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In vitro tumor-pulsed or in vivo FIt3 ligand—generated dendritic cells provide

protection against acute myelogenous leukemia in nontransplanted
or syngeneic bone marrow—transplanted mice

Anna B. Pawlowska, Satoshi Hashino, Hilary McKenna, Brenda J. Weigel, Patricia A. Taylor, and Bruce R. Blazar

To determine whether immune stimula-
tion could reduce acute myelogenous leu-
kemia (AML) lethality, dendritic cells (DCs)
were pulsed with AML antigens and used
as vaccines or generated in vivo by FIt3
ligand (FIt3L), a potent stimulator of DC
and natural killer (NK) cell generation.
Mice were then challenged with AML cells.
The total number of splenic anti-AML
cytotoxic  T-lymphocyte precursors
(CTLPs) present at the time of challenge
was increased 1.9-fold and 16.4-fold by
FIt3L or DC tumor vaccines, respectively.
As compared with the 0% survival of
controls, 63% or more of recipients of

pulsed DCs or FIt3L survived long term.
Mice given AML cells prior to DC vaccines
or FIt3L had only a slight survival advan-
tage versus non-treated controls. NK cells
or NK cells and T cells were found to be
involved in the antitumor responses of
FIt3L or DCs, respectively. DC vaccines
lead to long-term memory responses but
FIt3L does not. Syngeneic bone marrow
transplantation (BMT) recipients were an-
alyzed beginning 2 months post-BMT. In
contrast to the uniform lethality in BMT
controls given AML cells, recipients of
either FIt3L or DC vaccines had a signifi-
cant increase in survival. The total num-

ber of splenic anti-AML CTLPs at the time
of AML challenge in BMT controls was
40% of concurrently analyzed non-BMT
controls. Flt3L or DC vaccines increased
the total anti-AML CTLPs 1.4-fold and
6.8-fold, respectively. Neither approach
was successful when initiated after AML
challenge. It was concluded that DC
vaccines and FIt3L administration can
enhance an AML response in non-trans-
planted or syngeneic BMT mice but only
when initiated prior to AML progression.

(Blood. 2001;97:1474-1482)
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Introduction

uoneolgndyse//:dyy woly papeojumoq

Acute myeloid leukemia (AML) requires myelosuppresivé APC) present tumor antigens to immune-competent cells. Tumi)rs
therapy for achieving remission and long-term survivaiten- are usually poor stimulators of immune responses. Reasons dted
sification of chemotherapy has led to remission in 70% to 85%re poor APC capacity of tumor cells due to low/no expression;ipf
of patients. However, increased morbidity and mortality complimajor histocompatibility complex (MHC) antigens, defects %1
cate this approach, and post-remission relapses are freg@ienantigen-processing pathways, poor adhesion between tumorsgand
Myelo-ablative bone marrow transplantation (BMT) is anmmune effector cells, and lack of costimulatory molecules.
important way to improve long-term survival in AML patierfts.  DCs are potent APCs that stimulate naive and memory T-éll
Relapse remains a significant barrier to success, with the riskinfmune responsésDCs express high levels of MHC antigen§
relapse varying between 30% and 70% for autologous BMProvide costimulation to amplify T-cell responses, and secr§te
depending on remission status and preparative regifidiar cytokines necessary to initiate and sustain immune effectcgs’
AML patients failing to respond or relapsing, new approachdanctions!® DCs pulsed with antigens have been used successfilly
are needed. to treat mice with solid tumors and to generate immune resporées
AML is susceptible to T-cell effectors. There is a well-in humans®1° DCs generated after culturing peripheral blood f
documented graft-vs-leukemia (GVL) effect seen in AML patientBML patients can stimulate anti-AML cytotoxic T-lymphocyte:
experiencing graft-versus-host disedgd\ViL patients who relapse (CTL) responses in vitré} although no studies have reportea
post-BMT can be treated with donor lymphocyte infusidir on the efficacy of DCs in facilitating an anti-AML immuné’
patients not undergoing BMT or those receiving autologous BMTesponse in vivo. i
allogeneic responses as a means to achieving remission is not a\ithough DCs are present in low frequency in the peripﬁ-
option. Since endogenous T-cell responses are not sufficienglyy,l”.1%21DCs can be expanded from immature precursors present
potent to protect against AML recurrence, alternative approachiasone marrow (BM) or blood?19-21Ex vivo—propagated DCs can
are needed. The generation of tumor-specific immune responbes loaded with tumor antigens/peptides to generate immune
requires that either the tumor cell or an antigen-presenting ceffectors!3-1921-23An alternative would be to increase DC number
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or function in vivo, which would provide APCs with access td.5 X 1P cells per mouse. Increasing the DC vaccine dose by 3-fold did not
antigens as tumor cells undergo cell death in vivo. High concentrgsult in additional survival benefit (not shown).

tions of granulocyte-macrophage colony-stimulating factor (G
CSF), known to drive DC maturatidr;?1-2425can facilitate antitu
mor responses in vivo. When administered as an adjuvant at theeikemia was induced by intravenous injection of C1498 (1 to &0

local site of antigen delive® or as a transduced cell vacci#fe?® cells per mouse) on day 0. Cohorts were immunized with 2 or 3 weekly
GM-CSF is associated with DCs’ recruitment into the tumor site§0ses of C1498-lysate—pulsed DCs intravenously, either prior to leukemia
suggesting that DCs generated can support an antitumor imm&ﬁallenge or be_zgmmng 1 <_1ay after. Other cohorts were |_njected subcutane-
response. FIt3 ligand (FIt3L) is a hematopoietic stem- and progefjl'Sly once daily with Chinese hamster ovary cell-derived human Fit3L
tor-cell growth facto®®3! that has a profound effect on the( mmunex) at 3Qwg per injection from days-10 to +11 or days 1 to 21,

