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ABSTRACT Human adenoviruses (HAdV) are significant human pathogens. Al-
though only a subset of HAdV serotypes commonly cause gastroenteritis in humans,
most HAdV species replicate in the gastrointestinal tract. Knowledge of the complex
interaction between HAdVs and the human intestinal epithelium has been limited
by the lack of a suitable cell culture system containing relevant cell types. Recently,
this need has been met by the stable and prolonged cultivation of primary intestinal
epithelial cells as enteroids. Human enteroids have been used to reveal novel and
interesting aspects of rotavirus, norovirus, and enterovirus replication, prompting us
to explore their suitability for HAdV culture. We found that both prototype strains
and clinical isolates of enteric and nonenteric HAdVs productively replicate in hu-
man enteroids. HAdV-5p, a respiratory pathogen, and HAdV-41p, an enteric patho-
gen, are both sensitive to type I and III interferons in human enteroid monolayers
but not A549 cells. Interestingly, HAdV-5p, but not HAdV-41p, preferentially infected
goblet cells. And, HAdV-5p but not HAdV-41p was potently neutralized by the en-
teric human alpha-defensin HD5. These studies highlight new facets of HAdV biol-
ogy that are uniquely revealed by primary intestinal epithelial cell culture.

IMPORTANCE Enteric adenoviruses are a significant cause of childhood gastroenteri-
tis worldwide, yet our understanding of their unique biology is limited. Here we re-
port robust replication of both prototype and clinical isolates of enteric and respira-
tory human adenoviruses in enteroids, a primary intestinal cell culture system.
Recent studies have shown that other fastidious enteric viruses replicate in human
enteroids. Therefore, human enteroids may provide a unified platform for culturing
enteric viruses, potentially enabling isolation of a greater diversity of viruses from
patients. Moreover, both the ability of interferon to restrict respiratory and enteric
adenoviruses and a surprising preference of a respiratory serotype for goblet cells
demonstrate the power of this culture system to uncover aspects of adenovirus biol-
ogy that were previously unattainable with standard cell lines.
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Human adenoviruses (HAdV) are a family of DNA viruses that are important human
pathogens, causing a wide variety of diseases, including respiratory infections,

conjunctivitis, cystitis, and gastroenteritis (1). Much of our understanding of adenovirus
replication and host interaction is due to studies of human adenovirus 5 (HAdV-5), a
serotype of species C (HAdV-C). However, HAdV-F serotypes (HAdV-40 and -41), which
are common causes of childhood gastroenteritis (2), differ significantly from HAdV-C (3,
4). They encode two different fiber proteins (long and short) (5), and their penton base
proteins lack the canonical RGD sequence used by all other known HAdV serotypes for
binding to integrin coreceptors (6). The importance of these unique features for cell
entry and pathogenesis is unresolved, largely due to an inability to grow either
prototype strains or clinical isolates of HAdV-F serotypes to high titers in standard
transformed cell lines or nonintestinal primary cells (4, 7, 8).
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HAdV-F species are naturally tropic for the gastrointestinal (GI) tract (9). More
broadly, the GI tract is a site of infection and replication leading to intermittent
shedding and persistence of HAdV serotypes that cause disease at other sites (e.g., the
respiratory tract) or have no known disease association (2, 10, 11). In this regard, virus
watch programs in Seattle and New York during the 1960s documented fecal shedding
of respiratory serotypes of HAdV that were known at that time, including HAdV-1, -2,
-3, and -5 (10, 11). HAdV-C and -D are also frequently isolated from fecal samples of HIV
patients (12), and HAdV-D has been found at high prevalence in diarrheal samples from
children (12–14). Thus, in addition to HAdV-A and -F, which have strong causative
associations with childhood diarrhea (13), even serotypes more commonly associated
with respiratory and ocular infections can be fecal-orally transmitted and in some cases
can cause diarrhea in young children (2, 13). More recently, several species of HAdVs
have been shown to persist in the lamina propria of the small intestine and colon and,
upon immunosuppression, reactivate to infect the intestinal epithelium, likely from the
basolateral surface (9). Furthermore, the capacity of HAdV-B and -E serotypes, which are
frequent causes of acute respiratory disease in military recruits, to replicate in the
intestine was exploited as a vaccine strategy (15). These studies highlight the impor-
tance of the GI tract for HAdV replication and transmission.

Until the recent development of human intestinal enteroids (16), stable culture
systems containing the diversity of cell types found in the intestinal epithelium and in
which human enteric viral replication might be studied in a more physiologic setting
did not exist. Human enteroids consist of primary, untransformed cells and recapitulate
much of the cellularity of the GI tract (16, 17). The structures arise from adult intestinal
stem cells that are cultured in vitro in an extracellular matrix with a complex growth
medium. Although they are untransformed, enteroids can be maintained in culture for
extended periods of time and cryopreserved to establish a repository (17). The en-
teroids are differentiated into mature epithelial cell types found in the gut and maintain
characteristics unique to the tissue from which they are derived (17, 18).

Human noroviruses, rotaviruses, and enteroviruses have been successfully cultured
in human enteroids (19–24), demonstrating the utility of this system for culturing
fastidious enteric viruses. Therefore, we sought to determine whether enteroids would
support HAdV replication. We found that four species of HAdV replicate in human
enteroids and that human enteroids are a suitable system for culturing clinical isolates
of enteric and respiratory HAdVs. We show that the prototype strains HAdV-5p and
HAdV-41p are sensitive to interferon in primary intestinal epithelial cells but not
transformed lung cells. Furthermore, we found that HAdV-41p is resistant to but
HAdV-5p is sensitive to human defensin 5 (HD5), an innate host defense peptide
expressed in the GI tract. Surprisingly, we uncovered a preference of HAdV-5p but not
HAdV-41p for goblet cells (GC). Collectively, these studies demonstrate the utility of
using human enteroids to study HAdV tropism and innate immune control of HAdV
infection.

