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Summary

The polycation protamine sulfate was compared to polybrene, the usual agent
employed, for its ability to increase the efficiency of retroviral infection. The mu-
rine retroviral vector SAX, which contains the neo® gene and the human adeno-
sine deaminase (ADA) cDNA, was used as a marker of cell infection. SAX viral
supernate was titered on NIH 3T3 cells in varying concentrations of polycation,
The highest infection efficiency for protamine was seen at 5 wg/ml and was 7-fold
greater than infections performed in the absence of polycation. Infection efficiency
using protamine averaged 92% =11 (SEM) of the highest efficiency obtained with
polybrene. Total ADA activity attained when human-ADA deficient T cells were
exposed to SAX supernate in the presence of protamine was 83% of that attained
with polybrene. The infection rate of mouse bone marrow early progenitor cells
(CFU-S) was similar with each polycation. In summary, for supernate infections,
concentrations of 5-10 pg/ml of protamine provided essentially the same infection
efficiency as polybrene with low toxicity on a range of cell types. Since protamine
is approved for human use by the U.S. Food and Drug Administration it provides
an effective alternative to polybrene when developing human gene therapy pro-
tocols.
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Introduction

Polycations are useful in improving the infection efficiency of murine retrovi-
ruses (Duc-Nguyen 1968). Polybrene has proven useful because of its efficacy and
low toxicity (Manning et al., 1971) and is commonly used in retroviral-mediated
gene transfer. Unfortunately, polybrene is not currently approved for human use.
We evaluated the polycation protamine sulfate, currently approved for the treat-
ment of heparin overdosage, as a possible substitute for polybrene in human gene
therapy protocols. Expression of the retroviral vector SAX, which contains the
bacterial gene for neomycin resistance (neo®) and the human adenosine deami-
nase (ADA) cDNA, was used as an indicator of retroviral infection. This report
examines our findings on the efficiency of retroviral-mediated gene-transfer at dif-
ferent concentrations of polybrene and protamine in mouse 3T3 fibroblasts, hu-
man T lymphocytes and mouse bone marrow early progenitors, colony forming
units-spleen (CFU-S).

Materials and Methods

Vector

The retroviral vectors used in this study, SAX and N2 (Fig. 1), have been de-
scribed previously. The N2 vector was derived from the Moloney murine leukemia
virus by deleting the pol, env and most of the gag sequences and substituting the
bacterial gene for neomycin resistance (Gilboa et al., 1986; Armentano et al., 1987).
SAX is a derivative of the N2 vector with the insertion of a 1.7 kb fragment con-
taining the SV40 early promoter and human ADA cDNA into the Xhol site (Kan-
toff et al., 1986). N2 is packaged by the ecotropic packaging cell line -2 (Mann
et al., 1983) with an average titer of 1 x 10° CFU/ml. SAX is amphotropically
packaged by the PA12 cell line (Miller and Buttimore, 1986) yielding an average
titer of 5 x 10% CFU/ml. Producer cell lines were maintained in Dulbecco’s mod-
ified Eagle’s medium with 10% fetal calf serum (FCS) and 2 mM L-glutamine (D10)
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Fig. 1. The retroviral vectors N2 and SAX. LTR: long terminal repeat; 5': retroviral 5’ splice donor

site; ¢ viral packaging signal; NEO®: neomycin resistance gene from Tn5 transposon (cross hatching

represents coding sequence); SV40: Kpnl-HindlIII fragment of the SV40 early promoter; hADA: hu-
man ADA cDNA. Restriction sites: S, Sacl; K, Kpnl; P, PsiI; X, Xhol; C, Clal; E, EcoRI.
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with 400 ng/ml of active G418 (Gibco). All cells were incubated at 37°C, 5% CO,.
Viral supernates were collected from confiuent dishes of producer cells 20 h after
the addition of D10 media without G418. Viral titer is determined in the manner
described under 3T3 infection (see below) using 8 wg/ml of polybrene (Aldrich,
Milwaukee, WI).

