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The ability to deliver genes as therapeutics requires an understanding of the vector pharmacokinetics
similar to that required for conventional drugs. A first question is the half-life of the vector in the bloodstream.
Retroviral vectors produced in certain human cell lines differ from vectors produced in nonhuman cell lines in
being substantially resistant to inactivation in vitro by human serum complement (F. L. Cosset, Y. Takeuchi,
J. L. Battini, R. A. Weiss, and M. K. Collins, J. Virol. 69:7430-7436, 1995). Thus, use of human packaging cell
lines (PCL) may produce vectors with longer half-lives, resulting in more-efficacious in vivo gene therapy.
However, survival of human PCL-produced vectors in vivo following systemic administration has not been
explored. In this investigation, the half-lives of retroviral vectors packaged by either canine D17 or human
HT1080 PCL were measured in the bloodstreams of macaques and chimpanzees. Human PCL-produced
vectors exhibited significantly higher concentrations of circulating biologically active vector at the earliest time
points measured (>1,000-fold in chimpanzees), as well as substantially extended half-lives, compared to canine
PCL-produced vectors. In addition, the circulation half-life of human PCL-produced vector was longer in
chimpanzees than in macaques. This was consistent with in vitro findings which demonstrated that primate
serum inactivation of vector produced from human PCL increased with increasing phylogenetic distance from
humans. These results establish that in vivo retroviral vector half-life correlates with in vitro resistance to
complement. Furthermore, these findings should influence the choice of animal models used to evaluate

retroviral-vector-based therapies.

Early studies reported that serum from primates, but not
that from a variety of lower mammals or birds, rapidly inacti-
vates a wide variety of retroviruses, including Moloney murine
leukemia virus (MLV). The retroviruses tested in these studies
were produced from nonhuman cell lines, and the inactivation
occurred by a complement-dependent mechanism (8, 13, 40,
46, 47). High-titer MLV retroviral vectors produced in canine
(D17 cell) packaging cell lines (PCL) can be delivered effec-
tively in small mammals and can lead to in vivo expression of
the transgene at levels expected to be therapeutic in humans
(15, 20, 21, 41). However, small-mammal models are unlike
humans in that their complement systems do not show signif-
icant inactivation of retroviral vectors. One obstacle to the
extension of such studies to the clinic is the potential for
human and nonhuman primate complement-mediated inacti-
vation of these vectors, which may lead to greatly reduced in
vivo half-lives. This concern may be most relevant for direct in
vivo administration to compartments in humans where com-
plement is abundant, such as the circulation. In fact, a previous
investigation demonstrated that murine cell-produced retrovi-
rus had an immeasurably short half-life (<1 min) after intra-
venous administration in macaques (9).

Historically, retroviral vectors have been predominantly
made in murine or other nonhuman PCL. We and others have
described certain human PCL which produce vectors resistant
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to inactivation by human serum complement in vitro (10, 19,
31, 32). While human PCL-produced vectors were designed to
facilitate direct in vivo gene delivery in nonhuman primates
and humans, their circulation half-lives in vivo are not known.
Assays in vitro may not reflect the kinetics and overall effects
of complement on vector stability in vivo.

PCL derived from the human HT1080 and 293 cell lines
were developed in our laboratory to exploit several potential
advantages over PCL derived from nonhuman sources (1, 19),
the most relevant of which is the production of retroviral vec-
tors more resistant to inactivation by human complement than
those packaged in cells of nonprimate origin. One proposed
mechanism is the absence of Gala(1-3)Gal (alpha-Gal) glyco-
sylation epitopes (33, 34, 43). These epitopes are abundant in
other species such as the mouse but are not present on human
cells or other Old World primate cells because these cells lack
alphal-3 galactosyl transferase activity (11, 12, 16, 22). There-
fore, human PCL produce retroviral vectors lacking these ter-
minal glycosidic alpha-Gal epitopes. Retroviral vectors without
this epitope would be resistant to complement inactivation
mediated by the anti-alpha-Gal antibodies present in all Old
World primate sera (12). Additional resistance mechanisms
may also involve positive factors, such as incorporation of
natural human cell membrane species-specific complement
control proteins into the vector membranes, as has been shown
with human immunodeficiency virus (HIV) and other viruses
(28, 36, 37).

