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ABSTRACT

Doxorubicin (DOX) resistance is frequently due to the multidrug resis
tance gene product P-glycoprotein. This study examined the effects of two
biochemical modulators, recombinant human a-interferon (IFN-a) and
tamoxifen (TAM), on the DOX sensitivity, DOX retention, and P-glyco
protein expression of the multidrug-resistant Chinese hamster ovary cell

line ChR C5 and the parent AuX Bl cell line. In the absence of either
modulator, the 50% inhibitory concentration for DOX after l-h incuba

tion as determined using a microculture tetrazolium assay was 8.3 MMin
ChR CS cells and 0.4 MMin AuX Bl cells. In ChR C5 cells, IFN-a (500

units/ml) for 24 h had no affect on DOX cytotoxicity, but tamoxifen (1.0
MM)for 24 h enhanced DOX cytotoxicity with the 50% inhibitory concen
tration decreased by 2-fold to 4.2 MM.A combination of IFN-a (500 units/

ml) for the initial 24 h followed by TAM (1.0 MM)for another 24 h was even
more effective in ChR C5 cells with the DOX 50% inhibitory concentra
tion decreased by 4-fold to 2.1 MM-The combination IFN-a and TAM

dramatically increased DOX accumulation in the resistant ChR C5 cells
without significantly affecting P-glycoprotein expression as measured us
ing flow cytometric analysis. IFN-a and/or TAM had no effect on DOX
cytotoxicity or accumulation in parent DOX-sensitive AuX Bl cells. Both

cell lines were estrogen and progesterone receptor negative. These data
indicate that synergism between IFN-a and TAM may partially reverse

DOX resistance and may potentially be useful in enhancing the clinical
effectiveness of DOX.

INTRODUCTION

There is considerable evidence suggesting that a variety of mech
anisms are responsible for chemotherapeutic drug resistance in mam
malian cells. One example is the classic MDR' phenotype, which has

been implicated in intrinsic and acquired drug resistance in experi
mental and clinical tumors. Cells which exhibit the MDR phenotype
usually produce high levels of p-gp which acts as a broad spectrum

pump to remove chemotherapeutic drugs from cells (1, 2). A number
of compounds have been shown capable of modulating p-gp, includ
ing calcium channel blockers (3), calmodulin inhibitors (4), antiar-

rythmics (5), antimalarials (6). other lysoosmotropic agents (7), ste
roids (8), antiestrogens (9), and cyclic peptide antibiotics (10). All
these compounds have been shown to increase intracellular drug ac
cumulation in resistant cells; however their clinical utility may be
limited by dose-limiting toxicities (11).

The nonsteroidal antiestrogen TAM has been shown to potentiate
the in vitro cytotoxicity of several chemotherapeutic agents. TAM
increased DOX retention and cytotoxicity in P388 DOX-resistant

murine leukemia cells (9). Another study showed that TAM increased
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DOX cytotoxicity in MCF-7/DOX cells, but the observed effects were

not related to enhanced DOX retention or the presence of estrogen
receptors (12). A more recent study reported that TAM modulation of
DOX resistance in multidrug-resistant human leukemia and lung can

cer cells was related to increased DOX retention (13). In some situ
ations, TAM has resulted in antagonism of chemotherapeutic cytotox
icity. One study in breast cancer cell lines showed an additive
interaction between TAM and DOX but antagonism between TAM
and melphalan or 5-fluorouracil (14).

Several clinical studies have suggested the potential usefulness of
adding modulators such as TAM to chemotherapeutic regimens. In
patients with disseminated melanomas, the addition of TAM to ther
apy with dacarbazine, ris-platinum, and carmustine resulted in a 55%
partial or complete response rate (15). Recently, the addition of ver-

apamil and TAM to a standard chemotherapeutic regimen for small
cell lung cancer increased the response rate, but with some increase in
toxicity (16).