3T3 infection NIH 3T3, maintained in D10, were plated at a density of 1 x 10°
celli per 60 mm dish 24 h prior to infection. Serial dilution of SAX supernate was
prepared (0, 1072, 1074, 107°) and 1 ml was added per dish. Polybrene or protam-
ine sulfate (Lilly, Indianapolis, IN) was then added at the desired concentration
and cells were incubated at 37°C, 5% CO, for 2 h. Viral supernate was removed,
replaced with D10, and cells were returned to the incubator. After 24 h, D10 me-
dium containing 400 pg/ml of (G418 was added. G418 resistance colonies were
scored 12-14 days after infection by staining plates with methylene blue.

ADA-deficient T cells The ADA-deficient T cell line, TJF-2, was established by
the procedure of Mitsuya et al. (1984) and has been described in detail elsewhere
(Kantoff et al., 1986). TJF-2 cells were maintained in RPMI 1640 medium with
10% heat inactivated FCS, 2 mM glutamine and 50 units/ml IL-2 (a generous gift
of the Cetus Corporation, Emeryville, CA). The efficiency of retroviral infection
was estimated by determining the ADA enzyme activity of TJF-2 cells exposed to
the SAX vector. A 1 ml aliquot of a cell suspension containing 1 x 10° TJF-2 cells
was mixed with 1 ml of SAX supernate; 1 ml of medium containing three times
the desired polycation concentration was added to yield the desired final concen-
tration of polycation. Cells were incubated for 2 h, washed twice in phosphate
buffered saline (PBS), resuspended in 8 ml of medium, and returned to the in-
cubator. Cells were harvested after 4 days, washed twice in PBS, counted, and a
cell lysate was prepared by freeze-thaw. The ['*CJadenosine assay for ADA activ-
ity was performed according to Van der Weyden and Bailey (1978). Results were
expressed as nanomoles of inosine produced per 108 cells.

CFU-S Bone marrow from DBA/2J mice was collected and cocultured overnight
on -2 cells producing the retroviral vector N2 in the presence of polybrene 6 pg/ml,
protamine 5 pg/ml, or no polycation. Treated marrow was then injected into ir-
radiated recipient mice (900 rads) and CFU-S were generated as previously de-
scribed (Eglitis et al., 1985). Foci were harvested on days 1012 and cell lysates
were obtained from individual foci by freeze-thaw. Lysates were analyzed for neo-
mycin phosphotransferase activity using the method of Reiss et al. (1984).

Results

Effect of protamine sulfate on the infectivity of NIH 3T3 cells
NIH 3T3 cells (murine fibroblasts) were exposed to viral supernate containing
the SAX vector in varying concentrations of polybrene and protamine sulfate and
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Fig. 2. Effect of protamine sulfate on the infection efficiency of NIH 3T3 cells exposed to the retro-
viral vector SAX. Values represent the viral titer obtained with various concentrations of protamine as
a percentage of the viral titer obtained with 8 ng/ml of polybrene.

the viral titer determined using G418 selection. Since the viral supernate and plated
cells were constant, variations in viral titer are a reflection of infection efficiency
at the particular polycation concentration used. Polybrene has its maximal infec-
tion efficiency under this set of conditions at 8 pg/ml (data not shown) resulting in
approximately 8-fold increase in viral titer compared to 3T3 cells infected in the
absence of polycation. Figure 2 summarizes three experiments and demonstrates
the G418-resistance titer obtained with varying concentrations of protamine (as a
percentage of the titer obtained with 8 wg/ml of polybrene). On average, protam-
ine at 5 pg/m! yields the highest value: a titer that is 92% +11.3 (SEM) of that
obtained with 8 pg/ml of polybrene. The efficiency rate was not increased by using
2,4, 6, or 8 pg/ml of protamine (data not shown).

The titer obtained when both cations are used simultaneously is shown in Table
1. In combination there is little if any increase in effectiveness.