. . . . . with the leukemia challenge occurring on day 0. In studies comparing FIt3L
generation of functionally mature DCs in multiple organs in niice. ,; 10pg per dose with 3p.g per dose for 21 days, the higher dose enhanced

In addition to its effects on stimulators of the immune system sughe antitumor response of FIt32The schedule was chosen so that the day
as DC cells, FIt3L has been shown to stimulate the generation andc1498 injection would occur at peak DC availability for antigen
function of murine and human natural killer (NK) effector céf$8  loading*! To determine the efficacy of irradiated cellular vaccines in
The relative efficacy of DC vaccines and FIt3L for therapy ofreventing AML lethality or treating established disease, 2 weekly doses
murine AML has not been previously investigated. We now sho(#0" cells per dose) of iradiated (100 Gy) C1498 cellular vaccines
that significant protection against AML challenge in naive or BMTvere injected subcutaneously at various periods of time relative Dto
mice was provided by either in vitro tumor-lysate—pulsed DCs 1498 challenge. g

S
FIt3L but only when these interventions were initiated prior to To determine whether the anti'c.l.498 immune.reSponS.es were due o T
. . cells or NK cells, Flt3L-treated recipients were given anti-Thy 1.2 mAb
AML challenge. _DC vaccines but not Flt3L resulted_ in th 30-H-12), anti-NK1.1 mAb (PK136), or irrelevant rat immunoglobulin G
_gen(_erat!on of anti-AML m_emory (_:e”Sj These dat_a haV(_a 'mpc_)rtam:]G) (400p.g per injection) weekly from days 2 to +54 post-challenge. 5
implications for human clinical trials in AML patients, including por pc vaccination, recipients of C1498-lysate—pulsed DCs were ch’jﬁl-
those who have undergone autologous BMT. lenged on day O and given irrelevant rat IgG, anti-NKZ1.1, or anti-C3%
(GK1.5) plus anti-CD8 (2.43) mAbs (4Q0y each) weekly from days 1 to
+27 post-challenge.
. To determine if FIt3L recipients had an anti-AML memory responsg,
Materials and methods cohorts of FIt3L-treated, AML-challenged mice were rechallenged on day
60 with the same AML cell dose used for the initial challenge. Initié
challenge of FIt3L recipients was necessary to provide a source of A@L

C57BL/6 (HZ) (termed B6) mice, 6 to 12 weeks old at study, were obtainedNtigens in vivo in an attempt to generate memory effector cells. Jo
from the National Institutes of Health (Bethesda, MD). Mice were housé#ftermine if recipients of C1498-lysate—pulsed DCs had a memory &ell

in micro-isolator cages under specific pathogen-free conditions and wépSPONse, recipients were given 3 separate We?kly DC vaccines and ghen
fed ad libitum. challenged 71 days after the last DC vaccine with a lethal dose of AML

cells. Nonmanipulated B6 mice were challenged with AML cells to serve%s
a concurrent comparison group for rechallenge. N

N}\-ML challenge

eolqndy

Mice

Tumor cell line

LI9Y6LL9L 1Y

C1498 was derived as a spontaneous myeloid tumor line from a B6 mo@éngenelc BMT studies
and adapted to tissue culture. C1498, obtained from the American TyBg mice undergoing BMT were conditioned with 800-centigray irradiatidg
Culture Collection (ATCC) (Rockville, MD), was grown in RPMI (Life from an x-ray source (day 1) and infused with 5¢ 10° syngeneic B6 BM 3
Technologies, Grand Island, NY) with 10% heat-inactivated fetal bOViI’Iﬁz_\”S on day 0. Leukemia cells were injected on day 80 post.BMT_ \Ee
serum (HyClone, Ogden, UT), 2 mM L-glutamine, minimal essential medigiministered 3 weekly doses of tumor-pulsed DC vaccines or FIt3L befgre
amino acids, 1 mM sodium pyruvate, 50 mM 2-ME, and penicillinfeukemia challenge on days 59, 66, and 73 or days 70 through ®1,

streptomycin (referred to as complete medidfh). respectively. Additional cohorts were first given leukemia cells and then
either tumor-pulsed DC vaccines on days 81, 88, and 95 or FIt3L on day§81
BM-derived DC isolation and antigen pulsing through 102. A control group received BMT only. 3
o
N
s

BM-derived DC generation was adapted from Inaba €b &M, treated Anti-AML cytotoxic T-lymphocyte precursors
with AKC lysis buffer to remove red cells, was depleted of T cells, B ceIIsC ic Tl h CTLP) vzed b
granulocytes, and IA cells by means of a mixture of monoclonal ytotoxic T-lymphocyte precursor ( ) frequency was analyzed by

antibodies (mAbs) followed by complement. The mAbs included anti-Thy it?ng diIl_Jtion as previously de_scribe”é. Splenqcytes from coptrol,
1.2 (30-H-12), anti-B220 (RA3-6B2), anti-Gr-1 (RA-8C5), and anti-IA C-immunized, or Flt3L-treated mice were plated in complete medium at 6

(AF6-120.1.2) (ATCC). BM cells were plated in 6-well culture platesﬁ(lodi_lmk_)ns (_30 replicates per dilution) in 96-well microplates and incubated
cells per milliliter, 3 mL per well) with murine GM-CSF (5 ng/mL) (R&D with irradiated C1498 cells (¥(per well) and IL-2 (10 IU/mL) (Amgen,

Systems, Minneapolis, MN) and murine interleukin (IL)—4 (1000 IU/ml_)'l'housand Oaks, CA) for 7 days. After the addition of thymidine-labeled

