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ABSTRACT

Fourteen patients with chronic myelogenous leukemia were treated
with partially pure leukocyte Interferon (HuIFNa). The binding of recom
binant leukocyte clone A IFN and the induction of 2',5'-oligoadenylate

synthetase (2,5A) in peripheral blood cells were studied to determine
whether they correlate with clinical response to IFN therapy. The mean
pretherapy binding of radiolabeled recombinant leukocyte clone A IFN
to peripheral blood cells was 0.053 Â±0.02 (SE) fmol (53 Â±20 aniol)/! 0"
cells and 0.049 Â±0.015 fmol/106 cells in sensitive and resistant patients,
respectively. Twenty-four h after the first HuIFNa dose, the binding of
recombinant leukocyte clone A IFN decreased 3- to 8-fold in both
sensitive and resistant patients. The activity of 2,5 \ synthetase was
induced approximately 100-fold in sensitive patients from a pretherapy
mean of 3 Â±2 nmol/mg to a maximum of 317 Â±184 nmol/mg during
therapy. In contrast, 2,5A synthetase was induced from a pretherapy
mean of 0.9 Â±0.9 nmol/mg to only 6.7 Â±4.9 nmol/mg in resistant
patients. In two patients originally sensitive to HuIFNa who developed
resistance to therapy, receptors were present in both sensitive and resist
ant disease stages and appeared to down regulate with therapy regardless
of response. In these two patients, 2,5A synthetase was significantly
induced with therapy in the sensitive stage but not in the resistant stage.

This study shows that lack of clinical response to Interferon therapy
may coincide with failure to induce 2,5A synthetase activity. This suggests
that resistance to a-interferon therapy may be mediated by events beyond
receptor binding resulting in a failure to induce enzymes responsible for
mediation of Interferon antiproliferative effects.

INTRODUCTION

The interferons are a complex series of naturally occurring
peptide hormones produced by eukaryotic cells in response to
a number of stimuli, including antigens, mitogens, and viral
infections (1, 2). Interest in the pleiotropic actions of the
interferons has focused on their antiviral, antimitogenic, and
immunomodulatory activities (3, 4). Several investigators have
proposed that, like the classical peptide hormones, many of the
biological actions of IFN4 may be mediated through an inter

action with one or more surface membrane receptors (5). Uti
lizing highly purified radiolabeled IFN, several studies have
identified high-affinity cell surface receptors on mouse (6),
bovine (7) and human cells (8). Studies by Branca et al. (9) and
Branca and Baglioni (10) have shown that Type I (leukocyte
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and fibroblast) IFN receptors are distinct from those of Type
II (7) interferon receptors. The intracellular antiproliferative
and antiviral actions of the IFNs appear to be mediated, at least
in part, by induction of 2',5'-oligoadenylate synthetase activity

and a specific protein kinase. The increase in intracellular
activity of these enzymes has been found to partially require de
novo protein synthesis (11) and the presence of double-stranded
RNA (12). The kinetics, specificity, and dose dependence of
2,SA induction by IFN in both human and animal cells in
culture have been well established (13). Schattner et al. (14)
have shown that peripheral mononuclear cells obtained from
normal volunteers and from cancer patients demonstrate induc
tion of 2,5A activity after in vitro exposure to IFN. These
studies have also showed that 2,5A activity in peripheral blood
cells may be a useful biochemical marker of in vivo response to
IFN therapy.

Both partially pure HuIFNa and DNA-derived purified
rIFNaA have demonstrated significant clinical antitumor ef
fects against a variety of both solid and hematological tumors
(15-17). We have recently observed hematological remission in
patients with CML (Philadelphia chromosome positive) treated
with HuIFNa (18). Accordingly, we have studied both inter
feron receptor activity and 2,5A synthetase activity in peripheral
blood cells isolated from patients with CML receiving daily
therapeutic doses of HuIFN to determine whether modulation
of IFN binding and intracellular 2,5A activity correlate with
therapeutic outcome. In addition, these studies may provide
insight into the possible mechanisms of response and the de
velopment of cellular resistance to IFN therapy in humans.

