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Adenovirus vectors have been studied as vehicles for gene transfer to skeletal muscle, an attractive target for
gene therapies for inherited and acquired diseases. In this setting, immune responses to viral proteins and/or
transgene products cause inflammation and lead to loss of transgene expression. A few studies in murine
models have suggested that the destructive cell-mediated immune response to virally encoded proteins of
E1-deleted adenovirus may not contribute to the elimination of transgene-expressing cells. However, the impact
of immune responses following intramuscular administration of adenovirus vectors on transgene stability has
not been elucidated in larger animal models such as nonhuman primates. Here we demonstrate that intra-
muscular administration of E1-deleted adenovirus vector expressing rhesus monkey erythropoietin or growth
hormone to rhesus monkeys results in generation of a Thl-dependent cytotoxic T-cell response to adenovirus
proteins. Transgene expression dropped significantly over time but was still detectable in some animals after
6 months. Systemic levels of adenovirus-specific neutralizing antibodies were generated, which blocked vector
readministration. These studies indicate that the cellular and humoral immune response generated to ade-
novirus proteins, in the context of transgenes encoding self-proteins, hinders long-term transgene expression

and readministration with first-generation vectors.

Somatic gene transfer to muscle is being investigated for
treatment of muscle-specific disorders, such as muscular dys-
trophies. In addition, the ability of various viral and nonviral
vector systems to transduce muscle fibers with genes encoding
secreted products, e.g., coagulation factor IX, al-antitrypsin,
erythropoietin, and growth hormone, may have systemic ben-
efits (2, 24). Skeletal muscles have also proved useful for the
delivery of DNA-based vaccines (5). Recombinant adenovi-
ruses transduce fibers of skeletal muscle with great efficiency
(3, 16, 21, 28, 29, 35). Furthermore, the low probability of
insertional mutagenesis and large capacity for genes such as
truncated dystrophin are major advantages of this vector sys-
tem (8). However, in vivo administration of adenovirus vectors,
such as intramuscular, is characterized by inflammation, infil-
tration of CD4" and CD8" T lymphocytes, myonecrosis, and
extinction of recombinant gene expression (6, 22, 25, 32, 34,
38).

The mechanism of transient transgene expression has been
attributed at least in part to activation of major histocompat-
ibility complex (MHC) class I-restricted cytotoxic T lympho-
cytes (CTL) directed against the recombinant and viral pro-
teins generated by de novo synthesis in the transduced tissue.
Extended transgene expression observed with El-deleted ad-
enovirus vectors injected into skeletal muscle in rodents with
genetic defects in immunity or immune suppressed with phar-
macological agents supports the hypothesis that cellular immu-
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nity contributes to transgene elimination (4, 14, 15, 20, 30). In
addition, administration of adenovirus vectors in vivo leads to
generation of CD4" T-cell-dependent humoral immune re-
sponses, characterized by neutralizing antibodies (NAB)
against the adenovirus vector capsid proteins. The presence of
NAB limits readministration of these vectors into rodent mus-
cle.

Recent observations indicate that the antigenicity of the
transgene product encoded within the adenovirus vector can
impact the stability of transgene expression (7, 9, 12, 33, 39).
Recombinant proteins expressed from adenovirus vectors, rec-
ognized as “self,” have been reported to be stably expressed in
rodent muscle, suggesting that the destructive cellular re-
sponse to proteins of viral genes is not significant. Svennson et
al. tested this hypothesis in a nonhuman primate model for 84
days. That study was limited not only in the length of obser-
vation but also in reporting only a limited number of serum
erythropoietin values and therefore not addressing the stability
of transduction, and did not evaluate host cellular immune
responses to the vector (31).

In this study, rhesus monkey erythropoietin and growth hor-
mone genes were isolated and incorporated into first-genera-
tion adenovirus vectors to evaluate the stability of transgene
expression in rhesus monkey muscle in the absence of trans-
gene-specific responses. Since both proteins are secreted into
the systemic circulation, the protein levels in serum served as
surrogate markers for gene transfer and transgene expression.
The dynamics of transgene expression and host cellular and
humoral immune responses to the viral vector and transgene-
encoded proteins were monitored. The extent of transduction
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FIG. 1. Serum levels of growth hormone (GH). Rhesus monkeys were administered Ad-rhGH intramuscularly, and serum was obtained at
various time points and analyzed for vector-induced GH levels as described in the text. Serum levels following vector administration are presented
both before and after octreotide administration. Postoctreotide levels indicate vector-induced growth hormone.

of skeletal muscle following a second intramuscular adminis-
tration of vector was also examined.

