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ABSTRACT

Reversal of the drug resistance phenotype by the use of agents which
induce cell differentiation offers an experimental approach to the study
of chemoresistance. In numerous in vitro models, a-interferon (a-IFN)

has been shown to induce phenotypical changes and to modulate the
growth of cancer cells. The aim of the present study was to define the
effect of a-IFN on the Adriamycin sensitivity of the human colon ade-
nocarcinoma cell line, LoVo, and its Adriamycin-resistant variant, LoVo/
DX. Pretreatment of LoVo/DX cells with 500 units/ml of a-I FN increased

sensitivity to low doses of Adriamycin. Similar treatment conditions did
not change the sensitivity of the parental cell line. Following treatment
of the LoVo/DX cells with a-IFN plus 100 ng/ml Adriamycin for 1 h,

30% of the cells survived compared to 100% of untreated cells. This
effect was not related to changes in cell cycle kinetics induced by a-IFN
treatment and did not result from variations in the expression of P-

glycoprotein at the cell surface, as assessed by flow cytometric analysis
using monoclonal antibody MRK16. Adriamycin accumulation was in
creased by a-IFN as assessed by spectrofluorometric analysis. Thus, the
data suggest that in LoVo/DX cells, a-IFN increased Adriamycin cyto-

toxicity through modulation of the multidrug resistance phenotype.

INTRODUCTION

Resistance to cytotoxic agents is the major cause of failure
of medical treatment of human cancer and it is known that
tumor cells can become resistant to anticancer drugs by a variety
of different mechanisms (1, 2). Simultaneous development of
cellular resistance to structurally and functionally unrelated
drugs has been defined as multidrug resistance. A M DR3 phe

notype has been described and molecularly defined in different
experimental cell systems (3, 4). This phenotype is character
ized by resistance to natural products such as Adriamycin,
vinblastine, vincristine, and actinomycin D. In numerous in
vitro models, this resistance has been shown to be mediated by
Pgp (4-13). Pgp is thought to be an energy-dependent mem
brane pump involved in the excretion of toxins in normal cells
(11). Elevated expression of Pgp in malignant cells results in
increased efflux and therefore reduced intracellular accumula
tion of cytotoxic agents (5,6,8,12). This decrease is considered
the basic mechanism of the MDR phenomenon. In clinical
cancer, alterations in the amount of Pgp have been demon
strated in numerous human cancers, including acute nonlym-
phoblastic leukemia in which the level of Pgp was associated
with disease progression (14). Drug resistance in rhabdo-
myosarcoma and neuroblastoma has also been correlated with

Received 1/28/91; accepted 6/6/91.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

' Supported by the Italian Association for Cancer Research (AIRC).
1To whom requests for reprints should be addressed, at Cattedra di Oncologia

Medica, II FacoltÃ  di Medicina, UniversitÃ  de Napoli, Via Parisini S, 80131
Napoli, Italy.

3The abbreviations used are: MDR, multidrug resistance; o-IFN, a-interferon;
DX, doxorubicin; PBS, phosphate buffered saline; MTT, 3-(4-m-5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide; FITC, fluorescein isothiocyanate;
Pgp, 140-170-kDa membrane phosphoglycoprotein coded by the mdr-l gene.

elevated levels of mdr-l gene expression (15).
Since expression of mdr-l/Pgp has been shown in a variety

of human tumors, it has been postulated that pharmacological
reversal of the drug resistance phenotype in cancer cells could
enhance the effectiveness of cytotoxic treatment of human
cancer. Efforts aimed at reversal of Pgp have centered around
the use of antagonists such as verapamil, which are thought to
increase intracellular accumulation of the natural product cy
totoxic agents by competing with them for binding to Pgp.

Recently, it has been described that a-IFN can modulate

chemosensitivity in patients with tumors which had become
resistant to anticancer drugs (16). In one report, 23 patients
with different kinds of solid tumors refractory to standard
chemotherapy achieved a partial remission rate of 35% after
treatment with a- or 0-IFN. The possibility that a-IFN may

antagonize drug resistance in human cancer is appealing clini
cally because a-IFN is well tolerated even in heavily pretreated

patients with low performance status.
A number of in vitro studies have shown potential synergism

between interferons and a variety of chemotherapeutic agents
(17-25). Interactions between IFN and Adriamycin have been
described, a- or /3-IFN can synergize the effect of Adriamycin
on human melanoma cell lines and colon cell lines (23-25).

