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Neutrophils are effectors of the innate immune response to adenovirus vectors. Following the systemic
administration of Cy2-labeled AdLuc in mice, flow cytometry and PCR analysis of liver leukocytes revealed that
25% of recruited neutrophils interacted with adenovirus vectors. In vitro, flow cytometry of human neutrophils
incubated with Cy2-labeled AdLuc also demonstrated a significant interaction with adenovirus vectors. Fluo-
rescence and electron microscopy confirmed vector internalization by neutrophils. The AdLuc-neutrophil
interaction reduced vector transduction efficiency by more than 50% in coincubation assays in epithelium-
derived cells. Adenovirus vector uptake by neutrophils occurred independently of coxsackievirus adenovirus
receptor (CAR) and capsid RGD motifs, since neutrophils do not express CAR and uptake of the RGD-deleted
vector AAL.PB* was similar to that of AdLuc. Furthermore, both AdLuc and AdL.PB* activated neutrophils
and induced similar degrees of L-selectin shedding. Neutrophil uptake of AdLuc was dependent on the
presence of complement and antibodies, since the interaction between AdLuc and neutrophils was significantly
reduced when they were incubated in immunoglobulin G-depleted or heat-inactivated human serum. Blocking
of complement receptor 1 (CD35) but not complement receptor 3 (CD11b/CD18) significantly reduced neu-
trophil uptake of AdLuc. Blocking of FcyRI (CD64), FcyRII (CD32), and FeyRIII (CD16) individually or
together also reduced neutrophil uptake of AdLuc, although less than blocking of CD35 alone. Combined CR1
and Fc receptor blockade synergistically inhibited neutrophil-AdLuc interactions close to baseline. These
results demonstrate opsonin-dependent adenovirus vector interactions with neutrophils and their correspond-

ing receptors.

The use of adenovirus vectors (Ad vectors) for gene therapy
is a promising strategy to treat numerous medical conditions.
Ad vectors have several useful characteristics, such as their
ease to produce in the laboratory, their ability to carry large
amounts of DNA, and broad cell tropism (30). Unfortunately,
the clinical application of adenovirus-mediated gene therapy is
hampered by the immune response against these vectors (31).
While much progress has been made in understanding and
limiting the adaptive immune response against Ad vectors, the
preceding innate immune response remains a significant bar-
rier to the safe and effective application of these agents in
humans (15).

To study the innate immune response to Ad vectors, we have
developed a model of acute liver inflammation in mice (24). We
have previously shown that the intravenous administration of Ad
vectors results in acute liver inflammation and injury that is me-
diated in large part by the rapid recruitment of neutrophils (24).
Although these studies confirm that neutrophils are a major ef-
fector of the innate immune response to Ad vectors, a direct
interaction has not been shown. Our studies and others examining
the innate immune response in vivo demonstrate little difference
in the inflammatory potential of coxsackievirus adenovirus recep-
tor (CAR) and integrin-ablated tropism-modified Ad vectors that
represent the traditional paradigm of adenovirus-cellular interac-
tions (1, 20, 22). The finding of RGD-dependent cellular interac-
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tions uncovered in the absence of liver resident macrophages
(Kupffer cells) suggests that adenovirus-leukocyte interactions oc-
cur independent of the traditional paradigm involving CAR and
integrins (20). Recently, several studies have demonstrated opso-
nization of Ad vectors in vivo that play a significant role in vector
tropism (29, 37). The adenovirus capsid binds to and activates
proteins in the classical and alternative complement pathways,
including C3 and C4BP (5, 14, 29). In addition, since the majority
of people are immunized against the common adenovirus sero-
types, antibody-dependent cellular interactions will play a signif-
icant role in viral tropism and the host response to Ad vectors in
humans (23, 33). In this regard, antibody-Fc receptor binding
substantially enhances Ad vector-dendritic cell interactions (23).

Within minutes following infection or injury, neutrophils
begin the process of exiting the systemic circulation and
migrating into the site of inflammation (4, 27). While in the
tissue, activated neutrophils engulf pathogens, foreign ma-
terial, and damaged host cells in order to remove the of-
fending stimuli, promote wound healing, and resume ho-
meostasis (35). Much of the neutrophil interaction with
foreign microbes is facilitated by the recognition of opso-
nized material. Neutrophils, via the complement receptors
CR1 (CD35), CR3 (CD11b/CD18, a3,), and CR4 (CD11c¢/
CD18, axB,), recognize antigen-bound complement compo-
nents such as C3B or C4B (12, 17). Neutrophils also express
Fc receptors FcyRIIA (CD32) and FeyRIIIB (CD16), and
can be induced to express FcyRI (CD64), to recognize an-
tigen-antibody complexes, especially in immunized hosts
(11, 17). The known biology of neutrophil function suggests
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that these phagocytes might interact with Ad vectors in an
opsonin-dependent manner.

In this study, we characterized the interaction between Ad
vectors and neutrophils. We show for the first time that neu-
trophils internalize Ad vectors in a complement- and immu-
noglobulin G (IgG)-dependent manner. Furthermore, we show
specifically that Ad vector-neutrophil interactions occur via the
complement receptor CR1 and the Fc receptors FcyRI,
FceyRIL, and FceyRIII. These results shed new light on the
relationship between Ad vectors and the innate immune sys-
tem and introduce a novel paradigm regarding adenovirus-
leukocyte interactions.

