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‘We have previously shown that Chinese hamster ovary (CHO) cells are resistant to infection by gibbon ape
leukemia virus and amphotropic pseudotype retroviral vectors because of the secretion of factors that inhibit
retrovirus infection. Such factors were not secreted by any mouse or human cell lines tested. Secretion of the
inhibitors and resistance to infection are abrogated by treatment of CHO cells with the glycosylation inhibitor
tunicamycin. Here we show that the inhibitory activities against gibbon ape leukemia virus and amphotropic
viruses are partially separable and that glycosylation mutations in CHO cells mimic the effects of tunicamycin
treatment. We find that several hamster cell lines derived from both Chinese and Syrian hamsters secrete
inhibitors of retrovirus infection, showing that these inhibitors are not unique to the CHO cell line. Inhibitory
factors are also present in the sera of Chinese and Syrian hamsters but were not detected in bovine serum.
These results suggest the presence of specific factors that function to inhibit retrovirus infection in hamsters.

An important mechanism by which animals have evolved
resistance to retroviral pathogens involves the germ line
acquisition and expression of defective endogenous provi-
ruses to produce a state of resistance to infection by the
same and related retroviruses. Resistance to infection is
most often due to endogenous expression of viral envelope
(Env) proteins that bind to receptors used for virus entry,
resulting in an inhibition of receptor export to the cell
surface or interference with virus binding to receptors at the
cell surface. Examples of such defective endogenous provi-
ruses include the endogenous virus (ev) loci that confer
resistance to avian leukosis viruses in chickens (1, 33), the
endogenous murine virus (emv) and Fv-4 loci that confer
resistance to ecotropic murine leukemia viruses in mice (7,
14), and the Rmcf locus that confers resistance to mink cell
focus-forming virus in mice (3, 17, 34).

Mice carrying the Fv-4 locus (also known as Akvr-1)
provide a good example of this phenomenon. The germ line
provirus in these animals encodes an apparently intact Env
protein but is defective in the production of Gag and Gag-Pol
polyproteins because of a large deletion. In addition, virions
made from recombinant viruses constructed by using Molo-
ney murine leukemia virus (MoMuLV) gag-pol and Fv-4 env
genes carried Fv-4 Env protein but were noninfectious,
suggesting that the Fv-4 Env protein is defective and cannot
mediate virus entry into cells (24). As a result, the endoge-
nous Fv-4 provirus cannot directly contribute to endogenous
virus production. Synthesis of Env protein from this defec-
tive provirus has no apparent deleterious effect in mice and
thus represents an ideal strategy for prevention of early
events in retrovirus infection. Production of defective pro-
viruses is a frequent event in the normal course of retrovirus
infection (37) and would provide the starting material for the
selective pressure exerted by pathogenic retroviruses to fix
these proviruses in the germ line.

We have identified a factor that is secreted by Chinese
hamster ovary (CHO) cells and that blocks infection of these
cells by retroviral vectors pseudotyped with amphotropic or
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gibbon ape leukemia virus (GALV) Env proteins (28). The
block to infection and secretion of the inhibitory activity was
abolished by treatment of the cells with tunicamycin, an
inhibitor of N-linked glycosylation of protein. The block to
infection observed in cells that express endogenous Env
protein is also relieved by treatment with tunicamycin (32).
However, the CHO factor is secreted, unlike normal Env
proteins, and we have been unable to complement env™
retroviruses with the CHO factor. These results indicate at
least that this inhibitory factor is not an intact Env protein
and leave open the possibility that the factor is not an Env
protein at all.

Here we show that several hamster cell lines, including
normal diploid fibroblasts from Chinese hamsters, are resis-
tant to infection by vectors carrying GALV and amphotropic
envelope proteins. In addition, these cell lines secrete fac-
tors that inhibit GALV and amphotropic vector infection.
Inhibitory factors were also present in serum from both
Chinese and Syrian hamsters. These results indicate that
these inhibitory factors are not an artifact of the CHO cell
line and could represent a biologically important mechanism
of retroviral resistance.

MATERIALS AND METHODS

Cells and viruses. CHO-K1 cells (19) were a gift from Carol
Jones, Eleanor Roosevelt Institute for Cancer Research,
Denver, Colo. CHO cell-derived glycosylation mutants
CHO-Lec2 (ATCC CRL 1736) (10, 39) and CHO-Lec8
(ATCC CRL 1737) (9, 38, 39), the HPRT~ Chinese hamster
lung cell line E-36 (16), and BHK-21 (ATCC CCL 10) Syrian
hamster kidney cells were gifts from Maribeth Eiden, Na-
tional Institutes of Health, Bethesda, Md. Chinese hamster
lung fibroblast cell strains Dede (ATCC CCL 39) and Don
(ATCC CCL 16) were obtained from the American Type
Culture Collection, Rockville, Md. All hamster cells were
maintained in Ham’s F12 medium supplemented with 5%
fetal bovine serum. HeLa cells (15), NIH 3T3 (TK™) cells
(25), and retrovirus packaging cell lines were maintained in
Dulbecco’s modified Eagle’s medium containing 4.5 g of
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glucose per liter and supplemented with 10% fetal bovine
serum.

