throughout the experiment, and thymo-
cytes that initially had a high Ca?* con-
centration ([Ca?*]; >0.2 pM) remained
so, although their [Ca2*]; oscillated over
time. Thus, observed elevations in [Ca?*],
in thymocytes were not sporadic events of
the entire population of thymocytes but
rather indicated heterogeneity within the
population of thymocytes. Moreover, the
oscillations in [Ca’*], in thymocytes with
large and moderate [Ca?*]; indicated that
these were not terminal elevations of
[Ca?*), in moribund cells. Indeed, these
thymocytes were viable cells by several
criteria. (i) They excluded both Trypan
blue and propidium iodide. (ii) They
could be loaded with and retain indo-1
and fura-2, which requires intracellular
esterase activity as well as intact plasma
membranes. (iii) Their DNA was intact
and not fragmented (8).

Finally, we assessed the CD4-CD8 phe-
notype of a3 Tg male thymocytes with ele-
vated [Ca?*], (Fig. 3). Unlike most thymo-
cytes with a high Ca?* concentration from
normal mice (Fig. 3A), thymocytes with a
high Ca’* concentration from afTg male
mice (Fig. 3B) were almost entirely
CD4~CD8™, the thymocyte subset that is
disproportionately increased in negatively
selecting afTg male mice (Fig. 3B) (2).
MHC class I-restricted transgenic T cells
undergoing negative selection can avoid
clonal deletion by reducing their surface
expression of CD8 (7), which provides an
explanation for the increased frequency of
CD4-CD8~ thymocytes in ofTg male
mice. We have found that the CD4-CD8~
phenotype is a specific consequence of an-
tigen encounter and negative selection
among developing a8 Tg male thymocytes
(9). Thus, the CD4-CD8~ phenotype of
affTg male thymocytes with elevated
[Ca’*], is concordant with their having
recently undergone and survived thymic
negative selection.

Our data indicate that endogenous li-
gands do stimulate developing thymocytes
to mobilize intracellular Ca?* in vivo and
that such intrathymic signaling events are
evident in thymocytes expressing self-reac-
tive TCR. In vivo elevations in [Ca?*],
serve as markers of thymocytes whose TCRs
have been stimulated by self ligands in the
thymus and thus have been subjected to
thymic negative selection. We presume
that thymocytes that have been negatively
selected in vivo to undergo apoptosis also
have elevated [Ca**],, but most aTg thy-
mocytes with elevated [Ca®*]; that are pres-
ent at the time of measurement are cells
that have survived negative selection. Fi-
nally, there was no definitive indication in
our data that positive selection events in
the thymus affected [Ca?*],, but this issue
requires further study.
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Selection of Drug-Resistant Bone Marrow Cells in
Vivo After Retroviral Transfer of Human MDR1

Brian P. Sorrentino,* Stephen J. Brandt, David Bodine,
Michael Gottesman, Ira Pastan, Amanda Cline,
Arthur W. Nienhuis

Experiments were performed to determine if retroviral-mediated transfer of the human
multidrug resistance 1 gene (MDR1) into murine bone marrow cells would confer drug
resistance to the cells and whether the MDR1 gene could be used as a dominant selectable
marker in vivo. When mice transplanted with bone marrow cells containing a transferred
MDR1 gene were treated with the cytotoxic drug taxol, a substantial enrichment for
transduced bone marrow cells was observed. This demonstration of positive selection
establishes the ability to amplify clones of transduced hematopoietic cells in vivo and
suggests possible applications in human therapy.