MATERIALS AND METHODS

Antibodies. The following antibodies were used as described below: phyco-
erythrin (PE)-anti-Ly-6G (rat IgG2a, clone 1A8; BD Biosciences), anti-CD11b
(o integrin, mouse IgG1, clone ICRF44; Calbiochem), anti-CD18 (B, integrin,
mouse IgG,,, clone IB4; Calbiochem), anti-CD35 (CR1, mouse IgGl1, clone
J3D3; Beckman Coulter), anti-CD16 (FcyRIIL, mouse IgGl, clone 3G8; BD
Biosciences); PE-anti-CD62L (L-selectin, mouse 1gG2a, clone SK11; BD Bio-
sciences), anti-CD32 (FcyRII, mouse IgG1, clone AT10; Serotec), PE-rat IgG2a
isotype control (BD Biosciences), mouse IgG2a isotype control (Chemicon), and
mouse IgG1 and PE-mouse IgG2a isotype controls (Cedarlane, Hornby, Ontario,
Canada).

Adenovirus vectors. Type 5, El-deleted, E3-defective Ad vectors expressing
the luciferase transgene under the control of the cytomegalovirus promoter, with
either wild-type capsid (AdLuc) or RGD-deleted capsid (AdL.PB*) (32), were
amplified in human embryonic kidney 293 cells and purified on cesium chloride
gradients as previously described (2). Vectors were dialyzed against sucrose
vehicle buffer (10 mM Tris [pH 7.4], 2 mM MgCl,, 150 mM NaCl, and 3%
sucrose in sterile H,O). Ad vectors were labeled with a green fluorescent cyanine
dye (Cy2), using an antibody labeling kit (FluoroLink; Amersham Biosciences)
as previously described (18). Labeled vectors were tested in transduction assays
in vitro and compared to unlabeled vectors to ensure that the labeling procedure
did not affect vector characteristics. Adenovirus particle titer was determined by
measuring the optical density at 260 nm and expressed as particles per cell.
Vectors were screened for replication-competent adenovirus by plaque assay on
HeLa cells and PCR and remained at consistently less than 1:10'° particles.
Low-endotoxin H,O, buffers, and tissue culture reagents were used for vector
production and experiments. Ad vectors were routinely tested for the presence of
endotoxin by using the Limulus amebocyte lysate assay kit (BioWhittaker Mo-
lecular Applications). All vectors contained less than 0.1 endotoxin unit/ml.

Liver leukocyte isolation. Male C57BL/6 mice, weighing 25 to 30 g, were housed
under single-barrier conditions (Charles River). Animal studies were performed in
accordance with the Animal Care Committee guidelines at the University of Calgary.
Mice were injected via the femoral vein with either saline-sucrose vehicle control
(50:50 sucrose vehicle/0.9% saline infusion) or Cy2-AdLuc (2.5 X 10"" particles) in
a 100-pl total volume. At 3 h, mice were completely anesthetized using intraperi-
toneal ketamine hydrochloride and xylazine hydrochloride. The carotid artery
was cannulated and the circulation flushed with 20 ml of heparinized saline. The
liver was then quickly excised, rinsed in fresh saline, and minced in a petri dish
containing 10 ml digestive medium (0.002% DNase I, grade I from bovine
pancreas; Roche) and collagenase (0.05%, type II from Clostridium histolyticum;
Sigma) in Hanks’ balanced salt solution without calcium or magnesium. The
tissue suspension was incubated at 37°C for 30 min and then passed through a
40-pm-pore cell strainer and washed with fresh sterile phosphate-buffered saline
(PBS) without calcium or magnesium (pH 7.4). The cell suspension was centri-
fuged for 5 min at 300 X g and 20°C. After removal of the supernatant, residual
red blood cells were removed by hypotonic lysis with cold 0.2% and 1.6% NaCl
solutions. The cell suspension was again centrifuged for 5 min at 300 X g and
20°C. The cell pellet was then resuspended in 10 ml 35% Percoll (Sigma) and
centrifuged for 10 min at 360 X g and 20°C. After removal of the supernatant, the
leukocyte pellet was washed in 5 ml PBS, resuspended in 1 ml PBS, and analyzed
as described below.

Human neutrophil isolation. Blood was drawn from healthy volunteers by
standard venipuncture and immediately mixed with heparin (10 units/ml). The
heparinized blood was then mixed with a half volume of dextran (6% in saline),
and erythrocytes were allowed to sediment for 60 min at room temperature.
Residual erythrocytes were removed by hypotonic lysis with cold 0.2% and 1.6%
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NaCl solutions, and granulocytes were isolated by density gradient centrifugation
on Lymphoprep 1077 (Axis-Shield, Oslo, Norway). Final cell suspensions were
typically >95% neutrophils. For all experiments, isolated neutrophils were re-
suspended in Hanks’ balanced salt solution (with calcium and magnesium) at a
final concentration of 2 X 10° cells/ml. Unless otherwise specified, neutrophil-Ad
vector incubations were performed in 20% human serum.

