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Avidity Binding of Human Adenovirus Serotypes 3 and 7 to the
Membrane Cofactor CD46 Triggers Infection
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The species B human adenoviruses (HAdVs) infect cells upon attaching to CD46 or desmoglein 2 (DSG-2) by one or several of
their 12 fiber knob trimers (FKs). To test whether DSG-2 and CD46 simultaneously serve as virus receptors for adenovirus type 3
(Ad3), we performed individual and combined CD46/DSG-2 loss-of-function studies in human lung A549 and 16HBE14o cells.
Our results suggest that in these cells, DSG-2 functions as a major attachment receptor for Ad3, whereas CD46 exerts a minor
contribution to virus attachment and uptake in the range of ~10%. However, in other cells the role of CD46 may be more pro-
nounced depending on, e.g., the expression levels of the receptors. To test if avidity allows Ad3/7 to use CD46 as a receptor, we
performed gain-of-function studies. The cell surface levels of ectopically expressed CD46 in CHO or human M010119 melanoma
cells lacking DSG-2 positively correlated with Ad3/7 infections, while Ad11/35 infections depended on CD46 but less on CD46
levels. Antibody-cross-linked soluble CD46 blocked Ad3/7/11/35 infections, while soluble CD46 alone blocked Ad11/35 but not
Ad3/7. Soluble Ad3/7-FKs poorly inhibited Ad3/7 infection of CHO-CD46 cells, illustrating that Ad3/7-FKs bind with low affin-
ity to CD46. This was confirmed by Biacore studies. Ad3/7-FK binding to immobilized CD46 at low density was not detected,
unlike that of Ad11/35-FK. At higher CD46 densities, however, Ad3/7-FK bound to CD46 with only 15-fold-higher dissociation
constants than those of Ad11/35-FK. These data show that an avidity mechanism for Ad3/7 binding to CD46 leads to infection of

CD46-positive cells.

H uman Adenoviridae comprise 55 types, classified into seven
species, A to G (http://www.vmri.hu/~harrach/AdVtaxlong
.htm), based on genome sequence comparison, hemagglutina-
tion, and additional features. The B1 viruses adenovirus type 3
(Ad3), Ad7, Ad16, Ad21, and Ad50 (Ad3/7/16/21/50) predomi-
nantly infect the upper respiratory tract, whereas the B2 viruses
Ad11/14/34/35 are associated with kidney and urinary tract infec-
tions with fatal outcomes in immunocompromised patients (30,
54, 68). Recent epidemiological reports described the reemer-
gence of several of these virus types associated with outbreaks of
respiratory disease (7, 32, 39, 77). The tropism of species B viruses
is broader than that of the C species and includes cancer cells,
dendritic cells, and hematopoietic stem cells. This feature makes
the B species interesting vectors for gene therapy and vaccination
approaches (52).

Ads attach to their host cells by binding of the trimeric fiber
protein to a cellular surface receptor. The fiber protein consists of
a tail for anchorage to the penton base, a shaft of variable length,
and a globular fiber knob (FK). The latter is responsible for the
binding of the virus particle (vp) to a primary attachment receptor
(43). Species B Ads bind a different cell surface receptor(s) than do
most of the other species members (76). Two receptors have been
identified, CD46 for Ad11 (57), Ad35 (15), Ad3 (60), and species
D Ad37 and Ad49 (31, 74), and desmoglein 2 (DSG-2) for Ad3/7/
11/14 (69, 70). Whether CD46 functions as an attachment recep-
tor for all species B types has been controversial. Virus competi-
tion, CD46 antibody blocking, and small interfering RNA
(siRNA) knockdown of CD46 experiments suggested that more
than one receptor exists for species B Ads (15, 19, 37, 56, 57, 60,
67). It was suggested that all species B Ads except Ad3/7 would
utilize CD46 and that all serotypes, including Ad3/7, would bind
to a second, common receptor (sBAR) (37, 56). Another group
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proposed an alternative classification, where group I members
(Ad16/21/35/50) would almost exclusively use CD46 while group
II members (Ad3/7/14) would use not CD46 but DSG-2 and the
only member of group III (Ad11p) would be able to use both
receptors (67, 70). Both classifications contrast, however, with
findings by others, who reported functional utilization of CD46 by
Ad3 and Ad7 in rodent cells ectopically expressing CD46 (13, 14,
20, 40, 60, 61).

Analysis of monovalent interactions of different species B FKs
with CD46 short consensus repeat (SCR) I-II revealed a broad
range of affinities, with similar dissociation constants (K,) for
Ad11- and Ad35-FK (Ad11/35-FK) in the range of 5 to 19 nM but
strongly increased K, values of 284 nM for Ad21-FK and 437 nM
for Ad16-FK and an approximately 2,000-fold-reduced affinity of
both Ad7-FK and Ad14-FK for CD46 SCR I-1I, compared to
Ad11-FK (10, 47, 48). The crystal structures of FKs for Ad3 (11),
Ad35 (46,71), Ad16 (47), and Ad7/14 (48) have revealed a gener-
ally conserved overall fold and trimeric organization. Interest-
ingly, the different FKs have low sequence identity, especially at
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the surface loops, which mediate binding to CD46, as indicated by
cocrystal structures of CD46 SCR I-II with Ad11-FK (49) or
Ad21-FK (10). These crystal structures also suggested interactions
of the trimeric fiber molecule with three CD46 molecules, albeit
involving substantial differences in the number and types of con-
tacts. The binding surface on CD46 SCRI-II for Ad11-FK com-
prises a large continuous area of 1,681 A2, with three main
contact points composed of fiber knob DG, HI, and IJ loop
residues. A more recent cocrystal structure of Ad11-FK in com-
plex with an extended CD46 SCR I-IV confirmed the involve-
ment of the DG and HI loops but not of the IJ loop (50).
Together, this wealth of structural evidence indicates that there
are no central binding motifs among species B Ads, which
would explain the macroscopic observations that there is a
wide range of affinities for CD46 between the different FKs (10,
47,71).

Here we tested two hypotheses: first, that DSG-2 and CD46
simultaneously serve as receptors for Ad3, and second, that avidity
effects allow the low-affinity CD46 binders Ad3/7-FK to attach to
CD46 and thereby allow these viruses to use CD46 as an entry
receptor. We performed loss-of-function studies in human A549
and 16HBE14o0 lung cells and showed that DSG-2 functions as a
major attachment receptor for Ad3, whereas CD46 exerts a minor
contribution in the range of ~10% to virus attachment and up-
take. Gain-of-function experiments in CD46-negative CHO or
CD46-low human melanoma cells both negative for DSG-2 dem-
onstrated that Ad3/7 infections increased with increasing levels of
ectopic CD46. We further showed that multimerized soluble
CD46 blocked Ad3/7 infections and that Ad3/7-FK reduced Ad3/7
infections in A549 cells expressing high levels of CD46. Finally,
biosensor measurements demonstrated that affinities of Ad3/7-
FKs for immobilized CD46 increased at high receptor densities.
These data argue that CD46 is a receptor for all species B adeno-
viruses if present at sufficient levels and may function together
with or separately from DSG-2.

MATERIALS AND METHODS

Viruses and cells. Ad3CMV-eGFP, Ad7CMV-eGFP, Ad11CMV-eGFP,
and Ad35CMV-eGPF containing the cytomegalovirus-enhanced green
fluorescent protein (CMV-eGFP) expression cassette in the deleted E1
region were prepared at concentrations of 7.1 X 101, 1.6 X 10!1, 6.6 X
10", and 1.3 X 10'2 virus particles (vp)/ml and have been described
previously (13, 14). Ad3 (prototype strain GB), Ad7 (prototype strain
Gomen), Adllp, and Ad35 (Holden strain) were radiolabeled as de-
scribed previously (14). Specific activities were in the range of 2.6 X 10~
to 4.9 X 107> cpm/vp. Likewise, Ad2, Ad3, and Ad35 were labeled with
atto488 (Atto-tec; Germany) in a manner similar to that described previ-
ously (65).