MATERIALS AND METHODS

Materials. All chemicals for the 2.SA assay were purchased from
Sigma Chemical Co. (St. Louis, MO) with the exception of the dithio-
threitol, which was purchased from Aldrich Chemical Co. The [2,8-
'HJATP (specific activity, 29 Ci/mmol) was purchased from ICN and
the DE-52 was obtained fron Whatman. Liquiscint scintillator was
purchased from National Diagnostics (Somerville, NJ).

35S-labeled rIFNaA and rIFNaA were produced and supplied by
Genentech, Inc., and Hoffman-LaRoche, Inc., respectively. The 35S-

labeled rIFNaA was purified using a monoclonal antibody column. The
average specific activity of the purified 35S-labeled rIFNaA was 130

cpm/pg. The details of this procedure have been previously published
(19).

Patient Population and Treatment. Fourteen patients with benign
phase CML Philadelphia chromosome positive were studied. These
patients were previously untreated or treated with single-agent chemo
therapy (hydroxyurea or busulfan). Clinical responses of these patients
to HuIFNa therapy were evaluated by a series of hematological param
eters: WBC, cell morphology, and platelet count.

Partially purified HuIFNa, prepared as described by Cantei et al.
(20), and obtained from the Finnish Red Cross, (Helsinki, Finland),
was purified to a specific activity of 1 to 3 x IO6 units/mg of protein
and was administered intramuscularly at doses of 3 to 9 x 10'' units/

day.
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Cultured Cells. Daudi cells, a human lymphoblastoid cell line served
as an IFN-binding cell line standard for receptor studies and as a 2,5A
synthetase source for enzyme standard in all experiments. The cells
were maintained in RPMI medium supplemented with 10% heat-
inactivated fetal calf serum (KC Biological), gentamycin, and L-gluta-
mine. Daudi cells were subcultured 3 times weekly to maintain a density
of between 0.2 and 1.0 x 10' cells/ml.

PBCs. Patient and normal donor PBCs were separated and collected
from the interphase of a standard continuous Ficoll-Hypaque gradient.
The cells were washed and diluted to the desired density with Dulbecco's

phosphate-buffered saline (GIBCO) containing Fraction V bovine
serum albumin, 1 mg/ml (Sigma). Normal donor PBCs were studied
for comparison of IFN binding activity with those obtained from CML
patients. For analysis of 2,5A activity, PBCs were washed with phos
phate-buffered saline, transferred to plastic 500 M' microcentrifuge
tubes, and stored as cell pellets at â€”80Â°Cuntil analyzed.

Daudi cells were washed with phosphate-buffered saline and resus-
pended to 5 to 10 x IO6 cells/ml. Using a procedure modified from
Czarniecki et al. (19) the cell suspensions were incubated at 37Â°Cwith
either 35S-labeled rIFNaA (=10-" M) for total binding or 35S-labeled
rIFNttA (Â«10-"M) added to 100-fold excess unlabeled rIFNaA in order

to determine nonspecific binding. Excess cold rIFNaA was used to
displace "S-labeled rIFNaA binding. The average amounts of the

nonspecific IFN binding, as measured by displacing bound labeled IFN
with unlabeled IFN (using 100-fold excess cold IFN), were approxi
mately 90 to 95% lower than the values observed with labeled IFN
only. This therefore suggests that the IFN binding observed represents
specific binding to IFN receptors. After incubation, triplicate 100-Ml
aliquots were layered on chilled sucrose step gradients (0.15 M/0.03 M;
total volume of 400 ^1). The tubes were centrifuged for 30 s in a
Beckman tabletop centrifuge (Model 152) and then frozen in an alcohol-
dry ice slurry. Bound (pelleted) and free (supernatant) 35S-labeled

rIFNaA were separated by cutting off the bottom of the centrifuge tube.
The pellet and supernatant were placed in scintillation vials containing
5 ml of Biofluor (New England Nuclear) and allowed to thaw. Radio
activity was determined in a Packard Liquid scintillation spectrometer
(Model D3385). Specific binding of the radiolabeled rIFNaA was
defined as the difference between total binding and nonspecific binding
(21). Specific binding was converted to attomoles bound (10~18) and

corrected for cell viability and density. Using this method, the intraassay
variability of standards on patients' samples was Â±3.8%(SE).

