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ABSTRACT Human adenovirus type 55 (HAdV55) represents an emerging respira-
tory pathogen and causes severe pneumonia with high fatality in humans. The cellu-
lar receptors, which are essential for understanding the infection and pathogenesis
of HAdV55, remain unclear. In this study, we found that HAdV55 binding and infec-
tion were sharply reduced by disrupting the interaction of viral fiber protein with
human desmoglein-2 (hDSG2) but only slightly reduced by disrupting the interaction
of viral fiber protein with human CD46 (hCD46). Loss-of-function studies using solu-
ble receptors, blocking antibodies, RNA interference, and gene knockout demon-
strated that hDSG2 predominantly mediated HAdV55 infection. Nonpermissive ro-
dent cells became susceptible to HAdV55 infection when hDSG2 or hCD46 was
expressed, but hDSG2 mediated more efficient HAd55 infection than hCD46. We
generated two transgenic mouse lines that constitutively express either hDSG2 or
hCD46. Although nontransgenic mice were resistant to HAdV55 infection, infection
with HAdV55 was significantly increased in hDSG2�/� mice but was much less in-
creased in hCD46�/� mice. Our findings demonstrate that both hDSG2 and hCD46
are able to mediate HAdV55 infection but hDSG2 plays the major roles. The hDSG2
transgenic mouse can be used as a rodent model for evaluation of HAdV55 vaccine
and therapeutics.

IMPORTANCE Human adenovirus type 55 (HAdV55) has recently emerged as a
highly virulent respiratory pathogen and has been linked to severe and even fatal
pneumonia in immunocompetent adults. However, the cellular receptors mediating
the entry of HAdV55 into host cells remain unclear, which hinders the establishment
of HAdV55-infected animal models and the development of antiviral approaches. In
this study, we demonstrated that human desmoglein-2 (hDSG2) plays the major
roles during HAdV55 infection. Human CD46 (hCD46) could also mediate the infec-
tion of HAdV55, but the efficiency was much lower than for hDSG2. We generated
two transgenic mouse lines that express either hDSG2 or hCD46, both of which en-
abled HAd55 infection in otherwise nontransgenic mice. hDSG2 transgenic mice en-
abled more efficient HAdV55 infection than hCD46 transgenic mice. Our study adds
to our understanding of HAdV55 infection and provides an animal model for evalu-
ating HAdV55 vaccines and therapeutics.
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Human adenoviruses (HAdVs) are nonenveloped, double-stranded DNA viruses
belonging to the family Adenoviridae. Up to 90 genotypes of HAdVs, divided into

seven species (A to G), have been identified according to their hemagglutination
activities, genomic sequences, and additional properties (1). Recently, severe pneumo-
nia cases and deaths have been reported in outbreaks associated with human adeno-
virus type 55 (HAdV55) (2–11). It has been proposed that HAdV55 evolved from
recombination between HAdV11 and HAdV14 (11, 12). The genome of HAdV55 has
97.6% nucleotide sequence identity with that of HAdV11 and 98.8% with that of
HAdV14. Similar to HAdV11 and HAdV14, HAdV55 is also classified into species B based
on genetic alignment (12). However, unlike HAdV11, which typically infects the kidney
and urinary tract (13), HAdV55 is similar to HAdV14 and causes mainly respiratory
infections (2, 4, 13, 14). The level of herd immunity to HAdV55 is 22.4%, much lower
than that to other HAdVs, such as HAdV4 (58.4%), HAdV5 (77%), and HAdV7 (63.8%)
(15–17). HAdV55 has exerted potential threats to public health, especially to crowded
populations, including military recruits and school students (2–12). Currently, no pro-
phylactic vaccines or antiviral drugs are available.

HAdV infection into host cells is initially mediated by the attachment of viral trimeric
fiber protein to a cellular surface receptor (18–25). Most HAdVs, except those in species
B and some genotypes in species D, utilize human coxsackie-adenovirus receptor
(hCAR) as the primary receptor (18, 19, 25). As for species B HAdVs, two receptors have
been reported, human CD46 (hCD46) and human desmoglein-2 (hDSG2). hCD46 is a
ubiquitously expressed membrane cofactor protein that protects host cells from com-
plement damage. hCD46 has been recognized as the cellular receptor for several
human pathogens, including measles virus, human herpesvirus 6, and Neisseria, in
addition to species B HAdVs (20, 26–28). hDSG2 is an integral component of desmo-
somes that contributes to the formation of cell-cell junctions (29). Loss of hDSG2
function may affect cardiomyocyte cohesion and may be associated with life-
threatening cardiac diseases, such as sudden cardiac death (30, 31). It has been
proposed that species B HAdVs have three groups based on the receptors to which
they bind (19). Group 1 exclusively uses hCD46 as an attachment receptor, including
HAdV16, -21, -35, and -50; group 2 predominantly engages hDSG2 for productive
infection, including HAdV3, -7, and -14; and group 3 employs both hCD46 and hDSG2,
such as HAdV11 (18–24). However, there are existing disputes regarding the receptor
usage of species B HAdVs. Earlier studies showed that ectopic expression of hCD46 in
rodent cells promoted infection with HAdV3, -11, -14, and -35 (21–23), and the short
consensus repeat domains I and II were the common binding sites engaged by species
B HAdVs (32, 33). There are also reports that hDSG2 is the major receptor for HAdV3, -7,
and -14 (19, 34). However, one report has shown that hCD46 makes no significant
contribution to HAdV3 infection (35). These discrepancies, according to several subse-
quent studies, might be attributed to the affinity of fiber protein for different cellular
receptors (18, 33).

The cellular receptor that mediates HAdV55 infection has not been elucidated.
Based on the genomic analysis, HAdV55 is phylogenetically close to HAdV14 in fiber
and penton but phylogenetically close to HAdV11 in hexon (11, 12). It is important to
note that the fiber knob (FK) domain of HAdV55 (Y16/SX/2011 strain) has a 139Val-to-
139Ile mutation compared to that of prototype HAdV14 (de Wit strain) and has an
insertion of two additional amino acids, 251Lys and 252Glu, compared to that of
HAdV14a (CHN/GZ01/2010 strain) (12, 36). It remains unclear if these mutations alter
the interaction of HAdV55 with cellular receptors and thereby lead to a different pattern
of receptor usage. Defining the receptor usage of HAdV55, therefore, will add to our
understanding of its infection process, facilitate the establishment of animal models
supporting HAdV55 infection, and contribute to the development of HAdV55 vaccines
and therapeutics.

In this study, we applied multiple loss-of-function and gain-of-function experiments
to investigate the roles of hDSG2 and hCD46 in mediating HAdV55 attachment and
infection. Since rodent cells and mice cannot be productively infected by HAdV55, we
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further generated transgenic mouse lines expressing hDSG2 or hCD46 for evaluating
HAdV55 infection in otherwise nonpermissive mice.

RESULTS
Interaction of HAdV55 fiber with hDSG2 is required for HAdV55 infection.

