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Summary
Flt3 ligand (Flt3L) stimulates the proliferation and differentiation of hematopoietic cells.
Subcutaneous Flt3L administration has been shown to effectively manage some murine cancers and
in humans, to lead to an increase in peripheral blood monocyte and dendritic cell (DC) counts. In the
current study, we determined the effects of Flt3L therapy on patients with melanoma and renal cancer,
and in particular, if Flt3L could be used either by enhancing the immunization of patients with
melanoma to tumor antigen peptides in vivo, or by mobilizing DC precursors to allow the production
of larger numbers of cultured DC. Flt3 ligand administration resulted in a 19-fold increase in DC
counts in the peripheral blood of patients. The DC generated in vivo appeared only partially activated,
expressing increased levels of CD86, CD33, and major histocompatibility complex class II, but no
or low levels of CD80 and CD83. This partial activation may account for the lack of enhanced immune
responses to melanoma antigens and absence of clinical responses in the patients even in combination
with antigen immunization. Flt3 ligand administration did result, however, in a 7-fold increased yield
of monocytes per liter of blood from leukapheresed patients. Dendritic cells were as readily generated
from monocytes collected before and after Flt3L therapy, and they stimulated allogeneic T-cell
proliferation in a mixed leukocyte reaction to a similar magnitude. Thus, the use of Flt3L may be an
important method to mobilize DC precursors to allow patient therapy with larger numbers of cultured
DC.
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Dendritic cells (DC), the most effective antigen presenting cells, are potent activators of
specific immune responses via their ability to process and present specific antigens in the
context of the major histocompatibility complex and costimulatory molecules (1). The low
number of DC in the circulation and the difficulty in isolating them from tissues has limited
their clinical use. Although DC potentially available for in vitro manipulation and clinical use
can be found in peripheral blood, they are in low numbers, estimated to be < 1% of peripheral
blood mononuclear cells (PBMC) (2). Dendritic cells can be generated by harvesting
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monocytes from peripheral blood and culturing them in vitro with interleukin (IL)-4 and
granulocyte-macrophage colony-stimulating factor (GM-CSF) (3). These monocytes can then
be activated ex vivo and either transduced with specific antigens or pulsed with antigen,
followed by infusion in vivo. Cultured DC pulsed with tumor antigens can induce tumor
regression in some murine models (4,5). Clinical trials utilizing cultured DC have reported
objective clinical responses in some patients; Kugler et al. (6) reported complete responses in
4 of 17 patients, and Nestle et al. (7) reported complete responses in 2 of 16 patients. The low
percentage of complete responders may possibly be a result of the limited numbers of DC that
have been administered. For instance, Dhodapkar et al. (8) reported administering 2.8 × 106

antigen-pulsed DC, Kugler et al. (6) reported administering 5 × 107 DC fused with autologous
tumor, and Nestle et al. (7) reported administration of 1 × 106 DC pulsed with tumor lysates
or a cocktail of peptides. Therefore, methods are needed to increase the number of DC that can
be administered.

One potential agent that appears to increase DC precursors in vivo is Flt3 ligand (Flt3L), which
is a naturally occurring glycoprotein that stimulates the proliferation and differentiation of
hematopoietic cells (9). Its receptor is Fms-like tyrosine kinase 3 (Flt3), which is a member of
the type III receptor tyrosine kinase family and is expressed exclusively on primitive
hematopoietic progenitor cells in mice (10,11) and in CD34+ cells from bone marrow in humans
(12). Flt3 ligand administration may provide a means of increasing in vivo DC, which then
may act in vivo to mediate a therapeutic response. Alternatively, Flt3L may be useful in
obtaining larger numbers of DC, either directly or after in vitro culturing of precursors, which
could be used for generating tumor vaccines.

Flt3 ligand has been shown in preclinical models to increase the number of cells expressing a
DC phenotype peripherally in mice (13,14). Moreover, Flt3L has been shown to slow tumor
growth and induce regression of a methylcholanthrene-induced murine fibrosarcoma (15). In
a separate study, Flt3L effectively managed murine melanoma and murine lymphoma (16).

When administered to healthy human volunteers, Flt3L increased by 30-fold the number of
cells in the circulation with a DC phenotype and increased white blood cell (WBC) counts
(17). Recently, Morse et al. (18) reported that Flt3L administered to patients with colon cancer
doubled the WBC counts and increased circulating DC by nine fold. No clinical responses were
seen, but because no native immunogenicity of colon cancer has been described, this may
explain the lack of response. In both studies, Flt3L was found to be safe and well tolerated at
the doses tested.