These in vitro data suggest that the clinical effect of combination
treatment may be due to interaction at the tumor, rather than
any effect on the host.

A variety of effects of a-IFN alone on the tumor cells have
been described in vitro (26-29). a-IFN binds to specific cell

surface receptors, modulates the levels and activities of a variety
of intracellular proteins, and may influence not only its own
receptor but also those of other hormones. Interferons may
thus be regarded as paracrine hormones and they appear to
utilize second messenger pathways of cellular modulation com
mon to other polypeptide signals. One effect exerted by a-IFN

on tumor cells is the modulation of the antigenic profile through
modification of major histocompatibility complex and tumor-

associated antigen expression (27).
The mechanisms accounting for interferon-induced restora

tion of chemosensitivity of human cancer cells have not been
defined. In the current study we have tried to reproduce in vitro
the interaction between a-IFN and cytotoxic agents in human

cancer cells. Utilizing as an experimental model a human colon
adenocarcinoma cell line (LoVo) and a multidrug-resistant

subline (LoVo/DX), which exhibits acquired resistance to Adri
amycin (30-32), we demonstrate that a-IFN is able to modify

LoVo/DX resistance to Adriamycin. The dose utilized, 500
units/ml, is one easily achieved in patients with minimal tox-

icity (29). The effects of IFN on LoVo/DX cell cycle kinetics,
Pgp content, and Adriamycin accumulation were examined as
possible mechanisms of IFN-induced restoration of chemosen
sitivity in the drug-resistant colon carcinoma cell line.
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Fig. 1. Effect of Adriamycin on cell growth. Surviving fraction of LoVo (D)
and LoVo/DX (A) cells treated with doxorubicin for I h. Points, mean of triplicate
determinations using MTT assay. The standard deviation (ears) never exceeded
5%. The surviving fraction (ordinate) defined as the percentage of cells remains
in treated well compared to untreated control, determined by MTT assay.

MATERIALS AND METHODS

Cell Culture. LoVo cells were derived from a human colon adenocar-
cinoma; the Adriamycin-resistant LoVo subline (LoVo/DX) was ob
tained from the LoVo cell line by selection with Adriamycin (30-32).
It is maintained in medium containing 100 ng/ml Adriamycin as
described previously. LoVo/DX cells were kindly provided by Farmi-
talia-Carlo Erba (Milan, Italy). Monolayer cultures of LoVo and LoVo/
DX were maintained in Ham's F-12 medium supplemented with 10%

fetal calf serum, 1% of a 200 HIMglutamine solution, 100 units/ml
penicillin, 100 Mg/ml streptomycin, and 1% of vitamin solution for
minimum essential Eagle's medium purchased from Flow Laboratories

(Milan, Italy). Adriamycin was withdrawn from the cells 1 week before
any experiment.

Drugs. Human recombinant a2t,-interferon (3 x IO6 units/mg) was

obtained from Schering Corporation (Kenilworth, NJ); Adriamycin
was supplied by Farmitalia-Carlo Erba.

Cytotoxicity Assay. Cells were plated at 50,000 cells/ml in 24-well
dishes and grown for 48 h in the presence or absence of 500 units/ml
of a-IFN. Thereafter, fresh medium was added containing different
concentrations of Adriamycin for 1 h. Adriamycin-containing medium
was removed, fresh medium was replaced, and after 72 h of cell growth
the surviving fraction was evaluated by MTT assay (33, 34). The extent
of cell growth was represented as a function of the Adriamycin concen
tration (the growth in the absence of Adriamycin was assigned a value
of 100%).