Chinese hamster cell lines CHO-K1 and CHO-15B6 (containing a
mutation in the N-acetylglucosamininyltransferase 1), the human 293T
and 911 embryonic kidney cell lines, and A549 lung carcinoma cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) plus 8% fetal
bovine serum (FBS). The human 16HBE140 bronchial epithelial cells (17)
and the M010119 primary human melanoma cell cultures (55) were
grown in RPMI 1640 plus 8% FBS as described earlier. CHO-CD46 cell
lines stably expressing the BC1 splice isoform were generated as described
for the BHK-CD46 cells (60). For stable transfection of CHO-15B6 and
MO010119 cells with the N-terminal eGFP-tagged CD46-encoding cDNA
(eGFP-CD46), a PCR-amplified CD46 sequence was cloned into
pcDNA3.1-CARSP-eGFP-CAR (5), replacing the mature coxsackie virus
B and Ad receptor (CAR) cDNA. In the resulting construct, the 19 amino
acid residues of the human CAR signal peptide sequence were followed by
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two spacer residues, 239 residues of eGFP, 10 additional spacer residues,
and 344 residues of the mature CD46 BC1 isoform. To avoid eGFP-
induced dimerization of the tagged CD46, an A206K mutant of eGFP was
utilized (75). Following selection in DMEM plus 8% FBS and 0.8 mg/ml
G418, individual clones were picked and screened, giving rise to the lim-
iting dilution clone CHO-eGFP-CD46#33.5. To generate human mela-
noma M010119 and lung carcinoma A549 cells expressing eGFP-CD46, a
lentiviral expression system was used. For this, the e GFP-CD46 cDNA was
subcloned into the lentiviral pBlasti vector (27), and lentiviral vectors
were generated by transient transfection in 293T cells. M010119 and A549
cells transduced with lentiviral vector pBlasti-eGFP-CD46 were selected
in blasticidin-containing medium at 4 ug/ml. Resulting bulk cultures
MO010119-eGFP-CD46#8 and A549-eGFP-CD46#2 revealed homoge-
nous CD46 expression.

Immune reagents. Cytofluorometric analysis, CD46-specific anti-
bodies, and secondary fluorochrome conjugates have been described pre-
viously (14, 60). The hybridoma cell line secreting the MCI20.6 anti-
CD46 antibody was a generous gift from Denis Gerlier (42). Monoclonal
8E5- and 6D8-antidesmoglein 2 were purchased from Santa Cruz Inc.,
and goat anti-human IgG-Fc was from Bethyl Laboratories Inc.

Virus binding and transduction assays. Binding experiments includ-
ing radiolabeled Ads were performed as described previously (14). For
binding experiments using atto488-labeled viruses, the same procedure
was used, except that cells were analyzed by cytofluorometric means. For
eGFP expression analysis, triplicates of 10° cells were seeded in 12-well
plates. After incubation for 3 h at 37°C and 5% CO,, the cells were infected
with recombinant eGFP-expressing Ads at virus concentrations of 10,
100, or 1,000 vp/cell. Medium was replaced 5 h postinfection (p.i.), and
cells were analyzed 2 days p.i. by flow cytometric analysis (Cytomics FC
500; Beckman Coulter).

For FK competition experiments, cells were seeded in triplicate 12-
well plates and were allowed to adhere as described above. After 3 h, the
medium was removed and the cells were washed with cold phosphate-
buffered saline (PBS). For blocking with FK proteins, serial 5-fold dilu-
tions of the different FKs were prepared in PBS, resulting in concentra-
tions of 5,000, 1,000, 200, 40, and 8 ng/ml. Five hundred microliters of FK
dilutions was added to the cells and incubated for 1 h on ice under con-
stant shaking. Subsequently, eGFP-encoding Ad vectors were added and
incubated for 1 h. The amount of virus added was optimized in preceding
experiments and was adjusted such that for all five eGFP-expressing vec-
tors, similar reporter expression levels in the range of 100 to 500 were
obtained by fluorescence-activated cell sorting (FACS) measurement.
Thus, for A549 cell transduction, Ad3-, Ad5-, Ad7-, Ad11-, and Ad35-
eGFP vectors were used at 14,800, 2,825, 8,200, 1,314, and 2,540 vp/cell,
respectively. For CHO-CD46#2, the virus input was adjusted to 29,600,
2,825, 8,200, 657, and 1,088 vp/cell, respectively. The cells were washed
twice with cold PBS and were returned to standard cell culture conditions.
Analysis of cells was performed 2 days p.i., as described above. For com-
petition experiments, including recombinant CD46ex-huFc, FK proteins
were replaced with the indicated concentrations of CD46ex-huFc or
CARex-huFc. In experiments that included cross-linking of CD46ex-
huFc and CARex-huFc, the adapter proteins were preincubated on ice
with goat anti-human IgG antibody for 30 min before being added to the
cells. Specific siRNAs for CD46 (15) and DSG-2 (70) were synthesized by
Microsynth (Switzerland), and scrambled siRNA control was obtained
from Qiagen. siRNA transfections were performed with Lipofectamine
2000 (Invitrogen) for A549 cells and Interferin (Polyplus) for IGHBE140
cells. Knockdown cells were infected with recombinant eGFP-expressing
Ads at virus concentrations of 500 vp/cell. Statistical evaluation was per-
formed using Student’s ¢ test.

Generation of recombinant soluble Ad receptor and fiber knob pro-
teins. Production of the soluble CD46ex-huFc and CARex-huFc has been
described earlier (12, 60). CD46ex-huFc comprises 295 amino acids of the
mature extracellular domain, including all SCRI-IV domains and the STP
of BC1, plus the short region of unknown function, fused to the 232 amino
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acids of the human IgG1-Fc domain, including hinge, CH2, and CH3
regions. Production of CD46-SCR I-II consisting of 145 amino acids,
including an N-terminal His tag and spacer, has been described in refer-
ence 14. CARex-huFc protein comprises the extracellular domain of CAR
fused to the human IgG1-Fc domain. The five recombinant FKs derived
from Ad3, Ad5, Ad7, Ad11, and Ad35 were produced using the Bac-to-
Bac baculovirus expression system (pFastBac; Stratagene). All FKs con-
tained an N-terminal 6 X His tag used for single-step nickel-nitrilotriacetic
acid (Ni-NTA)-agarose affinity chromatography, followed by the recog-
nition site for tobacco etch virus (TEV) protease. FK comprised the fiber
sequence residues 114 to 319 for Ad3 (NCBI GenBank identification [GI]:
78059423), 384 to 581 for Ad5 (GI: 56160559), 126 to 325 for Ad7 (GIL:
51173336), 126 to 325 for Ad11 (GI: 56160807), and 126 to 323 for Ad35
(GI: 56160945). Calculated molecular masses of the FK monomer/trimers
were 26.28/78.85, 24.98/74.95, 25.63/76.89, 25.90/77.71, and 25.50/76.50
kDa for FK of Ad3, Ad5, Ad7, Ad11, and Ad35, respectively.