Human serum. Serum was collected from 10 healthy donors, pooled, and
filtered through a sterile 0.45-wm mesh; this is referred to as human serum or
complete human serum. For selected experiments, human serum was pretreated
as follows. For depletion of gamma globulin, serum aliquots were treated with an
equal volume of protein G-coated Sepharose beads (GE Healthcare) as previ-
ously described (6). For total inhibition of the complement system, serum was
heat inactivated for 30 min at 56°C as described previously (16, 28). In order to
inhibit the classical complement pathway, serum was treated with 107> M EGTA
and 1072 M MgCl, as previously described (5, 8, 28). For inhibition of the
alternative complement pathway, serum was partially heat inactivated for 15 min
at 50°C as described previously (13, 28).

Flow cytometry. Flow cytometric analysis of isolated liver leukocytes and
human neutrophils was carried out using FACScan instrumentation and
CellQuest Pro software (BD Biosciences). To determine the differential propor-
tions of liver leukocyte populations and neutrophil interactions with fluorescent
Ad vectors, leukocytes were fixed in 2% formalin in PBS prior to analysis. For
L-selectin and Ly-6G expression, leukocytes were incubated with 10 pg/ml PE-
anti-CD62L, PE-anti-Ly-6G, or an isotype control for 30 min at 4°C. Cells were
washed free of unbound antibody and fixed in 2% formalin in PBS before flow
cytometric analysis.

Electron and fluorescence microscopy. Freshly isolated neutrophils were in-
cubated with Ad vectors for 20 min at 37°C as described above. Cells were then
fixed with 2% formalin in PBS and pelleted for transmission electron microscopy.
The pellets were postfixed with 2.5% glutaraldehyde in PBS for 2 h, rinsed twice
in PBS for 30 min, treated with 1% OsO, for 1 h, dehydrated in a graded ethanol
series, and embedded in Spurr’s resin. Cells were then stained with uranyl acetate
and lead citrate before being cut into ultrathin sections (60 to 80 nm) with a
diamond knife and viewed using a Hitachi H-7000 transmission electron micro-
scope. Alternatively, cells were prepared for fluorescence microscopy as follows.
Cells were incubated with fluorescent Cy2-AdLuc particles for 60 min as de-
scribed above, followed by washing and fixation with 2% formalin in PBS. Cell
nuclei were stained with 4',6-diamidino-2-phenyindole (DAPT) (Sigma-Aldrich)
at a final concentration of 2 wg/ml for 15 min at room temperature. Cells were
then washed in PBS and transferred to a glass slide by using a Shandon cytospin
apparatus (Histotronix, Atlantic, IA). Cells were then visualized using an Olym-
pus IX70 inverted epifluorescence microscope. Excitation/emission filter cubes
of 490/528 nm and 360/457 nm were used to detect virus particles and cell nuclei,
respectively.

DNA isolation and PCR. To obtain total DNA from isolated leukocytes, cells
were lysed in 400 pl lysis buffer (1% sodium dodecyl sulfate, 50 mM Tris-HCl
[pH 8], 100 mM EDTA, 200 pg/ml proteinase K) and incubated at 56°C for 2 h.
The protein content was precipitated by addition of 125 pl saturated (5 M) NaCl,
followed by DNA precipitation from the supernatant by addition of ice-cold
isopropanol. The DNA pellet was resuspended in 100 pl water and extracted
with phenol-chloroform-isoamyl alcohol (25:24:1). DNA was precipitated from
the aqueous layer using 0.25 M sodium acetate (pH 5.2) and 100% ethanol. After
a final wash in ice-cold 70% ethanol, DNA was resuspended in water.

For PCR, 200 ng of total DNA was added to a reaction mix containing (final
concentrations) 500 nM of each primer, 0.1 U of Tag polymerase (QIAGEN),
200 pM of each deoxynucleoside triphosphate, and 1X reaction buffer in a final
volume of 50 wl. Primer sequences for the adenovirus 5 fiber gene were 5'-CGC
CGCACCTCTAATGGTCG-3" (sense) and 5'-CCTGGACCAGTTGCTACG
GTC-3' (antisense), with an expected amplification product of 332 bp. Primers
directed against GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were
used as a positive control. The reactions were performed with denaturing at 95°C
(45 s), annealing at 55°C (45 s), and extension at 72°C (1 min) for a total of 20
cycles.

Luciferase transduction assays. To determine neutrophil transduction, cells
were incubated with AdLuc (1 X 10* particles/cell) in human serum for 60 min,
washed, and incubated in RPMI medium for 6 and 24 h at 37°C. For luciferase
activity, cells were lysed with 400 wl reporter lysis buffer (Promega). The cell
lysate was then briefly vortexed and centrifuged at 16,000 X g for 10 min at 4°C.
Ten microliters of supernatant was added to 50 wl of luciferase assay reagent
(Promega) and luciferase activity measured using a Monolight 3010 luminometer
(BD Biosciences).

