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In an earlier study we evaluated innate immune responses to a first-generation adenoviral vector infused into
the portal vein of rhesus monkeys who had never been exposed to adenovirus previously. In these animals, the
systemic administration of E1/E3-deleted adenoviral vectors resulted in immediate activation of innate im-
munity and serious toxicity caused by targeting of vector to antigen-presenting cells and systemic inflamma-
tion. We analyze here how these responses are affected by vector-specific preexisting immunity that was induced
by intramuscular immunization 6 months prior to evaluation. Our results show that preexposure to the vector
substantially diminishes the transgene expression in most tissues but has little effect on gene transfer.
Significantly, preimmunization does not eliminate systemic vector-induced toxicity. These conclusions are
based on the presence of clinical features of coagulopathy and elevated levels of proinflammatory cytokine
interleukin-6 in the serum of animals treated with vector after intramuscular immunization. Furthermore,
preexisting immunity appears to induce a vector-specific inhibitory effect on erythroid progenitor development
in the bone marrow that is not found when naive animals are challenged with vector.

First-generation recombinant adenovirus (Ad) vectors ren-
dered replication-deficient by deletion of the viral early gene
E1 have been widely utilized for in vivo gene expression, both
in animal studies and in clinical trials (7, 14). Characteristic
features of Ad vectors include broad cell and tissue tropism,
high-efficiency vector transduction, and an ability to transduce
nondividing cells. A major problem associated with the use of
these vectors for in vivo applications is their strong immuno-
genicity leading to significant cellular and humoral immune
responses (15, 16, 23, 25, 36). These responses not only limit
the duration of desired transgene expression due to immune-
mediated destruction of vector-transduced cells but also sig-
nificantly reduce the efficiency of vector readministration due
to neutralization of the vector by antibodies directed against
capsid proteins of the vector.

The mechanisms and consequences of Ad-specific adaptive
immune responses have been well characterized. Much less is
known about innate inflammatory responses that occur imme-
diately after vector administration. Early host responses to Ad
are associated with release of inflammatory mediators (cyto-
kines and chemokines) that recruit phagocytic cells (neutro-
phils and macrophages) to the sites of infection (1, 9, 21, 24, 34,
40). The resulting inflammation is frequently accompanied by
tissue injury at the site of infection and acute systemic toxicity
(1, 9, 21, 24, 27). The development of lethal systemic inflam-
matory response syndrome in a research subject with ornithine
transcarbamylase deficiency (OTCD) who received systemic
Ad vector is believed to be the result of vector-induced acti-
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vation of the innate immune system (S. E. Raper, N. Chirmule,
F. S. Lee, A. Bagg, G. P. Gao, R. Heidenreich, J. M. Wilson,
and M. L. Batshaw, unpublished data).

In an attempt to understand the basis for innate immune
responses after systemic Ad, we conducted a series of studies in
mice and nonhuman primates (27, 37). We found that Ad
vector was rapidly sequestered by antigen-presenting cells
(APCs), such as macrophages and dendritic cells (DC), leading
to the production of inflammatory cytokines. The clinical con-
sequences of systemic dissemination of cytokines was best il-
lustrated in nonhuman primates who, at high doses of vector,
develop multiple organ damage, disseminated intravascular
coagulation, and hemorrhage (23).

An issue that we did not address was how early host re-
sponses to the vector might be affected by preexisting immunity
to vector. This is of particular importance with regard to Ad
vector safety, since most of the human population is seropos-
itive to human Ad, with a substantial fraction carrying Ad-
specific neutralizing antibodies to serotypes 2 and 5, presum-
ably as a result of the relatively high occurrence of the naturally
acquired infections (4). Thus, the goal of current study was to
assess the impact of preexisting immunity to Ad on the acti-
vation of innate immune responses to systemically adminis-
tered Ad vector.

MATERIALS AND METHODS

Recombinant Ad vector. Recombinant E1/E3-deleted human Ad (serotype 5)
used in this study carried a cassette expressing the bacterial gene lacZ encoding
B-galactosidase (B-Gal) gene under the control of cytomegalovirus early pro-
moter (Ad-lacZ). The vector was prepared and evaluated for sterility, the pres-
ence of endotoxin, viral particles per PFU and per lacZ-forming unit ratios, the
presence of replication-competent Ad (RCA), and genome structure as previ-
ously described (13, 27). For intraportal administration, each animal received a
dose of vector from the same preparation, which was sterile, endotoxin-free,
correct by restriction endonuclease analysis of viral DNA, contained <1 RCA in
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107 particles of vector, was lacZ expression competent, and had a particle/PFU
ratio of 25 and a particle/lacZ-forming unit ratio of 48.