It is not clear, a priori, to what extent the resistance of
vectors to complement inactivation in vitro correlates with in
vivo stability. Complement activity is likely to be more robust
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in vivo than in vitro, and complement protein deposition may
facilitate clearance of viral vectors by additional mechanisms in
vivo. Even if direct inactivation of retroviral vectors by com-
plement were blocked, complement decoration could promote
clearance by the reticuloendothelial system, as has been sug-
gested for liposome clearance (2, 6, 23, 25). We reasoned that
vector clearance by complement might be substantially faster
than that by other clearance mechanisms. This would be re-
flected in measurable differences in half-life in serum between
human PCL-produced vectors and retroviral vectors produced
in other PCL.

The primary goals of the investigation reported here were (i)
to assess whether vectors that are resistant to complement in
vitro have significantly enhanced stability in vivo, (ii) to assess
the appropriateness of different species of primates for pre-
clinical testing of retroviral vectors, and (iii) to measure the
kinetics of vector clearance from the circulation following in-
travenous injection. Replication-competent retrovirus-free
preparations of beta-galactosidase (3-Gal)-encoding retroviral
vectors from producer cell lines were used to determine rela-
tive sensitivities to inactivation by human and primate sera in
vitro and to assess the half-lives in the primate circulatory
system in vivo.

Equivalent titers of either human- or canine-cell-packaged
vector were injected, and the in vivo stability of biologically
active vector from serum recovered from the circulation at
various times postinjection was measured. Improved survival
conferred by packaging in a human cell line would be evident
as significant differences in concentrations of infectious parti-
cles in serum over time. These experiments were carried out
with nonhuman primates, which inactivate the vector via the
complement pathway, as a model for vector stability in hu-
mans.

In this investigation, the extent of in vitro inactivation of
vector produced from human cells in chimpanzee, baboon, and
macaque sera corresponded with evolutionary distance from
humans. Results of in vivo serum half-life experiments per-
formed with chimpanzees and macaques demonstrated that
the relative serum stability in vivo correlated with the in vitro
stability for vector produced in canine and human PCL. These
data suggest significant species specificity of complement re-
sistance among nonhuman Old World primate model systems.
These results underline the importance of combining human
PCL-produced retroviral vector with appropriate animal mod-
els for the development of systemic human gene therapies.

(Some in vitro assay portions of this work were presented at
the Keystone Gene Therapy meeting in March 1995, and some
other portions were presented at the Cold Spring Harbor Gene
Therapy meeting in September 1998.)
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MATERIALS AND METHODS

Cells. All PCL were amphotropic or xenotropic “split-genome” PCL (26) with
cytomegalovirus promoter-driven separate gag-pol and env expression constructs,
and specific helper expression plasmids and PCL construction as described pre-
viously (1, 17, 19, 24). Table 1 lists the PCL, which were based on the canine D17
osteosarcoma cell line (ATCC CRL 8468), the human 293 embryonic kidney cell
line (ATCC CRL1573), or the human HT1080 fibrosarcoma cell line (ATCC
CCL 121). Cells were maintained in Dulbecco modified Eagle medium (DMEM;
Gibco-BRL) containing 10% fetal bovine serum (FBS).

Vectors. N2 3-Gal is an N2-based retroviral reporter vector expressing B-Gal
from the long terminal repeat and neomycin phosphotransferase (neo gene) from
an internal simian virus 40 promoter (17). N2 neo del B-Gal lacks the neo gene.
“Crude” vector preparations refer to producer cell growth medium supernatant
clarified by 0.45-pum-pore-size filtration. Purified vector preparations were con-
centrated and purified as previously described (17, 20). Vector preparations and
vector-producing cell lines were shown to be free of replication-competent ret-
rovirus by hygromycin marker rescue assay of vector or of supernatant from Mus
dunni producer cell cocultivations as described previously (17, 27). Either crude
or purified preparations of the same vector showed similar in vitro inactivation
by serum.