2,5A Activity. The assay is a modification of the procedure described
by Minks et ai. (22). The frozen PBC pellets obtained from CML
patients were suspended in 80 Â¿ilhypotonie buffer containing 10 HIM
KC1, 1.5 mM magnesium acetate, 20mM HEPES (pH 7.4), and 0.5%
(v/v) Triton X-100. The cell suspensions were frozen and thawed 3
times in liquid N. to insure cellular disruption. A -to /il aliquot of
hypotonie buffer containing 50% glycerol was added, and the cell lysates
were centrifuged (Fisher centrifuge Model 235A) at 13,000 x g for 15
min. The cell extract supernatants were then assayed for 2,5A synthe
tase activity and protein content as described below.

The 2.5A synthetase assay incubation mixture contained 4 mM Ml
28 mM HEPES, 120 mM potassium acetate, 0.4 mM fructose-1,6-
diphosphate, 0.5 mM dithiothreitol, 26 mM magnesium acetate, 5 mM
ATP, polyl-polyC (0.2 mg/ml), and 200,000 cpm/sample of [2,8-3H]

ATP (29 Ci/mmol) in a total volume of 50 /il.
For the assay, 20 tÂ¡\of cell lysate supernatants and 30 //I of this

incubation mixture were combined in 1.5-ml microcentrifuge tubes,
and the samples were incubated at 30Â°Cfor 20 h. The reaction was
stopped by heating the samples to 95"C for 3 min.

To analyze the reaction products, the samples were diluted to 1 ml
with a buffer (Buffer G) containing 90 mM KCI-20 mM HEPES buffer,
pH 7.4, and applied to minicolumns of DE-52 that had previously been
equilibrated with buffer G (bed size, I x 1.2 cm). The columns were
washed with 24 ml of buffer G to remove unreacted [3H]ATP and the

tritiated oligomers were eluted directly into scintillation vials with 2 ml
of buffer containing 0.35 M KC1 and 20 mM HEPES buffer (pH 7.4).
Fifteen ml of Liquiscint scintillation fluid (National Diagnostics) were
added to each vial and they were counted in a Packard 3385 Tricarb
scintillation counter. All samples were assayed in triplicate. Protein

concentration in the cell lysate was measured in triplicate using the
Bio-Rad protein assay kit. Values for enzyme activity were expressed
in moles of ATP incorporated into the product per milligram of protein
(from means of triplicates). In this assay, the interassay and the intraas
say variability of results was 2.95 and 3.71%, respectively.

RESULTS

Clinical Response to IFN Therapy. The hematological re
sponses of 14 patients with CML treated daily with a-interferon
are shown in Table 1. Nine patients responded to therapy as
manifested by a decrease in total WBC, a clearance of immature
myeloid cells, and a decrease in the platelet count. Hematolog
ical remission occurred between 4 and 6 weeks after initiation
of therapy. Of the original 14 patients entered into the study,
there were 5 patients initially resistant to treatment. In addition,
2 patients who responded initially to treatment developed re
sistance to therapy and are also included in the resistant group
bringing the total number of nonresponders to 7. In contrast to
the responder group, the resistant group displayed an increase
in total WBC and an increase in the number of immature
myeloid cells while on therapy.

Binding of 35S-labeled rIFNaA to PBCs Obtained from CML

Patients. As previously described (21), the experimental param
eters of IFN-binding assays such as incubation temperature and
duration were established for human lymphoblastoid (Daudi)
cells, and PBCs from normal donors and patients. Binding of
labeled IFN at 4Â°Cwas observed to be low (75 to 90% less than
the binding amounts observed using 37Â°C)even after extended
incubation times and increased 35S-labeled rIFNaA concentra
tions; thus 37Â°Cincubations were used for all experiments.