RESULTS
Human ileal enteroid culture. Human enteroid cultures were established from

normal human deidentified ileal tissue obtained from surgical resections. Enteroids
were propagated in a largely undifferentiated state in medium containing specific
growth factors and small molecules; however, to recapitulate the cellular composition
of the mature intestinal epithelium, the medium formulation was modified to promote
differentiation. Since human small intestinal enteroid culture is not standardized, we
characterized differentiation under our culture conditions, which were derived from
published protocols (16, 17, 25). We observed consistent upregulation of markers for
mature enterocytes (solute carrier family 10 member 2, encoded by SLC10A2) and
goblet cells (trefoil factor 3, TFF3) after 5 days in differentiation medium compared to
undifferentiated enteroids in multiple independent cultures from two separate donors,
HIE5 (Fig. 1A) and HIE3 (Fig. 1B). Upregulation of the enteroendocrine cell marker
chromogranin B (CHGB) was more consistent in samples from one donor than the other.
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Expression of a Paneth cell-specific gene (human defensin 5, DEFA5) was undetectable
in all samples on day 1 and detected in only 3 of 6 replicates on day 5 for human ileal
enteroid 5 (HIE5) but in all 4 replicates for human ileal enteroid 3 (HIE3) (Fig. 1A and B).
It is unclear why there is variability in CHGB and DEFA5 expression within and between
cultures of human enteroids.

As has been observed by others (19), the enteroids within a single sample exhibited
heterogeneous morphology with approximately 40% of differentiated human enteroids
forming budding structures (Fig. 1D, top) reminiscent of the crypt-villus axis of the small
intestine, while the other 60% formed small, dense cystic structures without overt
budding (Fig. 1D, bottom). A single-cell-thick epithelium with polarized nuclei was
apparent by hematoxylin and eosin (H&E) staining in all cases (Fig. 1E). And mature,
functional goblet cells were identified as cells with large cytoplasmic vacuoles by H&E
(Fig. 1E) or were positive for periodic acid-Schiff (PAS) staining in enteroids with both
morphologies (Fig. 1F). PAS-positive debris was also found in the lumen, indicating
goblet cell secretion. Notably absent in these cultures were cells with the distinct
morphology of Paneth cells, even in samples where expression of the Paneth cell-
specific gene DEFA5 was robust.

FIG 1 Human intestinal enteroids contain differentiated intestinal epithelial cell types found in the small
intestine. Expression of human defensin 5 (DEFA5, Paneth cells), trefoil factor 3 (TFF3, goblet cells),
chromogranin B (CHGB, enteroendocrine cells), and a bile acid transporter (SLC10A2, enterocytes) in
differentiated HIE5 (A), differentiated HIE3 (B), and differentiated monolayers derived from HIE5 (C). For
panels A and B, log fold increase in gene expression was calculated by comparing gene expression on
day 5 to undifferentiated enteroids. For panel C, log fold increase in gene expression was calculated by
comparing gene expression on day 5 to day 0 postplating. Each dot is an independent biological
replicate. Note that although all 4 of the samples in panel B had detectable DEFA5 expression, this was
true for only 3 of 6 samples in panel A and 2 of 6 samples in panel C. Individual replicates are plotted
with the mean values � standard deviations (SD) for each gene. (D) Bright-field images of differentiated
enteroids representative of morphology with (top) and without (bottom) budding (4� objective). (E and
F) Representative images of hematoxylin and eosin-stained (E) and periodic acid-Schiff-stained (F)
differentiated human ileal enteroids (40� objective). For panels A to C, data were analyzed using a
one-sample t test, *, P � 0.05; ns, not significant.
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Infection and replication of prototype HAdV strains in cell lines. Reports of
enteric HAdV-F replication in transformed cells are inconsistent (4, 7, 8, 26, 27). We
therefore compared the replications of the prototype strains HAdV-41p (HAdV-F),
HAdV-5p (HAdV-C), and HAdV-16p (HAdV-B) in two standard cell lines, A549 cells (lung
carcinoma) and 293 (embryonic kidney), to determine whether the culture defect for
HAdV-F was at the level of initial infection, replication, or both. Note that the 293 cells
used here (293�5) overexpress integrin �5, rendering the cells more adherent. HAdV-5p
and HAdV-16p are associated primarily with respiratory disease and use coxsackievirus
and adenovirus receptor (CAR) and CD46, respectively, as primary receptors (28, 29).
Infected cells were quantified by immunofluorescence for hexon production 24 h
postinfection. In 293�5 cells, HAdV-5p was the most infectious, followed by HAdV-16p
and HAdV-41p, which were equivalent (Fig. 2A). In A549 cells, HAdV-41p infection was
substantially more limited than infection by the respiratory viruses, and HAdV-5p was
�3-fold more infectious than HAdV-16p (Fig. 2B). We also evaluated HAdV-41p infec-
tion on 293 cells with an attenuated interferon response due to the expression of the
V protein of simian virus 5 (293-SV5/V). Despite being developed to facilitate the
propagation of HAdV-F serotypes (30), 293-SV5/V cells were not more permissive than
293�5 cells (Fig. 2C).

We next compared replication of the three HAdV serotypes in the most permissive
cell line, 293�5. Parallel cultures of cells were infected and incubated at 4°C for 45 min.
The inoculum was then replaced with fresh medium, and samples were shifted to 37°C.
The multiplicity of infection (MOI; 5 to 10 genomes/cell) was equivalent among
serotypes in a given experiment but varied slightly between experiments. Total viral
genomes in the cells and supernatant were quantified every 24 h for 5 days by
quantitative real-time PCR (qPCR). We used the same primer pair, which is specific for
a region of hexon conserved in all three serotypes, to facilitate direct comparison. All
three serotypes amplified rapidly within 24 h. HAdV-5p replication then proceeded at

FIG 2 Infection of cell lines. (A and B) 293�5 cells (A) and A549 cells (B) were infected with serial dilutions
of HAdV-5p (black), HAdV-16p (blue), and HAdV-41p (pink). (C) 293�5 (cyan) and 293-SV5/V (green) cells
were infected with serial dilutions of HAdV-41p. Lines were fitted to the mean values for three biological
replicates; 95% confidence intervals of the nonlinear regression are shaded.
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a slower, constant rate through 5 days postinfection (Fig. 3A), while that of HAdV-16p
reached a plateau on day 1 (Fig. 3B) and that of HAdV-41p reached a plateau on day
2 (Fig. 3C) postinfection. The fold increase in HAdV-41p replication was higher than for
HAdV-16p but lower than for HAdV-5p (Fig. 3D). Taken together, our experiments
demonstrate that 293�5 cells are more easily infected than other cell lines and support
genome amplification of all HAdV serotypes tested.