Drug Accumulation. Exponentially growing cells were seeded at the
concentration of 3 x IO5cells/ml into 60-mm plastic dishes (Falcon; 4
ml/dish). After incubation for 48 h in the presence or absence of a-IFN
at 37Â°Cin 5% CO2, cells were exposed to Adriamycin and incubated
for up to 1 h at 37Â°Cin 5% CO2; medium was withdrawn at the

indicated time points and cells were washed twice with ice-cold saline
for evaluation of drug content at different times during treatment. Cells
were harvested with 300 ÃŸ\of 0.25% trypsin at room temperature,
resuspended in 1 ml of ice-cold saline, collected by low speed centrifu-
gation at 4Â°C,and resuspended in 1 ml of ethanol:0.3 N HC1 (1:1) for

drug extraction. Intracellular drug content was determined by fluores
cence spectrophotometry at an emission wavelength of 479 nm and is
reported as absorbance/106 cells. Adriamycin accumulation was not

affected when IFN was added only at the time of the assay. Each sample
was run in triplicate. Cell number was determined by hemocytometry
on an aliquot of the cell suspension before centrifugation.

Flow Cytometry. Cells were gently detached nonenzymatically with
>90% viability as shown by trypan blue exclusion. For each monoclonal
antibody analysis, 2 x IO6 cells were washed twice in ice-cold PBS
without Ca2+ and Mg2+ with human serum (1%, v/v) and NaN3 (0.5 g,

w/v). MRK16, which recognizes an extracellular epitope of Pgp, was
diluted before use and 2 //jÂ¿in 100 //I PBS were added to the cell pellet.
An isoiypc- specific antibody, IgG2a, was used as a negative control.
After 30 min at 4Â°C,cells were washed twice and incubated with 100

/il of fluorescein isothiocyanate-conjugated goat-anti-mouse antibody
(Techno Genetics, Italy) diluted 1:20 at 4Â°Cfor 30 min in the dark.
Cells were then washed twice in ice-cold PBS, Ca2+ and Mg2+ free, and

resuspended in 500 /jl of the same solution for flow cytometric analysis.
Flow cytometry was performed by a FACScan (Becton Dickinson,
Lincoln Park, NJ), coupled with a CONSORT 30 computer program
for data analysis. Light scatter parameters (FSC-SSC) were used for
live cell gating.

For cell kinetics analysis, cells were harvested by trypsin and stained
in a propidium iodide solution (50 Â¿Â¿g/mlof propidium iodide plus
RNase A and Nonidet P-40) for 30 min at room temperature. Samples
were filtered through a 30-iim-pore polyester filter and analyzed by a
FACScan (Becton Dickinson). At least 2 x IO4 events were collected

for each sample and cell cycle analysis was performed.

RESULTS

Sensitivity of LoVo and LoVo/DX to Adriamycin. The sensi
tivity of LoVo and LoVo/DX cells to Adriamycin was evaluated
using the MTT assay as shown in Fig. 1. Previous studies
utilizing clonogenic assays have shown that the LoVo/DX cell
line is 30-fold more resistant to Adriamycin than parental LoVo
cells (30). With the MTT assay the two cell lines showed similar
differences in sensitivity to Adriamycin. The concentration
inducing 50% inhibition of cell proliferation for Adriamycin
was 500 ng/ml for the parental line and 7000 ng/ml for the
LoVo/DX cells (Fig. 1).

Effect of a-IFN on Cell Growth in LoVo and LoVo/DX Cells.
Fig. 2 shows the effect of a-IFN on LoVo and Lo Vo/DX cells.
Treatment with a-IFN for 48 h had similar results in both the
parental cells and the selected subline, with minimal inhibition
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Fig. 2. Effect of Â«-IFN on LoVo (A) and LoVo/DX (A) cells. Cells were
treated with IFN for 48 h and then incubated in drug-free medium for 3 days.
Cell growth was determined using the MTT assay.
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of growth observed at doses up to 500 units/ml. Above this
dose, growth inhibition was observed with increasing a-IFN.