Animals, immunization, surgical procedures, and specimen collection . Rhe-
sus macaques (Macaca mulatta) included in the study were negative for neutral-
izing antibodies to human serotype 5 Ad, as determined by in vitro analysis (see
below). Six months prior to the evaluation two animals were injected intramus-
cularly (i.m.) with 2 X 10'? particles of Ad-lacZ vector per kg of body mass
(preimmunization). At 24 h prior to the analysis, two preimmunized and two
untreated (naive) monkeys were infused with 7.5 X 10'? Ad-lacZ particles per kg
in 10 ml of phosphate-buffered saline (PBS) containing 10% glycerol into a
mesenteric vein tributary of the portal vein. A negative control (control) monkey
was administered with 10 ml of vector diluent. Anesthesia, laparotomy, cathe-
terization, and necropsy procedures, as well as specimen collection, were per-
formed as described previously (27).

Serum neutralizing antibody analysis. Neutralizing capacity of sera from pre-
immunized monkeys was analyzed by assessing the ability of serum antibodies to
inhibit transduction of HeLa cells with a reporter Ad vector expressing green
fluorescent protein (GFP) as described previously (6). GFP expression was
assessed by FluoroImaging (Molecular Dynamics), and neutralizing antibody
titers were calculated by using ImageQuant software (Molecular Dynamics) as
the serum dilution at which GFP fluorescence intensity was reduced by 50%.

Histology methods. Hematoxylin and eosin (H&E) staining of paraffin-em-
bedded liver and spleen sections and X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside) staining of cryosections were performed according to previ-
ously described protocols (27). For the preparation of high resolution epoxy
semithin sections, cryosections of 50 um were cut and fixed with 0.5% glutaral-
dehyde and 4% paraformadehyde for 10 min, followed by an X-Gal reaction at
37°C. At the end of the X-Gal reaction, as determined by microscopic monitor-
ing, the sections were washed with cold PBS and refixed with 2.5% glutaralde-
hyde for 1 h. The sections were then washed and postfixed with 2% osmium
tetroxide, dehydrated with ethanol, and directly infiltrated with 100% LX-112
epoxy medium (Ladd Research, Williston, Vt.) for 12 h, embedded in inverted
BEEM capsules, and polymerized at 68°C for 72 h. Sections of 1.5 wm were cut
with a Histo-Diamond diatome, mounted on coated microscopic slides, and
counterstained with 0.8% toluidine blue. Images were digitally captured by using
software from Phase3 (Sharon Hill, Pa.).

Determination of transgene expression in monkey tissues. 3-Gal expression in
indicated tissues was quantified by using a B-Gal enzyme-linked immunosorbent
assay (ELISA) kit from Boehringer Mannheim (Indianapolis, Ind.) according to
the manufacturer’s recommendations.

TaqMan real-time quantitative PCR and Southern blot hybridization analy-
ses. These analyses were used to quantitatively assess amounts of the vector (in
copies per microgram of total DNA) present in different tissues 24 h after
intraportal infusion. Total tissue or cellular DNAs were extracted by using
Qiagen (Valencia, Calif.) Genomic Tips 20/G or 100/G as recommended by the
manufacturer. TagMan PCR analysis, targeting a 63-bp sequence from the Ad
type 5 E2a region, was performed exactly as described earlier (27, 37). For
Southern blot hybridization analysis, 10 pg of total DNA per sample was digested
with Bg/Il, separated on a 0.9% agarose gel, transferred to a Hybond-N+ nylon
membrane (Amercontrol Pharmacia, Piscataway, N.J.), and hybridized to a 3°P-
labeled DNA probe corresponding to an 875-bp Bgl/II-Smal sequence from the
Ad-lacZ E2a region. The probe was prepared by using Random Primed DNA
Labeling Kit (Roche). The hybridized membane was exposed to Kodak BioMax
MR film (Kodak, Rochester, N.Y.) in FBXC 810 autoradiography cassette (Fish-
er Scientific, Pittsburgh, Pa.). The vector copy number controls were 10 pg of
DNA from the control monkey spleen spiked with 10°, 107, or 10® copies of the
vector DNA.