Given that HAdV55 fiber is phylogenetically close to HAdV14 fiber and since earlier
studies showed that the interaction of fiber with hDSG2 or hCD46 is necessary for
HAdV14 infection (19, 23, 36), we investigated if these interactions were also required
for HAdV55 infection. We produced the fiber knobs of HAdV55, HAdV14a, and HAdV5
in Escherichia coli. All these fiber knobs showed a polymeric form that could be
disrupted into a monomeric form by preheating under a reducing condition (Fig. 1A),
similar to those reported by others (34, 36, 37). Human lung adenocarcinoma A549 cells
were preincubated with fiber knobs and then infected with HAdV55-SEAP, HAdV14-
SEAP, or HAdV5-SEAP expressing a reporter protein-secreted embryonic alkaline phos-
phatase (SEAP). HAdV14a fiber knob blocked the infection with HAdV14a and HAdV55
but not HAdV5 in a dose-dependent manner (Fig. 1B). HAdV55 fiber knob also dose
dependently blocked infection with HAdV55 and HAdV14a but not HAdV5 (Fig. 1C). As
a control, HAdV5 fiber knob only blocked infection with HAdV5 and not HAdV14a or
HAdV55 (Fig. 1D). Therefore, HAdV55 fiber knob effectively disrupts the interaction of
HAdV55 and HAdV14a with their receptors on host cells.

We next examined if HAdV55 infection could be competitively inhibited by soluble
hDSG2 (sDSG2) or hCD46 (sCD46), two homodimers comprising the extracellular do-
mains fused to human IgG Fc region (Fig. 1E). HAdV55-SEAP or HAdV14a-SEAP was
incubated with sDSG2 or sCD46 and was then used to infect A549 cells. Both sDSG2 and
sCD46 reduced HAdV55 infection in a dose-dependent manner (Fig. 1F). However,
sDSG2 showed a much greater inhibitory effect than sCD46. The combination of sDSG2
and sCD46 moderately further reduced HAdV55 infection (Fig. 1F). Similarly, sDSG2 and
sCD46 dose dependently inhibited HAdV14a infection, with sDSG2 showing a much
greater inhibitory effect (Fig. 1G). This result suggests that sDSG2 and sCD46 are able
to block the interaction of HAdV55 with its receptors, but sDSG2 has a significantly
higher blocking efficacy than sCD46.

We employed monoclonal antibodies to further examine the interaction of HAdV55
with its possible receptors. A549 cells were preincubated with blocking monoclonal
antibody cocktails against hDSG2 or hCD46 and then infected with HAdV55-SEAP. Both
hDSG2 antibodies and hCD46 antibodies reduced the binding of HAdV55, and hDSG2
antibodies achieved a greater reduction than hCD46 antibodies (Fig. 1H). The combi-
nation of these antibodies resulted in the greatest reduction in viral binding (Fig. 1H).
In contrast, hCAR antibodies had no blocking effects on HAdV55 binding. Accordingly,
SEAP expression mediated by HAdV55-SEAP was reduced by hDSG2 antibodies and, to
a lesser degree, by hCD46 antibodies. Concurrent incubation with both hDSG2 anti-
bodies and hCD46 antibodies resulted in the most reduction (Fig. 1I). Therefore, the
interaction of fiber with hDSG2 or hCD46 is required for HAdV55 binding and infection,
but hDSG2 appears to play a greater role than hCD46. We then performed surface
plasmon resonance (SPR) analysis to examine the interaction of HAdV55 fiber knob with
hDSG2 and hCD46. HAdV55 fiber knob showed binding activity to both sDSG2 and
sCD46 (Fig. 1J and K), suggesting that HAdV55 fiber knob directly interacts with hDSG2
and hCD46.

HAdV55 infection is correlated with the expression level of hDSG2 and, to a
lesser degree, with that of hCD46 on different cell lines. To determine if the
infection efficiency of HAdV55 in a variety of cells is related to the expression level of
hDSG2 and hCD46, we performed infection assays using 10 cell lines derived from
humans and monkeys. Human epithelial-like cells, including A549, NCI-H358, PANC-1,
Capan-2, HEK293, and SK-OV-3 cells, as well as monkey CV-1 and Vero cells, could be
efficiently infected by HAdV55-enhanced green fluorescent protein (EGFP) (Fig. 2A).
However, human hematopoietic cell lines Raji and THP-1 showed no HAdV55-EGFP
infection (Fig. 2A). We examined the expression of hDSG2 and hCD46 on these cells by
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flow cytometry analysis using monoclonal antibodies. All human epithelial-like cells
expressed a high level of hDSG2 and a somewhat lower level of hCD46. However,
monkey CV-1 and Vero cells showed weak staining by hDSG2 antibody and moderate
staining by hCD46 antibody (Fig. 2B and C). The amino acid sequences of hDSG2 and

FIG 1 Blocking the interaction of HAdV55 fiber with hDSG2 reduces HAdV55 binding and infection. (A) SDS-PAGE analysis of the fiber knobs of HAdV5, HAdV14a
and HAdV55. �, the samples were preheated in the presence of �-mercaptoethanol; -, the samples were not preheated and �-mercaptoethanol was not added.
(B) HAdV14a fiber knob competitively inhibits the infection of HAdV55 and HAdV14a. (C) HAdV55 fiber knob competitively inhibits the infection of HAdV55 and
HAdV14a. (D) HAdV5 fiber knob competitively inhibits the infection of HAdV5 but not HAdV55 or HAdV14a. A549 cells were preincubated with the fiber knob
of HAdV14a, HAdV55, or HAdV5 and then infected with HAdV14a-SEAP, HAdV55-SEAP, or HAdV5-SEAP at 200 vp/cell. At 24 h postinfection, the SEAP activity
in the cultured media was measured. Percent infection was calculated as the percentage of SEAP activity in fiber knob-treated cells versus that in PBS-treated
cells. (E) Western blot analysis of sCD46 and sDSG2 under reducing and nonreducing conditions. (F) sDSG2 and sCD46 competitively inhibit HAdV55 infection.
(G) sDSG2 and sCD46 competitively inhibit HAdV14a infection. HAdV55-SEAP or HAdV14a-SEAP was incubated with sDSG2, sCD46, or both and then used to
infect A549 cells (200 vp/cell). At 24 h postinfection, the SEAP activity in the cultured media was measured. Percent infection was calculated as the percentage
of SEAP activity resulting from HAdV55-SEAP or HAdV14a-SEAP infection in the presence of sDSG2, sCD46, or both versus that in the absence of these
competitors. (H) hDSG2 antibodies reduce HAdV55 binding to host cells. A549 cells were preincubated with hDSG2 antibodies (6D8 and 8E5), hCD46 antibodies
(M177 and MEM258), or both and then incubated with HAdV55. The relative bound viruses were measured by qPCR and calculated using �-actin as a reference.
Genome copies of HAdV55 bound to A549 cells were taken as 100%. (I) hDSG2 antibodies reduce HAdV55 infection. A549 cells preincubated with either hDSG2
antibodies or hCD46 antibodies were infected with HAdV55-SEAP at 50 vp/cell. At 24 h postinfection, the SEAP activity in the cultured media was measured.
Percent infection was calculated as the percentage of SEAP activity resulting from HAdV55-SEAP infection in the presence of anti-hDSG2 antibodies, anti-sCD46
antibodies, or both versus that in the absence of these antibodies. (J) Kinetics of binding of HAdV55 fiber knob to sDSG2. (K) Kinetics of binding of HAdV55
fiber knob to sCD46. Data are representative of those from three independent experiments and presented as the means � standard deviations (SD). Comparison
between groups was performed by one-way analysis of variance (ANOVA; n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, no significance.
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hCD46 and their counterparts in African green monkey (Chlorocebus sabaeus) have
similarities of up to 96.3% and 86.2%, respectively. The DSG2 and CD46 expressed in
these two cell lines could be recognized by anti-hDSG2 or anti-hCD46 antibodies in a
Western blot assay (data not shown). The weak staining, therefore, most likely reveals
a relatively low abundance of these two receptors on monkey cells. Notably, Raji cells
and THP-1 cells showed weakly positive staining for hCD46 but were negative for
hDSG2 (Fig. 2B and C). As a control, hCAR was detected in all human epithelial-like cells
and monkey cells and, at a lesser abundance, in Raji cells and THP-1 cells (Fig. 2D).