Study of Effect of a-IFN on LoVo and LoVo/DX Sensitivity
to Adriaimdn. The effect of a-IFN on Adriamycin sensitivity
was next examined using the MTT assay. Based on the results
shown in Fig. 2, a dose of 500 units/ml was chosen as the dose
to modulate Adriamycin sensitivity. For these studies, cells
were treated with and without 500 units/ml a-IFN for 48 h.
Adriamycin was then added to final concentrations of 100 to
500 ng/ml for 1 h, after which time both a-IFN and Adriamycin
were removed and the incubation was continued. Cell growth
was determined after an additional 72 h. Treatment with a-IFN
did not appear to modulate the Adriamycin sensitivity of paren
tal LoVo cells but decreased the resistance of LoVo/DX cells
(Table 1). At the Adriamycin concentrations used, parental cells
were inhibited to 20-50% of control and a-IFN did not change
the sensitivity to Adriamycin. LoVo/DX cells alone were re
sistant to these Adriamycin concentrations, but after 48 h
pretreatment with a-IFN there was growth inhibition to 30%
of control in 100 ng/ml Adriamycin (Fig. 3). Lower doses of a-
IFN gave inconsistent results. Higher doses of a-IFN did not
increase Adriamycin cytotoxicity specifically but resulted in
nonspecific toxicity due to a-IFN alone. Treatment for 5 days
with a-IFN also enhanced Adriamycin sensitivity but not be
yond that seen at 48 h, as shown in Table 1.

Effect of a-IFN on LoVo/DX Cell Cycle Kinetics. To evaluate
the possibility that the effect of a-IFN on the Adriamycin
sensitivity of LoVo/DX cells was mediated by changes in cell
cycle kinetics, flow cytometric studies were carried out using
the propidium iodide DNA staining technique. Cell distribution
in different phases of the cell cycle was determined after expo
sure to a-IFN for 48 h. No changes in LoVo/DX cell cycle
kinetics could be demonstrated after treatment with a-IFN
suggesting that the modulation of Adriamycin sensitivity was
not due to effects on the cell cycle (Table 2).

Study of Effect of a-IFN on Adriamycin Uptake. Previous
investigations have shown that LoVo/DX cells have increased
levels of Pgp and display a multidrug resistance phenotype (30).
In order to investigate the possibility that a-IFN could be
decreasing resistance by increasing drug accumulation, Adria
mycin retention was measured by spectrophotometric analysis
as shown in Fig. 4. The natural fluorescence allowed reproduc
ible determination of Adriamycin content through absorbance
measurements at different time points, in cells exposed to 40
Mg/ml of Adriamycin after treatment with a-IFN for 48 h. Cells
were treated with 500 units/ml a-IFN for 48 h, after which
time medium containing 40 Mg/ml Adriamycin was added. Cells
were harvested at 15, 30, and 60 min and the Adriamycin
concentration was determined. As shown in Fig. 4, a-IFN
increased Adriamycin accumulation approximately 6-fold, re-

Table1 Effectofa-IFNonLoVoandLoVo/DXsensitivitytoAdriamycin'

LoVo Dx R LoVo S

1CÂ«,*to LoVo cells (ng/

ml)IFN48

h
5 daysIC50+400600icâ€ž-500600Gain1.2 1IC50

to LoVo/DX cells
(ng/ml)IC50+80

150ICW-70008000Gain87.553
' LoVo and LoVo/DX cells (50,000 cells/ml) were incubated with 500 units/

ml a-IFN for 48 h and then 5 days with different concentrations of Adriamycin
for 1 h. Cell survival was measured with the MTT assay. The 1CÂ»was measured
in the presence (IC50+) or absence (1CÂ»â€”)of Â«-IFN.The standard deviation never
exceeded 5. The gain in sensitivity was defined by the 1CÂ»â€”/IC50+ratio. The
gain for the LoVo/DX cells was statistically significant (P < 0.0003) but not for
LoVo cells.* K 'Â«<i.concentration inducing 50% inhibition of cell proliferation.
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Fig. 3. Effect of exposure to a-IFN on Adriamycin-induced growth inhibition.
Exponentially growing cells were seeded in 10% serum supplemented medium at
5 X IO4 cells/well. Twenty-four h later the cells were treated with a-IFN (500

units/ml) for 48 h and then with doxorubicin for 1 h. Following drug treatment,
the cells were reincubated in drug-free medium for 3 days and cell growth was
determined using the MTT assay.

