13. P. Stragier, B. Kunkel, L. Kroos, R. Losick, Science
243, 507 (1989).

14. T. L. LaBell et al., Proc. Natl. Acad. Sci. U.S.A. 84,
1784 (1987); P. Stragier, C. Bonamy, C. Karma-
zyn-Campelli, Cell 52, 697 (1988).

15. D. Sun et al., Genes Dev. 3, 141 (1989).

16. C. Karmazyn-Campelli et al., ibid., p. 150.

17. Transcription reactions were performed as described
by H. L. Carter and C. P. Moran [Proc. Natl. Acad.
Sci. U.S.A. 83, 9438 (1986)] except that the
polymerase was allowed to bind to template for 10
minutes at 37°C before the addition of nucleotides
heparin (6 pg) was added 1 minute after the addi-
tion of RNA polymerase to prevent reinitiation,
and, after the reactions were stopped, 30 pl of
reaction mixture was subjected to electrophoresis.
The plasmid containing the cotD promoter,
PLRK100, was constructed by insertion of a 430-bp
B. subtilis Eco RI-Hinc II DNA fragment from
pBD156 (5, 6) into Eco RI- and Hinc II-digested
pUCI19 [C. Yanisch-Perron, J. Vieira, J. Messing,
Gene 33, 103 (1985)]. The in vivo transcription
start site indicated for cotD at the top of the figure is
based on unpublished results (6). The spolVCB
promoter-containing plasmid, pBK16, was con-
structed by insertion of an approximately 400-bp Pst
I-Sac I B. subtilis DNA fragment from pBK9 (3)
that had been made blunt-ended at the Sac I site by
digestion with mung bean nuclease into Pst I~ and
Hinc II-digested pUC19. The indicated in vivo
spol VCB transcription start site results from (3).

18. The RNA polymerase used in the experiment of Fig.
1 was a fraction that cluted at high-salt concentra-
tions from a DNA-cellulose column (provided by C.
W. Cummings and W. G. Haldenwang). For Fig. 2
we used the following modification of their gradient
elution procedure (8). Bacillus subtilis strain SC104
(S. Cutting and R. Losick, unpublished data) con-
taining a cotA-lacZ translational fusion (which is
similarly regulated to cotD) was harvested during
sporulation when the gene fusion was substantially
induced as monitored by assaying cotA-directed -
galactosidase synthesis. Cells were washed with har-
vest buffer [T. Linn, A. L. Greenleaf, R. Losick, J.
Biol. Chem. 250, 9256 (1975)] supplemented with
10 percent glycerol and then with buffer I (19)
supplemented with 5 percent (v/v) phenylmethyl-
sulfonyl fluoride (PMSF) (6 mg/ml in 95 percent
ethanol) and stored at —70°C. Cells (56 g) were
resuspended in 140 ml of buffer I containing PMSF,
passaged twice through a French Pressure Cell
(15,000 psi), sonicated for 1 minute (450 watts),
and centrifuged for 90 minutes at 120,000¢ and
4°C. The clarified supernatant was subjected to
heparin-agarose and DNA-cellulose column chro-
matography as described (8) except that the DNA-
cellulose column (15 ml) was washed with 15 ml of
buffer C containing 0.1M KCl and then with 15 ml
of buffer C containing 0.5M KCI prior to elution
with a linear gradient (120 ml) of 0.5M to 1.3M
KCl in buffer C. Fraction 14 (Fig. 2) represents the
beginning of the salt gradient. Fractions (4 ml) were
collected and dialyzed into storage buffer (19) modi-
fied to contain 0.1M KCl and were stored at —20°C.

19. R. G. Shorenstein and R. Losick, J. Biol. Chem.
248, 6163 (1973).

20. J. O. Thomas and R. D. Kornberg, Proc. Natl. Acad.
Sd. U.S.A. 72,2626 (1975).

21. D. Hager and R. R. Burgess, Anal. Biochem. 109, 76
(1980).

22. Core RNA polymerase was prepared from B. subtilis
strain ML21, which contains deletion mutations of
the sigma factor encoding-genes sigB and sigH (M.
Lampe and R. Losick, unpublished), as described
(19) except that a Bio-Rex 70 column was substitut-
ed [R. R. Burgess and J. J. Jendrisak, Biochemistry
14, 4634 (1975)] for the phosphocellulose column.