Interferons, with antiproliferative, immunomodulatory, and differ
entiation-inducing ability, recently have been shown in vitro to have
potential synergism with anticancer agents (17). IFN-a and IFN-ÃŸ

have been shown to enhance DOX cytotoxicity in human melanoma
and colon cancer cell lines (18, 19). IFN-a partially reverses DOX

resistance in human colon carcinoma LoVo/DOX cells (20). A clinical
trial of the combination of IFN-a with anticancer agents in drug

resistant patients was also conducted, and the results were somewhat
encouraging (21). Several studies have examined the combination of
IFN and TAM. IFN-a or IFN-ÃŸshowed synergy with TAM in vitro
against human breast tumor ZR-75-1 and MCF-7 cells (22, 23). Also,
IFN-a and IFN-ÃŸhave been reported to be useful in overcoming

clinical resistance to TAM in advanced breast cancer (24).
On the basis of the potential modulatory effects of both TAM and

interferons on drug resistance and cytotoxicity, we evaluated the triple
combination of DOX plus TAM plus IFN-a against the Chinese
hamster ovary cell line AuX Bl and its multidrug-resistant variant
ChR C5. We found that TAM and the combination of IFN-a and TAM

in noncytotoxic concentrations partially reversed DOX resistance in
ChR C5 cells, but had no effect on DOX-sensitive AuX Bl cells.
Since both TAM and IFN-a have a variety of direct and indirect

anticancer effects in vivo, and the dosages used in our study are
clinically achievable, this combination of modulators with DOX may
prove very attractive in the clinical setting.

MATERIALS AND METHODS

Drugs. Tamoxifen trans-1-(4-ÃŸ-dimethylaminoethoxyphenyl)- 1,2-diphen-
ylbul-1-ene, TAM) was obtained from Sigma Chemical Co. (St. Louis, MOI.
A stock solution was prepared in 2% ethanol and stored at -20Â°C. Doxorubicin

hydrochloride (DOX) was purchased from Sigma, and IFN-a was generously

supplied by Dr. Michael Branda, Hoffman LaRoche, Inc. (Nutley, NJ).
Cell Lines. The auxotrophic mutant of Chinese hamster ovary cells. AuX

Bl, and its multidrug-resistant subline. ChR C5, containing a high content of
P-glycoprotein, were generous gifts from Dr. Victor Ling (Ontario Cancer
Institute. Toronto, Canada). The cells were grown in a-minimal essential
medium containing 10% PCS and maintained at 37Â°Cin a humidified atmos

phere of 5% CO2/95% air. Two days prior to each experiment, the cells were
transferred to phenol red-free medium supplemented with 10% dextran-coated
charcoal-treated PCS to remove endogenous steroids (25, 26).
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Cytotoxicity Assay. Cytotoxicity was measured by using a microculture
tetrazolium assay (MTT) as described by Carmichael et al. (27) with modifi
cations. Briefly, 2 X IO4 cells were incubated in each well of 96-well plates

(Corning 25860: Corning Glass Works, Corning, NY) for 24 h prior to drug
addition. Baseline sensitivities of the cells to IFN-a alone or TAM alone were
determined. Also, cells were treated with various combinations of IFN-a

and/or TAM for 24 to 48 h, and then DOX was added for 1 h. Controls
consisted of untreated cells. After drug treatment, the cells were grown in
drug-free medium for 48 h, and 100 fig of MTT were added to each well for

4 h. The medium was removed by aspiration, and 150 /xl of mineral oil were
added to each well to solubilize the MTT formazan crystals. The spectropho-

tometric absorbance at 570 nm was determined using a scanning multiwell
spectrophotometer (EL340; Bio-Tek Instruments. Inc., Winooski. VT), and cell

surviving fraction and ICjÂ«values were calculated.
Cell Cycle Distributions. Single cell preparations were obtained from

control and drug-treated cultures and fixed in ice-cold methanol for 15 min.

The cells were removed from the fixative by centrifugation at 900 x g for 5

min and stained for DNA flow cytometry with 50 /Â¿g/mlof propidium iodide.
Thirty min before analysis. RNase (ribonuclease type A. Sigma) was added
directly to the stained cell preparations to yield a final concentration of 1.0
mg/ml, and samples were filtered through 40-fim nominal pore size nylon

gauze. Analysis was performed using an Epics V electronically programmable
individual cell sorter (Coulter Electronics. Inc., Hialeah, FL) equipped with a
MDADS graphic display (Coulter), with excitation at 488 nm provided by an
argon ion laser operating at 200 mW and fluorescence detected at greater than
550 nm. Single parameter DNA histograms were collected for 10.000 viable
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Fig. l.Cell survival of AuX BI (O)andChRC5 (â€¢)cells after incubation with various
concentrations of IFN-a (A ) or TAM (B) for 24 h. Controls consisted of untreated cells.
After drug treatment, cultures were rinsed with phosphate-buffered saline and replaced
with fresh medium for an additional 48-h incubation prior to determining cell survival
using the MTT assay. Points, mean of four independent experiments: hart. SE.

cells, and the cell cycle kinetic parameters were calculated from the histograms
using the manufacturer's software (Coulter).