Replication of prototype HAdV strains in primary ileal enteroids. Unlike trans-
formed cell lines, human enteroids are composed of primary cells. Because they are
more easily cultured, we first infected undifferentiated enteroids with HAdV-5p, HAdV-
16p, and HAdV-41p at the same MOI (3,000 genomes/cell). Samples taken 2 h postin-
fection (day 0) indicated that the numbers of cell-associated genomes for HAdV-5p and
HAdV-41p were lower than that for HAdV-16p but equivalent to each other. Similar to
their replication kinetics in 293�5 cells, HAdV-5p (Fig. 4A and D) and HAdV-16p (Fig. 4B
and D) amplified rapidly within 24 h and then continued to replicate at a slower,
constant rate. HAdV-41p replication was characterized by a gradual increase in ge-
nomes over 5 days (Fig. 4C and D). The fold increase in viral genomes/cellular genome
for HAdV-41p was less than HAdV-5p and -16p, which were similar (Fig. 4D). Therefore,
all three HAdVs replicated in undifferentiated enteroids.

We next infected differentiated enteroids, which contain mature intestinal epithelial
cell types (Fig. 1A and E), with HAdV-41p. Replication in differentiated enteroids was
similar to that in undifferentiated enteroids (Fig. 4C). Thus, both differentiated and
undifferentiated enteroids express the HAdV-41 receptor and can support replication.

Replication of clinical HAdV isolates in human enteroids. Many enteric viruses,
including HAdV, are difficult to culture from clinical samples. And, prior publications
have reported conflicting results of HAdV-F replication and cytopathic effects (CPE) in
primary cells (4, 7, 8, 26, 27). Thus, we sought to determine whether human enteroids
could support the growth of clinical isolates of HAdV-F. We obtained samples of
HAdV-41 from the CDC and from the NYSDOH that were minimally passaged on
transformed cells. We used undifferentiated human enteroids for these studies, because
they can be cultured indefinitely. All four HAdV-41 isolates amplified over two passages
(Fig. 5). We observed a 10-fold to 1,000-fold increase in genomes per cell over a span

FIG 3 Replication in 293�5 cells. (A to C) HAdV-5p (black) (A), HAdV-16p (blue) (B), and HAdV-41p (pink)
(C) replication in 293�5 cells infected at an MOI of 5 to 10 genomes/cell. Data are in viral genomes per
cellular genome, and lines connect data points from individual replicates (n � 3). (D) Transformation of
the data in panels A to C to fold increases relative to day 0. Coloring is consistent with panels A to C. Lines
were fitted to the mean values for the three biological replicates; 95% confidence intervals of the
nonlinear regression are shaded.
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of 2 to 3 weeks. Cultures were terminated when complete CPE was observed, and our
ability to passage the virus demonstrates that infectious particles were produced. We
were unable to obtain clinical samples of HAdV-40, but HAdV-40p also replicated.
Similarly, we cultured an HAdV-A serotype (HAdV-12p) that was originally isolated from
stool (Fig. 5). In contrast to clinical isolates of enteric HAdVs, a clinical isolate of
respiratory HAdV-C (HAdV-2, V-2375-18) amplified rapidly in undifferentiated enteroids

FIG 4 HAdVs replicate in ileal enteroids. (A to C) HAdV-5p (A), HAdV-16p (B), and HAdV-41p (C)
replication in human enteroids. Data are viral genomes per cellular genome, and lines connect data
points from individual replicates (n � 3). Coloring is consistent with Fig. 3. All data are from undiffer-
entiated enteroids except for the purple lines in panel C, which are from differentiated enteroids. (D)
Transformation of HAdV replication in undifferentiated enteroids from panels A to C to fold increase
relative to day 0. Coloring is consistent with panels A to C. Lines were fitted to the mean values for the
three biological replicates; 95% confidence intervals of the nonlinear regression are shaded.

FIG 5 Clinical isolates of HAdVs replicate in undifferentiated ileal enteroids. Undifferentiated human ileal
enteroids were infected basolaterally with lysates of each clinical isolate or prototype strain, which are
labeled with the serotype and the last two digits of the isolate designation. Data are viral genomes per
cellular genome, and lines connect data points from individual passages (top panel). Closed symbols are
for viral passage 1 and open symbols for viral passage 2. Time to 80% CPE for each virus was
approximately the same for both passages, except for HAdV-12p, for which passage 1 took 21 days while
passage 2 took 9 days (‡). Species identification of the inoculum and at the end of passage 2 was
determined for each strain by endpoint PCR using species-specific fiber primers (bottom panel). The
positive control (ctrl) contained a mixture of HAdV-5p, HAdV-12p, HAdV-16p, HAdV-40p, and
HAdV-41p DNA.
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to high titers within 5 days. We verified the identity of the clinical isolates obtained from
external sources by HAdV fiber PCR (31). For all clinical isolates, the virus that amplified
in the enteroids matched the serotype detected in the source material (Fig. 5). These
experiments show that enteroids are a suitable system for culturing prototype and
clinical isolates of HAdVs, including those that are the etiologic agents of respiratory
and gastrointestinal disease.

IFN attenuates HAdV replication in enteroids. HAdVs contain multiple mecha-
nisms to prevent interferon (IFN) induction (1). Once induced, replication of respiratory
serotypes is sensitive to IFN; however, efficient inhibition is apparent only in primary
cells (32). We investigated the impact of IFN pretreatment on HAdV-F replication in
primary intestinal epithelial cells. For these experiments, we created monolayers com-
posed of differentiated human enteroid cells. Like the differentiated enteroids, the
enteroid monolayers contained cells with upregulated expression of genes associated
with differentiation (Fig. 1C). Moreover, enteroid monolayers have been shown to be
polarized and express tight-junction proteins (17, 20). Monolayers were pretreated with
1,000 IU/ml IFN-� or 500 ng/ml IFN-�3 for 24 h and then infected with HAdV-5p for 24
h or HAdV-41p for 48 h. In uninfected cells, the interferon-stimulated genes (ISGs) OAS1
and ISG54 were upregulated at this time point (Fig. 6F). We found that IFN-�3 and IFN-�
inhibited both HAdV-5p replication (105% and 86%, respectively) (Fig. 6A) at 24 h and
HAdV-41p replication (110% and 82%, respectively) (Fig. 6B) at 48 h postinfection. There
was no induction of ISGs upon infection of these cells in the absence of IFN pretreat-
ment (Fig. 6E). Interestingly, neither IFN-� nor IFN-�3 pretreatment of A549 cells
inhibited HAdV-5p infection at 24 h (Fig. 6C) despite comparable ISG upregulation (Fig.
6F). For HAdV-41p, although a low level of replication was detectable only in the
untreated well at 24 h postinfection, both treatments were equivalent to control at 48 h

