AJRGD-LacZ/mBM-DCs did not in-
jure the B16BL6 cells and no cytolytic effects against
syngeneic EL4 cells and NK-sensitive YAC-1 cells were
detected in any group. Therefore, consistent with the
protective and therapeutic effect against B16BL6 tumor

owth and metastasis, the mice immunized with
AdRGD-gp100/mBM-DCs exhibited a B16BL6 mela-
noma-specific CTL response, which was more potent
than that induced by immunization with Ad-gp100/
mBM-DCs.

Taken together, these results suggest that immuniza-
tion with MAA gene-modified DCs using AdRGD, as
compared with those using conventional Ad, could more
efficiently prime and activate effector cells, nonspecific
NK cells, and MAA-specific CTLs, which is subsequently
related to rejection and regression of melanoma.
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Figure 8 Detenmination of immune subscts responsible for the prolective
immunity induced by vaccination with AdRGD-gp100fmBM-DCs.
C57BLJ6 mice were intmunized once with 1 x 10° mBM-DCs transduced
with AdRGD-gp100 at an MOI of 50, and inoculated with 1 x10°
B16BLS cells at 1 week after immunization. Antibodies, GK1.5 (anti-
CD4), 53-6.72 {anti-CD8), or anti-asialoGM1, were intraperitoneally
injected according to the indicated schedule. Depletion of T-cell subsets and
NK cells was monitored by flow cytometry, which showed > 90% specific
depletion in splenocytes at the time of immunization or tumor challenge
in each administration schedule. Each poini represents the meanzs.e.
of six mice.
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Effect of T-celf subsets- or NK cell-depletion

on vaccine efficacy of AdRGD-gp100/mBM-DCs

In order to investigate what subset of immunocompetent
cells was involved in the induction and effector phases
and improve vaccine efficacy by immunization with
AdRGD-gp100/mBM-DCs, we performed in vivo deple-
tion analysis using specific antibodies against CD4, CD8,
and asialoGM1. The antibody administration schedule
for this experiment is shown in the lower part of Figure
8. Upon depletion during immunization (induction
phase), intraperitoneal administration of each antibody
was started 3 days before AdRGD-gpl00/mBM-DCs
immunization. These mice then received two adminis-
trations every other day. Flow cytometry showed >90%
specific depletion in splenocytes from these mice at
immunization, and the number of specific cells recovered
was at least 70% at the time of B16BL6 tumor challenge
{data not shown}. On the other hand, to deplete specific
cell types during tumor challenge (effector phase),
antibody administration was started 3 days before
B16BL6 tumor challenge, This was followed by four
additional administrations performed every other day.
These mice showed >90% specific depletion in spleno-
cytes at tumor challenge, and 50-70% recovery of specific
cells was observed on day 12 post-tumer challenge (data
not shown).

As shown in Figure 8, the depletion of CD8™ Tcells or
NK cells during the effector phase abrogated the
protective immunity induced by immunization with
AdRGD-gp100/mBM-DCs, whereas mice whose CD4~
T cells were depleted during the effector phase could
resist B16BL6 tumor challenge as well as nondepletion
group. In contrast, mice depleted of CD4™ T cells during
the induction phase failed to reject B16BL6 tumor
challenge. However, the depletion of CD8* T cells or
NK cells during the induction phase did not influence
vaccine efficacy of AdRGD-gp100/mBM-DCs. These
results confirmed that CD8+ CTLs and NK cells were
predominant effector cells in anti-B16BL6 melanoma
immunity induced by immunization with AdRGD-
gp100/mBM-DCs, and that the activation of effector
cells was greatly dependent on the helper function of
CD4+ Tcells activated during the induction phase.

Discussion

In general, DCs capture antigens in the periphery and
then migrate to T-cell areas in lymphoid organs to prime
the antigen-specific immune responses.** Owing to
these features and establishment of methods for expan-
sion of human and rodent DCs on a large scale from
hematopoietic precursors in the presence of appropriate
cytokine cocktails,**' DCs have attracted great attention
as vehicles for the delivery of cancer vaccines. The
efficacy of different viral vectors, including retroviral
vector,®®® Ad2™ and lentiviral vector,?®** has been
evaluated for genetic modification of DCs. Among them,
Ad was confirmed as a good candidate because of its
high efficiency and minimum risk associated with
insertional mutagenesis.>> Owing to the life span and
migration period of DCs administered to a living
body,** the indication that only transient gene expres-
sion can be attained by Ad-mediated gene transfer will
not impact DC-based immunotherapy. Genetic DC



modification using Ad to express TAA has been actually
documented to be efficacious to induce antitumor
immunity in animal models.'>*? Nevertheless, the anti-
tumor immunity induced by TAA gene-modified DC
vaccine is still limited in clinical trials,®** suggesting
that the breakthrough capable of improving the efficacy
of DC-based immunotherapy will need to be explored
for wide application of this novel cancer treatment. The
antitumor efficacy of immunization with DCs genetically
modified with TAA gene is stl far from satisfactory in
translational research and early phase clinical trials for a
variety of reasons and is partly due to the relative
resistance of DCs against gene transduction. From the
perspective of the exploitation of DC-based immuno-
therapy, we previously reported a method using AARGD
that enhances the ex vivo gene transduction efficiency
of murine and human DCs.'%1618