Doxorubicin Retention. For determination of intracellular DOX concen
trations, cells were pretreated with or without IFN-Â« and/or TAM for the

specified times, and then 3.0 /J.MDOX was added to the medium for the final
l h at 37Â°Cin a humidified atmosphere of 5% COi/95% air. Cells were then

analyzed for intracellular doxorubicin fluorescence using a flow cytometer
with excitation at 480 nm and fluorescence detected through a 585/42 nm
bandpass filter. Under these conditions DOX retention was maximized in both
parent AuX BI and resistant variant ChR C5 cells because, at the 3.0 JJ.MDOX
concentration, most of the cells (95%) survived the l-h incubation as deter

mined using trypan blue exclusion.
Flow Cytometric Determination of P-Glycoprotein. For flow cytometric

determination of p-gp. cells were fixed in melhanol at -20Â°C for 15 min and
washed with TPBS. The cells were then incubated for 30 min at 4Â°Cwith the

p-gp specific C2I9 mouse monoclonal antibody, which recognizes an external
epitope of p-gp (Cemtocor, Inc., Malvern, PA), or with an appropriate isotype

control (mouse myeloma IgG2a; Vector Laboratories, Inc., Burlingame, CA).
After incubation, cells were washed with ice-cold TPBS and then incubated for
30 min at 4Â°Cwith FITC-labeled goat antimouse IgG (Vector Laboratories,

Inc., Burlingame. CA). Cells were immediately washed and analyzed on a flow
cytometer. Single histograms of FITC fluorescence were collected for K).(XK)
cells. Samples stained with the specific antibody were compared with proper
isotype controls, and electronic gates were set to exclude 99% of isotype-

positive cells. Cells with fluorescence higher than that of the gated population
were counted as p-gp positive. The percentage of cells expressing p-gp was

calculated by using an immunoanalysis program provided by the manufacturer
(Coulter).

Hormone Receptor Analysis. Estrogen and progesterone receptor analysis
was performed by Dr. Myla Lai-Goldman of Roche BiomÃ©dicalLaboratories
(Raleigh, NO using the standard dextran-charcoal technique. Both cell lines

were found to be estrogen and progesterone receptor negative under control
conditions or when treated with IFN-a and/or TAM.

Statistics. Results are expressed as the mean Â±SE. Differences between
the means of different groups were compared using the Wilcoxan rank-sum
test. All p valves reported are two-sided. The sensiti/.ation index was obtained

by dividing the IC50 of DOX alone by the ICM>of DOX along with modulator-

is).

RESULTS

Effects of IFN-a and TAM on ChR C5 and AuX Bl Cells.
Dose-survival curves were determined following treatment of ChR C5
and AuX B l cells with different concentrations of IFN-a (Fig. \A ) or

TAM (Fig. IÃŸ)for 24 h. ChR C5 and AuX Bl cells showed identical
sensitivities to IFN-a or TAM. Doses of up to 5(X) units/ml of IFN-a

or 1.0 /UMTAM had minimal effect on cell growth as shown. Above
these doses IFN-a or TAM showed significant Cytotoxicity to ChR C5

and AuX Bl cells (Fig. 1).
Effects of IFN-a and TAM on Doxorubicin Cytotoxicity against

ChR C5 and AuX Bl Cells. Based on the results shown in Fig. 1, the
ability of noncytotoxic concentrations of IFN-a (500 units/ml) and