SPR analysis for kinetics/affinity between CD46 and Ad-FKs. Sur-
face plasmon resonance (SPR) experiments were performed on a Biacore
T100 system (GE Healthcare) at 25°C equipped with CM5 sensor chips.
All reagents, including the amine-coupling kit, HBS-P+, and CM5 chips,
were purchased from Biacore (GE Healthcare). Buffer HBS-P+ (10 mM
HEPES, pH 7.4, 150 mM NaCl, 0.05% [vol/vol] surfactant P20) was used
as running buffer for the entire measurement. Each CM5 chip contained
four flow cells, designated Fc1 to Fc4. Fc2 and Fc4 were used to immobi-
lize the CD46ex-huFc ligand, while Fcl and Fc3 were used to immobilize
the CARex-huFc ligand. The immobilization procedure included three
steps: surface activation by using a 1:1 mix of 0.4 M I-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide in water (EDC) and 0.1 M
N-hydroxysuccinimide (NHS) in water for 420 s with a flow rate of 5
pl/min, immobilization of 0.12 uM ligands in 10 mM sodium acetate (pH
4.0) buffer, and deactivation of excess reactive groups by using 1 M
ethanolamine-HCI (pH 8.5) for 420 s with a flow rate of 5 ul/min. Fol-
lowing completion of immobilization, the sensor chip was conditioned
three times with 50 mM NaOH to stabilize the surface. For initial binding
assays, Ad3-, Ad11-, and Ad35-FK analytes were injected at 18.75 and 150
nM and Ad7-FK analyte was injected at 11.07 and 88.59 nM in HBS-P+
buffer at either 30 or 50 ul/min using a contact time of 240 or 280 s. For
kinetic studies, Ad3-, Ad7-, Ad11-, and Ad35-FK analytes were injected at
0.27,0.82, 2.47, 7.41, 22.22, and 66.67 nM in HBS-P+ buffer at either 30
or 50 ul/min using a contact time of 300 or 360 s and a dissociation time
of 3,600 s. After each binding cycle, the CM5 surface chip was regenerated
by injection of 3 M MgCl, for 30 to 45 s, followed by NaOH in a range of
4 to 50 mM for 20 s. All analyte concentrations were repeated twice, and
the obtained sensorgrams were corrected by subtracting the data from the
reference flow cell and from blank buffer injections (double referencing).
For details of the kinetic and affinity analysis as well as the fitting proce-
dure, see the supplemental methods.

RESULTS

CD46 and desmoglein 2 simultaneously serve as Ad3 receptor.
To test whether CD46 and DSG-2 simultaneously or additively
serve as attachment receptors, we performed loss-of-function
studies in human lung carcinoma A549 cells. These cells stained
positively for CD46 (see Fig. S1A in the supplemental material)
and DSG-2 (see Fig. S1B) expression, revealing arbitrary mean
fluorescence intensities (MFI) of 74 and 29, respectively. We
tested antibodies against CD46, DSG-2, and a mix of both and
determined their effects on Ad3 and Ad35 binding. For this, cells
were incubated with 1,000 vp of atto488-labeled wild-type Ad3/35
followed by determination of cell-associated viruses by cytofluo-
rometric analysis. Compared to PBS and anti-CAR antibody con-
trols, preincubation of A549 cells with the known CD46-blocking
antibody MEM258 (14) gave 13 and 8% reduction of Ad3 binding
at the highest concentration of 20 pg/ml, respectively (Fig. 1A).
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This is in agreement with earlier results reporting inhibition of
Ad3 binding to human cells: for example, a 40% reduction of
binding to human K562 cells (60) or up to 48% inhibition for
human hepatoblastoma HuH-7 cells (67). Preincubation with in-
creasing concentrations of DSG-2 antibodies on the other side
resulted in 47 and 42% reduction of Ad3 binding at 4 and 40
pmg/ml, respectively, which is comparable to the approximately
60% maximal inhibition reported by Wang et al. using twice the
concentration of the same mix of antibodies used here (70). Inter-
estingly, when CD46 and DSG-2-specific antibodies were com-
bined, we noticed a significant additive inhibition resulting in
70% inhibition of Ad3 binding. In comparison, the high concen-
trations of CD46 antibody reduced Ad35 binding by 93 and 98%,
but the DSG-2 antibody mix had no significant effects (Fig. 1B).
These results are consistent with the notion that Ad35 uses CD46
but not DSG-2 as an attachment receptor (13, 67).

We next performed siRNA-mediated knockdown of CD46,
DSG-2, and the two receptors together and analyzed these cells for
virus binding and transduction. Initial tests for optimizing siRNA
concentrations confirmed that the best CD46 downregulation was
obtained using a single CD46-specific siRNA at 5 nM, whereas a
pool of four DSG-2-specific siRNAs each at 5 nM was optimal for
DSG-2 protein downregulation when measured by cytofluoro-
metric analyses (15, 70). In five independent experiments, siRNA-
mediated reduction of CD46 was in the range of 74 to 88% with a
mean of 82%, using the CD46-specific siRNA alone, and 67 to
86% with a mean of 77%, using the CD46-specific siRNA in com-
bination with DSG-2-specific siRNAs (Fig. 1C shows a represen-
tative experiment). Similarly, siRNA-mediated reduction of
DSG-2 was in the range of 68 to 80% with a mean of 73%, using
the DSG-2 siRNAs alone, and 63 to 82% with a mean of 71%,
using the DSG-2 siRNAs in combination with the CD46 siRNA.
When binding of atto488-labeled Ad3 to these cells was analyzed,
we noticed that in CD46 siRNA-only cells binding was reduced by
28% in the experiment shown in Fig. 1D, whereas binding of Ad3
to DSG-2 siRNA-only cells was reduced by 66%. Similarly to the
antibody-blocking experiments, combination of the two siRNAs
additively reduced Ad3 binding by 77%. Of note, the additive Ad3
binding reduction was not paralleled by a reduction of the DSG-2
expression level in the siRNA combination cells, indicating spec-
ificity for CD46. The range of reduction varied from 3 to 23%,
with a mean of 11%. As for the antibody inhibition experiment,
Ad35 attachment was mainly affected by CD46 but not by DSG-2
interference, resulting in 76 and 77% reductions in binding for
CD46-only siRNA and CD46 plus DSG-2 siRNAs, respectively.
Attachment of the CAR-binding Ad2 was not affected in these
cells, demonstrating the specificity of the observed virus binding
reduction for Ad3/35.

We then used the four different siRNA cells to analyze trans-
duction by Ad5-, Ad3-, and Ad35-eGFP reporter viruses. CD46
interference gave no decrease in eGFP expression for Ad3/5 (Fig.
1E). However, Ad3-eGFP-mediated expression was reduced by
71% in DSG-2 siRNA-treated cells and by 82% in DSG-2 plus
CD46 siRNA combination cells, revealing a small additive effect of
11% (Fig. 1E). The additive reduction in Ad3 infection by siRNA
combination cells was reproducibly significant and varied from 11
to 17%, with a mean of 13% in 4 of 5 experiments. It should be
noted here that CD46 downregulation had a very small effect on
the transduction by Ad35-eGFP. We therefore repeated this
experiment using a chimeric Ad5 containing the fiber knob and
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CAR Ad35

shaft from Ad35 (Ad5-eGFP-FK35) and found a 60% reduction
of transgene expression upon CD46 siRNA silencing (data not
shown). This was similar to data from others using a similar
fiber chimeric vector (15). As suggested earlier, a possible ex-
planation for these observations includes the idea that fiber-
knob-swapped vectors have altered intracellular trafficking or
stability (63).
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Using the same approach, we also tested human 16HBE140
bronchial epithelial cells, which are a commonly used model for
respiratory epithelial cell infections (17, 35). These cells revealed
about 2-fold-lower CD46 (see Fig. S1C in the supplemental ma-
terial) and 3- to 4-fold-lower DSG-2 (see Fig. SID) expression,
compared to A549 cells. siRNA-mediated reduction of CD46 and
DSG-2 was on average 89 and 91%, respectively, when using the
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single-specific siRNA alone or in combination (Fig. 1F). Binding
of atto488-labeled Ad3 was reduced by 20 and 85% in CD46
and DSG-2 siRNA-only cells, respectively, and the combina-
tion of the two siRNAs additively reduced Ad3 binding by 95%
(Fig. 1G). When using the four different siRNA cells to analyze
transduction by eGFP reporter viruses, Ad3-eGFP-mediated
expression was reduced by 48% in DSG-2 siRNA-treated cells
and by 76% in DSG-2 plus CD46 siRNA combination cells,
revealing an additive effect of 28% (Fig. 1H).

Taken together, our results suggest that in A549 and
16HBE14o0 cells expressing both DSG-2 and CD46, DSG-2 func-
tions as a major attachment receptor for Ad3, whereas CD46 ex-
erts an accessory role for binding and uptake. In other human
cells, however, the CD46 contribution may be more pronounced
depending, e.g., on the expression levels of the receptors.