FIG 6 Interferon pretreatment inhibits replication of HAdV in differentiated human enteroid monolayers
but not A549 cells. Human enteroid monolayers and A549 cells were pretreated with 1,000 IU/ml of IFN-�
(purple) or 500 ng/ml IFN-�3 (blue) for 24 h or left untreated (black). (A and B) Enteroid monolayers were
infected with HAdV-5p at an MOI of 15 (A) or HAdV-41p at an MOI of 6 (B) to achieve similar levels of
infection. (C and D) By the same rationale, A549 cells were infected with HAdV-5p at an MOI of 0.5 (C)
or HAdV-41p at an MOI of 80 (D). Data are fold changes in viral genomes per cellular genome relative
to day 0, and lines connect the mean values � SD for each time point (n � 3 for each condition). (E)
Enteroid monolayers were infected with HAdV-5p at an MOI of 30 (black) or HAdV-41p at an MOI of 200
(pink) or treated with 1,000 IU/ml of IFN-� (purple) for 24 h. Data are the means � SD of the fold changes
in gene expression relative to untreated, uninfected cells (n � 3 for each condition). (F) Enteroid
monolayers and A549 cells were treated with 1,000 IU/ml of IFN-� (purple) or 500 ng/ml IFN-�3 (blue)
for 24 h. Data are the means � SD of the fold changes in gene expression relative to untreated,
uninfected cells (n � 3 for each condition). For panels A to D, significance in comparing untreated to IFN
treated at each time point: *, P � 0.05; **, P � 0.01; ns, not significant. For panels E and F, data were
analyzed using a one-sample t test: *, P � 0.05; **, P � 0.01, ***, P � 0.001; ns, not significant.
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postinfection (Fig. 6D). Thus, like primary airway cells (32), primary intestinal epithelial
cells adopt an IFN-induced antiviral state capable of limiting HAdV infection. And, the
inability of IFN pretreatment to inhibit HAdV replication in A549 cells is not due to an
absolute inability to respond to IFN.

HAdV-41 is resistant to the neutralizing activity of human enteric �-defensin
HD5. Enteric human defensins are secreted by Paneth cells in the small intestine (33).
HD5 has been shown to both inhibit and enhance HAdV infection in vitro in a
serotype-dependent manner (34, 35). Furthermore, enteric defensins have been shown
to play complex roles during mouse AdV infection of mice (36, 37). HAdV-5p infection
is potently inhibited and HAdV-41p infection moderately enhanced by HD5 on A549
cells (34). Since these experiments were performed on transformed cells, we next
sought to assess whether HD5 exhibited the same activities on infection of primary
intestinal epithelial cells, which for HAdV-5p and HAdV-41p can be infected at a lower
MOI. Human enteroid monolayers were infected with HAdV-5p and HAdV-41p in the
presence or absence of 15 �M HD5. Consistent with previous experiments using A549
cells, HAdV-5p infection of human enteroid monolayers was neutralized (90.1% � 9.6%)
by HD5 (Fig. 7A), while HAdV-41p infection was largely resistant but not enhanced
(Fig. 7A).

HAdV-5p preferentially infects goblet cells over nongoblet cells. As part of these
experiments, we also examined the tropism of HAdV-5p and HAdV-41p for goblet cells
(GC), since recent studies of enterovirus replication in human enteroids revealed
preferential infection of enteroendocrine cells by echovirus 11 coupled with a lack of
goblet cell infection (23). We costained the infected enteroid monolayers for MUC2, a
marker of goblet cells, and hexon. While goblet cells comprised only 0.5 to 1.5% of the
cells in the monolayer, 18.9% � 8.3% of MUC2-positive goblet cells were infected with

FIG 7 HAdV-5p, but not HAdV-41p, is neutralized by HD5 and preferentially infects goblet cells. (A) Human enteroid monolayers
were infected at MOIs of 30 and 200 for HAdV-5p and HAdV-41p, respectively, in the presence or absence of 15 �M HD5.
Infected cells were enumerated by flow cytometry at 48 h postinfection. Data are from four individual replicates graphed as the
percentage of HAdV infection in the presence of HD5 compared to infection in the absence of HD5. Bars are means � SD. (B)
HAdV-5p- and HAdV-41p-infected cells from the samples in panel A were analyzed for the percentage of MUC2� goblet cells
(GC) and MUC2� nongoblet cells (non-GC) that were infected in the absence of HD5. (C) Data from panel A analyzed as the ratio
of HAdV-5p infected GC to non-GC as a function of %GCs. (D to G) Representative flow cytometry plots. For panel A, the
percentages of cells infected under each condition were compared. For panel B, the percentages of infected GC and non-GC
were compared by ratio paired t tests. *, P � 0.05; ns, not significant.
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HAdV-5p compared to 4.4% � 3.1% of the MUC2-negative cells (Fig. 7B). In contrast,
HAdV-41 infected the two populations equally (3.9% � 1.2% versus 3.1% � 3.0%). Thus,
HAdV-5p but not HAdV-41p preferentially infects goblet cells. And, although the
MUC2-positive population is small, this preference was observed over a range of GC
population sizes (Fig. 7C). To our knowledge, this is the first reported preference of
HAdV for a specific cell type in the GI tract.

DISCUSSION

Human enteroids provide a unique opportunity to investigate host-pathogen inter-
actions in an in vitro system that more accurately represents the cellularity of the GI
tract. They are composed of untransformed cells, which have intact signal transduction
pathways, and contain a mixture of mature, differentiated intestinal epithelial cell types
(16). Both of these features are absent from standard cell lines. Our medium conditions
for culturing human enteroids combine elements from several previously published
formulations (16, 17, 25). Human enteroids differentiated under our conditions contain
upregulated transcriptional markers of enterocytes, enteroendocrine cells, and goblet
cells and distinct morphology of a polarized epithelium with functional goblet cells.
However, expression of the Paneth cell marker DEFA5 was the most variable. Although
we have also tried a variety of different published medium compositions, we have only
rarely identified Paneth cell morphology by histology even in samples with robust
DEFA5 expression. Because Wnt-dependent expression of DEFA5 is separable from the
gene program required for Paneth cell morphology (38–40), it is likely that the culture
of human enteroids lacks a key component required for Paneth cell morphology. This
has also been noted by others (41). Nonetheless, we have validated suitable conditions
for stable culture, prolonged passage, and differentiation of human enteroids.