FIG 2 HAdV55 infection is positively correlated with the expression level of hDSG2. (A) Infection efficiency of HAdV55-EGFP in different cell lines derived from
humans and monkeys. Each indicated cell line was infected with HAdV55-EGFP at 0, 100, 200, and 500 vp per cell. At 24 h postinfection, cells were examined
using flow cytometry. The frequency of EGFP-positive cells is shown. Data are presented as the means � SD. (B) Expression level of hDSG2 in different cell lines.
(C) Expression level of hCD46 in different cell lines. (D) Expression level of hCAR in different cell lines. Each indicated cell line was stained with a FITC-labeled
anti-hDSG2 antibody, a PE-labeled anti-hCD46 antibody, or a PE-labeled anti-hCAR antibody and examined using flow cytometry. The percentage of positive
cells and the mean fluorescence intensity (MFI) of each cell line are shown. (E) Correlation of HAdV55 infectivity to the expression level of hDSG2. (F) Correlation
of HAdV55 infectivity to the expression level of hCD46. (G) Correlation of HAdV55 infectivity to the expression level of hCAR. The infectivity of HAdV55 is
presented as the frequency of EGFP-positive cells resulting from HAdV55-EGFP infection at 200 vp per cell. Representative results from three independent
experiments are shown. The strength of the correlation was measured by the Pearson correlation coefficient.
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Regression analysis revealed that the infectivity of HAdV55 in these cell lines was
strongly correlated with the expression of hDSG2 (r � 0.93 and P � 0.0001) but weakly
correlated with the expression of hCD46 (r � 0.72 and P � 0.02). No correlation
between HAdV55 infection and the expression of hCAR was observed (r � 0.46 and P �

0.19) (Fig. 2E to G). Thus, HAdV55 infection is most likely associated with hDSG2 and,
to a lesser degree, with hCD46 but not hCAR on the cell surface.

Knockdown and knockout of hDSG2 decrease HAdV55 attachment and infec-
tion. To test if reducing the expression of hDSG2 or hCD46 in host cells can affect

HAdV55 infection, we knocked down the expression of hDSG2 or hCD46 in A549 cells
using RNA interference (Fig. 3A). Knockdown of hDSG2 alone significantly reduced
HAdV55 infection (Fig. 3A and B), whereas knockdown of hCD46 alone showed no
significant reduction of HAdV55 infection (Fig. 3A and B). Concurrent downregulation
of hDSG2 and hCD46 also reduced HAdV55 infection, but not lower than knockdown
of hDSG2 alone (Fig. 3B). The small interfering RNA targeting hCAR and the scramble
control showed no significant influence on HAdV55 infection (Fig. 3B).

To rule out the possibility that residual hDSG2 and hCD46 on cell surface still
mediate HAdV55 infection, we performed gene knockout in A549 cells using CRISPR-
Cas9 technology to completely eliminate the expression of hDSG2 or hCD46 or both
hDSG2 and hCD46. Three cell lines were constructed by introducing biallelic frameshift
mutations into the exons of the DSG2 gene (hDSG2�/�) or CD46 gene (hCD46�/�) or
both (hCD46�/� hDSG2�/�) (Fig. 3C). hDSG2�/� cells expressed hCD46 but not hDSG2,
whereas hCD46�/� cells expressed hDSG2 but not hCD46 (Fig. 3D). hCD46�/�

hDSG2�/� cells had no expression of either hCD46 or hDSG2 (Fig. 3D). hDSG2�/� cells
showed significantly decreased binding to HAdV55 compared to that of wild-type A549
cells, whereas hCD46�/� cells showed only slightly decreased binding to HAdV55
compared to that of wild-type A549 cells (Fig. 3E). The binding of hCD46�/� hDSG2�/�

cells to HAdV55 was further reduced (Fig. 3E). This result reveals that hDSG2 is the key
contributor to HAdV55 binding.

To determine if complete knockout of hDSG2 or hCD46 or both hDSG2 and hCD46
reduces HAdV55 infection, we assessed the SEAP activity in the cultured media of these
cells infected with HAdV55-SEAP. Compared to wild-type A549 cells, hDSG2�/� cells
that expressed hCD46 but not hDSG2 showed a significant reduction of SEAP expres-
sion, whereas hCD46�/� cells that expressed hDSG2 but not hCD46 showed no
significant reduction of SEAP expression (Fig. 3F). Concurrent knockout of hDSG2 and
hCD46 further reduced SEAP expression (Fig. 3F). We also performed HAdV14a infection
using these knockout cell lines. Knockout of hCD46 significantly reduced HAdV14a
infection, to �40% (Fig. 3G), implying that hCD46 plays a slightly more important role
in HAdV14a infection than in HAdV55 infection. Knockout of hDSG2 showed a much
greater inhibition than knockout of hCD46 on HAdV14a infection (Fig. 3G), suggesting
that similar to HAdV55, HAdV14a also uses hDSG2 as the major receptor. Together,
these results show that hDSG2 has a dominating role in mediating the infection of
HAd55 and HAdV14a, but hCD46 plays only a minor role in mediating the infection of
these two HAdVs.