Titer assays. Samples from in vitro or in vivo assays were titered on HT1080
target cells on six-well plates in the presence of 8 g of Polybrene (Sigma)/ml.
Blue-colony-forming unit (BCFU) titers were determined following 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-Gal) staining by standard methods
5).

Human and nonhuman primate sera and plasma. Serum samples were col-
lected from nine healthy human volunteers, five chimpanzees (Laboratory for
Experimental Medicine and Surgery in Primates, New York University Medical
Center, Tuxedo, N.Y.), six baboons, and six macaques (Coulston Foundation,
White Sands Research Center, Alamogordo, N. Mex.). Serum samples were
aliquoted and frozen at —70°C. Heat inactivation was carried out by incubation
at 56°C for 1 h. All human sera were tested for total classical complement activity
by using a kit (Sanofi Diagnostics, Kallistad, Minn.), and only serum preparations
with activity in the normal range after one freeze-thaw cycle (=70 100% hemo-
lytic complement [CH, ] units) were used.

In vitro serum inactivation assays. Assays were conducted in 90% serum.
Twenty to 100 wl of retroviral vector was mixed in a 1:9 ratio (vol/vol) with either
native serum, heat-inactivated serum, or a control consisting of heat-inactivated
FBS (undiluted or a 10% solution in DMEM). Equal input titers of each vector
type were used in an experiment. Approximately 10° to 10° BCFU of vector/ml
was mixed with serum as described above and incubated at 37°C for 30 min,
unless otherwise noted.

Experimental animals. Normal male rhesus macaques and HIV-positive chim-
panzees of both genders were obtained by and maintained at the Southwest
Foundation for Biomedical Research, San Antonio, Tex. All animals were
treated according to U.S. Department of Agriculture regulations.

In vivo primate assays. Retroviral vectors expressing B-Gal and packaged in
human HA (HT1080-derived) or canine DA (D17-derived) PCL were used for
intravenous injection via the cephalic vein (macaques) or the antecubital vein
(chimpanzees). Injection volumes were 3 ml (macaques) or 5 ml (chimpanzees),
followed by a flush with an equal volume of saline. Vector administration and
serum sampling were performed at the Southwest Foundation for Biomedical
Research. Blood samples were drawn at 5, 10, 20, 30, 45, 60, 90, and 120 min
postinjection. Serum was prepared and frozen at —70°C. Animals were observed
for 2 days to ensure that no acute toxic effects occurred.

Rhesus macaques. Males A and B received 3 X 10° BCFU of canine DA-
packaged B-Gal retroviral vector (2.8 X 10® to 3.0 x 10® BCFU/kg of body
weight). Males C and D received 3 X 10 BCFU of human HA-packaged B-Gal
retroviral vector (2.6 X 10° to 3.7 X 10° BCFU/kg).

TABLE 1. Packaging cell type, envelope type, and vector combinations tested

PCL and vector Cell type Envelope Gene Sﬂ;flign
DA B-Gal D-17 (canine)* Amphotropic MLV? B-Gal Neo"
DX B-Gal D-17 (canine) Xenotropic MLV B-Gal Neo"
DX Neo" del p-Gal D-17 (canine) Xenotropic MLV B-Gal None
2A B-Gal 293 (human)” Amphotropic MLV B-Gal Neo"
2X B-Gal 293 (human) Xenotropic MLV B-Gal Neo"
HA Neo" del B-Gal HT1080 (human)® Amphotropic MLV B-Gal None

“ Osteosarcoma.

® Embryonic kidney.
¢ Fibrosarcoma.

4 4070A envelope.