The failure of certain human tumors to
respond to continued chemotherapy is fre-
quently associated with enhanced expres-
sion of the multidrug resistance gene,
MDR1 (1). The MDR1 gene product, a
170-kD transmembrane protein also known
as P-glycoprotein, is an energy-dependent
drug efflux pump. This protein extrudes
many types of natural products from the
cell, including frequently used chemother-
apeutic agents, thereby conferring a drug-
resistant phenotype to cells expressing this
protein.
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Bone marrow toxicity of chemothera-
peutic drugs is often a dose-limiting side
effect in the treatment of cancer patients.
Transfer of the MDR1 gene to bone marrow
cells would therefore be an attractive ap-
proach to overcome the myelosuppression
associated with such drugs. Earlier studies
with a line of transgehic mice containing
human MDR1 coding sequences showed
that these animals were protected from the
myelosuppressive effects of a number of
natural product chemotherapeutic agents
(2). A recent study showed that transplan-
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tation of bone marrow cells from MDRI1
transgenic donors protected recipient mice
from drug-induced myelosuppression (3).
The ability to transfer the MDR1 gene to
bone marrow cells through a retroviral vec-
tor (4) expands the applicability of this
strategy and suggests that MDR1 gene
transfer may be useful in generating a drug-
resistant bone marrow in vivo.

A current limitation of retroviral-medi-
ated transfer of genes into bone marrow
cells is that the desired target, the hemato-
poietic stem cell, is difficult to transduce
because it is both rare and often not in
cycle. Only 10 to 20% of murine stem cells
are transduced with typical protocols (5, 6)
although a recent study reports a 70%
infection efficiency (7). Transduction of
pluripotent primate hematopoietic cells is
significantly less efficient (8). Therefore,
another potential use of the MDR1 gene
would be as a dominant selectable marker
in vivo allowing enrichment for the minor-
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ity of bone marrow cells containing and
expressing the recombinant retrovirus.

To test if MDR1 gene transfer would
allow positive selection of drug-resistant
hematopoietic cells in vivo, we used a
retroviral vector containing the human
MDR1 ¢DNA promoted by the Harvey
murine sarcoma virus long terminal repeat
(9) to generate a high-titer, helper virus—
free, ecotropic producer clone (10) from
the GP+E86 packaging cell line (11). Bone
marrow cells from donor mice pretreated
with 5-fluorouracil to induce stem cell cy-
cling (12) were cocultured with producer
cells in the presence of murine interleu-
kin-3 and interleukin-6 (IL-3 and IL-6) as
described (5) and then used to reconstitute
recipient W/WV mice (MDR mice). Mice
transplanted with bone marrow transduced
with a Moloney murine leukemia vector
containing the bacterial neomycin resis-
tance gene were used as controls (NeoR
mice). MDR and Neo® mice were treated
with a single intraperitoneal bolus of taxol
and assayed for changes in the number of
peripheral blood leukocytes containing the
proviral genome and for changes in periph-
eral blood counts. Taxol is efficiently re-
moved by the MDR1 pump, and its nonhe-
matopoietic toxicity is relatively small (2,
13).

Two primer sets were used in the poly-
merase chain reaction (PCR) to coamplify
transferred proviral sequences and endoge-
nous mouse B-globin gene sequences from
DNA prepared from mouse blood (14). We
measured the ratio of provirally derived

amplification products to mouse B-globin
gene products by densitometry of autora-
diograms and compared them to a standard
DNA to calculate the average proviral copy
number in circulating leukocytes. This
number reflects the proportion of circulat-
ing cells that contain the proviral genome,
assuming one proviral genome per cell. We
demonstrated the validity of this quantita-
tive PCR assay by assaying mixtures of
DNA obtained from an MDR retroviral
producer line (2 MDR) and 3T3 cells
(Fig. 1A). A linear increase in MDR signal
intensity was seen relative to the B-globin
internal control as the proportion of DNA
from the producer line was increased from 0
to 100%. Application of this assay to pe-
ripheral leukocyte DNA prepared from a set
of MDR animals 9 weeks after transplant
showed that all nine animals had circulat-
ing leukocytes containing proviral se-
quences but in widely varying amounts
(Fig. 1B). Animals M2, M4, and M5
showed a strong MDR signal, indicating
that the proportion of leukocytes that con-
tained provirus was high. In contrast, ani-
mals M6, M7, and M3 contained few pro-
virally marked leukocytes.

