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ABSTRACT

Flavone-8-acetic acid (FAA) is a flavonoid drug that augments mouse
natural killer activity, induces cytokine gene expression, and synergizes
with recombinant interleukin 2 for the treatment of murine renai cancer.
However, FAA has been largely inactive in human clinical trials. In the
present study we investigated the ability of FAA treatment to directly
induce cytokine mRNA expression in total mouse splenic leukocytes and
selected leukocyte subsets, as well as in total human peripheral blood
leukocytes. Analysis of RNA isolated from FAA-treated mouse splenic
leukocytes demonstrated that treatment with > 100 Â¿ig/mlof FAA induced
expression of tumor necrosis factor a (TNF-a) mRNA by l h and induced
maximal expression of TNF-a, a-interferon, and -y-interferon mRNA

within 3 h. The expression of all cytokine genes was diminished by 6 h.
Interferon biological activity was detected in the supernatants of mouse
splenic or peripheral blood leukocytes after treatment with FAA. These
results correlate well with the previously reported induction of cytokine
mRNA genes and biological activity by FAA in vivo. In contrast, FAA
did not induce detectable mRNA expression or cytokine protein secretion
by human peripheral blood leukocytes under similar conditions. These
results demonstrate that FAA can directly stimulate cytokine gene
expression in mouse but not in human leukocytes. Further studies per
formed with highly purified positively selected mouse CD4* or CDS*

splenic T-lymphocytes, as well as purified B-cells, demonstrated that the
FAA-induced expression of -y-interferon mRNA was mainly induced in
the CDS* lymphocyte subset. a-Interferon mRNA was expressed largely
in the B-cell population, while TNF-a mRNA was induced in all leukocyte
subsets tested. Therefore, these results suggest that the immunomodu-
latory effects of FAA in mice are direct, but different cytokines are
induced from different leukocyte subsets. Further, the data suggest that
flavonoid compounds or analogues that stimulate cytokine gene expres
sion in human cells might be therapeutic-ally active in cancer patients.

INTRODUCTION

FAA4 is an investigative drug that has a variety of unique

biological properties in mice. FAA is a synthetic flavonoid
compound with demonstrated antitumor activity against a
broad spectrum of murine solid tumors that are refractory to
many conventional anticancer drugs (1-3). In contrast, FAA
has relatively poor therapeutic activity in vivo against leukemic
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cell lines such as P388, which are sensitive to many conven
tional chemotherapeutic drugs (1,2). In general, the antitumor
effects of FAA in murine models are greater in vivo than would
be expected based on its relatively poor direct cytotoxic effects
in vitro (4-6). Thus, the antitumor action of FAA in vivo has

been postulated to be indirect. Several possible mechanisms for
the in vivo antitumor effects of FAA have been explored and
include effects of FAA on the tumor vasculature (7-9), as well
as immunomodulatory effects (10-16).

Previously, we have demonstrated that treatment of normal
or tumor-bearing mice with FAA results in augmented NK
activity in peripheral blood, spleen, liver, and lungs (11, 12).
FAA was also able to synergize with recombinant interleukin 2
(rIL-2) for the successful treatment of mice inoculated with
Renca and to induce tumor-specific immunity to challenge with
Renca. The ability to induce tumor-specific immunity suggested
that FAA was an immunomodulatory agent. Further investi
gation revealed that in vivo administration of FAA induced the
expression of IFN-a and IFN-7 as well as TNF-a mRNA in
splenic leukocytes within 60 to 90 min after administration of
FAA (12, 14, 16). All of these biological effects of FAA were
sharply dose dependent and occurred only after administration
of FAA at doses of > 150 mg/kg (11-14, 16). These results
suggested that the induction of immunoactive cytokines by FAA
probably contributed to its therapeutic synergy with rIL-2 for
the treatment of Renca. Further, the rapid detection of upre-
gulated cytokine mRNAs after in vivo administration of FAA
suggested that FAA might be acting directly on leukocytes for
the induction of cytokine genes. These results contrasted with
several clinical trials for the treatment of human cancer, where
FAA was shown to have little or no immunomodulatory or
therapeutic activity when used as a single agent (17-19) or in
combination with IL-2 (20, 21).

The present studies were performed to determine the ability
of FAA to directly induce in vitro cytokine gene expression in
murine and human leukocytes. Furthermore, in the mouse
model, isolated leukocyte subsets were used to determine
whether there were specific cell types that were responsible for
the expression of various cytokine genes following FAA stim
ulation. These studies provide a better understanding of the
mechanism by which FAA acts in mice and suggest that the
inactivity of FAA in clinical trials may relate to its inability to
stimulate cytokine production by human leukocytes.

MATERIALS AND METHODS

Reagents. FAA was synthesized by Lyonnaise Industrielle Pharma
ceutique (LIPHA, Lyon, France) and generously supplied by the De
velopmental Therapeutics Program, NCI (Bethesda, MD). Recombi
nant human IL-2 was graciously donated by Cetus Corp. (Emeryville,
CA), while recombinant mouse IFN-7 was generously supplied by
Genentech, Inc. (South San Francisco, CA).

Mice. Female C57BL/6 mice and male BALB/c mice were obtained
from the Animal Production Area, NCI-Frederick Cancer Research
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CYTOKINE GENE INDUCTION IN VITRO BY FAA

and Development Center, housed in a specific-pathogen-free animal
facility (Frederick, MD), and were routinely used between 7 and 10 wk
of age.

Isolation of Mouse Splenic and Peripheral Blood Leukocytes. Spleens
were aseptically removed from euthanized mice, and splenic leukocytes
were prepared as previously described (11, 22). The leukocytes were
then resuspended at 2 x 10' cells per ml in RPMI-1640 medium
supplemented with 10% fetal bovine serum, 100 /jg/ml of penicillin-
streptomycin, 20 mM L-glutamine, 1 JIM sodium pyruvate, 0.1 mM
nonessential amino acids, and 5 x IO"5M 2-mercaptoethanol (hereafter

referred to as complete medium).
Mouse peripheral blood was collected in tubes containing EDTA,

diluted 1:12 in phosphate-buffered saline, and separated on lymphocyte
M (Cedarlane Laboratories, Hornby, Ontario, Canada).