suiting in levels of Adriamycin accumulation in LoVo/DX cells
at 30 and 60 min which are comparable to those in sensitive
cells. There was no effect of a-IFN on Adriamycin accumulation
in the parental cells. After 1 h of Adriamycin incubation there
is an apparent decrease in Adriamycin accumulation (data not
shown). We think that this effect is due to intercalation of
Adriamycin into DNA and a resulting decrease in fluorescence;
thus the data are shown to 1 h only (35, 36).

Study of the Effect of a-Interferon on Pgp Expression in LoVo/
DX Cells. The increased drug accumulation seen in LoVo/DX
cells could be a result of a decrease in levels of Pgp or inhibition
of its function. To evaluate the effect of a-IFN on Pgp expres
sion the antibody MRK16, which recognizes an extracellular
epitope, was used to perform indirect immunofluorescence

Table 2 Effect of a-IFN on Lo Voand Lo Vo/DX cell cycle kinetic?

LoVoLoVo
+ 500 units/mlIFNLoVo/DXLoVo/DX

+ 500 units/ml IFNGâ€žG,44434751S47454441G2M91298
Â°Cell cycle kinetics were performed on LoVo and LoVo/DX cells as described

in "Material and Methods." Values represent the results of 3 experiments, with

the average percentage of cells in each category tabulated. The standard deviation
never exceeded 5%.
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Fig. 4. Adriamycin accumulation in LoVo cells (A) and LoVo/DX cells (fi).
After 48 h with or without a-IFN, cells were incubated in 40 Â¿ig/mlAdriamycin
for up to 1 h. Adriamycin was extracted and the intracellular drug content
determined as in "Materials and Methods." Values are mean of triplicate exper
iments. The accumulation is expressed as absorbance/10' cells.
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Fig. 5. Expression of Pgp on LoVo/DX cells. Flow cytometric expression of
an extracellular epitope of PI70 detected by MRK16 monoclonal antibody.

, isotype-specific antibody IgG2a on LoVo/DX; , isotype-specific
antibody IgG2a on LoVo/DX treated with IFN; , Mrkl6 on LoVo/DX;

, Mrklo on LoVo/DX treated with IFN.

quantitation by flow cytometric analysis as shown in Fig. 5. a-
IFN treatment did not affect the percentage of cells expressing
Pgp. We found a slight increase of the mean fluorescence peak
in a-IFN-treated cells compared to untreated cells. However,
the negative control for IFN-treated cells also shows a similar
increase in fluorescence compared to untreated cells. Thus,
normalization of the data suggests no increase in P-glycoprotein
expression after a-IFN. These results suggest that enhanced
chemosensitivity with a-IFN does not result from changes in
Pgp expression at the cell surface.

DISCUSSION

It has been reported from clinical studies that treatment with
low doses of a-IFN can modify the sensitivity of human cancers
which have become resistant to chemotherapy. Objective re
sponses have been achieved in patients previously unresponsive
to the same cytotoxic drugs, if chemotherapy was preceded by
treatment with a- or 0-IFN (16). The cellular and molecular
bases of such effects have not been elucidated. The aim of the
present study was the experimental definition of the effects of
a-IFN on Adriamycin sensitivity in human colon carcinoma
cells including a multidrug-resistant subline. In this way, we
tried to define a potential mechanism for the effect of a-IFN in
clinical cancer.