Animals transplanted with cells trans-
duced with the MDR retrovirus expressed
significant amounts of viral RNA tran-
scripts in the bone marrow. RNA, prepared
from bone marrow of MDR and Neo® mice
16 weeks after transplant, was reverse tran-
scribed and amplified by PCR (15). The
cells from the two MDR animals studied
showed a greater abundance of MDRI1
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Fig. 1. (A) Quantitative PCR assay for MDR1 cDNA sequences. The 200
ng of DNA mixtures prepared from the viral producer line $2 MDR and NIH
3T3 cells were assayed and are shown in lanes 1 through 10. The percent
of DNA from each cell line is shown for each mixture. Lanes 1 through 8
show assays, which used both MDR1 primers and B-globin primers. Only
MDR1 primers were used in lane 9 and only B-globin primers in lane 10.
The positions of the MDR1- and globin (Glob)-specific bands are indicat-
ed on the left. (B) Measurement of the proportion of provirally marked
leukocytes in nine MDR animals. Peripheral leukocyte DNAs from nine
MDR animals (M1 to M9) were assayed 9 weeks after transplant. DNA
prepared concurrently from a NeoR animal (N1) and an MDR producer (2
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MDR) cell line are shown as controls. (C) RNA analysis for MDR1
expression in bone marrow cells from MDR and Neo® control mice. RNA
was PCR amplified as described both with and without a preceding
reverse transcription reaction as indicated (+ RT). Lanes 1 and 2 show
assays from two MDR animals after taxol treatment. Lane 3 shows an
assay from an MDR-39 transgenic mouse (2). Lanes 4 and 5 are assays
of bone marrow RNA from two taxol-treated Neo® mice and lane 6 is RNA
from marrow of a C57Bl mouse. Lane 7 is an assay of RNA from an MDR
viral producer cell line. (D) B-Globin RNA from bone marrow was amplified
as an internal control for mMRNA integrity and loading. The lanes are the
same as in (C).
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mRNA than that observed in bone mar-
row cells from MDR-39 transgenic mice
(2) and only slightly less MDR1 mRNA
than seen in the viral producer cell line {2
MDR (Fig. 1C).

To test if MDR animals were resistant to
drug-induced neutropenia, we treated nine
MDR animals and nine control animals with
taxol 6 months after transplant (16). Both
groups of animals showed severe myelosup-
pression 3 days after the first taxol dose, as
demonstrated by a large drop in the average
neutrophil count (Fig. 2A). Although all
MDR mice contained provirally marked cells
at 11 weeks after transplant, DNA prepared
immediately before the first taxol dose (day 0)
showed that in the four mice evaluated, cir-
culating provirally marked cells were no long-
er detectable (MDR 11 and MDR 12) or were
present in low numbers (MDR 10 and MDR
13, Fig. 2B). DNA prepared from these same
mice after counts had recovered 13 days later
showed the reappearance of circulating leuko-
cytes containing provirus in animals MDR 11
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Fig. 2. (A) Changes in neutrophil counts in
groups of MDR animals and Neo® animals after
treatment with taxol. Nine MDR animals (solid
black line) and nine Neo animals (dashed line)
were injected intraperitoneally with taxol (10
mg/kg) 24 weeks after transplant (day 0). The
average peripheral blood neutrophil counts for
both groups were determined before and 3
days after the taxol dose. Both groups were
rechallenged with taxol (8.5 mg/kg) 17 days
after the first dose and neutrophil counts were
again determined. (B) Assay for the prevalence
of circulating provirally marked leukocytes be-
fore and after taxol dosing. Peripheral leuko-
cyte DNA was prepared from four MDR mice
both before and 13 days after the first taxol
dose and was assayed. DNA from an MDR viral
producer line was again used as a positive
control. Globin-specific bands are indicated on
the left (Glob).
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Bio-Rad densitometer (Richmond, California), and the ratio of MDR (Neo) to B-globin intensity for the
animal samples was compared to the ratio obtained from the respective producer cell DNAs. The
MDR (Neo) producer cell line contains three (one) proviral copies per genome allowing calculation
of the average copy number in experimental samples.
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Fig. 4. (A) Distribution of MDR provirus in B
various hematopoietic tissues. DNA was pre-
pared from bone marrow (BM), spleen (S),
thymus (Thy), peripheral blood monocytes (M),
and granulocytes (G) from three MDR mice
(MDR 21, 18, and 22) and one Neo® mouse
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cells marked with MDR provirus. Granulocytes ” R
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greater than 90%. DNA from an MDR producer
line was used as a positive control. (B) South-
ern blot analysis for MDR proviral integration
sites in hematopoietic tissues from mouse MDR
18. DNA was digested with Hind lll, electropho-
resed, and blotted onto a filter. The filter was
probed with a radiolabeled 864-bp Eco RI-
Hind 11l fragment from the human MDR1 cDNA and washed to a final stringency of 55°C in 0.1x
standard saline citrate (SSC). Lanes with DNA from animal MDR 18 are labeled as above. DNA from
the viral producer line w2 MDR, NIH 3T3 cells, and bone marrow from a concurrently killed Neo®
animal (N8BM) are used as controls. Molecular weight markers are shown on the right, and bands
referred to in the text are indicated on the left.
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controls (Fig. 2A). Because of variability
among individual animals and the small num-
ber of animals studied, this difference did not
achieve statistical significance.