To determine neutrophil effects on AdLuc transduction of target cells, AdLuc
(1 X 10* particles/cell) was added to 1-ml neutrophil suspensions in the presence
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FIG. 1. Neutrophil-adenovirus interaction in vivo. (A) Total liver leukocytes at 3 h following systemic administration of AdLuc or vehicle
control. Each bar is subdivided to show the differential recruitment of leukocyte subsets. For neutrophils with AdLuc versus vehicle control, P <
0.005 (##x); n = 6 to 14. Error bars indicate standard deviations. (B) Flow cytometry analysis of liver leukocytes from mice 3 h following
intravenous administration of Cy2-AdLuc or vehicle control. Leukocytes were analyzed alone (lower panels) or stained with PE-conjugated isotype
control rat IgG2a (middle panels) or anti-Ly-6G antibody (upper panels). The fluorescence histogram shows a subpopulation of Cy2-high,
Ly-6G-positive liver leukocytes in Cy2-AdLuc-treated mice. (C) Percentage of Cy2-high cells within the Ly-6G-positive neutrophil population. For
AdLuc versus vehicle control, P < 0.005 (+#x); n = 6. (D) PCR analysis of viral DNA in Cy2-high and Cy-2-low liver leukocyte fractions. Lane
1, Cy2-high, Ad5 fiber. Lane 2, Cy2-high, GAPDH. Lane 3, Cy2-low, AdS5 fiber. Lane 4, Cy2-low, GAPDH.

of human serum and incubated for 60 min at 37°C. Control tubes contained
equivalent amounts of adenovirus in human serum or fetal bovine serum, but
without neutrophils. Samples were then centrifuged at 300 X g for 5 min, and
50 wl of the supernatant plus 2 ml fresh cell culture medium (Dulbecco’s mod-
ified Eagle’s medium plus 1% fetal bovine serum and 1% penicillin/streptomy-
cin) was then placed in 60- by 15-mm tissue culture plates containing 90%
confluent murine epithelium-derived (REC) cells (~1.5 X 10° cells) (24) and
incubated overnight at 37°C before luciferase activity was measured. For coin-
cubation studies, 1.5 X 10° REC cells were transduced with AdLuc (1 X 10*
particles/cell) in the presence of human serum and neutrophils in increasing
ratios to REC cells (25:1, 5:1, and 1:1). The coincubation was allowed to proceed
for 60 min, and then the REC cells were washed and incubated in fresh medium
(Dulbecco’s modified Eagle’s medium plus 1% fetal bovine serum and 1%
penicillin/streptomycin) for 6 h before luciferase activity was measured.
Neutrophil receptor blockade. For neutrophil blocking experiments, freshly
isolated neutrophils were pretreated with 30 pwg/ml of anti-CD11b, anti-CD18,

anti-CD35, anti-CD16, anti-CD32, mouse 1gG2a, and/or mouse IgG1 for 10 min
at 37°C. Cells were then incubated with fluorescent Ad vectors and analyzed as
described above.

Statistics. Statistical analyses were performed using GraphPad Instat version
3.01. Results were analyzed for statistical variance using an unpaired Student
t test or one-way analysis of variance followed by pairwise comparison using
either a Tukey HSD test or a Dunett’s multiple-comparison test as appropriate.
Results were considered significant when the P value was <0.05.

RESULTS

Neutrophils interact with adenovirus vectors. Ad vectors
activate the innate immune system and induce the rapid re-
cruitment of neutrophils to the liver following intravenous
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FIG. 2. Neutrophil-adenovirus interaction in vitro. (A) Neutrophils were incubated with Cy2-AdLuc vectors for 20 to 60 min and mean
neutrophil fluorescence analyzed by flow cytometry. For 60 min versus cells alone, P < 0.005 (##*); n = 8 to 10. Error bars indicate standard
deviations. (B) Fluorescence microscopy of neutrophils incubated with Cy2-AdLuc at 60 min (Cy2, green; DAPI, blue). Magnification, X60. (C)

Electron microscopy of neutrophils incubated with AdLuc at 20 min.

administration (19, 24). To determine if neutrophils could di-
rectly interact with Ad vectors in vivo, mice were administered
2.5 X 10" particles of the Cy2-labeled first-generation Ad
vector AdLuc (Cy2-AdLuc) intravenously, and leukocytes were
isolated from the inflamed livers at 3 h. The differential pro-
portion of leukocyte subsets was first assessed by flow cytom-
etry analysis of light scatter properties characteristic of neu-
trophils, lymphocytes, and monocytes/macrophages. At 3 h,
livers from adenovirus-treated mice contained fivefold more
leukocytes than those of vehicle-treated mice (Fig. 1A). Neu-
trophils were the predominant leukocyte cell type, represent-
ing approximately 70% of total liver leukocytes, while the re-
maining 30% of the leukocytes recruited to the liver were
comprised of lymphocytes and monocytes/macrophages. Dif-
ferential analysis by flow cytometry was corroborated with mi-
croscopic analysis of cytospin preparations.

Next, liver-recruited leukocytes were analyzed by flow cy-
tometry for Cy2 fluorescence. Following the administration of