Increasing ectopic expression of CD46 leads to enhanced
transduction of Ad3/7/11/35 in rodent and human cells. Avidity
effects allow viruses to infect susceptible cells despite somewhat
low affinity for cell surface receptors (22, 73). We therefore tested
ifavidity effects occur during interaction of the Ad3/7 serotypes in
CD46-gain-of-function experiments. We and others had shown
earlier that rodent cells such as hamster BHK and CHO cells or
mouse Ltk~ and B16 cells stably expressing CD46 become sensi-
tive to infection with various species B human Ads (HAdVs), in-
cluding Ad3/7/11/35 (13, 14, 20, 40, 60, 61).

To address if CD46 needs to be expressed at a certain threshold
level to be an Ad3/7 receptor, we generated clonal CHO cells stably
expressing different levels of the CD46 BC1 isoform and com-
pared their binding and transduction levels for species B sero-
types. Of note, rodent cells, including unmodified CHO cells, were
found to be negative for Ad3 binding (15, 20, 37, 67, 70) (Fig. 2B),
and they did not stain with a DSG-2 antibody (data not shown),
suggesting that they lack expression of DSG-2 or that hamster
DSG-2 is not able to bind human Ad3. The highest levels of CD46
were measured in CHO-CD46#2 cells with an arbitrary MFI of
161, followed by CHO-CD46#1 (MFI of 45) and CHO-CD46#6
(MFI of 33) (see Fig. S1A in the supplemental material). All three
CHO clones were derived from CHO-15B6 cells. Additional
CHO-CD46#RC cells, which were derived from CHO-K1 cells (4)
and expressed CD46 levels similar to those of CHO-CD46#1, were
included as controls in the transduction study. With these cells, we
obtained data similar to those for CHO-CD46#1 (not shown). We
noticed, however, that the CD46 stably transfected cells had
broader expression ranges than, for example, human lung carci-
noma A549 cells, which had an MFI of 74. We therefore used the
stable CD46-expressing CHO cells at low passage numbers to en-
sure comparable expression levels. Cells were incubated with
1,000 vp of [*H]thymidine-labeled wild-type Ad3/7/11/35 fol-
lowed by determination of cell-associated viruses by liquid scin-
tillation counting (Fig. 2A). CHO-CD46#2 cells, expressing the
highest levels of CD46, revealed the highest virus binding for all
four viruses, followed by CHO-CD46#1 and CHO-CD46#6 cells,
which bound 2- to 4-fold more virus than did parental CHO cells.
Binding of Ad3/7/11 to A549 cells was intermediate compared to
CHO-CD46#2 and CHO-CD46#1 cells, whereas binding of Ad35
was higher to A549 than to CHO-CD46#2 cells.

Since binding experiments have a relatively low dynamic
range, we performed transduction experiments using eGFP-
expressing vectors. Increasing amounts of recombinant Ad3/7/
11/35 expressing eGFP gave a robust increase of transgene expres-
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sion in all four CHO-CD46 cells (including CHO-CD46#RC cells)
(Fig. 2B and Table 1). At a virus concentration of 1,000 vp/cell,
e.g., Ad3-mediated eGFP expression increased 18-fold in CHO-
CD46#6 cells, 55-fold in CHO-CD46#1 cells, and 192-fold in
CHO-CD46#2 cells, compared to parental CHO cells. When stan-
dardized to A549 cells, Ad3-eGFP-mediated transgene expression
levels amounted to 0.24% in parental CHO cells, 19% in CHO-
CD46#6 cells (with a 2.2-fold-lower CD46 level than that of
A549), 60% in CHO-CD46#1 cells (with about a 1.5-fold-lower
CD46 level than that of A549), and 211% in CHO-CD46#2 cells
(2.2-fold-higher CD46 level than that of A549). For better com-
parison of transduction efficiencies, vp/cell concentrations neces-
sary to reach the arbitrary MFI value of 100 were calculated (Table
1). These values showed that the highest input of 8,207 Ad3 vp/cell
was needed for CHO-CD46#6 cells, 2,597 vp/cell was needed for
CHO-CD46#1 cells, and 717 vp/cell was needed for CHO-
CD46#2 cells to reach comparable transduction levels. Transduc-
tion with Ad7 was about 2-fold more efficient than that with Ad3
when comparing vp/ml values necessary to reach an MFI of 100.
Ad11/35 consistently transduced all tested cells more efficiently
than did Ad3/7, including control A549 cells and parental CHO
cells. When standardized to Ad35, Ad3 infection of CHO-
CD46#6, CHO-CD46#1, CHO-CD46#2, and A549 required 27-,
16-, 4.2-, and 2.7-fold-higher vp input to obtain the MFI value of
100, respectively. For Ad7, these numbers amounted to 9.5-, 7.3-,
1.57-,and 1.1-fold, respectively. In contrast, Ad11 had a transduc-
tion efficacy similar to that of Ad35. Of note, when using Ad5-
eGFP in these cells, transduction levels were very low, within a
factor of 2 for the different CD46-expressing clones, including the
parental CHO cells.

We also tested whether human melanoma M010119 cells with
low CD46 expression (MFI of 17.8) (see Fig. S1E in the supple-
mental material) were increasingly transduced with Ad-eGFP vec-
tors by increasing CD46 levels. Stable transfection of these cells
(M010119-eGFP-CD46#8) resulted in about 9-fold-higher CD46
expression levels (MFI of 155) compared to the parental cells. In
this case, an N-terminal eGFP-tagged CD46 BC1 isoform was
used, where the endogenous signal peptide was replaced by the
CAR signal peptide, followed by the eGFP sequence and the se-
quence of the mature CD46 BCI isoform. Of note, the receptor
function of the eGFP-tagged CD46 form was retained for all four
species B serotypes tested in M010119-eGFP-CD46#8 cells (Fig.
2C; Table 2). When using 1,000 vp/cell, M010119-eGFP-CD46#8
cells with the 9-fold-higher CD46 level revealed 86-, 26-, 2.1-, and
2.3-fold enhancements of reporter eGFP for Ad3/7/11/35-
mediated transduction, respectively, compared to parental
MO010119 cells. Determination of vp/cell ratios necessary to reach
an MFI value of 100 revealed 127-, 52-, 3.1-, and 2-fold enhance-
ment of Ad3/7/11/35-mediated transduction, respectively. Of
note, both the parental M010119 low-CD46 cells and the
M010119-eGFP-CD46#8 high-CD46 cells expressed no DSG-2
when analyzed by cytofluorometric means (see Fig. S1Band S1F in
the supplemental material), in contrast to A549 cells, which ex-
pressed high levels of DSG-2.

In summary, ectopic expression of CD46 in rodent cells or
enhanced expression of CD46 in human cells low in CD46 and
negative for DSG-2 resulted in increased transduction with Ad3/
7/11/35 species B serotypes. Transduction efficacy of Ad3/7 cor-
related with CD46 density levels in these cells, whereas Ad11
reached a plateau with the medium CHO-CD46#1 cells and Ad35
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FIG 2 Binding and transduction of adenovirus species B viruses in CD46 gain-of-function cells negative for DSG-2. (A) For Ad binding assays, 5 X 10> human
A549 cells and the different rodent CHO-CD46 cells were incubated on ice with 1,000 vp of the indicated H-labeled species B serotypes. After incubation for 2
h, the cells were washed and cell-associated radioactivity was determined. Mean values and standard deviations of triplicates from one representative experiment
are shown. Asterisks indicate here and in the experiments described below the level of significance (, P < 0.05; s, P << 0.005; s, P < 0.0005, for comparisons
of corresponding Ad binding [infection] in parental CHO versus CD46-transfected cells). (B) Transduction assays of human A549, parental CHO, and
CHO-CD46-expressing cells. Cells (10°) were incubated with eGFP-expressing Ad3, Ad7, Ad11, and Ad35 vectors at increasing virus concentrations of 10, 100,
and 1,000 vp/cell. eGFP expression was analyzed 2 days p.i. by flow cytometry and is expressed as MFI. (C) Transduction assays of human parental and stable
CD46-transfected M010119 melanoma cells. Cells were transduced and tested as described above. Background fluorescence intensity for uninfected M010191-
eGFP-CD46 cells was higher due to the eGFP-tagged CD46 in these cells.