¢ NZB 9-1 envelope.
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FIG. 1. DX B-Gal retroviral vector survival following in vitro inactivation by
human serum as a function of initial titer. A purified, concentrated stock of
vector at 10° BCFU/ml was used either undiluted or after serial 10-fold dilutions.
Vector dilutions were incubated with normal human serum or FBS under stan-
dard in vitro assay conditions. Percent survival is defined as the BCFU titer
remaining after normal serum treatment relative to the BCFU titer for the
FBS-treated controls at each input titer. For all in vitro serum inactivation
experiments, heat-inactivated serum controls for each vector and serum showed
no significant effect on titer.

Chimpanzees. Females A and B were treated with 5 X 10° BCFU of canine
DA-packaged B-Gal retroviral vector (0.9 X 10% to 1.1 X 10® BCFU/kg). Chim-
panzees C (female) and D (male) received 5 X 10° BCFU of human HA-
packaged B-Gal retroviral vector (0.7 X 10% to 0.9 x 10® BCFU/kg).

RESULTS

Serum inactivation in vitro depends on vector titer. A vari-
ety of preparations of B-Gal-expressing retroviral vectors were
tested to assess their relative stabilities in serum. These vectors
were produced from stably transduced human- or canine-cell-
derived PCL of either amphotropic or xenotropic envelope
specificity, as listed in Table 1. Preliminary experiments sug-
gested that all canine cell-produced B-Gal retroviral vectors
were rapidly inactivated by heat-labile human serum activity,
but the magnitude of the inactivation increased when lower
titers of the vector were mixed with a fixed volume of serum.
This suggested that (i) titers of different vector stocks should
be matched and in an appropriate range in order to best
quantify relative serum sensitivity and (ii) inactivation in vivo
by complement might be overcome with sufficiently high titers.
To better define these issues, in vitro inactivation of retroviral
vector in 90% normal human serum over a wide range of input
titers was quantitatively measured. A high-titer canine-cell-
derived B-Gal vector was serially diluted, and the percentage
of survival after treatment with 90% complement-active hu-
man serum was determined as a function of input titer over a
range of 5 orders of magnitude. The results shown in Fig. 1
indicate that the percentage of survival increased dramatically
with increasing titer over the range tested, with greater than
50% survival at the highest titer tested. Similar results were
obtained with serum from another donor.

Inhibition of vector inactivation appeared to be vector de-
pendent and to be independent of other serum- or cell-derived
components (which might copurify with vector), based on con-
trol experiments where dilute vector was spiked with serial
dilutions of equivalently purified and concentrated condi-
tioned medium from D17 cells, with little effect on vector
sensitivity to serum (data not shown). Thus, inactivation by
serum in vitro was dependent on vector concentration, and it
appears that inactivation by complement can be largely over-
come with sufficiently high titers of retroviral vector. To com-
pare the relative sensitivities to complement of various retro-
viral vectors quantitatively, subsequent in vitro experiments
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used vector titers well below the saturation range, 10* to 10°
BCFU/ml, in 90% serum. This was intended to approximate in
vivo conditions, such as those for intravenous injection, more
realistically.