The MoMuL V-based retroviral vectors LNL (4), LNL6
(4), and LN (27) express the neo gene under the transcrip-
tional control of the MoMuLV promoter. These vectors are
all functionally identical for the purposes of this study and
will be referred to as neo vectors. For historical reasons,
different neo vectors were introduced into the different
packaging cell lines used here. Viral pseudotypes were
obtained by packaging these neo vectors in the following
packaging cell lines with the indicated host range: PG13 cells
(26), GALYV host range; PE501 cells (27), ecotropic host
range; and PA317 cells (25), amphotropic host range. Xeno-
tropic pseudotype virus was made by cotransfecting Mus
dunii tail fibroblasts (6) with cloned NZB xenotropic virus
(31) and the LNL neo vector and selecting the cells in G418.
Virus stocks were made by feeding confluent dishes of
virus-producing cells, harvesting the medium 16 to 24 h later,
filtering the virus, and storing it at —70°C.

Viral infections. All viral infections were performed in the
presence of 4 pug of Polybrene (Sigma) per ml. Unless
otherwise indicated, target cells were seeded at 10° per 6-cm
dish on day 1, fresh medium, virus, and polybrene were
added on day 2, and medium containing G418 (1 mg/ml for
CHO cells, 1.5 mg/ml for NIH 3T3 cells, and 2 mg/ml for
HelLa cells; the concentration indicates the total weight of
G418 powder, about half of which is active) was added on
day 3. Colonies were stained with Coomassie brilliant blue G
(Sigma; 1 gfliter in 40% methanol-10% acetic acid) and
counted on day 9. Results are expressed as averages from
duplicate dishes from a representative experiment. Values
from duplicate dishes generally varied by no more than 20%
(the maximum variation was 30%).

CHO cell infections performed after tunicamycin pretreat-
ment were carried out with 0.15 to 0.3 pg of tunicamycin
(Boehringer Mannheim, Indianapolis, Ind.) per ml (depend-
ing on the batch of tunicamycin). Cells were trypsinized and
seeded at 10° cells per 6-cm dish. At 4 h after seeding (after
cells had become adherent), tunicamycin was added. At19 h
after the addition of tunicamycin, the medium was removed
and fresh medium and virus were added.

Conditioned medium was prepared by exposure of culture
medium to confluent layers of cells for 24 h. Conditioned
medium could be added immediately before, during, or
immediately after the addition of virus in tunicamycin-
treated and untreated cell infection assays with similar
effects.

RESULTS

CHO cells secrete inhibitors of retrovirus infection that are
partially separable by size into two fractions. We have previ-
ously shown that culture medium conditioned by CHO cells
contains protein factors that inhibit CHO cell infection by
retroviral vectors pseudotyped with either amphotropic or
GALV Env proteins (28). Since these two viruses use
different receptors for entry into cells, it was difficult to
explain the result on the basis of the secretion of a single
factor. We therefore tried to resolve the two inhibitory
activities by gel filtration chromatography.

Serum-free medium conditioned for 24 h by confluent
layers of CHO cells was treated with 80% ammonium sulfate
to precipitate the inhibitory activity (28). This precipitate
was resuspended in 1 ml of serum-free medium and fraction-
ated over a Sephadex G-100 gel filtration column. Fractions
obtained from the column were tested for the ability to
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FIG. 1. Size fractionation of inhibitors of GALV and amphotro-
pic vector infection of CHO cells. Factors that inhibit retrovirus
infection were concentrated from serum-free medium conditioned
by CHO cells for 24 h by precipitation with 80% ammonium sulfate
and were fractionated over a Sephadex G-100 gel filtration column
as previously described (28). Samples of each 2-ml column fraction
from the same column run were assayed for the ability to inhibit
amphotropic or GALV pseudotype neo vector infection of tuni-
camycin-treated CHO cells. Samples of 200 pl were assayed for
inhibition of GALV vector infection, and 50-ul samples were
assayed for inhibition of amphotropic vector infection to compen-
sate for the higher sensitivity of amphotropic vectors to the inhibi-
tory factors. Inhibition of vector infection was calculated by divid-
ing the infection rate (CFU per milliliter) observed in the absence of
column fraction addition by that observed in the presence of the
column fraction addition. Bars indicate standard deviations of
duplicate samples, and the positions of protein size markers are
shown at the top of the figure. Results from one column fraction-
ation experiment are shown; a second experiment gave similar
results.

inhibit retrovirus infection of CHO cells treated with the
glycosylation inhibitor tunicamycin. Tunicamycin pretreat-
ment renders CHO cells susceptible to amphotropic vector
infection and improves the infection rate of GALV-pseudo-
typed vectors; therefore, all assays were performed by using
tunicamycin-treated CHO cells as targets for vector infec-
tion. Inhibition of infection was observed for a retroviral
vector pseudotyped with either GALV or amphotropic Env
proteins as described previously (28). These two inhibitory
activities were partially separable by gel filtration chroma-
tography (Fig. 1). The peak of inhibitory activity for vectors
pseudotyped with amphotropic Env corresponded to a mo-
lecular mass of 20 to 45 kDa. However, when the same
column fractions were assayed for inhibition of a vector
pseudotyped with GALV env, the inhibitory activity was
present in a different set of fractions corresponding to a
molecular mass of 45 to 70 kDa. These results suggest that
two or more secreted proteins are involved in the inhibition
of GALV and amphotropic vector infection of CHO cells
and presumably explain why two different viruses that use
different receptors for cell entry are affected.