Our experiments add HAdVs to the set of viruses that can be cultured in human
enteroids, which also includes rotavirus, norovirus, and enterovirus (19–21, 24). Thus,
enteroids have the potential to be a unified platform for amplifying human enteric
viruses from clinical samples. HAdV-41p replicates to a similar extent in differentiated
and undifferentiated enteroids; however, differentiated enteroids are less suitable for
culturing slowly replicating viruses because of their limited life span (�10 days) and
inability to be passaged. In contrast, undifferentiated enteroids can be passaged for an
indefinite period, allowing time for viral amplification. Although human rotaviruses
can replicate in both undifferentiated and differentiated human enteroids (19, 24),
human rotavirus infection was significantly increased in differentiated enteroids (19).
Human norovirus replicates in enteroid monolayers (20), and human echovirus 11
replicates in differentiated human enteroids (21, 23). It is currently unknown whether
these viruses can replicate in undifferentiated enteroids. Since rotavirus and norovirus
replication efficiency is greatly impacted by the secretor status of the enteroids (19, 20),
the differentiation state of the enteroids might affect the secretor phenotype. Further-
more, norovirus replication is enhanced by bile acid in human enteroid monolayers, but
not standard cell lines (20). Thus, when isolating enteric viruses from clinical samples,
the potential virus species should dictate the differentiation state of the human
enteroids. The generally greater replication rate of RNA viruses is also an advantage,
although the one respiratory isolate (HAdV-2) that we tested also replicated rapidly. The
reason for the slow replication kinetics of HAdV-F is unclear, but it has also been
observed in cell lines (7, 8, 42) and may reflect some unique aspect of enteric HAdV
biology that remains to be elucidated. Since all of the inocula were lysates and the titer
of the HAdV-2 V-2375-18 lysate was 2.5 log lower than the lowest HAdV-41 clinical
isolate titer, low MOI or other characteristics of the inoculum are unlikely to explain the
discrepancy in replication kinetics. Nonetheless, human enteroids are a remarkable
system for supporting replication of human enteric viruses. Moreover, other primary
human cell types (embryonic kidney cells, lung fibroblasts, and skin fibroblasts) have
been tested for their capacity to support HAdV-F replication (4, 7, 27), but results have
been inconsistent. Additionally, most of these primary cells were derived from locations
not normally infected by enteric viruses, further complicating their utility in under-
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standing HAdV-F biology. Interestingly, previous attempts to culture HAdV-F in fetal
intestinal organ cultures did not result in infectious virus (43). Thus, human enteroids
are the only viable system for studying HAdV-F interactions with mature primary
intestinal epithelial cells.

As identified previously (4, 7, 8), there were differences in HAdV-41p infection and
replication among transformed cell lines. Moreover, different groups have reported
different results with the same cell lines, and sublines of the same cells have various
abilities to support enteric adenovirus replication (7). Despite considerable investiga-
tion, the factors contributing to these differences are not well defined. We found that
HAdV-41p can infect 293�5 and A549 lung cells, but infection was inferior to both
respiratory serotypes in A549 lung cells but only to HAdV-5p in 293�5 cells. The
disparity in HAdV-41p infection of A549 and 293�5 might reflect several different
factors. First, the presence of the HAdV-5 E1 region in 293�5 has been implicated (3, 7,
44). And, E1B gene products of HAdV-2, -5, and -12 rescue HAdV-40 replication in a
previously nonpermissive cell line (3, 44). Another potential explanation is the presence
of a more intact innate immune response in A549 than in 293�5 cells. In our experi-
ments, HAdV-41p appears to be no more sensitive than HAdV-5p to inhibition by IFN
(Fig. 6); however, others have noted that HAdV-41 infection is blocked by IFN under
conditions permissive for HAdV-2 replication (45). Caveats of these studies include a
poorly characterized mixture of IFN-� and IFN-� derived from Namalwa cells (a B
lymphoblast cell line) infected with Sendai virus and infection of cells thought to be
conjunctival cells but later shown to be HeLa (45). Nonetheless, in one study, prior
infection with HAdV-2 rescued HAdV-41 from IFN, suggesting that HAdV-2 potently
inhibited the antiviral state (45). Finally, these differences could reflect tissue tropism
and receptor usage. HAdV-F serotypes have two fibers, long and short (5), which likely
bind to distinct receptors. They also lack an RGD sequence in their penton base proteins
(replaced by RGA and GDD in HAdV-40 and -41, respectively), which is present in all
other known HAdVs and mediates internalization via integrin coreceptors (6). Although
purified HAdV-41 long fiber binds to CAR (46), this may not equate with receptor usage,
as has been observed for other HAdVs (47). Thus, the receptors for both enteric HAdV
long and short fibers remain unproven or unknown. Given that infection by the
CAR-utilizing HAdV-5p is only �4-fold better on 293�5 than A549 cells while that of
HAdV-41p is improved more substantially (�150-fold), a simple model whereby the
tropism of both viruses is dictated by CAR interactions alone is not supported. Eluci-
dation of the receptors for enteric HAdV fibers and the need, if any, for a coreceptor is
more easily performed in a genetically tractable system (e.g., 293 cells) but should be
verified in human enteroids. Although human enteroids can be genetically engineered
(48), they are not amenable to high-throughput screening techniques. More than
receptor usage dictates tropism of HAdVs in vivo and their association with specific
diseases. Experiments in more physiologic systems like enteroids provide a platform to
examine the role of additional host factors in tropism.

Recently, an unexpected tropism of echovirus 11 for enteroendocrine cells but not
goblet cells was revealed in enteroids (23). Surprisingly, we found that HAdV-5p but not
HAdV-41p disproportionately infected goblet cells versus nongoblet cells. Nongoblet
cells in these cultures include enterocytes, enteroendocrine cells, stem cells, and
partially differentiated intermediates (e.g., transit-amplifying cells) based on gene
expression but were not parsed further. A previous study of an enteric mouse adeno-
virus revealed no preference for a particular cell type in the small intestine (49),
although to our knowledge this hasn’t been examined in humans. Since goblet cells are
also found in the airway, it will be interesting to determine the interactions that
contribute to this tropism and if it extends to other mucosal surfaces or other respi-
ratory serotypes. These results illustrate the power of the more-physiologic enteroid
system to address fundamental aspects of virology that cannot be modeled in trans-
formed cells.

A salient aspect of primary cell systems like human enteroids is the presence of
intact signal transduction pathways of innate immunity, such as those leading to IFN

Holly and Smith Journal of Virology

May 2018 Volume 92 Issue 9 e00250-18 jvi.asm.org 10

http://jvi.asm.org


production. Recent studies of HAdV-5p infection of primary bronchial epithelial cells
(32) led us to investigate the impact of IFN on HAdV-5p and HAdV-41p replication. Like
for airway cells, we were unable to detect IFN production in response to HAdV infection
by changes in gene expression. This has also been observed in other cell types (45).
However, we found that either IFN-� or IFN-�3 pretreatment was sufficient to inhibit
both HAdV-5p and HAdV-41p replication in human enteroid monolayers but not A549
cells, despite the capacity of A549 cells to respond to type I and type III IFN by other
measures (50, 51).