Cy2-AdLuc, isolated leukocytes contained a subpopulation of
Cy2-high cells (Fig. 1B). Further analysis showed that these
fluorescent cells had light scatter properties consistent with
neutrophils. To confirm that the Cy2-positive leukocytes were
neutrophils, dual-fluorescence flow cytometry was performed
using PE-conjugated neutrophil-specific anti-Ly-6G or isotype
control antibodies (Fig. 1B). The majority of Cy2-high cells
(>80%) also stained positive for Ly-6G, confirming that this
cell population was primarily neutrophils. Furthermore, Cy2-
high leukocytes represented 25% of the total number of neu-
trophils recruited to the liver during the innate immune re-
sponse to Ad vectors (Fig. 1C). To confirm that neutrophils
were directly interacting with adenovirus particles and to elim-
inate the possibility that these observations were due to non-
specific neutrophil labeling, we performed PCR analysis for
the adenovirus fiber gene on total DNA from Cy2-high and
Cy2-low sorted leukocytes. Cy2-high leukocytes were strongly
positive for the adenovirus fiber gene compared to Cy2-low cells,
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FIG. 3. Effect of neutrophils on AdLuc transduction of target cells. (A) Luciferase activity at 24 h in REC cells transduced with vehicle (—),
AdLuc pretreated with fetal bovine serum (FBS), AdLuc pretreated with complete human serum (CHS), or AdLuc pretreated with complete
human serum and neutrophils (CHS + neuts). For CHS versus CHS + neuts, P < 0.05 (*); n = 3. (B) Luciferase activity at 6 h following AdLuc
transduction in REC cells coincubated with an increasing number of neutrophils (neutrophil/REC ratio, 25:1, 5:1, or 1:1). For no neutrophils versus
coincubation ratio of 5:1 or 1:1, P < 0.05; n = 3. Error bars indicate standard deviations.

which contained very low levels of adenovirus DNA (Fig. 1D).
These results show that neutrophils recruited to the liver during
the innate immune response take up Ad vectors in vivo.

To assess the mechanism of neutrophil-Ad vector interac-
tion, in vitro studies were next performed. Purified human
neutrophils were incubated with 1 X 10* particles/cell of Cy2-
AdLuc in the presence of human serum. Cells were analyzed
by flow cytometry at 20, 40, and 60 min. Compared to cells
alone, neutrophil fluorescence increased significantly at all
time points over the 60-min experimental period (Fig. 2A).
These results suggested that neutrophils could internalize ad-
enovirus particles. To confirm that the increased neutrophil
fluorescence was not due to extracellular binding of Cy2-
AdLuc, external fluorescence was quenched using trypan blue.
There was no significant reduction in neutrophil fluorescence
as determined by flow cytometry, consistent with vector inter-
nalization (data not shown). To further ensure that Ad vectors
were internalized, fluorescence microscopy and electron mi-
croscopy were performed. At 60 min following the incubation
with Cy2-AdLuc, microscopy revealed focal cellular Cy2 fluo-
rescence around nuclei in more than 50% of neutrophils, con-
sistent with internalized vector (Fig. 2B). Finally, neutrophils
were incubated with unlabeled AdLuc and analyzed by elec-
tron microscopy at 20 min. Adenovirus particles were clearly
identified within phagosomes, confirming vector internaliza-
tion (Fig. 2C). Furthermore, the uptake of unlabeled AdLuc
rules out the Cy2 labeling procedure as a confounding variable
in neutrophil-adenovirus interactions.

Neutrophils reduce adenovirus vector transduction of target
cells. To assess the impact of neutrophil-adenovirus interac-
tion, cellular transduction experiments were performed. First,
to determine if neutrophils were transduced by internalized Ad
vectors, cells were incubated with AdLuc (1 X 10* particles/
cell) and analyzed for luciferase transgene expression. At 6 and
24 h, neutrophils expressed no luciferase, similar to the case

for control cells, demonstrating that neutrophils internalize but
are not transduced by an Ad vector carrying a cytomegalovirus-
regulated transgene (data not shown). Next, we investigated
the ability of neutrophils to interfere with Ad vector transduc-
tion of target cells. AdLuc (1 X 10* particles/cell) was incu-
bated in human serum in the presence of purified neutrophils.
At 60 min, cells were centrifuged and the supernatant was
applied to epithelium-derived REC cells (24) as described in
Materials and Methods. AdLuc incubated in human serum or
fetal bovine serum in the absence of neutrophils was used in
control REC transductions. At 24 h, luciferase activity was
determined. Compared to cells transduced with AdLuc in fetal
bovine serum, the presence of complete human serum reduced
luciferase activity by 70%, consistent with the presence of neu-
tralizing adenovirus antibodies and the prevalence of antiade-
noviral immunity in the general population. The preincubation
of AdLuc in human serum with neutrophils reduced REC cell
transduction and luciferase activity by an additional 50% com-
pared to AdLuc incubated in human serum alone (Fig. 3A). To
investigate further the impact of neutrophil-Ad vector interac-
tions on vector bioavailability, a coincubation study was per-
formed. REC cells (1.5 X 10° cells) were coincubated with an
increasing number of neutrophils (neutrophil/REC ratios of
25:1, 5:1, and 1:1) and transduced with AdLuc (1 X 10* par-
ticles/REC cell) for 60 min. REC cells were washed, and lu-
ciferase activity was determined at 6 h. Increasing neutrophil/
REC coincubation ratios correlated inversely with AdLuc
transduction, with a significant reduction in REC cell lucif-
erase activity compared to that of REC cells transduced in the
absence of neutrophils (Fig. 3B). These data demonstrate that
neutrophil uptake of Ad vectors can affect vector bioavailabil-
ity and target cell transduction.