23. We thank W. G. Haldenwang for invaluable assist-
ance during the early stages of this work and P.
Stragier for pointing out that the ¢® amino acid
sequence matches that deduced for the spolVCB
product and for stimulating suggestions during the
final stages of the project. Supported by NIH grant
GM18568 (R.L.), a postdoctoral fellowship from
the Helen Hay Whitney Foundation (L.K.), and a
predoctoral fellowship from NSF (B.K.).

10 November 1988; accepted 22 December 1988

27 JANUARY 1989

Amplification and Molecular Cloning of HTLV-I
Sequences from DNA of Multiple Sclerosis Patients

E. PREMKUMAR REDDY,* MAGNHILD SANDBERG-WOLLHEIM,
RicHARD V. METTUS, PHILLIP E. RAY, ELAINE DEFREITAS,

HiraArRy KOPROWSKI

Techniques of gene amplification, molecular cloning, and sequence analysis were used
to test for the presence of sequences related to human T-lymphotropic virus type I
(HTLV-]) in peripheral blood mononuclear cells of six patients with multiple sclerosis
(MS) and 20 normal individuals. HTLV-I sequences were detected in all six MS
patients and in one individual from the control group by DNA blot analysis and
molecular cloning of amplified DNAs. The viral sequences in MS patients were
associated with adherent cell populations consisting predominantly of monocytes and
macrophages. Molecular cloning and nucleotide sequence analysis indicated that these
amplified viral sequences were related to the HTLV-I proviral genome.

LTHOUGH EARLY DATA INDICATED

that neurologic disorders of wild

ice are caused by mouse retrovirus

infection (1), no direct correlation has been

established between human neurological

disorders and retroviruses. However, recent

evidence suggests that the human immuno-

deficiency virus (HIV-1) as well as HTLV-I

and HTLV-II are associated with neurologi-
cal disorders (2-11).

We previously (4) reported the presence
of antibodies that react with the HTLV-I
gag (p24) protein in samples of serum and
cerebrospinal fluid (CSF) from patients
with multiple sclerosis (MS) in Sweden and
in Florida. Sequences of HTLV-I were de-
tected by in situ hybridization analysis in the
lymphocytes of cultures of CSE cells ob-
tained from one-third of the patients (4). In
three patients with progressive chronic en-
cephalomyelopathy, we noted three differ-
ent patterns of reactivity in relation to
HTLV-I infection (8, 9): (i) the presence in
serum of HTLV-I antibodies together with
viral sequences, as determined by in situ
hybridization and by the detection of viral
antigen in lymphocytes; (ii) the absence of
HTLV-I antibodies in the presence of viral
sequences in CSF cells; and (iii) the presence
of HTLV-I antibodies in the absence of viral
sequences in peripheral blood lymphocytes
(PBL) and CSF cells (8, 9). Subsequently,
HTLV-I was isolated from lymphocyte cul-
ture (10) of one of these patients, and the
proviral genomes were cloned (17) from
these cells.

Since HTLV-I sequences can be detected
by in situ hybridization assays in very few
lymphocytes of MS patients, never in more
than one in 10* or one in 10° cells (4), and
since the absence of detectable antibodies to
HTLV-I does not exclude HTLV-I infec-
tion, we used the polymerase chain reaction
(12, 13) coupled with forced cloning of the
amplified DNA to look for the presence of

HTLV-I sequences in three males and three
females with MS as defined according to
McDonald and Halliday (14). The patients
were from Sweden and all were diagnosed
and treated at the Department of Neurolo-
gy, University Hospital, University of
Lund, Sweden. The age at onset of disease
ranged from 11 to 34 years, and the dura-
tion, from 2 to 12 years (Table 1). All
patients had a moderate mononuclear pleo-
cytosis in CSF and five had oligoclonal
immunoglobulin on isoelectrofocusing. The
patient with no oligoclonal bands had multi-
ple bilateral lesions on magnetic resonance
imaging compatible with MS. At the time of
the study, three patients had exacerbations
and one of these was treated with cortico-
steroids. None of the patients had ever
received a blood transfusion. Negative con-
trols were ten healthy subjects from Sweden
who had no antibodies for HTLV-I and ten
healthy blood donors from Philadelphia,
Pennsylvania.