Expression of hDSG2 enables HAdV55 infection in nonpermissive rodent cells.
To investigate if ectopic expression of hDSG2 or hCD46 in rodent cells can enable
HAdV55 infection, we transfected CHO-K1 cells with plasmids expressing either hDSG2
or hCD46 or both. Forty-eight hours later, cells were infected with HAdV55-SEAP. Cells
expressing hDSG2 could be efficiently infected by HAdV55, as shown by high SEAP
activity in the cultured medium (Fig. 4A and B). Cells expressing hCD46 could also be
infected by HAdV55, but the efficiency was much lower than that in hDSG2-expressing
cells. Cells expressing both hDSG2 and hCD46 were the most efficiently infected by
HAdV55 (Fig. 4A and B). Infection with HAdV14a in CHO-K1 cells transiently expressing
hDSG2 or hCD46 or both showed a pattern similar to that of infection with HAdV55 (Fig.
4C), revealing that the presence of hDSG2 effectively supports the infection of HAdV55
and HAdV14a in nonpermissive CHO-K1 cells.
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FIG 3 Knockdown or knockout of hDSG2 reduces HAdV55 binding and infection. (A) siRNAs downregulate the expression of hDSG2 and hCD46. A549 cells were transfected
with siRNAs targeting hDSG2 or hCD46 or a scrambled control. At 60 h posttransfection, cells were stained with a FITC-labeled anti-hDSG2 antibody, a PE-labeled anti-hCD46
antibody, or an isotype control and examined by flow cytometry. One representative graph for hDSG2 (left) and hCD46 (right) knockdown is shown. (B) Downregulating
the expression of hDSG2 reduces HAdV55 infection. A549 cells pretransfected with siRNAs were infected with HAdV55-SEAP at 200 vp/cell. At 24 h postinfection, the SEAP
activity in the cultured media was measured. Percent infection was calculated as the percentage of the SEAP activity in cells transfected with siRNAs versus that in cells
transfected with the scrambled control. (C) Alignment of the genomic sequence flanking the target sequence of the sgRNA in gene knockout cell lines with wild-type A549
cells. The deletions and the insertions in both alleles are marked. (D) Knockout of the hDSG2 and hCD46 genes eliminates their expression. The expression levels of hDSG2
and hCD46 in hCD46�/� cells, hDSG2�/� cells, hCD46�/� hDSG2�/� cells, and wild-type (wt) A549 cells were examined by Western blot analysis. GAPDH was examined
in parallel as an internal control. (E) Knockout of hDSG2 decreases HAdV55 binding. Gene knockout cell lines as well as wild-type A549 cells were incubated with HAdV55
viral particles at 200 vp/cell, and the genome copies of the bound viral particles were measured by qPCR and calculated using �-actin as a reference. Genome copies of
HAdV55 bound to wt A549 were taken as 100%. Uninfected A549 cells were used as negative controls. (F) Knockout of hDSG2 decreases HAdV55 infection. (G) Knockout
of hDSG2 decreases HAdV14a infection. Gene knockout cell lines as well as wild-type A549 cells were infected with HAdV55-SEAP (F) or HAdV14a-SEAP (G) at 200 vp/cell.
One day later, the SEAP activity in the cultured media was measured. Percent infection was calculated as the percentage of the SEAP activity in gene knockout cell lines
versus that in wild-type A549 cells. Data are representative of those from three independent experiments and presented as the means � SD. Comparison between groups
was conducted by one-way ANOVA (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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We then validated this result using another rodent cell line Hepa1-6. Hepa1-6 cells
express CAR and thus can be infected by HAdV5, but they cannot be infected by species
B HAdVs. The amino acid sequence identities of DSG2 and CD46 between mice and
humans are only 76% and 49%, respectively (38–41). Hepa1-6 cells were preinfected
with recombinant HAdV5 vectors expressing hDSG2 or hCD46 and then infected with
HAdV55-SEAP. Similar to the results with CHO-K1 cells, Hepa1-6 cells expressing hDSG2
effectively supported HAdV55-SEAP infection (Fig. 4D and E). Hepa1-6 cells expressing
hCD46 only weakly supported HAdV55-SEAP infection (Fig. 4D and E). Hepa1-6 cells
expressing both hDSG2 and hCD46 most effectively supported HAdV55-SEAP infection
(Fig. 4D and E). Notably, HAdV14a infection in these Hepa1-6 cells infected with HAdV5
vectors exhibited a pattern similar to that of HAdV55 infection (Fig. 4F). Therefore,
rodent cells can be efficiently infected by HAdV55 when hDSG2 alone is expressed but
can only be moderately infected by HAdV55 when hCD46 alone is expressed.

To further dissect the contribution of hDSG2 and hCD46 during HAdV55 infection,
we constructed six CHO-K1-derived cell lines stably expressing hDSG2, hCD46, or both

FIG 4 Transient expression of hDSG2 promotes HAdV55 infection in rodent cells. (A) Plasmid-mediated expression of hDSG2 and hCD46. CHO-K1 cells were
transfected with either pCDNA4-hDSG2, pCDNA4-hCD46, or both and the resultant expression of hDSG2 or hCD46 was examined by Western blot analysis. Cells
transfected with pCDNA4-hCAR or pCDNA4TO were used as negative controls. GAPDH was also examined as an internal control. The blots are from different
gels with equal volumes of each sample loaded. (B) Transient expression of hDSG2 facilitates HAdV55 infection in CHO-K1 cells. (C) Transient expression of
hDSG2 facilitates HAdV14a infection in CHO-K1 cells. Transfected cells were infected with HAdV55-SEAP or HAdV14a-SEAP at 200 vp/cell, and the SEAP activity
in the cultured media was measured 24 h after infection. (D) HAdV5-mediated expression of hDSG2 and hCD46. Hepa1-6 cells were preinfected with either
HAdV5-hDSG2, HAdV5-hCD46, or both, and the resultant expression of hDSG2 or hCD46 was examined by Western blot analysis. Cells preinfected with
HAdV5-hCAR or empty HAdV5 were used as negative controls. GAPDH was also examined as an internal control. The blots are from different gels with equal
volumes of each sample loaded. (E) HAdV5-mediated expression of hDSG2 facilitates HAdV55 infection in Hepa1-6 cells. (F) HAdV5-mediated expression of
hDSG2 facilitates HAdV14a infection in Hepa1-6 cells. Cells preinfected with HAdV5-hDSG2 or HAdV5-hCD46 were infected with HAdV55-SEAP or HAdV14a-SEAP
at 200 vp/cell. The SEAP activity in the cultured media was measured 24 h after infection. Data are representative of those from three independent experiments
and presented as the means � SD. Statistical analysis was conducted by one-way ANOVA (n � 3). ***, P � 0.001.
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hDSG2 and hCD46 at either a low or a high level. hDSG2-expressing cells effectively
supported HAdV55-EGFP infection, and the efficiency was positively correlated with the
abundance of hDSG2 (Fig. 5A to C). Compared to hDSG2-expressing cells, hCD46-
expressing cells were moderately susceptible to HAdV55-EGFP infection (Fig. 5D to F).
Cells expressing both hDSG2 and hCD46 exhibited high susceptibility to HAdV55-EGFP
infection (Fig. 5G to I). Consistent results from different cell lines suggest that both
hDSG2 and hCD46 can mediate HAdV55 infection but that hDSG2 has much greater
efficiency.

hDSG2 knock-in transgenic mice and hCD46 knock-in transgenic mice support
HAdV55 infection. We attempted to infect wild-type BALB/c and C57BL/6 mice with
HAdV55 but failed to observe significant infection. We thus generated an hDSG2

FIG 5 CHO-K1-derived stable cell lines expressing hDSG2 are more susceptible to HAdV55 infection than hCD46-expressing cells. (A) CHO-K1-derived stable cell
lines expressing hDSG2. (B) hDSG2-expressing cell lines are susceptible to HAdV55 infection. (C) MFI of cells infected with HAdV55-EGFP. (D) CHO-K1-derived
stable cell lines expressing hCD46. (E) hCD46-expressing cell lines are moderately infected by HAdV55. (F) MFI of cells infected with HAdV55-EGFP. (G)
CHO-K1-derived stable cell lines simultaneously expressing hDSG2 and hCD46. (H) Cell lines expressing both hDSG2 and hCD46 are susceptible to HAdV55
infection. (I) MFI of cells infected with HAdV55-EGFP. Each stable cell line was stained with a FITC-labeled anti-hDSG2 antibody or a PE-labeled anti-hCD46
antibody and examined by flow cytometry. The cell lines were then infected with HAdV55-EGFP at 200 vp/cell. At 24 h postinfection, cells were imaged under
a fluorescence microscope, and the expression of EGFP was examined by flow cytometry. Data are representative of those from three independent experiments.
The MFI is presented as the mean � SD. Comparison between groups was conducted by one-way ANOVA (n � 3). ***, P � 0.001.
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knock-in transgenic mouse line and an hCD46 knock-in transgenic mouse line based on
C57BL/6 mice background. Using a site-specific integration strategy mediated by
CRISPR-Cas9, we inserted the expression cassette for hDSG2 or hCD46 into the Rosa26
locus or the H11 locus, respectively (Fig. 6A). Expression of hDSG2 and hCD46 was
detected in the muscle, kidney, lung, heart, colon, and liver of the respective transgenic
mice (Fig. 6B and C). Wild-type mice, hDSG2�/� mice, and hCD46�/� mice were
intravenously injected with the HAdV55-SEAP reporter virus. At 3 days postinjection,
significantly higher SEAP activity was detected in the sera of hDSG2�/� mice than in