Retroviral vectors from human 293 cell-based amphotropic
or xenotropic packaging cells are equally resistant to inacti-
vation by 90% human serum. Our unpublished results, as well
as findings published in reports from several groups, demon-
strate that retroviral vector packaged in one of several human
cell types, including HT1080 and 293 cells, is substantially
resistant to complement inactivation by normal human serum,
as judged by in vitro assays with human serum diluted most
often to the 20-to-50% range (10, 31, 32). The envelope pro-
teins present on the vector have also been reported to affect
relative complement sensitivity (44). In order to assess whether
the nature of the envelope protein or the species of origin of
the PCL used to generate the vector had greater influence on
sensitivity to inactivation by complement and in order to mea-
sure the degree of inactivation, studies were conducted in the
presence of stringent 90% serum conditions. Figure 2 shows
the data from a panel of four B-Gal vectors, with either am-
photropic or xenotropic envelopes, generated from producer
cells of either human 293 or canine D17 origin. Each was
tested against sera from three individual human donors. Inac-
tivation by serum was not detected when retroviral vector of
either envelope tropism was packaged by human 293-derived
producer cells, as the average level of 2X vector survival was
111% and 2A vector survival averaged 126%. In contrast, the
same retroviral vectors were quite sensitive to inactivation by
serum when they were generated by PCL with a canine D17-
derived cell background. Somewhat stronger inactivation may
occur in vectors expressing the xenotropic envelope than in
those expressing the amphotropic envelope, with an average
DX vector survival of ~0.4% versus a DA vector survival of
7.3%. In all cases heat-inactivated serum controls produced no
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FIG. 2. In vitro survival of human serum-treated vector from various PCL.
Amphotropic or xenotropic retroviral vector packaged by human 293- or canine
D17-derived PCL was incubated with serum as described in Materials and Meth-
ods. Vector titers were standardized at approximately 10* BCFU/ml, and all
vectors were tested against a panel of three human sera. Each vector was tested
at least twice, with a representative result shown here. Percent survival is defined
relative to FBS-treated controls as for Fig. 1.
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FIG. 3. Survival in human, chimpanzee, baboon, and macaque sera of B-Gal
vectors from human and canine PCL. Survival of amphotropic or xenotropic
retroviral vector packaged by human 293 or canine D17 PCL was determined as
in the experiment for which results are shown in Fig. 2. Percent survival was
defined as for Fig. 1. The full panel of vectors was tested against at least two
individual donor sera from each species with comparable results.

significant change in titer, showing that all significant inactiva-
tion depended on a heat-labile mechanism, a hallmark of com-
plement (data not shown). This is in general agreement with
previous reports of experiments testing the sensitivity of 293
cell-produced vector with an amphotropic envelope to human
sera in vitro (31, 32) and extends the results to xenotropic-
enveloped vector.

Human cell-produced retroviral vector has species-depen-
dent levels of resistance to primate sera. Since nonhuman
primate models may be important for preclinical development
of in vivo retroviral vector transduction protocols, the above
studies were extended to the inactivation abilities of nonhuman
primate sera. The same panel of four B-Gal retroviral vectors
shown in Fig. 2 was tested in multiple experiments against sera
from chimpanzees, baboons, or macaques. For each primate
species, sera from two or more individuals were tested, with
similar results. One typical set of such experiments is shown in
Fig. 3. Inactivation by human serum is included for the purpose
of comparison. Amphotropic and xenotropic retroviral vectors
produced from human PCL show little sensitivity to human
serum (average survival after 30 min, 72%) and only partial
sensitivity to inactivation by chimpanzee serum (44% survival).
Greater sensitivity to baboon (11.5% survival) and macaque
(0.8% survival) sera was observed. The degree of sensitivity of
human PCL-packaged vector to sera from the different species
increased with increasing phylogenetic distance from humans.
In contrast, both retroviral vectors produced from the canine
D17 background showed high sensitivity to inactivation by all
four sera, confirming that all had potent ability to inactivate
MLV-based vectors. In each case, heat-inactivated serum pro-
duced no significant change in titer (data not shown). These
results show that the mechanism by which packaging in these
human PCL confers vector resistance to inactivation by serum
is dependent on the species origin of the serum within the
tested group of Old World primates.
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Human PCL-produced retroviral vector has a substantially
increased half-life in the circulatory systems of intravenously
injected chimpanzees. The in vitro tests suggested that chim-
panzee serum may be most equivalent to human serum in
terms of its inability to inactivate vector made in human PCL.
To directly measure the in vivo stability of biologically active
vector produced from a nonhuman versus a human PCL, an
infectivity assay was performed on vector recovered from the
chimpanzee circulation following intravenous injection. To
maximize the initial concentrations of injected B-Gal vector in
serum and thus the sensitivity of titer assays, higher-titer vec-
tors available from a human PCL were required. Accordingly,
in vivo studies used B-Gal-expressing vector packaged in a
human HA (HT1080-derived) PCL which gives significantly
higher titers (unpublished data) than the 293 PCL-produced
vector used in the in vitro experiments for which results are
shown in Fig. 2 and 3. We had previously observed that 293 and
HT1080 PCL produce vectors equivalently resistant to human
serum inactivation in vitro (data not shown). Either human- or
canine-PCL-produced (-Gal vector was injected intravenously;
equal titers of the two vectors were used. Serial serum samples
were frozen, and aliquots were later titered in a single exper-
iment to minimize interassay titer variability.

