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To develop resources for large-scale production of human fibroblast interferon,
we isolated, cryopreserved, and characterized 15 new strains of human diploid
foreskin fibroblasts. Their life spans in vitro ranged from 52 to 72 population
doublings. We based the selection of cell strains for mass interferon production
on the number of population doublings during which consistently high yields of
interferon were obtained after "superinduction" in roller bottles; our data show
that aging in vitro leads to significant decline in amounts of interferon produced.
In contrast, susceptibility to interferon remains largely unaffected by in vitro
senescence. Karyotypic analysis indicated that the best interferon-producing
strain, MLD (over 60,000 reference units/ml), has a translocation between chro-
mosomes 5 and 15.

Interferon (IF) preparations have been effec-
tively applied in treatment of both viral and
neoplastic diseases of humans (2, 4, 11, 12, 14,
22, 27-29). Out of several forms of human IF,
the human fibroblast interferon (HF-IF) mole-
cule merits particular attention as a clinically
useful drug because of its relative safety and
ease of purification; it can be produced by strains
of normal diploid cells that have been rigorously
preselected by extensive testing and multifa-
ceted characterization (17); in addition, efficient
new techniques for HF-IF purification by affin-
ity chromatography have been recently devel-
oped (9, 10, 19, 20, 30).
This paper presents information based on an

18-month experience in mass production (over
108 international reference units [ref. U] weekly)
of HF-IF by human diploid cell strains isolated
and characterized in this laboratory. Our data
show that aging in vitro leads to a significant
decline in the amount of HF-IF produced after
the superinduction procedure with rIH. rC, and
metabolic inhibitors (3, 15). Since the isolation
(for therapeutic purposes) of products, specifi-
cally HF-IF, from human cell culture is still at
a developmental stage, this overall study may
serve as a valuable prototype. To that end, a
specific quality control scheme for the IF prod-
uct is introduced which insures the availability
ofan IF molecule with features of both biological
potency and safety.

MATERIALS AND METHODS
Isolation of cell strains. Neonatal foreskins were

obtained as fresh circumcision specimens from healthy

males (1 to 3 days old) born at the Buffalo General
Hospital, Buffalo, N.Y. The finely minced tissue was
dispersed by treatment with CTC (0.1% collagenase
[Worthington]-0.1% trypsin [GIBCO]-1% chicken se-
rum [GIBCO] in Ca2+- and Mg2e-free Hanks balanced
salt solution [21]) for 60 min at 37°C. After washing
with minimal essential medium (MEM) (Eagle) with
Earle salts and centrifugation (120 x g, 10 min), the
cell pellet from each specimen was placed in a plastic
75-cm2 flask (Falcon) containing MEM (GIBCO) sup-
plemented with 10% (vol/vol) heat-inactivated fetal
calf serum (FCS; KC Biological) and antibiotics (pen-
icillin, 50 U/ml; streptomycin, 50 yg/ml). The cultures
were incubated at 37°C in a 5% CO2 atmosphere. To
select cell strains with the lowest initial population
doubling level (PDL), only cultures that produced a
confluent monolayer within 7 days were further sub-
cultured twice a week after dispersion by a trypsin
(0.05%)-ethylenediaminetetraacetic acid (0.02%) solu-
tion (GIBCO). A 2:1 split ratio insured an average of
one population doubling (PD) per passage. After the
sixth passage, each cell strain (grown in 64 75-cm2
plastic flasks with confluent monolayers) was trypsin-
ized, pooled, and washed once, and portions (1 ml,
containing 2 x 10e cells each) were dispensed into 96
borosilicate glass cryules (1.2 ml in size) (Wheaton).
The cells were cryopreserved (10% glycerol in MEM
with 10% [vol/vol] FCS) by controlled rate freezing
(26) and stored in liquid nitrogen.

All diploid cell strains were periodically monitored
for microbial (8) or mycoplasma (16) contaminants.