In recent years, the cloning of various MAAs interact-
ing with the melanocyte differentiation and melano-
genesis pathways has opened new possibilities for the
development of active immunotherapy designed to
cause the rejection of malignant melanoma.'*** gpl00,
an MAA, is consistently expressed in both murine and
human melanomas,?*® and has been shown to be highly
immunogenic and an important target for active-specific
immunotherapy in humans.*’ However, mice injected
with Ad* or recombinant vaccinia virus®” encoding
murine gpl00, which was cloned from a Bl6 cDNA
library, failed to produce any detectable T-cell responses
or protective immunity against murine B16 melanoma.
In contrast, immunization of mice with human gpl00
gene, which shares 75.5% nucleotide and 77% amino-
acid identity to murine gp100, using Ad elicited T cells
specific for human gp100. However, these T cells also
crossreacted with B16 tumor in vitro and could induce
some level of protective tumor immunity in C57BL/6
mice against B16 challenge.?*% Hence, the primary aim
of the present study was to demonstrate that the highly
efficient transduction of mBM-DCs with a natural MAA,
human gpl00 gene, by AdRGD can improve the
therapeutic efficacy of DC-based vaccine in the mouse
B16BL6 melanoma model.

When the cytopathic effect of AARGD-gp100- or Ad-
gp100 transduction on mBM-DCs was evaluated at first,
neither vector type affected cell viability at the lower
MOI of 50. Although AARGD-gp100 damaged mBM-DCs
more than Ad-gpl00 at an MOI of 100 or more, this
phenomenon resulted from the presence of more
AdRGD-gpl00 particles capable of infecting and invad-
ing mBM-DCs than Ad-gp100 particles. In fact, expres-
sion of both gpl00 mRNA and gpl00 protein was
notably higher under noncytotoxic transductional con-
ditions in AARGD-gp100/mBM-DCs than in Ad-gp100/
mBM-DCs. Surprisingly, nearly all AdRGD-gpl00/
mBM-DCs could express gpl00 protein in their cyto-
plasm under transductional conditions at an MOI of 50,
and the percentage of gpl00-positive cells between
AdRGD-gp100/mBM-DCs and Ad-gp100/mBM-DCs re-
sulted in a 10-fold difference. Although data were not
shown, we confirmed that AARGD was able to transduce
the reporter gene into mBM-DCs more efficiently under
the same transductional conditions, based on MOI or on
the number of vector particles, than type 35 fiber-
modified Ad whose high gene transduction efficiency
in human DCs was reported by Rea et al.*? Therefore, we
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are fully confident that AARGD has the highest
capability to genetically modify DCs ex vivo among the
various vector systems established to date. Furthermore,
AdRGD-gp100/mBM-DCs could stimulate allogenic
naive T cells more effectively than Ad-gp100/mBM-
DCs and also mature LPS/mBM-DCs, and the prolifera-
tion of syngeneic gpl00-primed T cells was observed
only in cocultivation with AdRGD-gp100/mBM-DCs.
We previously demonstrated that antigen presentation
level via MHC molecules in mBM-DCs transduced with
the OVA gene by AdRGD was much greater than that in
mBM-DCs transduced with conventional Ad.'¢ Likewise,
we found that AARGD transduction could enhance the
expression of MHC and costimulatory molecules and the
secretion of IL-12 in mBM-DCs as compared with
conventional Ad transduction.'® Thus, we expected that
AdRGD-gp100/mBM-DCs could stimulate more reper-
tories of T-cell receptors via gpl00 peptides-MHC
complexes than Ad-gp100/mBM-DCs and LPS/mBM-
DCs because they may sufficiently present peptides
produced by processing of gpl00 proteins that are
expressed in large quantities within the cytoplasm. Also,
they could provide secondary signals for activation and
proliferation of naive T cells via costimulatory molecules
whose expression levels were promoted by AJRGD
transduction. In addition, IL-12 secreted from mature
AdRGD-gp100/mBM-DCs might participate in potent T-
cell stimulation because IL-12 is a major Thl-driving
cytokine.

As expected, a single vaccination with AdRGD-
gpl00/mBM-DCs could provide C57BL/6 mice with
much higher resistance against tumor growth and lung
metastasis from subsequent B16BL6 challenge than Ad-
gp100/mBM-DCs. Moreover, in the therapeutic protocol
that called for three DC immunizations after intravenous
injection of B16BL6 cells, mice immunized with AdRGD-
gp100/mBM-DCs could more largely reduce the number
of metastatic nodules than those in the Ad-gpl00/mBM-
DCs group. The difference between AdRGD-gpl00/
mBM-DCs and Ad-gpl100/mBM-DCs in vaccine and
therapeutic efficacy against B16BL6 melanoma reflected
the gene transduction efficiency and the maturation
status to mBM-DCs by AARGD-gp100 and Ad-gp100. As
the prognosis of patients with melanoma is generally
poor even after surgery, chemotherapy, or radiotherapy,
and the melanomas commonly metastasize,*>** the fact
that immunization with AdRGD-gpl00/mBM-DCs
could demonstrate tnore potent therapeutic efficacy
against pre-existing B16BL6 metastasis is significant.
Taken together, our results indicate that highly efficient
MAA gene transduction to DCs using AARGD leads
directly to the generation of very effective APCs and
an improvement in the efficacy of DC-based immuno-
therapy against melanoma.