Blood samples were obtained from the
cubital vein, and the peripheral blood
mononuclear cells (PBMC) were processed
(15). Results of ELISA assays with the use
of disrupted HTLV-I virions revealed the
presence of antibodies in serum samples
from two of the six patients at the time their
PBMC were tested for the presence of
HTLV-I sequences (Table 1). To amplify
HTLV-I sequences in the cellular DNA
extracted from PBMC, we used primer pairs
from the gag and env region (16). These were
25 bases long and rich in G-C content to
allow stable hybridization. The gag primers
included the recognition sequence for Sma I
or Pst I and the env primers contained the
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recognition sequence for Sal I and Kpn I, so
that after amplification the DNA fragments
could be cleaved with these restriction en-
zymes and cloned into a plasmid vector. The
region of amplification for gag region con-
tained a unique Nco I site, while the ampli-
fied env region contained a Cla I site for
further diagnostic purposes. Thus, amplifi-
cation of HTLV-I sequences with gag and
env primers was expected to yield sequences
of 530 and 467 bp, respectively. The ampli-
fied gag sequences, when cleaved with Nco I,
would yield two fragments of 390 and 140
bp long while the cleavage of env sequences
with Cla I would yield fragments of 263 and
204 bp. To detect amplified sequences, we
used either a nick-translated probe derived
from the HTLV-I proviral genome that

Fig. 1. HTLV-I ga¢ and env gene A
amplification analysis of DNAs iso-
lated from bacterial plasmid (A and

B, lanes 1 and 2); MT-2 cell line
infected with HTLV-I (A and B,
lanes 4 and 5; C and D, lanes 2 and
3); peripheral blood lymph

of a TSP patient 3-19-3 (A and B,
lanes 6 and 7; C and D, lanes 4 and
5); and a human cell line ML-2
known to be negative for HTLV-I
sequences (A and B, lanes 8 and 9; C
C and D, lanes 6 and 7). Lanes 3

and 10 of (A) and (B) and lane 1 of

(C) and (D) contain molecular

weight markers (¥X DNA digested

with Hae III). (A) Ethidium bro-

mide staining pattern and (B) hy-
bridization pattern with the labeled
oligonucleotide probe of gag primer
amplified sequences (16). Lanes 1,

4, 6, and 8 contain undigested

DNA while lanes 2, 5, 7, and 9
contain DNAs digested with Nco L.

(C) Ethidium bromide staining

pattern and (D) hybridization pat-

tern of env primer amplified
5, and 7 contain DNAs digested with Cla I.

S b ek Ve ey g N B (1)

1 e A P B e

spanned the amplified regions or oligonu-
cleotide probes (16) that were labeled at the
5' end with POy and that were comple-
mentary to the sequences that were ampli-
fied.

We tested our strategy with four DNA
samples: (i) a plasmid DNA containing the
HTLV-I proviral genome; (ii) total cell
DNA isolated from the MT-2 cell line,
which is infected with HTLV-I (17); (iii)
cell DNA derived from PBMC of a patient
with chronic encephalomyelopathy initally
diagnosed as tropical spastic paraparesis, or
TSP (10, 11), from which we previously
cloned a proviral genome (11); and (iv)
normal cell DNA (Fig. 1). Distinct amplifi-
cation of gag and env sequences occurred in
the three cell DNAs that contained the

12 345678 910

T S T T

sequences (16). Lanes 2, 4, and 6 contain undigested DNA, while lanes 3,

Table 1. Presence of HTLV-I sequences in PBMC of MS patients.

HTLV-I proviral genome (see Fig. 1A,
lanes 1, 4, and 6, and Fig. 1C, lanes 2 and
4). The band with the highest intensity was
from the plasmid DNA that contained the
cloned proviral genome; that with the least
intensity was from the “TSP” patient DNA.
No nonspecific amplification of DNA se-
quences occurred when the primers were
used in combination with normal cell DNA
(Fig. 1A, lanes 8 and 9, and Fig. 1C, lanes 6
and 7). When the amplified gag sequences
were cleaved with Nco I, all three samples
yielded two restriction fragments of 390 bp
and 140 bp, further demonstrating the
specificity of amplification (Fig. 1A, lanes 2,
5, and 7). Similar results were obtained with
env sequences where cleavage with Cla I
showed two bands of 260 and 200 bp long
(Fig. 1C, lanes 3 and 5). Blot hybridization
with gag- and env-specific oligonucleotide
probes (16) revealed hybridization to the
amplified sequence (Fig. 1B, lanes 1, 2, and
4 to 7, and Fig. 1D, lanes 2 to 5). These
results showed that amplification of the
proviral sequences could be achieved by
using the primers we had chosen, that this
amplification was specific for HTLV-I se-
quences, and that no amplification of non-
specific or endogenous viral sequences oc-
curred under the conditions used.