In the current study, we determined the effects of Flt3L on patients with melanoma and renal
cancer, tumors that appear to be immunogenic as evidenced by their ability to respond to
cytokine therapy. A number of antigens are associated with melanoma and renal cancer and
have been identified (19,20). For instance, the melanoma antigen gp100 is recognized by
tumor-infiltrating lymphocytes that are associated with tumor regression after adoptive
immunotherapy in patients with metastatic melanoma (21). Previously, we have immunized
patients with peptide vaccines based on HLA-A2 restricted epitopes of melanoma antigens
(21,22). The patients developed measurable increases in their T-cell reactivity against
melanoma when tested in vitro, but clinical responses using vaccines alone have been rare
(21,23). In the current study, a cohort of patients with melanoma cancer were administered
Flt3L and a vaccine consisting of four tumor antigen peptides, to determine if Flt3L could
increase the ability to immunize against these tumor antigens.

The goal of this study was to determine if Flt3L could be used either by enhancing the
immunization of patients to tumor antigen peptides in vivo, or by mobilizing DC precursors,
which could be exploited to increase yields of cultured DC for clinical therapy.
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PATIENTS AND METHODS
Patient Criteria

In an Institutional Review Board approved protocol at the National Cancer Institute, 31 patients
with a history of metastatic melanoma and renal cell cancer received systemic therapy with
Flt3L. All patients had a history of metastatic melanoma or renal cell cancer with evaluable
disease by either physical examination or radiographic workup consisting of computed
tomography of the chest, abdomen, and pelvis. Their Eastern Cooperative Oncology Group
performance status was 0 (90% of patients) or 1 (10%). Other eligibility requirements included
serum creatinine of 2.0 mg/dl or less, bilirubin of 1.6 mg/dl or less, WBC count of 3,000 cells/
mm3 or greater, platelet count greater than 90,000/mm3, and serum aspartate amino transferase
and amino alanine transferase less than two times normal. Patients were excluded if they had
any form of therapy except surgery during the month before starting therapy with Flt3L. In
addition, patients had to be free of active systemic infections and coagulopathies and had to
have no history of autoimmune, cardiovascular, or respiratory disease. Because the teratogenic
risks of Flt3L are unknown, patients were excluded if they were pregnant or planning a
pregnancy.

Patient Treatment and Monitoring
Immunex Corporation (Seattle, WA, U.S.A.) provided the Flt3L. A total of 14 patients received
Flt3L alone at 25 µg/kg/dose daily (seven patients with renal cell cancer and seven patients
with melanoma, referred to as patients A1–A7 and B1–B7 in figures and tables). Another seven
patients with HLA-A2 positive melanoma received both Flt3L at 25 µg/kg/dose daily and in
addition, a vaccine consisting of four tumor antigen peptides (see below), referred to as patients
C1–C7 in figures and tables. Each peptide was given separately as a 1 mg dose emulsified in
Incomplete Freund’s Adjuvant subcutaneously at a different site on day 12 of Flt3L
administration. Ten patients with renal cell cancer received 100 µg/kg/dose daily of Flt3L,
referred to as patients D1–D10 in figures and tables.

There were two cycles per course of Flt3L, each cycle consisting of subcutaneous injections
for 14 consecutive days. Each cycle was 2 weeks apart, and the two courses were 3 weeks
apart. Most of the patients received multiple cycles of Flt3L injection. All patients underwent
leukapheresis before starting therapy and on day 15 at the completion of a 14-day cycle of
therapy. Peripheral blood mononuclear cells were collected from the leukaphereses by Ficoll-
Hypaque density gradient centrifugation and cryopreserved by standard procedures until use.
Blood was drawn at several times before, during, and after the cycles for serum chemistry,
WBC count with differential, and for phenotypic characterization. Average values were
computed ± the standard error of the mean. In addition, all patients underwent computed
tomography scans of the chest, abdomen, and pelvis before and after therapy to monitor disease
progression. A clinical response was defined as >50% reduction in all tumors, as measured by
the sum of the perpendicular dimensions of each tumor.