LoVo/DX cells were selected from the LoVo parental cell
line through culture in the presence of Adriamycin and are
resistant to Adriamycin concentrations which are toxic to LoVo
parental cells (30). LoVo/DX cells express the classical MDR
phenotype. The resistant subline overexpresses Pgp and its
mRNA, mdr-l; has decreased Adriamycin accumulation; and
has cross-resistance to the drugs comprising the MDR pheno
type (30-32). Although the cellular mechanisms underlying the
development of drug resistance in vivo are poorly understood,
it has been shown that drug metabolism and drug diffusion may
influence the net clinical impact of any single cytotoxic agent
(1). Decreased drug accumulation has been described in LoVo/
DX cells as compared to the parental cells (31). We found that
pretreatment of LoVo/DX cells with a-IFN was capable of
restoring cell sensitivity to Adriamycin. In the parental cell line,
however, a-IFN did not potentiate Adriamycin toxicity. The
functional reversal of MDR by a-IFN in LoVo/DX cells ap
peared to be mediated by changes in intracellular drug accu
mulation induced by a-IFN treatment. The surviving fraction

of LoVo/DX cells after a-IFN plus doxorubicin treatment is
most likely due to mechanisms of Adriamycin resistance other
than Pgp. Cell cycle kinetic studies showed no change after a-
IFN treatment. Flow cytometric studies were unable to show
changes in Pgp expression induced by a-IFN on LoVo/DX
cells.

Several agents have been described which can affect mdr-l
gene expression or the MDR phenotype in human or rodent
cells. Sodium butyrate, dimethyl sulfoxide, and dimethyl-
formide increase the level of mdr-\ mRNA in colon carcinoma
cell lines (37). This increase is not always accompanied by
increased resistance to Adriamycin or decreased intracellular
drug accumulation (37). In contrast, in the present study a-IFN
did not change Pgp expression but increased Adriamycin
accumulation.

Cyclosporin is an agent capable in vitro of reversing resistance
to Adriamycin by modulating drug efflux not necessarily
through direct competition for Pgp binding (38, 39). The Ca2+

channel blocker, verapamil, and the calmodulin inhibitor, tri
tiuoperaz inc. have been shown to reverse the MDR phenotype
in vitro through direct competition with drug for Pgp binding
in the absence of changes in Pgp expression (40-43). Treatment
with these agents results in increased intracellular concentra
tions of cytotoxic drugs which is thus a final common pathway
in the reversal of the multidrug-resistant phenotype. Cyclo
sporin, verapamil, and trifluoperazine induce a functional re
versal of the MDR phenotype, such as a-IFN does in the present
system. Although a direct competition with Pgp has been de
scribed for the other agents, we do not know the mechanism
whereby a-IFN affects drug accumulation. Although we postu
late that there are direct changes in Pgp activity, alternative
possibilities exist: (a) there may be synergy between the growth-
inhibitory effects of a-IFN, which is just submaximal, and
Adriamycin treatment. This is unlikely in view of the cell cycle
studies showing no modulation by a-IFN; (b) there could be a
membrane effect of a-IFN resulting in a greater influx of
Adriamycin, with identical rates of efflux, resulting in enhanced
Adriamycin accumulation; (c) there could be changes in the
Adriamycin "sink," either binding protein or target, which

result in less drug available for Pgp-mediated efflux. We favor
a direct effect on Pgp as the explanation, since this has been
described previously for sodium butyrate in Adriamycin-se-
lected colon carcinoma cells.4 Further, the alternative explana

tions, although plausible, have not been documented in any
system.

Pgp antagonists such as verapamil and trifluoperazine are
presently in use in clinical trials in patients with drug-refractory
tumors. However, they can induce significant cardiotoxicity
which limits their clinical usefulness (43, 44). The a-IFN con
centrations reported here as active in the experimental system
are identical to those which can be easily achieved in vivo in the
absence of significant toxicity (29).

In summary, in the present study, we have reproduced in
vitro in a multidrug-resistant cell line the modulating effects
exerted in vivo by a-IFN on Adriamycin toxicity. We cannot
exclude that other mechanisms of drug resistance could also be
antagonized in vitro and in vivo by a-IFN. The possibility of
reproducing a clinical a-IFN effect in a well-defined in vitro
system should be major interest for the definition of therapeutic
strategies for optimizing a-IFN in the treatment of drug-resist
ant tumors. While the tolerance of a-IFN makes this an attrac
tive approach in heavily pretreated patients with drug-resistant

*Gi-Ming Lai et al., unpublished data.
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cancers, our results offer a basis for additional clinical and
laboratory studies of a-IFN-induced restoration of cancer
chemosensitivity.
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