We next tested DNA samples derived
from PBMC and peripheral blood lympho-
cytes of 26 individuals; the six patients with
MS (Table 1) and 20 controls. Amplifica-
tion with gag primers of HTLV-I sequences
occurred in all six samples from MS patients,
and the amplified 530-bp DNA fragment
was visually detectable. The intensity of the
amplified DNA band was much lower than
that of the positive controls from MT-2 cells
and amplified DNA from cells of the patient
with TSP. In general, analysis of samples
from all patients showed bands visualized
readily after ethidium bromide staining and

HTLV-I sequences in

Dura- o mononuclear cells PCR
Patient Age/ n:f“] Initial gaht::lscaalt HTLV-I* Molecular Non-
code Sex disease Symptoms sampling antibody PCR/ cloning Adt:ﬁcm adhci'lcnt
(years) DNA sequence cel
analysis DNA DNA
01-12 44/M 10 Sensory Remission + + + ++++ *
13-10 23/M 12 Diplopia Remission - + + ++++ +
10-02 21I/'M 3 Sensory Remission ? + +
01-14 29/F 8 Diplopia Exacerbation + + + ++++ +
09-1920 36/F 12 Optic neuritis Progression - + +
05-08 23/F 2 Useless hand Exacerbation - + + ++++ -
Controls - 1/20 - 0/13 1/13t
*Binding to disrupted HTLV-Ivirions.  tAll patients had undergone exacerbation and remissions since the onset of diseasc; patient 09-1920 has had chronic progressive disease

for the last 4 years. Patient 05-08 was treated with corticosteroids and ACTH; none of the other patients or controls had been treated.
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hybridization with the probe. However, in
some experiments (two out of four) these
bands could not be visualized readily and the
hybridization intensity was very low, mak-
ing it virtually undetectable (see Fig. 2A,
lanes 9 and 11). Similar results were ob-
tained with the amplified env sequences
(Fig. 2B) where, in two out of four experi-

Fig. 2. (A) Representative gag se- A
quence amplification analysis of
DNA isolated from lane 1, MT-2
cell line infected with HTLV-I;
lane 2, peripheral blood lympho-
cytes of a TSP patient 3-19-3; lane
3, plasmid containing HTLV-I
proviral genomes of HTLV-I; lane
4, plasmid containing HTLV-I
proviral genome isolated from the
TSP patient 3-19-3; lane 5, ML-2
cells free of retroviral infection; lane
6, peripheral blood cells of a nor-
mal individual; and lanes 7 to 12,

I

123 4.6 6

&ﬁ B

ments, we could clearly see an amplified
band that could be hybridized to the enve-
lope-specific probes (Fig. 2B, lanes 5, 7, and
9), whereas in the other two experiments
such clear amplification could not be detect-
ed by amplification and DNA hybridization
(Fig. 2B, lanes 4, 6, and 8). This was
circumvented as shown below by molecular

78 9101112 o208, 4.5:8.:7 8.9

™ e

peripheral blood cells derived from the six MS patients under study. Lane 7, patient 09-1920; lane 8,
patient 01-12; lane 9, patient 01-14; lane 10, patient 05-08; lane 11, patient 13 10; and lane 12, patient
10-02. (B) Envclopc gene amphﬁcanon of DNA isolated from lane 1, ML-2 cell hne, lane 2, MT-2 cell
line; lane 3, peripheral lymphocytes of a TSP patient 3-19-3; lanc 4, patient 09-1920; lane 5, patient 01-
12; lane 6, patient 01-14; lane 7, patient 05-08; lane 8, patient 13-10; and lane 9, patient 10-02. The
DNAs were used in amphﬁcanon analysis, eloctrophorcscd on 2% agarose gcls transferred to a
nitrocellulose membrane, and hybridized with a 3*P-labeled oligonucleotide probe (16).