MATERIALS AND METHODS

Animals and specimen collection. Wild-caught juvenile rhesus monkeys were
purchased from the Southwest Foundation for Biomedical Research (San An-
tonio, Tex.) and kept in full quarantine. The monkeys weighed approximately 3
to 4 kg and were serologically negative for simian immunodeficiency virus, simian
T-cell lymphotropic virus, other simian retroviruses, and human adenovirus. The
protocol was approved by the Infection Control Committee of the Hospital of the
University of Pennsylvania, the Environmental Health and Safety Office, the
Institutional Biosafety Committee, and the Institutional Animal Care and Use
Committee of the University of Pennsylvania.

Cloning of genes. The cDNA for rhesus erythropoietin was isolated as de-
scribed (42). The rhesus pituitary growth hormone cDNA was a kind gift from
T. G. Golos, Wisconsin Regional Primate Research Center (13).

Vectors. E1-deleted adenoviruses expressing rhesus monkey growth hormone
(H5.010CMVrhGH) or rhesus monkey erythropoietin (H5.010CMVrhEPO),
henceforth called Ad-rhGH and Ad-rhEPO, respectively, were made by trans-
fection-infection protocols described earlier (11). Virus was produced according
to Good Manufacturing Practices and obtained from the Human Applications
Laboratory of the Institute for Human Gene Therapy. The virus was character-
ized at a particle-to-PFU ratio of 100.

Serum growth hormone and erythropoietin. Levels of growth hormone and
erythropoietin were determined from appropriately diluted serum samples using
the human growth hormone enzyme-linked immunosorbent assay (ELISA) kit
(Roche Molecular Biochemicals, Mannheim, Germany) and the Quantikine IVD
erythropoietin ELISA kit (R&D Systems, Inc., Minneapolis, Minn.) respectively,
following the manufacturers’ instructions. Repeated analysis of the same sample
revealed consistent values that differed by less than 10%. Octreotide acetate
(Sandostatin; Sandoz Pharmaceuticals, East Hanover, N.J.) was administered as
an intravenous bolus at a dose of 1.4 pg/kg per rhesus monkey for suppression
of endogenous secretion of growth hormone.

Lymphoproliferative responses. Peripheral blood mononuclear cells (PBMC)
from the various time points of the study were separated by Ficoll-Hypaque
density gradient centrifugation. Triplicate cultures of 100 ul of PBMC (10°
cells/ml) were cultured at a multiplicity of infection (MOI) of 10 with inactivated
Ad-LacZ, 100 ng of Staphylococcus enterotoxin B (SEB; Toxin Technologies,
Sarasota, Fla.) per ml, or medium alone. SEB- and antigen-stimulated cultures
were harvested on day 6. Proliferation was measured by a 16-h [*H]thymidine (1

wCi/well) pulse. Results are presented as a stimulation index, which represents
the ratio of cpm in adenovirus-stimulated cultures to that in cultures with me-
dium alone.

Cytokine release assays. PBMC were cultured with or without antigen (inac-
tivated Ad-LacZ at a cell-to-particle ratio of 10) for 48 h in a 24-well plate. Cell
supernatants were collected and analyzed for the presence of interleukin-2 (IL-
2), IL-4, gamma interferon (IFN-y), and IL-10 by commercial ELISA kits (Bio-
Source International, Camarrillo, Calif.) using the manufacturers’ protocols.