Type III IFN (IFN-�s) plays an important role in controlling viral infection of intestinal
epithelial cells, whereas type I IFN (IFN-�) is more important for lamina propria cells (52,
53). We observed comparable inhibition of HAdV by IFN-�3 and IFN-�, while IFN-�
inhibited human rotavirus replication in human enteroids to a greater extent than
IFN-�1 and IFN-�3 (22). This discrepancy in the antiviral effects of IFN-� could reflect
differences in the antagonism of IFN signaling by the two viruses, their respective
replication cycles, or the enteroid platforms used: three-dimensional (3D) enteroids
versus enteroid monolayer. That concentrations of IFN sufficient to inhibit replication in
primary intestinal epithelial cells were insufficient to suppress HAdV replication in
transformed cells underscores the importance of using relevant primary cells to study
viral infection and host response.

There are many questions in enteric adenovirology that might be addressed in the
entroid system. First, the route of respiratory HAdVs seeding the GI tract is unclear. They
could apically infect the intestinal epithelium through the fecal-oral route, or transient
viremia could seed the intestinal epithelium basolaterally. An apical versus basolateral
preference, even if the receptor(s) remain unknown, could be addressed in transwell
assays of polarized enteroid monolayers. In a similar vein, an expanded analysis of the
tropism of clinical and prototype isolates of HAdVs for specific cell types is warranted.
Finally, the cause for the slow replication kinetics of clinical enteric isolates could be
pursued and would help in the development of cell culture systems more permissive to
the isolation of enteric viruses from patient samples.

MATERIALS AND METHODS
Cells and cell culture. 293�5 (54), 293-SV5/V (30), and A549 cells (ATCC) were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), penicillin, streptomycin,
L-glutamine, and nonessential amino acids.

Viruses. Prototype strains HAdV-5p (strain Adenoid 75), HAdV-16p (strain Ch. 79), and HAdV-41p
(strain Tak) were acquired from ATCC. Large-scale cultures of these viruses from A549 (HAdV-5p and
HAdV-16p) or 293�5 or 293-SV5/V cells (HAdV-41p) were twice purified by CsCl density gradient
ultracentrifugation as described in reference 54. The purified virus was dialyzed against three changes of
150 mM NaCl, 40 mM Tris, 10% glycerol, and 2 mM MgCl2 (pH 8.1), snap-frozen in liquid nitrogen, and
stored at �80°C. The purified stocks were quantified by disrupting the capsids in 1% SDS for 4 min at
100°C and then measuring the concentration of viral DNA by Qubit fluorometric quantitation (Thermo
Fisher Scientific). All other inocula used in these studies were virus-containing cell lysates. Enteroids were
inoculated directly with lysate containing HAdV-12p (strain Huie) from ATCC. HAdV-40p (strain Dugan)
lysate from ATCC was passaged once on 293-SV5/V cells prior to use. HAdV-41 clinical isolates (NY/2010/
4845, NY/2010/4849, and NY/2010/4851) were originally detected and identified as HAdV in the labo-
ratory of Howard S. Faden, Division of Infectious Disease, Children’s Hospital of Buffalo, and then typed
and characterized in the laboratory of Kirsten St. George, Laboratory of Viral Diseases, Wadsworth Center,
New York State Department of Health (NYSDOH). They were passaged once on A549 cells and once on
239T cells in the St. George lab prior to our use. Clinical isolates of HAdV-2 V-2375-18 and HAdV-41
V-2161 were kindly provided by the Centers for Disease Control and Prevention (CDC). Prior to our use,
HAdV-2 V2375-18 had been passaged twice on HepG2 cells and once on A549 cells, and HAdV-41 V-2161
was passaged once on 293 cells. To measure the amount of virus in lysates, total DNA was isolated using
the GeneJET Viral DNA and RNA purification kit (Thermo Fisher Scientific), and viral DNA was quantified
by qPCR using primers for a conserved region of hexon (Table 1) against a standard curve of HAdV-5p
genomes. HAdV-12p was quantified using primers specific for a region of hexon conserved between
HAdV-A and HAdV-5 (Table 1) against the same standard curve. qPCR was performed with Sso Advanced
Sybr green Supermix or Sso Fast Sybr green Supermix (Bio-Rad) on a Bio-Rad CFX Connect thermocycler.

Infection of cell lines. HAdV-5p, HAdV-16p, and HAdV-41p were serially diluted on 293�5, 293-
SV5/V, and A549 cells in 96-well black wall plates (Perkins-Elmer). Infected cells were quantified 24 h
postinfection by staining fixed cells with anti-hexon antibody 8C4 (1:900; Fitzgerald Industries) and an
Alexa Fluor 488-conjugated secondary antibody (1:1,000). Total well fluorescence in relative fluorescent
units (RFU) was measured with a Typhoon 9400 scanner. Each sample was normalized to the maximal
value for HAdV-5p for each individual experiment and plotted relative to log MOI (genomes/cell).
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For the time course, parallel samples of 293�5 cells were infected with the same number of genomes
of HAdV-5p, HAdV-16p, and HAdV-41p (MOI, 5 to 10 genomes/cell). Viruses were incubated with cells for
45 min at 4°C with rocking. The inoculum was removed and replaced with complete medium. Every day
postinfection, supernatant and cells were harvested together. Total DNA was isolated using the GeneJET
viral DNA and RNA purification kit. Viral DNA was quantified by qPCR, as described above. Cellular
genomes were quantified by qPCR using a standard curve of A549 genomic DNA and primers for HPRT
(Table 1). The ratio of viral genomes to cellular genomes was calculated for each sample.

Wnt3a conditioned medium. L-Wnt3a cells were obtained from ATCC and propagated in DMEM
with 10% FBS. Once cells were 	95% confluent, medium was changed to 10% FBS, 10 mM HEPES, and
1� Glutamax in advanced DMEM/F12 (ADF), and the cells were incubated for 4 days. The resulting
conditioned medium (CM) was harvested and filtered. Each batch of Wnt3a CM was assayed using a
Wnt-sensitive reporter system as follows: M50 Super 8� TOPFlash (Addgene 12456) or M51 Super 8�
FOPFlash (Addgene 12457) was transfected into 293�5 cells with pRL-TK (Promega). After 24 h, the
medium was changed to Wnt3a CM, and the cells were incubated for an additional 24 h. Cells were lysed,
and luciferase activity was measured using the dual luciferase reporter assay system (Promega), per the
manufacturer’s instructions. The ratio of firefly luciferase activity in TOPFlash-transfected cells to that in
the FOPFlash-transfected cells, both normalized to Renilla luciferase activity, was calculated. CM was
considered usable if this ratio exceeded the value for an archived batch of Wnt3a CM known to support
human enteroids.

