Since the pathogenesis of acute rheu-
matic fever is largely unexplained, the
significance of this increased adherence
remains conjectural. Increased adher-
ence may be necessary to prolong infec-
tion or to promote colonization with a
critical mass of bacteria, factors that
may be necessary for the induction of
acute rheumatic fever. Since bacterial
adherence is a cell surface phenomenon,
the increased adherence of pharyngeal
cells of certain individuals may reflect a
relation between surface components of
host cells and of streptococci, which in
turn, may be important in the immuno-
logic cross-reactivity which has been im-
plicated in the pathogenesis of acute
rheumatic fever. Certain similarities of
cell surface components of patients with
acute rheumatic fever, namely HLA
(histocompatibility) and blood groups,
have been investigated with equivocal
results (I13). Perhaps another cell surface
component, yet to be identified, is im-
portant in this regard.
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Genomic Masking of Nondefective Recombinant

Murine Leukemia Virus in Moloney Virus Stocks

Abstract. HIX virus cloned from Moloney leukemia virus stocks is a nondefective,
leukemogenic, and amphotropic murine oncornavirus with a recombinant-type major
glycoprotein. Although Moloney leukemia virus stocks generally contain little or no
free amphotropic virus, dilution analysis of several virus stocks and the examination
of virus progeny from individual foci revealed that HIX virus is present and function-
ally coated with ecotropic Moloney virus envelopes. Because most mice have serum
factors that inactivate recombinant viruses, masking may represent a general surviv-
al mechanism for HIX as well as other analogous recombinant viruses.

Moloney murine leukemia virus (M-
MuLV) passed in mouse cells can con-
tain at least three kinds of nondefective
murine oncornaviruses: typical ecotrop-
ic M-MuLV, xenotropic murine oncor-
navirus (MuX), and an amphotropic re-
combinant virus (HIX) that shares M-
MuLV and MuX information (/). HIX
virus breeds true in both mouse and non-
murine cells, and contains antigenic de-
terminants of the group-specific antigen
(gag) region, which are type-specific for
M-MuLV (I, 2). The major glycoprotein
(gp71) is neither eco-, xeno, or wild
mouse amphotropic type as analyzed by
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interference properties, specific neutral-
ization, and peptide maps. Partial rela-
tionships of HIX gp71 to both MuX and
M-MuLV were observed by the above
procedures (/-3). HIX virus was cloned
by multiple cycles of focal and limiting
dilution isolation, was grown in feline
embryo fibroblast (FEF) cells, and was
inoculated into newborn mice and cats.
In several strains of mice, lymphomas
were observed 2 to 3 months after in-
oculation. On the basis of the clinical
syndrome and histopathology, these
lymphomas were indistinguishable from
the original M-MuLV-induced disease

“, 5). Extracts of leukemic organs con-
tained high titers of virus with ampho-
tropic properties. Further analysis of en-
velope properties and the genetic con-
tent of many individual infectious units
of tumor-derived virus revealed that the
only detectable virus in tumors was HIX
©).

Because leukemogenic HIX was iso-
lated from M-MuLV stocks, we reexam-
ined several questions. (i) Do M-MuLV-
induced lymphomas contain HIX virus?
Previously M-MuLV stocks were found
to contain little or no detectable ampho-
tropic virus (I, 2, 6, 7). (ii) Can HIX vi-
rus arise regularly by de novo recombi-
nation? (iii) I's the recombinant virus the
actual leukemogenic agent in M-MuLV
stocks? A similar virus has been isolated
from lymphomas of AKR mice, and ap-
peared to be a recombinant of AKR-
MuLV and MuX; it was postulated to be
the actual leukemogenic virus of AKR
mice (8). Because this recombinant virus
(MCF) could not be isolated in free form
from AKR-MuLV stocks, the answers to
the above questions could contribute to
our understanding of virus participation
in murine leukemia. Our examination of
several lymphoma- and tissue culture-
derived stocks of M-MuLV revealed that
HIX virus was present in uncloned virus
populations, but in a masked form.
Single infectious units of HIX could be
coated with ecotropic envelopes, giving
the impression on assays that no virus
with Xxenotropic properties existed in
such stocks.