As DCs are uniquely capable of presenting novel
antigens to naive T cells, previous studies of immune
responses after immunization using antigen-loaded DCs
have focused on generating antigen-specific CTLs.
However, several recent reports confirm that DCs can
activate NK cells and play an important role in crosstalk
between innate and acquired immune responses.*>¢ We,
therefore, attempted to analyze the mechanism behind
the anti-B16BL6 tumor effects of immunization with
AdRGD-gp100/mBM-DCs.  Splenocytes from rmice
immunized with AdRGD-gp100/mBM-DCs could injure
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YAC-1 cells more effectively than those from intact mice,
whereas NK activity did not change upon immunization
with Ad-gp100/mBM-DCs or intact mBM-DCs.
Although data were not shown, we confirmed that the
increase in NK activity in mice immunized with AARGD-
gp100/mBM-DCs disappeared 2 weeks postimmuniza-
tion. We speculated that the increase in NK activity
during the early stage of immunization with AdRGD-
gp100/mBM-DCs was caused by upregulation of IL-12
secretion from mBM-DCs transduced with AARGD as
observed in our previous work.’ Recently, Miller et al¥’
also suggested that the enhancement in NK activity in
mice immunized with Ad-transduced DCs depended
partially on IL-12 levels secreted from immunized DCs.
On the other hand, the increase in B16BL6é-specific CTL
activity was detected in mice immunized with Ad-
gp100/mBM-DCs, and more effective cytolytic activity
against B16BL6 cells was observed in effector cells
prepared from mice immunized with AdRGD-gp100/
mBM-DCs. These data revealed that highly efficient
transduction of MAA genes to DCs using ADRGD could
elicit both NK activity and melanoma-specific CTL
activity more effectively than the use of conventional
Ad in DC-based immunotherapy. Furthermore, the
depletion of CD4+ T cells during the induction phase
greatly reduced the inhibition of B16BL6 tumor growth,
whereas vaccine efficacy of AARGD-gp100/mBM-DCs
was not affected by CD8* T cell- or NK cell depletion
during the induction phase. These data provided three
important observations related to anti-B16BLé tumor
immunity generated by the immunization with AdRGD-
gpl00/mBM-DCs: (1) sufficient activation of the effector
cells capable of demonstrating excellent anti-B16BL6
tumor effects was greatly dependent on CD4* T cells
activated beforehand by administered AdRGD-gp100/
mBM-DCs; (2) despite endogenous antigen presentation
by gene transfer, AdRGD-gp100/mBM-DCs might
present not only MHC class I-restricted epitope(s) but
unidentified class H-restricted epitope(s} that are recog-
nized by CD4* T cells; (3) the period when AdRGD-
gp100/mBM-DCs could prime and activate CD4* Tcells
after immunization was relatively short because we
confirmed that the number of CD4* T cells recovered to
more than 70% on day 7 postimmunization in CD4*
T-cell-depleted mice during the induction phase. Wan
ef al*® argued that in addition to acting as helpers during
the induction phase, CD4* T cells are major effector cells
in anti-B16 tumor immunity induced by immunization
with DCs transduced with human gpl00 using conven-
tional Ad. However, CD4* T-cell depletion during the
effector phase did not impact the protective effect against
B16BL6 tumor growth in mice vaccinated with AdRGD-
gp100/mBM-DCs, whereas vaccine efficacy of AARGD-
gp100/mBM-DCs was clearly weakened by CD8* T-cell
or NK cell depletion during the effector phase. Therefore,
in our model experiment, it was confirmed that
the effector cells responsible for anti-B16BL6 tumor
immunity were activated nonspecific NK cells and
gp100-specific CD8* CTLs.

In conclusion, our findings demonstrate that AARGD
is a very powerful vector system that improves the
efficacy of DC-based immunotherapy using primary DCs
and targeting natural TAA. Genetic manipulation of DCs
using AARGD not only potentiated the efficiency of TAA
gene expression, but also could increase T-cell stimula-
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tion by DCs to a greater extent than conventional Ad. As
a result, a more powerful anti-B16BL6 tumor effect based
on efficient activation of NK cells and CD8* CTLs,
which depends on the helper function of CD4* T cells,
was demonstrated in mice immunized with AdRGD-
gp100/mBM-DCs. Several recent reports indicated that
genetically modified DCs that express cytokine or CD40
ligand could induce effective antitumor immunity in
mouse model. %% If the AARGD system is applied in
these strategies, not only more potent efficacy can be
attained due to highly efficient gene transduction into
DCs, but the immunologic properties of the modified
DCs can be analyzed in detail without sorting and
collection of transduced live cells. Thus, AdRGD
contributes to a significant advance in the exploitation
of ex vivo DC manipulation for experimentally and
clinically relevant vaccines.

Materials and methods

Cell lines and mice

Poorly immunogenic and highly metastatic B16BL6
melanoma cell line derived from C57BL/6 mice (H-2%)
was cultured in minimum essential medium supplemen-
ted with 7.5% fetal bovine serum (FBS) and antibiotics.
ELA4 cells, a T-lymphoma cell line of C57BL/6 origin, and
YAC-1 cells, a lymphoma cell line highly sensitive to NK
cells, were maintained in RPMI 1640 medium supple-
mented with 10% FBS, 50 pM 2-mercaptoethanol, and
antibiotics. The helper cell line, 293 cells, was grown in
Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS and antibiotics. Female C57BL/6 mice
and female BALB/c mice (H-24), aged 7-8 weeks, were
purchased from SLC Inc. (Hamamatsut, Japan). Female
[CR-nu/nu mice, aged 7 weeks, were purchased from
Charles River Japan, Inc. (Yokohama, Japan). All mice
were held under specific pathogen-free conditions and
the experimental procedures were in accordance with the
Osaka University guidelines for the welfare of animals in
experimental neoplasia.