Maximum plateau binding using a constant labeled IFN con
centration for Daudi and PBCs from both normal donors and
patients was observed at 15 to 20 and 18 to 22 min, respectively.
Thus, 20-min incubations at 37Â°Cwere used for all binding

experiments (21). Due to the nature of this clinical study,
detailed time course studies could not be performed on all
patients. Saturating concentrations (Å“lO~'Â°M) of labeled IFN

could not be used because of the limited quantity of available
35S-labeled IFNÂ«A.Approximate final concentrations equal to
2 to 3 x 10~" M were used for all experiments and this

concentration remained constant during the study.
Table 2 shows the binding of radiolabeled IFN to Ficoll-

Hypaque interphase PBCs obtained from the nine CML re
sponder patients prior to and during daily IFN therapy for 7
days. The cellularity of the Ficoll-Hypaque interphase periph
eral blood cells was analyzed in three patients. The cellular
composition consisted of 70 to 85% myeloid precursor cells
(21) and did not significantly change during the first 2 weeks
of IFNa therapy. It was during the initial 2 weeks of therapy
that both IFN binding and 2,5A synthetase studies were per
formed. Pretherapy receptor values obtained for these 9 patients
(53 Â±20 amol/106 cells) were similar to values obtained from
normal donors (54 Â±14amol/106 cells). As Table 2 shows, 35S-
labeled IFN binding decreased approximately 9-fold (from 53
to 6 amol bound/10* cells) within 24 h after IFN administra
tion. Binding of 35S-IabeIed interferon remained low up to 168

h after initiation of therapy. In the nonresponder group which
included 5 initially resistant patients and 2 patients who devel
oped resistance to therapy, the mean pretherapy binding of IFN
(49 Â±15 amol) was similar to the mean pretherapy binding in
the responder group. As in the responder group, the mean 35S-

labeled IFN binding in the nonresponder patients also decreased
within 24 h after IFN administration and remained low during
therapy.
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Table 1 Hematological parameters of patients before and during Interferon therapy

Total WBC
(x IO3cells/Tiler)Responden

(n = 9)
Nonresponders (n â€”ffPretherapy101.3*

(10.1-305)'
32.1 (3.5-110)During

therapy4.4

(2.9-6.4)
85.9(31.8-172)Immature

myeloid cells
(x IO3cells/liter)Pretherapy19.7

(0.1-54.9)
10.1 (0.44)During

therapy*0

30.1 (9-84.2)Platelets

(x IO3cells/liter)Pretherapy696

(233-1936)
457(160-805)During

therapy153(80-269)

381 (149-671)
" Normalization of counts in responding patients occurred at a median of 11 weeks after the start of IFN therapy.
*Mean.
' Numbers in parentheses, range.
'' Includes two prior responders.

Table 2 s>S-labeled IFN binding and 2,5/4 synthetase activity in patients before and during HuIFNa therapy

35S-labeled IFN binding
(amol/106 cells)

2,5A synthetase activity
(nmol/mg protein)

Patient
category Patientno.Responder

123456789Pretherapy29403235650ND<ND171Dose

1Â°344256NDND21Dose7*3352135NDNDNDPretherapy0000821000Maximaltherapy*0017503810930091265296

Mean Â±SEM 53 Â±20 6 Â±2.5' 5.2 Â±6' 3Â±2 317 Â±184'

NonrespondersInitially
sensitiveInitially

resistant891011121314Mean

Â±SEM(n
= 7)611204651295249

Â±15025640631116Â±90ND05424ND6.6Â±4'60000000.9 Â±0.93401300006.7 Â±4.9f

" Twenty four h after first dose of daily IFN therapy.
* Twenty-four h after seventh dose of daily IFN therapy.
' Increased 2,5fi synthetase activity occurred between days 2 and 7 of daily HuIFNa therapy.
rfND, not determined.
' Statistically significant compared to pretherapy values. Significance level <0.02 using the Mann-Whitney paired rank test.
â€¢^Statistically significant compared to responder group. Significance level -0.04 using the Mann-Whitney 2-sample rank test.