The results are plotted in Fig. 4. In chimpanzees given hu-
man-cell-produced HA/B-Gal, a level of ~50,000 BCFU/ml
was observed at 5 min postinjection. This level dropped 1,000-
fold to ~50 BCFU/ml at 120 min. By contrast, in chimpanzees
given canine cell-produced DA/B-Gal, only 100 or fewer
BCFU/ml of blood was detected at 5 min. This had decayed to
undetectable levels (= 10 BCFU/ml) by 30 min. The clearance
rate of the human HA PCL vector was initially rapid and
then exhibited apparently steady first-order kinetics, with a
half-life of ~15 to 20 min in chimpanzees, while the half-life
of the canine DA PCL vector was immeasurably short in
chimpanzees.

Human PCL-produced retroviral vector has an increased
half-life in the circulatory systems of intravenously injected
macaques. The data in Fig. 3 suggest that serum from the
macaque may be more vigorous than human or chimpanzee
serum in its ability to inactivate vector made in human PCL.
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FIG. 4. In vivo half-lives of intravenously injected canine- and human-PCL-
produced retroviral vectors in chimpanzees. Equal titers (~5 X 10° BCFU) of
DA- or HA-produced B-Gal vector were injected intravenously into chimpan-
zees, two animals per group. Animals A and B received canine PCL (DA) vector,
and animals C and D received human PCL (HA) vector. At the times indicated,
blood was drawn, and sera were prepared and frozen. The biological titer in
serum samples was determined by a standard BCFU assay on tissue culture
HT1080 cells. Chimpanzees A and B had very low or undetectable titers (shown
here as 10 BCFU/ml).
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FIG. 5. In vivo half-lives of intravenously injected canine- and human PCL-
produced retroviral vectors in macaques. Equal titers (~3 X 10° BCFU) of DA-
or HA-produced B-Gal vector were injected intravenously into macaques. There
were two animals per group. Animals A and B received canine PCL (DA) vector;
animals C and D received human PCL (HA) vector. At the times indicated,
blood was drawn, and sera were prepared and frozen. The biological titer in
serum samples was determined by a standard BCFU assay on tissue culture
HT1080 cells. Macaques A and B had undetectable titers (shown here as 10
BCFU/ml).

Thus it was of interest to determine if the greater degree of
inactivation in macaque serum reflected the sensitivity of the
vector in vivo. Since the in vitro results (Fig. 3) suggested that
more inactivation of vector might occur in macaque serum
than in chimpanzee serum, the macaques were given a three-
fold-higher input dose of vectors (~3 X 10°® BCFU/kg, com-
pared to 1 X 10® BCFU/kg for chimpanzees). As before, either
human HA or canine DA PCL-produced B-Gal vectors, used
at equivalent titers, was injected intravenously. Serial serum
samples were frozen, and aliquots were later titered together
to minimize interassay titer variability.

The results are plotted in Fig. 5. In macaques given human
HA/B-Gal, ~10,000 BCFU/ml of blood was found at 5 min
postinjection, but by contrast, no vector activity was detected
by 5 min in rhesus macaques given canine DA/B-Gal. The
clearance rate of the human HA PCL vector after 5 min postin-
jection exhibited apparently steady first-order kinetics with a
half-life of ~5 min in macaques, while the half-life of the
canine DA PCL vector was immeasurably brief. The human
HA vector became undetectable by 45 min postinjection in
macaques, much faster than in chimpanzees, despite a three-
fold-higher dose on a weight basis. The initial concentrations
of human HA/B-Gal in the sera of macaques, ~10,000 BCFU/
ml at 5 min postinjection, are also about five times lower than
those in the sera of chimpanzees, despite the higher dosing.
Lower resistance to the macaque serum complement is one
plausible explanation for this difference and for the shorter
half-life in macaques.