Generation of mBM-DCs

Isolation and cultivation of mBM-DCs were performed
according to the method of Lutz et al*® and slightly
modified. Briefly, bone marrow cells flushed from the
femurs and tibias of C57BL/6 mice were seeded at
5 x 10° cells per sterile 100-mm bacterial grade culture
dish in 10 ml of RPMI 1640 containing 10% FBS, 40 ng/
ml recombinant murine GM-CSF {(PeproTech EC LTD.,
London, England), 50 uM 2-mercaptoethanol, and anti-
biotics. On day 3, ancther 10 ml of the culture medium
was added to the dish for medium replenishment. Then,
every 3 days, 10ml of the culture supernatant was
collected and centrifuged at 1500 rpm for 5 min at room
temperature, and the pellet was resuspended in 10 ml of
fresh culture medium, and then returned to the original
dish to conserve unattached celis. mBM-DCs (nonadhe-
rent cells), 8-14 days old, were harvested and used as
intact immature mBM-DCs in subsequent experiments.
mBM-DCs cultured for more than 24 h in media contain-
ing 1pg/ml LPS (Nacalai Tesque, Inc., Kyoto, Japan)
were used as positive controls for phenotypical DC
maturation.



Preparation of recombinant Ad

The replication-deficient AdRGD-gp100 and conven-
tional Ad-gp100, which carried human gplQD cDNA
derived from pAx1-CA h-gp100 (kindly provided by Dr
Hirofumi Hamada, Sapporo Medical University, Sap-
poro, Japan) under the control of chicken B-actin
promoter, were based on early regions 1- and 3-deleted
adenovirus serotype 5, and were constructed by an
improved in vitro ligation method as described.”>
AdRGD-LacZ and AdRGD-Null, which were con-
structed previously,'*'%® were used as control vectors
in the present study. All recombinant viruses were
propagated in 293 cells, purified by two rounds of CsCl
density centrifugation, dialyzed, and stored at —80°C.
Titers (tissue culture infectious dosesy; TCIDs) of
infective Ad particles were evaluated by end-point
dilution method using 293 cells.

Viral transduction into mBM-DCs

mBM-DCs were suspended at a concentration of 5 x 10
cells/ml in FBS-free RPMI 1640 and placed in a 15-ml
conical tube. Each AARGD or Ad was added at various
MO (TCIDso/ cell), the suspension was mixed well, and
the tube was incubated at 37°C for 2 h with occasional
gentle agitation. The cells were washed three times with
PBS and resuspended in a suitable solution.

Evaluation of viability of transduced mBM-DCs
AdRGD-gp100/mBM-DCs, Ad-gpl00/mBM-DCs, and
intact mBM-DCs were cultured on 96-well plates at
1x10° cells/100 ul in GM-CSF-free culture medium.
After 48 h cultivation, cell viability was assessed by
MTT assay and calculated by the following formula: (%
of mBM-DC viability)=(MTT activity of transduced
cells)/{MTT activity of intact cells) x 100.

Analysis of gene expression levels of human gp100

AdRGD-gp100/mBM-DCs, Ad-gp100/mBM-DCs, and
AdRGD-LacZ/mBM-DCs were cultured on 100-mm
bacterial grade culture dishes in GM-CSF-free culture
medium. After 2 days, human gpl00 gene expression
was assessed by RT-PCR analysis and flow cytometric
analysis. RT-PCR analysis for human gpl00 was per-
formed as follows. Total RNA was isolated from
transduced mBM-DCs using Sepasol-RNA 1 Super
(Nacalai Tesque, Inc.) according to the manufacturer’s
instructions, and then RT proceeded for 60 min at 42°C in
a 50l reaction mixture containing Spg total RNA
treated with DNase I, 10 pl 5% RT buffer, 5 mm MgCl,,
1 mM dNTP mix, 1 uM random hexamers, 1 pM oligo(dT),
and 100U ReverTra Ace (TOYOBO Co., LTD., Osaka,
Japan). PCR amplification of the human gpl00 and
mouse B-actin transcripts was performed in 50 ul of a
reaction mixture containing 1 pl of RT-material, 5 uf 10 x
PCR buffer, 1.25 U Tag DNA polymerase (TOYOBO Co,,
LTD.), 1.5 mm MgCl,, 0.2 mm dNTP, and 0.4 uM primers.
The sequences of the specific primers were as follows;
human gp100: forward, 5'-tgg aac agg cag ctg tat cc-3;
reverse, 5'-cct aga act tge cag tat tgg ¢-3'; mouse B-actin:
forward, 5'-tgt gat ggt ggg aat ggg tca g-3'; reverse, 5-ttt
gat gtc acg cac gat ttc c-3'. After denaturation for 2 min at
94°C, 20 cycles of denaturation for 60 s at 94°C, annealing
for 60 s at 58°C (human gp100) or 60°C (mouse B-actin},
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and extension for 60s at 72°C were repeated and
followed by completion for 4min at 72°C. The PCR
product was electrophoresed on a 3% agarose gel,
stained with ethidium bromide, and visualized under
ultraviolet radiation. EZ Load {BIO-RAD, Tokyo, Japan)
was used as a 100 bp molecular ruler. The expected PCR
product sizes were 362bp (human gpl00) and 514 bp
(mouse P-actin). An intracellular staining method was
used for the detection of human gplCG0 protein in
transduced mBM-DCs. Cells (1 x10% were fixed by
incubation for 10 min in 2% paraformaldehyde, and then
cell membranes were permeabilized by incubation for
5 min in 1% saponin (Sigma Chemical Co., St Louis, MO,
USA). The cells were incubated with 100 pl staining
buffer {PBS containing 0.1% bovine serum albumin and
0.01% NaN,) containing the anti-FeyRII/III monoclonal
antibody (2.4G2; rat IgGas, . Pharmingen, San Diego, CA,
USA) to block nonspecific binding of the subsequently
used antibody reagents. After 30 min, the cells were
incubated for 60 min with 100 pl staining buffer contain-
ing the HMB50 antibody against human gp100 (mouse
IgG; Neomarkers, Fremont, CA, USA), and then resus-
pended in 100 pl staining buffer containing fluorescein
isothiocyanate-conjugated anti-mouse Ig, (187.1; Phar-
mingen). After incubation for 30 min, 10 000 events of the
stained cells were analyzed for human gpl00 protein
expression by a FACSCalibur flow cytometer using
CellQuest software (Becton Dickinson, Tokyo, Japan).
Between all incubation steps, cells were washed three
times with staining buffer.