FIG 6 hDSG2 transgenic mice support HAdV55 infection with a higher efficiency than hCD46 transgenic mice. (A) Schematic diagram of the expression
cassettes for hDSG2 and hCD46 in the genome of transgenic mice. (B) The expression levels of hDSG2 in the indicated tissues were examined by reverse
transcription-qPCR. (C) The expression levels of hCD46 in the indicated tissues were examined by reverse transcription-qPCR. The relative expression levels
of hDSG2 and hCD46 were calculated using �-actin mRNA as a reference. Samples from nontransgenic mice were used as negative controls. Data are
representative of those from three independent experiments and presented as the means � SD (n � 3 to 6). (D) SEAP activity in the sera of transgenic and
nontransgenic mice at 3 days (left) or 7 days (right) postinfection. Each group of mice (n � 6) was infected with 2 � 1010 vp of HAdV55-SEAP by an
intravenous injection. The sera were collected at 3 days or 7 days postinjection, and the SEAP activity was examined. (E) Genome copies of HAdV55 in the
liver of the infected mice at 3 days (left) or 7 days (right) postinfection. Data are representative of those from three independent experiments and presented
as the means � SD. Comparison between groups was performed using one-way ANOVA. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

Feng et al. Journal of Virology

September 2020 Volume 94 Issue 17 e00747-20 jvi.asm.org 10

https://jvi.asm.org


those of hCD46�/� mice (Fig. 6D). At 7 days postinjection, SEAP activity could still be
detected in the sera of hDSG2�/� mice but was much lower in hCD46�/� mice and not
detectable in nontransgenic mice (Fig. 6D). Since SEAP activity in hDSG2�/� mice was
continuously higher than that in hCD46�/� mice, hDSG2 likely plays a more important
role than hCD46 in mediating HAdV55 infection in transgenic mice. At 3 days postin-
fection, HAdV55 genomes could be detected in the livers of hDSG2�/� mice and
hCD46�/� mice, at a level much higher than in the livers of nontransgenic mice (Fig.
6E). Again, the level of HAdV55 genomes was much higher in the livers of hDSG2�/�

mice than in the livers of hCD46�/� mice. Taken together, the results show that
hDSG2�/� mice appeared to be a more permissive model than hCD46�/� mice in
enabling the infection of HAdV55 in otherwise nonpermissive wild-type mice.

DISCUSSION

The emerging HAdV55 exhibits relatively high virulence due to its association with
acute respiratory diseases and even deaths in immunocompetent adults (3, 42). Defin-
ing the potential cellular receptors is thus important for understanding the virological
properties of HAdV55. Our results demonstrate for the first time that hDSG2 plays the
major roles in mediating HAdV55 binding and infection (Fig. 1 to 5). hCD46 can also be
engaged by HAdV55 but plays only minor or accessory roles during HAdV55 infection.
This study, in addition with others, reveals that a group of species B HAdVs such as
HAdV3, -7, -14, and -55 primarily recognize hDSG2 and to a lesser degree recognize
hCD46 in cultured cells. This may add to the concept that many species B HAdVs and
species D HAdVs can utilize more than one cellular receptor to achieve productive
infection (18, 43). Based on these observations, we generated new transgenic mouse
lines with the expression of hDSG2 or hCD46 in multiple organs (Fig. 6). We demon-
strated that hDSG2 promotes HAdV55 infection in transgenic mice with a higher
efficiency than hCD46 (Fig. 6). Since the reporter gene carried by recombinant HAdV55
can be efficiently expressed, hDSG2 transgenic mice may enable the assessment of
vaccines based on recombinant HAdV55 vectors.

The fiber protein, in particular the knob domain, determines the receptor usage of
an HAdV (44). Previously, HAdV7, -11, and -35 were reported to bind to hCD46 using
similar sites on the fiber protein (21, 22, 32), and the common Arg279 amino acid in the
fiber knob determines high binding affinity (33). An Arg279Gln mutation is observed in
the fiber knob of both HAdV55 and HAdV14a, implying that their binding affinity for
hCD46 should be relatively weak (33). Another group has shown that the fiber knobs
of HAdV3 and HAdV7, both harboring the Arg279Gln mutation, have nearly undetect-
able affinity to hCD46 when its density is low but have significant avidity to hCD46
when its density is high (18). We show that HAdV55 fiber knob, in a polymeric form,
directly binds to the dimeric hDSG2 and hCD46 (Fig. 1). Therefore, hCD46 may be
bound by HAdV55 when it is highly expressed on the cellular surface, and hDSG2 might
be preferably bound by HAdV55 when they are concurrently expressed.

We utilized multiple approaches, including fiber knob protein, soluble receptors,
and specific antibodies, to competitively block the attachment of HAdV55. Unlike the
fiber knobs that efficiently inhibit HAdV55 infection, soluble receptors and antibodies,
used either alone or as a combination, only partially inhibited HAdV55 infection (Fig. 1).
Similar results have been observed with HAdV3 and -7 (18, 19). We speculate that (i)
HAdV55 can infect host cells through nonreceptor routes, especially at a high infection
dose, and (ii) there are other, unknown receptors that can mediate HAdV55 infection.
The results using gene knockout A549 cells support these speculations. Because the
expression of hDSG2 or hCD46 was abrogated in hCD46�/� hDSG2�/� cells, the
interaction of fiber with hDSG2 or hCD46 was eliminated (Fig. 3). However, we still
observed significant HAdV55 infection in these cells, although at a sharply decreased
level. It has been recognized that other cellular receptors, such as CD80 and CD86,
which are two costimulatory molecules expressed on professional antigen-presenting
cells, are able to be bound by species B HAdVs (45, 46). Further study is needed to
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dissect whether nonreceptor pathways or other unknown receptors mediate HAdV55
infection in hCD46�/� hDSG2�/� cells.

We have noted that the concentrations of fiber knobs, soluble receptors, and
blocking antibodies used in our competition assays appeared to be higher than those
used in other studies (19, 34). However, the experimental settings are quite different.
Those two studies carried out competition assays on cells of the human cervical cancer
cell line HeLa, whereas we performed these assays on human lung adenocarcinoma cell
line A549 cells. The expression patterns of hCD46 and hDSG2 in these two cell lines may
be different, which may result in different doses of reagents required to achieve an
efficient inhibition of HAdV55 infection. In addition, those two studies used the
expression of GFP as an indicator of HAdV infection, whereas our study used another
reporter gene, SEAP, as an indicator of HAdV infection. The sensitivity of these two
reporter genes may also add to the discrepancy between our and other studies. Nearly
80% HeLa cells can be infected by HAdV3-GFP in the presence of 25 �g/ml of HAdV3
fiber knob (34), whereas in our study the same concentration of HAdV14 FK and
HAdV55 FK can reduce viral infection to about 30% (Fig. 1B and C). In another study
which also used A549 cells, 5 �g/ml of sCD46 showed an extremely slight inhibition on
the infection of HAdV3 and HAdV7 (18). In the same study, 40 �g/ml of anti-DSG2
antibodies reduced the binding of HAdV3 to �60%, similar to that observed in our
studies (Fig. 1H). Thus, it may be reasonable that different concentrations of compet-
itors are needed in assays based on different cell lines and different reporter HAdVs.