We repeated this experiment twice with
groups of animals 6, 8, and 12 weeks after
transplant. The proportion of provirally
marked circulating cells in Neo® animals
was measured to test if the enrichment for
cells containing provirus was specific for the
MDR virus. A total of 17 MDR animals and
13 Neo® control animals were studied. Data
from the MDR animals showed a substan-
tial increase in the proportion of leukocytes
containing MDR provirus 13 days after a
single taxol dose (Fig. 3A). A third animal
(MDR 18) was identified that converted
from no detectable provirus in circulating
peripheral leukocytes to a relatively high
copy number after taxol injection. In con-
trast, the Neo® animals showed no change
in the number of circulating marked cells
after drug treatment (Fig. 3A). All 17
MDR animals showed an increase in the
proportion of circulating leukocytes marked
with provirus (Fig. 3B). The mean proviral
copy number of the group more than tripled
after a single taxol dose, increasing from
0.20 to 0.62 (P < 0.0001). Five animals
had average copy numbers approximating
one proviral genome per leukocyte after
matrow recovery. In comparison, the mean
copy number of the Neo® controls did not
change with taxol administration, remain-
ing low at an average of 0.07 copies per cell
(Fig. 3C), equivalent to 7% of cells con-
taining a proviral genome.

We studied the tissue distribution of
provirally marked cells to determine the
hematopoietic lineages in which selection
was occurring. If only lymphocytes trans-
duced with the MDR virus were selected
with taxol, provirally marked cells would be
expected in the thymus but not in the bone
marrow or among peripheral blood granulo-
cytes. Conversely, if pluripotent marrow
cells were transduced, and their progeny
amplified, then cells containing the provi-
rus should be found in bone marrow, thy-
mus, and granulocytes after drug treatment.
Three animals, which had demonstrated a
substantial increase in retrovirally marked
peripheral leukocytes, were killed 21 days
after taxol administration (15 weeks after
transplant), and DNA from bone marrow,
thymus, spleen, and purified granulocytes
was assayed (Fig. 4A). Two animals (MDR
21 and 18) showed a strong proviral signal
in bone marrow, thymus, and granulocyte
DNA, suggesting that selection had oc-
curred at the level of multipotential hema-
topoietic stem cells. One animal (MDR 22)
showed a strong MDR signal only in thymus
DNA, weak signals in the bone marrow and
spleen DNA, and no detectable provirus in
the granulocyte DNA.
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This animal to animal variability in the
transduced cell populations may explain the
differing degree of enrichment for marked
cells seen among individual animals as well
as the variable protection from neutrope-
nia. The majority of circulating leukocytes
in mice are lymphocytes, and the large
increase in provirally marked leukocytes
observed in MDR 22 is best explained by
selection within the lymphoid lineage for
the progeny of a lymphoid-restricted pro-
genitor. In contrast, the large numbers of
provirally marked cells in the bone marrow,
thymus, and granulocytes of animals MDR
21 and 18 most likely reflect transduction of
a primitive multipotent bone marrow cell
and selection of that cell or its progeny with
taxol treatment. Another explanation
would be that separate transduction events
had occurred involving several different
lineage-restricted progenitors. This would
result in different viral integration sites
within the progeny of these lineage-restrict-
ed clones. ‘