2,5A Activity in PBC Obtained from Patients with CML. The
activity of 2,5A in PBC obtained from CML patients was
monitored before and during IFN therapy (Table 2). Pretherapy
2,5A activity was undetectable in 13 of 16 patients while 3
patients demonstrated detectable but low (<25 nmol/mg/) 2,5A
activity [patients Nos. 5, 6, and 8 (resistant phase)]. The time
of maximal induction of 2,5 A activity (maximal therapy value)
varied from patient to patient but occurred between day 2 and
7 of therapy. As shown in Table 2, 2,5A activity was substan
tially increased over pretherapy value in 6 of 9 patients (67%)
responding to IFN therapy. One patient (No. 4) had compara
tively moderate induction (38 nmol/mg) of 2,5A activity while
2 responders had no induction of 2,5A activity. Of the 7
nonresponders, 5 (71 %) showed no induction of 2,5 A while one
patient demonstrated only low (13 nmol/mg) activity and one
patient showed comparatively moderate (34 nmol/mg) induc
tion with therapy.

Two patients originally responsive to IFN therapy (Nos. 8
and 9) developed complete hematological resistance to therapy.
We monitored 35S-labeled IFN binding and 2,5A activity in

both the sensitive and resistant phases of the disease in these
patients. As shown in Fig. 1 (and Table 2), the binding of
labeled interferon decreased significantly with therapy in both
sensitive and resistant phases. In contrast, the induction of 2,5A

activity observed in the sensitive stage of the disease was not
present in the resistant disease stage.

DISCUSSION

Although several studies have shown that IFN appears to
operate through interaction with specific surface receptors (1-
3), studies on a variety of cell types suggest that reduced
sensitivity to IFN is not always accompanied by decreased
receptor number (23). The down regulation of PBC IFN recep
tors in patients with CML while undergoing IFN therapy has
been previously described (21). In 8 of 8 patients, within 24 h
of their first IFNa dose, the number of mean attomoles
(20-18M) bound decreased approximately 10-fold. This reduced

binding capacity remained low during the 7 days of study. Even
after 100 consecutive daily IFN doses, this decreased binding
level was shown to be maintained (2 of 8 patients were studied
extensively through the entire course of their treatment). The
authors concluded from their study that the reduced binding
capacity was due to a decrease in number of IFN receptors per
cell and was not due to receptor saturation as a result of residual
circulating administered IFN nor was it due to a selective
elimination of cells containing a high number of IFN specific
receptors. In a recent study, Yonehara et al. (24) have shown
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Sensitive Resistant

35S IFN Binding

2, 5A Synthetase Activity

Therapy

Sensitive

35S IFN Binding

determined determined n
2. SA Synthetase Activity

Before During Before During

Therapy

Fig. 1. Binding of "S-labeled rIFNaA and 2,5A activity in peripheral blood
cells isolated from patients Nos. 8 (A) and 9 (A) with CML in both IFN-sensitive
and -resistant stages of the disease. D, levels of "S-labeled IFN binding or 2,5A
activity prior to therapy; â€¢.levels during IFN therapy.

that both sensitive and resistant cells in culture both bind IFN
to a similar extent suggesting a similar number of surface
receptors. However, IFN-sensitive cells were shown to inter
nalize and degrade labeled IFN while resistant cells did not.
This implies that internal processing of IFN may be necessary
for IFN action beyond receptor interaction. In contrast, studies
by Hannigan et al. (25) have shown that both IFN-sensitive and
-resistant Daudi cells both internalize radiolabeled IFN to an
equivalent degree but differ in the apparent number of high-
affinity IFN binding sites. In the present study, there were no
significant differences in the IFN binding of patients who
demonstrated a response to therapy compared to those who did
not respond (Table 2); in addition, the binding of radiolabeled
IFN in two patients (Fig. 1) prior to therapy was similar in
both sensitive and resistant phases of the disease. These data
are in accordance with previous in vitro studies which suggest
that response and resistance to IFN appear to be mediated by
events beyond the interaction of IFN with its receptor.