MLR

AdRGD-gp100/mBM-DCs and Ad-gpl00/mBM-DCs
were prepared using corresponding vectors at an MOI
of 50, and then cultured for 2 days. Three kinds of T cell,
including allogenic naive T cells from intact BALB/c
mouse, syngeneic naive T cells from intact C57BL/6
mouse, and syngeneic gpl00-primed T cells from
C57BL/6 mouse immunized intradermally with 1x10°
AdRGD-gp100/mBM-DCs 1 week before, were purified
from each mouse splenocytes as nylon wool nonadherent
cells, and were used as responder cells at 1 x 10° cells/
well in 96-well plates. Ad-transduced mBM-DCs, LPS/
mBM-DCs, or intact mBM-DCs (stimulator cells) were
inactivated by 50 pg/ml mitomycin C for 30 min and
added to responder cells in varying cell numbers. Cells
were cocultured in 100 pl RPMI 1640 supplemented with
10% FBS, 50 pM 2-mercaptoethanc], and antibiotics at
37°C and 5% CO, for 3 days. Control wells contained
either stimulator cells alone or responder cells alone. Cell
cultures were pulsed with 5-bromo-2'-deoxyuridine
(BrdU) during the last 18 h, and then proliferation of
responder cells was evaluated by Cell Proliferation
ELISA, BrdU (Roche Diagnostics Co., Indianapolis, IN,
USA).

Tumor protection assay

AdRGD-gp100/mBM-DCs, Ad-gp100/mBM-DCs, and
AdRGD-Null/mBM-DCs were prepared using corres-
ponding vectors at an MOI of 50. C57BL/6 mice were
immunized by intradermal injection of transduced
mBM-DCs into the right flank at 1 x10° cells/50 pl. At
1 week after the vaccination, 2 x 10° B16BL6 melanoma
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cells were inoculated into the mouse left flank. The size
of tumors was assessed using microcalipers and was
expressed as tumor volume calculated by the following
formula: (tumor volume; mm®=(major axis; mm) x
(minor axis; mm)?x0.5236. Mice containing tumors
>20 mm were euthanized.

Lung melastasis assay

AdRGD-gp100/mBM-DCs, Ad-gpl00/mBM-DCs, and
AdRGD-Null/mBM-DCs were prepared using corres-
ponding vectors at an MOI of 1, 5, 25, or 50. For the
vaccine protocol, transduced or intact mBM-DCs were
intradermally injected into the flank of C57BL/6 mice at
1x10% cells/50pul. At 1 week after the vaccination,
5x 10° B16BL6 melanoma cells were injected into the
tail vein. After 2 weeks lungs were excised from these
mice, and then the number of metastatic nodules was
counted. For the therapeutic protocol, C57BL/6 mice
were intravenously injected with 5x 10° B16BLé cells,
and immunized by intradermal injection of transduced
or intact mBM-DCs into the flank at 1 x 10% cells/50 pl on
days 0, 3, and 7 post-tumor injection. At 1 week after the
final immunization, lungs were removed from these mice,
and the number of metastatic nodules was counted.

Eu-release assay for cytolytic activity of NK cells

and CTLs

AdRGD-gp100/mBM-DCs, Ad-gpl00/mBM-DCs, and
AdJRGD-LacZ/mBM-DCs were prepared using corres-
ponding vectors at an MOI of 50. Transduced or intact
mBM-DCs were administered once intradermally into
C57BL/6 mice at 1x10% cells/50 pl. At 1 week after
immunization, nonadherent splenocytes were prepared
from these mice and directly used as NK effector cells.
The splenocytes were restimulated in vitro using B16BL6
cells, which were cultured in media containing 100 U/ml
mouse IFN-y (PeproTech EC LTD) for 24 h and inacti-
vated with 50 pg/ml mitomycin C at 37°C for 30 min, at
an effector: stimulator ratio of 10:1 in RPMI 1640
supplemented with 10% FBS, 50 pM 2-mercaptoethanol,
and antibiotics. After five days, the splenocytes were
collected and used as CT1. effector cells. Target cells (IFIN-y-
stimulated or untreated B16BL6, EL4 cells, and YAC-1 cells)
were Fu-labeled and an Eu-release assay was performed as
previously described.” Cytolytic activity was determined
using the following formula: (% of lysis)=({experimental
Eu-release—spontaneous  Eu-release)/(maximum  Eu-
release—spontaneous Eu-release)) x 100. Spontaneous Eu-
release of the target cells was <10% of maximum
Eu-release by detergent in all assays.