Other hamster cell lines also secrete inhibitors of retrovirus
infection. To determine whether the secretion of inhibitors of
retrovirus infection is unique to CHO cells, we analyzed
several other independently isolated hamster cell lines. Dede
and Don cells are diploid lung fibroblast cells isolated from
female and male adult Chinese hamsters, respectively. The
E-36 cell line was derived from the V79 lung fibroblast cell
line (ATCC CCL 93) isolated from a male Chinese hamster.
BHK is a diploid kidney cell line derived from a male Syrian
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TABLE 1. Several hamster cell lines are resistant to retrovirus
infection and respond to inhibitors of retrovirus infection secreted

by CHO cells®
Amphotropic
vector titer_b GALYV vector .titel"'
Targets  (CFUMD with  yppipition  (CEUMD with  — popipision
cell conditioned (%) conditioned medium: (%)
medium:
Absent Present Absent Present
Dede <1 8.5 x 102 2.0 x 10> 64 = 16
Don 24 1.5 88 +7 1.0x 10* 5.4 x 10° 53 = 12
E-36 68 6.0 87+5 3.4x10*1.5x10* 58 +3
BHK <2 <5
CHO <1 8.7 x 10? 15 95 x5
HeLa 3 x 10°

NIH 3T3 5 x 10°

@ Target cells were infected with amphotropic or GALV pseudotype neo
vectors in the presence or absence of 1 ml of conditioned medium from CHO
cells, and G418-resistant colony formation was measured.

b Vector titers are averages of duplicate dishes in a representative experi-
ment.

€ Values for inhibition of infection are means and standard deviations for
two or three independent experiments.

hamster. These cell lines were tested for their susceptibility
to vector infection, assayed for sensitivity to the factors
secreted by CHO cells, and screened for production of
activities which inhibit retroviral infection.

The hamster cells were resistant to infection by vectors
pseudotyped with ecotropic, xenotropic, amphotropic, and
GALYV Env proteins (Table 1; data not shown). A dramatic
resistance to amphotropic vector infection was observed in
comparison with infection rates in susceptible NIH 3T3 cells
(Table 1, first data column), whereas infection by GALV
pseudotype vector was less severely affected in comparison
with infection rates in susceptible HeLa cells (Table 1,
fourth data column). Tunicamycin treatment increased the
susceptibility of Dede, Don, and E-36 cells to vectors
pseudotyped with amphotropic Env and increased the sus-
ceptibility of Dede and Don cells to vectors pseudotyped
with GALV Env (data not shown). Tunicamycin treatment
had no effect on GALV vector infection of E-36 cells,
presumably because E-36 cells were already relatively sus-
ceptible to GALYV vector infection (data not shown). This
pattern of resistance to retrovirus infection, which can be
abrogated by exposure of the cells to tunicamycin, is similar
to results previously obtained with CHO cells (28).

Infection of hamster cells with vectors pseudotyped by
amphotropic or GALV Env could be inhibited by addition of
medium conditioned by CHO cells (Table 1). We observed
about a 10-fold decrease for the amphotropic vector in Don
and E-36 cells and a 2- to 3-fold decrease for the GALV
vector in Dede, Don, and E-36 cells. The amphotropic
vector did not infect Dede and BHK cells, and the GALV
vector did not infect BHK cells. These results show that
Dede, Don, and E-36 hamster cells respond to factors
secreted by CHO cells which inhibit GALV vector infection
and that Don and E-36 cells respond to factors which inhibit
amphotropic vector infection.

We next tested conditioned medium from Dede, Don,
E-36, and BHK hamster cells for the presence of a factor(s)
that could inhibit retrovirus infection of CHO cells (Table 2).
All of these hamster cell lines secreted inhibitors of ampho-
tropic vector infection. Dede, Don, and BHK cells secreted
inhibitors of GALYV vector infection, but the E-36 cells did
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TABLE 2. Several hamster cell lines secrete factors that inhibit
retrovirus infection of CHO cells®

Source of Amphotropic neo Inhibition GALYV neo Inhibition
conditioned vector titer %) vector titer (%)
medium (CFU/mly (% (CFU/ml) g
None 340 3 x 10°
Dede <10 >97 2 x 10? 93
Don <10 >97 1 x 10? 97
E-36 50 85 4 x 10°
BHK 115 66 1.5 x 10° 50
CHO <10 >97 60 98

% CHO cells were infected with amphotropic or GALV pseudotype neo
vectors in the presence or absence of 1 ml of medium conditioned by the
indicated cells for 24 h, and G418-resistant colony formation was measured.
Results are average values from duplicate dishes in a representative experi-
ment.

® For measurement of amphotropic vector titer, the CHO cells were treated
with 0.15 pg of tunicamycin per ml for 19 h prior to infection.

not secrete such inhibitors. These results indicate that nor-
mal diploid low-passage hamster lung fibroblasts can secrete
retrovirus infection inhibitors with activities similar to those
secreted from CHO cells. Thus the secretion of factors that
inhibit retrovirus infection is not a unique property of CHO
cells, perhaps because of the long passage history or trans-
formed phenotype of these cells.