Isolation of splenic MNCs, flow cytometry, and FACS. Single-cell suspensions
from monkey spleens were prepared by teasing the tissue into small fragments in
PBS containing 2% fetal bovine serum and 1 mM EDTA and pushing them
through 50- to 70-pm-pore-size stainless steel mesh fabric (Sefar America, Inc.,
Kansas City, Mo.). Mononuclear cells (MNCs) were isolated by centrifugation
through Ficoll-Paque Plus reagent (Amersham) as recommended by the manu-
facturer. For intracellular B-Gal staining, cells were permeabilized with Cytofix/
Cytoperm (PharMingen, San Diego, Calif.) according to the manufacturer’s
recommendations. After a wash with Perm/Wash Buffer (PharMingen), the cells
were incubated for 30 min on ice with biotin-conjugated B-Gal antibody (Sigma,
St. Louis, Mo.), washed twice with Perm/Wash Buffer, and incubated with
streptavidin—-Cy-Chrome (PharMingen). To prepare the negative control sam-
ples, anti-B-Gal antibody was replaced with the buffer. The cells were fixed in 1%
paraformaldehyde and kept at 4°C before flow cytometry analysis. Two specific
cell populations were isolated from total splenic MNCs by fluorescence-activated
cell sorting (FACS). First, the MNCs were stained with fluorescein isothiocya-
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nate-conjugated anti-human HLA-DR antibody (PharMingen) and phyco-
erythrin-conjugated anti-human CD14 (Serotec, Inc., Raleigh, N.C.) and CD56
(PharMingen) antibodies to demarcate monkey monocyte/macrophage cells.
Second, fluorescein isothiocyanate-conjugated anti-human HLA-DR and phyco-
erythrin-conjugated anti-human CD83 antibodies (both from PharMingen) were
used to obtained mature DC-enriched cell population. Note that a substantial
number of vector-transduced MNCs were apparently modified by vector trans-
duction attaining a density great enough to migrate through the Ficoll-Paque
layer, thereby segregating with granulocytes and erythrocytes. Therefore, abso-
lute values presented for transgene expression and the presence of vector DNA
are believed to be underestimates.

Serum cytokine analysis. Concentrations of cytokines interleukin-6 (IL-6),
IL-12 (total), IFN-y, and tumor necrosis factor alpha (TNF-«) in the monkey
sera 1 day prior to and 2, 6, and 24 h after vector administration were determined
by using corresponding (human specific for IL-6 and monkey specific for IL-12,
IFN-y, and TNF-a)) ELISA kits from BioSource International (Camarillo, Calif.)
according to the manufacturer’s recommendations.

Methylcellulose culture and histologic analysis of monkey bone marrow. Col-
lection, single-cell suspension preparation, and methylcellulose culture of mon-
key bone marrow-derived MNCs were performed as previously described (27).
The cells were plated in quadruplicates at different concentrations in 0.5-ml
aliquots of the culture medium and incubated at 37°C in 5% CO, incubator. The
numbers of burst-forming unit of erythroid (BFU-E), CFU of granulocyte-mac-
rophage (CFU-GM), and CFU of granulocyte-erythrocyte-macrophage-
megakaryocyte (CFU-GEMM) progenitor-derived colonies were determined at
days 10 to 12 of culture under an inverted light microscope. To evaluate bone
marrow histopathology, monkey femurs and/or sternums were decalcified, and
the bone marrow aspirates were embedded in paraffin, sectioned, and subjected
to H&E and periodic acid-Schiff stainings (performed by Colorado Histo-Prep,
Fort Collins, Colo.).

RESULTS

All monkeys received 7.5 X 10'? vector particles per kg of
body mass via intraportal infusion; this dose was selected based
on previous studies as being just below that which causes lethal
consequences (23, 27). Two monkeys were administered 2 X
10'? particles/kg of the same vector i.m. (preimmunized) 6
months prior to the analysis. Sensitization of these monkeys to
the vector was confirmed by the presence in their sera of
vector-specific neutralizing antibodies, with titers equal to
1/640 for preimmunized monkey 1 and 1/160 for preimmunized
monkey 2. These values are in the same range as those typically
found in humans seropositive by virtue of a naturally acquired
Ad infection (4). Preimmunized monkeys were compared to
two others which were not preimmunized prior to intraportal
infusion of vector (naive animals). A fifth (control) monkey
received intraportal infusion of vector diluent under the same
experimental settings to control for effects of the surgical pro-
cedures. Blood samples were collected from all monkeys for
analysis of hematologic parameters, serum chemistries, and the
presence of cytokines in serum prior to and 2, 6, and 24 h after
vector administration. All animals were necropsied 24 h after
vector administration, and their tissues were analyzed for his-
topathology, transgene expression, and the presence of vector
DNA.