Positive Selection of CD4*, CDS*, or B-Lymphocyte Populations.
CD4* (L3T4*) or CDS* (Ly2.2*) splenic T-cells were positively selected

using the relevant monoclonal antibody (23, 24) as previously described
(25). B-cells were isolated by adherence to goat anti-mouse inumino-
globulin G (Caltag Laboratories, San Francisco, CA)-coated tissue
culture dishes (Falcon No. 3003; Becton Dickinson Labware, Lincoln
Park, NJ) for 45 min at 4Â°C.Nonadherent cells were removed by gentle

washing with cold complete medium (without sodium pyruvate, non-
essential amino acid, or 2-mercaptoethanol) and discarded. The surface
immunoglobulin-positive adherent cells (B-cells) were removed by
gentle washing with warm medium (complete medium, without sodium
pyruvate, nonessential amino acids, or 2-mercaptoethanol).

These purified CD4*, CDS*, and surface immunoglobulin-positive

cell subsets were enumerated and analyzed for purity using flow cytom-
etry analysis as previously described (26), except that a FACScan
instrument (Becton Dickinson, Mountain View, CA) was used instead.
The purity of the cell subsets was greater than 95% of the expected cell
type based on labeling with anti-L3T4, anti-Ly2.2, or anti-mouse im-
munoglobulin antibodies.

Isolation of Human Peripheral Blood Mononuclear Cells. Human
PBL were obtained from normal donors by the process of cytophoresis,
performed by the Leukophoresis Unit, Biological Response Modifiers
Program. After this procedure, the PBL were resuspended in double
the volume of that collected from the donor with Hanks' balanced salt

solution without calcium or magnesium (Cellgro, Mediatech, Washing
ton, DC). Each 35 ml of cell suspension were layered onto 15 ml of
lymphocyte separation medium (Organon Teknika Corporation, Rock-
ville, MD), and the samples were centrifuged at 350 x g for 30 min
with the brake off. The cell interface was collected and washed 3 times
with Hanks' balanced salt solution without Ca2* or Mg2*.

Treatment of Murine or Human Leukocytes in Vitro with FAA.
Murine or human leukocytes were resuspended at a concentration of 2
x IO6cells/ml in Falcon 24-well, flat-bottomed plates (Becton Dickin

son Labware, Lincoln Park, NJ) in complete medium and incubated at
37Â°Cin 5% COj with increasing concentrations of FAA for various

periods of time. In some experiments the leukocytes were pretreated
with DEAE-dextran (Sigma, St. Louis, MO) at 200 ng/ml for 2 h prior
to a 24-h exposure to various concentrations of Poly 1C (Sigma). The
culture supernatant s were retained for assessment of cytokine activity.

Cytokine Assays. Serum IFN activity was determined using the
vesicular stomatitis viral inhibition assay (27) with 1 unit of IFN being
equal to the amount of IFN in 1 ml of sample that reduces viral lysis
by 50% in the bioassay (Clinical Immunology Services, PRI/DynCorp,
NCI-FCRDC, Frederick, MD). Human TNF-a was quantitated by
ELISA assay by Clinical Immunology Services, PRI/DynCorp.

Northern Blot Analysis. Northern blotting was performed as previ
ously described (16). The cytokine complementary DNA probes used
were obtained as follows. The plasmiti containing the murine TNF-a
gene was generously provided by Dr. Anthony Cerami (Rockefeller
University, New York, NY); the plasmid containing the murine IFN-7
gene was kindly donated by Dr. Ken-ichi Arai (DNAX Corp., Palo
Alto, CA), and the plasmid containing the murine IFN-a gene was
generously provided by Dr. Paula Pitha-Rowe (Oncology Center, The
Johns Hopkins University School of Medicine, Baltimore, MD).
Chicken /3-actin complementary DNA (provided by Dr. D. W. Cleve

land, The Johns Hopkins University, Baltimore, MD) was used as a
control for the amount of RNA contained in each lane of the Northern
blot. Although not shown for all blots, lanes within each blot were
found to contain approximately equivalent levels of/3-actin mRNA.

Assessment of NK and LAK Activities. Mouse splenic or human
peripheral blood lymphocytes were incubated with various concentra
tions of FAA for 3 h, the remaining FAA was washed out, and the cells
were recultured in fresh medium for 24 h. The NK activity of mouse or
human effector cells was then assessed against YAC-1 or K.562, respec
tively, in a 4-h 5'Cr release assay as previously described (22). Alterna
tively, unstimulated or FAA-pretreated mouse leukocytes were cultured
in various concentrations of rIL-2 for 72 h, and LAK activity was then
assessed against the NK-insensitive P815 target cell in a 4-h 5'Cr release

assay as previously described (25). Data for mouse effector ceils are
expressed as LU30 per 1 x IO7effector cells, where 1 LU30 equals the
number of cells required to lyse 30% of 1 x IO4target cells. The data
for the human NK assays were presented as LUio per 1 x IO7effector

cells.

RESULTS

Induction of TNF-a, IFN-a, and IFN--y Genes in Total Splenic

Murine Leukocytes. The results shown in Fig. 1 demonstrate
that the in vitro treatment of total splenic leukocytes isolated
from C57BL/6 mice with 0.5 mg/ml of FAA induced the
expression of TNF-a mRNA. These studies showed that TNF-
a mRNA appeared within 1 h of exposure to FAA, was maximal
after 2 to 3 h of FAA treatment, and was noticeably diminished
after a 6-h exposure to the drug. The results shown in Fig. 2
demonstrate that treatment of total splenic leukocytes isolated
from C57BL/6 mice with 0.5 mg/ml of FAA for 3 h also
increased the expression of mRNA for IFN--Y or IFN-a. Addi

tional studies demonstrated that the kinetics of induction of
mRNA for TNF-a, IFN-a, and IFN--Y was the same in both

BALB/c and C57BL/6 mice (data not shown).
Experiments were next performed to determine the concen

tration of FAA that was required to induce cytokine gene
expression in murine leukocytes. In these experiments, murine
leukocytes were cultured with various concentrations of FAA
for 2 h. Direct induction of the expression of TNF-a, IFN-a,
and IFN-7 mRNA in leukocytes treated with FAA occurred at
concentrations of 0.1 mg/ml to 1 mg/ml, but not at a concen
tration of 0.05 mg/ml (Fig. 3). These results demonstrate that
the in vitro induction of cytokine genes by FAA, like the in vivo
induction (16), is strictly dose dependent.