(Immunex, Seattle, WA) in RPMI complete medium (described above). &\1498 (1000 per well), cytotoxicity was assessed by a 4-hour JAM &Ssay,

day 3, floating cells were removed and fresh medium was added Aﬂeyvgich measures the retention of tritiated thymidine in target cells not

days, cells were washed and replated with IL-4 and murine tumor necrog%dergoing cytolysis. Wells were scored as positive ifthg counts per minute
factora (4 ng/mL) (R&D Systems). After 7 to 10 days, cultures Showegxcee_d_ed 3 SDs below the mean spontaneous thymidine release in wells
morphology consistent with DC appearance and had high levels of MHEtining labeled 21498_ with no effector cells. By means of Poisson
class | and Il antigens, adhesion molecules, B7 ligands, and CD11c (lqlbsttnbutlon statisticg? the likelihood of a single hit was confirmed, and a
shown). At 18 hours prior to vaccinations, DCs were pulsed with Cl4gféequen_cy estimate calculated. Com_parisons were made only_f_or frequency
lysates obtained by subjecting C1498 to 4 freeze-and-thaw cycles in ligfiimations performed at the same time under the same conditions.
nitrogen followed by 37°C exposure in a water bath. No viable (_:ells WeLs vistical analysis

present. The tumor lysate was centrifuged at 1200 rpm for 10 minutes, and

supernatants were added to DCs at a 3:1 ratio in a 6-well plate containifige Kaplan-Meier product-limit method was used to calculate survival
10° DCs. Lysate-pulsed DCs were washed and injected intravenouslyrates. Log-rank statistics were used to test differences between groups.
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(P = .01 vs control;P = .02 vs FIt3L group) or FIt3LP = .03 vs

Results control), respectively, consistent with the in vivo generation of
anti-AML CTL effector cells.

AML-lysate—pulsed DC vaccinations or FIt3L injections mediate

significant protection against AML in non-BMT mice Although both AML DC vaccinations and Flt3L induce an

NK-mediated immune response, only DC vaccinations
To evaluate the role of DC vaccines and FIt3L in generating Ynerate anti-AML memory effector cells

immune response against AML cells, we administered AML-lysate—
pulsed DCs or FIt3L before mice were challenged with C1498ong-term survival outcome after AML challenge was similar in
cells. A cohort was given 3 weekly intravenous doses of lysatBC-vaccinated as compared with Flt3L-treated mice even though
pulsed DCs (5< 10° per mouse) followed by a lethal dose ofDC vaccinations induced a greater increase in splenic anti-AML
C1498 (16) on day 0O (Figure A). To determine whether immuni- CTLPs than FIt3L when analyzed on the day of AML challenge. We
zations had to be given shortly before AML challenge, 2 schedulegpothesized that CTLP analysis may not be reflective of the
were used, with the last immunization being completed eitherahti-AML effect because NK cells may be the major effector cells
week (days—21, —14, and—7) or 4 weeks (day-42, —35, and in the Flt3L-treated recipients and may therefore not be adequately
—28) prior to live AML challenge. A separate cohort received dailyepresented by this assay. Alternatively, CTLPs were higher in the
FIt3L injections on days-10 through+11. Mice that received DC-vaccinated than the Flt3L-treated mice since T cells in the
AML without immunization succumbed to AML prior to day 35 DC-treated group but not the FIt3L group had had prior exposur@to
post-challenge. As compared with non-treated controls, recipie®bIL antigens in vivo and were therefore reprimed in vitro durlng
immunized with AML-pulsed DCs given according to eitheithe CTLP assay. To determine whether NK cells or T cells w@ze
injection schedule had a significantll? & .003) higher survival, responsible for the anti-AML effect observed in Flt3L-treatesl
with 60% to 75% surviving long term (day 250 post-challengeyecipients, cohorts were given no treatment or anti-NK1.1 mAbio
Recipients administered FIt3L had a long-term survival (63%jeplete NK cells (Figure 2A). Because Flt3L-generated DEs
comparable to recipients of DC vaccines. express CD8 antiger$,anti-Thy1.2 mAb was used to deplete -_E"
The potential influence of DC vaccines and Flt3L treatments aells, along with a proportion of splenic NK cells. All mice wer&
splenic anti-AML CTL responses was examined. CTLs were ncohallenged with a lethal AML cell dose (2 10 cells). Mice given g’»
detected from DC vaccine-treated or Flt3L-treated recipient3L and irrelevant rat IgG had a 60% long-term survival vs O%ih
without in vitro restimulation (not shown). After a 6-day restimulanon-treated controls. In marked contrast, recipients given FIt3L %’nd
tion with C1498 cells, splenic anti-C1498 CTLs obtained fronanti-NK1.1 mAb had no survival benefit, indicating that NK cell§
DC-vaccinated but not Flt3L-treated mice were increased lwere probably the major effector cells involved in the immurie
approximately 10-fold (not shown). To obtain comparative data affect against this NK-sensitive AML cell line under these concﬁ
the frequency of anti-C1498 CTL responses in the various group®ns. Anti-Thy1.2 mAb reduced the anti-AML protective effect @
we chose to use a CTLP assay. CTLP data were used to calcult8L with the result that only 10% of mice survived long terrg
the total number of anti-C1498-reactive CTLP cells in the spleen @figure 2A), consistent with the fact that Thy1.2 depletion ellmm-
mice from these various groups. Therefore, we could correct foates about 50% of splenic NK cells along with T céfls.
differences in both total splenocyte number (which is 2- to 4-fold In an analogous study, DC-vaccinated mice were treated V\zath
higher in FIt3L-treated mice vs the other 2 groups) and T-cedlirelevant or anti-NK1.1 mAb. Treated DC-vaccinated mice hacEa
content (which is proportionately lower in the Flt3L-treated groupetter survival rate than non—-DC-vaccinated controls, with SO%mf
owing to expansion of non—T-cell populations by FIt3L administramnice surviving long term as compared with 0% of contro%
tion). Results in nonmanipulated controls were compared wifP = .0017) (Figure 2B). The reason for the lower degree of m:
mice that received either 3 weekly DC vaccines ending 1 weetaccine protection in this experiment may relate, in part, to tEle
earlier or FIt3L given for 10 days (Figure 1B). As compared witl2-fold higher number of AML cells used for day O challenge és
non-treated controls, the total number of splenic anti-AML CTLPsompared with the other 2 experiments (Figures 1, 4). Nonetheléss
was increased 16.4-fold or 1.9-fold in recipients of DC vaccind$K depletion of DC-vaccinated mice diminished the protectnﬁe
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Figure 1. AML-lysate—pulsed DC vaccines or FIt3L injections mediate potent antileukemia effect when given prior to a lethal dose of AML cells in nontr ansplanted