Several stocks of M-MuLV from NIH
Swiss and BALB/c mouse lymphomas
induced by the IC isolate (termed IC) of
M-MuLV were reexamined for the pres-
ence of virus that could be detected in
nonmurine cells @). Assays for murine
ecotropic and Xxenotropic viruses were
performed in mouse or cat sarcoma-posi-
tive leukemia-negative (S+L—) cells (9,
10). Previously BALB/c lymphoma-de-
rived M-MuLV (ICXB) had no detect-
able HIX-type virus. Because HIX virus
was very susceptible to virus-inacti-
vating factor found in normal mouse
serums (MSF), it appeared possible that
recombinant virus was already inacti-
vated (I, 11, 12). The NIH Swiss strain
of mice was unusual in that no MSF was
detectable in the serum (/2). Virus from
extracts of NIH Swiss mouse tumors in-
duced by the IC isolate of M-MuLV
(ICXN) more than 8 years ago was also
reexamined ). The ICXN isolate was
used to generate lymphomas in BALB/c
mice. Both tumor-derived virus stocks
had high titers of ecotropic M-MuLV
(Table 1). ICXN had obvious xenotropic
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virus that produced typical HIX-type
syncytial foci in cat 81 S+L~— cells, but
the ICXB stocks had no detectable virus
in cat 81 cells (5, 10). However, the origi-
nal HIX virus was isolated from 3T3FL
mouse cells inoculated initially with
ICXB virus (/). Accordingly, two stocks
of virus from 3T3FL cells infected with
ICXB several years previously were also
examined. ICB-3T3-75 was typical in
that very little, if any, xenotropic virus
was present, whereas a more recent
(ICB-3T3-77) stock was atypical in that it
contained a relatively high quantity of
xenotropic-type virus. Both 3T3FL-de-
rived stocks had high titers of ecotropic
M-MuLV. Presence of recombinant vi-
rus was first assessed by the examination
of individual foci in the mouse S+L~—
clone FG-10 (9). No individual focus of
ICXB or ICB-3T3-75 viruses contained
any virus progeny capable of growth in
S+L—- cat 81 cells. In contrast ICXN
and ICXB-77 stock did give rise to single
foci whose progeny had xenotropic prop-

erties. Titers of virus based only on anal-
ysis of single foci suggested that 15.5 and
11.2 percent of virus in ICXN and ICB-
3T3-77 stocks, respectively, had xeno-
tropic properties.

Further assessment for the presence of
virus with xenotropic properties was car-
ried out by making serial dilutions of the
four virus stocks in mouse S+L~— cells
and determining the TCID;, (tissue cul-
ture infective dose for 50 percent of the
cells) dilution that could give rise to fo-
cus-inducing units (FIU) detectable in
the cat 81 cell assay. All four virus
stocks contained such virus; however,
ICXB and ICB-3T3-75 had only several
hundred FIU for 81 cells, whereas ICXN
and ICB-3T3-77 had higher (= 10* FIU
per milliliter titers. Accordingly, most of
the virus (90 to 99 percent) with xeno-
tropic potential was not detected by
direct assays.

Dilution passage of ICB virus in
mouse S+L— cells was also repeated in
half-log dilutions both in the absence and

in the presence of a concentration of
MSF that could inactivate = 99.9 per-
cent of xenotropic or recombinant virus.
In both cases, the emergent recombinant
virus (MCF) titer was from 200 to 400
TCID;, per milliliter. Accordingly, re-
combinant virus genomes were inac-
cessible to the action of MSF.

To determine whether xenotropic-type
virus seen in individual foci and in low
dilutions of passaged M-MuLV’s was
truly recombinant type, further passage
in mouse and cat cells was combined
with treatment with MSF (Table 2). This
method permitted us to distinguish be-
tween genomic masking and the pres-
ence of genetic information greater than
that of a single virus genome. For com-
parison, individual foci of HIX tumor-
derived pure HIX virus and ecotropic M-
MuLV were also examined. On the basis
of similar titers in mouse and cat S+L—
cells, all progeny of the total number (81)
of individual HIX foci had an ampho-
tropic host range and were completely

Table 1. Examination of M-MuLV stocks by direct titration, blind dilution, and individual focus analyses.

Ratio of foci (pro-

i - Recom-
Direct assays (FIU/ml)* geny to number trj(;lt?r O xene Mask- beiﬁam
examined)t pic genomes¥ in .
M-MuLV stocks 8 n
Eco- Xeno- Rati Eco- Xeno- Single Virus (%) stock
tropic tropic atio tropic tropic focust dilution§ (%)
Lymphoma extract from
ICXN: NIH Swiss mouse 3.8 X 10° 5.0 x 102 10729 32/32 5/32 5.9 x 10* 3.3 x 10* 99 12.1
ICXB: BALB/2 mouse 1.1 X 108 =25 1056 41/41 0/41 0 2 x 10* =99 0.02
3T3FL cells inoculated with
ICXB, ICB-3T3-75 1.1 x 108 10 1050 32/32 0/32 0 2 % 103 =99 0.02
ICXB, ICB-3T3-77 1.25 x 108 5.5 x 10° 1023 44/44 5/44 1.4 x 10° 3.3 x 10¢ 90 6.9
M-MuLV 1869 isolate 1.8 x 108 0 33/33 0/33 0 N.D.g N.D.g N.D.g