Thus, of 31 patients who were administered Flt3L, there were 14 cases of metastatic melanoma
and 17 cases of metastatic renal cell cancer. The age range was 21–78 years, with a median
age of 55 years. All patients had a good performance status, and all had received some form
of therapy before. As reported in other studies (17,18), Flt3L was well tolerated. Twenty-six
of 31 (84%) patients experienced no toxicity during the course of therapy. One patient
developed a grade 2 toxicity (bone pain), two patients developed grade 3 toxicity (infection),
and one patient developed a grade 4 toxicity (thrombosis) during the course of therapy.
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Phenotypic Analysis
FACS analysis for some patients was performed on days 0 and 15. Pheresis samples and
intervening research blood was drawn to establish phenotypic characteristics and changes in
the PBMC. Flow cytometry consisted of two color analyses, utilizing antibodies specific for
CD1a, CD3, CD11c, CD14, CD16, CD19, CD33, CD80, CD83, CD86 (BD Pharmingen, San
Diego, CA, U.S.A.), and HLA-DR (Biosource International, Camarillo, CA, U.S.A.), labeled
with either fluorescein or phycoerythrin. A ‘cocktail‘ of non-DC antibodies against
differentiated hematopoietic lineage cells (CD3, CD14, CD16, CD19, and CD56) was created
with fluorescein-labeled antibodies and used to distinguish non-DC populations (24). This non-
DC lineage cocktail is referred to as the “Lin.” Forward angle and side scatter gates were set
to exclude subcellular debris and cell clumps. Dead cells were excluded from the analysis by
propidium iodide staining. Each cell profile was based on an analysis of 10,000 cells using a
Becton Dickinson FACScan instrument. For phenotypic analysis of cultured DC, forward angle
and side scatter gates were set to exclude small lymphoid cells to focus on DC. Isotype controls
were used to detect nonspecific antibody binding.

Cell Culture
T2 cells (American Type Culture Collection, Manassas, VA, U.S.A.), a TAP-deficient line
with empty surface HLA-A2 (25), were grown in RPMI 1640 supplemented with 10% FCS,
1 mmol/L glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin (all from Biofluids,
Rockville, MD, U.S.A.).

Dendritic Cell Culture
Based on the original protocol of Sallusto et al. (3), DC were derived from patient PBMC.
Dendritic cells were generated by thawing cryopreserved PBMC and culturing the PBMC
overnight at 37°C, in complete medium composed of Iscove’s Modified Dulbecco’s Medium
(IMDM; Biofluids) with 25 mmol/L HEPES buffer, 10% human AB serum (heat inactivated;
Gemini Bio-Products, Calabasas, CA, U.S.A.), 2 mmol/L glutamine, 100 units/mL penicillin,
and 100 µg/mL streptomycin (all from Biofluids). Nonadherent cells were removed on day 1.
Adherent cells were cultured for 7 days in complete medium supplemented with 100 ng/mL
GMCSF (1,000 U/mL) and 500 ng/mL IL-4 (1,000 U/mL) (both from Peprotech, Rocky Hill,
NJ, U.S.A.). Granulocyte-macrophage colony-stimulating factors and IL-4 were added again
on days 3 and 5. Dendritic cells generated were stained with mouse antihuman CD11c and
CD14 labeled antibodies and analyzed by flow cytometry to determine their phenotype.

Mixed Leukocyte Reaction Analysis of Fresh Peripheral Blood Mononuclear Cells
The mixed leukocyte reaction, as described by Steinman and Inaba (26), was used to measure
functional differences between PBMC collected before and after patient treatment with Flt3L.
Briefly, pre-Flt3L (day 0) and post-Flt3L PBMC (day 15) were thawed, counted, and irradiated
with 2000 cGy, and their ability to stimulate allogeneic T-cell proliferation was subsequently
determined. Naive, allogeneic responder T cells, from a single donor not known to have been
preimmunized against alloantigens, were purified on a human T-cell enrichment column (R&D
Systems, Minneapolis, MN, U.S.A.), aliquoted, cryopreserved, and thawed on the day of use.
These responder T cells were then plated in groups of triplicate wells, at 1.0 × 105 cells per
well in a 96-well flat bottom plate in complete media and cocultured with 1.0 × 105 allogeneic
stimulator cells (pre- and post-Flt3L patient PBMC) in 0.2 mL volumes at serial dilutions from
4:1 to 1:256. The cultures were pulsed with 1 µCi of 3H-thymidine (Nycomed Amersham,
Buckinghamshire, U.K.) on day 5 and harvested after a 16-hour incubation using a Tomtec
Cell Harvester 96 (Tomtec, Hamden, CT, U.S.A.).
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Thymidine incorporation was subsequently measured as an indicator of cellular proliferation
on the LKB 1205 Betaplate Liquid Scintillation Counter (Wallac, Turku, Finland). Stimulator
cells, responder T cells, and complete media were also plated independently in each assay, and
their background subtracted from the final counts of T-cell proliferation.