Rspondin-1 conditioned medium. 293-Rspondin-1 cells were obtained from Calvin Kuo (Stanford
University) and maintained in DMEM with 10% FBS. Once the cells reached 	95% confluence, the
medium was changed to 10% FBS, 10 mM HEPES, and 1� Glutamax in ADF, and the cells were incubated
for 4 days. Rspondin-1 CM was harvested and filtered. Each batch of Rspondin-1 CM was assayed using
the Wnt-sensitive reporter system described above, except that a mixture of 10% Rspondin-1 CM and
10% Wnt3a CM in ADF with 10% FBS, 10 mM HEPES, and 1� Glutamax was added to transfected cells.
CM was considered usable if the activity in this assay exceeded that of an archived batch of Rspondin-1
CM known to support human enteroids.

Noggin conditioned medium. 293-Noggin cells were a gift from Hans Clevers (Hubrecht Institute)
and maintained in DMEM with 10% FBS. Once the cells reached 	95% confluence, the medium was
changed to 10 mM HEPES and 1� Glutamax in ADF, and the cells were incubated for 7 days. Noggin CM
was harvested and filtered. Serial dilutions of each batch of Noggin CM were analyzed by immunoblot-
ting with an anti-Noggin antibody (1:1,000; Abcam). CM was considered usable if the concentration of
Noggin was comparable to that of a batch of Noggin CM known to support human enteroids.

Human enteroids. Adult human ileal tissue was acquired through NW BioTrust and NW BioSpecimen
from normal, healthy tissue during surgical resections. The University of Washington Institutional Review
Board has determined that the deidentified ileal tissue specimens used in this study do not meet the
federal regulatory definition of research on human subjects. Ileal tissue was placed in ADF containing 1�
antibiotic-antimycotic, 1� penicillin-streptomycin, and 100 �g/ml gentamicin at room temperature for
15 min. Following antibiotic treatment, the tissue was cut into 1-cm square pieces and placed in
dissociation solution (8 mM EDTA and 10 mM dithiothreitol [DTT] in 1� Dulbecco’s phosphate-buffered
saline [DPBS]) for 90 min at 4°C with gentle rocking. Crypts were dissociated from the intestinal tissue by
shaking in ADF supplemented with 20 �M Y-27632 (Abcam) and 0.5 �M Jag-1 (Anaspec). Fractions
containing crypts were centrifuged at 400 � g at 4°C for 5 min and then plated in Matrigel (growth factor
reduced, phenol red free). Enteroids were cultured in complete crypt culture medium (CCCM): 50%
Wnt3a CM, 10% Rspondin-1 CM, 10% Noggin CM, 1� N-2 supplement, 1� B-27 supplement, 10 mM
HEPES, 1� Glutamax, 1� antibiotic-antimycotic, 1� penicillin-streptomycin, 1 mM N-acetyl-L-cysteine
(Sigma), 10 �M Y-27632, 500 nM A-8301 (Tocris), 50 ng/ml epidermal growth factor (EGF), 10 nM gastrin
(Sigma), 10 �M SB202190 (Sigma), 10 mM nicotinamide, and 2.5 �M CHIR99021 (P212121, LLC). Jag-1 (0.5
�M) was added only for the initial crypt culture. All medium components are from Thermo Fisher
Scientific, except where noted. Enteroids derived from individual patients were sequentially numbered
(e.g., HIE3 or HIE5). Except for gene expression analysis, histology, and pilot experiments, all experiments
were performed with enteroids (HIE5) from a single donor. For differentiation, human enteroids were
sheared with a 23-gauge needle and plated into differentiation medium (CCCM without nicotinamide or
CHIR99021 and with SB202190 reduced to 2.5 �M) for 5 days.

Enteroid monolayers. Human enteroid monolayers were generated as previously described (20).
Briefly, 96-well plates were coated with human placental collagen, type IV (10 �g/cm2; Sigma), in water
for 1.5 h at 37°C. Undifferentiated human enteroids were removed from Matrigel using cell recovery
solution (Thermo Fisher Scientific), dissociated in 0.05% trypsin at 37°C for 5.5 min, quenched with ADF
containing 10% FBS, 10 mM HEPES, and 1� Glutamax, and mechanically dissociated with a pipette. Cells

TABLE 1 qPCR primers for virus quantitation

Primer Sequence

HAdV Hexon FWD1 GCVCTVGCGCTCGACATGACTTTTGAGGTGGA
HAdV Hexon REV1 TCGATGACGCCGCGGTG
HAdV-A Hexon FWD1 GATGCCGCAGTGGTCTTACATG
HAdV-A Hexon REV1 GCCACMGTGGGRTTYCTAAACT
Hprt gDNA qPCR FWD2 GAAAGGGTGTTTATTCCTCATG
Hprt gDNA qPCR REV2 CAGCTGCTGATGTTTGAAATTA
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were passed through a 40-�m cell strainer, centrifuged at 400 � g for 5 min, resuspended in CCCM
without CHIR99021, and plated onto collagen-coated wells (300,000 cells/well). After 24 h, the medium
was changed to differentiation medium without Wnt3a CM, and the cultures were incubated for an
additional 4 days prior to infection.

Gene expression. RNA was extracted from enteroids using RNA-Bee (Tel-Test), and cDNA was
synthesized (Promega GoScript). Target gene expression was quantified by qPCR using the primers listed
in Table 2. The ΔΔCT method (where CT is threshold cycle) was used to determine the fold increase in
gene expression of day 5 differentiated enteroids relative to day 1 differentiated enteroids normalized to
HPRT expression. For samples in which the target gene was undetectable (e.g., DEFA5), the maximum
number of cycles was imputed (46 cycles).

Histology. Differentiated human enteroids were removed from Matrigel using cell recovery solution,
concentrated by centrifugation at 400 � g, and fixed in 4% paraformaldehyde (PFA). Enteroids were then
stained with hematoxylin (Gill’s formula) to facilitate visualization, resuspended in Histogel (Thermo
Scientific), stored overnight in 10% neutral buffered formalin, and embedded in paraffin. They were then
sectioned at 4 �m and stained with hematoxylin and eosin or periodic acid-Schiff stain using standard
methods.