Adenovirus-neutrophil interactions occur independently of
CAR and capsid RGD. Ad vectors use the CAR and cell sur-
face integrins to bind and internalize in nonhematopoietic cells
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FIG. 4. Role of capsid RGD in neutrophil-adenovirus interaction. (A) Transduction efficiency of Cy2-labeled and unlabeled AdL.PB*
compared to AdLuc in REC cells. (B) Neutrophils were incubated with Cy2-AdLuc (open bars) or Cy2-AdL.PB* (closed bars) and fluorescence
analyzed at 20 to 60 min. For AdLuc versus AdL.PB* at 20 min, P < 0.05 (*); n = 3. (C) Neutrophil L-selectin expression in response to Ad vectors.
Neutrophils were incubated with vehicle (open bars), unlabeled AdLuc (hatched bars), or AAL.PB* (closed bars). L-selectin expression was
determined by flow cytometry at 20 to 60 min For AdLuc or AdL.PB* versus vehicle, P < 0.05 (*); n = 5. Error bars indicate standard deviations.

(22). To determine if adenovirus-neutrophil interactions em-
ployed similar mechanisms, studies examining CAR- and RGD
(arginine-glycine-aspartate)-dependent internalization were
undertaken. CAR is generally not expressed on leukocytes
(3, 23) and was also not detectable in neutrophils by reverse
transcription-PCR, making it unlikely that Ad vectors used
CAR to interact with neutrophils (data not shown). Con-
versely, the penton base RGD motif mediates adenovirus in-
teraction with dendritic cells (23). To determine the role of
capsid RGD motifs, neutrophils were incubated with Cy2-la-
beled AAL.PB* (1 X 10* particles/cell), a tropism-modified Ad
vector that is deleted of its penton RGD motifs (32). The Cy2
labeling procedure did not affect the tropism of AdLuc and
AdL.PB*, since REC cells transduced with Cy2-AdL.PB* ex-
pressed two- to threefold less luciferase at 6 h than did Cy2-
AdLuc, consistent with the transduction differential seen using
unlabeled vectors (Fig. 4A). At 20 min, Cy2-AdL.PB* uptake
in neutrophils was slightly but significantly lower than Cy2-

AdLuc uptake as determined by flow cytometry, suggesting a
possible role for the capsid RGD domain in early Ad vector-
neutrophil interaction. However, by 40 and 60 min, neutrophil
uptake of both vectors was similar, confirming that capsid
RGD motifs play a minor role in Ad vector-neutrophil inter-
actions (Fig. 4B).

Ad vectors induce liver inflammation that is dependent on
neutrophil recruitment and the expression of chemokines such
as MIP-2 (19, 24). The proteolytic cleavage of L-selectin is a
reliable marker of neutrophil activation, which is required for
neutrophil migration in response to chemokines expressed at
sites of injury and infection (34). To determine if Ad vectors
activated neutrophils in a manner consistent with the observed
inflammatory response in vivo, L-selectin shedding was deter-
mined. Neutrophils were incubated with unlabeled AdLuc,
AdL.PB* (1 X 10* particles/cell), or vehicle, and neutrophils
were analyzed by flow cytometry for surface L-selectin. At 20,
40, and 60 min, AdLuc induced L-selectin shedding that be-
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came significant at 40 min compared to that by vehicle-treated
neutrophils. Despite the small reduction in uptake at 20 min,
AdL.PB*-neutrophil interactions were still sufficient to induce
a degree of L-selectin cleavage similar to that with AdLuc at all
time points (Fig. 4C). Taken together, these results show that
neutrophils interact with and are activated by Ad vectors. Al-
though a small RGD-dependent effect cannot be ruled out, Ad
vector-neutrophil interactions occur largely independent of
this capsid domain.

Role of human serum in adenovirus-neutrophil interac-
tions. Initial experiments demonstrate that neutrophil-adeno-
virus interactions occur independent of CAR and capsid RGD
motifs. Compared to those incubated in complete human se-
rum, neutrophils incubated with Cy2-AdLuc (1 X 10* particles/
cell) in serum-free conditions or with heat-inactivated fetal
bovine serum displayed negligible Ad vector uptake over 60
min as determined by flow cytometry (Fig. 5A). These data
suggest that serum proteins are required to mediate Ad vector-
neutrophil interactions. Recently, a number of studies have
demonstrated that the adenovirus capsid binds serum proteins
in vivo, including proteins in the complement system (14, 29).
Furthermore, the majority of people are immunized against
the common adenovirus serotypes, raising the likelihood of
antibody-dependent cellular interactions (23). To identify the
possible serum factors that underlie adenovirus uptake in neu-
trophils, experiments were undertaken using human serum
that was depleted of IgG, complement inactivated, or both. To
deplete IgG, human serum was treated with protein G-Sepha-
rose, which was successful in removing neutralizing IgG and
restored cellular transduction in REC cells (data not shown).

To inactivate the complement cascade, human serum was
heated at 56°C for 30 min. The incubation of Cy2-AdLuc (1 X
10* particles/cell) with neutrophils in the presence of IgG-
depleted serum significantly reduced neutrophil fluorescence
over 60 min compared to that with complete human serum as
determined by flow cytometry. Similarly, incubation of Cy2-
AdLuc with heat-inactivated serum also resulted in reduced
neutrophil uptake. Incubation of Cy2-AdLuc with human se-
rum that was both heat inactivated and IgG depleted reduced
neutrophil fluorescence to baseline, similar to that seen in
serum-free conditions (Fig. SA). These results suggest that
adenovirus-neutrophil interactions are likely antibody and
complement dependent.