animals. Cohorts of naive B6 mice (n = 8-10) received either 3 weekly doses of tumor-lysate—pulsed DCs (beginning on day —42 or —21), or 21 daily subcutaneous FIt3L (30
ug per dose) injections (days —10 to +11), or no treatment (controls) followed by a lethal leukemia dose (10° cells per mouse) on day 0. Eight to 10 mice per group were
analyzed. (A) A Kaplan-Meier survival plot shows days post-lethal C1498 challenge (day 0) on the x-axis and the proportion of mice surviving on the y-axis. The actuarial
survival rate of either DC-vaccinated or Flt3L-treated recipients was significantly higher (P < .001) than the control animals. (B) On day 0, 2 mice in each group were killed for
splenic C1498 leukemia-reactive CTLP frequency estimation. The mean total splenic anti-AML CTLP number = SD is shown on the y-axis for each of the 3 groups. A significant
increase in CTLP number was present in both DC-vaccinated (P = .01) and Flt3L-treated (P = .03) animals, although DC-treated mice showed a significantly higher CTLP
expansion than mice receiving FIt3L (P = .02).
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Figure 2. FIt3L administration augments an anti-AML immune resistance via the generation of NK effector cells while DC vaccinations generate both NK and T-cell

effector cells. (A) FIt3L (30 g per dose) was administered from days —10 to +11. A separate cohort of mice was untreated. On day 0, mice were challenged with C1498 cells
(2 X 10° cells per mouse). Flt3L-treated mice were injected with no mAb (n = 20) or either irrelevant rat IgG mAb, anti-NK1.1 mAb, or anti-Thy1.2 mAb (n = 10 per group)
beginning on day —2 and continuing weekly until day 54 as described in “Materials and methods.” The actuarial survival rate of Flt3L-treated recipients was significantly higher
than non-treated controls (P = .00069). The actuarial survival rate of FIt3L-treated recipients given irrelevant rat IgG mAb was significantly higher than those given anti-Thy1.2
(P = .005) or anti-NK1.1 (P = .0077). NK depletion eliminated all of the protective effect of FIt3L treatment (P = .065 vs non-Flt3L-treated controls). (B) (C) In a separate
experiment, recipients were vaccinated with DC cells (0.5 X 106 cells per mouse) on days —21, —14, and —7 or were left untreated. Mice then were randomized to receive
irrelevant (panels B, C), anti-NK1.1 (panel B), or anti-CD4 plus anti-CD8 (panel C) mAb from days —1 to +27 post-BMT. NK depletion resulted in a lower survival rates in
non-treated control recipients (P = .0005) and in DC-vaccinated recipients (P = .016). DC-vaccinated mice depleted of NK cells had a higher survival rate than NK-depleted
controls (P = .0095) and nonvaccinated, nondepleted controls (P = .036), indicating that NK cells were not the only cell population responsible for C1498 resistance. Depletion
of T cells reduced survival rates in DC-vaccinated mice from 30% to 10% although these differences did not reach statistical significance (P = .15).
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effect of the vaccines R=.016 vs irrelevant mAb). DC- (P = .15) (Figure 2C), albeit statistical significance was ng
vaccinated mice depleted of NK cells survived longer than contraisached in this experiment. Collectively, these data are m®st

not receiving DC vaccine$(= .036), indicating that only part of consistent with a contribution of both NK cells and T cells
the effect of DC vaccination was dependent upon NK cell@C-mediated protection against AML challenge.

/.

Vv LvEs

DC-vaccinated mice that were NK-depleted survived significantly To determine whether we could uncover anti-AML T-cell immurf@
longer than NK-depleted control® ( .001), providing evidence response in Fit3L-treated mice, a separate cohort of recipients f@m
that the protective effect of DC vaccines was not entirely dependesttidies shown in Figure 2A was designated to be used for memoryi;ell
upon NK cells. In the DC-vaccinated groups, combined T-cell ar{dechallenge) experiments at the onset of the study. Mice were tregted
NK-cell depletion resulted in a lower survival than NK depletiorwith Fit3L (days—10 to+11) and then challenged with live AML cellsg
alone P = .0026), while combined T- and NK-cell depletion did(2 X 10°) on day O to provide a source of AML antigen for in vivo DG
not lower survival rates in nonvaccinated contrd®s={ .34) (not loading (Figure 3A). All surviving FIt3L-treated mice were rechalleng&d
shown). These data suggest that T cells facilitated C1498 resistanith live AML cells (2 X 1(P) on day 60 after initial challenge. Aé

in DC-vaccinated recipients. Depletion of CDdand CD8 T cells  separate cohort of non-treated concurrent controls were given live A§IL
in DC-vaccinated mice reduced survival from 30% to 10%ells. Flt3L-treated recipients previously protected from a lethal Al\@_
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Figure 3. DC vaccines but not FIt3L administration generate an anti-AML memory cell response. (A) A cohort of FIt3L-treated mice (dose and schedule as in Figure 2)