Production of IFN by FAA-treated Leukocytes. Since tran
scription of mRNA is not always followed by translation of
biologically active proteins, further studies were performed to
determine whether the exposure of murine leukocytes to FAA
resulted in the actual production of cytokines. Supernatant

Time (h) 0 0.5 1 236

FAA (0.5 mg/ml) - - + -+-+-+-

18S-

Fig. 1. Expression of TNF-n mRNA in C57BL/6 splenic leukocytes stimulated
by FAA as a function of time. Total splenic leukocytes from C57BL/6 mice (2 x
10*/ml) were cultured with or without FAA at the concentration of 0.5 mg/ml

for various times (0 h, 0.5 h. I h. 2 h. 3 h. 6 h), and the Northern blot analysis
was performed using total cellular RNAs as described in "Materials and
Methods."
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for the further augmentation of NK activity. Pretreatment of
leukocytes with 0.5 mg/kg of FAA induced only 12 LU30 of
NK activity, while 10 or 1000 units/ml of rIL-2 induced 45 and
260 LU3o, respectively. In contrast, the combination of 0.5 mg/
kg of FAA with 10 units/ml of rIL-2 or 1000 units/ml of rlL-
2 induced 147 and 829 LU30, respectively. Similar results were
achieved for induction of LAK activity. FAA by itself was
unable to induce LAK activity; however, rIL-2 induced LAK
activity (33 LU3o) within 72 h as expected. Pretreatment of the
leukocytes for 3 h with 0.1 and 0.5 mg/ml of FAA prior to
exposure to rIL-2 resulted in the generation of 47 and 63 LU30,
respectively.

These results demonstrate that FAA can augment the NK
activity of murine leukocytes in vitro, with greater increases

18S-

â€¢¿�
FAA (mg/ml) 0 0.05 0.1 0.5 1.0

18S- â€¢¿�t

18S-

18S â€”¿�

Fig. 2. Northern blot analysis of TNF-a, IFN-a, or IFN-7 gene induction by
FAA in splenocytes. Total splenic leukocytes of C57BL/6 mice (2 x I06/ml) were

cultured with or without FAA at the concentration of 0.5 mg/ml for 3 h, and
Northern blot analysis was performed using total cellular RNAs as described in
"Materials and Methods."

medium taken from cultures of splenic or peripheral blood
leukocytes treated with optimal doses (0.25 mg/ml or 0.5 mg/
ml) of FAA for 3, 6, or 24 h contained 15 to 30 units/ml of
IFN activity (Table 1). Mouse PBL treated with FAA were also
induced to express 60 and 130 units/ml of IFN activity at 3 h
and 24 h, respectively (Table 2). This finding correlates with
the previously reported detection of IFN in the sera of mice
treated in vivo with comparable doses of FAA (12, 14, 16) and
demonstrates that leukocytes in both spleen and peripheral
blood can respond directly to treatment with FAA.

Induction of NK and LAK Activities by Treatment of Murine
Splenic Leukocytes in Vitro with FAA and/or rIL-2. The exper
iment presented in Fig. 4 demonstrated that incubation with
FAA could augment murine NK activity in vitro and also yield
enhanced LAK activity when combined with rIL-2. Leukocytes
were incubated with 0.5 mg/ml of FAA for 3 h, the FAA was
removed, and the cells were resuspended in complete medium
for an additional 24 h (NK activity) or 72 h (LAK activity).
FAA induced NK activity in a dose-dependent manner with 8,
12, and 28 LU30 induced at 0.1-, 0.5-, and 1.0-mg/ml concen
trations of FAA, respectively, as compared with <1 LU30 for
untreated cells. As expected, rIL-2 potently augmented NK
activity. Moreover, FAA and rIL-2 synergized with each other

18S â€”¿�

I â€¢¿�â€¢
Fig. 3. Expression of IFN-a, IFN--y, and TNF-a mRNA in splenic leukocytes

treated with various doses of FAA. Total splenic leukocytes from C57BL/6 mice
(2 x lO'/ml) were cultured with FAA at various concentrations (0, 0.05, 0.1, 0.5,

1 mg/ml) for 2 h, and Northern blot analysis was performed using total cellular
RNA as described in "Materials and Methods."

Table 1 IFN activity in the supernatant of total murine splenic and peripheral
blood leukocytes cultured with different concentrations of FAA as a function of

time
Supernatants were obtained from coculture of total C57BL/6 splenic or

peripheral blood leukocytes with various concentrations of FAA for 3 h and 6 h
or 3 h and 24 h, respectively. IFN activity in the supernatant was determined
using the vesicular stomatitis viral inhibition assay. One unit of activity equals
the amount of IFN in 1 ml of sample that reduced the viral lysis by 50% in the
bioassay.

IFN (units/ml)
generated following
variousincubationtimes

withFAASource
ofleukocytesSpleenPBLConcentrationofFAA(mg/ml)00.10.250.500.253h<2<21530<2606h<2<22530NDND24

hND"NDNDND<2130Â°

ND, not determined.

6598

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6596/2446179/cr0510246596.pdf by guest on 19 M

ay 2023



CYTOKINE GENE INDUCTION IN VITRO BY FAA

Table 2 Induction oflFN activity from murine but not human leukocytes
following in vitro treatment with FAA

Murine C57BL/6 splenic leukocytes or human peripheral blood leukocytes (2
x 106/ml) were treated with 0.25 mg/ml or 0.5 trig/ml of FAA for 3 or 24 h. The
supernatants of each culture were then harvested, and the levels of IFN activity
were measured as described in "Materials and Methods."

IFNactivitytreatmentNoneNoneFAAFAAFAAFAAFAA

(mg/ml)0.250.250.50.5incubation(h)324324324(units/ml)Mouse<2<225013025060Human<5<5<5<5<5<5

seen when FAA and rIL-2 are combined. Further, a 3-h pre
treatment with FAA enhanced the ability of rIL-2 to augment
NK activity and to induce LAK activity.