Mixed Leukocyte Reaction Analysis of Cultured Dendritic Cells
Dendritic cells were generated as described above from pre- (day 0) and post- (day 15) patient
PBMC. On day 7 of culture, a mixed leukocyte reaction (MLR) was performed (similar to the
method described above) by plating the DC generated in groups of triplicate wells at 1.0 ×
105 cells per well in a 96-well flat bottom plate in complete media. These were cocultured with
1.0 × 105 purified T cells from the same healthy donor used in all MLR in this study in 0.2 mL
volumes at serial dilutions from 4:1 to 1:256. The cultures were pulsed with 1 µCi of 3H-
thymidine (Nycomed Amersham) on day 5 and harvested after a 16-hour incubation.
Proliferation was measured by tritiated thymidine incorporation (counts per minute). Before
the MLR, the DC generated were stained with mouse antihuman CD11c and CD14 labeled
antibodies and analyzed by flow cytometry to determine their phenotype.

Peptides
Four different peptides, MART-1:27–35 (MART-1, AAGIGILTV), the modified gp100:209–
217 (210M) (g209–2M, IMDQVPFSV), gp100:280–288(288V) (g280–9V, YLEPGPVTV),
and tyrosinase:368–376(370D) (tyrosinase, YMDGTMSQV), were used for vaccination and
in vitro testing as later specified (Multiple Peptide Systems, San, Diego, CA, U.S.A. for all
peptides except MART-1, which was produced by Peninsula Laboratories, San Carlos, CA,
U.S.A.). The Flu-M1:58–66 peptide (Flu, GILGFVFTL) was used as control in sensitization
assays. The Cancer Therapy Evaluation Program (National Cancer Institute) provided all
peptides, with the exception of Flu. The peptides were produced to good manufacturing
procedure grade by solid phase synthesis techniques and solubilized in either sterile water or
dimethyl sulfoxide (Sigma, St. Louis, MO, U.S.A.) according to their biochemical
characteristics. The identity of each of the peptides was confirmed by mass spectral analysis.
The peptides were > 98% pure as assessed by high-pressure liquid chromatography.

In Vitro Assessment of Immunologic Reactivity to the Four Peptides
Cryopreserved PBMC were thawed and simultaneously tested for peptide reactivity as
described previously (21). Briefly, 3 × 106 PBMC were suspended in 2 mL of complete media,
and 1 µmol/L of the same peptide as used for patient immunization was added. Two days later,
recombinant 300 IU/mL IL-2 (Chiron Corp., Emeryville, CA, U.S.A.) was added to the
cultures. Every 3–4 days thereafter, half of the medium was replaced with fresh medium
containing IL-2 (300 IU/mL). Cultures were harvested on day 12, and lymphocyte reactivity
assayed. Cells were washed once in Hank’s balanced salt solution, and 105 cells/0.1 mL were
added to wells of flat-bottom 96-well plate. Stimulator cells were added consisting of 105 T2
cells/0.1 mL pulsed with 1 µmol/L each of the four peptides in the native form naturally
expressed on tumors, and flu peptide as a control. Cultures were incubated 18–24 hours, and
the supernatant tested for interferon-γ using enzyme-linked immunosorbent assay kits (R&D
Systems). Peripheral blood mononuclear cells were considered reactive to peptide if cytokine
values were greater than 100 pg/mL and twice those of peptide controls.

RESULTS
Hematologic Analyses After Flt3 Ligand Administration

As expected, patients demonstrated an increase in WBC and monocyte counts (Fig. 1A and
B). Patients receiving daily Flt3L injections at 25 µg/kg/d are shown in Figure 1, panel A for
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course 1/cycle 1. The mean WBC count of all patients increased from 5,700 cells/mm3 of blood
to 13,000 cells/mm3 of blood. The greatest increase was observed in the mean absolute
monocyte count, which increased from 470 cells/mm3 to 3,400 cells/mm3 (7.2-fold increase).
However, neutrophil and lymphocyte numbers changed only modestly after Flt3L
administration (from 4,100 to 6,200 cells/mm3 and 1,600 to 3,400 cells/mm3, respectively).

Ten patients received a higher dose of Flt3L at 100 µg/kg/d. As shown in Figure 1B, a 2-fold
increase in the WBC count again occurred, and fold increases of the differential counts were
similar in magnitude to those of patients on the lower Flt3L dose.