One significant finding of this study is that our hDSG2 transgenic mouse can
potentially be infected by HAdV55. Although hDSG2 transgenic mice and hCD46
transgenic mice were previously reported (38, 39, 47, 48), the insertion of the trans-
genes into the genome of those mice was mediated by a random integration strategy.
Since the native promoter and regulating elements were retained, the expression of
hDSG2 and hCD46 might be widely diverse among tissues (39, 48). In this study, the
expression cassettes of hDSG2 and hCD46 was controlled by a constitutive promoter
and they were inserted into the Rosa26 locus and the H11 locus, respectively. These loci
have been shown to support global expression of the knock-in transgene (49). The
resultant transgenic mice, therefore, had significant expression of hDSG2 or hCD46 in
multiple tissues (Fig. 6). An intravenous inoculation of HAdV55-SEAP led to significant
expression of SEAP in the hDSG2�/� mice and, to a lesser degree, in the hCD46�/�

mice but not in nontransgenic mice, indicating that hDSG2 is able to promote HAdV55
infection not only in cell lines but also in transgenic mice.

Our findings that HAdV55 infects hDSG2-expressing tumor cells may have intrinsic
value for exploring oncolytics based on HAdV55. hDSG2 is overexpressed in several
human epithelial tumors, including squamous cell carcinomas, gastric cancer, breast
cancer, and bladder cancer (50, 51). hDSG2 is important for tumor cell proliferation and
microenvironment modulation and thus affects the pathogenesis of a cancer (51).
hDSG2-engaging HAdVs, such as HAdV3, have been developed as oncolytics and have
shown great potency in killing tumor cells and reducing tumor growth (52, 53).
However, the seroprevalences of neutralizing antibodies to HAdV3 and another hDSG2-
engaging adenovirus, HAdV7, are relatively high in populations (60% or above) (17, 53),
which may limit the oncolytic potency (54). Because the seroprevalence of neutralizing
antibody to HAdV55 is significantly lower than those of neutralizing antibodies to
HAdV3, -5, and -7 (16), we propose that recombinant HAdV55, upon modification to
selectively replicate in tumor cells, might be developed as an alternative virotherapy.

In summary, we demonstrated that hDSG2 predominantly mediates HAdV55 infec-
tion and generated a new hDSG2 transgenic mouse line that effectively supports
HAdV55 infection. Our findings shed light on the development of prophylactic and
therapeutic approaches against HAdV55 infection.

MATERIALS AND METHODS
Plasmids and proteins. Plasmids expressing hDSG2 (GenBank accession no. NP_758861.1), hCD46

(GenBank accession no. NP_001934.2), and hCAR (GenBank accession no. NM_001338.5) were con-
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structed as follows. The cDNA sequences encoding hDSG2, hCD46, and hCAR (Genecopoeia) were cloned
into pCDNA4TO (Addgene) by restricted digestion to obtain pCDNA4-hCD46, pCDNA4-hDSG2, and
pCDNA4-hCAR, respectively. The coding sequences for the extracellular domain of hDSG2 (residues 50 to
609) and hCD46 (residues 35 to 328) were amplified and fused to the coding sequence for human IgG
Fc at the 5= terminus by PCR. Plasmids expressing sDSG2 and sCD46 were constructed by inserting
hDSG2-Fc and hCD46-Fc fragments into the pEZ-M13 vector (Genecopoeia) to obtain pEZ-sDSG2 and
pEZ-sCD46, respectively.

HAdV14a fiber knob (residues 118 to 323), HAdV55 fiber knob (residues 118 to 325), and HAdV5 fiber
knob (residues 378 to 581) were produced in E. coli as described previously (55). sDSG2 and sCD46 were
expressed in human embryonic kidney 293T (HEK293T) cells. In brief, HEK293T cells were transfected with
pEZ-sDSG2 or pEZ-sCD46 using Lipofectamine 2000 (Thermo Fisher Scientific). At 3 days posttransfection,
culture supernatants were harvested, centrifuged, and purified by protein A agarose (GE Healthcare). The
proteins were then dialyzed into phosphate-buffered saline (PBS), filtered through 0.2-�m filters, and
stored at – 80°C.

Viruses. HAdV14 and HAdV55 recombinants expressing EGFP or SEAP have been described previ-
ously (16). HAdV5 recombinants expressing hDSG2, hCD46, or hCAR were constructed according to
previously described methods (56). In brief, the coding sequences of hDSG2, hCD46, and hCAR were
released from the expression plasmids mentioned above and inserted into a pGA1 vector to obtain
shuttle plasmids. Genomic plasmids were constructed by homologous recombination between linearized
shuttle plasmids with pAd5ΔE1ΔE3. HAdV5-hDSG2, HAdV5-hCD46, and HAdV5-hCAR were then rescued,
propagated in HEK293 cells, and purified in a manner similar to the production of recombinant HAdV55.

Cell lines. Human lung carcinoma NCI-H358, human ovarian cancer SK-OV-3, human lymphoma Raji,
African green monkey kidney CV-1, and Chinese hamster ovary CHO-K1 cells were purchased from the
Cell Resource Center of Shanghai Institute of Life Sciences, Chinese Academy of Sciences. Human lung
carcinoma A549, human pancreatic adenocarcinoma PANC-1 and Capan-2, HEK293, human monocytic
THP-1, African green monkey kidney Vero, and murine hepatoma Hepa1-6 cells were kept in our lab.
A549, PANC-1, Capan-2, HEK293, CV-1, Vero, and Hepa1-6 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM; Gibco) containing 10% fetal bovine serum (FBS; Gibco). SK-OV-3 cells were
maintained in McCoy’s 5A (modified) medium containing 15% FBS. NCI-H358, Raji, and THP-1 cells were
cultured in RPMI 1640 medium containing 10% FBS. CHO-K1 cells were cultured in Ham’s F-12K medium
containing 10% FBS. All the culture media mentioned above were supplemented with 100 U/ml of
penicillin and 100 �g/ml of streptomycin.

Gene knockout cell lines were constructed using CRISPR-Cas9 technology. The single guide RNAs
(sgRNAs) targeting hDSG2 and hCD46 are listed in Table 1. The sense and antisense DNA sequences
corresponding to these sgRNAs were synthesized, annealed, and cloned into plasmids under the control
of the U6 promoter. A549 cells were cotransfected with pcDNA3.3-hCas9 (Addgene) and plasmids
expressing either DSG2-sgRNAs, CD46-sgRNAs, or both. After selection for 7 days using 400 �g/ml of
G418 (Gibco), single cells were isolated by limiting dilution in 96-well plates and screened through two
strategies: (i) the fragments flanking the target sequences of sgRNAs in the cellular genome were
amplified and sequenced, and (ii) the expression of hDSG2 and hCD46 was examined by Western blot
analysis. Cell clones were propagated, frozen, and stored in liquid nitrogen.