Large-scale IF production. Single ampoules of
frozen cell stocks were removed from liquid nitrogen
storage and rapidly thawed in a 37°C water bath. The
content of each ampoule was placed in a single plastic
75-cm2 flask containing MEM plus 10% FCS (vol/vol).
As soon as cell cultures were confluent, they were
subcultivated twice a week (2:1 split ratio) until the
11th PDL. Trypsinized cell suspensions from 10 75-

720



INTERFERON PRODUCTION AND IN VITRO AGING

cm2 plastic flasks (approximately 5 x 107 cells) were
combined and inoculated into glass roller bottles with
a 1,585-cm2 growth surface area (Bellco Glass). The
cell stocks, in 400 ml of growth medium per bottle,
were cultivated at 37°C on a Rollacell apparatus
(Bellco) rotating at a speed of 0.22 rpm. Subsequent
passages (2:1 split ratio) were continued once a week.
For large-scale production of crude human fibroblast
IF, 2 to 30 roller bottle cultures (7 days old) of each
strain, beginning at the 16th PDL, were superinduced
at 34°C by a modification of published methods (3,
15): briefly, MEM (100 ml) containing rIn rCn (75
,ug/ml; Miles) and cycloheximide (60 ,tg/ml; Upjohn)
was first added for 220 min; actinomycin D (0.75
,ug/ml; Merck, Sharp and Dohme) was then added for
an additional 110 min. The monolayers were then
washed (3x Earle balanced salts solution; GIBCO),
after which MEM (100 ml) containing either 5% FCS
or 5% human serum (vol/vol) was added. Human
serum was obtained from certified (according to Fed-
eral Drug Administration requirements [7]) blood do-
nors. Crude HF-IF was harvested at 27 h, centrifuged
(5,000 x g for 30 min), assayed for IF content, and
stored at -90°C.

IF assay. IF was assayed in triplicate (FB-16-24
TC trays; Linbro), using monolayers of human diploid
fibroblasts (strain 604, supplied by J. A. O'Malley). A
modification of the colorimetric technique of Finter
(5, 13), with bovine vesicular stomatitis virus as the
challenge virus (multiplicity of infection, 0.15 plaque-
forming units/cell), was used. An internal lyophilized
laboratory HF-IF standard, calibrated against an in-
ternational reference standard of human IF (no. G-
023-901-527) (Research Resources Branch, National
Institutes of Health), was included in each assay, and
titers are expressed in international reference units.

Cell counts were performed on trypsin-ethylene-
diaminetetraacetic acid-dispersed cell suspensions, us-
ing an electronic particle counter (Coulter Counter
model 2B1).

Sensitivity to IF was measured as an apparent titer
of the internal laboratory standard (containing 19,800
ref. U/ml) determined in triplicate on monolayers
prepared from each cell strain at various PDL during
its life span.
The in vitro life span of each cell strain was deter-

mined by a rigid semiweekly schedule ofsubcultivation
(cells were split in a ratio 2:1 in 75-cm2 plastic flasks)
until the time interval between PD became progres-
sively greater, indicating the onset of cellular senes-
cence (18) and a terminal period.

Statistics. The arithmetic means of IF present in
crude HF-IF preparations produced during 5 (16 to
50 PDL) or 10 (over 51 PDL) consecutive PDL were
calculated for each cell strain. As a measure of cell
response to IF the arithmetic mean of the apparent
titer of an internal laboratory standard was calculated
for every consecutive 10 PDL for each cell strain.
Chromosome analysis. Actively dividing cultures

(usually 48 h after seeding in a 75-cm2 flask) were
arrested in metaphase by colchicine treatment (0.05
,ug/ml). After 60 min, cells were trypsinized, spread
on glass slides, and air dried; Giemsa-stained chro-
mosome preparations were counted, and quinacrine-
stained preparations were used for detailed analysis

of karyotype (23). In addition to establishing the nor-
mal karyology of a cell strain, these studies also serve
to exclude the possibility of an accidental contamina-
tion by other cell types (24).

RESULTS
General characteristics of 15 cell strains

from human foreskin. From 28 foreskin spec-
imens, 15 cell strains were established and cry-
opreserved. Cultures of the remaining 13 speci-
mens were discarded because confluent growth
was not achieved within 7 days after initial seed-
ing, indicating a low content of viable cells in
the starting inoculum. Since our objective was
to create a bank ofhuman diploid cells sufficient
for several years of continuous large-scale pro-
duction of HF-IF, we selected only those cell
strains that were established and cryopreserved
at the lowest possible PDL. The established cell
strains were designated BG-1, BG-2, BG-3, BG9,
BG-10, BG-11, BG-14, BG-16, BG-18, BG-23,
BG-24, BG-25, BG-26, BG-27, and MLD. At the
12th PDL, more than one distinct morphological
type of cells was still evident in cell strains BG-
1, BG-3, and BG-11; the remaining 12 cell strains
produced typically smooth, contact-inhibited
and uniform monolayers of fusiform cells, com-
patible with the morphology of human fibro-
blasts in culture (18) since the fourth PDL.
The saturation density of all cell strains be-