Lengyel (1) and others (26, 27) have suggested that the
biochemical events which mediate IFN antiviral and antiprolif-
erative action may include induction of 2,5A synthetase activity
and the induction of a specific protein kinase activity; however,
other studies on cells in culture (28) have shown that the
antiviral state induced by IFN can occur in the absence of
detectable 2,5 A synthetase. A variety of possibilities such as a

4851

prolonged intracellular half-life of synthesized 2,5 A oligomers
or increased sensitivity of the latent endonuclease to activation
by low levels of 2,5A oligomers could account for the develop
ment of an antiviral state by IFN in the presence of immeas
urably low levels of 2,5A synthetase. This clinical study showed
that 2,5A synthetase is induced in most patients who respond
clinically to IFN therapy; however, two patients in our study
obtained a hematological response to IFN in the absence of
detectable 2,5A activity induction. As in previous studies of
cells in culture, there are several possibilities which could ac
count for these observations without excluding the 2,5A path
way. These data may also suggest that intracellular biochemical
mechanisms other than 2,5A synthetase may be involved in the
antiproliferative response to IFN. We have also monitored the
activity of a phosphodiesterase which can degrade 2.5 A oligo-
mers to determine whether changes in PDE activity can account
for the apparent lack of induction of 2,5 A synthetase in the two
responders who demonstrated no apparent 2,5A synthetase
induction and in the nonresponder group. Preliminary results
(data not shown) show that the intracellular activity of PDE is
not changed with IFN therapy and therefore the lack of 2,5A
synthetase induction in the two responders and in the nonre
sponder group does not appear to be dependent upon changes
in intracellular PDE activity. The patients in the responder
group who did show induction of 2,5A synthetase activity
showed no change in PDE activity over pretherapy values
demonstrating that changes in apparent 2.5A synthetase activ
ity are also not mediated by changes in PDE activity. We are
currently investigating the activity of the IFN-induced protein
kinase in these samples to determine its biochemical signifi
cance to the in vivo antiproliferative response during IFN
therapy.

Recent studies by Marti et al. (29) as well as a number of
other studies (23, 24) have suggested that resistance to the
antiproliferative effects of IFN may be related to a failure to
induce intracellular 2,5A activity instead of a failure to bind
IFN to the cell surface. Affabris et al. (30) have shown that
resistance to IFN in murine tumors correlated well with lack of
2,5A induction despite the presence of high-affinity IFN recep
tor sites. Our study also showed that inherent resistance to IFN
therapy in five patients and developed resistance to IFN therapy
in two patients coincided with failure to induce 2,5A activity
despite the demonstrated presence of receptors for IFN. This
finding suggests that, in CML, resistance of cells to IFN anti
proliferative effects occurs as a result of a defect unrelated to
the receptor interaction with the IFN ligand but which may be
manifested by interruption of the nominal sequence of events
leading to induction of 2,5A synthetase activity. Given the
diversity and heterogeneity of the cell population under study
in these patients, it is also possible that a subpopulation of cells
with a high number of IFN receptors and which activate 2,5A
synthetase is present in most (but not all) responding patients.
More detailed studies using highly purified cell fractions are
needed to address these points and studies using molecular
probes for the 2,5A synthetase enzymes are currently underway
in CML patients.

Although the modulation of interferon surface receptors and
2,5A synthetase intracellular activity (measured in circulating
peripheral blood cells) preceded by several weeks any measur
able gross changes in circulating cell morphology, it is possible
that a change in a circulating cellular subpopulation with IFN
therapy could account for some of our enzymatic and cellular
binding observations.

In summary, these studies suggest that induction of 2,5A
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synthetase may be an important early indicator of hematologi-
cal response to IFN therapy. In addition, because all patients
appeared to demonstrate IFN receptors which down regulate
with therapy, inherent and developed resistance to IFN is
apparently not due to a lack oflFN binding to cells. Resistance
of CML cells may be related to a failure to induce an increase
in the intracellular activity of 2,5A synthetase which may be at
least in part responsible for the mediation of the uni Â¡prolifera
live response. This proposed block in IFN mechanism of action
requires further detailed investigation since reversal or circum
vention of this blockade with other agents may provide impor
tant information regarding the biology of IFN action in vivo,
development of IFN resistance, and may supply clinically rele
vant alternatives for therapeutic intervention.
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