Consistent with the increase in WBC counts, there were transient increases in spleen sizes.
Volumetric analysis of spleen size by computed tomography scan of the first seven patients
revealed a 13%–84% increase in splenic volume of the post-Flt3L spleen size compared with
the pre-Flt3L spleen size.

Phenotypic Analyses
Having observed increases in the absolute monocyte count that paralleled the rising WBC
count, a phenotypic analysis was performed to characterize the cell types that were being
induced by Flt3L. Patients were leukapheresed, and their PBMC were isolated by Ficoll/
Hypaque density gradient centrifugation, which physically removed granulocytes, thus
enriching for mononuclear cells. Dendritic cells were defined by the absence of markers for
other cell types. Cells were stained with a non-DC lineage cocktail (CD3, CD14, CD16, CD19,
and CD56: “Lin”). Thus, T cells, B cells, natural killer cells, and monocytes could be
eliminated, because they are Lin+ (1,27,28). In peripheral blood, myeloid DC have been
described, which are CD11c+/CD33+, and take up antigen (24,29,30). Dendritic cells were
analyzed for expression of HLA-DR, T-cell costimulatory molecules CD80 and CD86, the DC
maturation marker CD83, and CD1a, which is expressed by epidermal DC (31).

The main differences observed when pretreatment PBMC were compared with posttreatment
PBMC can be seen in Figure 2 and Table 1A for patients who received 25 µg/kg/d of Flt3L.
The CD11c+/Lin− DC subset increased after treatment on average 19-fold after 14 days of
Flt3L compared with levels before treatment. A parallel increase was seen in the CD33+/
Lin− population, indicating an increase in the myeloid DC population. Increased levels were
also seen in the expression of HLA-DR and the costimulatory molecule CD86. There was no
appreciable increase in another costimulatory molecule, CD80. The vast majority of DC were
negative for the maturation marker CD83. Comparable increases in DC were seen in patients
receiving 100 µg/kg/d Flt3L (Table 1B). Monocyte counts increased 4 fold in patients who
received 25 µg/kg/d and 6–7 fold in patients receiving 100 µg/kg/d of Flt3L (Table 1B).

Functional Analysis of Patient Peripheral Blood Mononuclear Cells
Once it was established that Flt3L induced changes in the WBC profile after 14 days of therapy,
it became important to determine whether any functional differences could be detected as a
result of the increased DC and monocyte counts. The MLR detects proliferation of naive
allogeneic T cells in response to stimulator cells, particularly DC (26). In this case, the MLR
was used to assess T-cell proliferation in response to pretreatment PBMC compared with
posttreatment PBMC from ten patients receiving 25 µg/kg/d Flt3L (Fig. 3). Peripheral blood
mononuclear cells from nine of ten patients reproducibly stimulated better T-cell proliferation
after Flt3L administration.

Flt3 Ligand Administration With Peptide Vaccination
To determine if the increase in circulating DC induced by Flt3L can lead to a better antigen
response in vivo, a cohort of patients with melanoma was immunized with Flt3L and a vaccine
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consisting of four tumor antigen peptides. Previous clinical trials with a variety of
immunization protocols in which patients with melanoma were immunized with the melanoma
peptide antigen g209–2M have demonstrated immunization in as high as 91% of patients by
in vitro monitoring (21,23). In a recent trial, patients immunized with g209–2M and the same
three peptides as used in the current study, demonstrated g209–2M immunization in 18 of 29
(62%) patients by in vitro monitoring (32). That is, the patients produced specific T-cell
precursors reactive to the peptide in vitro. In general, we previously found that most patients
can be immunized against g209–2M, but with less success against the other peptides MART-1,
g280–9V, or tyrosinase. Analysis of peptide reactivity after immunization with Flt3L plus four
peptides for six patients in our study (Table 2) showed no difference in what was seen
historically in the absence of Flt3L. Of the five patients who did not show any peptide reactivity
in the pre-Flt3L samples, four reproducibly generated cells reactive to gp100:209–217 after
two–four vaccinations. Only one of five tested patients reproducibly generated cells reactive
to MART-1, and no patients reproducibly generated cells reactive to gp100:280–288 or
tyrosinase. Flt3 ligand appeared to neither enhance immunization nor decrease reactivity to
peptide compared with that seen historically (21,23).