Fig. 3. Restriction enzyme cleavage analysis of
plasmid clones derived from the amplified DNAs
(using gag primers) of the six MS patients. Lanes
1 and 2, clones from DNA of patient 09-1920;
lanes 3 and 4, clones from DNA of patient 01-12;
lanes 5 and 6, clones from DNA of patient 01-14;
lanes 7 and 8, clones from DNA of patient 05-08;
lanes 9 and 10, clones from DNA of patient 13-
10; and lanes 11 and 12, clones from DNA of
patient 10-02. Lanes 1, 3,5, 7, 9, and 11 contain
plasmid DNA cleaved with Pst I and Sma I while
lanes 2, 4, 6, 8, and 10 contain the same DNAs
cleaved with Pst I, Sma I, and Nco I. Lanes
marked M contain molecular weight markers (¥X
DNA digested with Hae III).

p09-1920

M1 2304568 7.8 .9 1011128

cloning of the amplified sequences, when,
regardless of the results of DNA hybridiza-
tion, HTLV-I positive clones were isolated
from all patients. Plasmid and phage DNA
contamination of the cellular DNA prepara-
tions could have posed a serious problem
with the PCR technique and led to artifac-
tual results. We ruled out this possibility by
also carrying out the reaction with primers
derived from plasmid and phage sequences.

Of the ten amplified control DNA sam-
ples from individuals of Swedish origin, one
contained detectable HTLV-I sequences.
The other nine samples were negative. All
ten amplified control DNAs from the Amer-
ican population were negative. The appear-
ance of HTLV-I-related sequences in a nor-
mal individual with no signs of leukemia or
MS was unexpected and is being further
investigated.

We next molecularly cloned the amplified
sequences from the MS patients. The DNAs
were amplified with the two primers,
cleaved with the appropriate restriction en-
zymes (Pst I and Xma I for gag sequences
and Sal I and Kpn I for env sequences), and
ligated to Bluescript vector DNA (Strata-
gene) that was also cleaved with Xma I and
Pst I or Sal I and Kpn I. Bacteria were
transformed with the ligated DNA and posi-
tive colonies were selected by hybridization
with a nick-translated probe of HTLV-I
proviral DNA or a labeled oligonucleotide
probe (16). All six samples from all experi-
ments had several positive clones whether
amplification was seen by the DNA blotting
technique or not. No positive clones were
observed from control DNA ligations. Four
to six positive colonies from each sample
were colony-purified and the plasmid DNA
was isolated. Restriction enzyme analysis of
the purified DNA (Fig. 3) showed that each