Image analysis. Bright-field images were acquired using a Nikon Eclipse Ti inverted microscope
fitted with a 4� objective, a charge-coupled-device (CCD) camera, and image acquisition software
(�Manager; Open Imaging). Images of histology were acquired using a 40� objective.

Enteroid infections. The number of cells in each well of enteroids was estimated by counting
dissociated enteroids from a representative well on a hemocytometer. Matrigel containing enteroids was
sheared with a 23-gauge needle, and purified HAdV-5p, HAdV-16p, or HAdV-41p at an MOI of 3,000
genomes/cell in CCCM supplemented with 1 �M Jag-1 was added. The sample was incubated for 45 min
at 4°C with agitation. Enteroids were pelleted, the inoculum was removed, and the enteroids were
replated in Matrigel. Each Matrigel plug was overlaid with 500 �l of CCCM or differentiation medium. The
day 0 sample was harvested 2 h postwarming. One well of infected enteroids was then harvested every
day for 5 days. Viral and cellular DNAs were isolated by GeneJET Viral DNA and RNA purification kit and
quantified by qPCR as described above.

Infections with clinical isolates and with HAdV-12p and HAdV-40p were performed as described
above with slight modifications: the inoculum consisted of lysate rather than purified virus, the enteroids
were not sheared prior to infection, and the entire volume of enteroid-virus mixture was mixed with
Matrigel and plated. Infected enteroids were passaged on days 7, 14, and 21, if needed, until greater than
80% of the enteroids showed signs of cytopathic effect (CPE), at which point a lysate was made and used
to infect new enteroids. Each clinical isolate underwent two viral passages.

For Fig. 6A to D, human enteroid monolayers or A549 cells were treated with 1,000 IU/ml interferon-�
(IFN-�) or 500 ng/ml IFN-�3 (R&D Systems) 24 h prior to infection. Human enteroid monolayers were
infected at MOIs of 15 and 6 genomes/cell for HAdV-5p and HAdV-41p, respectively. A549 cells
were infected at MOIs of 0.75 and 85 genomes/cell for HAdV-5p and HAdV-41p, respectively. Inocula
were chosen to achieve similar levels of infection between serotypes at 2 h postinfection. Viral genomes
and cellular genomes were quantified at 2, 24, and 48 h (HAdV-41p only) postinfection as described
above. For Fig. 6E, human enteroid monolayers were infected at an MOI of 200 and 30 for HAdV-41p and
HAdV-5p, respectively, for 24 h. Expression of OAS1 and ISG54 was quantified at 24 h postinfection
relative to uninfected cells, as described above. For Fig. 6F, human enteroid monolayers and A549 cells
were treated with 1,000 IU/ml IFN-� or 500 ng/ml IFN-�3 for 24 h, and expression of OAS1 and ISG54 was
quantified at 24 h posttreatment.

For Fig. 7, HAdV-41p and HAdV-5p were incubated in the presence or absence of 15 �M HD5 for 45
min on ice. The virus was then added to human enteroid monolayers for 2 h at 37°C. The medium was
then replaced. Human enteroid monolayers were infected at MOIs of 200 and 30 for HAdV-41p and
HAdV-5p, respectively. Cells were trypsinized 48 h postinfection, fixed in 2% PFA, and stained with a
mixture of 8C4 mouse anti-hexon antibody and rabbit anti-MUC2 (Santa Cruz H-300, 1:50) followed by
a mixture of Alexa Fluor 488-conjugated anti-mouse and Alexa Fluor 647-conjugated anti-rabbit (1:200)

TABLE 2 qPCR primers for gene expression

Primer Sequence Reference

DEF5 FWD AGG AAA TGG ACT CTC TGC TCT TAG 17
DEFA5 REV TTG CAC TGC TTT GGT TTC TAT CTA 17
Trefoil factor 3 FWD AGC TCT GCT GAG GAG TAC GTG 17
Trefoil factor 3 REV ACA GAA AAG CTG AGA TGA ACA GTG 17
Chromagranin B FWD CAG CCA ACG CTG CTT CTC 16
Chromagranin B REV TGG CAT GGA ATT GAC AGC 16
SLC10A2 FWD GGG TTA CTC CCT GGG GTT TC 17
SLC10A2 REV CCA TGA CAT TTC TTG TAT GCC ACA 17
OAS1 FWD CTGTGTGTGTGTCCAAGGTG
OAS1 REV AGTGGTGAGAGGACTGAGGA
ISG54 FWD ACGGTATGCTTGGAACGA 55
ISG54 REV AACCCAGAGTGTGGCTGATG 55
HPRT FWD TGA CCT TGA TTT ATT TTG CAT ACC 16
HPRT REV CGA GCA AGA CGT TCA GTC CT 16
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secondary antibodies. Flow cytometry data were acquired on a Canto II (BD) and analyzed with FlowJo
version 9.9.4 (BD) with doublet exclusion and using isotype controls for gating.

Verification of clinical isolates. Total DNA isolated by the GeneJET viral DNA and RNA purification
kit from the lysates of HAdV-12p- and HAdV-40p-infected cells, lysates containing primary isolates from
NYSDOH and CDC, and lysates from enteroid cultures at the end of the second passage of each virus
were analyzed by PCR to determine HAdV species present in each sample as described previously (31).
Note that the PCRs for each HAdV species were performed separately rather than multiplexed, the
melting temperatures (Tm) for the HAdV-A, -B, and -C reactions were modified to 56°C, a new forward
primer (5=-GGATAVGCDGT-NGTRCTKGGCAT-3=) was designed for the HAdV-B reaction to match HAdV-16,
and the extension temperature was lowered to 68°C per the manufacturer’s instructions (Roche).

Statistical analysis. All statistical analysis was performed using Prism 7.0c. For Fig. 1 and 6E and F,
the log transformation of the fold increase in gene expression was compared to a theoretical value of
zero using a one-sample t test. For Fig. 2, 3, and 4, curves and 95% confidence intervals were fitted by
nonlinear regression to the mean data for three biological replicates. For Fig. 6A to D, we compared
untreated to IFN-treated samples by one-way analysis of variance (ANOVA) with post hoc Tukey’s test. For
Fig. 7, we compared HAdV infection in the presence of HD5 to that in the absence of HD5 (as 100%
infection) and HAdV infection of goblet cells and nongoblet cells using ratio paired t tests.
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