TABLE 1

Viral titer: combination of protamine and polybrene

Polybrene Protamine Titer x 10° % Polybrene
(ng/ml) (ng/ml) (CFU/ml) (8 pg/ml)

8 0 1.54 100

4 0 1.53 99.4

0 4 1.68 109.1

0 8 1.50 97.4

4 4 1.73 112.3

8 8 1.76 114.3

CFU/ml, colony forming units per ml.
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TABLE 2
ADA activity in infected ADA-deficient human T lymphocytes infected with the SAX retroviral vector

Polycation Total ADA activity  Total cell number ADA activity/cell
(nm inosine/min X (X 109 (nm inosine/min/10?
1072) cells)
no polycation 93 = 2.7(8.1)7 423+ 9.8 22+ 12(5.9)
polybrene 8 pg/ml 115.0 = 20.6 (100) 308 2.0 37.3 £ 9.2 (100)
protamine 1 pg/ml 389 38(33.8) 414+ 46 9.4+ 0.2(25.2)
10 pg/ml 95.8 £ 16.7 (83.3) 385 11.7 24.9 = 11.4 (66.8)
50 pg/ml 36.8 £21.4(32.0) 21.6=% 52 17.0 = 6.1 (45.6)
100 pg/ml 213 £ 13.6 (185) 125 4.4 17.0 = 5.5 (45.6)

® Value = SEM. () represents the percent activity compared to polybrene at 8 pg/ml.

Effect of protamine on the infectivity of human T lymphocytes

The retroviral vector SAX was incubated with human ADA-deficient T lym-
phocytes (TJF-2) in the presence of varying amounts of polycations. The level of
ADA activity conferred on unselected cells was used as an indication of infection
efficiency. The total ADA activity, cell number, and ADA activity per cell four
days after infection is presented in Table 2. The highest total ADA activity was
obtained when 10 ng/ml of protamine was used and was 83.3% of the activity ob-
tained with polybrene. The efficiency rate was not increased by using 5, 8 or 20
pg/ml of protamine (data not shown). The relative distribution of ADA activity
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Fig. 3. Effect of protamine sulfate on the growth and infection efficiency of TIJF-2 cells exposed to
the retroviral vector SAX. Total ADA activity represents the activity obtained from all cells present 4
days after infection of 1 X 10° TJF-2 cells. Total cell number represents the cell number obtained 4
days after infection. ADA activity per cell represents the total activity divided by the cell number. ADA
activity is expressed as the percent ADA activity obtained with 8 wg/ml of polybrene.
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for each concentration did not change when the duration of culture was extended
to 8 days (data not shown).

Increasing the concentration of protamine above 10 pg/ml led to a significant
decrease in the number of cells recovered after 4 days of culture (Fig. 3). Since
the initial infection was performed on a constant number of cells (1 X 10%), and
cells were not selected, the decrease in cell number is a reflection of polycation
toxicity. The toxic effects of polycation are similar for polybrene with 8 pg/ml giv-
ing the maximal recovery of total ADA and ADA activity per cell (data not shown).

Assuming the level of vector expression is not polycation dependent, ADA ac-
tivity per cell reflects the ratio of infected to uninfected cells, i.e. the infection ef-
ficiency. Total ADA activity is dependent on both the infection efficiency and the
amount of toxicity at a particular polycation concentration. As illustrated in Fig.
3, the ADA per cell peaks at 10 wg/ml and above this concentration the infection
efficiency decreases moderately but stabilizes. When considering the total ADA
we see a dramatic decrease with concentrations above 10 pg/ml which correlates
directly with the decreasing cell number. Therefore 10 pg/ml is the protamine con-
centration that maximizes infection efficiency and minimizes toxicity in this cell
type.

While the total ADA activity attained was 83% of that seen with polybrene, the
activity seen per cell represented only 67% of that obtained with polybrene. This
suggests that polybrene may have a slightly higher infection efficiency but is more
toxic. Toxicity studies of polybrene on TIF-2 cells support this contention (data
not shown).