Pathology. The clinical pathology data prior to and 24 h after
vector administration are summarized in Table 1, whereas rep-
resentative histopathology is shown in Fig. 1. The levels of
transaminases (aspartate aminotransferase and alanine amino-
transferase) and gamma glutamyl transpeptidase in serum
were elevated after vector administration both in naive and
preimmunized monkeys, a finding consistent with signs of liver
inflammation, including neutrophil infiltrates and proapoptotic
hepatocytes (Fig. 1b and c). The biochemical and histological
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TABLE 1. Clinical pathology

Parameter and time relative to vector administration?

Results for individual animals

Control Naive 1 Naive 2 Preimmunized 1 Preimmunized 2

Aspartate aminotransferase concn (IU/liter)

Pre 18 29 24 18 38

Post 68 6,540 1,360 187 402
Alanine aminotransferase concn (IU/liter)

Pre 16 51 28 37 46

Post 57 1,855 517 130 136
Gamma glutamyl transpeptidase concn (IU/

liter)

Pre 61 79 106 85 81

Post 55 578 125 137 99
Hemoglobin concn (g/dl)

Pre 12.9 13.7 13.2 13.6 13.5

Post 12.6 11.9 6.9 11.6 ND”
Platelet count (10°/mm?)

Pre 4.2 3.7 5.6 4 2.9

Post 3 1.4 1.6 1.6 ND
White blood cell count (10°/mm?)

Pre 9.9 13.6 6.5 15.4 8.8

Post 13 9.2 4.2 15.4 ND
Prothrombin time (s)

Pre 13 13 13.7 10.6 13.9

Post 12.9 16.6 18 13 14.6
Partial thromboplastin time (s)

Pre 25.2 28.7 212 222 23.7

Post 26.2 42.5 36.4 253 30
Fibrin split product concn (mg/ml)

Pre <25 <25 <25 20 10

Post 20 80 40 160 160

“ Pre, 1 day prior to vector administration; Post, 24 h after vector administration.

> ND, not determined due to the blood clot.

evidence of liver damage was, however, reduced in preimmu-
nized compared to naive animals. Leukopenia developed in
naive but not in preimmunized animals. Slight declines in he-
moglobin (Table 1) and hematocrit (data not shown) levels
were observed in both naive and preimmunized groups. Con-
sistent with vector-induced coagulopathy (27, 28), substantial
reductions in platelet counts and an increase in fibrin split
products were observed at comparable levels in naive and
preimmunized animals; elevations in prothrombin time and
partial thromboplastin time were more significant in naive
animals.

The histologic evidence of damage to the spleen was similar
but slightly less intense in preimmunized compared to that
observed in naive monkeys (compare Fig. le and h to Fig. 1f
and i). In both groups, white pulp was less defined, with a
somewhat homogeneous appearance and no distinct follicles
and marginal zones, compared to the control animal (Fig. 1d
and g). Also apparent in vector-administered animals were
vascular congestion and red blood cells in the white pulp. The
presence of numerous pyknotic nuclear fragments (see en-
larged insets) was an indication of cellular destruction.

Preexisting immunity blocks transgene expression but not

gene transfer. As expected, the levels of transgene (B-Gal)
expression in the liver and spleen of preimmunized monkeys
was significantly reduced compared to those in naive animals
(Fig. 2, Table 2), presumably reflecting antibody-mediated vec-
tor neutralization, as has been described elsewhere (16, 17, 20,
36). This was also true for other tissues where low-level trans-
gene expression was noted, including lungs and kidneys (Table
2). More than 95% of all hepatocytes were transduced in naive
animals (Fig. 2b), a finding in contrast to the preimmunized
animals, in which transgene expression was restricted to cells in
the sinusoids (Fig. 2c), most of which had macrophage-like
morphology (Fig. 3, left and middle panels) resembling
Kupffer cells. Analysis of the spleens from naive animals re-
vealed a preferential transduction of cells in the marginal zone
and some in the red pulp, with follicular cells being essentially
negative for transgene expression (Fig. 2e). The transduction
pattern was very different in the spleens of preimmunized
monkeys, where B-Gal-expressing cells with abundant cyto-
plasm were primarily localized within the follicular areas (Fig.
2f and 3 [right panel]).