Peripheral Blood Mononuclear Cells Yields From Leukaphereses
The most common method to produce DC in vitro is to obtain PBMC from a patient by
leukapheresis, and then incubate the adherent cells with cytokines, such as IL-4 and GM-CSF,
which induce monocytes to differentiate into DC. Production of cultured DC in vitro from
PBMC is therefore, limited by the number of monocytes that can be harvested from each
patient’s blood. Therefore, we analyzed leukapheresis yields after Flt3L administration to
determine if the monocyte yield was enhanced as would be expected from data in Figure 1.
For patients receiving 25 µg/kg/d of Flt3L, there was an average 7-fold increase in monocyte
yield after the first cycle of Flt3L (Table 3A). For subsequent cycles, there was a 12-fold, 9-
fold, and 11-fold increase, respectively. For patients receiving 100 µg/kg/d of Flt3L, there was
an 8-fold increase in monocyte yield after the first cycle of Flt3L (Table 3B).

Generation of Dendritic Cells From Cultured Peripheral Blood Mononuclear Cells Pre- and
Post-Flt3 Ligand

Because the yield of monocytes from patient leukaphereses was greatly increased after Flt3L
administration, it was important to determine if the function of the DC generated from the
PBMC from these post-leukaphereses was comparable with those generated from pre-Flt3L
PBMC. Dendritic cells were generated from PBMC in vitro as described by culturing adherent
cells in GM-CSF and IL-4. The percentage yield of DC (number of DC obtained/number of
PBMC plated) was found to be 2.5% ± 1.77 (standard error of the mean) pre-Flt3L and 2.5%
± 0.62 post-Flt3L. Phenotypes were similar for cells cultured from pre-Flt3L PBMC compared
with post-Flt3L PBMC (Table 4). Cultured DC were CD11c+/CD14− and highly positive for
CD86. The DC generated produced similar T-cell proliferation in a MLR (Fig. 4). That is, the
DC derived from cultured PBMC of patients after Flt3L administration were functionally
similar to those derived from the PBMC taken before Flt3L administration. Because there is
an average 7-fold increase in monocytes collected from leukaphereses of patients after Flt3L
administration (Table 3A), one would expect a corresponding greater total yield of DC that
could be generated from PBMC from patients after Flt3L administration.

DISCUSSION
The goal of this study was to determine if Flt3L could be used by either enhancing the
immunization of patients to peptides in vivo, or whether the mobilization of DC or precursor
DC by Flt3L could be exploited to increase yields of these cells that could then be manipulated
in vitro and used for clinical therapy of patients with metastatic melanoma and renal cell cancer.
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Consistent with earlier reports, Flt3L was capable of enhancing numbers of circulating DC and
monocytes. However, despite Flt3L administration aimed at treating melanoma and renal
tumors, which are cytokine responsive and immunogenic, none of the 31 patients in this trial
clinically responded or showed enhanced immunization with melanoma peptides. This may
possibly be a result of the lack of activation of DC. Although numbers of circulating DC were
increased, the DC did not express significant levels of CD80 or CD83, both important activation
markers on DC. Dhodapkar et al. (33) found that injection of immature DC (in which only 3%–
7% of cells were expressing CD83 compared with mature DC in which 92%–93% were
expressing CD83) in humans led to specific inhibition of CD8+ T-cell effector function, and
that immature DC could dampen pre-existing antigen-specific T-cell function.

If the intermediate-stage DC could receive the necessary maturational signals, they may
develop the ability to present specific antigens and provide an optimal costimulatory signal by
expression of CD80 and CD86. Cella et al. (34) reported enhanced stimulatory function of DC
with addition of CD40L to cultured DC. These findings were confirmed by studies in our
laboratory (35). Our own experience suggests that PBMC harvested after 14 days of Flt3L
therapy and cultured in the presence of GM-CSF, IL-4, and CD40L produce mature DC that
activate naïve T cells to become functionally reactive after a single stimulation. These mature
DC express greater concentrations of HLA-DR, CD80, CD86, and CD83, as well as increased
IL-12 secretion, after culturing for 6 days. The importance of delivering fully mature DC was
demonstrated by Labeur et al. (36) who found that induction of antitumor responses in mice
by bone marrow-derived DC correlated with their degree of maturation, and by Dhodapkar et
al. (33) who found that injection of immature DC in humans led to specific inhibition of
CD8+ T-cell effector function.

Dendritic cell ex vivo therapy, such as peptide- or tumor lysate-pulsed DC (7,37), or
vaccination with tumor cell-DC hybrids (6) demonstrated objective clinical responses in
patients. Nestle et al. (7) reported clinical responses in five of sixteen patients with advanced
melanoma (two complete responses) when patients received DC pulsed with a cocktail of
peptides or with tumor lysate. Kugler et al. (6) administered hybrids of autologous tumor and
allogeneic DC to patients with renal cancer and reported that seven of seventeen patients
showed clinical responses (four complete responses). Dendritic cell therapy is thus, a promising
area of research. The techniques in these studies required the generation of mature DC ex vivo.
Flt3 ligand may be a means by which larger numbers of DC or monocytes could be generated
in vivo, harvested by leukapheresis, manipulated ex vivo to generate mature DC, and then
administered to the patient.