Fig. 4. (A) Nucleotide

ATK-1 ATK-1 .
pOl-12G  CCCGGGGGCTGGCCGCTCATCACTGGCTTAACTTCCTCCAAGCGGCATATCGCCTAGAAC 60 pO1-12E 'rccncccrcuwnmcccmrmcmcmnnccmcca@ccmcccrc 60 sequence analysw of the
R GLAA AHUHWLNTFTULUGQAAYRTLEP A P GYDUPTIWTFIULNTETPSU QLTUPTP Sma I_Pst Igag ﬁ-agncnt
£05-1920 ATKAL cloned from the ampli-
POI-126  CCGGTCCCTCCAGTTACGATTTCCACCAGTIGAAMRATTTCTTANRATACCTTAGAAR 120 POL-12E CCACCGCCCCTCCTCTACTCCCCCACTCTAACCTAGACCACATCCTCGAGECCTCTATAC 120 fied DNA of one of the
G P S S YDV FHOQLIKI KT FTLI KTIA ALTET P L L P HSNULDU HTITULETPSTITP Ms paﬁcnts (01-12)
9-1920 ) .
o u—— ATK-1 The sequence differences
P1-126  CACCGGTCTGGATCTGTCCCATIAACTACTCCCTCCTAGCCAGCCTACTCCCARAAGGAT 180 pOL-12E  CATGGAANTCAARACTCCTGGCCCTTGTCCAGTTAACCCTACAAAGCACTAATTATACTT 180 i
P V W I CUP N Y S L LA STULTLP G Y W K S KL LALVO QELTTULGQSTNYT thwccn tl‘lls Clonc and
p09-1920 that of ATK-1 [see (16)]
ATK-1 ATK-1 are indicated on top of
POI-126  ACCCOGGCCGGGTCANTGAANTTTTACKCATACTCATCCARACCCARGCCCAGATCCCGT | 240 pO1-12E GCATTTCTGTATCGATCGTGCCAGCCTATCCACTIGICACGTTCTATACICTCCCARCS 240
RV NETITLIHTITLTIO QTGO QA AGOQTITPS I VCIDRASLSTWHYVLYSF® the sequence; the de-
091920 ‘ duced amino acid se-
ATK-1 ATK-1 . .
POI-12G  CCGICCCGCGCCACCGACGCOTCATCCCCCACCCACGACCCCCCGGATICTGRTCCAC 300 pO1-12E. TCTCTGTTCCATCCTCTICTICTACCCCCCTCCTTTACCCATOGTAGCGCTTOASCCS 300 quence is given below.
PPPPSSPTHTDTPPDSTDEPQ S VPSSSSTEPTLTLY S LALTPAFP The sequence of clones
gos-1520 " . from four other patients
POL-126  AAATCCCCCCTCCCTATGTTGAGCCTACGGCCCCCCANTICTICCAGICATGCACCCAC 360 pol-128 cccnccwmcmnccamumcccnccmmcccccncnnmscrum 360 (13-10, 10-02, 01-14,
P PP Y VEZPTAPAOQVLUPUVMUHTPH HL TULUPTFNUWWTHRF Q Q and 05-08) was ldcntlcal
§5-1020 —-o--o-moo- T . to this sequence. The se-
pO1-12G Ammccccrcocmcwrcoccu\mmmmccucmaccnﬂncmc 420  pOl1-12E TCTCCTCCCCCTGTCATAACTCCCTCATCCTGCCCCCCHTTCC‘I‘TGTCACCTGTTCCCA 420 uence of the clone from
G A PP NHRPWAOQMEKDTILUOQATITKOQE I LPPVFSLSUPVZPT
- patient 09-1920 differed
e P R in one position which is indicated. (B) Nucleotide sequence analysis
POL-126  AAGTCTCCCAAGGAGCCCCTGGGAGOCCCCAGTTTATGCAGACCATCCGACTTGCGGTOC 480 POL-128 CCCTAGGATCC 431 o the Sal T and Kpn I env fragment cloned from the amplified DNA
V SQAAPGSPOQFMOQTTIRTLAUVDOQ L G S
09-1920 of one of the MS patients (01-12). The sequence differences
M between this clone and that of ATK-1 are indicated. The sequence of clones derived from five other

AGCAGI‘TTGACCCCACTGCCAAAGACCTCCAAGACCTCCTGCAG 524
Q FDPTAZKDULG QDL Q
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patients (13-10, 10-02, 01-14, 05-08, and 09-1920) was identical to this sequence.
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Fig. 5. DNA amplification analysis with gag prim-
ers of DNA derived from: lane 1, plasmid con-
taining HTLV-I proviral genome; lane 2, MT-2
cells infected with HTLV-I; lane 3, adherent cells
from a healthy individual; lane 4, nonadherent
cells from a healthy individual; lanes 5, 7, and 9,
adherent cells from peripheral blood cells of MS
patients 01-12, 01-14, and 05-08, respectively;
and lanes 6, 8, and 10, nonadherent cells derived
from the same MS patients as in lanes 5, 7, and 9.

gag clone released an insert of 530 bp when
cleaved with Pst I and Xma I; this fragment
could be further cleaved with Nco I into two
fragments of 390 and 140 bp. Similarly, all
envelope clones released an insert of 460 bp
with Sal I and Kpn I, which could be further
cleaved with Cla I into two fragments of
260 and 200 bp.

We analyzed the sequence of the gag and
env inserts using a combination of the meth-
ods of Sanger et al. (18) and Maxam and
Gilbert (19) (Fig. 4, A and B). Five of the
clones derived from the MS patient DNAs
had identical gag sequences while a sixth
clone differed in one position from the
others (Fig. 4A). All six clones differed from
the published sequence of a Japanese isolate
(16) at six positions. The sequence of the
HTLV-I clone derived from the MT-2 cell
line (17) was identical to clone p01-12.
However, the env inserts (Fig. 4B) con-
tained at least two point mutations that
differed from the ATK-1 sequence (16) as
well as from the clone from the MT-2 cell
line. These mutations suggest that the
HTLV-I provirus in the six MS patients,
though similar in many respects to the classi-
cal HTLV-I clone, differs at least in some
positions in the envelope region. Such simi-
larity between clones from MS patients is
not surprising because of the high degree of
sequence conservation between various iso-
lates of HTLV-I. Recently, Tsujimoto et al.
(20) cloned and sequenced the HTLV-I
proviral genome isolated from a HAM
(HTLV-I-associated myelopathy) patient
of Japanese origin and found 99 to 100%
nucleotide sequence homology in the cod-
ing of regions with the published sequence
of Seiki et al. (16). If one considers that all
six MS patients were from the same geo-
graphical location, and that highly con-
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served regions of HTLV-I were chosen for
amplification, few differences in sequence
would be expected.