In vivo depletion analysis

C57BL/6 mice were immunized once with 1 x 10° mBM-
DCs transduced with AdRGD-gp100 at an MOI of 50,
and inoculated with 1 x 10° B16BL6 cells at 1 week after
immunization. At 3 days before vaccination or tumor
challenge, the mice received a total of three {for
vaccination) or five (for tumor challenge) intraperitoneal
injections of 100 ul ascites from ICR-nu/nu mice intra-
peritoneally injected with GK1.5 (anti-CD4) or 53-6.72
(anti-CD8) hybridoma (kindly provided by Dr Hiroshi
Yamamoto, Osaka University, Suita, Japan) or 40 ul rabbit
anti-asialoGM1 antiserum (Wako Chemical Co., Osaka,

Gene Therapy

Japan) at a 1 day interval. Depletion of T-cell subsets and
NK cells was monitored by flow cytometry, which
showed >90% specific depletion in splenocytes at the
time of immunization or tumor challenge in each
administration schedule.
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Abstract

We have previously suggested that phosphatidylinositol 3-kinase (PI3K)/p70 56 kinase (p70 S6K) plays an important role in the
regulation of neutrophilic differentiation of HL.-60 cells on the basis of analysis of transferrin receptor (Trf-R)-positive (Trf-R*) and -
negative (Trf-R™) cells that appear after treatment with dimethyl sulfoxide (DMSO). In the present study, we analyzed the downstream
events of p70 S6K, in differentiation and proliferation of both cell types, with a particular focus on c-Mye. Similar to p70 56K, we found
that the expression of c-Myc in Trf-R™ cells is also higher than that in Trf-R™ cells. Wortmannin, & specific inhibitor of PI3K, partiaily
inhibited G-CSF-induced p70 S6K activity, c-Myc expression, and G-CSF-dependent proliferation, whereas rapamycin, an inhibitor of
p70 S6K, completely inhibited p70 S6K activity, ¢-Myc expression, and G-CSF-dependent proliferation, indicating that the extent of c-
Myec inhibition by these inhibitors correlates with a reduction in proliferation, and that c-Myc is downstream from PI3K/p70 S6K. We also
determined phosphorylation of the 4E-binding protein 1 (4E-BP1), which is regulated downstream of the mammalian target of rapamycin.
The addition of G-CSF failed to enhance the phosphorylation state of 4E-BP1 of HL-60 cells 2 days after DMSO differentiation. An
antisense oligonucleotide for c-myc inhibited both G-CSF-dependent enhancement of ¢-Myc expression and proliferation in Trf-R* cells,
but did not enhance the differentiation in terms of O, ™-generating ability or fMLP-R expression. In contrast, antisense oligonucleotide for
c-myc promoted fMLP-R on non-treated HL-60 cells. We therefore conclude that the PI3K/p70 S6K/c-Myc cascade plays an itnportant
role in neutrophilic proliferation in HL-60 cells. Unlike that of rapamycin, however, the antisense oligonucleotide for c-myc could not
promote differentiation of Trf-R™* cells cultured with G-CSF, indicating that another target downstream of p70 $6K may control the
differentiation of HL-60 cells in terms of the signal transduction of G-CSF.

@© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

G-CSF plays a pivotal role in neutrophilic development.
Mice deficient in either G-CSF or its receptor genes have a
reduced number of neutrophils [1,2]. We have reported that

* Corresponding author. Tel./fax: +81-3-3700-1926.

E-mail address: yamaguch@nihs.go.jp (T. Yamaguchi).

Abbreviations: DMSO, dimethy! sulfoxide; G-CSF, granulocyte col-
ony-stimulating factor; Tr{-R, transferrin receptor; BSA, bovine serum
albumin; PBS, phosphate-buffered saline; PI3K, phosphatidylinositol 3-
kinase; p70 S6K, protein 70 S6 kinase; SDS-PAGE, sodium dodecyl
sulfate—polyacrylzmide gel electrophoresis; mTOR, mammatian target of
rapamycin; 4E-BP1, 4E-binding protein 1; fMLP-R, formyl-Met-Leu-Phe
receplor.

G-CSF enhances the phosphorylation of p70 S6K in
DMSO-treated HL-60 cells undergoing neutrophilic dif-
ferentiation [3]. Furthermore, we found that during the
neutrophilic differentiation of DMSO-treated HL-60 cells,
Trf-R-positive (Trf-R*) and -negative (Trf-R7) cells
appeared 2 days after the addition of DMSO, and these
Tef-R* and Trf-R™ cells were characterized as prolifera-
tive- and differentiation-type cells, respectively [4]. We
also showed that while G-CSF enhances proliferation of
Trf-R* cells via stimulation of p70 S6K phosphorylation
[4], S6K activity, and PI3K activity [5], and enhances
differentiation of Trf-R™~ cells via stimulation of tyrosine
phosphorylation of STAT3. Rapamycin was found not only
to enhance the differentiation of Trf-R* and Trf-R™ cells,

0006-2952/03/% — see front matter © 2003 Elsevier Science Inc. All rights reserved.
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but to eliminate the difference in differentiation ability
between Trf-R* and Trf-R ™ cells in the presence of G-CSF.
From these results, we concluded that downstream signal-
ing components of a mTOR, which includes p70 S6K, play
a negative role in the neutrophilic differentiation of HL-60
cells [4].