The distribution of vector DNA in tissues harvested 24 h
after vector infusion was evaluated by real-time quantitative
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FIG. 1. Analysis of histopathology in liver and spleen. Representative histologic sections of liver and spleen from control, naive, and
preimmunized rhesus monkeys (as identified in the text) 24 h after intraportal infusion of Ad-lacZ vector are shown. Tissues were fixed in 10%
buffered formalin, embedded in paraffin, sectioned, and stained with H&E. (a, b, and c) Liver sections from control, naive, and preimmunized
monkeys, respectively. Magnifications: X200, main panels; X400, inset in panel b. (d and g, e and h, and f and i) Spleen sections from control, naive,
and preimmunized monkeys, respectively. Magnifications: X50, top row; X100, bottom row; X200, insets.

PCR analysis and then confirmed by Southern blot hybridiza-
tion analysis (Fig. 4A and B, respectively) for the liver and
spleen. These analyses are based on detection of the vector
DNA in transfected tissues and thus served as indications of
gene transfer. The vector was widely distributed, with the liver
and spleen harboring the highest quantities (Fig. 4A). Surpris-
ingly, despite the significant decrease in transgene expression
in most analyzed tissues from preimmunized compared to that
of naive animals (Table 2 and Fig. 2 for the liver and spleen
results), not all of these tissues showed the corresponding
reduction in vector gene transfer (Fig. 4A). Thus, in some
tissues of preimmunized animals, including spleen, lung, kid-
ney, and bone marrow, the amount of vector was not reduced
in concert with the decrease in transgene expression. There
was some discrepancy between the two methods of determina-
tion of vector DNA presence regarding the liver DNA value
for preimmunized monkey 1, although this did not change the
final conclusion that the reduction of transgene expression was
out of proportion to the change in vector DNA.

To further analyze vector distribution, MNCs were isolated
from the spleen of each animal, fractionated into different cell
types by FACS, and analyzed for the presence of transgene
product and vector DNA (Fig. 5). Note that since a substantial
amount of vector-transduced cells was eliminated from this
analysis during cell isolation (see Materials and Methods for
details), the absolute values shown for transgene expression
and the presence of vector DNA are believed to be underes-
timates. Total splenic MNCs from naive and preimmunized
monkeys were stained with an antibody to B-Gal to assess the
amount of transgene product. Consistent with the histochem-
ical analysis (Fig. 2), more cells from the naive group expressed
the transgene than those from the preimmunized group (Fig.
SA). To assess the amount of vector DNA transferred to dif-
ferent cell types in the spleen, total MNCs were separated by
FACS into HLA-DR" CD14" CD56" monocyte/macrophage-
enriched (3, 12, 18) and HLA-DR™ CD83" mature DC-en-
riched (18, 29, 38, 39) populations. Total DNA was extracted
from these populations and subjected to real-time PCR anal-
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FIG. 2. Vector-mediated transgene expression in liver and spleen. Representative sections of B-Gal expression in liver and spleen from control,
naive, and preimmunized monkeys 24 h after intraportal infusion of Ad-lacZ vector are shown. Tissues were preserved at —80°C, sectioned, fixed
in 0.5% glutaraldehyde, and stained overnight in X-Gal solution as described in Materials and Methods. (a, b, and ¢) Liver sections from control,
naive, and preimmunized monkeys, respectively. Magnifications: X100, main panels; X300, inset in panel c. (d, e, and f) Spleen sections from
control, naive, and preimmunized monkeys, respectively. Magnifications: X100, main panels; X300, inset in panel f. The dotted line in the panel
f inset encircles the follicular space of the white pulp inside the marginal zone.

ysis. Despite a substantially reduced level of the transgene
expression in cells from preimmunized monkeys, the amount
of vector DNA was comparable between the two groups (Fig.
5B). Furthermore, vector was selectively taken up by macro-
phages and DCs.