tween the 10th and 45th PDL both on glass
(roller bottles) and on plastic (Falcon flasks)
surfaces ranged from 5.0 x 104 to 7.8 x 104
cells/cm2. The in vitro life span of these strains
ranged from 52 for BG-9 to 72 for BG-10 and
BG-23. Karyotypic analysis indicated that the
distribution of the chromosome number in all
strains was normal diploid for human male kar-
yotype, i.e., 46, XY. Interestingly, strain MLD
was found to have chromosomal abnormality
(Fig. 1): distal parts of both long arms of one
chromosome 5 were translocated to long arms
of one chromosome 15 in more than 95% of the
cells, resulting in the appearance of two marker
chromosomes [46 XY,t(15q-,15q+)]. This trans-
location was detected at all three (8, 22, and 52)
PDL tested; this translocation was of particular
interest (see below) since chromosome 5 has
been implicated in control of human IF biosyn-
thesis (32).

Periodic monitoring of the 15 established cell
strains failed to reveal any microbial or myco-
plasma contaminants.

Effect of human serum versus FCS on
HF-IF production. Large-scale HF-IF produc-
tion for eventual clinical application mandates
the presence of human instead of calf serum in
the production media. Therefore, IF yields of
four cell strains (PDL from 16 to 30), using
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FIG. 1. Three sets of chromosomes 4, 5, 15, 13, and 14 from strain MLD at 8 (top), 22 (middle), and 52
(bottom) PDL. Note two marker chromosomes (M1 and M2) resulting from translocation between chromosomes
5 and 15.

production media (MEM) supplemented with
heated serum (5%, vol/vol) of either fetal calf
or human origin, were compared. The calculated
average titers of HF-IF produced (pool of 2 to
14 roller cultures) at matched PDL are shown
in Table 1; these data indicate that similar levels
of IF are produced in the presence of human
serum or FCS with these cell strains.
IF yields declined during the in vitro life

span of diploid cells. Studies were also per-
formed to determine whether the in vitro age
of human diploid cells (as reflected by the PDL)
affected the IF yield. All cell strains were super-
induced under mass-culture conditions (from 2
to 14 bottles at each time) at consecutive PDL,
beginning with passage 16. We calculated the
average HF-IF yields obtained from individual
cell strains, grouping together each five consec-
utive PDL (Fig. 2 and Table 2). Strain MLD
(with the translocation at chromosome 5) was
found to produce significantly higher amounts
of IF; it consistently elaborated concentrations
of this protein exceeding 25,000 ref. U/ml for at
least 10 PDL longer than any of the other

TABLE 1. Average HF-IFproduction in the
presence ofFCS and human serum between 16 and

30 PDL
Interferon (ref. U/ml) produced by

Medium strain:

BG-9 BG-16 BG-23 MLD

MEM + 5% (vol/vol) 27,200 30,200 25,800 46,500
FCS

MEM + 5% (vol/vol) 26,600 28,200 24,200 46,700
human serum

strains. The relative levels of IF produced by
our cell strains between the 16th and 20th PDL
were: four strains (BG-2, BG-16, BG-26, and
MLD) produced over 40,000 ref. U/ml; four
strains (BG-9, BG-23, BG-25, and BG-27) pro-
duced over 30,000 ref. U/ml; and four strains
(BG-10, BG-14, BG-18, and BG-24) produced
between 10,000 and 30,000 ref. U/ml. As men-
tioned, three strains (BG-1, BG-3, and BG-11)
were excluded because of the presence of mul-
tiple-cell morphologies. Under our experimental
conditions, all cell strains exhibited a progressive
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decline in their ability to produce IF with in-
creasing PDL (Fig. 2, with typical patterns).
From a 4-fold to over a 500-fold drop in HF-IF
titers occurred gradually between the relatively
low (15 to 20) and high (51 to 60) PDL for each
strain. To evaluate the possibility that the re-

duced IF yield was simply a consequence of a

smaller total number of cells grown in produc-
tion vessels at higher PDL, we determined the
saturation densities of the cell strains at several
PDL. We then calculated the average number
of cells at the 16 to 20 PDL required to elaborate
1 ref. U of IF (Table 2) and compared values
with those of older cells (51 to 60 PDL). Clearly,
the average IF production per cell was substan-
tially reduced in cultures at higher PDL.