Ad vectors activate both the classical and alternative com-
plement pathways (5). To determine the relative contributions
of the two pathways in adenovirus-neutrophil interaction, ex-
periments were performed using human serum in the presence
of EGTA (to inactivate the classical complement pathway) or
serum heated at 50°C (to inactivate the alternative comple-
ment pathway) (5, 13, 28). Neutrophils incubated with Cy2-
AdLuc in the presence of EGTA exhibited significantly re-
duced fluorescence over 60 min compared to the control. In
contrast, serum heat inactivated at 50°C only slightly reduced
Cy2-AdLuc uptake in neutrophils (Fig. 5B). Consistent with
previous reports regarding adenovirus and complement acti-
vation, these results suggest that the classical complement
pathway primarily mediates Ad vector-neutrophil interactions.

Adenovirus-neutrophil interactions occur via Fc receptors
and complement receptor 1. The studies described above dem-
onstrate opsonin-dependent Ad vector-neutrophil binding that
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is likely mediated by complement and antibody. To further
examine the mechanism by which neutrophils mediate adeno-
virus internalization, complement and Fc receptor blocking
studies were performed. Neutrophils express complement re-
ceptors 1 (CR1, CD35), 3 (CR3, CD11b, aoy,B,), and 4 (CR4,
CDl1l1c, axB,) (12, 17). To determine the role of these recep-
tors, Cy2-AdLuc (1 X 10* particles/cell) was incubated with
neutrophils in the presence of blocking CD35, CD11b, or
CD18 (common B,-integrin subunit) antibodies or isotype con-
trols. In the presence of human serum, blocking CD35 anti-
bodies significantly reduced adenovirus uptake by neutrophils

over 60 min compared to a mouse IgG1 isotype control as
determined by flow cytometry (Fig. 6A). Blocking of CD35
was specific, since the antibody had no impact on AdLuc trans-
duction in REC cells (data not shown). In contrast, CD11b
or CD18 antibodies did not affect neutrophil fluorescence
through the experimental time course, confirming that CR1,
but not CR3 or CR4, mediates adenovirus uptake in neutro-
phils (Fig. 6A).

Neutrophils express FcyRIIA (CD32) and FcyRIIIB (CD16)
and can be induced to express FcyRI (CD64) (11). To examine
the role of Fc receptors, experiments were performed using
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blocking CD32 and CD16 antibodies. To account for any Ad
vector binding to induced FcyRI, mouse IgG2a, which binds
with high affinity to this receptor, was also employed (9). Cy2-
AdLuc (1 X 10* particles/cell) was incubated with neutrophils
and human serum in the presence of blocking antibodies or an
IgG1 isotype control. At 40 min, the cells were analyzed by
flow cytometry. Blocking of CD32 and CD16 significantly re-
duced Ad vector-neutrophil binding at 40 min compared to
controls (Fig. 6B). Interestingly, mouse IgG2a also reduced
neutrophil fluorescence similar to blocking CD32 and CD16,
suggesting a component of Ad vector binding to FcyRI in the
presence of human serum. Again, none of the Fc blocking
antibodies affected AdLuc transduction in control REC cells,
confirming specificity (data not shown). Combined blockade of
CD16, CD32, and FcyR1 reduced neutrophil-Ad vector bind-
ing further; however, the difference was not statistically signif-
icant compared to blocking separate Fc receptors (Fig. 6B).
Antagonism of individual or combined Fc receptors was less
effective than CD35 blockade, suggesting that CR1 mediates
much of the Ad vector binding to neutrophils. To determine
the collective role of Fc receptors and CR1 in Ad vector-
neutrophil interactions, neutrophils were incubated with Cy2-
AdLuc in the presence of blocking CD35, CD32, CD16, and
IgG2a antibodies. At 40 min, flow cytometry demonstrated
significantly reduced neutrophil fluorescence following com-
bined receptor blockade compared to blocking of CD35 alone
confirming the significance of Fc receptor-mediated Ad vector-
neutrophil interactions (Fig. 6C). Taken together, these results
show that neutrophils bind to and internalize Ad vectors in a
complement- and IgG-dependent manner via complement re-
ceptor CR1 and Fc receptors FcyRI, FcyRII, and FeyRIIIL

DISCUSSION

Adenovirus vectors activate the innate immune system, yet
little is known regarding the interaction between adenovirus
and innate effector cells. We demonstrate for the first time that
Ad vectors interact with neutrophils, a major effector arm of
innate immunity, in vitro and in vivo. Furthermore, our results
show that Ad vector-neutrophil binding is opsonin dependent
and mediated by complement receptor 1 and Fc receptors
FcyRI, FeyRII, and FeyRIIL. These data establish a novel
paradigm in the host response to Ad vectors that may lead to
strategies to minimize the innate immune response to these
agents.