The use of Flt3L to mobilize precursor DC in the peripheral blood of patients is analogous to
the present use of granulocyte colony-stimulating factor to mobilize circulating hematopoietic
stem cells (38). Granulocyte colony-stimulating factor mobilizes large numbers of stem cells
in the peripheral blood, which are then harvested from each patient or healthy donor before
bone marrow transplantation and then transferred to the patient after high-dose chemotherapy.
Similarly, IL-2 has been used (39) to mobilize greater numbers of lymphocytes in peripheral
blood, which were then harvested, cultured in vitro to higher numbers, and reinfused into the
patient.

The subcutaneous administration of Flt3L resulted in increased numbers of circulating PBMC,
which we found could be harvested from patients, cultured in vitro to generate DC, and which
were capable of stimulating similar T-cell proliferation as those generated from PBMC before
Flt3L administration. The ability of Flt3L to mobilize cells with DC and monocyte phenotypes
provides a source of antigen-presenting cells for in vitro manipulation and clinical trials.
Currently, others and we are studying cultured DC that are being activated in vitro by CD40L
in a clinical trial.
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FIG. 1.
White blood cells counts with differentials for patients treated with 25 µg/kg/d Flt3 ligand
(Flt3L) (A) and with 100 µg/kg/d Flt3L (B). Counts were determined during the first cycle of
each treatment (average values ± the standard error of the mean are presented).
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FIG. 2.
Flow cytometry analysis of peripheral blood mononuclear cells (PBMC) from a representative
patient before and after treatment with Flt3 ligand. The PBMC were stained with an antibody
binding to CD11c and a cocktail of antibodies binding to non-dendritic cell lineage (Lin)
markers (CD3−CD14−CD16−CD19−CD56−).
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FIG. 3.
T-cell proliferation stimulated by noncultured peripheral blood mononuclear cells (PBMC)
from patients before and after treatment with Flt3 ligand (Flt3L). The mixed leukocyte reactions
(MLR) were performed using cryopreserved, noncultured, patient PBMC as stimulator cells.
Peripheral blood mononuclear cells from pre- and post-Flt3L patient samples were cultured
with purified T cells prepared from the same healthy donor used in all MLR. Proliferation was
measured by tritiated thymidine incorporation (counts per minute). Patients A3, A5, and A6
were patients with renal cell cancer, and patient B5 was a patient with melanoma, given 25 µg/
kg/d Flt3L.

Marroquin et al. Page 13

J Immunother. Author manuscript; available in PMC 2008 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 4.
T-cell proliferation stimulated by cultured dendritic cells (DC). Dendritic cells were generated
by simultaneously thawing cryo-preserved peripheral blood mononuclear cells from pre- and
post-Flt3 ligand patient samples, and culturing the adherent monocytes in granulocyte-
macrophage colony-stimulating factor and interleukin-4 (see “Patients and Methods”). On day
7, a mixed leukocyte reaction (MLR) was performed with purified T cells from the same healthy
donor. Proliferation was measured by tritiated thymidine incorporation (counts per minute).
This graph is representative of MLR performed using DC prepared from ten patients.
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TABLE 1A
PBMC subsets collected from patients before and after Flt3L (25 µg/kg/day Flt3L therapy)

Mean absolute cell count* (cells/mm3)‡

Principal cell types and phenotypic
markers

Day 0 Day 15 Fold increase†

DC subsets
  CD11c+/Lin−‡ 36 671 19
  CD11c+/CD14− 82 788 10
  CD33+/Lin− 25 620 25
  CD1a+/Lin− 0 1 —
  CD83+/Lin− 0.6 14 23
  CD80+(B7.1)/Lin− 0 0 0
  CD86+(B7.2)/Lin− 47 404 9
  HLA-DR+/Lin− 39 362 9
Monocyte subsets
  CD11c+/CD14+ 460 1,934 4
  CD11c+/Lin+ 665 2,322 3.5
Other cell types
  CD34+/Lin− (stem cells) 2 22 11
  CD19+ (B cells) 249 185 0.7
  CD3+ (T cells) 927 924 0.9

TABLE 1B. PBMC subsets collected from patients before and after Flt3L (100 µg/kg/day Flt3L therapy)