in SC-1 cells

*Each virus stock was assayed on mouse S+L— cells (clone FG-10) and cat S+L— cells (clone 81) under standard conditions (9, 10). HIX syncytial-type foci were
obvious in ICXN and ICB-3T3-77 virus stocks. +FG-10 (10° cells per miniwell) were plated in flat-bottomed well plates (Falcon Microtest 96). On the next day
virus was added at an effective efficiency of plating of 0.2 to 0.4 FIU per well. The observed numbers and distribution of foci followed Poisson statistics. Virus progeny
of each well was passed to both fresh FG-10 and cat 81 cells to determine the host range. +Focus-inducing units (per milliliter) were calculated from the ratio of
xenotropic to ecotropic individual foci relative to total number of FIU for FG-10 cells in that virus stock. §Half-log dilutions (from 1:1 to 1:10,000) of each virus
stock were inoculated in individual dishes of FG-10 cells under standard conditions. Virus was harvested 4 to 7 days after infection and used to infect both FG-10 and
cat 81 cells. The virus titer is expressed as TCIDj,, a dilution at which half the infected dishes yielded xenotropic virus progency. |The parental virus stock,
essentially identical to ICB-3T3-75 in ecotropic and xenotropic virus content, was used for blind dilution analysis. None detected.

Table 2. Analysis of host range and mouse serum factor susceptibility of progeny virus derived from selected individual foci from various virus
sources.

Fraction of single foci giving rise to FIU in indicated assay system:

FG-10 Focus progeny into FG-10 cells Focus progeny into 81 cells
. foci
Virus source examined Harvested from cat 81
(No.)* Treated ) cells inoculated into
Untreated with MSF Untreated
FG-10 cells Cat 81 cells

HIX-induced mouse tumorst 81 81/81 0/81 81/81 5/5 tested NT
ICXNi 5 5/5 1/5 5/5 SI5 5/5
ICB-3T3-77% 4 4/4 4/4 4/4 4/4 4/4
M-MuLV without xenotropic virus§ 65 65 20/20 0

*All foci examined were picked from individual wells with single foci in well microtiter plates (Falcon 96) where the number and distribution of foci were compatible
with a Poisson distribution. +Represents virus from extracts of tumors induced by HIX in either BALB/c or NIH Swiss mice and plated directly into FG-10
miniwells. +In ICXN and ICB-3T3-77 stocks only those foci were tested with MSF which yielded progeny capable also of infecting cat 81 cells. The contents ofa
miniwell with an individual focus were brought to 1.0 ml, of which 0.5 ml was put onto cat 81 cells; 0.25 ml was put onto FG-10 cells directly, and the remaining 0.25 ml
was made up to 1:25 final concentration of STU normal mouse serum and kept at room temperature for 1 hour (9). Progeny per focus ranged from 20 to 500 FIU.
Susceptibility to MSF was considered positive if = 99 percent of virus was inactivated. §M-MuLV 1869 cloned stock and ICXB foci were randomly selected for
host range and MSF analyses.
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susceptible to MSF. In contrast, all prog-
eny of the 65 ecotropic M-MuLV foci
was infectious only for mouse cells, and
none was susceptible to MSF. Progeny
of each of five selected individual foci
from ICXN (5/32) (Table 1) were am-
photropic on passage, and in four of
five they were completely inactivated
by MSF. This indicated that the single
infectious unit could consist of pure
recombinant virus coated with eco-
tropic M-MuLV. Ecotropic M-MuLV
that gave rise to de novo recombinants
could not have been present because,
otherwise, at least some of the focus
progeny would not have been suscep-
tible to MSF. The remaining focus could
have consisted of both M-MuLV and
HIX; after growth in cat 81 cells, virus
progeny was still amphotropic and also
susceptible to MSF. It was surprising to
find relatively high titers of virus with
xenotropic potential in ICB-3T3-77 virus
stocks because most 3T3FL-derived M-
MuLV stocks over the past several years
had typically very little, if any, such vi-
rus. The original HIX virus isolate came
from such a typical M-MuLV prepara-
tion after long-term infection of 3T3FL
cells with ICXB virus (/). From the
above dilution sequence of ICXB in
mouse cells, the amphotropic virus iso-
lated was also typical HIX virus. Virus
isolated from those ICB-3T3-77 foci that
contained progeny virus capable of
growth in cat 81 cells was analyzed. Vi-
rus from all four foci was amphotropic,
but foci in cat 81 cells were minute and
atypical and continued to be low in titer
despite passaging. In addition, the origi-
nal focus progeny was not significantly
inactivated by MSF. On the basis of
Poisson counting statistics, the foci were
derived from single infectious units. Oth-
er characteristics of this atypical virus
remain to be determined.