that were challenged with C1498 cells on day 0 were rechallenged with the same dose of C1498 cells (2 X 10° per mouse) on day 60. As a control, a cohort of concurrent,
nonmanipulated B6 controls (n = 10) were given C1498 AML cells (2 X 10° per mouse) on the same day used for rechallenge. There was no significant difference in these
groups when comparing survival rates after day 60 (day of rechallenge). (B) In a separate experiment, recipients were vaccinated with C1498-lysate—pulsed DCs (as in Figure
2) or irradiated C1498 cellular vaccines (107 cells per mouse) given on days —14 and —7 or left untreated. On day 60, mice were challenged with C1498 cells (2 X 10%). Mice
given AML-lysate—loaded DC vaccines or irradiated whole cellular AML vaccines 71 days earlier had a memory cell response since 40% and 50% of mice challenged with a
supralethal AML cell dose (2 X 105 cells) survived long term as compared with 0% of nonvaccinated controls (P = .00055; P = .00037 vs control, respectively). There was no
significant difference (P = .32) between these 2 vaccination approaches in terms of anti-AML memory responses.
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1.0 bl ° positive control, a cohort received DC vaccines prior to AML challenge
J{ o 1—01 o4 according to the above schedule. An additional group received a lower
0.8 4 AML cell dose (10) to permit quantification of the degree of reduction
g & pCd.-21,-14,-7 of tumorigenicity. Recipients of DC vaccines initiated prior to AML
; 0.6 b ° challenge had a 63% long-term survival rate, consistent with an
3 approximate 10-fold reduction in the number of live AML cells that
F escaped immune-mediated elimination. In contrast, recipients given
E either DC vaccines initiated post-AML-challenge or FIt3L had survival
§ 0.2 FitaL d. 1-21 . rates of 13% and 19%, respectively, versus 6% in non-treated controls
a PC.1,.8,12 (Figure 4). Although these approaches were significaly= (05)
0.0 . 108 superior to no treatment, in both instances, the vast majority of mice
0 20 40 60 80 100 could not withstand live AML challenge, indicating only a very modest
DAY survival advantage.
Figure 4. AML-lysate—pulsed DC vaccines initiated prior to AML challenge Our previous studies indicated that irradiated AML whole
reduce AML tumorigenicity by approximately 10-fold, but neither DC vaccines cellular vaccines could augment anti-AML CTLP by 6- to 28-fold

nor FIt3L will protect mice from AML tumorigenicity if initiated as late as 1 day d with . ized mi hich lted i high
after AML challenge. Cohorts of naive B6 mice received either 3 weekly doses of as compared with nonimmunized mice, which resufted in a nig

tumor-lysate—pulsed DCs (beginning on day —21 or +1, as indicated) or 21 daily ~ proportion of mice surviving challenge with live AML cel8.To -
subcutaneous FIt3L (30 pg per dose) injections (days +1 to +21) or no treatment  determine whether irradiated AML cellular vaccines would t;;e
followed by a lethal leukemia dose (105 per mouse) on day 0. Results are pooled from . e . . . . 5
2 independent experiments with similar results (n = 16 mice per group). An additional effective u_nder conditions m_ which neither D_C vaccines r_]or F_ltg.‘
cohort of control mice was given a lower leukemia cell dose (10¢ per mouse) (n =8~ are effective, cohorts received 2 consecutive weekly |rrad|ai§d
mice). A Kaplan-Meier survival plot shows days post-lethal C1498 challenge (day 0) ~ AML cellular vaccines at various time periods (beginning on d&y
on the x-axis and the proportion of mice surviving on the y-axis. The actuarial survival —21 until up to day+ 14) relative to live AML challenge (Figure§
rate of recipients given DC vaccines initiated 3 weeks prior to AML challenge was L . . . . . 2
significantly (P = 000021) higher than controls but not significantly different (P = .1) 5)- ReC|p|ents given irradiated AML Ce!IUIar yaccmes begmnmg %ﬂ
from recipients of a 10-fold lower AML cell dose (10* per mouse). The actuarial day —21 were fully protected against live AML challengeg
survival rate of recipients of either DC-vaccinated or Flt3L-treated recipients initiated Recipients given irradiated AML cellular vaccines initiated up unﬁl
1 day after live AML challenge was statistically significantly higher (P = .05) than the . PO =
control animals although the vast majority of animals succumbed to leukemia. the _day of live AML challenge had. a 8|gn_|f|canP_(£ .0025) S
survival advantage as compared with nonimmunized contrgls.

o : There was no survival advantage for recipients of irradiated A
dose that were rechallenged on day 60 after initial inoculation had noc s no ad ge for recipients o ed I\?'

. . . cellular vaccines unless these were initiated prior to or on the dagof
evidence of a long-lived ant-AML memory response. The deatrﬂ\s/ AML challenge. These data collectively indicate that D&
observed in Fit3L-treated mice rechallenged on day 60 had the Samgcines and FItgL. must be given brior toy AML challenae
kinetics course as concurrently challenged controls, suggesting %%gvi de protection to the ma'oriiq of mli[::e 9
deaths after rechallenge were more likely from the AML used ¥ P jority ’
rechallenge than from the initial challenge. In aggregate, the data ar .

g_ . . 9 99 _g . gl\ﬁL-lysate—pulsed DCs or FIt3L treatment can induce a potent

most consistent with a dominant role of NK cells in generating the

anti-AML response in FIt3L-treated recipients. anti-AM!_ ) immunfe response in syngeneic BMT recipients
To determine whether DC vaccinations could result in \é\’hen initiated prior to AML challenge

memory cell response against AML cells, DC-vaccinated micEb evaluate the effects of DC vaccines or FIt3L on generating _?an

were challenged on day 60 (71 days after the last DC vaccine), theti-AML immune response in syngeneic BMT recipients, B6 mi&e

same time point as for FIt3L (Figure 3B). As a control for memoryvere lethally irradiated on day 1 and infused with unmanipulatect