TAM (1.0 /Â¿M)to modulate DOX Cytotoxicity was studied. Noncyto
toxic concentrations of IFN-a and TAM were chosen because we were

interested in studying the modulatory effects of these compounds
rather than the direct cytotoxic effects. The effects of different sched
ules of IFN-a and TAM on DOX Cytotoxicity in resistant ChR C5

cells were first investigated, since the sequence and timing of expo
sure to interferons given in combination with anticancer agents will
influence the observed antitumor effects (22). The experiments were
designed to make the final concentration times time of the drugs in
each treatment group the same (Table 1). The maximum modulation of
DOX Cytotoxicity was observed when cells were pretreated with 500
units/ml of IFN-a for 24 h, and then the medium was replaced with

fresh medium containing 1.0 /IM TAM for an additional 24 h. Subse
quently, 5.0 /Â¿MDOX was added to the TAM containing medium for
1 h (Table 1). No significant modulation of DOX Cytotoxicity was
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Table I Effects of different sequential combination of IFN-a and TAM on DOX

cytotoxicity in ChR C5 cells

Surviving fraction
Treatment" (%)

100

DOX. I h
IFN-a, 24 h

TAM, 24 h
(IFN-a + TAM). 24 h
IFN-a, 24 h; wash; TAM, 24 h
TAM. 24 h; wash; IFN-a, 24 h
IFN-a, 24 h, + DOX. I h
TAM. 24 h. + DOX. 1 h
(IFN-a + TAM). 24 h, + DOX. 1 h
TAM. 24 h; wash; IFN-a. 24 h, + DOX. 1 h
IFN-a, 24 h; wash; TAM. 24 h. + DOX. I h

68.4 Â±11.2*

91.6 Â±9.3
89.3 Â±8.5
88.5 Â±4.8
87.4 Â±9.6
91.7 Â±5.8
57.2 Â±8.2
38.4 Â±6.5C
32.7 Â±7.6C

54.1 Â±8.8
19.2 Â±7.1''

" IFN-a, 500 units/ml; TAM. 1.0 JIM; DOX. 5.0 /Â¿M.
AMean Â±SE of 4 independent experiments as determined by MTT assay (see "Ma

terials and Methods").
c P < 0.05 compared to DOX alone.
'' P < 0.01 compared to all other treatments.

observed when the IFN-a and TAM sequence was reversed. When
IFN-a and TAM were administered simultaneously for 24 h, the

increase in DOX cytotoxicity was identical to the increase in DOX
cytotoxicity with TAM alone.

The optimal IFN-a and TAM combination schedule was then used
to further compare the IFN-a and TAM modulatory effects on DOX

cytotoxicity in resistant ChR C5 and parental AuX Bl cells (Fig. 2).
A 24-h TAM preincubation was effective in modulating DOX cyto
toxicity in ChR C5 cells with a sensitization index of 2.0 (P < 0.05)
(Table 2). IFN-a preincubation alone had no significant modulatory

effect. The maximum modulatory effect in ChR C5 cells was obtained
with the scheduled triple combination of IFN-a, TAM, and DOX, with
a sensitization index of 4.0. IFN-a and/or TAM had no effect on DOX

cytotoxicity in AuX Bl cells (Fig. 2).
Effects of IFN-a and TAM on Cell Cycle Kinetics. To evaluate

the possibility that the synergistic effects of IFN-a and TAM on DOX

cytotoxicity were mediated by cell cycle changes, cell cycle distribu
tions were determined after exposing the cells to 500 units/ml of
IFN-a and/or 1.0 JJ.MTAM for 24 h. The cell cycle changes induced

in ChR C5 and AuX Bl cells were identical. As shown in Fig. 3,
IFN-a treatment (B, F) and TAM treatment (C, G) resulted in a slight
G,/GO blocking effect compared with control cells. IFN-a had an
additional effect on TAM-induced G,/G0 blockade (D,H).

Effects of IFN-a and TAM on DOX Retention. Since one of
TAM's actions may be as a drug efflux blocker (9), we investigated

the effects of IFN-a and TAM on DOX retention in ChR C5 cells

treated with 3.0 JJ.MDOX for 1 h (Fig. 4), a concentration of DOX
which maximized DOX retention in both cell lines because of minimal
cytotoxicity (<5%) during the assay. Pretreatment of cells with 500
units/ml of IFN-a for 24 h (B) did not change DOX retention with the

mean fluorescent peak channel 46 compared to 44 for cells treated
with DOX alone (A). Pretreatment of cells with 1.0 /J.MTAM for 24
h (C) resulted in an increase in DOX retention with the mean fluo
rescent peak channel 62. When 1.0 Â¿IMTAM was used in combination
with 500 units/ml of IFN-a, the effects on DOX retention were highly
schedule dependent. Cells coincubated with IFN-a and TAM for 24 h