Studies of HIV-I-infected individuals in-
dicate that monocyte/macrophage cell popu-
lations are targets for virus infection (21,
22), and in some patients these infected cells
occur in brain tissue (21). To test whether
the HTLV-I-related sequences were present
in lymphocytes or nonlymphocytic cells, we
cultured PBMC from four of the MS pa-
tients and 13 healthy subjects in tissue cul-
ture flasks for 18 to 72 hours, and separated
the adherent and nonadherent populations.
When the DNA from these cells was ampli-
fied, the HTLV-I-related sequences were
associated predominantly with adherent cell
DNAs (Fig. 5, lanes 5, 7, and 9) in samples
from the MS patients; nonadherent cell
DNAs from these patients also contained
low levels of hybridizable sequences (Fig. 5,
lanes 6 and 8). When amplified sequences
were cloned, both adherent and nonadher-
ent cell DNAs were found to be positive. In
contrast, the DNAs from the 13 normal
subjects showed no hybridizing sequences
under similar conditions (Fig. 5, lanes 3 and
4). HTLV-I-related sequences in cells of the
one healthy subject from Sweden were
found only in the nonadherent lymphocyte
population.

An association between the occurrence of
HTLV-I-related sequences in MS patients
and the development of disease is implicated
by our studies. It is possible that low-grade
infection with HTLV-I or a related virus is
more prevalent than previously suspected,
particularly in those areas of the world
where there is a high incidence of MS, such
as the Shetland and Orkney islands. Since
HTLV-I primarily infects T lymphocytes,
and since the HTLV-I-related sequences in
the MS patients were found mainly in adher-
ent blood cells, some individuals may harbor
a variant of HTLV-I that preferentially in-
fects monocytes and macrophages. It would
be interesting to determine whether these
same cell populations in TSP and HAM
patients contain sequences of HTLV-I or a
related virus.

We found no correlation between the
presence of antibodies reacting with disrupt-
ed HTLV-I virions and the presence of
HTLV-I sequences at the time of blood
collection. However, we cannot rule out the
possibility that patients with positive se-
quences may have shown an immunological
response to the virus at some time.

Recent data suggest that the HTLVs may
exert their influence on a common set of
cellular genes whose deregulation leads to
CNS disorders. Henrichs et al. (23) found
that transgenic mice containing the tax gene
under the control of its own long terminal

repeat developed tumors resembling human
neurofibromatosis, a common single-gene
disorder that affects the nervous system.
HTLV-I-induced disorders of the nervous
system in experimental animals might there-
fore prove useful in identifying cellular
genes that act as targets for the action of
genes such as tax. Prevention of neurological
disorders in mice infected with murine re-
troviruses could be achieved by treatment
with antiviral drugs such as azidothymidine
(24), suggesting that similar treatments
might be effective in some cases of chronic
progressive myelopathies of humans.

Note added in proof: Since this study was
conducted one of us [M.S.-W. (25)] has
obtained data using immunoperoxidase
staining techniques which suggest the pres-
ence of pl19 gag protein in a small fraction of
PBMC from the six patients studied here.
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Germline Transmission of Exogenous Genes

in the Chicken

ROBERT A. BosseLMAN,* Rou-YIN Hsu, TiNA Boagas, SyrLvia Hu,
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Difficulties associated with in vitro manipulation and culture of the early chicken
embryo have restricted generation of transgenic chickens to approaches that use
replication-competent retroviruses. The need to produce transgenic chickens in the
absence of replicating virus prompted development of a new method of gene transfer
into the chicken. Microinjection of the replication-defective reticuloendotheliosis virus
(REV) vector ME111 beneath unincubated chicken embryo blastoderms results in
infection of germline stem cells. This vector contains genetic information exogenous to
the chicken genome, including both the herpes simplex virus type 1 thymidine kinase
gene and the Tn5 neomycin phosphotransferase gene. About 8 percent of male birds
hatched from injected embryos contained vector DNA in their semen. All four positive
males tested passed vector sequences onto their progeny. Analysis of G; offspring
showed that gonads of G, male birds were mosaic with respect to insertion of vector
provirus. Thus, primordial germ cells present in the unincubated chicken embryo
blastoderm are susceptible to infection by defective REV vectors.