The above were compared to the prog-
eny of 65 foci from several M-MuLV
stocks which did not yield any single foci
with xeno- or amphotropic virus. prog-
eny. In all cases, virus remained eco-
tropic and was not susceptible to MSF.
This suggested that de novo generation
of recombinant virus is rare or does not
occur in tissue culture. Virus from nine
individual ecotropic M-MuLV foci was
grown to high titer and passed in 3T3FL
cells three consecutive times with high
and low multiplicity of infection. No
xeno- or amphotropic virus was detect-
ed. The same nine M-MuLV virus stocks
were also passed in rat NRK cells sever-
al times; again no recombinant viruses
were evident. Further analysis was done
with cloned 1869 M-MuLV passed in SC-
1 cells (/3). This virus had no detectable
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virus with xeno- or amphotropic host
range, either by the isolation of progeny
virus of single foci or by dilution studies
(Table 1). Attempts were made to gener-
ate recombinant virus by infection of
mouse and rat NRK cells at multiplicities
of infection ranging from 1 to 0.001. In all
instances no xeno- or amphotropic virus
was detected.

As judged by the above analyses of
single foci and dilution study of virus,
leukemic extracts as well as M-MuLV
derived from tissue culture contained
HIX recombinant virus, which was
masked so that a single genome of HIX
was functionally enveloped by the eco-
tropic M-MuLV coat. This is not pheno-
typic mixing because (i) such HIX ge-
nomes would have had gp71 of both HIX
and M-MuLV and, accordingly, should
have been detected by direct assay on cat
81 cells; and (ii) the addition of MSF and
ICXB stocks did not reduce the titer of
emergent recombinant virus as seen on
dilution passage. Although phenotypic
mixing between eco- and Xenotropic
MuLV has been described, the possi-
bility of recombinant virus or masking
has not been rigidly excluded (14). Be-
cause HIX virus is not defective and can
code for its own major glycoprotein, it
should not be considered a ‘‘pseudo-
type.”” The persistence of masking of
HIX virus in M-MuLV stocks in tissue
culture is interesting; perhaps M-MuLV
confers some replicative advantage be-
cause we have previously seen a sponta-
neous loss of pure HIX virus on passage
in mouse cells (/). The difference in the
quantity of HIX virus in NIH Swiss and
BALB/c mouse tumor extracts could
have been due to the absence of active
MSF in the former and a high titer of
MSF in the latter strain. No free ampho-
tropic virus was seen in ICXB stocks, al-
though tumor extracts that contained
ICXB virus did not have free MSF when
tested with pure HIX virus. The pres-
ence of MSF, which readily inactivated
HIX, could be the mechanism that fa-
vored genomic masking of HIX virus to
ensure survival. Such evolutionary pres-
sure could have led to HIX, which read-
ily accepted the M-MuLV coat even in
tissue culture where MSF was absent.
Genomic masking has been described in
several picornavirus systems in cultures
subjected to artificially induced survival
pressure (15).

The presence of recombinant, non-
defective, and leukemogenic HIX virus
in M-MuLV stocks has a counterpart in
the MCEF virus (8). The latter is related to
AKR-MuLV as seen by neutralization
with type-specific antiserums to AKR-
MuLV and by other criteria 3, 8). So

far, no HIX isolate examined from any
source has ever been susceptible to anti-
serum to the gp71 of AKR-MuLV (5).
Evidently MCF cannot be found as free
virus in leukemic plasma but must be iso-
lated in culture by cocultivation (8). Our
findings suggest that analogous genomic
masking might be operative as a general
survival mechanism. Recent studies of
virus from AKR lymphomas also re-
vealed masked MCF virus. The fact that
HIX virus was quite leukemogenic in
BALB/c mice and found as free virus in
lymphomas was initially puzzling be-
cause BALB/c mice have MSF (5, 11,
12). This puzzle was solved in part be-
cause newborn BALB/c mice did not
have MSF and because BALB/c mice
with HIX-induced lymphomas did not
have demonstrable MSF (5). Our experi-
ments have also been partially confirmed
by direct inoculation of M-MuLV into
rat cells; however, the 10- to 100-fold
lower susceptibility of rat cells to M-
MuLV or HIX required higher inputs of
viral genomes per cell. Whether the de-
tectable recombinational event in the
gp71 molecule is by itself causative of
leukemogenic potential or whether ad-
ditional changes in nucleotide sequence
also play a role remains to be deter-
mined.
PETER J. FISCHINGER
CHARLOTTE S. BLEVINS
NaNcy M. DunLor
Laboratory of Viral Carcinogenesis,
National Cancer Institute,
Bethesda, Maryland 20014
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