Mean absolute cell count* (cells/mm3)‡

Principal cell types and phenotypic
markers

Day 0 Day 15 Fold increase†

DC subsets
  CD11c+/Lin−‡ 30 519 18
  CD11c+/CD14− 134 745 6
  CD33+/Lin− 49 616 12
  CD83+/Lin− 0 0 —
  CD80+(B7.1)/Lin− 0 0 —
Monocyte subsets
  CD11c+/CD14+ 1015 6973 7
  CD11c+/Lin+ 886 6724 8
Other cell types
  CD19+ (B cells) 250 247 1
  CD3+ (T cells) 1105 879 0.8

*
n = 9–10

†
Fold increase = mean absolute cell count day 15/mean absolute cell count day 0

‡
Lin−= CD3−CD14−CD16−CD19−CD56− (excludes T, B, NK cells, and monocytes)

DC, dendritic cells; Flt3L, Flt3 ligand; NK, natural killer; PBMC, peripheral blood mononuclear cells.

*
n = 5

†
Fold increase = mean absolute cell count day 15/mean absolute cell count day 0

‡
Lin−− = CD3−CD14−CD16−CD19−CD56− (excludes T, B, NK cells, and monocytes)

DC, dendritic cells; Flt3L, Flt3 ligand; NK, natural killer; PBMC, peripheral blood mononuclear cells.
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TABLE 3A
Fold increase in monocyte yield per liter after treatment with Flt3L (25 µg/kg/day Flt3L therapy)

Fold increase in monocyte yield* Course/Cycle†

Patient‡ C1C1 C1C2 C2C1 C2C2

A1 10.0 9.2
A2 15.5 66.7
A3 7.8 12.7 17.1 21.8
A4 30.8 18.0 21.5 23.5
A5 0.6 2.0 2.8 3.1
A6 1.5 8.4
A7 6.4 11.0 21.8 28.1
B1 6.5 14.1 8.6 3.4
B2 1.3 1.1
B3 1.2 1.2
B4 11.0 34.5
B5 1.1 1.7 1.4 2.3
B6 8.4 7.2 7.6 8.8
C1 5.8
C2 4.3 1.5 3.3 3.5
C3 2.5 4.8 3.9 4.1
C4 0.3 3.7
C5 6.5 9.5 5.9 8.3
C6 7.9 8.3
C7 9.5 0.3

n 20 19 10 10
Mean fold increase‡ 6.9 11.8 9.4 10.7
Std error of the mean 1.6 3.7 2.5 3.1

TABLE 3B. Fold increase in monocyte yield per liter after treatment with Flt3L (100 µg/kg/day Flt3L therapy)

Patient* Fold increase in monocyte yield†

D1 12.8
D2 4.4
D3 8.3
D4 5.5
D5 14.2
D6 5.7
D7 8.5
D8 10.6
D9 4.5

n 9
Mean fold increase 8.3

Std error of the mean 1.2

*
Fold increase = monocyte yield post-Flt3L/monocyte yield pre-Flt3L

†
C1C1 = course 1/cycle 1, C1C2 = course 1/cycle 2, C2C1 = course 2/cycle 1, C2C2 = course 2/cycle 2.

‡
A1–A7, patients with renal cell cancer given 25 µg/kg/day Flt3L; B1–B6, patients with melanoma given 25 µg/kg/day Flt3L; C1–C7, patients with

melanoma given 25 µg/kg/day Flt3L + 4 peptides.

Flt3L, Flt3 ligand.

*
D1–D9, patients with renal cell cancer given 100 µg/kg/day Flt3L.

†
Fold increase = monocyte yield post-Flt3L/monocyte yield pre-Flt3L

Flt3L, Flt3 ligand.
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TABLE 4
Phenotype of DC generated from PBMC before and after Flt3L

Initial PBMC used to generate DC Percentage of DC population generated*
CD11C+/CD14− CD80+/CD86+ CD80−/CD86+

Pre-Flt3L (day 0) 99.7% 45.3% 51.2%
Post-Flt3L (day 15) 99.3% 53.4% 34.9%

*
DC were generated by thawing cryopreserved PBMC from pre-and post-Flt3L patient samples, and culturing adherent cells with GMCSF and IL-4 (see

“Patients and Methods”). This table is representative of culture results performed on five patients.

DC, dendritic cells; Flt3L, Flt3 ligand; GM-CSF, granulocytemacrophage colony-stimulating factor; IL, interleukin; PBMC, peripheral blood mononuclear
cells.
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