To determine if the toxic effect was an immediate response, trypan blue viability
was performed on TJF-2 and 3T3 cells after a 2 hour incubation with polycation
(Table 3). Increasing the concentration of the polycation decreases the viability of
TJE-2 cells but not of 3T3 cells. In an attempt to decrease the toxicity, and pos-
sibly increase the infection efficiency, we added neutralizing doses of heparin at
the end of a 2 h TJF-2 cell infection. However, there was no improvement in the
viable cell count or in the amount of ADA activity recovered (data not shown).

TABLE 3

Trypan blue viability: 2 h exposure to polycation

Polycation TIF-2 (%) 3T3 (%)
none 90 98
polybrene — 8 pg/ml 90 98
protamine — 1 pg/ml 91 96

- 10 88 97

- 50 73 87

- 75 - 97

- 100 74 95
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TABLE 4

Neomycin phosphotransferase activity in CFU-S infected with N2 by cocultivation: effect of polycation

Polycation Positive/total (N) Positive (%)
polybrene 27/38 71
protamine 30/36 83
no polycation 12/21 57

Mouse bone marrow cells were cocultured for 20 h on {2 cells producing the N2 retroviral vector in
the presence of 8 pg/ml of polybrene, 10 pg/ml of protamine or no polycation.

Infection of mouse CFU-S by cocultivation: comparison of polycations

The effect of polycation on the efficiency of retroviral infection using the co-
cultivation technique was assessed by measuring the in vivo expression of the re-
troviral vector N2 in mouse spleen colony units (CFU-S). As indicated in Table 4
protamine was as effective as polybrene. Infection rates of CFU-S by supernate
infection were too low (<1%) to be useful for comparison.

Discussion

The polycation polybrene is routinely used to increase the infection efficiency of
both retroviruses and retroviral vectors in vitro. Using expression of retroviral
vectors as a measure of infection efficiency we have demonstrated that protamine
sulfate can be substituted for polybrene when infecting NIH 3T3 cells, human T
lymphocytes and mouse CFU-S. We have also examined a number of other cell
types with similar results (data not shown).

Dextran was initially used to increase murine retroviral infection (Duc-Nguyen
1968) but polybrene has been utilized more recently because of its lower toxicity
(Manning et al., 1971). The enhanced infections seen with these cations are pre-
sumably through a charge-mediated mechanism that affects virus absorption, pen-
etration or both (Kaplan et al., 1967; Toyoshima and Vogt, 1969). Protamine ap-
pears to function in a similar manner since combinations of polybrene and
protamine did not increase the efficiency of supernate infection.

The human T cell line TJF-2 showed maximal ADA activity consistently at 10
pg/ml of protamine and the total ADA produced in an unselected population of
TJIF-2 cells was 83% of that obtained with polybrene. Increasing the protamine
concentration above 10 pg/ml, and polybrene above 8 pg/ml, did not increase the
infection efficiency but did decrease the number of viable TIF-2 cells recovered.
Trypan blue exclusion revealed evidence of toxicity after a 2 h exposure to poly-
cation and the toxic effect was not reversed by heparin. NIH 3T3 cells did not
demonstrate this toxicity suggesting that different cell lines have different sensitiv-
ities to polycations. Despite the resistance of NIH 3T3 cells to the toxic effects,
increasing the concentration of polybrene above 8 pg/ml or protamine above 5
pg/ml did not increase their infection efficiency.

Cocultivation greatly increases the infection efficiency of murine CFU-S over in-
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fections by viral supernate. The addition of polycation in this system has only a
small effect on the infection efficiency suggesting that the mechanism of infection
may be different than when cell-free supernate is used. Meaningful comparison
between the presence or absence of polycation in CFU-S supernate infections was
not possible due to the low infection frequency.

When considering retroviral-mediated gene transfer as a means of treating ge-
netic diseases, the safety as well as the efficacy of the proposed procedure must be
considered (Anderson and Fletcher, 1980; Anderson, 1984). Potential risks should
be minimized and current guidelines for the preparation of biologic materials should
be used whenever possible. We have provided an alternative infection procedure
that replaces polybrene with a drug currently approved by the FDA for human
use. Protamine at a concentration of 5-10 pg/ml should be considered when plan-
ning human gene therapy protocols.
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