was largely independent of the CD46 levels. This is compatible Cross-linking of soluble CD46 enhances blocking of Ad3 and
with the notion that Ad3/7 exhibit a lower affinity for CD46 than ~ Ad7 infection of CHO-CD46 and A549 cells. We earlier docu-
do Ad11/35 but can compensate for the lower affinity by avidity =~ mented that soluble CD46ex-huFc was at least 100-fold more po-
binding. tent at blocking Ad11/35 binding to rodent cells expressing CD46
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TABLE 1 Species B serotype-mediated eGFP transgene expression in different CHO-CD46-expressing cells compared to parental CHO and human

A549 cells

eGFP expression level for cell line

Fold change compared to CHO? % of A549 expression”

No. of vp/cell needed to reach MFI of 100¢

eGFP

transgene CHO-CD46#6 CHO-CD46#1 CHO-CD46#2 CHO CHO-CD46#6 CHO-CD46#1 CHO-CD46#2 CHO-CD46#6 CHO-CD46#1 CHO-CD46#2 A549
Ad3-eGFP 18 55 192 024 19 60 211 8,207 (27) 2,597 (16) 717 (4.2) 1,513 (2.7)
Ad7-eGFP 37 85 354 023 21 50 202 2,919 (9.5) 1,210 (7.3) 267 (1.57) 602 (1.1)
Ad11-eGFP 40 88 79 1.03 49 105 95 634 (2.1) 291 (1.8) 314 (1.8) 329 (0.6)
Ad35-eGFP 60 106 96 266 177 305 284 307 165 170 562

a Ratios of eGFP mean fluorescence intensity levels from CD46-expressing cell line to that from parental CHO cells were determined for a 1,000-vp/cell input.
b eGFP mean fluorescence intensity levels of CD46-expressing cells as percentages of those of A549 cells were determined for a 1,000-vp/cell input.
¢ Regression lines were calculated for the eGFP expression levels; numbers in parentheses correspond to fold virus concentration input over that of Ad35-eGFP.

than were Ad3 and Ad7 (13). To further test the hypothesis that
avidity allows Ad3/7 to use CD46 as a functional receptor, we
repeated the virus blocking assays with CD46ex-huFc but in-
cluded this time cross-linked adapter proteins. We reasoned that
antibody-mediated cross-linking of CD46ex-huFc could provide
locally more binding sites per molecule, mimicking the situation
on the cell membrane where CD46 can diffuse freely and form
clusters following multivalent binding (1, 9).

When using 50, 500, and 5,000 ng/ml of CD46ex-huFc protein
alone, only Ad11-eGFP- or Ad35-eGFP-mediated transgene ex-
pression was significantly reduced in CHO-CD46#2 or A549 cells
(Fig. 3A and B). In contrast, CD46ex-huFc did not result in sig-
nificant reduction of Ad3/7-mediated transgene expression.
However, when we combined CD46ex-huFc protein at a concen-
tration of 500 ng/ml with 2-fold-increasing amounts of cross-
linking goat anti-human Fc antibody, significant blocking was
also achieved for both Ad3- and Ad7-mediated transgene expres-
sion. Inhibition followed a precipitin-type curve, reaching a pla-
teau in the range of 500, 1,000, or 2,000 ng/ml of goat anti-human
Fc. The highest blocking for Ad3-eGFP amounted to 65% in
CHO-CD46#2 cells and 83% in A549 cells, and for Ad7-eGFP, the
highest blocking was 77% in both cell types. We conclude that
CD46ex-huFc multimerization leads to efficient blocking of
Ad3/7. A similarly multimerized complex consisting of CARex-
huFc had no significant effects on Ad3/7 infection (see Fig. S2A
and S2B in the supplemental material) but CARex-huFc inhibited
Ad2/5 transduction (12, 38).

Species B adenovirus fiber knobs cross-compete for CHO-
CD46 and A549 transductions. To further characterize affinity
differences and receptor usage by species B Ads, we performed

TABLE 2 eGFP transgene expression analysis in M010119 and
M010119-eGFP-CD46#8 cells

eGFP expression level

No. of vp/cell needed to reach MFI of

Fold change 100 in cell line?
compared to
Transgene MO0101194 MO10119 MO010119-eGFP-CD46#8
Ad3-eGFP 86 34,513 271 (127)
Ad7-eGFP 26 4,695 91 (52)
Ad11-eGFP 2.1 344 110 (3.1)
Ad35-eGFP 2.3 258 130 (2.0)

@ Ratios of eGFP mean fluorescence intensity levels from M010119-eGFP-CD46#8 cells
to that from parental M010119 cells were determined for a 1,000-vp/cell input.

b Regression lines were calculated for the eGFP expression levels. Numbers in
parentheses correspond to fold enhancement of transduction efficiency in M010119-
eGFP-CD46#8 cells over that of M010119 cells, based on MFI values of 100.
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blocking studies with species B Ads and soluble FKs in CHO-
CD46#2 and A549 cells. CHO-CD46#2 cells do not express
DSG-2, unlike human A549 cells. Virus inhibition assays were
performed using five different eGFP-expressing vectors as readout
for binding and infectivity. For CHO-CD46#2 cells, Ad3/7/11/35-
eGFP inputs of 29,600, 8,200, 657, and 1,088 vp/cell, respectively,
were used. For A549 cells, the virus inputs amounted to 14,800,
8,200, 1,314, and 2,540 vp/cell, and in addition, for Ad5-eGFP an
input of 2,825 was applied. The virus input concentrations were
chosen such that the unblocked transgene expression values
amounted to fluorescence intensities in the range of about 200,
thereby allowing an optimal dynamic range (not shown). We en-
sured that FKs of Ad3/7/11/35 were predominantly present in
trimeric form (see Fig. S2A and S2B in the supplemental material).
All five Ad FK proteins were tested in a dose-dependent manner
with the highest concentration of 5,000 ng/ml diluted in a 5-fold
dilution series to the lowest concentration of 8 ng/ml (Fig. 4A and
B and Table 3). The specificity of this assay was confirmed by the
finding that the species C Ad5-FK gave rise to inhibition only of
Ad5, not of any of the species B serotypes. Likewise, species B FKs
inhibited only species B serotypes, but not Ad5-eGFP.

The cross-competition assays revealed differences in the capac-
ities of the individual FKs to compete with species B viruses. The
Ad3/7-FKs on one side and Ad11/35-FKs on the other side showed
similar behaviors, which, however, were different in the two cell
types tested. In CHO-CD46#2 cells, Ad3/7-FKs elicited at best
weak competition for corresponding and noncorresponding Ad3
and Ad7 and no effect on noncorresponding Ad11 and Ad35. This
is illustrated by the 40% inhibition of Ad3-eGFP transduction at
the highest Ad3-FK concentration of 5,000 ng/ml and a nonsig-
nificant 7% inhibition for Ad7-eGFP transduction. Ad3-FK con-
centrations necessary for 50% inhibition (FK-50%) were larger
than the highest concentration available and could thus not be
calculated. Ad7-FK was more efficient than Ad3-FK, and using
5,000 ng/ml, 86 and 81% of Ad3/7-mediated eGFP expression was
inhibited, respectively. FK-50% inhibition values for Ad7-FK
were determined to be 169 and 2,690 ng/ml for Ad3/7-mediated
transgene expression, respectively. In contrast, Ad11/35-FKs led
to efficient blocking of all B-type viruses in these cells. Likewise,
Ad35-FK blocking efficiency was in the range of 85 to 97% at 5,000
ng/ml, and the corresponding FK-50% values were 5, 63, 14, and
26 ng/ml.