Adenovirus-specific immunoglobulins. Serum (diluted 1:200) samples from
animals were analyzed for adenovirus-specific isotype-specific immunoglobulins
(IgM, IgG1, 1gG2, and IgG4) by ELISA. For the ELISA, 96-well flat-bottom,
high-binding Immulon-IV plates were coated with 100 wl of adenovirus antigen
(5 x 10° particles/ml) in phosphate-buffered saline (PBS) overnight at 4°C,
washed four times in PBS containing 0.05% Tween, and blocked in PBS supple-
mented with 1% bovine serum albumin for 1 h at 37°C. Appropriately diluted
samples were added to antigen-coated plates and incubated for 4 h at 37°C.
Plates were washed four times in PBS-0.05% Tween and incubated with perox-
idase-conjugated goat anti-human IgM, IgG1, IgG2, or IgG4 (1:2,000 dilution;
Sigma Chemical Co., St. Louis, Mo.) for 2 h at 37°C. Plates were washed as
described above, and 2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS)
substrate (Kirkegaard and Perry, Gaithersburg, Md.) was added. Optical densi-
ties were read at 405 nm on a microplate reader (Dynatech Laboratories, Chan-
tilly, Va.).

Antiadenovirus NAB. NAB titers were analyzed by determining the ability of
serum to inhibit transduction of reporter virus, adenovirus expressing green
fluorescent protein (Ad-GFP), into HeLa cells. Various dilutions of antibodies
preincubated with the reporter virus for 1 h at 37°C were added to 90% confluent
HelLa cell cultures. Cells were incubated for 16 h, and expression of GFP was
analyzed with a FluoroIlmager (Molecular Dynamics, Sunnyvale, Calif.). The
neutralizing titer of antibody was calculated as the highest dilution at which 50%
of the cells turned green.

CTL. (i) Target cells. Autologous transformed B-lymphoblastoid cell lines
(B-LCL) from the study animal were transformed by incubating PBMC at 37°C
with herpesvirus papio-derived supernatant of S594 cells (provided by Norman
Letvin, Beth Israel Hospital, Boston, Mass.) and cyclosporin (1 wg/ml) in RPMI
1640 with 20% fetal bovine serum, 10 mM HEPES, 2 mM L-glutamine, 50 IU of
penicillin/ml, and 50 pg of streptomycin/ml (complete RPMI). A transformed
cell line could be generated in one of the four animals in this study (RQ1828).

(ii) Effector and stimulator cells. PBMC isolated from heparinized blood were
suspended at 2 X 10° cells/ml in complete RPMI medium. For antigen-specific
stimulation, B-LCL were infected with recombinant vaccinia viruses (adenovirus
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FIG. 2. Serum erythropoietin (Epo) levels (A) and hematocrits
(B). Rhesus monkeys were administered Ad-rhEPO intramuscularly,
and blood obtained at various time points was analyzed for serum Epo
levels or hematocrits.

types hexon, penton, and fiber [18]) overnight, washed, and inactivated with
long-wave UV irradiation (Fisher model IV, 350 to 400 nm wavelength at a
distance of 3.5 cm for 10 min) in the presence of 10 wg of psoralen (HRI
Associated)/ml. Cells were washed and used as stimulators at a stimulator-
responder ratio of 1:10. On day 4 of culture, 20 U of recombinant IL-2 (Boehr-
inger, Mannheim, Germany) was added to the culture. CTL assays were per-
formed 14 days after stimulation.

(iii) Chromium release assays. Target B-LCL cells were infected with vaccinia
viruses (hexon, penton, or fiber) overnight and labeled with 100 wCi of *'chro-
mium per 10° cells. Target cells (10° cells) were dispensed in triplicate for each
effector-target cell ratio in 96-well V-bottom plates (Falcon) for 5 h. Plates were
spun at 500 rpm for 10 min, after which 30 .l of supernatant was harvested from
each well into wells of a LumaPlate-96 (Packard) and allowed to dry overnight.
Emitted radioactivity was measured on a MicroBeta liquid scintillation counter
(Wallac, Turku, Finland). Spontaneous release was measured from wells con-
taining target cells alone. Maximum release was measured from wells containing
target cells and 0.1% Triton X-100 (Sigma). The percent specific cytotoxicity was
calculated as follows: [(test release — spontaneous release)/(maximum release —
spontaneous release)] X 100.

RESULTS

Skeletal muscle transduction with first-generation adenovi-
rus vectors in nonhuman primates. Reporter genes encoding
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the secreted hormones erythropoietin and growth hormone
were used in these studies. Both were derived from cDNA
clones of rhesus monkey, so the encoded proteins should be
viewed as self.