Lack of Cytokine Induction or NK Augmentation in Human
Peripheral Blood Mononuclear Cells by FAA. One possible
reason for the disparity in the antitumor efficacy of FAA in
mice versus humans could be an inability of FAA to directly
induce cytokine gene expression by human leukocytes. Thus,
studies were performed to determine whether in vitro exposure
of human leukocytes to FAA resulted in cytokine induction. As
expected, FAA induced 60 to 250 units/ml of IFN activity in
supernatants of mouse leukocytes. However, FAA was unable
to induce detectable IFN (Table 2) activity or TNF (Table 3)
protein in the supernatants of human leukocytes. Additional
studies were then performed to confirm that FAA did not induce
IFN activity from human PBL even when such activity was
induced by another agent. The data in Table 4 demonstrate that
the positive control poly 1C induces low levels (5 to 20 units/
ml) of IFN activity from treated human PBL and that pretreat
ment of the cells with DEAE-dextran increases this response
by > 15-fold. However, FAA in the presence or absence of
DEAE-dextran pretreatment remained ineffective. Further
studies demonstrated that FAA also did not induce expression

of mRNA for TNF-a, IFN-a, or IFN--y at comparable doses

(0.25 to 0.5 mg/ml) and times (3 to 10 h) to those that result
in cytokine gene induction in murine leukocytes (data not
shown). Variation of both doses and times did not result in
induction of cytokines by FAA (data not shown).

Since FAA did not stimulate human PBL to produce cyto
kines, we speculated that it would also not augment human NK
activity. The results shown in Table 5 confirm that FAA was
unable to augment levels of NK activity in human PBL above
baseline. Further, total RNA isolated from purified PBL-de-
rived human T-cells treated for 2 h with 0.5 or 1.0 mg/ml of
FAA was analyzed for the induction of IFN-a or perforin RNA.
A 2-h treatment with phorbol myristate acetate and ionomycin
successfully induced both messages, but neither concentration
of FAA was able to do so (data not shown). Thus, FAA
selectively stimulates cytokine gene expression and NK activity
in mouse, but not human, leukocytes.

Induction of Cytokine Genes by FAA in Murine Splenic Leu
kocyte Subsets. Several experiments were performed to deter
mine the induction of cytokine genes by FAA in different
murine lymphocyte subsets. Unseparated or positively selected,
purified CD4+, CD8+, or B-cell populations were incubated

with 0.5 mg/ml of FAA for 2 h prior to the isolation of total
cellular RNA for Northern blot analysis (Fig. 5). The results of
these experiments demonstrated as expected that FAA induced
an increase in the expression of TNF-a, IFN-7, and IFN-a
mRNAs in total splenic leukocytes. TNF-a mRNA was induced
by FAA in all subsets; however, IFN-7 mRNA was preferen
tially detected in the CDS* T-cell subset, and IFN-a mRNA
was largely detected in the purified B-cells. Thus, FAA was able
to directly stimulate CD4+ and CD8+ T-cells as well as B-cells

for the production of various cytokines.

DISCUSSION

Previous studies in our laboratory have demonstrated that
cytokine gene expression in splenic leukocytes and subsequent
serum protein activity were induced in mice after FAA admin-

NK LAK

CONCENTRATION OF FAA (mg/ml)
Fig. 4. Induction of NK and LAK activities by treatment of murine splenic leukocytes in vitro with FAA and/or rIL-2. Splenic C57BL/6 leukocytes (2 x 106/ml)

were treated for 3 h with 0.5 mg/ml of FAA. The FAA was then washed out, and the pretreated cells or unstimulated leukocytes were cultured alone or in medium
containing 10 units/ml or 1000 units/ml of rIL-2 for either 24 h for induction of NK activity or for 72 h for induction of LAK activity. Effector activity was assessed
after 24 or 72 h by a 4-h "Cr release assay using VAC-1 cells for assessment of NK activity or P815 for assessment of LAK activity.
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istration in vivo (12, 14, 16). The present study demonstrates
that there is an increase in the expression of the same cytokines
in splenic leukocytes following in vitro treatment with FAA.
The kinetics of FAA-induced cytokine gene expression corre
lated closely with that observed for FAA-induced gene expres
sion in vivo (16). These observations, combined with those
showing in vitro effects of FAA on leukocyte subsets, are
consistent with a model that predicts a direct interaction be
tween FAA and various leukocyte subsets. Therefore metabo
lism of the parent compound may not be required for FAA to
induce cytokine expression by mouse cells.

The minimum concentration of FAA which induced these
cytokine genes to be expressed after in vitro treatment was
demonstrated to be 0.1 mg/ml. In the pharmacokinetics studies
reported by Zaharko et al. (3), a serum concentration of 0.1
mg/ml of FAA was the minimum effective concentration re
quired for obtaining therapeutic effects in tumor-bearing mice.
The superimposable dose response for in vitro versus in vivo
induction of cytokine genes also supports the conclusion that
FAA mediates cytokine induction directly and not through the
intermediate induction of other factors or metabolites.

Previous studies have demonstrated that the combination of
FAA and IL-2 had synergistic therapeutic effects in Renca-
bearing mice (11, 12), and that depletion of CD8+ T-lympho-
cytes from euthymic mice by administration of anti-Ly 2.2
monoclonal antibodies abrogated the therapeutic effects of FAA

Table 3 Failure of FAA to induce TNF protein in vitro from human peripheral
blood leukocytes

Human PBL were isolated as described in "Materials and Methods." The PBL
were cultured with IFN--y (100 units/ml) and lipopolysaccharide (0.1 fig/ml) or
with FAA at 0.25 mg/ml or 0.5 mg/ml for 3 h or 24 h. The supernatants were
then monitored for the presence of TNF protein.

Treatment in vitro
Amount of TNF protein

induced (pg/ml)

None
IFN-7 + lipopolysaccharide, 3 h
FAA (0.25 mg/ml), 3 h
FAA (0.5 mg/ml), 3 h
FAA (0.25 mg/ml), 24 h

<5
320
<5
<5
<5

Table 4 Failure of FAA to induce IFN activity in vitro from human peripheral
blood leukocytes in the presence or absence of DEAE-dextran pretreatment

Human PBL were isolated as described in "Materials and Methods." The PBL
(6.5 x 106/ml) were pretreated with 200 jig/ml of DEAE-dextran or Hanks'

balanced salt solution for 2 h and then washed 2 times. The pretreated PBL were
then cultured for 24 h with an optimal, nontoxic dose (0.5 mg/ml) of FAA or
various doses of poly 1C. Supernatants were harvested from each culture after 24
h and assessed for IFN activity.