Mutations in the glycosylation pathway of CHO cells in-
crease their susceptibility to retroviral infection. CHO cells
become susceptible to infection by most murine retroviruses
after treatment with the glycosylation inhibitor tunicamycin
and no longer secrete inhibitors of retrovirus infection,
suggesting that glycosylation of the inhibitors of infection is
necessary for their secretion or for their inhibitory activity
(28). To better establish the role of glycosylation in the
production of the inhibitory factors, we examined retrovirus
infection in two glycosylation mutants derived from CHO
cells. These CHO cell mutants have been selected for the
ability to grow in the presence of the plant lectin wheat germ
agglutinin (39), and they have decreased ability to transport
precursors of protein glycosylation (CMP-sialic acid [CHO-
Lec2] [10] or UDP-galactose [CHO-Lec8] [9]) into Golgi
vesicles. The Lec8 mutation is more pleiotropic because
incorporation of galactose is necessary for protein sialyla-
tion.

Both CHO-Lec2 and Lec8 glycosylation mutants were
much more susceptible to infection by vectors carrying a
variety of Env proteins than were the parental CHO cells
(Table 3). The CHO-Lec8 cells were more susceptible to

TABLE 3. Mutations that inhibit glycosylation in CHO cells
relieve the block to retroviral infection

Vector titer (CFU/ml) on:

Vector
pseudotype CHO-Lec2 CHO-Lec8 CHO
GALV 1 x 10° 1 x 10° 3 x 10°
Amphotropic 4 x 10* 3 x 10° <1
Ecotropic 50° 5 x 10* <1
Xenotropic 2 x 10* 1x 10° 1

@ Target cells were infected with neo vectors having the indicated pseudo-
type, and colony formation was measured. Results are average values from
duglicate dishes in a representative experiment.

The vector has an apparent titer of 9 x 10* CFU/ml when assayed on
CHO-Lec2 cells treated for 19 h prior to infection with 0.15 pg of tunicamycin
per ml.



VoL. 67, 1993

TABLE 4. Assay of CHO glycosylation mutants for production
of inhibitors of retrovirus infection®

Cells used
cgz;;t‘;:;t:g d to assay Vector Vteitqet:)r Inhibition
medium “:lhcltli):'ti(t)yry pseudotype (CFU/ml)® (%Y

None CHO GALV 5,000

CHO-Lec8 CHO GALV 5,000 2%3
CHO-Lec2 CHO GALV 4,000 12+11
CHO CHO GALV 200 9% +9
None CHO + Tun? Amphotropic 440

CHO-Lec8 CHO + Tun  Amphotropic 300 313
CHO-Lec2 CHO + Tun Amphotropic 110 72 x4
CHO CHO + Tun Amphotropic 5 99.2 = 0.5

% CHO cells were infected with amphotropic or GALV pseudotype neo
vectors in the presence or absence of 1 ml of medium conditioned by the
indicated cells for 24 h, and G418-resistant colony formation was measured.

® Vector titer values are averages of duplicate dishes in a representative
experiment.

€ Values for inhibition of infection are means and standard deviations for
two independent experiments.

< Tun indicates that the CHO cells were treated with tunicamycin prior to
infection.

infection than the CHO-Lec2 cells were, especially for the
ecotropic vector, in congruence with the more comprehen-
sive glycosylation mutation present in the CHO-Lec8 cells.
Treatment of the CHO-Lec2 cells with tunicamycin before
ecotropic vector infection increased the apparent titer of the
vector to 9 x 10* CFU/ml (data not shown), indicating that
the remaining inhibition of infection observed is due to
residual glycbsylation in the cells and not to some unrelated
blockage to ecotropic vector infection. In summary, muta-
tions in the glycosylation pathway of CHO cells render the
cells more susceptible to retrovirus infection, an effect
similar to that observed with the glycosylation inhibitor
tunicamycin.

CHO glycosylation mutants do not secrete an inhibitor of
GALYV vector infection, and they secrete reduced levels of
inhibitors of amphotropic vector infection. We tested the
ability of medium conditioned by CHO-Lec8 and CHO-Lec2
cells to inhibit the infection of CHO cells by amphotropic or
GALY pseudotype vectors (Table 4). As expected from their
high susceptibility to GALV vector infection, neither CHO-
Lec2 or CHO-Lec8 cells produced an activity which inhib-
ited infection of CHO cells by the GALYV vector, whereas
medium from CHO cells inhibited infection by 10-fold.
Likewise, medium conditioned by CHO-LecS8 cells had little
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effect on amphotropic vector infection of tunicamycin-
treated CHO cells, whereas medium from CHO cells inhib-
ited infection by 99%. Medium conditioned by CHO-Lec2
cells inhibited amphotropic vector infection of tunicamycin-
treated CHO cells by 72%. As with ecotropic vector infec-
tion, the ability of CHO-Lec2 cells to partially glycosylate
protein has presumably allowed secretion of small amounts
of active inhibitor into medium conditioned by these cells.

Infection of CHO-Lec2 and CHO-Lec8 cells is inhibited by
conditioned medium from CHO cells. To distinguish between
reduced production of inhibitory factor(s) by the CHO
glycosylation mutants and the inability of the mutants to
respond to the inhibitory proteins, we tested the sensitivity
of the CHO mutants to inhibitory factors secreted by wild-
type CHO cells. Infection of CHO-Lec2 or CHO-Lec8 cells
with vectors pseudotyped with amphotropic Env was inhib-
ited substantially, about fivefold on average (Table 5). Infec-
tion with a GALV-pseudotype vector was inhibited by about
twofold. We observed a less-than-twofold inhibitory effect
on xenotropic vector infection and essentially no effect on
ecotropic vector infection. We hypothesize that the reduced
ability of CHO cell-conditioned medium to inhibit infection
of the CHO-Lec mutants (Table 5) in comparison with CHO
cells (Table 4) is due to very low levels of inhibitory factor
production by the CHO-Lec mutants (Table 4), which would
supplement the activity of exogenous factors added to the
infection assay. These results show that the CHO-Lec
mutants are still sensitive to inhibitors of amphotropic and
GALYV vector infection.