It was necessary to suppress endogenous growth hormone in
order to specifically detect recombinant-derived growth hor-
mone. Endogenous growth hormone is secreted from the pi-
tuitary in random bursts (17, 26). The hypothalamic peptides
growth hormone-releasing hormone and somatostatin critically
regulate its secretion. The somatostatin analogue octreotide
acetate, administered intravenously at a dose of 1.4 mg/kg,
transiently suppresses the endogenous secretion of growth hor-
mone (1) without affecting secretion of recombinant hormone
from skeletal muscle. Because of the very short serum half-life
of growth hormone (20 min in humans) (36), the transient
suppression of secretion by octreotide acetate resulted in a
quick decay of the serum levels of endogenous growth hor-
mone, providing a window of several hours in which to mea-
sure the transgene product. The effect of octreotide acetate
administration on serum growth hormone levels was measured
in eight rhesus monkeys (data not shown). At 3 h postadmin-
istration of octreotide acetate, serum growth hormone levels
reliably reached their lowest point, less than 200 pg/ml. There-
fore, serum growth hormone levels in excess of 200 pg/ml at 3 h
post-octreotide administration were attributed to the constitu-
tively expressed transgene.

Following a single intramuscular administration of Ad-
rhGH, serum growth hormone concentrations were measured
prior to and 3 h postadministration of octreotide acetate. Se-
rum growth hormone levels under octreotide acetate suppres-
sion in animal RQ1735 were substantially elevated for the first
month, peaking at 200-fold above background (Fig. 1); the

—o— RQI828
- RQ1735

Stimulation Index
PN WHARUODODN®OO

35

x 30 —e—RQ1564
) —A—RQ1748
2 25

5 20

15

=]

£

@

) ' L
u t 1

20 60 100 140
Days

FIG. 3. Lymphoproliferative responses following adenovirus vector
administration in muscle. Rhesus monkeys were administered either
Ad-rhGH (RQ1828 and RQ1735) or Ad-rhEPO (animals RQ154 and
RQ1748) intramuscularly as described in the text. Heparinized blood
was drawn prior to and on various days following vector administra-
tion. PBMC were isolated by Ficoll-Hypaque density gradient centrif-
ugation and cultured in medium alone or in the presence of adenovirus
antigens for 6 days. Responses were measured by [*H]thymidine in-
corporation and expressed as the stimulation index (see text). The top
panel shows responses in animals administered Ad-rhGH, and the
lower panel shows responses in animals administered Ad-rhEPO.
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FIG. 4. Cytokine secretion profiles following intramuscular administration of adenovirus vectors in rhesus monkeys. Rhesus monkeys were
administered either Ad-rhGH (animals RQ1828 and RQ1735) or Ad-rhEPO (animals RQ1564 and RQ1748) intramuscularly as described in the
text on day 1. For induction of cytokines, PBMC obtained on various days were cultured with adenovirus antigens for 48 h. Culture supernatants
were collected and measured in duplicate for the presence of IFN-vy, IL-2, IL-4, and IL-10 using commercial ELISA kits (BioSource International)
as described by the manufacturer. No significant IL-4 levels could be measured in the culture supernatants, although the extent of cross-reactivity

of this human-based assay with rhesus IL-4 is unknown.

levels declined rapidly during the next month and then grad-
ually decayed over the remaining 6 months of the experiment.
Transgene expression was lost after the second month follow-
ing vector administration in RQ1828. In this animal, the initial
peak of growth hormone was lower than that of RQ1735, and
it decreased more rapidly.