Amount of IFN activity induced (units/ml)

Treatment invitroNone

FAA (0.5 mg/ml)
Poly IC(10/ig/ml)
Poly 1C (25 ng/ml)
Poly 1C (50 (ig/ml)-

DEAE-dextran<5

<55

20
IS+

DEAE-dextran<5

<5140

350
980

Table 5 Inability of FAA to augment NK activity from human PBL
Human PBL were isolated as described in "Materials and Methods." The PBL

were cultured with IFN-7 ( 100 units/ml) and LPS (0.1 ng/ml) or with FAA (0.25
or 0.5 mg/ml) for 3 or 24 h. The cells were then assayed for NK activity against
K562.

Treatment in vitro
NK activity

(LU,,)

None
IFN-f + lipopolysaccharide
FAA (0.25 mg/ml), 3 h
FAA (0.5 mg/ml), 3 h
FAA (0.25 mg/ml), 24 h

29
1721

16
21
18

_ â€”¿�
w ^ co 2 v co
O Q Q 000

Cells i-oocot-oocu

FAA (0.5 mg/ml) + + + +

18S â€”¿� t â€¢¿�â€¢â€”¿�TNFa

18Sâ€”

18Sâ€”¿�

tt

if

IFN7

â€”¿�IFNa

18S â€”¿�

â€”¿�(j-actin

Fig. 5. Expression of TNF-a, IFN-7, IFN-a, and /3-actin mRNA in murine
CD4* and CDS* T-cell subsets or in B-cells after treatment with FAA. CD4*
cells, CDS* cells, or B-cells were isolated by positive selection (purity > 95% for

all subsets) from total splenic leukocytes of C57BL/6 mice as described in
"Materials and Methods." The cells were then treated with FAA at the concen
tration of 0.5 mg/ml. Subsequently, Northern blot analysis for TNF-a, IFN--y,
IFN-a, or (f-actin mRNA expression was performed.

+ rIL-2 for murine renal carcinoma.5 Thus, these studies were

designed to investigate the cellular mechanism by which FAA
+ rIL-2 result in antitumor effects against murine renal cancer
and to investigate the apparent dichotomy between the results
of preclinical and clinical trials of FAA. While FAA has been
shown to be effective against a variety of murine solid tumors
(1, 2, 11-13), it has demonstrated no efficacy in clinical trials
in humans where FAA was used alone (17-19) or in combina
tion with IL-2 (20, 21). There are several possible explanations
for these differences. First, there are pronounced differences in
the pharmacokinetics of FAA after administration to rodents
versus humans that may explain the absence of antitumor effects
'observed in Phase I clinical trials (6, 28). Specifically, serum

levels of FAA remain elevated for longer periods of time and
may be metabolized differently in mice as compared with hu
mans (3,17, 28). Higher peak serum levels and slower clearance
are also observed in mice (6, 29). Since the present studies
demonstrate that concentrations of FAA required for stimula
tion of cytokine gene induction in vitro are on the order of 250
to 500 Mg/ml, the possibility exists that the systemic or local
exposure of leukocytes in humans to such levels does not occur
due to more rapid metabolite formation and/or clearance.

' K. L. Komschlies et al., manuscript in preparation.
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Second, patients have been routinely alkalinized during the
performance of FAA clinical trials to prevent the hypothesized
crystallization of FAA (a weak acid) in the renal tubules.
Recently, we have shown that urinary alkalinization of mice
bearing murine renal cancer significantly decreased the thera
peutic efficacy of FAA + rIL-2 and profoundly inhibited the
ability of FAA to induce cytokine gene expression in splenic
leukocytes (30). This result suggests that the process of alkal
inization in clinical trials may be deleterious, perhaps by de
creasing peak achievable serum levels of FAA, increasing the
clearance rate, or accelerating the formation of inactive
metabolites.

Third, it also seemed possible that human and mouse leuko
cytes, or other cells that may be the target of FAA action, have
inherently different sensitivities to the biological effects of FAA.
In the present study we have demonstrated that, while the
leukocytes obtained from mice respond rapidly and directly to
FAA at concentrations of 100 pg/m\ to 500 Mg/ml with expres
sion of cytokine genes and active cytokine protein, human
leukocytes appear to be unresponsive under the same condi
tions. This result suggests that the inability of FAA to induce
immunomodulatory effects in humans may be a result of its
inability to directly induce cytokine genes in human lympho
cytes. This lack of a detectable effect on human cells could
relate to a reduced binding and/or internalization by FAA or
to an inefficiency in triggering the necessary post-binding
events. However, it is not simply due to differences between
splenic and peripheral blood leukocytes, since mouse leukocytes
derived from both sources respond to FAA in vitro.

Because of the dichotomy in the ability of FAA to stimulate
mouse leukocytes versus its inability to stimulate human leu
kocytes, studies to understand the mechanism of gene induction
relative to the therapeutic efficacy of FAA + rIL-2 in the mouse
have been initiated. Preliminary studies in our laboratory have
demonstrated that the mouse IFN-cv promoter was induced by
FAA in mouse L929 cells transfected with IFN-Â«chloramphen-
icol acetyltransferase reporter plasmids (29). This result sug
gests that FAA can directly activate cytokine gene expression
partially through activation of the relevant gene promoter. FAA
treatment may also specifically and directly induce individual
cell types to express cytokines. We have demonstrated that
positively selected CD8+ T-cells expressed the majority of the
IFN-7 mRNA following in vitro exposure to FAA. Both T-cells
and large granular lymphocytes have been reported to produce
IFN-7 (31-34). In the T-cell population, both CD4+ and CD8+

cells have been reported to produce IFN-7 following exposure
to mitogens like phytohemagglutinin or IL-2 (31, 32, 35).
Several investigators have also reported that IFN-7 was pro
duced by cytotoxic T-cell clones or cytotoxic T-lymphocytes
(31, 32, 36-38). Thus, FAA induces IFN-7 gene expression in
at least one leukocyte subset known to produce IFN-7 in
response to other stimulants. At present, it is unknown as to
whether gene expression induced by FAA versus mitogens or
antigen proceeds via the same intracellular pathways. Overall,
however, these results are consistent with the requirement for
CDS* cells in the FAA + rIL-2-mediated antitumor effects
being at least partially mediated by the production of IFN-7 by
those cells.