DISCUSSION

While retroviral-vector gene therapy continues to be a
promising mode of therapeutic intervention for various clinical
states, the activity of these vectors in vivo remains poorly un-
derstood. To allow broad clinical applications, the function of
retroviral vectors following direct administration will need to
be more clearly defined. Among these issues are the role of
host complement in inactivating vector following intravenous
administration and the rate of vector clearance from the cir-
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culation. This study addresses these issues in nonhuman pri-
mates.

Recent reports have suggested that the resistance of human
PCL-produced vectors to complement may be due primarily to
the absence of alpha-Gal glycosidic epitopes (33, 34, 43). This
would predict that human-PCL-produced vectors would be
similarly resistant to the sera of all Old World primates or
great apes, including humans. In contrast, we observed differ-
ential sensitivity to complement inactivation correlating with
increasing evolutionary distance from humans (sensitivity to
human serum is lowest, followed, in ascending order, by sen-
sitivity to chimpanzee, baboon, and macaque sera). Resistance
to inactivation in the sera of various Old World primates or
great apes, tested in vitro here, is surprisingly species specific,
involving a mechanism(s) that remains to be elucidated.

Following bolus intravenous injection into chimpanzees,
concentrations of human-PCL-produced infectious vector in
serum were about 1,000-fold higher initially than those of ca-
nine-PCL-produced vector and persisted at detectable levels
for more than 2 h. This compared to 30 min or less for injec-
tions of equivalent titers of canine-PCL-produced vector. The
concentration time course of the human-PCL-produced vector
appears to have an initial rapid-distribution phase, followed by
first-order kinetics of clearance with a half-life of about 15 to
20 min in chimpanzees. To our knowledge, this study is the first
report of a circulation half-life of any intravenously injected
viral vector. It is also the first evidence of an extended in vivo
half-life of a retroviral vector produced from a human PCL.

Although the highest level of active vector in the blood-
stream was observed with a combination of human PCL-pro-
duced vectors in chimpanzees, the concentration at the initial
time point can represent only a small portion of the total
injected active vector. With human-PCL-produced vectors in
chimpanzees, initial concentrations of ~50,000 BCFU/ml of
serum were detected at 5 min postinjection. Assuming that
chimpanzees have a blood volume of approximately 100 ml/kg,
the total amount of vector theoretically available equals total
input/blood volume, or 10° BCFU/ml. Thus the observed con-
centration of 50,000 BCFU/ml at 5 min represents around 5%
of this amount. Several possible explanations for this initial
rapid decrease in circulating vector concentration include in-
activation, aggregation, trapping in locations such as the lung,
spleen, and kidney, and binding to serum proteins or receptors.
Even if a significant portion of the vector is rapidly bound to
the normal amphotropic receptor, it is still most likely suscep-
tible to complement inactivation until entry into target cells.
Many such issues concerning both rapid and long-term biolo-
calization will need to be addressed in future studies with
retroviral and other viral vectors.