(D) showed DOX fluorescence with the mean peak channel 66, com
parable to cells treated with TAM alone (C). Exposure of cells to TAM
for the first 24 h followed by IFN-a treatment for an additional 24 h

(Â£)resulted in no significant modulation of drug retention with the
mean fluorescent peak channel 48. Pretreatment of cells with 500
units/ml of IFN-a for the first 24 h followed by replacement with fresh

medium containing 1.0 JJ.MTAM for another 24 h (F) resulted in a
significant enhancement of DOX retention with the mean fluorescent
peak channel 98. DOX retention in parent AuX B1 cells (G) was taken
as the positive control with the mean fluorescent peak channel 162.
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Fig. 2. DOX-induced cytotoxicity and modulation by IFN-a, TAM, and IFN-a plus

TAM on AuX Bl cells (A) and ChR C5 cells (B). Controls consisted of untreated cells.
After drug treatment, cultures were rinsed with phosphate-buffered saline and replaced
with fresh medium for an additional 48-h incubation prior to determining cell survival
using the MTT assay. â€¢¿�,cells treated with DOX alone for 1 h; O, cells pretreated with 500
units/ml of IFN-a for 24 h prior to DOX for 1 h; A, cells pretreated with 1.0 JÂ¿MTAM for
24 h prior to DOX for 1 h; A. cells pretreated with 500 units/ml of IFN-a for 24 h and
followed by 1.0 U.MTAM for another 24 h prior to DOX for 1 h. Points, mean of four
independent experiments; bars, SE.

Pretreatment of AuX B l cells with the modulator(s) had no effect on
DOX retention (data not shown).

Flow Cytometric Analysis of P-Glycoprotein Expression. To de
termine if the synergistic effect of IFN-a and TAM on DOX retention
was the result of decreased expression of p-gp, the expression of p-gp
on the cell surface was determined by measuring indirect immuno-
fluorescence using flow cytometry. The expression of p-gp in AuX B l
cells treated with or without IFN-a and/or TAM was 3 to 7% positive
(data not shown). The expression of p-gp in the resistant ChR C5 cells
ranged from 86 to 95% (Fig. 5). No significant change in p-gp ex

pression in ChR C5 cells was noted after treatment with 500 units/ml
of IFN-a for 24 h, l .0 /AMTAM for 24 h, or 500 units/ml of IFN-a for

24 h followed by 1.0 /XMTAM for 24 h.

DISCUSSION

The Chinese hamster ovary cell line AuX Bl and its resistant
variant ChR C5 are useful models for the study of P-glycoprotein-

mediated multidrug resistance (28). Our studies were performed in
phenol red-free medium with charcoal-dextran-treated fetal calf serum

to eliminate the influence of endogenous estrogens on the results (25,

3042

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/13/3040/2450849/cr0530133040.pdf by guest on 19 M

ay 2023
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Table 2 Effects of IFN-a and TAM on DOX cytotoxicity in AuX Bl and ChR C5 cells

Treatment"DOX.

!hIFN-a.
24 h, + DOX. 1hTAM,

24 h, + DOX, 1hIFN-a.
24 h; wash; TAM. 24 h. + DOX, 1 hIC5I,</iM)0.38

Â±0.11'0.33

Â±0.090.31
Â±0.100.29

Â±0.09AuX

BlSensitixationindex''1.01.11.21.31C,,,(/ÃŒM)8.3

Â±2.17.6
Â±0.94.2
Â±0.72.1
Â±0.8ChRCSSensiti/ationindex1.01.12.0''4.01*

" IFN-a, 500 units/ml; TAM, 1.0 UM.
* Sensitizaron indices were obtained by dividing the ICM>of DOX alone by the 1C,,, of DOX plus modulatori).
' DOX IC.si)values are mean Â±SE of 4 independent experiments using the MTT assay to assess cytotoxicity.
'' P< 0.05 compared to DOX alone.