To prove that the progeny of individual
pluripotent stem cells were represented in
each hematopoietic lineage in mouse MDR
18, we performed Southern (DNA) blot
analysis (Fig. 4B). DNA samples were di-
gested with Hind III, which cuts only on
one side of the MDRI1 probe within the
vector and gives a unique band for each
viral integrant. Bands 1 and 5 are seen in
DNA from 3T3 cells and a Neo® animal
and represent hybridization of the probe to
endogenous mouse genomic MDR se-
quences. Band 2 occurs in DNA of all
hematopoietic tissues from MDR 18 and
therefore is likely to be derived from the
progeny of a single retrovirally marked stem
cell clone. Bands 3 and 4 occur in bone
marrow and thymus and represent contribu-
tions from other lineage-restricted clones.
An intermediate band was seen only in the
spleen and granulocyte DNA and probably
represents marking of a myeloid precursor
clone in the spleen. This analysis showed
transduction of pluripotent stem cells as
well as more differentiated lineage-restrict-
ed progenitors with progeny from both con-
tributing to myeloid and lymphoid lineages
after in vivo selection.

These results demonstrate that the
MDRI gene can function as a dominant
selectable marker in vivo, allowing a mi-
nority of genetically altered bone marrow
cells to be positively selected by cytotoxic
drug administration. Similarly designed ex-
periments with a retrovirally transferred
dihydrofolate reductase gene resulted in
protection of murine recipients from meth-
otrexate-induced cytopenias. However, en-
richment for transduced cells could not be
demonstrated (17). Differences in drug reg-
imens and vector design may, in part,
explain the different results.
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Although it is unproven at which level
in hematopoiesis that selection was occur-
ring, our data suggest that positive selection
of MDRI1-transduced cells may occur at the
stem cell level in some animals. The initial
absence but subsequent appearance of cir-
culating provirally marked leukocytes in
three MDR animals is best explained by
selection of an MDR1-expressing stem cell
clone that was quiescent before taxol ad-
ministration (18). Our failure to observe
this phenomenon in control animals sup-
ports this interpretation.

Retroviral-mediated MDR1 gene trans-
fer may provide a means to generate a
drug-resistant bone' marrow in human can-
cer patients undergoing bone marrow trans-
plantation. Another potential clinical ap-
plication of this strategy would be the use of
in vivo selection to overcome the anticipat-
ed inefficiency of gene transfer with nonse-
lectable genes such as B-globin. Experi-
ments describing a retroviral vector, which
expressed a bifunctional chimeric protein
formed from the MDRI1 transporter and
human adenosine deaminase, have demon-
strated the feasibility of this approach (19).
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Infection of Macaca nemestrina by Human
Immunodeficiency Virus Type—1

Michael B. Agy, Lyn R. Frumkin, Lawrence Corey,*
Robert W. Coombs, Steven M. Wolinsky, James Koehler,
William R. Morton, Michael G. Katze

After observations that Macaca nemestrina were exceptionally susceptible to simian im-
munodeficiency virus and human immunodeficiency virus type-2 (HIV-2), studies of HIV-1
replication were initiated. Several strains of HIV-1, including a recent patient isolate,
replicated in vitro in peripheral blood mononuclear cells (PBMCs) and in CD4-positive M.
nemestrina lymphocytes in a CD4-dependent fashion. Eight animals were subsequently
inoculated with either cell-associated or cell-free suspensions of HIV-1. All animals had
HIV-1 isolated by cocultivation, had HIV-1 DNA in their PBMCs as shown by polymerase
chain reaction, and experienced sustained seroconversion to a broad spectrum of HIV-1
proteins. Macaca nemestrina is an animal model of HIV-1 infections that provides oppor-
tunities for evaluating the pathogenesis of acute HIV-1 replication and candidate vaccines

and therapies.