In contrast to the results for IFN-7 gene expression, the IFN-
Â«gene was preferentially induced in B-cells. Previous studies
have reported that IFN-Â«could be induced in B-cells and/or B-
cell lines (39). Furthermore, TNF-Â« mRNA was also induced
in FAA-treated B-cells. B-cells can also produce TNF-Â« (40-

42), and our results demonstrate that FAA acts directly on B-

cells to induce this gene.
Overall, these results suggested that the induction of immu-

noactive cytokines by FAA might be required for the successful
therapeutic effects of FAA + rIL-2. This conclusion is sup
ported by the previously cited studies where the therapeutic
effects of FAA plus rIL-2 were strongly inhibited when mice
were alkalinized (30) in a manner similar to that performed for
clinical trials of FAA (17-19). The procedure of alkalinization
of urine by sodium bicarbonate in clinical trials is recommended
to prevent crystallization of FAA in the renal tubules (17-19),
since FAA is insoluble at neutral and acidic pHs. Alkalinization
of tumor-bearing mice not only reduced the therapeutic effects
of FAA plus IL-2 but also reduced the induction of mRNA for
IFN-n, IFN-7, and TNF-Â« and inhibited the development of
serum IFN activity (30). This finding further suggests that FAA-
induced cytokines including IFN-a, IFN-7, or TNF-Â«probably
contribute to the antitumor effects of FAA plus IL-2. In fact,
previous studies have demonstrated that macrophages were
synergistically activated by TNF-Â«and IFN-7 (43) and that NK
cells were augmented by IFN-Â«(see Ref. 44 for review). Further,
synergistic antitumor effects of cytokine combinations includ
ing IL-2 and TNF (45, 46) as well as IL-2 and IFN-a (47, 48),
IFN-Â«and IFN-7 (49), or IL-2, IFN-Â«,and IFN-T (50) have
recently been reported in a number of murine tumor models.
Recently Sayers et al. (51) have shown that the combination of
IFN-Â« and IFN-7 can synergize for treatment of localized
Renca. Further, these findings suggest that macrophages or NK
cells that were augmented by cytokines induced by FAA also
could contribute to the antiturnor activity of FAA in vivo.

Thus, the results of this study demonstrated that FAA directly
induced the genes for TNF-a, IFN-Â«, and IFN-7 Â¡nmurine
splenic leukocytes, but not in human peripheral blood leuko
cytes. These results suggest that the failure of FAA to induce
profound immune modulation or therapeutic responses may
relate to an inherent difference in sensitivity to FAA between
human and mouse cells. Studies are in progress to determine
whether structural analogues of FAA, or related compounds,
may be able to directly stimulate cytokine production by human
leukocytes. With regard to the biological effects of FAA in
mice, the results also show that FAA induces differential in
duction of cytokine genes in various leukocyte subsets, with
CD8+ lymphocytes exhibiting a preferential induction of IFN-
7 mRNA and IFN-<v being preferentially induced in B-cells.
The results also suggest that the in vitro study of FAA-induced
cytokine genes should provide a model for studying the intra
cellular mechanism of gene regulation induced by FAA for
comparison with mechanisms of cytokine gene expression in
duced by other types of biological response modifiers.

ACKNOWLEDGMENTS

We thank Dr. Dan L. Longo for helpful suggestions as well as for
his thorough review of the manuscript. We are also grateful to Dr.
Cynthia Ewel for her helpful suggestions for studying cytokine produc
tion by human leukocytes. We also acknowledge the editorial assistance
of Joyce Vincent and the excellent secretarial assistance of Susan
Charbonneau and Amy Wenner during the preparation of the
manuscript.

REFERENCES

I. CorbeÂ«,T. H., Bissery. M., Wozniak, C. A., Plowman. J.. Polin. L.. Tapa-
zoglou, E., Dicckman, J., and Valcriote. F. Activity of flavone acetic acid
(NSC-347512) against solid tumors of mice. Invest. New Drugs. 4: 207-220.
1986.

6601

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6596/2446179/cr0510246596.pdf by guest on 19 M

ay 2023



CYTOKINE GENE INDUCTION IN VITRO BY FAA

2. Plowman, J., Narayanan, V. L., Dykes, D., Szarvasi, E., Briet, P., Yoder, O.
C., and Paull, K. D. Flavone acetic acid: a novel agent with preclinical
antitumor activity against colon adenocarcinoma 38 in mice. Cancer Treat.
Rep., 70:631-635, 1986.

3. Zaharko, D. S.. Grieshaber, C. K., Plowman, J.. and Cradock, J. C. Thera
peutic and pharmacokinetic relationships with flavone acetic acid: an agent
with activity against tumors. Cancer Treat. Rep., 70: 1415-1421. 1986.

4. Finlay, G. J., Smith, G. P., Fray, L. M, and Baguley, B. C. Effect of flavone
acetic acid on Lewis lung carcinoma: evidence for an indirect effect. J. Nati.
Cancer Inst., 80: 241-245, 1988.

5. Wiltrout. R. H.. and Hornung, R. L. Natural products as antitumor agents:
direct versus indirect mechanisms of activity of flavonoids. J. Nati. Cancer
Inst., SO: 220-222, 1988.

6. Cummings. J.. Double, J. A.. Bibby, M. C., Farmer. P., Evans, S.. Kerr, D.
J., Kaye, S. B., and Smyth, J. F. Characterization of the major metabolites
of flavone acetic acid and comparison of their disposition in humans and
mice. Cancer Res., 49: 3587-3593, 1989.

7. Murray, J. C., Smith, K. A., and Thurston, G. Flavone acetic acid induces a
coagulopathy in mice. Br. J. Cancer, 60: 729-733, 1989.

8. Bibby. M. C.. Double, J. A., Loadman, P. M.. and Duke, C. V. Reduction of
tumor blood flow by flavone acetic acid: a possible component of therapy. J.
Nail. Cancer Inst.. SI: 216-220, 1989.

9. Zwi. L. J., Baguley, B. C., Gav in. J. B., and Wilson. W. R. Blood flow failure
as a major determinant in the antitumor action of flavone acetic acid. J. Nati.
Cancer Inst., 81: 1005-1013, 1989.