26). Under these conditions, and using minimally cytotoxic concen
trations of the modulators, we found that TAM alone, or IFN-a given

before TAM, enhanced DOX cytotoxicity toward the resistant ChR C5
line but not toward the sensitive AuX Bl line. Although we did not
study higher concentrations of IFN-a alone, it is possible that, in
addition to being directly cytotoxic to the cells, IFN-a at higher doses

may be capable of modulating DOX resistance. The sequence of
treatment is critical, since coincubation of TAM and IFN-a resulted in

no additional enhancement of DOX cytotoxicity above that using
TAM alone, and TAM treatment prior to IFN-a failed to enhance

DOX cytotoxicity. A correlation was shown between enhanced DOX
cytotoxicity and increased intracellular retention of DOX. However,
this increased DOX retention was not due to decreased expression of
P-glycoprotein, as P-glycoprotein expression was unchanged with the

use of modulators.
Prior work has examined the use of TAM or IFN in modulating drug

resistance, but these agents have generally not been used together.
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Fig. 3. Effects of IFN-a, TAM, or IFN-a plus TAM on cell cycle distribution. AuX BI

or ChR C5 cells were incubated with or without IFN-a and/or TAM as described in Fig.
2. They were then assessed for DNA content using flow cytometry. The results shown are
typical of the five assays performed.

TAM was first noted to modulate DOX resistance in a P388/DOX
murine leukemia cell line (9). More recently, TAM has been shown to
increase the drug sensitivity of a human DOX-resistant breast cancer

cell line ( 12). Although the mechanism whereby TAM modulates drug
resistance remains unclear, studies suggest that TAM modulation is
not due to estrogen-mediated regulation of tumor cell growth, but

instead due to inhibition of drug transport (29). However, another
study indicates that TAM modulation of drug resistance may be re
lated to inhibition of protein kinase C (30), rather than increased drug
accumulation (12, 29). IFN-a has been shown to partially reverse

DOX resistance, due to increased drug retention (20). In our study,
TAM increased DOX retention in MDR-resistant ChR C5 cells. Pre-
incubation with IFN-a prior to TAM further enhanced intracellular
DOX retention, but IFN-a alone (500 units/ml) had no significant

effect on DOX retention and cytotoxicity. This increase in DOX
retention in ChR C5 cells with the use of modulators was associated
with a corresponding increase in DOX cytotoxicity. The modulators
had no significant affect on DOX retention or cytotoxicity in sensitive
AuX BI cells.

The mechanism whereby IFN-a and TAM increase DOX retention
and cytotoxicity in DOX-resistant ChR C5 cells is unknown. IFN-a
sensitized human breast cancer ZR-75-1 cells to the antiproliferative

effects of TAM by increasing estrogen receptors (22). However, the

1651
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DOXORUBICIN FLUORESCENCE (LINEAR SCALE)

Fig. 4. Flow cytometric analysis of DOX fluorescence was performed after incubation
of cells with 3.0 ^IMDOX al 37Â°Cfor I h. ChR C5 cells were prelreated with or without

IFN-a and/or TAM as described in Fig. 2. DOX fluorescence in ChR C5 cells (A ) and
modulation of DOX fluorescence in ChR C5 cells by IFN-a (8), TAM (O. IFN-a and
TAM coincubation (D),TAM preincubation and then IFN-a (E). and IFN-n preincubation

and then TAM (F). DOX fluorescence in AuX Bl cells was used as positive control (G).
The results shown are typical of the five assays performed.
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Fig. 5. P-glycoprotein (p-gp) expression in AuX B l and ChR C5 cells measured using

flow cytometric analysis with the murine monoclonal antibody C219 (p-gp-specific an
tibody) and a secondary goat-antimouse FITC-conjugated antibody. lgG2a was used as

isotype conirol. Single parameter histograms of AuX BI cells (A), ChR C5 cells (ÃŸ).and
ChR C5 cells treated as described in Fig. 2 with IFN-a (C). TAM (D). and IFN-a plus
TAM (Â£)are shown. The percentages of p-gp-positive cells as shown are typical of the

five assays performed.