Sera from Chinese and Syrian hamsters inhibit amphotropic
vector infection of tumicamycin-treated CHO cells. On the
basis of the results that several hamster cell lines derived
from different hamster tissues secrete inhibitors of retrovirus
infection, we tested hamster sera for similar inhibitory
activities. Both Chinese and Syrian hamster sera inhibited
amphotropic vector infection of tunicamycin-treated CHO
cells but had no effect on GALYV or ecotropic vector infec-
tion of CHO cells with or without tunicamycin pretreatment
(Table 6). The inhibitory effect on amphotropic vector infec-
tion was dose dependent (shown for Syrian hamster serum in
Fig. 2). Inhibition of amphotropic vector infection was not
due to nonspecific toxicity of the serum against CHO cells,
since both GALV and ecotropic infection rates were unaf-
fected by the presence of hamster serum. Amphotropic and
GALYV vector infection of HeLa cells was not significantly
affected by the presence of hamster sera; therefore, the
inhibitor of amphotropic vector infection apparently does
not interact directly with virions to inhibit infection. These

TABLE 5. Infection of CHO-Lec2 and CHO-LecS8 cells is inhibited by the addition of medium conditioned by CHO cells®

Vector titer (CFU/ml) on CHO-

Vector titer (CFU/ml) on CHO-

Vector Lec2® with conditioned Inhibition with conditioned Inhibition
pseudotype medium: (%) medium: (%)
Absent Present Absent Present
GALV 2 x 10° 9 x 10* 46 = 12 3 x 10° 1 x 10° 50 = 14
Amphotropic 3 x 10* 4 x 10° 77 =+ 13 1x 10° 1 x 10* 78 + 14
Ecotropic NA4 NA NA S x 10* 5 x 10* 10+ 6
Xenotropic 2 x 10* 9 x 10° 47 7 1 x 10° 7 x 10* 25+ 19

¢ CHO-Lec2 or CHO-Lec8 cells were infected with neo vectors having the indicated pseudotypes in the presence or absence of 1 ml of medium conditioned

by CHO cells, and G418-resistant colony formation was measured.

® Vector titers are averages of duplicate dishes in a representative experiment.
¢ Values for inhibition of infection are means and standard deviations for three independent experiments.

4 NA, not applicable (CHO-Lec2 cells are infected very poorly with vectors having an ecotropic pseudotype).
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TABLE 6. Hamster sera inhibit amphotropic but not GALV pseudotype neo vector infection of tunicamycin-treated CHO cells”

Cells used Vector titer (CFU/ml)® with "
. to assay Vector additional serum: Inhibition

Additional serum inhibitory pseudotype (%)°
activity Absent Present
Syrian hamster serum CHO GALV 1 x 10* 1 x 10
CHO + Tun? GALV 5 x 10° 5 x 10°

CHO + Tun Amphotropic 6 x 10% <10 >98
CHO + Tun Ecotropic 4 x 10* 4 x 10*
HeLa GALV 3 x 10° 5 x 10°
HeLa Amphotropic 3 x 10° 3 x 10°
Chinese hamster serum CHO GALV 1 x 10* 1 x 10*
CHO + Tun GALV 3 x 10° 3 x 10°

CHO + Tun Ampbhotropic 1x 10° 15 >98
CHO + Tun Ecotropic 2 x 10* 2 x 10*
HeLa GALV 3 x 10° 6 x 10°
HeLa Amphotropic 3 x 10° 2 x 10°
Fetal bovine serum CHO + Tun Amphotropic 1x 10° 2 x 10°

2 The indicated target cells were infected with amphotropic or GALV pseudotype neo vectors in culture medium containing 5% fetal bovine serum (additional
serum absent) or 5% fetal bovine serum plus 12.5% Syrian hamster serum, 5% fetal bovine serum plus 5% Chinese hamster serum, or 30% fetal bovine serum

(additional serum present), and G418-resistant colony formation was measured.

® Results are average values from duplicate assays.
¢ Inhibition is reported only when over 50%.

4 Tun indicates that the cells were treated with tunicamycin prior to infection.

results show that Chinese and Syrian hamsters produce a
factor(s) that inhibits hamster cell infection by amphotropic
retroviruses and that may be related to the activity secreted
by cultured hamster cells.