Stable cell lines expressing either hDSG2, hCD46, or both were constructed as follows. CHO-K1
cells were transfected with pCDNA4-hDSG2, pCDNA4-hCD46, or both. Cells transfected with
pCDNA4-hCAR were used as controls. Two days after transfection, cells were cultured in the
presence of 400 �g/ml of Zeocin (Thermo Fisher Scientific). Ten days later, single clones were picked
out and propagated. Cell clones were examined for the expression of hDSG2 or hCD46 by flow
cytometry. Finally, cell clones expressing different levels of hDSG2, hCD46, or both were propagated
and subjected to infection assays.

Antibodies. Mouse monoclonal antibodies to human �-actin, hDSG2 (6D8 and 8E5), or hCD46 (M177
and E4.3), phycoerythrin (PE)-labeled mouse anti-hCAR antibody (E1-1), fluorescein isothiocyanate (FITC)-
or PE-labeled goat anti-mouse antibody, and mouse IgG1 isotype were purchased from Santa Cruz
Biotechnology, Inc. A rabbit anti-hDSG2 antibody (EPR6768) was purchased from Abcam. A mouse
anti-hCD46 antibody (MEM258) was obtained from AbD Serotec. A PE-labeled mouse anti-hCD46
antibody (MEM258) was purchased from Thermo Fisher Scientific. A FITC-labeled mouse anti-hDSG2
antibody was obtained from Lifespan Biosciences, Inc. A mouse anti-hCAR antibody (RmcB) was obtained
from Merck Millipore.

Animals. Transgenic mice expressing hDSG2 or hCD46 were constructed by CRISPR-Cas9 technology
in a C57BL/6 background. In brief, the cassettes for hDSG2 or hCD46 consisted of a CAG promoter, a
poly(A) signal flanked by two loxP sites, the coding region, and a poly(A) signal from the 5= to 3= terminus
(Fig. 6A). The hDSG2 or hCD46 cassette was inserted between the homologous arms corresponding to
the Rosa26 or H11 locus, respectively. These two loci have been shown to be able to incorporate large
foreign genes (49, 57). These two fragments, as well as plasmids expressing Cas9 and the corresponding
sgRNAs, were delivered into mouse embryos through pronuclear microinjection. After birth and sex
maturation, the mice were crossed with Ella-Cre mice (Jackson Laboratory) to obtain transgenic mice
with deleted transcription terminal signals. The resultant mice were then genotyped by PCR analysis of
genomic DNA extracted from mouse tail tip samples. The primers are listed in Table 1. Experiments
involving mice were in accordance with the guidelines set by the Association for the Assessment and
Accreditation of Laboratory Animal Care and were approved by the Institutional Animal Care and Use
Committee of Guangzhou Institutes of Biomedicine and Health (GIBH).

hDSG2 Predominantly Mediates HAdV55 Infection Journal of Virology

September 2020 Volume 94 Issue 17 e00747-20 jvi.asm.org 13

https://jvi.asm.org


To test infection with HAdV55 in transgenic mice, 6-week-old hDSG2�/� mice or hCD46�/� mice or
control nontransgenic mice were infected with HAdV55-SEAP at 2 � 1010 viral particles (vp) per mouse
via intravenously injection. At 3 days and 7 days postinfection, serum samples were collected and
subjected to SEAP activity examination. At the same time points, a proportion of infected animals were
sacrificed and the livers were harvested and homogenized. Finally, the supernatants of the homogenates
were subjected to DNA extraction and quantitative PCR (qPCR).

SPR analysis. To assess the interaction of HAdV55 fiber knob with hDSG2 and hCD46, SPR
analysis was performed on a Biacore X100 system (GE Healthcare). In brief, a CM5 chip was activated
using 0.2 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 0.05 M N-hydroxysuccinimide in
water and labeled with fiber knobs at 0.5 �M in 10 mM sodium acetate buffer (pH 4.5). Excess
reactive groups were deactivated using 1 M ethanolamine HCl (pH 8.5). Subsequently, the sensor
chip was conditioned three times with 50 mM NaOH. sDSG2 and sCD46 were injected at 2-fold-
increasing concentrations from 125 nM to 500 nM in PBS at 30 �l/min. After each cycle, the chip was
regenerated using 10 mM NaOH. The obtained sensorgrams were corrected by subtracting the data
from blank buffer injections.

Virus binding assays. To assess the blocking effects of anti-hDSG2 and anti-hCD46 antibodies, A549
cells were washed with PBS, resuspended in ice-cold adhesion buffer (DMEM supplemented with 2% FBS)
containing monoclonal antibodies to hCAR (RmcB, 20 �g/ml), hDSG2 (20 �g/ml of 6D8 plus 20 �g/ml of
8E5), and/or hCD46 (20 �g/ml of M177 plus 20 �g/ml of MEM258), and then incubated on ice for 1 h.
HAdV55-SEAP or HAdV14a-SEAP was then added at 200 vp/cell and incubated on ice for another 1 h. The
cells were then harvested, washed with ice-cold PBS, and subjected to total DNA extraction using a
QIAamp DNA minikit (Qiagen) according to the manufacturer’s protocol. Finally, viral DNA was analyzed

TABLE 1 sgRNAs, siRNAs, and primers used in this study

Purpose Name Sequence (5=–3=)
Gene knockouta CD46-sgRNA1 GGACACTCGCGGCGGCCGGG

CD46-sgRNA2 GCAAATGGGACTTACGAGTT
DSG2-sgRNA1 GCAGGGCGTACGCGCGTCCC
DSG2-sgRNA2 GGGATTACAGAGCCACCTTT

Gene knockdown siCD46-1 sense GGAGCCACCAACAUUUGAATT
siCD46-1 antisense UUCAAAUGUUGGUGGCUCCTT
siCD46-2 sense GCCUGUUAUAGAGAAACAUTT
siCD46-2 antisense AUGUUUCUCUAUAACAGGCTT
siDSG2-1 sense CCUCCAGUGUUCUACCUAATT
siDSG2-1 antisense UUAGGUAGAACACUGGAGGTT
siDSG2-2 sense CCAAUUGCCAAGAUACAUUTT
siDSG2-2 antisense AAUGUAUCUUGGCAAUUGGTT
siCAR sense GCCAGAAGUUUGAGUAUCATT
siCAR antisense UGAUACUCAAACUUCUGGCTT
Scramble sense UUCUCCGAAGGUGUCACGUTT
Scramble antisense ACGUGACACGUUCGGAGAATT

Genome quantification Q-Ad55 F TGTTTTCCACTGAATGGCATAGG
Q-Ad55 R GGAAACTTCGCCATAGATTGGC

Gene expression Q-CD46 F TGTTTGAATGCGATAAGGGT
Q-CD46 R TGAGACTGGAGGCTTGTAAG
Q-DSG2 F CTACACCCATTCCCATCAAGGTC
Q-DSG2 R GCTTGATCTATCCATGCTCTCG
Q-�actin F GACCCTGAAGTACCCCATTGA
Q-�actin R CTCAAACATGATCTGGGTCATCT
CD46 F1 GCCTCCAAGTCTTGACAGTAGATTA
CD46 R1 GCTTCTGTACACTGCCAGACATG
CD46 R2 CTATTGGCGTTACTATGGGAACA

Transgenic mouse genotypingb DSG2 F1 GTTATCAGTAAGGGAGCTGCAGTG
DSG2 R1 CTGCTTACATAGTCTAACTCGCGAC
DSG2 R2 GGCAGTTTACCGTAAATACTCCAC
CAG F2 CTGGTTATTGTGCTGTCTCATCAT
DSG2 R3 CTGGTAACATTCAGTTCTCCAGTATC
CD46 R3 GTGCATCTGATAACCAAACTCGTA

aThe target sequences of sgRNAs for hCD46 and hDSG2 gene are shown. The sense and antisense DNAs
corresponding to these targets were synthesized.

bFor mouse genotyping, two sets of primers for both hCD46 cassette and hDSG2 cassette were designed.
F1-R1/R2 pairs were used to distinguish homozygous, heterozygous, and nontransgenic mice. CAG F2-R3
pairs were used to confirm the insertion of the cassette in mouse genome and validate the deletion of
loxP-poly(A)-loxP sequence.
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by real-time qPCR. To assess the ability of HAdV55 to bind to gene knockout cells, hDSG2�/�, hCD46�/�,
and hCD46�/� hDSG2�/� cells were incubated with HAdV55-SEAP (200 vp/cell) in ice-cold adhesion
buffer. After incubation for 1 h, the bound viruses were processed and analyzed as described above.