¢c-Myec is a transcription factor of the basic helix-loop~
helix leucine zipper (bHLH-LZ) family that heterodi-
merizes with Max, another bHLH-LZ protein. The binding
of Myc-Max heterodimers to E boxes (canonical consen-
sus sequence CACGTG) activates the transcription of
multiple genes implicated in the regulation of cell meta-
bolism, protein synthesis, cell division, and apoptosis [6].
c-Myc can also repress the expression of a number of genes
and decrease cell differentiation by unclear mechanisms.
Constitutive c-Myc expression is observed in many human
cancers, including lung carcinomas and Burkitt’s lympho-
mas [6]. In differentiated cells, including fibroblasts,
smooth muscle cells, and hepatocytes, c-Myc overexpres-
sion stimulates cell growth and proliferation, decreases cell
differentiation, and sensitizes cells to apoptosis [7-10].
Treating HL-60 cells with c-myc antisense oligonucleotide
results in the inhibition of cellular proliferation {11-13]
and induces differentiation of HL-60 cells [13-15].

PI3K is reported to play an important role in the
activation of p70 S6K [16-18). From data obtained using
Trf-R* and Trf-R™ cells, we have recently reported that,
being upstream from p70 S6K, PI3K plays an important
role in differentiation and proliferation [5]. Law et al. have
reported that c-Myc is down-regulated by the inhibition of
p70 S6K [19]. However, the role of ¢-Myc in neutrophilic
differentiation and the identity of its upstream regulator,
which is induced by G-CSF, remains unelucidated. In the
present study, we analyzed the regulation of c-Myc expres-
sion and its role in the G-CSF-dependent signaling path-
way in differentiation of neutrophilic HL-60 cells in the
relationship with p70 S6K.

2. Materials and methods

2.1. Reagents

Recombinant human G-CSF was a kind gift from Chu-
gai Pharmaceutical Co. The magnetic cell-sorting kit,
MACS, was from Miltenyt Biotec. DMSO was from
Pierce. The mouse anti-human Trf-R (CD 71) monoclonal
antibody and the mouse anti-human c-Myc protein mono-
clonal antibody were purchased from Pharmingen. The
rabbit anti-human 4E-BP1 polyclonal antibody was from
Cell Signaling Technology Inc. The horseradish peroxi-
dase-conjugated sheep anti-mouse IgG antibody was from
Amersham Life Science Corp. Rapamycin was purchased
from Calbiochem-Novabiochem Intl. Wortmannin was
from Wako Pure Chemical Industries, Ltd. {y->*P]ATP
was from Amersham Pharmacia Biotech.

2.2. Cell culture and differentiation in relation to
neutrophilic granulocyte lineage

HL-60 cells were kindly supplied by the Japanese
Cancer Research Resources Bank. Cells were maintained
in RPMI 1640 medium containing 10% heat-inactivated
FBS and 30 mg/L kanamycin sulfate at 37° under moistur-
ized air containing 5% CO,. HL-60 cells were differen-
tiated inte neutrophilic cells by the addition of DMSO.
Two days after addition of the differentiating agent, Trf-R*
and Trf-R™ cells were sorted by 2 magnetic cell-sorter.

2.3. Magnetic cell-sorting

Magnetic cell-sorting was performed as previously
reported [4]. Trf-R¥ and Trf-R™ cells were subsequently
cultured with or without 50 ng/mL G-CSF in the condi-
tioned medium. Proliferation and O, -generating activity
were measured 5 days after magnetic cell-sorting.

To clarify the effects of rapamycin (20 ng/mL) and
wortmannin {100 nM) on differentiation of HL-60 cells,
both substances were preincubated with the cells for
30 min before the addition of G-CSF.

2.4. Detection of p70 S6K enzymatic activity

The activity of p70 S6K (including p85 isoforms of
S6K) was determined by **P incorporation into the S6
peptide (Upstate Biotechnology). Trf-R™ and Trf-R ™ cells
were stimulated by G-CSF (50 ng/mL) for 1 br in the
presence or absence of 20 ng/mL rapamycin or 100 nM
wortmannin. The reaction was terminated by the addition
of an ice-cold cocktail of protease and phosphatase inhi-
bitors {4]. After centrifugation at 1800 g for 3 min at 4°,
the cells were suspended in 1 mL of lysis buffer [4] and
then sonicated at 40 W for 20 s with a Branson Sonifier.
Following further centrifugation, the collected superna-
tant was incubated with a rabbit anti-human p70 S6K
(511-525) peptide polyclonal antibody IgG (5 mg per
sample, Upstate Biotechnology) at 4° for 1 hr. The reac-
tion mixture was next incubated with 25 mL of Protein A
Sepharose 4 Fast Flow (Amersham Pharmacia Biotech) at
4° for 1 hr. The immune complexes were washed twice
with lysis buffer. Protein 70 S6K enzymatic activities in
each sample were determined using the p70 56K assay kit
(Upstate Biotechnology).