In this study we chose to evaluate neutrophil-adenovirus
interactions. Neutrophils are rapidly recruited to Ad vector-
transduced organs during the innate response in vivo and rep-
resent the most abundant innate effector cell in the early stages
of the host response to Ad vectors (19, 24). Despite this, little
is known regarding the biology of neutrophils in relation to Ad
vectors. Our results show that Ad vectors interact with neutro-
phils in an opsonin-dependent manner via the complement
receptor CR1. This is consistent with numerous recent studies
that have documented the binding and the activation of com-
plement proteins, such as C3, by the adenovirus capsid (5, 14,
29). Our studies shed further light on this biology and show
that complement opsonization likely targets Ad vectors to leu-
kocyte complement receptors. Interestingly, compared to CR1,
complement receptor CR3 and B,-integrins did not mediate
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significant Ad vector-neutrophil binding. This is not surprising,
since CR1 is the high-affinity receptor for C3b whereas B,-
integrins such as CR3, in addition to having many other diverse
functions, bind to the less abundant proteolytic fragment iC3b.
While B,-integrins may not directly mediate Ad vector-neutro-
phil binding, they may be required as coreceptors to facilitate
CR1- and/or Fc receptor-mediated phagocytosis (7, 10, 12).

Neutrophils express a number of Fc receptors, including
FcyRIJA and FceyRIIIB. FeyRIIIB is a specific neutrophil-
inhibitory Fc receptor that lacks the prototypical immunore-
ceptor tyrosine-based activation motif of activating Fc recep-
tors such as FcyRIIA (11). The involvement of Fc receptors in
adenovirus-leukocyte interactions has clinical significance,
since the majority of humans are immunized against the com-
mon Ad vector serotypes. Studies by Wilson and colleagues
with adenovirus-naive and -immunized hosts demonstrate sim-
ilar levels of inflammation but reduced target tissue toxicity in
preimmunized mice and nonhuman primates receiving Ad vec-
tors (25, 33). Our findings support the hypothesis that in the
presence of circulating antibodies, Ad vectors are targeted to
leukocytes and the reticuloendothelial system of macrophages
via Fc receptors. The observed Fc receptor usage in neutro-
phils mirrors studies performed with dendritic cells that dem-
onstrate antibody-dependent interactions with Ad vectors via
FeyRII and FeyRIII (23). Interestingly, our results also sug-
gest a role for FcyRI in antibody-dependent uptake of Ad
vectors in neutrophils. Monomeric mouse IgG2a binds with
high affinity and effectively blocks human FcyRI, but not
FcyRII or FeyRIII, which recognize only multimeric or com-
plexed IgG (9). FcyRI receptor is not expressed on resting
neutrophils but can be induced by gamma interferon. It is
possible that neutrophil activation by Ad vectors upregulates
FcyRI expression that subsequently facilitates binding to anti-
body-coated viral particles. However, where Fc receptor usage
appears to be sufficient to completely mediate Ad vector bind-
ing to dendritic cells (23), a greater proportion of Ad vector
interactions with neutrophils are mediated by CR1. Further-
more, the role of antiadenovirus antibodies in mediating leu-
kocyte interactions may relate more to their ability to bind and
activate the complement than to direct Fc receptor binding. In
this regard, serum IgG depletion had a greater effect on neu-
trophil uptake of Ad vectors than blocking of Fc receptors,
suggesting that Ad vector interaction with CR1 is potentiated
through antibody-dependent activation of the classical comple-
ment pathway and the production of the CR1 ligand C3b.

Our studies and others illustrate the importance of considering
serum factors in evaluation of Ad vector tropism and receptor
interactions (23, 29, 37). These findings provide an explanation
for the numerous studies that demonstrate the similar distribution
and inflammatory properties of systemically administered wild-
type and tropism-modified Ad vectors that are based on the
traditional CAR/integrin paradigm (1, 20, 22). However, it should
be noted that in the absence of leukocytes such as Kupffer cells in
the liver, classical Ad vector tropism can be observed in vivo (20).
Furthermore, the role of antibody or complement-mediated leu-
kocyte interactions may not be relevant if vectors are adminis-
tered to tissues locally or ex vivo. Thus, the determinants of
tropism and the innate immune response to Ad vectors will be
dependent on many factors, including immune status, cell type,
and mode of vector administration.
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Very little is known regarding the cellular and molecular
impact of Ad vector interaction with innate effectors cells. In
vitro, Fc receptor binding greatly enhances Ad vector internal-
ization in dendritic cells but significantly reduces transduction
(23). Phosphoinositide-3-OH kinase, but not MyDS88, plays a
role in Ad vector-induced dendritic cell activation in the ab-
sence of serum factors (26). In the presence of complement or
antibody, the consequence of Ad vector interactions with CR1
and Fc receptors is unknown. Although Fc receptor signaling is
relatively well documented, less is known regarding CR1. CR1
is not known to directly initiate cellular signaling, but it may
cooperate with other cell surface molecules, including CR3
(B,-integrins) and Fc receptors that are capable of mediating
downstream signals (7, 10). In vivo, although studies have
examined the innate immune response to Ad vectors in various
leukocyte-depleted states (21, 24, 36), the direct impact of
virus-leukocyte interactions and leukocyte receptor binding by
Ad vectors has yet to be determined. Future studies will be
required to evaluate the role of complement and Fc receptors
in Ad vector induction of innate immunity.

Our studies demonstrate a novel interaction between Ad
vectors and the innate immune system. The opsonin-depen-
dent binding of Ad vectors to phagocyte complement and Fc
receptors increases the understanding of the host response to
agents, which will ultimately result in strategies to modulate
the innate immune response to adenovirus vectors.
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