ENE TRANSFER INTO CHICKENS

has usually depended on the use of

replication-competent retroviral vec-
tors (1-4), in part because it is difficult to
manipulate the early avian embryo or to
grow the embryo in vitro (5, 6). Attempts to
alter the chicken germline by gene transfer
into developing follicles (7) or in vitro cul-
tured early embryos (6) have not been suc-
cessful. Documented germline gene transfer
results from injection of replicating virus
into freshly laid unincubated eggs (2-4).
Access to the embryo is easy just after
ovaposition; however, the embryo has al-
ready reached a stage corresponding to a
mammalian late blastula or early gastrula. At
this time, the embryo consists of a thin layer
of many pluripotent cells comprising the
blastoderm (8, 9). In contrast, the ability to
manipulate the early mouse embryo has led
to success with a variety of approaches to
gene transfer, including microinjection of
DNA (10, 11), retroviral infection (12, 13),
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and the use of embryonic stem cells that can
contribute to the germ-cell lineage of chi-
meric mice (14-16). To generate transgenic
chickens in the absence of replicating virus,
we have developed a new method of gene
transfer based on microinjection of nonre-
plicating retroviral vectors into embryos of
unincubated eggs.

We used the replication-defective reticu-
loendotheliosis virus (REV) vector ME111
(17, 18) to infect susceptible stem cells pre-
sent in the unincubated chicken embryo.
Chickens do not contain endogenous REV-
related proviruses that might interfere with
detection of newly acquired provirus, even
though REV can infect at least some somat-
ic stem cells of the early chicken embryo (2,
7). Primordial germ cells appear to reside in
the outer layer or epiblast of the blastoderm
(19-22). Since nonreplicating vectors would
infect embryonic cells at about the time of
injection, subsequent analysis of adult blood
and semen would show whether or not

susceptible somatic and germline stem cells
were present at this time.

The ME111 vector lacks all viral structur-
al genes and carries both the Tn5 neomycin
resistance gene driven by the promoter of
the REV long terminal repeat (LTR) and
the herpes simplex virus type 1 (HSV-1)
thymidine kinase (TK) gene (17). C3 helper
cells generate stocks of ME111 with titers of
about 10* TKTU per milliliter (TK trans-
ducing units) (17). Sequence comparison of
the competent parental helper virus, packag-
ing defective helper proviruses, and the vec-
tor provirus is shown in Fig. 1. Cells and
vector were grown and harvested as previ-
ously described (17, 18). Ten-microliter vol-
umes of vector-containing cell culture media
were injected through the area pellucida into
the subgerminal cavity of the blastoderm of
unincubated eggs (23). Eggs were resealed
and allowed to hatch (24). DNA from blood
and semen of mature birds was analyzed for
the presence of integrated proviral vector.

A total of 2599 eggs were injected, of
which 38% hatched. DNA from the blood
of 760 hatched chicks was analyzed by lig-
uid hybridization with a vector-specific
probe (25). Of these, 173 chicks contained
vector sequences. Of 82 males whose blood
was positive, 33 males also carried vector
sequences in their semen. DNA blot analysis
(26) of blood (27) and semen DNA con-
firmed integration of vector provirus. Re-
striction endonuclease fragments of DNA
specific for replicating REV were not ob-
served. Long-term culture assays (28), used
to test for low levels of virus, detected
competent REV in 2 of 14 Gy birds with
vector-positive blood. Sires and progeny
described in this report were judged to be
virus-negative by the same method. Vector-
positive semen from four males was used to
inseminate control females. All four trans-
mitted vector sequences to Gy progeny at a
frequency that varied from ~2% to 8%.
These results confirm vector-mediated infec-
tion of primordial germ cells present in the
unincubated chicken embryo.

DNA blot analysis of proviral genome
organization in Go vector-positive semen
and in blood of vector-positive G; progeny
is shown in Fig. 2. Lanes 3 to 5 in Fig. 2A
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