2.5. O,  -generating activity and formyl-Met-Leu-Phe
receptor (fMLP-R) expression

The O; -generating activity of the differentiated cells
was measured in terms of the ferricytochrome ¢ reduction
assay, as previously described [4]. For the fMLP-R expres-
sion assay, the differentiated cells were collected and
incubated with FITC-fMLP, then were subjected to flow
cytometric analysis (FACSCalibur, Becton and Dickinsen).
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2.6. Preparation of cell lysates and immunoblotting

For immunoblotting with anti-cMyc antibody, Trf-R*
and Trf-R ™ cells resuspended in conditioned medium were
stimulated with G-CSF (50 ng/mL). After the incubation
with G-CSF for 7 hr, the cells were mixed with an equal
volume of ice-cold buffer containing a cocktail of protease
and phosphatase inhibitors. For immunoblotting with anti-
p70/p85 S6K and 4E-BP1 antibodies, HL-60 cells treated
with DMSO for 2 days were stimulated by G-CSF for
30 min. The reactions were terminated by addition of the
ice-cold buffer. Western blotting analysis was then per-
formed, as described previously [4]. The bands that
appeared on X-ray films were scanned and the density
of each band was calculated using the public domain NIH
Image program (developed at the U.S. National Institutes
of Health and available on the Internet) within the linear
range for quantitation.

2.7. Trearment of c-myc antisense or sense
oligonucleotides

The sequences of the antisense- and sense-c-myc S-oli-
gonucieotides were 5'-AACGTTGAGGGGCAT-3 and 5'-
TTGCAACTCCCCGTA-3, respectively. These sequences
were originally reported by Heikkila et al. [20). The
antisense- and sense-c-myc S-oligonucleotides were dis-
solved in water at 1 mM. After cell-sorting, both cells were
incubated with 10 mM antisense or 10 mM sense c-myc
oligonucleotides for 30 min. After the addition of 50 ng/mL
G-CSF for 3 hr, 10 mM of each oligonucleotide was again
added, Cells were subsequently cultured for 5 days, and
then, both proliferation and Oz~ production were deter-
mined. Expression of fMLP-R was analyzed 3 days after
the addition of antisense oligonucleotides for c-myc. Seven
hours after the addition of G-CSF, the cells were collected
and subjected to the Western blotting analysis for c-Myc
expression. ‘

2.8. Statistical analysis

Each experiment was repeated three or more times, and
representative data are indicated. Statistical analysis was
performed using the unpaired #-test. Values of P < 0.05
were considered to indicate statistical significance.

3. Results

3.1. Effects of wortmannin and rapamycin on
proliferation of Trf-R™ and Trf-R™ cells

To clarify the cascade of signal transduction in the
proliferation of neutrophilic proliferation, we examined
the effects of rapamycin, a specific inhibitor of p70 S6K,
and wortmannin, a specific inhibitor of PI3K on the growth
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Fig. 1. Effects of rapamycin and wortmannin on G-CSF-induced
proliferation in differentiating HL-60 cells. Effects of rapamycin or
wortmannin on the proliferation of differentiated HL-60 cells were
determined. Trf-R* cells and Trf-R™ cells sorted from differentiating HL-
60 cells were preincubated with or without 20 ng/mL rapamycin (R) or
100 nM wortmanuin (W), and then subsequently cuitured with G-CSE
After a S-day culture with G-CSF, the cell numbers in each sample were
counted. Open columns denote Trf-R™ cells and gray columns Trf-R*
cells. Columns and bars represent the mean 4 SD of triplicate wells.

of Trf-R™ and Trf-R ™ cells. We have previously reported
that Trf-R™* cells and Trf-R™ cells are proliferative-type
and differentiation-type cells, respectively, and that each
character is enhanced by G-CSF. As shown in Fig. 1, the
growth rate of Trf-R* cells was greater than that of Trf-R™
cells, and G-CSF markedly enhanced the proliferation of
Trf-R* cells. Rapamycin completely inhibited G-CSF-
induced proliferation of Trf-R* cells, as reported pre-
viously [4]. In contrast, 100 ntM wortmannin completely
inhibited PI3K, but only partially inhibited p70 S6K [5]; in
addition, the same concentration of wortmannin only
partially inhibited G-CSF-dependent proliferation of Trf-
R* cells (Fig. 1), suggesting that PI3K, partially contributes
to the G-CSF-dependent proliferation of HL-60 cells.

3.2. Activity of p70 86K in Trf-R* and Trf-R™ cells and
the effects of wortmannin or rapamycin on p70 S6K
activity and 4E-BP1 phosphorylation

To clarify the role of p70 S6K (including p85 isoforms of
S6K) in the proliferation of differentiating HL-60 cells, we
examined the activities of p70 S6K in Trf-R* and Trf-R™
cells. As shown in Fig. 24, the p70 S6K activity of Trf-R™
cells was higher than that in Trf-R ™ cells. In the presence of
G-CSF, the p70 S6K activity of Trf-R* cells was 2.7 times
higher than that of Trf-R™ celis. In contrast, G-CSF
activated ERK in neither Trf-R* nor Trf-R™ cells [5].
These data confirm the hypothesis that p70 S6K plays
an important role in the G-CSF-dependent and -indepen-
dent proliferation of neutrophils [4,5].