IL-6 levels in serum are increased in preimmunized mon-
keys. Systemic levels of cytokines immediately after vector
infusion were used as a measure of the activation of innate
immunity. Previously we reported an acute induction of proin-
flammatory cytokines IL-6, IL-12, and TNF-a by 1 day after
systemic administration of Ad vector in vector-naive mice (37)
and of IL-6 in vector-naive rhesus monkeys (27). Quite unex-
pectedly, vector-induced elevations of IL-6 in serum were sig-
nificantly higher in preimmunized animals than in naive ani-
mals (Fig. 6A). In one preimmunized monkey, the level of IL-6
in serum remained very high through 24 h after vector infusion.
The levels of IL-12 in serum were moderately increased after
vector infusion, with somewhat higher values in naive monkeys,
values which returned to baseline values by 24 h after vector
administration, although there was considerable variation (Fig.

TABLE 2. B-Gal expression in various monkey tissues

B-Gal expression (ng/1 mg of total protein) + SD in:

Animal
Liver Spleen Lung Kidney
Control <0.03 <0.03 NT NT
Naive 3,558 + 435 731 = 39 4102 21*x03
Preimmunized
1 <0.06 NT“ NT NT
2 091 £0.02 0.18 £0.02 <0.06 <0.06

“NT, not tested.

6B). Systemic IFN-y was not significantly induced in preimmu-
nized monkeys within the evaluation period, which differed
from naive animals that showed a substantial increase at the
24-h point (Fig. 6C). Levels of TNF-a were low for both ex-
perimental groups and not significantly different from the con-
trol injected animal (data not shown).

The number of bone marrow erythroid progenitors is de-
creased in preimmunized animals. In a previous nonhuman
primate study, we demonstrated growth inhibition of the my-
eloid progenitor cells of the bone marrow harvested after in-
traportal Ad vector administration in naive animals (27). In the
present study we analyzed the growth of bone marrow progen-
itor cells (Fig. 7) and evaluated the histology of the bone
marrow 24 h after Ad vector administration in the presence of
preexisting anti-vector immunity. As in the preceding study
with naive animals (27), the number of CFU-GM was signifi-
cantly reduced in both naive and preimmunized animals com-
pared to the control animal. Moreover, the number of BFU-E
was substantially decreased in preimmunized monkeys but not
in naive monkeys. Histologic analysis showed no significant
abnormalities, except for a mild to moderate global reduction
in bone marrow cellularity in all vector-treated (naive and
preimmunized) animals (data not shown). In one preimmu-
nized animal, however, there was a greater suppression of
erythropoiesis than of granulopoiesis (data not shown).

DISCUSSION

Ad vectors have been considered in many applications of in
vivo gene therapy due in part to the efficiency with which they
transduce nondividing cells. Administration of Ad vectors is



5716 VARNAVSKI ET AL.

L R A S 2 S N

J. VIROL.

A

5 e e

FIG. 3. Transgene expression in liver and spleen of preimmunized monkeys. High-resolution epoxy 1.5-pwm sections from the liver and spleen
of preimmunized monkeys stained with X-Gal and counterstained with 0.8% toluidine blue (as described in Materials and Methods) are shown.
(Left and middle) Liver sections. Magnifications: left panel, X744; middle panel, X1,395. (Right) Spleen germinal center. Magnification, X744.

associated with dose-dependent toxicity (5, 10, 23, 32), the
nature of which is dependent on the route of vector adminis-
tration (2, 8, 19, 31, 33, 35). We evaluated here the impact of
preexisting immunity to the vector on the efficiency and safety
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FIG. 4. Biodistribution of Ad-lacZ vector after intraportal infusion.
Total DNA was extracted from the indicated tissues of one naive and
two preimmunized monkeys and analyzed by TagMan real-time quan-
titative PCR (A) or by Southern blot hybridization (B) for the presence
of Ad-lacZ DNA. The bars in panel A represent average values of
triplicate measurements, and the results are presented as the numbers
of vector DNA copies per microgram of total tissue DNA.

of the Ad vector, targeted to the liver of rhesus monkeys via
intraportal infusion.