10. Ching, L-M., and Baguley, B. C. Induction of natural killer cell activity by
the antitumor compound flavone acetic acid (NSC-347512). Eur. J. Cancer
Clin. Oncol., 23: 1047-1050, 1987.

11. Wiltrout, R. H., Boyd, M. R., Back, T. C., Salup, R. R., Arthur, J. A., and
Hornung, R. L. Flavone 8-acetic acid augments systemic natural killer cell
activity and synergizes with IL-2 for treatment of murine renal cancer. J.
Immunol., 140: 3261-3265, 1988.

12. Hornung. R. L., Back, T. C.. Zaharko. D. S., Urba, W. J.. Longo. D. L., and
Wiltroul, R. H. Augmentation of natural killer activity, induction of IFN,
and development tumor immunity during the successful treatment of estab
lished murine renal cancer using flavone acetic acid and IL-2. J. Immunol.,
141: 3671-3679, 1988.

13. Ching, L. M., and Baguley, B. C. Effect of flavone acetic acid (NSC 347512)
on splenic cytotoxic effector cells and their role in tumor necrosis. Eur. J.
Clin. Oncol., 25: 821-828. 1989.

14. Hornung, R. L., Young, H. A.. Urba, W., and Wiltrout. R. H. Immunomo-
dulation of NK activity by flavone acetic acid occurs via induction of IFN Â«/0. J. Nati. Cancer Inst". 80: 1226-1231, 1989.

15. Ching, L. M., and Baguley, B. C. Enhancement of in vitro cytotoxicity of
mouse peritoneal exÃºdatecells by flavone acetic acid (NSC 347512). Eur. J.
Cancer Clin. Oncol., 24: 1521-1525, 1988.

16. Mace, K. F., Wiltrout, R. H.. and Young, H. A. Induction of cytokine gene
expression in vivo by flavone acetic acid. Cancer Res., 50: 1742-1747, 1990.

17. Kerr, D. J., Kaye. S. B., Cassidy, J.. Bradley, C.. Rankin, E. M., Adams, L.,
Setanoians, A., Young. T.. Forrest. G., Soukop, M., and Clavel, M. Phase I
and pharmacokinetic study of flavone acetic acid. Cancer Res., 47: 6776-
6781. 1987.

18. Kerr, D. J., Maughan, T., Newlands, E., Rustin. G., Bleehen. N. M., Lewis,
C., and Kaye. S. B. Phase II trials of flavone acetic acid in advanced malignant
melanoma and colorectal carcinoma. Br. J. Cancer, 60: 104-106, 1989.

19. Weiss, R. B., Greene, R. F.. Knight. L. D.. Collins, J. M., Pelosi, A., Sulkes,
J. J., and Curt, G. A. Phase I and clinical pharmacology study of intravenous
flavone acetic acid (NSC 347512). Cancer Res., 48: 5878-5882, 1988.

20. Ghosh, A., Mellor, M.. Pradiville. J.. and Thatcher. N. Recombinant inter-
leukin 2 (rIL-2) with flavone acetic acid (FAA) in advanced malignant
melanoma: immunological studies. Br. J. Cancer. 61: 471-476. 1990.

21. Thatcher, N., Dazzi, H., Mellor, M., Ghosh, A., Carrington. B., Johnson. R.
J., Loriaux, E. M.. and Craig. R. P. Recombinant interleukin 2 (rIL-2) with
flavone acetic acid (FAA) in advanced malignant melanoma: a Phase II study.
Br. J. Cancer, 61: 618-622, 1990.

22. Wiltrout, R. H., Mathieson, B. J.. Talmadge. J. E., Reynolds, C. W., Zhang,
S. R., Herberman, R. B.. and Ortaldo, J. R. Augmentation of organ-associ
ated NK activity by biological response modifiers: isolation and characteriza
tion of large granular lymphocytes from the liver. J. Exp. Med., 160: 1431-
1449, 1984.

23. Hammerling. G. J.. Hammerling, U., and Flaherty, L. Qat-4 and Qat-5, new
murine T-cell antigen governed by the Tla region and identified by monoclo
nal antibodies. J. Exp. Med.. 150: 108-117, 1979.

24. Ceredig, R., Lowenthal, J. W., Nabholz, M., and MacDonald, H. R. Expres
sion of interleukin 2 receptors as a differentiation marker on intrathymic
stem cells. Nature (Lond.), 314: 98-100. 1985.

25. Salup, R. R., Mathieson, B. J., and Wiltrout. R. H. Precursor phenotype of
lymphokine-activated killer cells in the mouse. J. Immunol.. 138:3635-3639,
1987.

26. Bhat. N. K., Komschlies, K. L., Fujiwara. S., Fisher. R. J., Mathieson, B. J..
Gregorio, T. A., Young, H. A., Kasik, J. W., Ozato, K., and Papas, T. S.
Expression of ets genes in mouse thymocyte subsets and T-cells. J. Immunol.,
142: 672-678, 1989.

27. DegrÃ©,N., and Dahl, H. A micro assay for mouse and human interferon.
Acta Pathol. Microbiol. Immunol. Scand.. 80: 863-870, 1972.

28. Chabot, G. G., Bissery, M-C., CorbeÂ«,T. H., Rutkowski, K., and Baker, L.
H. Pharmacodynamics and causes of dose-dependent pharmacokinetics of

flavone-8-acetic acid (LM=975; NSC-347512) in vivo. Cancer Chemother.
Pharmacol., 24: 15-22, 1989.

29. Young. H. A.. Eader, L., Futami, H., Ayroldi. E., Varesio, L., Pitha-Rowe,
P., and Wiltrout, R. H. Modulation of immune system function by chemo-
therapeutic drugs: induction of cytokine gene expression and activation of a
cytokine gene promotor activity by the investigational drug, flavone acid. In:
J. W. Streilein et al. (eds.). Proceedings of the 1990 Miami Bio/Technology
Winter Symposia Advances in Gene Technology: The Molecular Basis of
Immune Diseases and the Immune Response, Vol. 10, p. 141. Oxford: IRL
Press, 1990.

30. Futami. H., Hornung, R. L., Back, T. T.. Bull, R., Gruys, M. E., and Wiltrout,
R. H. Effect of systemic alkalinization on biologic response modification and
therapeutic antitumor efficacy of flavone acetic acid plus recombinant inter
leukin 2. Cancer Res., 50: 7926-7931, 1990.

