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ABSTRACT Enteroviruses are among the most common viral infectious agents of
humans and cause a broad spectrum of mild-to-severe illness. Enteroviruses are trans-
mitted primarily by the fecal-oral route, but the events associated with their intestinal
replication in vivo are poorly defined. Here, we developed a neonatal mouse model of
enterovirus infection by the enteral route using echovirus 5 and used this model to
define the differential roles of type | and Il interferons (IFNs) in enterovirus replication
in the intestinal epithelium and subsequent dissemination to secondary tissues. We
show that human neonatal Fc receptor (FcRn), the primary receptor for echoviruses, is
essential for intestinal infection by the enteral route and that type | IFNs control dis-
semination to secondary sites, including the liver. In contrast, type Ill IFNs limit echovi-
rus infection in the intestinal epithelium, and mice lacking this pathway exhibit
extended epithelial replication. Finally, we show that echovirus infection in the small
intestine is cell type specific and occurs exclusively in enterocytes. These studies define
the type-specific roles of IFNs in enterovirus infection of the gastrointestinal (Gl) tract
and the cellular tropism of echovirus replication in the intestinal epithelium.

IMPORTANCE Echovirus infections are associated with a broad spectrum of illness,
particularly in neonates, and are primarily transmitted through the fecal-oral route.
Little is known regarding how echoviruses infect the gastrointestinal tract and how
the intestinal epithelium controls echoviral replication. Here, we establish an in vivo
mouse model of echovirus infection by the enteral route and define the differential
roles of type | and Ill interferons (IFNs) in controlling viral replication in the intestine.
These findings provide important insights into the mechanisms by which echoviruses
infect the GI tract and the epithelium-specific antiviral pathways that control this
infection.
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previously shown that echoviruses robustly infect human stem cell-derived intestinal
enteroids and exhibit cell type specificity of infection, with preferential infection in
enterocytes and enteroendocrine cells (9, 10). Additionally, echovirus infections cause
damage to barrier function in enteroid-derived intestinal epithelial monolayer cultures
(10), suggesting that virus-mediated epithelial damage could contribute to dissemina-
tion from the intestine. The impact of host innate immune signaling on enteroviral
infections in the intestinal epithelium is largely unknown. Previous studies in mouse
models using PV, CVB, and EV71 have shown that the ablation of type | interferon (IFN)
signaling by the deletion of the IFN-a/ receptor (IFNAR) is required for infection by
the oral route (11-16), suggesting that these IFNs play a central role in the protection
of the Gl tract from enterovirus infection. Whether this enhancement was the result of
increased infection in the intestinal epithelium directly and/or resulted from alterations
in infection of nonepithelial cell types remains unclear. Type lll IFNs, which are com-
prised of IFN-As 1 to 3 in humans, are preferentially induced in enterovirus-infected
human enteroids (9, 10). For other enteric viruses such as reoviruses, rotaviruses, and
noroviruses, type Ill IFNs specifically control viral replication in the intestinal epithelium
in vivo, with type | IFNs impacting the lamina propria (11, 17-20). Thus, the roles of
type I and Il IFNs in the control of enteroviral infections in vivo remain unclear, as does
whether these IFNs function in a type-specific manner to control enterovirus infections
in the Gl tract.

We and others previously identified the human neonatal Fc receptor (hFcRn) as a
primary receptor for echoviruses (21, 22). In contrast, mouse FcRn does not function as
an echovirus receptor and does not support replication in vivo (21, 23). FcRn is
expressed at the apical membrane of enterocytes, where it binds to IgG, is internalized
by endocytosis, and delivers its cargo to early and late endosomes, with the eventual
release of IgG into the interstitium (24). However, the expression of hFcRn alone is not
sufficient for echovirus 11 (E11) infection in adult or neonatal mice, and ablation of
IFNAR in hFcRn-expressing mice is required for infection following intraperitoneal (i.p.)
inoculation (23). However, the roles of hFcRn and IFN signaling following inoculation
via the enteral route were not explored.