DISCUSSION

We have shown here that several hamster cell lines secrete
factors that inhibit GALV and amphotropic retrovirus infec-
tion of hamster cells and that hamster serum contains an
inhibitor of amphotropic retrovirus infection. The most
likely identity of the retroviral infection inhibitors described
here is that they are retroviral Env proteins synthesized from
endogenous hamster proviruses. Secretion of these inhibi-
tors by cultured hamster cells and their appearance in the
sera of hamsters could be due to dissociation or cleavage of

100 |

Apparent vector titer (CFU/ml)
g

%.0 0.1 0.‘2 0.‘3 0.4 0.5 0.6
Hamster serum added (ml)

FIG. 2. Addition of Syrian hamster serum inhibits amphotropic
neo vector infection of tunicamycin-treated CHO cells. Tunicamy-
cin-pretreated CHO cells were infected with amphotropic neo virus
in the presence of various amounts of Syrian hamster serum, and
G418-resistant colony formation was measured. Results are average
values from duplicate dishes in a representative experiment.

the amino terminus (SU) from the membrane-anchoring
carboxy terminus (TM) of the Env protein or to the synthesis
of a truncated Env protein that is secreted freely because of
lack of a carboxy-terminal membrane anchor. Env antigens
can be detected in the sera of mice (11, 20, 40) and are
secreted by mouse cells in culture (5, 13), and purified SU
protein of a mouse virus (gp71 from Friend murine leukemia
virus) can inhibit retrovirus infection of mouse cells (35),
making this hypothesis plausible. However, our results
suggest at least that these inhibitory factors are not func-
tional Env proteins, since introduction of a retroviral Gag-
Pol expression construct and a retroviral vector into hamster
cells did not result in production of infectious virions (28). In
addition, it is surprising that the inhibitory factors described
here block only infection of hamster cells and not infection
of mouse or human cells, whereas the normal Env proteins
of the viruses that are blocked (amphotropic and GALV
pseudotype viruses) allow virus binding to and infection of a
wide range of mammalian and avian cells (26).

Human serum can lyse retrovirus virions in an antibody-
independent manner (41) that is initiated by complement
component Clq binding to the p15E portion of the retroviral
Env protein (2, 8). Retroviruses are also lysed by ape,
monkey, and cat sera but not by calf, sheep, swine, guinea
pig, rat, mouse, or chicken sera (36, 42). Complement-
mediated lysis of all retrovirus pseudotypes used here,
including ecotropic, xenotropic, amphotropic, and GALV
pseudotypes, has been documented (2, 8, 36, 41, 42). How-
ever, we can rule out a role for hamster complement in the
experiments described here. The inhibitory activities present
in hamster sera inhibit retrovirus infection only of hamster
cells but not human cells (Table 6). If complement-mediated
lysis of retrovirus virions were involved, infection rates in
both cell types should be decreased. In addition, our previ-
ous work showed a similar result for the inhibitory activity
secreted by CHO cells, which inhibited infection only of
hamster cells but not infection of mouse or human cells (28).
Therefore, hamster complement is not responsible for the
inhibition of retrovirus infection that we observe. Although
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we have not directly shown the presence of active comple-
ment in our hamster sera, the sera were prepared in a
manner that should preserve complement activity. There-
fore, it is likely that hamster complement does not directly
lyse the retroviruses used here, similar to the results ob-
tained with sera from other closely related rodents such as
rats and mice (36, 42).

An inhibitor of retrovirus infection is produced by cells
cultivated from New Zealand Black (NZB) mice (21, 22).
Production of the NZB inhibitor is related to the production
of xenotropic virus from these cells, because the inhibitor is
not produced by uninfected mouse cells but is produced by
human cells infected with xenotropic virus. This inhibitor of
retrovirus infection has some of the properties associated
with the inhibitors described here but appears to act after
virus penetration, perhaps at the level of reverse transcrip-
tion of viral RNA (21). In contrast, the virus infection
inhibitors described here act at the level of virus penetration
mediated by specific Env proteins. For example, a dramatic
inhibitory effect on virus infection of CHO cells is observed
for vectors with GALV or amphotropic Env proteins, but
little inhibition of CHO cell infection by otherwise identical
vectors with ecotropic or xenotropic Env surface proteins is
observed (28).

Other inhibitors of retrovirus infection that appear to
neutralize virions directly have been found in the sera of
mice. These include a factor named oncornavirus-inactivat-
ing factor, which has an apparent molecular mass of 10,000
kDa (12, 29, 30) and another factor with an apparent molec-
ular mass of less than 30 kDa (23). These factors appear
unrelated to the inhibitors described here that do not have a
direct effect on virions (28), and do not appear to be related
to retroviral Env proteins.

Although results presented here for experiments with
hamsters and previous results with mice suggest a protective
effect of endogenous expression of inhibitors of retrovirus
infection, in general it is not clear whether these effects are
cell autonomous or can extend to other cells in animals that
do not express the inhibitor. In this regard, irradiated Fv-4*
mice receiving transplants of mixtures of marrow from
Fv-47 (resistant) and Fv-4~ (sensitive) mice were susceptible
to Friend MuLV-induced disease when as little as 10% of the
transplanted cells were from Fv-4- mice (18). Presumably,
the virus replicates and causes disease only in the Fv-4~
marrow cells. This experiment shows that an excess of cells
expressing the Fv-4 locus does not protect cells in the same
animal that do not express the locus, arguing for the cell-
autonomous nature of the inhibition to retrovirus infection.
In contrast, our data argue that the inhibitors of retrovirus
infection from hamsters should act in frans to protect cells
that cannot make the factor, and they suggest a more
effective strategy for blocking retrovirus infection.

ACKNOWLEDGMENTS

We thank Maxine Linial and Larry Rohrschneider for comments
on the manuscript.