The binding inhibition pattern for A549 cells was different
than that for CHO-CD46#2 cells. In A549 cells, Ad3/7-FKs effi-
ciently competed for corresponding and noncorresponding
Ad3/7 in A549 cells with FK-50% inhibition values of 25 and 23
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CARex-huFc of Fig. S2 in the supplemental material).

ng/ml, respectively (Fig. 4B; Table 3). With the highest concentra-
tions of Ad7-FK, blocking efficiency of 95 and 87% was obtained
for Ad3/7-mediated eGFP expression, respectively, with FK-50%
values of 17 and 31 ng/ml, respectively. However, as for CHO-
CD46#2 cells, Ad3/7-FKs revealed no effect on noncorresponding
Ad11/351in A549 cells. Ad11-FK efficiently blocked all four species
B serotypes, with FK-50% inhibition values of 31, 87, 13, and 13
ng/ml, whereas Ad35-FK was less efficient at inhibiting Ad3 and
Ad7, with FK-50% values of 470 and 4,459 ng/ml, respectively, but
very efficient at inhibiting Ad11 and Ad35, with FK-50% values of
33 and 5 ng/ml, respectively.

In summary, blocking studies with Ad3/7-FKs revealed differ-
ent effects for corresponding viruses in CHO-CD46 cells or hu-
man A549 cells. In CHO-CD46 cells, the observed low blocking
efficiency confirms the low affinity of the Ad3/7 soluble FK mol-
ecules for CD46. In contrast, the efficient blocking activity of Ad3/
7-FK in A549 is compatible with our findings that up to 90% of
Ad3 binds with a presumably higher affinity to DSG-2, whereas a
minor fraction binds to CD46.
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Binding and affinity determinations of CD46 to Ad3/7/11/
35-FK by surface plasmon resonance. To further characterize
species B Ad interactions with CD46, we applied biosensor tech-
nology using soluble CD46 and the FKs of Ad3/7/11/35, which
were predominantly present in trimeric form (see Fig. S3A and
S3B in the supplemental material). Initial Biacore experiments
using sensor chips had previously been described for immobilized
FKs and monovalent CD46-SCR I-1II as soluble analyte, thereby
avoiding avidity effects of CD46 (10, 47, 48, 71, 72). The SCR I-1I
domain comprised the binding sites for the FKs (14, 49, 53, 71).
Under these conditions, we determined the affinities of Ad11/
35-FK to CD46-SCRI-II and found that they were consistent with
a 1:1 (monophasic) binding model, where one surface FK mono-
mer interacted with one soluble CD46-SCR I-II (data not shown).
Ad3/7-FK, however, did not bind to immobilized CD46-SCR I-1I,
most likely due to low affinity of their monomers for CD46-SCR
I-11, in agreement with earlier data for Ad7-FK (48).

In a reversed setup of the SPR measurements, we immobilized
the extracellular domain of CD46 fused to human Fc (CD46ex-
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FIG 4 Inhibition of Ad3-, Ad7-, Ad11-, and Ad35-eGFP transduction in CHO-CD46#2 and A549 cells by recombinant Ad fiber knobs. Cells were preincubated
for 1 h in the cold using a 5-fold dilution series of the individual FK proteins, followed by addition of the different eGFP-expressing vectors for another 1 h. (A)
For CHO-CD46#2 cells, the viral inputs amounted to 29,600, 8,200, 657, and 1,088 vp/cell for Ad3-, Ad7-, Ad11-, and Ad35-eGFP, respectively. The virus input
concentrations had been determined in preceding experiments and were chosen such that the unblocked transgene expression values amounted to fluorescence
intensity values of about 200. eGFP analysis was performed 48 h p.i. FKs are color coded as follows: Ad5-FK in green, Ad3-FK in red, Ad7-FK in purple, Ad11-FK
in cyan, and Ad35-FK in dark blue. (B) For A549 cells, virus inputs amounted to 14,800, 8,200, 1,314, 2,540, and 2,825 vp/cell for Ad3-, Ad7-, Ad11-, Ad35-, and
Ad5-eGFP, respectively. Otherwise, the procedure was the same as that described above.

huFc; see reference 60) to the flexible dextran matrix of the sensor
chip and used FKs as analytes. CD46ex-huFc is a disulfide-linked
dimer, as suggested by native gel electrophoresis (see Fig. S3C in
the supplemental material). We first tested if different concentra-
tions of immobilized CD46ex-huFc would give different binding
responses for the FKs. Therefore, flow cell 2 (Fc2) of the CM5
sensor chip was coated with a high density of CD46ex-huFc (2,630
resonance units [RU]), and the control Fcl was coated with a high
density of CARex-huFc (3,431 RU). In a parallel setup, Fc4 was
coated with a low surface density of CD46ex-huFc (345 RU) and
Fc3 was coated with a low density of CARex-huFc (278 RU). From
the sensorgrams of Ad3/7/11/35-FK binding to CD46ex-huFc, we
noticed that higher concentrations of soluble Ad3/7-FK (150 and
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89 nM, respectively) were required to reach equilibrium binding
at high CD46ex-huFc density levels compared to Ad11/35-FK
(18.75 nM) (Fig. 5A to D). At equilibrium binding, both Ad3/
7-FK and Ad11/35-FK slowly dissociated, indicative of stable
complexes. Atlow CD46ex-huFc density, the Ad11/35-FKs and to
a very small extent also Ad7-FK but not Ad3-FK showed detect-
able binding. The absolute binding values (R,,,,,) varied by factors
of 2 to 3 between Ad3- and Ad7-FK and between Ad11- and Ad35-
FK, as well as different technical replicates of the experiments,
possibly reflecting different degrees of FK purities and chip con-
ditions.

Combined binding kinetics and affinity measurements were
carried out for each of the four FKs. For this, we used three inde-
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TABLE 3 Inhibition of Ad3/7/11/35-eGFP- and Ad5-eGFP-mediated reporter expression by fiber knob cross-competition

% inhibition of eGFP expression?

FK concn for 50% inhibition (ng/ml)?

Competitor Cell line

Ad3-eGFP Ad7-eGFP Adl11-eGFP Ad35-eGFP Ad5-eGFP

Ad3-eGFP Ad7-eGFP Adl1-eGFP Ad35-eGFP Ad5-eGFP

Ad3-FK CHO-CD46 40 7 18 -3
A549 93 78 28 18
Ad7-FK CHO-CD46 86 81 21 —10
A549 95 87 4 —18
Ad11-FK CHO-CD46 99 98 99 97
A549 93 95 99 100
Ad35-FK CHO-CD46 98 85 97 96
A549 74 56 99 99
Ad5-FK CHO-CD46 1 —35 16 0
A549 24 9 —21 29

ND< ND ND ND ND ND
17/—9 25 23 ND ND ND
ND 169 2,690 ND ND ND
2/12 17 31 ND ND ND
ND 14 21 22 37 ND
—10/—6 31 87 13 14 ND
ND 5 63 14 26 ND
—1/=7 470 4,459 33 5 105
ND

26/97

@ Data correspond to inhibitions obtained using a 5,000-ng/ml FK concentration in Fig. 4.
b Data were calculated by applying regression lines to values in Fig. 4.
¢ND, not determined.

pendent measurements in the range 0f0.27,0.82,2.47,7.41,22.22,
and 66.67 nM and two different high-density CD46 biosensor
chips of 2,630 RU and 1,121 RU. The two biosensor chips gave
similar results (Fig. 5E to H) (see Table S1 in the supplemental
material). In addition, Ad3-FK binding was found to be indepen-
dent of the flow rate at the standard flow rate of 30 wl/min and an
increased flow rate of 55 ul/min, excluding the possibility that the
binding reactions were influenced by mass transfer effects (41).
The values for the kinetic rate constants were highly reproducible
for the individual FKs, with low standard errors for the association
and dissociation constants (Fig. 5E and H) (see Table S1). The
kinetics and binding data could be best fitted to a two-stage reac-
tion model rather than monophasic or trivalent binding models
(see the supplemental methods). Modeling of the measured asso-
ciation and dissociation rate constants and R values was carried
out based on global fittings for k,,, k,,, k4;, and kg, and local
calculations of R, and percent x?/R,,.. All percent ?/R,,,,, val-
ues were below 5%. The average apparent K; values (Table 4) were
not significantly different for Ad3-FK (2.48 X 107!© M) and
Ad7-FK (3.70 X 1071 M), whereas the apparent K s for Ad11-FK
and Ad35-FK were 10- to 15-fold lower (P = 0.002/0.0669 for
Ad3/7 compared to Ad11, and P = 0.0014/0.063 for Ad3/7 versus
Ad35) and amounted to 2.46 X 107! and 1.78 X 107! M, re-
spectively. Thus, the 10- to 15-fold difference between the appar-
ent K; values for Ad3/7 and Ad11/35 at high CD46 densities devi-
ated considerably from the 2,000-fold differences of K reported
for the monovalent CD46 binding to Ad7-FK and Ad11-FK (48).
Since the measurements were performed using similar setups, this
suggests that at high surface densities of CD46, trimeric FK inter-
acts with two or even three CD46 binding sites and the resulting
avidity effects overcome low-affinity restrictions of single FK-
CD46 interactions.