Here, we established in vitro and in vivo models to define the impact of hFcRn
expression and type | and IIl IFN signaling on echovirus infections of the Gl epithelium.
To do this, we generated mice expressing hFcRn that are deficient in the type Ill IFN re-
ceptor (IFNLR) and compared their susceptibility to oral echovirus infection to that of
hFcRn-expressing mice lacking IFNAR expression or immunocompetent animals
expressing hFcRn alone. Given that some echoviruses, including E11, utilize decay-
accelerating factor (DAF/CD55) as an attachment factor and that the impact of these
receptors on pathogenesis is unknown, we performed these studies using E5, which
does not bind DAF (21, 25). Whereas the expression of hFcRn was necessary and suffi-
cient to support echovirus replication in primary murine stem cell-derived enteroids, it
was not sufficient for infection of immunocompetent mice following oral gavage. We
show that hFcRn-expressing mice deficient in IFNLR expression poorly control echovi-
rus infection in the Gl tract and exhibit sustained replication in the intestinal epithe-
lium, which occurred exclusively in enterocytes. However, these animals did not exhibit
any morbidity or mortality, and there was no dissemination to secondary tissues such
as the liver or pancreas. In contrast, there was robust dissemination of E5 following
oral gavage of hFcRn-expressing mice deficient in IFNAR expression, which resulted in
significant morbidity and mortality. However, we did not observe active replication in
the intestinal epithelium of these animals. These findings define the differential roles
of type I and lll IFNs in the control of echovirus replication in the Gl tract and subse-
quent dissemination to secondary sites of infection.

RESULTS
Human FcRn is required for echovirus infection of murine-derived enteroids.
To define the role of hFcRn in infections of the murine intestine, we generated
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FIG 1 Human FcRn is necessary and sufficient for echovirus infection of murine-derived primary enteroids. (A) Murine enteroids were generated from
Lgr5* crypts isolated from the small intestines of five 10-day-old neonatal C57BL/6J (WT) mice. Confocal microscopy images of enteroids immunostained
with cytokeratin-19 in green and actin in red (left) or mucin-2 in green and actin in red (right) ~10 days after culturing are shown. (B) WT (white) or
hFcRn™932 (red) enteroids were generated from small intestine tissue from 10-day-old neonatal mice and infected with 10° PFU of neutral red-incorporated
E5. Viral titers (log,, PFU per milliliter) were assessed in the cell culture supernatants at the indicated time points. (C) Heatmap of reads per kilobase per
million (RPKM) values of the type | IFNs Ifna4 and Ifnb1 and the type Il IFNs Ifnl2 and IfnI3 from bulk RNASeq of uninfected (mock) or E5-infected
hFcRn™32 enteroids at 24 h postinfection. In the key at the right, purple indicates higher reads, and gray denotes no reads detected. At the bottom are
viral fragments per kilobase per million (FPKM) values from the samples shown at the top. Yellow indicates high viral RNA reads, and gray denotes no
reads detected. (D) Volcano plot comparing differentially expressed transcripts in E5-infected hFcRn™2 enteroids compared to mock controls as
determined by DESeq2 analysis. Gray circles represent genes whose expression was not significantly changed (NS). Red circles represent genes that were
significantly changed by E5 infection. Significance was set at a P value of <0.01 and a log, fold change of *2. (E) Enteroids generated from the small
intestine of hFcRn™32 (gray), hFcRn™932-IFNAR™/~ (red), or hFcRn™3*2-IFNLR™/~ (blue) mice were infected with 10° PFU of neutral red-incorporated E5. Viral
titers (log,, PFU per milliliter) are shown at the indicated time points. In panels B and E, data are shown as means * standard deviations from three
independent replicates. Enteroids were isolated from at least five 10-day-old neonatal mice and pooled during Lgr5* crypt isolation. Significance in panel B
was determined by a Kruskal-Wallis test with Dunn’s test for multiple comparisons. Significance in panel D was determined using two-way ANOVA with a
Geisser-Greenhouse correction and Tukey’s multiple-comparison test (¥, P < 0.05; ns, not significant).

neonatal enteroids from C57BL/6 (wild-type [WT]) mice and mice expressing hFcRn
(hFcRnT932), hFcRnT932 mice are deficient in the expression of mouse FcRn and express
human FcRn under the control of the native human promoter (26). Stem cell-derived
enteroids differentiated to form three-dimensional structures containing cells present
in the epithelium in vivo, including enterocytes and mucin-secreting goblet cells
(Fig. 1A). Consistent with what has been described previously for murine fibroblasts
derived from WT mice (21), enteroids derived from WT mice were resistant to E5 infec-
tion (Fig. 1B). In contrast, enteroids derived from hFcRn™32 mice were highly permis-
sive to E5 infection, which peaked at ~24 h postinoculation (hpi) (Fig. 1B). To define
the host response of enteroids to E5 infection, we performed bulk RNA sequencing
(RNASeq) followed by differential expression analysis. Similar to previously reported
results in human enteroids (9), murine-derived enteroids induced the selective expres-
sion of transcripts associated with the type Ill IFNs IFN-A-2 and IFN-A-3 (mice do not
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express IFN-A-1) (Fig. 1C). Differential expression analysis revealed the induction of 48
transcripts in E5-infected hFcRn"932 enteroids, 42 of which are classified as interferon-
stimulated genes (ISGs) (Fig. 1D), supporting a prominent role of IFN signaling in the
intestinal innate immune response to echovirus infections.