This work was supported by grants from the National Institutes of
Health (A.D.M.) and by a Medical Scientist Training Grant from the
University of Washington (D.G.M.).

REFERENCES

1. Baker, B., H. Robinson, H. E. Varmus, and J. M. Bishop. 1981.
Analysis of endogenous avian retrovirus DNA and RNA: viral
and cellular determinants of retrovirus gene expression. Virol-
ogy 114:8-22.

2. Bartholomew, R. M., A. F. Esser, and H. J. Muller-Eberhard.

RETROVIRUS INFECTION INHIBITOR IN HAMSTERS 5351

1978. Lysis of oncornaviruses by human serum: isolation of the
viral complement (C1) receptor and identification as p15E. J.
Exp. Med. 147:844-853.

3. Bassin, R. H., S. Ruscetti, I. Ali, D. K. Haapala, and A. Rein.
1982. Normal DBA/2 mouse cells synthesize a glycoprotein
which interferes with MCF virus infection. Virology 123:139-
151.

4. Bender, M. A., T. D. Palmer, R. E. Gelinas, and A. D. Miller.
1987. Evidence that the packaging signal of Moloney murine
leukemia virus extends into the gag region. J. Virol. 61:1639-
1646.

5. Bolognesi, D. P., A. J. Langlois, and W. Schafer. 1975. Polypep-
tides of mammalian oncornaviruses. IV. Structural components
of murine leukemia virus released as soluble antigens in cell
culture. Virology 68:550-555.

6. Chattopadhyay, S. K., M. R. Lander, S. Gupta, E. Rands, and
D. R. Lowy. 1981. Origin of mink cytopathic focus-forming
(MCF) viruses: comparison with ecotropic and xenotropic mu-
rine leukemia virus genomes. Virology 113:465-483.

7. Coffin, J. 1984. Endogenous viruses, p. 1109-1203. In R. Weiss,
N. Teich, H. Varmus, and J. Coffin (ed.), RNA tumor viruses:
molecular biology of tumor viruses, vol. 1, 2nd ed. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

7a.Coffin, J. 1984. Endogenous viruses, p. 357-404. In R. Weiss,
N. Teich, H. Varmus, and J. Coffin (ed.), RNA tumor viruses:
molecular biology of tumor viruses, vol. 2, 2nd ed. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

8. Cooper, N. R., F. C. Jensen, R. M. Welsh, Jr., and M. B.
Oldstone. 1976. Lysis of RNA tumor viruses by human serum:
direct antibody-independent triggering of the classical comple-
ment pathway. J. Exp. Med. 144:970-984.

9. Deutscher, S. L., and C. B. Hirschberg. 1986. Mechanism of
galactosylation in the Golgi apparatus. J. Biol. Chem. 261:96—
100.

10. Deutscher, S. L., N. Nuwayhid, P. Stanley, E. 1. B. Briles, and
C. B. Hirschberg. 1984. Translocation across Golgi vesicle
membranes: a CHO glycosylation mutant deficient in CMP-
sialic acid transport. Cell 39:295-299.

11. Elder, J. H., F. C. Jensen, M. L. Bryant, and R. A. Lerner. 1977.
Polymorphism of the major envelope glycoprotein (gp70) of
murine C-type viruses: virion associated and differentiation
antigens encoded by a multi-gene family. Nature (London)
267:23-28.

12. Fischinger, P. J., J. N. Ihle, D. P. Bolognesi, and W. Schafer.
1976. Inactivation of murine xenotropic oncornavirus by normal
mouse sera is not immunoglobulin-mediated. Virology 71:346—
351.

13. Fischinger, P. J., H. J. Thiel, J. N. Ihle, J. C. Lee, and J. H.
Elder. 1981. Detection of a recombinant murine leukemia virus-
related glycoprotein on virus-negative thymoma cells. Proc.
Natl. Acad. Sci. USA 78:1920-1924.

14. Gardner, M. B., C. A. Kozak, and S. J. O’Brien. 1991. The Lake
Casitas wild mouse: evolving genetic resistance to retroviral
disease. Trends Genet. 7:22-27.

15. Gey, G. O., W. D. Coffman, and M. T. Kubicek. 1952. Tissue
culture studies of the proliferative capacity of cervical carci-
noma and normal epithelium. Cancer Res. 12:264.

16. Gillin, F. D., D. J. Roufa, A. L. Beaudet, and C. T. Caskey. 1972.
8-Azaguanine resistance in mammalian cells. I. Hypoxanthine-
guanine phosphoribosyltransferase. Genetics 72:239-252.

17. Hartley, J. W., R. A. Yetter, and H. C. Morse I1I. 1983. A mouse
gene on chromosome 5 that restricts infectivity of mink cell
focus-forming recombinant murine leukemia viruses. J. Exp.
Med. 158:16-24.

18. Ikeda, H., and T. Odaka. 1979. Expression of Fv-4 allele in
hematopoietic cells from G mice resistant to Friend leukemia
virus. Int. J. Cancer 23:514-518.

19. Kao, F. T., and T. T. Puck. 1968. Genetics of somatic mamma-
lian cells. VII. Induction and isolation of nutritional mutants in
Chinese hamster cells. Proc. Natl. Acad. Sci. USA 60:1275-
1281.

20. Lerner, R. A., C. B. Wilson, B. C. Villano, P. J. McConahey,
and F. J. Dixon. 1976. Endogenous oncornaviral gene expres-



5352

21.