LIOY6LLOLIY LY LIS/ L6/1ES Rl

cell generation, a cohort was given irradiated AML cellular 2
vaccines (10cells per injection) subcutaneously on day$4 and S
—7, which has been found to be a highly effective means of 1or o B 8
generating splenic anti-AML CTLPs and resistance to AML g 08 d -4, 7 3
challenge (Boyer et & see also Figure 5). Mice given AML-lysate— 2 E
loaded DC vaccines or irradiated cellular AML vaccines 71 days § 06 a0 7
earlier had a memory cell response since 40% or 50%, respectively, z o

of mice challenged with a supralethal AML cell doseX2L.(P E o4

cells) survived long term as compared with 0% of nonvaccinated §

controls P = .00055;P = .00037 vs control, respectively) (Figure £ o ] a7 18

3B). There was no significant difference in surviv@d € .32) 00 [contro

between these 2 vaccination approaches in terms of anti-AML G 200 300

memory responses. These data are most consistent with the pAYS

induction of memory T cells by DC vaccines. F|gurg $.II_rrad|ated AML cellular_ vaccines are ineffective against AML chal- )
lenge if initiated after challenge with a lethal dose of AML cells. Cohorts of naive

B6 mice (n = 10 per group) received either 2 doses of irradiated AML cells (107 per

Neither AML DCs. Elt3L. nor irradiated cellular vaccines confer mouse) administered subcutaneously 1 week apart beginning at time periods ranging
’ ' from day —21 to day + 14 relative to C1498 challenge (10° cells per mouse) on day 0.

pr.otectlon f”lgamSt_AML challenge in most naive animals In each group, 10 mice were analyzed. A Kaplan-Meier survival plot shows days
with established disease post-lethal C1498 challenge (day 0) on the x-axis and the proportion of mice
surviving on the y-axis. The actuarial survival rate of AML-vaccinated recipients that

To define whether DC vaccines or FIt3L were effective in treatingad AML vaccines initiated at time periods ranging from days —21 to +0 was
established disease, experiments were performed by infusing 3 Consgem.f_lcan.tly' .hlgher P= ..00_25) than the control ammals or animals repelvmg AML
. K inati ith AML-I t Ised DC . d .Ivaccmes initiated after this time. There was no survival advantage to mice that were
tive weel y vaccinations wi -lysate—puise vaccines or aal é{iven C1498 vaccines initiated on days +7 or +14 relative to C1498 challenge

FIt3L for 3 weeks beginning 1 day after AML challenge (Figure 4). As g0 = .27).
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Figure 6. Tumor-pulsed DCs or FIt3L treatment induces antileukemia immunity in syngeneic BMT recipients. B6 recipients were lethally irradiated on day —1 and

infused with syngeneic B6 BM on day 0. Cohorts of recipients (n = 8-10) received either 3 weekly doses of tumor-pulsed DCs (days 59, 66, and 72), or daily FIt3L injections
(day 70 to 91) or no treatment (controls) with lethal (10%) C1498 challenge on day 80. (A) A Kaplan-Meier survival plot shows days post-BMT on the x-axis and the proportion
surviving on the y-axis. The actuarial survival rate of tumor-pulsed DC or FIt3L recipients was significantly higher (P < .001, P = .01, respectively) than control animals
receiving BMT only. (B) On day 80, 2 mice in each group were killed for splenic C1498 leukemia-reactive CTLP frequency estimation. The mean absolute splenic CTLP
number = SD for each group is shown on the y-axis. Significant (P = .01) CTLP increase was detected in the DC-treated group as compared with BMT-only controls or
FIt3L-treated mice. Recipients of only syngeneic BMT had significantly (P = .05) lower CTLP frequency than naive animals.

o

Q
syngeneic BM on day 0. Our previous studies indicated that centBIT animals received either 3 weekly doses of tumor-pulsed D(ﬁ?s
and peripheral T-cell recovery in B6 syngeneic BMT mice occuiglays 81, 87, and 94), daily FIt3L injections (days 81 to 101), or o
by 2 months post-BMT as assessed by absolute cell numbers andrbgtment (controls). Both treatments failed to eradicate establis;%ed
proliferative response®.Therefore, cohorts received either AML-AML post-syngeneic BMT, with all mice succumbing to AMLZ
lysate—pulsed DCs on days 59, 66, and 72 or daily FIt3L injectiom&tween days 112 and 121 post-BMT (not shown). To achié'j/e
on days 70 to 91 (Figure 6A). A separate cohort of mice received fang-term survival under these syngeneic BMT conditions, -
treatment and served as controls. On day 80 post-BMT, mice weneine stimulation via DC vaccines or FIt3L needs to be initiatéd
challenged with a lethal dose of AML. As compared with controlgrior to AML challenge. '
which succumbed to leukemia by day 120 post-BMT, survival was
higher in recipients given either DC vaccinés< .001) or FIt3L
(P = .01); 25% of recipients in the latter two groups survived 208)iscyssion
days post-transplant (Figure 6A). Evaluation of splenic anti-AML