0F F

105

103

15-20 21-25 26-30 31-35 36-40 41-45 46-50 51-60

POPULATION DOUBLING LEVEL

FIG. 2. IF production after superinduction proce-
dure during the life span of human diploid fibro-
blasts. Standard errors (not shown for clarity) were
between 8 and 14% of the means.

Sensitivity to IF is independent of senes-
cence in vitro. As a measure of cellular sensi-
tivity to exogenous IF we also determined the
titers of a reference IF standard by its activity
(assayed in triplicate) in each of eight cell strains
at PDL ranging from 11 to over 50. Table 3
presents an average of the apparent titers cal-
culated after first grouping results from each 10
consecutive PDL. Within the same strain, IF
sensitivity fluctuated somewhat at different
PDL, and there were also some differences from
strain to strain; however, there was no sugges-

tion of a trend toward modification of sensitivity
to exogenous IF as a function of cell age. These
data thus confirm and extend the observation
(31) that the function(s) of a regulatory gene(s)
controlling the response to exogenous IF is not
significantly influenced by in vitro aging. Recent
work suggests a role of C-21 in control of cell

surface receptors of IF (25); our current obser-
vations imply that the number and function of
these groups does not deteriorate with the onset
of cell senescence.

DISCUSSION
Our results thus demonstrate that the synthe-

sis of IF protein after superinduction gradually
declines over the in vitro life span of human
diploid fibroblasts. In contrast, sensitivity to ex-

ogenous IF molecules remains largely independ-
ent of the aging process, thus verifying an earlier

report (31). These two cellular functions (biosyn-
thesis of, and responsiveness to HF-IF) are ap-

parently governed by genes located on different
chromosomes (6, 25, 32), which may increase
the possibility that one function can be differ-
entially expressed at increased PDL. The differ-
ence in the levels of IF synthesis between young
and old fibroblast strains suggests that, at least

TABLE 2. Characteristics ofIFproduction early and late in the life span ofhuman diploid fibroblasts
Young cells" Old cellsb

Strain Avg IF harvest Cell saturation Avg no. of A IF harvest Cell saturation Avg no of cels/I
(ref. U/ml) density cells/H ref. U of (ref. U/ml) (Xn-4/cty2) ref. U of HF-IF

BG-2 40,500 6.92 27 120 3.64 4,808
BG-9 33,100 6.52 31 60 2.56 6,763
BG-10 25,200 5.30 33 300 4.24 2,240
BG-14 19,800 6.52 52 240 3.72 2,457
BG-16 42,900 7.06 26 3,500 4.33 196
BG-18 18,600 6.16 53 50 4.63 14,677
BG-23 34,800 7.53 34 470 5.34 1,801
BG-24 10,800 5.01 73 NDC
BG-27 38,000 6.06 25 ND
MLD 64,400 7.83 20 16,300 5.76 56

a 16 to 20 PDL.
b 51 to 60 PDL.
c ND, Not done.
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TABLE 3. Sensitivity to HF-IF of diploid cell strains during their life span in vitro

Apparent avg titers of internal laboratory HF-IF standard assayed on cell strain:a
PDL

BG-2 BG-9 BG-10 BG-14 BG-16 BG-18 BG-23 MLD

11-20 12,600 14,800 8,400 9,300 9,000 12,200 10,500 7,100
21-30 NDb 12,400 9,600 7,300 7,800 7,800 11,500 9,700
31-40 9,400 7,900 10,400 7,100 6,800 6,800 8,250 7,500
41-50 7,100 9,600 6,500 5,700 7,100 7,100 4,800 4,300
Over 50 12,500 16,000 11,000 6,200 8,600 8,600 4,000 2,300

a Standard errors ranged between 5 and 10% of the means.
b Not done.