22.

23.

24.

26.

27.

29.

30.

31.

MILLER AND MILLER

sion in adult and fetal mice: quantitative, histologic, and phys-
iologic studies of the major viral glycoprotein, gp70. J. Exp.
Med. 143:151-166.

Levy, J. A. 1975. Type C virus inhibitor associated with cells
cultivated from New Zealand black mice. Perspect. Virol.
9:207-214.

Levy, J. A., J. C. Chermann, C. Jasmin, and M. Raynaud. 1973.
Demonstration of an antiviral substance in the culture medium
of cells of the NZB mouse [Fre]. C.R. Acad. Sci. Ser. D
277:1421-1423.

Levy, J. A., J. N. Ihle, O. Oleszko, and R. D. Barnes. 1975.
Virus-specific neutralization by a soluble non-immunoglobulin
factor found naturally in normal mouse sera. Proc. Natl. Acad.
Sci. USA 72:5071-5075.

Masuda, M., and H. Yoshikura. 1990. Construction and charac-
terization of recombinant Moloney murine leukemia viruses
bearing the Fv-4 env gene. J. Virol. 64:1033-1043.

. Miller, A. D., and C. Buttimore. 1986. Redesign of retrovirus

packaging cell lines to avoid recombination leading to helper
virus production. Mol. Cell. Biol. 6:2895-2902.

Miller, A. D., J. V. Garcia, N. von Suhr, C. M. Lynch, C.
Wilson, and M. V. Eiden. 1991. Construction and properties of
retrovirus packaging cells based on gibbon ape leukemia virus.
J. Virol. 65:2220-2224.

Miller, A. D., and G. J. Rosman. 1989. Improved retroviral
vectors for gene transfer and expression. BioTechniques 7:980—
990

. Miller, D. G., and A. D. Miller. 1992. Tunicamycin treatment of

CHO cells abrogates multiple blocks to retroviral infection, one
of which is due to a secreted inhibitor. J. Virol. 66:78-84.
Montelaro, R. C., P. J. Fischinger, S. B. Larrick, N. M. Dunlop,
J. N. Ihle, H. Frank, W. Schafer, and D. P. Bolognesi. 1979.
Further characterization of the oncornavirus inactivating factor
in normal mouse serum. Virology 98:20-34.

Nara, P. L., N. M. Dunlop, W. G. Robey, R. Callahan, and P. J.
Fischinger. 1987. Lipoprotein-associated oncornavirus-inacti-
vating factor in the genus Mus: effects on murine leukemia
viruses of laboratory and exotic mice. Cancer Res. 47:667-672.
O’Neill, R. R., C. E. Buckler, T. S. Theodore, M. A. Martin, and

32.

33.

34.

35.

36.

37.

38.

39.

41.

42.

J. VIROL.

R. Repaske. 1985. Envelope and long terminal repeat sequences
of a cloned infectious NZB xenotropic murine leukemia virus.
J. Virol. 53:100-106.

Rein, A., A. M. Schultz, J. P. Bader, and R. H. Bassin. 1982.
Inhibitors of glycosylation reverse retroviral interference. Vi-
rology 119:185-192.

Robinson, H. L., S. M. Astrin, A. M. Senior, and F. H. Salazar.
1981. Host susceptibility to endogenous viruses: defective,
glycoprotein-expressing proviruses interfere with infections. J.
Virol. 40:745-751.

Ruscetti, S., L. Davis, J. Feild, and A. OIliff. 1981. Friend murine
leukemia virus-induced leukemia is associated with the forma-
tion of mink cell focus-inducing viruses and is blocked in mice
expressing endogenous mink cell focus-inducing xenotropic
viral envelope genes. J. Exp. Med. 154:907-920.

Schafer, W., P. J. Fischinger, J. J. Collins, and D. P. Bolognesi.
1977. Role of carbohydrate in biological functions of Friend
murine leukemia virus gp71. J. Virol. 21:35-40.

Sherwin, S. A., R. E. Benveniste, and G. J. Todaro. 1978.
Complement-mediated lysis of type-C virus: effect of primate
and human sera on various retroviruses. Int. J. Cancer 21:6-11.
Shields, A., O. N. Witte, E. Rothenberg, and D. Baltimore. 1978.
High frequency of aberrant expression of Moloney murine
leukemia virus in clonal infections. Cell 14:601-609.

Stanley, P. 1981. Selection of specific wheat germ agglutinin-
resistant (Wga®) phenotypes from Chinese hamster ovary cell
populations containing numerous lec® genotypes. Mol. Cell.
Biol. 1:687-696.

Stanley, P., and L. Siminovitch. 1977. Complementation be-
tween mutants of CHO cells resistant to a variety of plant
lectins. Somatic Cell Genet. 3:391-405.

. Strand, M., and J. T. August. 1976. Oncornavirus envelope

glycoprotein in serum of mice. Virology 75:130-144.

Welsh, R. M., Jr., N. R. Cooper, F. C. Jensen, and M. B. A.
Oldstone. 1975. Human serum lyses RNA tumor viruses. Nature
(London) 257:612-614.

Welsh, R. M., Jr., F. C. Jensen, N. R. Cooper, and M. B.
Oldstone. 1976. Inactivation and lysis of oncornaviruses by
human serum. Virology 74:432-440.