DISCUSSION

The data obtained in this study suggest that both DSG-2 and CD46
can serve simultaneously as Ad3 receptors and that avidity effects
allow the low-affinity CD46 binders Ad3/7-FK to attach to CD46
for infectious entry. Conspicuously, several Ad serotypes have
been reported to utilize more than one attachment receptor,
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which could be part of an evolutionary strategy to increase viral
fitness (76). For example, the species D Ad9, with a very short
fiber, was found to allow fiber-independent binding of the penton
base directly to integrins, if integrins were present in sufficient
amounts (51). In integrin-low cells, the virus instead used CAR for
productive infection. Our finding that species Bl adenoviruses use
avidity to bind to the CD46 receptor has important consequences
for tropism and possibly evolution of the species B1 viruses, where
viral receptor-binding proteins are under selective pressure and
undergo constant variation to evade neutralization by antibodies
(23, 47). High-affinity binding could, for example, represent a
dead end in evolutionary terms, as such viruses would be con-
strained to a single receptor. Weak affinity to a receptor could be
essential for gaining access to new attachment receptors.

Avidity captures low-affinity interactions. Viruses use multi-
ple binding strategies, characterized by a broad range of affinity
interactions when analyzed for single binding interaction sites (22,
73). Viruses with low affinities include, e.g., influenza virus with
millimolar affinity for sialic acid, and there are micromolar affin-
ities for rhinovirus attachment to intercellular adhesion molecule
1, echovirus attachment to decay-accelerating factor, or reovirus
attachment to junction adhesion molecule (2, 6, 28, 62). Biologi-
cally important binding of viruses to low-affinity receptors occurs
when virus particles expose multiple binding sites. This allows for
avidity effects and increases overall affinity.

Avidity is characterized by a synergistic (and not additive)
combination of individual bond affinities, which largely depends
on the structure and geometry of the involved molecules (36). For
example, in the case of an IgG with a valency of two, avidity can
lead to a strong increase of overall affinity, compared to corre-
sponding monovalent Fab fragments (see, e.g., an early study in
reference 16). Particularly strong avidity effects were also reported
for low-affinity ErbB2-specific single-chain variable-fragment an-
tibodies, where the antibody fragment with the lowest affinity
showed the highest avidity increase upon dimerization (44). Vi-
ruses containing trimeric attachment receptors, such as the reovi-
rus sigma 1 protein or the long and short fibers of bacteriophage
T4, have been suggested to employ avidity mechanisms for infec-
tion (as discussed in reference 33). Interestingly, binding of Ad3 to
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FIG 5 Subtracted SPR sensorgrams for Ad3-, Ad7-, Ad11-, and Ad35-FK interacting with CD46. Soluble receptor CD46ex-huFc was immobilized on a
CMS5 chip at high density in Fc2 (2,630 RU) and low density in Fc4 (345 RU). Control CARex-huFc was immobilized at high density in Fc1 (3,431 RU)
and low density in Fc3 (278 RU). (A to D) FK analytes were injected over the sensor surface at 18.75 and 150 nM concentrations for Ad3-FK (A), Ad11-FK
(C), and Ad35-FK (D) and at 11.07 and 88.59 nM for Ad7-FK (B), respectively. Association times were either 240 or 280 s. (E to H) Overlay of analyte
responses for Ad3-, Ad7-, Ad11-, and Ad35-FK at different concentrations. Measurements were performed using the CD46 high-density 2,630-RU CM5
chip. Serial concentrations of 0.27, 0.82, 2.47, 7.41, 22.22, and 66.67 nM Ad3-FK (E), Ad7-FK (F), Ad11-FK (G), and Ad35-FK (H) were injected in
HBS-P+ buffer at 30 wl/min under a contact time of 300 s and a dissociation time of 3,600 s (for better visibility, only four of the six binding curves are
shown). Data evaluation was fitted globally by a two-stage reaction model with Biacore T100 evaluation software, and resulting kinetics/affinity results
(listed in Table S1 in the supplemental material and summarized in Table 4).
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TABLE 4 Summary kinetics/affinity analyses of Ad-FK binding to immobilized CD46ex-huFc®

Ad-FK ky (M~ts™h) kgy (s71) Ky (s71) kgo (s71) K, = SEM (M)

Ad3-FK 2.30 X 10° 6.88 X 1074 2.01 X 1073 1.76 X 10~ 4 (2.48 = 0.27) X 10~10
Ad7-FK 1.44 X 10° 4.19 X 104 1.94 X 103 1.99 X 104 (3.70 = 1.38) X 1010
Ad11-FK 9.27 X 10° 327 X 1074 541 X 1073 1.60 X 10~4 (2.46 = 1.50) X 10~ 1!
Ad35-FK 3.08 X 10° 4.66 X 104 1.25 X 103 1.29 X 10~ 4 (1.78 = 1.04) X 10~ !

@ Values are averages of three individual measurements.

DSG-2 may engage the avidity mechanism, since multimerization
of the trimeric Ad3-FK was required for efficient binding to
DSG-2 (69).

Avidity binding of adenoviruses to CD46 and CAR. Some
studies considered Ad3/7 and also Ad14 to be CD46 nonbinders due
to low-affinity interactions with CD46 (15, 19, 37, 56, 57, 67). Several
lines of evidence, however, support an avidity-based mechanism for
Ad3/7 infection of CD46-positive cells. First, Ad3/7 infection corre-
lated with the levels of ectopically expressed CD46, while Ad11/35
infection was saturated at low CD46 expression levels. Second, the
binding of species B Ad3/7-FK to immobilized CD46 on a biosensor
chip was more dependent on the receptor density than was binding of
Ad11/35-FK, and the Ad3/7-FK binding had only 10- to 15-fold-
lower apparent affinity than Ad11/35-FK. Third, cross-linking of sol-
uble CD46 increased its blocking effect on Ad3/7 infection in human
A549 cells and CHO-CD46 cells. Fourth, soluble Ad3/7-FKs ineffi-
ciently blocked Ad3/7 infection of CHO-CD46 cells, unlike Ad11/35-
FKs, which efficiently blocked all four tested B serotypes, confirming
that Ad3/7-FKs bind with lower affinity to CD46 than do Ad11/35-
FKs. These data support and extend earlier binding site mapping
studies, which showed that Ad3/7 engage CD46 through similar sur-
faces as do species B2 Ad11/35 (13). In support of this, the recent SPR
studies by Persson et al. revealed a broad variation of CD46 binding
affinities, and the authors concluded that Ad7/11/14/35 are able to
bind to the same epitopes on CD46 (48). All these data are in accor-
dance with the observations that both the low-affinity CD46 binder
Ad3 and the high-affinity binder Ad35 use virtually identical path-
ways to infect human cells that are CD46 positive (1, 24). Notably,
avidity mechanisms may also allow the species B Ad16 to use CD46
for productive infection by increasing the affinity to CD46 by 70-fold
compared to Ad11 (47).