A relevant animal model (I) for human
lentivirus infection (2, 3) is needed for the
evaluation of the effectiveness of vaccines and
drugs for HIV-1 infection. Asian macaques
infected by the related simian immunodefi-
ciency virus (SIV) (4, 5) or HIV-2 (6) have
been used to study the acquired immunodefi-
ciency syndrome (AIDS). Although this an-
imal model has contributed to our under-
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standing of viral pathogenesis, SIV and
HIV-2 differ from HIV-1 in their sequence
homology and antigenic structure (7). These
viral sequence differences are especially perti-
nent to HIV-1 vaccine development, in
which an animal model that would allow
testing of candidate HIV-1 vaccines would be
particularly useful. Among nonhuman pri-
mates, only the endangered chimpanzee and
gibbon ape are susceptible to HIV-1 infection
(8-10). We evaluated Macaca nemestrina
(pigtail macaques) as a model for HIV-1
infection on the basis of clinical and virolog-
ical observations that suggested this species
was more severely affected by SIV and HIV-2
infection than Macaca mulatta or Macaca fas-
cicularis (11).

Four HIV-1 strains were tested for their
ability to replicate in macaque PBMCs in
vitro: HIV-1, ,;, obtained from the Pasteur
Institute (2, 12), HIV-1;,; [a molecular
clone (13)], HIV-1jg (s [the molecular clone
of an isolate originally cultured from the
3 JULY 1992
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cerebrospinal fluid of a patient with AIDS
dementia (14)], and HIV-1,4 (a recent pa-
tient isolate). Stocks of each isolate were
prepared and titrated on human PBMC:s (15).
We initially assessed the ability of HIV-1, ,;
to infect the PBMCs from three species of
macaques and humans. In addition, we in-
fected the macaque PBMCs with SIV___ (16)
and heat-inactivated HIV-1 and SIV. The
HIV-1, ,; replicated efficiently in both M.
nemestrina and human PBMCs, whereas no
detectable replication occurred in Macaca mu-
latta or Macaca fascicularis PBMCs (Table 1).
The SIV,,. replicated in PBMCs from all
three macaque species, but viral antigens were
not detected in the cultures infected with the
heat-inactivated viruses. Furthermore, HIV-
Inig3s HIV-1jg gp, and HIV-1g, replicated
in the M. nemestrina cells as assayed by HIV-1
antigen production (Table 1).

We further characterized the in vitro in-
fection by determining whether M. nemestrina
CD4-positive cells were the target of HIV-1
infection. Unfractionated PBMCs and puri-
fied CD4 cells, isolated from M. nemestrina
and humans, were infected with HIV-1, 4.
The HIV-1 replicated with similar efficiency
and kinetics in the macaque and human
CD4-positive cells. The HIV-1 antigen in
culture supernatants was detected sooner and
at higher titers in the CD4-enriched cell
populations (Table 1) as compared to that in
the unfractionated cells, which is consistent
with the known affinity of HIV-1 for CD4-
positive cells in humans (17). We abrogated
the infection by first treating the virus with
human recombinant soluble CD4. Syncytial
formation was observed microscopically in
these cultures, although infrequently when
compared to that in human CD4 cells infect-
ed by HIV-1 (18).

To provide further evidence of HIV-1
replication in M. nemestrina PBMCs, we
examined de novo viral protein synthesis by
radioimmunoprecipitation analysis (19).
HIV-1-specific protein synthesis could be
detected by day 5 in the macaque PBMCs
(Fig. 1). The migration of the proteins from
HIV-1-infected cells was distinct from the
migration of proteins from SIV- and HIV-
2—infected cells; this was particularly true
for the envelope glycoprotein and the major
gag proteins. Further, monoclonal antibod-
ies specific for HIV-1 env and gag gene
products (20) recognized viral proteins syn-
thesized in cells infected by HIV-1, but not
in cells infected by SIV__ . or HIV-2 (18).

We evaluated whether the in vitro HIV-1
infection in macaque PBMC:s resulted in the
formation of complete virus particles. Seven
days after infection, electron microscopy re-
vealed that large amounts of mature virions
with the characteristic lentivirus morphology
were associated with cells or cellular pro-
cesses. Occasional budding forms associated
with the plasma membrane of cultured
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