Animals also received vector expressing rhesus monkey
erythropoietin from a constitutive promoter. Endogenous
erythropoietin levels are low in a nonanemic animal and com-
pletely suppressed when excess recombinant erythropoietin
drives red blood cell production into polycythemic ranges. An-
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FIG. 5. CTL responses to adenovirus proteins in rhesus monkeys.
CTL responses to hexon, penton, and fiber were measured using au-
tologous herpesvirus papio-transformed B lymphocytes from rhesus
monkey RQ1828, which received Ad-rhGH. Effector T cells were gen-
erated by culturing PBMC for 14 days in the presence of Ad-GFP and
IL-2. Autologous target cells were infected with vaccinia virus express-
ing hexon, penton, or fiber. Specific lysis was measured as described in
the text.

imals that received adenovirus expressing erythropoietin dem-
onstrated an early peak of expression within 2 weeks of vector
administration to levels that were 10°-fold above baseline (Fig.
2A). A rapid descent of 10- to 100-fold was followed by a short
plateau and then a gradual decline in serum levels over the
course of the experiment. Erythropoietin levels in RQ1564
were more sustained than in RQ1748. In spite of the differ-
ences in the absolute erythropoietin concentrations between
the monkeys, the hematocrit values were comparably elevated
over the initial 250 days of the experiment for both monkeys
(Fig. 2B), requiring weekly therapeutic phlebotomies to main-
tain levels below 65%.

Cellular immune responses to adenovirus vectors. CD4™
T-cell responses to adenovirus vectors were studied from lym-
phocytes periodically isolated from peripheral blood in the
four animals. Lymphoproliferation in response to inactivated
adenovirus vector peaked at approximately 2 months post-
intramuscular vector administration (Fig. 3). The return to
baseline or pre-vector administration response level occurred
within 4 months.

The cytokine secretion profile of activated CD4™ T lympho-
cytes is shown in Fig. 4. The vector-antigen-specific release of
IFN-y and IL-2 is consistent with a Th1 response. IL-10 secre-
tion was observed in RQ1828 only; however, this cytokine may
not differentiate a Th1 from a Th2 response in primates (27).
IL-4, a cytokine associated with a Th2 response, was not de-
tected.

At several time points, cellular responses to growth hormone
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FIG. 6. NAB in serum following intramuscular administration of
adenovirus vectors in rhesus monkeys. Sera were obtained from ani-
mals administered either Ad-rhGH (RQ1828 and RQ1735) or Ad-
rhEPO (RQ1564 and RQ1748) on various days. Animals RQ1564 and
RQ1748 were readministered Ad-rhGH on day 210. NAB were mea-
sured by the ability of sera to interfere with the infection of HeLa cells
with adenovirus expressing GFP. Various dilutions of serum preincu-
bated with the reporter virus for 1 h at 37°C were added to 90%
confluent HeLa cell cultures. Cells were incubated for 24 h, and ex-
pression of GFP was measured by fluoroimaging. The neutralizing titer
of the serum was calculated as the highest dilution at which 50% of the
cells turned green.

and erythropoietin were studied. Neither reporter molecule
stimulated a lymphoproliferative response or induced secre-
tion of IFN-vy, IL-2, IL-4, or IL-10 (data not shown).

CTL responses were measured in animal RQ1828; other
animals could not be tested due to difficulties in generating
B-cell lines from those rhesus monkeys. Specific antigens were
expressed in target cells by infection with a panel of recombi-
nant vaccinia viruses. Figure 5 shows the presence of CTL
responses to penton and minor responses to hexon and fiber on
a sample drawn on day 60. No CTL responses to cells infected
with vaccinia virus expressing LacZ were observed (data not
shown).

Humoral immune responses to adenovirus. Sera obtained
from the monkeys were analyzed for the presence of NAB,
which developed within 3 weeks of vector administration in all
animals (Fig. 6). The titers were similar in all animals except
RQ1828, in which the titers were approximately 10-fold higher
on day 56 and remained elevated compared to the samples
from the other monkeys.

Isotype characterization of the antiadenovirus immunoglob-
ulin was performed with an ELISA. All animals showed an
IgM, IgG1, IgG2, and 1gG4 response (Fig. 7). Monkeys who
received the vector encoding growth hormone had a stronger
IgG4 and a weaker IgM response than monkeys who received
the erythropoietin vector.

To further define the molecular basis for the humoral re-
sponse to the adenovirus vector, sera from the animals were

J. VIROL.

evaluated by Western blot analysis for the presence of anti-
bodies to the viral structural components (Fig. 8A and B).
Antibodies to epitopes on the major surface proteins (hexon,
penton, and fiber; high-molecular-weight bands in Fig. 8) were
detected within 1 month of vector administration. A delay in
the development of antibodies to some of the minor structural
components was observed.