VELOPMENT AND SELECTION OF MORPHOLOGY
STRAIN (FORESKIN FIBROBLASTS) CONTACT INHIBITION

CELL SATURATION DENSITY
IF PRODUCTION POTENTIAL
KARYOLOGY
ONCOGENICITY (NUDE MICE)t /// \ ~~~~~~~LIFESPAN
ADVENTITIOUS AGENTS VIRUSES

.EUP GROWTH ROLLER BOTTLES / /MYCOPLASMA
BACTERIA
FUNGI

SUPER INDUCTION SCREENING AND TESTING OF HUMAN SERUM DONORS

LIF HARVEST DAILY POOL IF CONTENT

PURIFICATION BY
AFFINITY
CHROMATOGRAPHY

IF CONTENT
STERILITY

............RESIDUAL REAGENTS
_- TOTAL PROTEINS

STORAGE AT 900C

PURIFIED IF POOL IN STORAGE IF CONTENTS
UP TO 4 MONTHS (LOT) STERILITY

} LYOPHILIZATION SOLUBILITY==: ~~~IF CONTENT
FINAL PRODUCT IN AMPULES STERILITY

TOTAL PROTEINS
ANIMAL TESTING GENERAL SAFETY (MICE, GUINEA PIGS)

PYROGENICITY (RABBITS)
GENERAL TOXICITY (RATS)

FIG. 3. Quality control of HF-IF, based on Food and Drug Administration and British Medical Research
Council guidelines for biological products.

in vitro, the regulatory gene(s) controlling IF
production might continuously and progres-
sively be modified. Alternatively, one should
consider the possibility of a relatively rapid se-
lection in vitro of cells with low IF-producing
potential, although this seems to be a less likely
event.

Cell strain MLD merits special attention,
since its further characterization might lead to
new insights into the genetic control of human

IF biosynthesis. After superinduction, strain
MLD produced significantly greater amounts of
IF (Fig. 1 and Table 2), and the high levels of
production lasted over more passages than for
any other strain studied. These unusual prop-
erties may be a consequence ofthe chromosomal
translocation between long arms of chromosome
5 and chromosome 15, since chromosome 5 (and
2) apparently carries genes necessary for IF pro-
duction (32).
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Our current studies also bring into sharp focus
a practical problem in mass production of HF-
IF for clinical study. For example, economic
considerations require that only cells capable of
elaborating no less than 1,200 ref. U of HF-IF
per cm2 of confluent monolayer (or approxi-
mately 2 x 106 ref. U per roller bottle [growth
surface, 1,585 cm2]) be used. However, most
human diploid fibroblasts strains do not fulfIl
these requirements beyond the 28th PDL (Fig.
2). Since it is not practical to introduce strains
into the regular production cycle before the 18th
PDL, the useful period of these cells in mass
HF-IF production is limited to less than 10 PD.
The majority of the approximately 60 PD in
the life span of a typical cell strain clearly cannot
be efficiently entered in the production cycle.
For example, to build from one ampoule of cry-
opreserved cells (2 x 106) at the sixth PDL to
the 8 x 109 cells in 80 roller bottles needed for
weekly production of 108 ref. U of HF-IF will
require 12 PD (18th PDL). To maintain weekly
production, only half of the cell cultures is su-
perinduced, while the other half is subcultured
in preparation for subsequent weeks. Thus, it is
essential to maintain adequate supplies of se-
lected and well-characterized diploid cells that
are cryopreserved at low (fifth to seventh) PDL.
The isolation and preparation of HF-IF for

clinical use, while obviously fundamentally dif-
ferent from viral vaccine development, shares
as a common denominator the requirement for
the cell to elaborate the biological product of
interest. However, unlike viral vaccine develop-
ment programs, which function with well-estab-
lished guidelines for product safety (7), similar
strategies for human IF have not yet been ad-
vanced. It is important to bear in mind that
leukocyte IF is produced from pools of leuko-
cytes from thousands of individuals, some of
which may carry slow viruses (33), and lympho-
blastoid IF is produced in the presence of the
Epstein-Barr virus genome (1). For these rea-
sons, it is generally agreed that fibroblast IF has
the best safety potential for man. Therefore, we
feel it is timely to suggest an outline of a pro-
duction/quality control scheme for HF-IF. To
this end, Fig. 3 introduces a procedure, adapted
from the Food and Drug Administration and
British Medical Research Council guidelines,
that has been used in this laboratory for 18
months; it identifies specific steps during pro-
duction/purification/lyophilization of HF-IF at
which the protein is evaluated for biological
potency and various safety features. Since this
scheme accommodates both safety as well as
the new technologies for HF-IF purification (9,
10, 19, 20, 30), it may prove a useful prototype
for a further refinement.
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