Virus infection assays. HAdV55-EGFP infection assays were performed as follows. Human-, monkey-,
and CHO-K1 cell-derived stable cell lines were infected with HAdV55-EGFP at the desired doses at 37°C
for 1 h. At 24 h postinfection, cells were imaged using a fluorescence microscopy or analyzed by flow
cytometry.

HAdV55-SEAP and HAdV14a-SEAP infection assays were performed as follows. (i) A549 cells (3 � 104/
well) in 96-well plates were transfected with siDSG2, siCD46, or both (10 pM each small interfering RNA
[siRNA]; GenePharma), and siCAR and scrambled siRNA were used as controls. At 60 h posttransfection,
a proportion of cells were subjected to flow cytometry analysis, and the other cells were infected with
HAdV55-SEAP. (ii) CHO-K1 cells (1 � 105/well) in 96-well plates were transfected with pCDNA4-hDSG2,
pCDNA4-hCD46, or both (0.2 �g of each plasmid), and pCDNA4TO and pCDNA4-hCAR were used as
controls. At 48 h posttransfection, a proportion of transfected cells was subjected to Western blot
analysis, and the other cells were infected with HAdV55-SEAP or HAdV14a-SEAP. (iii) Hepa1-6 cells
(5 � 104/well) in 96-well plates were infected with HAdV5-hDSG2 or HAdV5-hCD46 or both (1000 vp of
each virus per cell), and HAdV5-empty and HAdV5-hCAR were used as controls. At 36 h postinfection, a
proportion of infected cells was subjected to Western blot analysis, and the other cells were infected with
HAdV55-SEAP or HAdV14a-SEAP. (iv) Gene knockout cells (3 � 104/well) in 96-well plates were infected
with HAdV55-SEAP. The dose of HAdV55-SEAP was 200 vp/cell. At 2 h postinfection, the infection
mixtures were replaced with fresh culture media. At 24 h after HAdV55-SEAP or HAdV14a-SEAP infection,
the culture media were harvested, and the SEAP activity was examined using a Phospha-Light system
(Thermo Fisher Scientific). Relative light units (RLUs) were analyzed.

Virus infection inhibition assays. For fiber knob competition, A549 cells were preincubated with
HAdV55 fiber knob, HAdV14a fiber knob, or HAdV5 fiber knob at serially increasing concentrations (0.2,
1, 5, 25, and 125 �g/ml) at 4°C for 1 h. HAdV55-SEAP, HAdV14a-SEAP, or HAdV5-SEAP was added at 200
vp/cell and incubated at 4°C for another 1 h. Cells were then rinsed and incubated in phenol red-free
DMEM containing 2% FBS at 37°C for 24 h. Finally, the SEAP activity in the cultured media was analyzed.
For soluble receptor competition, HAdV55-SEAP or HAdV14a-SEAP (200 vp/cell) was preincubated with
sDSG2, sCD46, or both at three concentrations (43.8, 87.5, and 175 �g/ml) in DMEM at 4°C for 1 h. The
mixtures were then transferred to A549 cells and incubated at 4°C for another 1 h. After a thorough
washing, cells were incubated at 37°C for 24 h. The SEAP activity in the cultured media was then assessed.
For antibody competition, A549 cells were preincubated with anti-hDSG2 (20 �g/ml of 6D8 plus
20 �g/ml of 8E5), anti-hCD46 (20 �g/ml of M177 plus 20 �g/ml of MEM258), or anti-hCAR antibodies
(RmcB; 40 �g/ml) at 4°C for 1 h. HAdV55-SEAP (50 vp/cell) was then added and incubated at 4°C for
another 1 h. The cells were washed and incubated at 37°C for 24 h. The SEAP activity in the cultured
media was then analyzed.

Western blot analysis. Cells were treated with radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime) and subjected to SDS-PAGE. After transfer, membranes were blocked with 5% bovine serum
albumin (BSA) and incubated with antibodies against hDSG2 (6D8), hCD46 (M177), hCAR (RmcB), or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in PBST (PBS supplemented with 0.05% Tween 20
and 5% nonfat milk). After incubation overnight at 4°C, membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies and developed with chemiluminescent HRP sub-
strate (Merck).

Flow cytometry analysis. To assess the expression levels of hDSG2 and hCD46 on the cellular
surface, cells were detached, blocked with complete DMEM, and then washed three times with PBS.
Subsequently, cells were incubated with a FITC-labeled anti-hDSG2 antibody and/or PE-labeled anti-
hCD46 antibody at 1 �g/ml for 1 h. After being washed three times with PBS, cells were analyzed using
an Accuri C6 flow cytometer (BD Biosciences). To assess the expression of EGFP, cells infected by
HAdV55-EGFP were detached, washed three times with PBS, and analyzed using an Accuri C6 flow
cytometer.

qPCR. To assess the genome copies of HAdV55 bound to the cellular surface or in the liver of infected
mice, HAdV55 genomes were extracted and subjected to qPCR using iTaq Universal SYBR green Supermix
(Bio-Rad). The primers used are listed in Table 1. To quantify the binding virions on the cellular surface,
the housekeeping �-actin gene was used as a reference. Relative binding virions were calculated by the
threshold cycle (ΔΔCT) method, and the virions bund to A549 cells were taken as 100%. To quantify viral
genome copies in mouse tissues, a standard curve was made using serially diluted HAdV55 genome
extracted from viral stocks.

To assess the expression of hDSG2 and hCD46 in transgenic mice, total RNAs were extracted from
mouse tissues using a total RNA miniprep kit (Axygen) and subjected to reverse transcription using an
iScript cDNA synthesis kit (Bio-Rad) followed by qPCR using iTaq Universal SYBR green Supermix
(Bio-Rad). RNA samples from nontransgenic mice were run in parallel as controls. The expression of the
housekeeping �-actin gene was used as a reference. The CT values of each gene were normalized to that
of�-actin, and 2�ΔΔCT values were used to compare mRNA levels among tissues.

Data processing and statistics. The collection and analysis of flow cytometry data were performed
with FlowJo software (version 7.6.2; Tree Star, Inc.). Statistical comparisons between groups were
analyzed by one-way analysis of variance (ANOVA) and computed with SPSS version 13.0 (SPSS Inc.). P
values less than 0.05 were considered statistically significant. Data graphs were constructed using
GraphPad Prism version 7 (GraphPad Software). Figures were created using Photoshop version CS2
(Adobe Systems Inc.).
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