An important consequence of in vivo administration of Ad
vectors is targeting APCs and vibrant activation of T cells to
vector-expressed antigens (4, 9, 15, 16, 25, 26, 27, 36, 37). The
consequence of APC targeting is cytotoxic-T-lymphocyte-me-
diated elimination of vector-transduced cells which contributes
to the extinction of transgene expression and a mononuclear
cell-dominated inflammatory response at the site of gene
transfer. Examples of this include pneumonia after intratra-
cheal vector instillation (2, 8, 33), hepatitis after intraportal
vector infusion (19, 31), and myositis after i.m. injection of
vector (35). Toxicity associated with antigen-specific immune
responses is directly linked to the site and extent of vector-
mediated gene expression. It was predicted, therefore, that the
presence of preexisting immunity to the vector in the form of
neutralizing antibodies would diminish both gene expression
and toxicity. In fact, we observed that hepatocyte transduction,
as measured by 3-Gal expression, was substantially diminished
in preimmunized animals. Accordingly, there was less liver
damage in preimmunized animals, as judged by serum
transaminase levels and histopathology, suggesting that the
toxic effect of vector transduction was inhibited by preexisting
immunity.

More recently, attention has focused on another mechanism
of toxicity that has direct consequences following vector-tar-
geting of APCs. We and others have demonstrated the distri-
bution of Ad vector to macrophages and DCs with immediate
release of inflammatory cytokines after in vivo administration
(9, 21, 24, 27, 37, 40; Raper et al., unpublished). A surprising
finding in the current study was that preexisting immunity did
not substantially alter the activation of innate immunity, which
previously was ascribed to the targeting of APCs. The levels of
IL-6 in serum after vector administration were actually higher
in preimmunized relative to those in naive animals. Since the
analysis was performed very early after vector administration,
this escalation of IL-6 secretion was likely associated with
activation of the innate immune system. We could not, how-
ever, rule out the possibility that the increased IL-6 secretion



VoL. 76, 2002

A Naive Pre-immunized
1.4%
>

Events

0° 10" 102 10°  10*

B-Gal

O - Naive W - Pre-imm.

107

Z 108
e
Tg 10

O 104
=108
3 102

10 -

gt

Copies/

Total HLA-DR* HLA-DR*
MNCs CD14/56* CD83*

FIG. 5. Vector-mediated transgene expression and presence of
vector DNA in splenic MNCs. (A) Flow cytometry analysis of trans-
gene (B-Gal) expression in splenic MNCs from monkeys receiving
intraportally administered Ad-lacZ vector. The cells were permeabil-
ized and stained with biotin-conjugated B-Gal antibody, followed by
incubation with streptavidin—-Cy-Chrome (solid histograms). In prep-
aration of control samples (open histograms) biotin-B-Gal antibody
was replaced with the buffer. (B) TagMan Ad-lacZ DNA-specific PCR
analysis of splenic MNC fractions. Splenic MNCs were fractionated by
FACS to isolate HLA-DR" CD14" CD56" monocyte/macrophage-
and HLA-DR"* CD83" mature DC-enriched populations (see Mate-
rials and Methods for details). Total cellular DNA was extracted from
the MNC fractions and subjected to the vector DNA-specific TagMan
PCR analysis (results are presented as the numbers of vector DNA
copies per microgram of total cellular DNA). These data were gener-
ated from one out of two monkeys from each (naive or preimmunized)

group.

in preimmunized animals reflected release by preactivated T
cells. The proposed association between an elevated IL-6 level
in serum and clinical manifestations of systemic inflammation
that emerged from our previous studies of liver-directed gene
transfer in human and nonhuman primates (27; Raper et al.,
unpublished) was demonstrated in the current study with both
naive and preimmunized animals developing thrombocytope-
nia, coagulopathy, and hepatic damage. We do not suggest that
IL-6 is causally related to the toxicity but rather that it is a
marker of activation of innate immunity.

Our previous experiments have shown that activation of an
innate immune response by Ad is the consequence of targeting
and activation of APCs, which is independent of the expression
of vector encoded genes in these cells (27, 37). Although the
neutralizing antibodies clearly inhibited vector-mediated gene
expression in cells of the liver and spleen, they did not diminish
the total vector uptake in the spleen, a finding consistent with
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FIG. 6. Concentrations of cytokines IL-6, IL-12, and IFN-vy in sera
of control, two naive, and two preimmunized monkeys at the indicated
time points after the intraportal infusion of Ad-lacZ vector, as deter-
mined by using human-specific IL-6 and monkey-specific IL-12 and
IFN-y ELISAs. Each serum sample was evaluated in triplicate. The
error bars represent one standard deviation from the mean values.