effects in our studies of IFN-a and TAM are unlikely to be mediated

by the expression or function of estrogen receptors, since in both cell
lines estrogen receptors were undetectable under control conditions or
when treated with modulators. We confirmed that IFN-a or TAM can

induce accumulation of both sensitive AuX BI and resistant ChR C5
cells in the G,/Gâ€žphase of the cell cycle (Fig. 3), similar to the results
shown by others (31, 32). Since cells in G, phase are least sensitive to
DOX and cells in S phase are most sensitive to DOX (33), one would
have expected increased resistance to DOX with the use of modulators
based on the cell cycle kinetics data. Despite the equal effect of the
combination of IFN-a and TAM on the cell cycle kinetics of both ChR

C5 and AuX Bl cells, the modulators had no effect on the DOX
sensitivity of Aux Bl cells. Thus, the cell cycle effects of IFN-a and

TAM (Fig. 3), even though they may play a role in increasing DOX
cytotoxicity or retention, are unlikely to be a major factor accounting
for the increase in DOX cytotoxicity toward the resistant ChR C5
cells.

The increase in DOX cytotoxicity in MDR phenotype ChR C5 cells
by the combination of IFN-a and TAM was highly correlated with an
increase in DOX retention. However, the combination of IFN-a and
TAM did not result in a significant change in p-gp expression in these
resistant cells (Fig. 5). The synergism between IFN-a and TAM was

highly sequence dependent, with the greatest effectiveness being
noted when IFN-a was given for 24 h before TAM. It appears that
IFN-a directly sensitized the cells' response to TAM but not to DOX,

since withdrawal of TAM (wash out) before IFN-a led to no increase

in DOX cytotoxicity (Table 1) or DOX retention (Fig. 4). Presently we
can only speculate as to why these modulators enhance DOX cyto
toxicity and why the sequence is so important. TAM might possibly
bind to p-gp (8, 34) and, thus, although it may not affect overall p-gp
expression, TAM may have an effect on p-gp function. Although we
postulate that IFN-a sensitizes p-gp to TAM, reversing DOX resis

tance in ChR C5 cells, alternative explanations exist: (a) there may be
synergy between IFN-a-induced membrane lipid hydrolysis (35) and

generalized effects of TAM on membrane function (36), which could
alter the DOX influx or efflux rate and enhance DOX retention; (b)
there may be synergy between the effects of IFN-a (37) and TAM (38)

on the protein kinase C signal transduction pathway which could
result in increased DOX retention. Also, effects of IFN-a on protein
phosphorylation (39) could directly alter p-gp activity (40); (c) there
may be synergy between IFN-a and TAM on oncogene expression

(41) or growth factor receptor expression (42), increasing the sensi
tivity of the cells to DOX; and (d) there may be synergy between
IFN-a and TAM on DOX-induced apoptosis (43) and cytotoxicity.

Because of the diverse biological effects of TAM and IFNs, the
mechanism whereby these agents enhance DOX retention and cyto
toxicity may prove to be complex. Further studies are ongoing in our
laboratory to help determine the mechanisms of action.

The concentrations of TAM and IFN-a used in this study are

clinically achievable. TAM remains in the serum for prolonged peri
ods of time. Pharmacokinetic studies show that TAM serum concen
trations have an initial half life of 7 to 14 h and a secondary half life
of more than 7 days (44). With a standard dose of TAM (20 to 40 mg
per day) serum levels range from 0.3 to 0.8 JIM,and with higher doses
of TAM (200 mg per day), serum levels of approximately 5 PLMmay
be achieved (44). Thus, long-term exposure to relatively low doses of

TAM may possibly increase drug retention in vivo and reverse drug
resistance. Early clinical studies of TAM combined with other che-
motherapeutic drugs show no apparent increase in normal tissue tox-
icity (45). The IFN-a dosage used in this study (500 units/ml) is also
clinically achievable. Higher doses of IFN-a, particularly when com

bined with chemotherapy or with interleukin 2, have been shown to
increase patient toxicity (46). Certainly further studies will be required
to determine the applicability of our results to other tumor model
systems, and in vivo studies will be required prior to clinical use to
determine if the combination of IFN-a and TAM increase the normal

tissue toxicity of DOX. However, since these modulators increase
DOX cytotoxicity toward resistant cells, but not toward already sen
sitive cells, it is hoped that this combination will result in increased
effectiveness of DOX toward resistant neoplastic cells without an
increase in normal tissue toxicity.
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