The observed primate species dependence may provide in-
sights into the mechanisms of complement resistance of retro-
viral vectors. The mechanism of inactivation by primate serum
was initially reported to be an antibody-independent comple-
ment lysis mechanism which involves direct binding of Clq to
the retroviral envelope (3, 4, 8, 13, 40, 46, 47). More-recent
findings have suggested and strengthened evidence for a major,
perhaps predominant role for an antibody-dependent mecha-
nism of inactivation by complement, which is directed by an-
tibody to specific terminal alpha-Gal glycosylation epitopes. In
this model, retroviruses or vectors made in human cells do not
display alpha-Gal terminal glycosidic epitopes because humans
and Old World primates lack alpha-galactosyl transferase en-
zyme activity. Retroviral vectors lacking these epitopes thus
lack sensitivity to the abundant anti-alpha-Gal antibody present
in Old World primate or great ape serum, which can direct
complement inactivation and lysis (12, 16, 22, 33, 34, 43).
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However, a number of results suggest that other mechanisms
must also play a role in vector inactivation. For example, sig-
nificant levels of antibody-independent inactivation have often
been described (7, 8), and various human cells, all purportedly
alpha-Gal negative, can produce vectors with different levels of
resistance to complement (31, 35, 44). It has also been ob-
served that the viral envelope protein as well as the host cell
can influence relative complement sensitivity in MLV (44) and
that the sensitivities of panels of other enveloped viruses to
complement show a complex pattern of virus-specific alpha-
Gal dependence, differing greatly among different enveloped
viruses (42, 45). Together these results suggest a role for other
factors in resistance to serum complement. One such factor
may be incorporation into the retroviral membrane of natural
complement control proteins, such as decay-accelerating fac-
tor, from the human cell membranes, as has been reported for
HIV (28, 36, 37). Because these complement control proteins
exhibit stringent species dependence (29), such a mechanism
would be consistent with the effect of the species origin of
serum on complement sensitivity as described here.

It has been shown that high titers of canine-PCL-produced
(DA) retroviral vector can induce cytotoxic T-lymphocyte re-
sponses to vector-coded antigens following intramuscular ad-
ministration in macaques (17) and chimpanzees (38) despite
the presumed sensitivity of the vector to complement. The in
vitro results presented here showing high-titer saturation of
serum inactivation provide one plausible mechanism by which
this could occur. The delivery of sufficiently high-titer vector to
a restricted site with a limited local complement supply may
allow efficacy with a complement-sensitive retroviral vector.
Conversely, for intravenous administration, the results suggest
that much higher-titer doses than those used in the primate
studies reported here would be needed to saturate comple-
ment in the circulation. Cornetta et al., using macaque serum
in vitro over a more-limited titer range also reported a similar
saturation effect (9).

These results with regard to vector clearance kinetics set the
stage for more-detailed pharmacokinetic analysis of intrave-
nously delivered retroviral vectors, a subject largely unexplored
for most viral gene therapy vectors to date. One exception was
a recent herpesvirus vector study using a novel radiolabeling
and imaging methods, which examined physical particle bio-
distribution over time in mice (39). Localization at several
minutes post-intravenous injection was predominantly in the
bloodstream, lung, liver, and spleen, as determined by scinti-
graphic rough imaging, and predominantly in the liver and
spleen at 12 h, as determined by imaging and by gamma-
counting of tissue samples. Circulation half-lives were not ex-
amined. The infectious particle half-life in the present investi-
gation measures clinically active vector rather than the physical
particle half-life. Both types of measurement will be needed to
best describe the pharmacokinetics of gene delivery vectors,
illustrating some of the complexity of this aspect of gene ther-
apy.

In summary, the results presented here demonstrate that in
vitro complement resistance assays correlate well with in vivo
half-life measurements and that the in vivo advantage of hu-
man PCL-produced retroviral vectors appears highly signifi-
cant. It is likely that these results obtained with MLV-based
retroviral vectors will also be relevant to other retroviral vec-
tors, including lentiviral vectors such as those based on HIV
and feline immunodeficiency virus (14, 18, 30). Whether these
results pertain to other enveloped viruses and viral vectors can
also be tested. The results also show that preclinical models
need to be carefully evaluated for their relevance to the clinical
situation. For example, macaques may be of limited utility in
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pharmacokinetic or other modeling of the intravenous admin-
istration of human PCL-produced retroviral vectors. Chimpan-
zees would be more suitable, although it would be difficult to
perform any large-scale experiments with such a cumbersome
model. Small mammals such as rabbits, whose serum does not
appear to inactivate retroviral vectors from human or nonhu-
man PCL (10a), may be well suited for initial pharmacokinetic
and biodistribution studies. From a broader perspective, the
results presented here give confidence that in vitro screening of
animal sera for inactivation of a specific retroviral vector prep-
aration may give a reliable estimate of in vivo performance.
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