CTLP expansion was conducted on the day of the AML Cha“en%r initial goal was to compare the efficacy of 2 approach_:es
(day 80). The absolute number of anti-AML-reactive CTLPsfirected toward harnessing the antitumor benefits of APCs: (1) $he
spleen was calculated (Figure 6B). As compared with BMin vivo infusion of tumor-lysate—pulsed DCs generated ex vigo
controls, significant R = .01) anti-AML~reactive CTLP expan- from BM—derived DC precursors and (2) FIt3L, which generat&s
sion was 6.8-fold higher in the DC-vaccinated group. SplenigCs from precursors present in vivo. Our major findings are tizat
anti-AML—reactive CTLPs were only modestly increased in F|t3|_AM|__|ysa’[e_pu|sed DC vaccines and FIt3L provide substant%|
treated mice (1.4-fold) as compared with BMT controls. Agrotection against subsequent AML challenge but not agaifist
compared with the non-BMT group, recipients of syngeneic BMgstablished disease. Despite the known immune-deficiency state

without any additional treatment had significant®y £ .05) lower associated with BMT and the lower number of splenic anti-AM&
numbers of splenic anti-AML—reactive CTLPs (44% of control g

numbers). Thus, despite the lower baseline splenic anti-AML

CTLPs in BMT as compared with non-transplanted mice, DC 10
vaccines were able to markedly increase anti-AML CTLPs to a
sufficiently high level that 25% of mice were able to survive an
otherwise lethal AML dose.

We have previously reported that vaccination with irradiated
C1498 was a highly potent means of inducing anti-AML CTLPs
and conferring protection against AML challenge (Boyer &%, al
Figures 3B, 5). To determine whether DC vaccines are more potent 02
than irradiated AML vaccines under these BMT conditions, BMT/AML Control
syngeneic BMT recipients were given weekly AML-lysate—pulsed 00, pres o - e 705
DCs or irradiated AML vaccines according to established vaccina- DAYS POST-BMT
tion doses and schedutgFigure 7. A cohort was vaccinated with AML
unpulsed DCs as a specificity control, and a separate cohortFigfre 7. Imm_unizgtion of syngeneic BMT recipients_with _eithgr AML-lysate—

.. . . . . pulsed DCs or irradiated AML cellular vaccines results in a significant decrease
BMT recipients was given neither AML cells nor vaccmatlonsm leukemia-related mortality.  B6 recipients were lethally irradiated on day —1 and
Recipients given either AML-lysate—pulsed DC vaccines or irradirfused with syngeneic B6 BM on day 0. Cohorts of recipients (n = 10 per group)
ated cellular AML vaccines had a 30% |0ng_term survival ratee,ceived either no manipulation (BMT/AML control) or 3 weekly doses of tumor-

S|gn|f|cantly hlgher than the 0% Iong-term survival rate foPuIsed qr nonpulsed DCs (days 59, 66, and 72) or. irradiated AML vaccmgs (107 per
. X A . dose) given subcutaneously (days 66 and 73). Mice were challenged with a lethal
recipients given either no vaccines or unpulsed DCs. dose of C1498 cells (105) on day 80 post-BMT. A separate group of mice received

To determine whether DC vaccines or FIt3L can support amngeneic BMT but were not challenged with C1498 cells. A Kaplan-Meier survival

anti-AML immune response in the presence of the establish@'ﬂ‘ shows days post-BMT listed on the x-axis and the proportion surviving on the
axis. The actuarial survival rate of recipients of tumor-pulsed DCs or irradiated AML

disease post-BMT, DC or FIt3L was administered beginning 1 d{y

llular vaccines was significantly higher (P < .006) than control animals receiving
after a lethal dose of AML cells (day 80 post-BMT). Cohorts 0BMT only or recipients receiving unpulsed DCs.