the biochemical and clinical evidence of innate immune re-
sponses at comparable levels in naive and preimmunized ani-
mals. This suggests that the pathway of vector transduction is
distinct from the pathway of vector-APC interaction that acti-
vates innate immunity and indicates that this activation is not
a (direct) consequence of vector-mediated gene expression, as
evidenced in our earlier study with UV-inactivated Ad (27).
The presence of vector-specific antibodies may provide alter-
native vector uptake pathways, such as Fc receptor-mediated
internalization of antibody-coated vector by the cells of the
immune system. Further studies will focus on the role of cap-
sid-directed antibodies in facilitating the Ad-APC interaction.

One unexplained finding of the recent OTCD clinical trial
was the development of apparent red cell aplasia in a subject
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FIG. 7. Methylcellulose culture of bone marrow cells. Bone mar-
row cells from control, two naive, and two preimmunized monkeys
were cultured in quadruplicates. The numbers of developed colonies
were determined at days 10 to 12 of incubation. The error bars
represent one standard deviation from the mean values. BFU-E, burst-
forming unit of erythroid; CFU-GM, CFU of granulocyte-macroph-
age; CFU-GEMM, CFU of granulocyte-erythrocyte-macrophage-
megakaryocyte. [J, number of colonies per 1.25 X 10* bone marrow
cells.
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who experienced lethal systematic inflammatory response syn-
drome after administration of a high-dose intraportal vector
(Raper et al., unpublished). The assessment of bone marrow
histopathology was performed 4 days after vector infusion, and
it remains unclear whether this finding was directly related to
the vector administration or simply reflected a preexisting ab-
normality in the subject. In the present study we discovered
that the development of erythroid progenitors, as reflected by
the in vitro propagation of bone marrow cells, was impaired in
preimmunized but not naive monkeys. This is interesting since
the OTCD patient who was noted to have erythroid aplasia did
have preexisting neutralizing antibodies to Ad (Raper et al.,
unpublished). Even though the assessment of bone marrow
progenitor growth was not performed in the OTCD trial, our
finding in monkeys may reflect similar pathological mecha-
nisms to those observed in humans. The apparent discordance
between the BFU-E data (growth inhibition) and histologic
findings (no specific effect on erythropoiesis, except for one
animal) may be due to the timing of the studies (bone marrow
from the monkeys was analyzed 24 h after vector administra-
tion, whereas the patient’s tissue was harvested 4 days after
vector administration). The pathway(s) leading to the BFU-E
growth inhibition, as well as its long-term consequence, is cur-
rently unknown. The mechanism is probably not secondary to
the transduction of bone marrow cells, since these cells were
transduced more efficiently in naive than in preimmunized
monkeys (data not shown). It is possible that repression of the
progenitor growth was influenced and/or mediated by certain
cytokine(s) differentially induced by the vector in the presence
of neutralizing antibodies. Earlier, one study indicated that
IL-6 might have some influences on bone marrow cell prolif-
eration (22). More recently, it was discovered that inhibition of
erythroid progenitor cell proliferation in human bone marrow
culture could be inhibited by macrophage inflammatory pro-
tein la (30), a chemokine induced during Ad infection (24,
40).

In summary, preimmunization of rhesus monkeys with
recombinant Ad vector significantly blocked vector-medi-
ated gene expression, but not vector gene transfer, upon
vector readministration. Mechanisms of the vector uptake
and/or its intracellular pathways may be influenced or al-
tered by the presence of (neutralizing) immune mediators.
The exact nature of these alterations remains to be deter-
mined. Based on clinical pathology and histology, we con-
cluded that preexisting immunity did not eliminate Ad vec-
tor-induced systemic toxicity. The levels of proinflammatory
cytokine IL-6 within 24 h after vector administration in the
sera of preimmunized monkeys were elevated compared to
those of naive monkeys. Finally, erythroid progenitor devel-
opment in bone marrow was significantly impaired in pre-
immunized but not in naive animals. These results provide
new insight into safety issues regarding the use of Ad as
vectors in humans.

Furthermore, our studies highlight the problem of using a
vector derived from a virus which naturally infects the target
population of individuals (i.e., preexisting immunity). It may be
prudent to consider vectors based on nonhuman viruses not
recognized by serologic responses to human pathogens (11).
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