Similar to the species B serotypes, also the CAR-tropic species C
Ad serotypes have a broad spectrum of affinities to CAR over nearly 3
orders of magnitude, ranging from the low-affinity binder Ad9 to the
high-affinity binder Ad5 (25). In addition, avidity effects could be
measured by an increase of FK affinity from about 25 nM for mono-
meric immobilized Ad2 FK to 1 nM for multivalent immobilized
CAR in SPR assays employing minimal-size proteins produced in
Escherichia coli (33). The avidity-driven multivalent binding reaction
to immobilized high-density CAR (200 RU, equivalent to our CD46
high-density chips) could be fitted to a trivalent binding model. We
thus consider it likely that many different Ads use avidity binding for
attachment and possibly entry into cells.

Avidity effects for Ad-receptor interactions can occur at two levels.
The trivalent FK protein can increase the overall affinity compared to
amonovalent protein. In addition, some of the 12 fiber trimers on the
virus may simultaneously form multiple contact points with the cell
surface. Both of these mechanisms can contribute to increase the
overall affinities of the virus particle for its receptor. Importantly, in
the case of the CAR binders Ad2/5, CAR clustering leads to viral
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surfing motions on the cell surface and triggers viral uncoating as-
sisted by confined motions of the viral coreceptor alpha v integrin (5).

Apparent K, values of species B FKs to divalent CD46 differ
from K, values with monovalent soluble CD46. Avidity effects are
strongly dependent on the valency of the ligand, as observed, for ex-
ample, with binding of dimeric ephrin-A5 ligand to dimerized EphA3
receptor (45). Accordingly, the measured K, values for FKs to our
CD46ex-Fc were about 5 logs lower for the Ad3/7-FKs and 3 logs
lower for Ad11/35-FKs compared to the K ; values for the monovalent
CD46-SCR I-1I interactions published by others (10, 47, 48, 71, 72).
Also in regard to the valency difference, the CD46-SCR I-1I protein
used in other studies was produced in mutant CHO cells and con-
tained homogenous, high-mannose N-linked carbohydrates (48).
Our CD46 protein consisted of the entire extracellular domain plus a
dimerizing Fc portion and was produced in normal BHK cells allow-
ing for complex O- and N-linked glycosylations (60). Interestingly,
the extended CD46-SCR I-IV domain has a somewhat different
mode of binding to Ad11-FK, as the contact site did not include the I
loop described for CD46-SCR I-1I interaction (50). We suggest that
the dimeric nature of our CD46ex-huFc explains why the binding of
the Ad3/7/11/35-FKs fits better to a two-stage reaction model than to
trivalent binding models, described earlier for Ad2-FK interaction
with CAR (33). This is based on comparison of the different affinities
under our standard conditions. We conclude that the observed K,
differences between the monovalent and trivalent affinities of the
Ad3/7/11/35-FKs are based on avidity binding.

Virus-receptor affinity versus receptor density. A recent sys-
tematic study with retargeted measles virus (MV) vectors has shown
that viruses displaying HER2/neu-specific single-chain variable-
fragment antibodies had high avidity and cell-killing ability due to
dozens of single-chain molecules in the viral envelope, even if their
single affinities were in the low-micromolar range (21). This study
noticed a receptor threshold level for productive infection, together
with an inverse correlation of attachment receptor affinity and recep-
tor density requirements for infection. In particular, suprathreshold
affinities did not further enhance the efficiency of MV infection,
which corresponds well with our results for high-affinity CD46 bind-
ers Ad11/35. It also fits well with another observation showing that
Ad35-FK mutants with either 4-fold- or 60-fold-higher affinity at the
monovalent interaction level did not yield higher transduction levels,
regardless of the cellular CD46 receptor density (72).

With the FK neutralization experiments in CHO-CD46#2-
expressing cells, we noticed that Ad3/7-FKs did not efficiently com-
pete against the binding of corresponding virus particles, in contrast
to Ad11/35-FKs, which efficiently blocked Ad3/7/11/35. This is due
to low affinity of Ad3/7-FK for CD46, since binding of the different
species B Ads is restricted to CD46 in these cells (13, 60). This con-
clusion was corroborated by the findings that soluble CD46ex-huFc
inefficiently inhibited binding of Ad3/7 to the cells, in agreement with
weak efficiency of blocking of Ad3/7 by soluble CD46 (13, 67) and
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also by soluble monovalent CD46 for MV infection (58). Ad3/7 inhi-
bition was, however, strongly enhanced by cross-linking the CD46ex-
huFc protein (Fig. 3), suggesting that cross-linked CD46ex-huFc
mimics the multiple-interaction situation when the virus contacts the
cell surface. Similarly, CD46 cross-linking by genetically fusing the
CD46 ectodomain to the octamer oligomerization domain of C4b
binding protein resulted in a 2-log-enhanced MV-neutralizing activ-
ity in vitro and in vivo due to enhanced virus binding (8).

These data suggest that the receptor density is of key importance
not only for interaction of CD46 with trimeric FK but also for the
multivalent virus particle. Together or alone, this gives rise to avidity
effects, which allow Ad3/7 to infect cells expressing sufficient levels of
CD46 (13, 20, 60). The lack of Ad3/7 infection in CHO-CD46 cells
reported by other groups is most likely due to low CD46 expression
levels and assay systems of low sensitivity or limited dynamic range
(15,18, 37, 57, 67).

Mechanistic implications of desmoglein 2 and CD46 as re-
ceptors for Ad3/7. Our DSG-2/CD46 combinatorial loss-of-
function experiments in A549 and 16HBE14o cells significantly en-
hanced the reduction of cell surface binding and infection of Ad3 by
~10% compared to DSG-2 interference alone, showing that CD46
has a significant role for infectious Ad3 entry in these cells. We suggest
that in nonpolarized A549, 16HBE 140, or HeLa cells (70) expressing
both receptors, DSG-2 functions as a major attachment receptor for
Ad3. This could be due to a lower affinity/avidity of Ad3 for CD46
compared to that for DSG-2 or to higher levels of DSG-2 than of
CD46. In other human cells, the CD46 contribution may be more
pronounced depending on the expression levels of the receptors. This
is supported by our data from rodent CHO-CD46 and human
M010119 melanoma cells lacking DSG-2, where Ad3/7 uses CD46 as
a functional receptor.

For oncolytic therapies with human Ads (HAdVs), it will be im-
portant to determine the DSG-2 expression levels among human cells
and tissues in health and disease and put these data in relation to
CD46 expression. In particular, it is conceivable that DSG-2 and
CD46 act independently as Ad3/7 receptors. For example, in polar-
ized cells, DSG-2 is a component of the cell-cell adhesion structure of
intercellular junctions (26). CD46 is present on apical and basolateral
surfaces (3, 59, 64). Apical CD46 may be an initial docking site for
species BHAdVs and lead to the activation of DSG-2 from the lateral
cell-cell contact sites. Interestingly, a library screening experiment of
fiber-pseudotyped Ads revealed relatively high levels of apical trans-
duction of Caco-2 cells by Ad7 and Ad35, despite low levels of virus
attachment to the apical membrane (29). Speculatively, apical infec-
tions may be exacerbated by cytokine-mediated relocalization of
CD46 and DSG-2 to the apical surface upon cytokine signaling from
immune cells, as demonstrated for species C receptors CAR and al-
pha v beta 3 integrins (35). This may lead to a situation where DSG-2
and CD46 complement each other, for example, by physical interac-
tions. Possibly, DSG-2 or another molecule functions as a tethering
factor for CD46 and prolongs the half-life of CD46 on the plasma
membrane, thereby increasing the CD46 avidity effects. Clustering of
CD46 may occur in particular lipid domains (66) or in the vicinity of
integrins or tetraspanins (34). In this scenario, lipids, integrins, or
tetraspanins could be modulators for CD46 function and might not
be required for Ad3 infection, if the CD46 levels were sufficiently
high. Clustering of CD46 by antibodies or Ad3/35 facilitates CD46
internalization by clathrin-mediated endocytosis or macropinocyto-
sis, followed by endosome lysis in the case of Ad3/35 and virus particle
penetration from endosomes to the cytosol (1, 9, 24).
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