The selective induction of type Il IFNs in murine-derived enteroids suggests that
these IFNs are key mediators in the control of echovirus infections in the intestinal epi-
thelium. To test this, we derived enteroids from small intestine tissue of mice express-
ing hFcRn that are deficient in IFNAR expression (hFcRnT932-[FNAR~/~) (23). To perform
parallel studies in enteroids deficient in type Ill IFN signaling, we crossed hFcRnT932
mice to mice deficient in IFNLR expression (hFcRn™932-IFNLR~/~). Enteroids were gener-
ated from the small intestines of immunocompetent hFcRn"932, hFcRn™932-[FNAR~/~,
and hFcRn™932-IFNLR~/~ mice, and the levels of E5 replication were compared among
these genotypes. We did not detect any significant differences in E5 replication
between hFcRn-expressing immunocompetent enteroids and those deficient in either
IFNAR or IFNLR expression (Fig. 1E). These data show that in ex vivo murine-derived
enteroid models, hFcRn expression is necessary and sufficient for echovirus infection
of the intestinal epithelium.

Human FcRn is necessary but not sufficient for echovirus infection of the intestine
in vivo. As described above, ex vivo enteroid models suggested that echovirus infection
of murine-derived intestinal cells depended on the expression of hFcRn and was not
controlled by either type I or Il IFNs. However, enteroids may not fully recapitulate the
events associated with infection in vivo. To address this, we used six genotypes of
mice, including the humanized FcRn models described above (hFcRn™932, hFcRnT932-
IFNAR™/~, and hFcRn"@32-IFNLR~/~) and animals expressing murine FcRn that were
immunocompetent (C57BL/6 [WT]) or deficient in type | or Il IFN signaling (IFNAR~/~
or IFNLR™/~, respectively) (Fig. 2A). Neonatal (7-day-old) mice were orally inoculated
with 10 PFU of E5 and monitored daily for 7 days for signs of illness (e.g., inactivity,
discoloration, lack of nursing, lack of parental care, and death). We observed death in
approximately 50% of hFcRn™932-[FNAR~/~ animals by 3 days postinoculation (dpi) and
almost 100% lethality by 7 dpi (Fig. 2B). In contrast, there were no clinical symptoms of
iliness in any other genotype, and all animals survived until 7 dpi (Fig. 2B). There were
no significant differences in mortality between male and female hFcRnT932-IFNAR~/—
mice (see Fig. STA in the supplemental material).