To examine for the presence of antibodies to transgene-
encoded proteins, sera were tested for reactivity to growth
hormone and erythropoietin on immunoblots. No antibody
response to growth hormone or erythropoietin was observed in
any of the experimental animals (Fig. 9).

Readministration of recombinant adenovirus vectors. To
test the hypothesis that NAB preclude gene transfer in non-
human primates, RQ1564 and RQ1748, previously treated
with adenovirus expressing erythropoietin, were injected with
adenovirus expressing growth hormone. Prior to vector admin-
istration, a series of octreotide acetate suppression kinetic tests
were performed. This required a significant number of blood
draws, which decreased the hematocrit despite persistently el-
evated erythropoietin (Fig. 2B). As in the initial suppression
studies, an octreotide acetate dose of 1.4 pg/kg transiently
suppressed endogenous growth hormone secretion. A 3-h post-
drug administration serum growth hormone level reached a
nadir of less than 200 pg/ml (data not shown). Octreotide
acetate did not interfere with the assay for erythropoietin, nor
was there an impact on the erythropoietin levels, suggesting no
effect of the drug on expression from the transgene. All mea-
surements for erythropoietin were performed on samples of
blood obtained prior to administration of octreotide acetate.

Adenovirus expressing growth hormone was intramuscularly
administered on study day 210. No significant elevation in
serum growth hormone was evident during the octreotide ac-
etate suppression except in animal RQ1564, in which there was
a transient elevation of growth hormone in the range of 1,000
to 2,000 pg/ml for several weeks. The data do not support significant
and sustained transduction upon a second intramuscular administra-
tion of adenovirus vectors in nonhuman primates.

DISCUSSION

An objective of this study was to test the hypothesis that
transduction of skeletal muscle following intramuscular admin-
istration of an adenovirus vector would lead to prolonged
transgene expression when the recombinant protein was rec-
ognized as self. In fact, transgene expression was transient in
rhesus monkeys following intramuscular injection of vector. A
correlation between the extent and/or duration of the peak
level of serum reporter molecules and decay of expression was
observed in both experimental groups; i.e., the more successful
the initial transduction, the longer and more sustained was
transgene expression. The initial high levels of growth hor-
mone and erythropoietin appeared to decay in two phases.
There was a pronounced fall during the first 6 to 8 weeks,
followed by a more gradual rate of decline over 3 to 6 months.
Levels of the recombinant proteins at the latter time points
were a small fraction of the peak levels.

Previous studies have indicated that adenovirus vectors, in
spite of the E1A and E1B gene deletions, express early and late
viral proteins in transduced cells which serve as potential tar-
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FIG. 7. Adenovirus vector-specific immunoglobulin isotypes in serum following intramuscular administration of adenovirus vectors in rhesus
monkeys. Sera obtained from animals administered Ad-rhGH or Ad-rhEPO were analyzed for the presence of adenovirus-specific immunoglobulin
isotypes IgM, IgG1, IgG2, and IgG4 by ELISA as described in the text. Results are expressed as optical density (O.D.).

gets for MHC class I-restricted CTL responses (6, 10, 22, 25,
32, 34, 40). In addition, manipulations that block the develop-
ment of CTL prolong adenovirus-mediated gene transfer and
transgene expression in mice (4, 14, 15, 19, 20, 23, 30). Cellular
immune responses to the vector-encoded viral proteins were
detected in the rhesus monkeys in this experiment. CD4"
T-cell responses returned to baseline, as assayed from periph-
eral blood lymphocytes. Secretion of IFN-y and IL-2 cytokines
from vector-stimulated peripheral blood lymphocytes was con-
sistent with a CD4" Th1l phenotype. In addition, CTL re-
sponses directed towards hexon, penton, and fiber were dem-
onstrated in the one animal studied.

The relative contributions of transgene product and viral
gene expression to the activation of destructive CTL remain
controversial. Our studies eliminated the transgene product as
an immunologic target by selecting an open reading frame
identical to an endogenous gene (i.e., rhesus monkey-derived
erythropoietin or growth hormone). The fact that expression
rapidly diminished 10- to 100-fold soon after the immediate
peak argues that factors inherent to the El-deleted vector can
lead to instability. Whether this is indeed caused by CTL to
viral antigens has not been directly addressed, although the
concurrent activation of CD4™ T cells of the Th1l phenotype
and CD8" CTL to viral capsid protein with loss of transgene
expression is suggestive.