31. Kasahara, T., Djeu. J. Y.. Dougherty, S. F., and Oppenheim, J. J. Capacity
of human large granular lymphocytes (LGL) to produce multiple lympho-
kines: interleukin 2, interferon, and colony-stimulating factor. J. Immunol.,
131: 2379-2386, 1983.

32. Kasahara. T., Hooks, J. J., Dougherty, S. F., and Oppenheim, J. J. Interleu
kin 2-mediated immune Â¡nterferon(IFN-gamma) production by human T-
cells and T-cell subsets. J. Immunol.. 130: 1784-1789. 1983.

33. Ortaldo, J. R., Mason, A. T., Gerard. J. P., Henderson, L. E., Farrar, W.,
Hopkins, R. F., Ill, Herberman, R. B.. and Rabin, H. Effects of natural and
recombinant IL-2 on regulation of IFN-7 production and natural killer
activity: lack of involvement of the Tac antigen for these immunoregulatory
effects. J. Immunol., 133: 779-783, 1984.

34. Young, H. A., and Ortaldo, J. R. One single requirement for interferon-
gamma production by human large granular lymphocytes. J. Immunol., 139:
724-727, 1987.

35. Anderson, U., Laskay, T., Anderson. J., Kiessling, R., and DeLey, M.
Phenotypic characterization of individual interferon-7-producing cells after
OKT3 antibody activation. Eur. J. Immunol., 16: 1457-1460, 1986.

36. Paliard, X., Malefut, R. D. W., Yssel, H., Blanchard. D., Chretien, I.,
Abrams, J., DeVries, J., and Spits, H. Simultaneous production of IL-4, and
IFN-gamma by activated human CD4* and CDS* T-cell clones. J. Immunol.,
141: 849-855, 1988.

37. Klein, J. R.. Raulet, D. H., Pasternack, M. S., and Bevan. M. J. Cytotoxic
T-lymphocytes produce immune interferon in response to antigen or mitogen.
J. Exp. Med.. /55: 1198-1203, 1982.

38. Dunn. D., Herold, K. C, Often, G. R., Lancki, D. W., Gajewski, T., Vogel,
S. N., and Fitch, F. W. Interleukin 2 and concanavalin A stimulate interferon-
7 production in a murine cytotoxic T-cell clone by different pathways. J.
Immunol.. 139: 3942-3948, 1987.

39. Kirchner, H., and Marcucci, F. Interferon production by leukocytes. In: J.
Vilcek and E. DeMaeyer (eds.), Interferon and the Immune System, pp. 7-
12. Amsterdam: Elsevier Science Publishers, 1984.

40. Laskov, R., Lancz, G., Ruddle, N. H., McGrath, K. M., Specter, S., Klein,
T., Djeu, J. Y.. and Friedman, H. Production of tumor necrosis factor (TNF-
alpha) and lymphotoxin (TNF-beta) by murine pre-B and B-cell lymphomas.
J. Immunol., 144: 3424-3430, 1990.

41. Goldfeld, A. E., and Maniatis, T. Coordinate viral induction of tumor necrosis
factor alpha and interferon beta in human B-cells and monocytes. Proc. Nati.
Acad. Sci. USA, 86: 1490-1494, 1989.

42. Sung. S. S., Jung, L. K., Walters, J. A., Chen. W., Wang, C. Y., and Fu, S.
M. Production of tumor necrosis factor/cachectin by human B-cell lines and
tonsillar B-cells. J. Exp. Med., 168: 1539-1551. 1988.

43. Hori, K., Ehrke, M. J., Mace, K., and Mihich. E. Effect of recombinant
tumor necrosis factor on tumoricidal activation of murine macrophages:
synergism between tumor necrosis factor and 7-interferon. Cancer Res., 47:
5868-5874.1987.

44. Sayers, T. J., and Wiltrout, R. H. Regulation and function of natural killer
cells. In: T. J. Rogers and S. Gilman (eds.), Immunopharmacology, pp. 343-
379. Caldwell. NJ: The Telford Press, 1989.

45. Mclntosh, J. K., Mule, J. J., Merino, M. J., and Rosenberg, S. A. Synergistic
antitumor effects of immunotherapy with recombinant interleukin 2 and
recombinant tumor necrosis factor. Cancer Res., 48:4011-4017, 1988.

46. Winkelhake. J. L., Stampi, S., and Zimmerman, R. J. Synergistic effects of
combination therapy with human recombinant interleukin 2 and tumor
necrosis factor in murine tumor models. Cancer Res., 47: 3948-3953, 1987.

47. Cameron, R. B., Mclntosh. J. K., and Rosenberg, S. A. Synergistic antitumor
effects of combination immunotherapy with recombinant interleukin 2 and
a recombinant hybrid Â«-interferon in the treatment of established murine
hepatic mÃ©tastases.Cancer Res., 48: 5810-5817, 1988.

48. Bniml.i. M. J.. Urli.intimi. D.. and Sulich. V. In vivo anti-tumor activity of
combinations of Â«-interferonand interleukin 2 in a murine model. Correla
tions of efficacy with the induction of cytotoxic cells resembling natural killer
cells. Int. J. Cancer, 40: 365-371, 1987.

49. Truitt. G. A.. Bontempo. J. M., Stern. L. L.. Sulich, V.. Bellantoni, D.,
Trown, P. W..and Brunda, M. J. Efficacy and toxicity elicited by recombinant
interferons alpha and gamma when administered in combination to tumor-
bearing mice. Biotechnol. Ther., /: 1-16, 1989.

50. ligo. M., Sakurai, M., Tamura, T.. Saijo, N., and Hoshi. A. Â¡nvivoantitumor
activity of multiple injections of recombinant interleukin-2, alone and in
combination with three different types of recombinant interferon. on various
syngeneic murine tumors. Cancer Res., 48: 260-264, 1988.

51. Sayers, T. J., Wiltrout, T. A., McCormick, K., Husted, C., and Wiltrout, R.
H. Antitumor effects of IFN-Â« and/or IFN-7 on a murine renal cancer
(Renca) in vitro and in vivo. Cancer Res.. 50: 5414-5420, 1990.

6602

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6596/2446179/cr0510246596.pdf by guest on 19 M

ay 2023