11e/p00]q/18U° SUONED!
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CTLPs present in transplanted as compared with nontransplanteced here, as well as potential differences in tumor cell lines and
controls, syngeneic BMT recipients challenged 80 days post-BMiiouse strains. In contrast, DC-vaccinated mice had a memory cell
could mount a sufficient anti-AML immune response, resulting ini@sponse, consistent with an induction of anti-AML CTLPs, as
significant prolongation in survival after DC vaccination. Flt3Lassessed 2.5 months after vaccination. Antigen-loaded DCs have
given post-syngeneic BMT resulted in a comparable level been shown to be able to stimulate CDB-cell responses and can
protection against an otherwise lethal AML dose, as compared wihpport the generation of anti-tumor—reactive CTLs without the
non-treated BMT controls. However, both treatments had to bequirement for CD# T-cell help49-5! Despite the fact that DC
initiated prior to AML challenge since no protective effect wawaccines and FIt3L may stimulate different effector cell types, our
observed with either treatment if therapy was initiated after AMkesults were similar in terms of in vivo resistance to initial AML
challenge. Nonetheless, our data suggest that autologous Bktiallenge. FIt3L would be logistically simpler than the propagation
recipients may derive benefit from either AML-lysate—pulsed D@nd infusion of large numbers of tumor-membrane—pulsed DCs.
vaccines or FIt3L initiated at approximately 2 months post-BMT dtor patients with myeloid leukemias, consideration must be given
a time when disease is at a minimum and disease progression istoothe observation that a high proportion of blasts from these
sufficiently rapid to preclude the generation of a potent anti-AMpatients, particularly those with AML, express functional FIt3
immune response. receptor$?>7 In these circumstances, DC vaccines rather than
Studies by others indicated the role of DC vaccines in sol#lt3L would avoid the issue of whether FIt3L would have a
tumor eradication in rodents (eg, Boczkowski ef &litvogel et beneficial or detrimental effect on AML elimination and recug
al’® Ashley et alt! and Young and Ina3g. In this report, we rence. This was not an issue as the AML line we used does %ot
provide evidence for in vivo efficacy of BM-derived DC-basedespond to FIt3L as assessed by in vitro proliferation (unpubllsrged
vaccination against a widely metastatic systemic hematologiagiservations).
malignancy, AML. We found that DC vaccines were more effective An important aspect of our studies was the finding th&t
than FIt3L in facilitating the development of splenic anti-AMLsyngeneic BMT recipients could benefit from an immune-basgd
CTLPs despite the fact that DCs produced by FIt3L are known to bati-AML strategy initiated post-BMT. Although we have previg
effective in inducing T-cell responses both in vitro and in viéd” ously shown that the infusion of donor splenocytes given eairly
In subsequent studies, we have been able to show that even onedoét-allogeneic BMT could provide a potent GVL effect, in tr‘@
vaccine given on day- 7 prior to AML cell challenge could protect present studies only syngeneic effector cells would be avallablé to
20% of mice from a supralethal AML challenge dose ok2(®® mediate an antitumor effect. T cells generated post-BMT may @ot
cells, consistent with a greater than 10-fold reduction in AML celbe fully immune-competent owing to defects in the thymE
burden (not shown). AML-lysate pulsing of DCs was required famicro-environment and other types of inji8At the time of AML
optimal resistance since recipients of unpulsed DC vaccines eltlallenge post-BMT, the splenic anti-AML CTLP frequency was
succumbed to AML. However, unpulsed DCs did induce a nonspagnificantly lower than in normal controls. Our study has show&n
cific response to AML since these recipients survived 1.5 weeltsat despite the lower CTLP frequency post-BMT, DC vaccines aéﬁ]d
longer than nonvaccinated controls. Although the prolonged sii3L were each able to confer a degree of resistance agamstA&IL
vival effect of unpulsed DCs is presumably due to fetal calf serud recent report demonstrates proof in principle that muItlp@
components used to propagate the DC and AML cells, this effanlyeloma patients who had received autologous peripheral bI(}:{)d
was not sufficient to result in long-term survival after supralethatem cells months earlier could be induced to mount an antigén-
AML challenge in non-BMT or in syngeneic BMT recipients (seespecific immune response to nominal antigen (keyhole Iim@et
Figure 7). hemocyanin) or tumor antigen (idiotypic prote#)Our data in g
In contrast, splenic anti-AML CTLPs were increased far lessyngeneic BMT recipients given AML-lysate—pulsed DCs indicafe
with FIt3L as compared with DC vaccines. While NK depletiorthat such responses could lead to a long-term survival benefit. E
completely eliminated the protective effect of FIt3L, only part of In syngeneic BMT recipients, FIt3L administration also resulted
the effect of DC vaccines was NK dependent. FIt3L expands tirea long-term survival benefit, probably owing to the augmentatign
absolute number and function of NK cells in multiple tissu®f NK cell-mediated elimination of AML cells as observed i
compartment8® FIt3L induction of NK cells has been shown tonon-transplanted recipients. NK cell recovery post-BMT is rapid
have antitumor effects in a murine liver-metastasis mé&delwhile T-cell recovery typically requires a longer period of tim&
Lynch*® has demonstrated that there is a substantial decrease indhéng to the requirements for thymic educatfS$! Notably, NK
rate of fibrosarcoma growth in T-cell-deficient severe combinexlls present early post-BMT have been shown to be potent
immune—deficient mice receiving FIt3L when compared witeffectors against myeloid leukemig&sThus, FIt3L administered to
non-treated controls. For NK-sensitive tumor cells, FIt3L may belmumans may permit the development of an immune response
useful therapeutic agent by directly stimulating NK effector cetigainst myeloid leukemias. Since T-cell defects have been reported
expansion and function. NK cells also may contribute to thia humans for prolonged periods of time post-BMT and since NK
antitumor effect of DC vaccines, as shown in Figure 2B. Receattivity is restored far earlier than T-cell function post-BMT, it is
data indicate that DCs can directly trigger NK cell functién. conceivable that FIt3L would be a particularly advantageous
Consistent with findings that NK cells were major and perhagpproach at this time as FIt3L appears to be a potent inducer of NK
sole effectors of primary resistance in Flt3L-treated recipientsffects against AML cells. However, since there is no memory cell
rechallenge experiments in Flt3L-treated mice indicated no detestsponse with Flt3L, DC vaccines may be more advantageous at
able memory cell response. These data would appear to diffene periods when T-cell reconstitution has occurred since T cells
somewhat from those of Wang et*@lvho have shown that a T-cell appear to contribute more to the DC vaccine than the FIt3L-
memory response could be induced to a bcr/abl gene—transfeateetiiated anti-AML effect.
cell line that was transduced with a retroviral vector that produced In contrast to reports by others in solid tumor models
FIt3L. Important differences may relate to the use of transducéckviewed in Lotze et &%), both AML-pulsed DC and FIt3L do
cells, which may produce FIt3L longer than the 21 days adminisot provide substanial protection in animals with established

E/po
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AML. C1498, the AML line used in the present studies, ishese approaches are likely to be most effective in patients with
injected systemically and grows as a widespread metastamore indolent leukemias.

disease. The failure of DC vaccines or FIt3L to treat the minimal In conclusion, we have shown that DC vaccines and FIt3L can
residual disease in mice given AML cells only 1 day prior t§® used as the potent inducers of an anti-AML immunity with

therapy could be related to either the fast growth rate of AMECMparable efficacy in non-transplanted and syngeneic BMT

cells in vivo, which outstrips the ability of the immune system tgecipients. They appear to play critical roles in generating anti-

it the AML cells. or the immun ression conferred b éAhML responses in both mature and developing (regenerating)
resistthe cells, orthe unosuppression conterred by afl, 1, e systems. FIt3L is a potent inducer of NK-mediated AML

expanding tumor burden. Our previous studies have shown thaisiance, while DC vaccines elicit NK and T-cell responses
splenic anti-AML CTLP generation was not suppressed in micgyainst AML cells. Biological efficacy will probably be realized

given high doses of AML cells (¥) and analyzed 3 weeks lateronly in settings in which AML cells are not expanding at a rate that
at a time when AML cells were not detectable by flowoverwhelms the immune response. The potential therapeutic impli-

cytometry3® Thus, we favor the former explanation. Thereforegations of our work are substantial.
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