Another interesting finding in the erythropoietin studies is
that transgene expression was still detectable after 6 months,

although it diminished 10,000- to 100,000-fold. Apparently a
very small but detectable fraction of vector-transduced cells
escape the transgene extinction processes. Detection of this
small fraction of cells is clearly a function of the sensitivity of
the assay, which in the case of erythropoietin is extremely high.
In fact, if one simply measured hemotocrit as a biological
read-out one would miss the fact that the erythropoietin level
dropped 1,000,000-fold over 6 months, during which hemot-
ocrit was persistently elevated. This also illustrates the prob-
lems of using hemotocrit as a sole measure of transgene ex-
pression. Persistence of some transgene expression for over 6
months also indicates that one cannot assume that immune-
mediated clearance of vector-transduced cells will occur in
therapeutic applications where transient expression is desired
and persistent expression may lead to toxicity (e.g., growth
factors).

Antibodies to the adenovirus structural components (major
capsid proteins) developed rapidly in these rhesus monkeys.
Over time, there was a gradual decrease in the signal generated
against the hexon, penton, and fiber proteins, consistent with a
decrease in titer to those antigens. A delay in antibodies to
lower-molecular-weight structural proteins was observed. This
delay may reflect the de novo synthesis of viral proteins, which
would be consistent with previous evidence that indicates that
vector-encoded viral genes are transcriptionally active in ade-
novirus vectors (37, 41).

To test the ability to transduce nonhuman primate skeletal
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FIG. 8. Analyses of antibodies to viral capsid proteins. Sera obtained from animals administered either Ad-rhGH or Ad-rhEPO intramuscularly
were analyzed for the presence of antibodies to various components of adenovirus capsid proteins by Western blot analyses. Adenovirus antigens
were electrophoresed on a 10% polyacrylamide gel and probed with serum obtained preadministration on various days (d) after. Reactivities were
visualized by treatment with peroxidase-conjugated goat anti-human IgG followed by chemiluminescence. The positions of hexon, penton, and
fiber proteins were determined by using antibodies directed against individual components and are indicated on the figure (data not shown). The
lower-molecular-weight proteins comprise late gene proteins associated with the vector particle. Sizes are shown in kilodaltons.
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FIG. 9. Lack of antibodies to growth hormone (GH) and erythro-
poietin (EPO) in sera from animals administered adenovirus vectors.
Sera obtained from animals administered either Ad-rhGH (animals
RQ1828 and RQ1735) or Ad-rhEPO (animals RQ1564 and RQ1748)
intramuscularly were analyzed for the presence of antibodies to growth
hormone (a-GH) or erythropoietin (a-EPO) by Western blot analyses
as described in the text. The positions of the proteins were determined
using polyclonal antibodies obtained from mice injected with Ad-
rhGH or Ad-rhEPO. Sizes are shown in kilodaltons.

muscle in the setting of the presence of NAB, animals who
initially received Ad-rhEPO (RQ1564 and RQ1748) received a
second intramuscular injection of adenovirus vector (Ad-
rhGH). Limited transgene expression was observed in only one
animal (RQ1564). In the setting of gene therapy, the presence
of NAB to the same vector serotype will limit, if not abrogate,
skeletal muscle transduction. This experiment also demon-
strates that the NAB titer was maintained for at least 7 months
to preclude effective gene transfer. It is possible that low-level
antigen generated from residual transduced tissue was a con-
tinuous stimulus for the B-cell response.

In summary, experiments with nonhuman primate muscle
indicate that factors other than immunity to the transgene
product contribute to instability of transgene expression. The
development of T-cell responses to viral capsid antigens sup-
ports immuno-mediated clearance. Nevertheless, residual
transgene expression is detected for up to 6 months, suggesting
that partial avoidance of these clearance mechanisms raises
potential safety issues with intramuscular injection of first-
generation adenoviruses if persistent transgene expression is
unwanted.
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