We next determined the extent of viral replication in the Gl tract of infected animals
at 3 dpi by measuring viral titers in the stomach, small intestine (duodenum, jejunum,
and ileum), large intestine, and stool. Infected hFcRn™932-[FNAR~/~ animals contained
high levels of virus in all tissues collected, with half or more of the animals having high
viral loads in the stomach (7 of 14 mice), duodenum (8 of 14 mice), jejunum (8 of 14
mice), ileum (7 of 14 mice), and large intestine (7 of 14 mice) (Fig. 2C to H). In contrast,
there was no detectable virus in most tissues isolated from mice not expressing hFcRn,
including WT (0 of 10 mice), IFNAR™~ (0 of 11 mice), and IFNLR™/~ (0 of 17 mice)
(Fig. 2C to H). Three IFNLR™/~ mice had detectable virus in the duodenum; however,
this was not statistically significant (Fig. 2D). There were low levels of virus detected in
select tissues from immunocompetent hFcRn™932 animals, which included the duode-
num (3 of 8 mice), jejunum (2 of 8 mice), ileum (1 of 8 mice), and large intestine (3 of 8
mice). No virus was recovered from the stomachs of hFcRn™932 mice (0 of 8 mice).
Similarly, low- to mid-level titers were observed in hFcRn™932-IFNLR~/~ mice, with virus
being recovered from the stomach (3 of 15 mice), duodenum (4 of 15 mice), jejunum
(3 of 15 mice), ileum (3 of 15 mice), and large intestine (4 of 15 mice). Stool samples
collected from all genotypes except the WT contained high levels of virus in the stool,
which may reflect the remaining inoculum. There were no significant differences in
titers between male and female hFcRnT932-IFNAR~/~ mice, although male mice did
have overall higher titers in various regions of the small intestine (Fig. S1B). These data
show that hFcRn is necessary, but not sufficient, for echovirus infection of the intestine
in vivo and that type | and IIl IFNs differentially control replication and pathogenesis.
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FIG 2 Expression of human FcRn is not sufficient for echovirus infection by the enteral route in vivo. (A) Table of the six genotypes used in this study.
Shown is the expression of mouse or human FcRn, IFNAR, and IFNLR among these genotypes. (B) Survival of the indicated genotype of mice inoculated
with 10° PFU of E5 by oral gavage for 7 days postinoculation. The log rank test was used to analyze the statistical differences of the survival rates. (C to H)
At 3 dpi, animals were sacrificed, and viral titers in the stomach (C), duodenum (D), jejunum (E), ileum (F), large intestine (G), and stool (H) were
determined by TCID,, assays. In all panels, titers are shown as log,, TCIDs, per milliliter, with the limit of detection indicated by a dotted line. Data are
shown as means = standard deviations, with individual animals shown as each data point. Data are shown with significance determined by a Kruskal-
Wallis test with Dunn’s test for multiple comparisons (¥, P < 0.05; **, P < 0.005; ***, P < 0.0005).

Type | IFNs are the primary drivers of dissemination outside the Gl tract. Given
the high degree of mortality in orally inoculated hFcRn™932-IFNAR~/~ mice, we next
assessed the levels of infection at key secondary sites of infection at 3 dpi, including
the liver, pancreas, and brain, which are all targeted by echoviruses in humans.
hFcRnT932-IFNAR~/~ mice had higher levels of circulating virus (6 of 13 mice), which
was not detected in any other genotype (Fig. 3A). Consistent with this, we did not
detect any virus in the livers, pancreases, or brains of WT, hFcRn™932, IFNAR~/~, IFNLR~/~,
or hFcRn™932-IFNLR~/~ animals (Fig. 3B to D). In contrast, hFcRnT932-IFNAR~/~ mice con-
tained very high titers in the liver (7 of 14 mice) and pancreas (7 of 14 mice) and lower
titers in the brain (5 of 14 mice) (Fig. 3B to D). There were no significant differences in
titers between male and female mice, although male mice did have overall higher titers

May/June 2022 Volume 13 Issue 3 10.1128/mbio.00443-22 5


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00443-22

Enterovirus Infection of the Intestine In Vivo

A Fokk B *okk
= 1 Fohok % 1 Sobokok
8+ ook | Dok 1 9+ x| Borokor O wt
7 8- ° O hFcRnT9%2
° IFNAR™-
—~ 6 = Ly I hFcRnT932|IFNAR-
= e - £ 64 ) T
235 85° IFNLR
[all=) i=a s [ hFcRnT932 IFNLR-
BO 4 802
o 2 o4
@ 2 3 =8,
2 2
1 1 >
Hokk *k
C | —— | Fokiok D % 1 *ok
8- | 61 AL . O wr
r [ | |
7. ° I hFcRnTe32
54 ° IFNAR™
g ’_IE‘ 6 - I hFcRnT932 |FNARY-
I; } 5 E \E% 4 IFNLR”
3 Fa I hFcRnT9%2 [FNLR™
5 44 £0
Q' o ‘S — 34
So S o
o £ 31 o2
~2
2
1 > 1
E hFcRnTe%2 hFcRn™%2-|[FNLR"

DAPI vRNA Albumin

FIG 3 Type I IFNs control echovirus dissemination from the Gl tract. Seven-day-old pups were orally
inoculated with 10° PFU of E5, and at 3 dpi, animals were sacrificed for viral titration and histology.
(A to D) Viral titers in the blood (A), liver (B), pancreas (C), and brain (D). In all panels, titers are
shown as log,, TCID,, per milliliter, with the limit of detection indicated by a dotted line. Data are
shown as means * standard deviations, with individual animals shown as each data point. (E)
Hybridization chain reaction (HCR) RNA fluorescence in situ hybridization (RNA-FISH) from liver
sections of hFcRn™9%2, hFcRn"9*2-IFNAR™/~, or hFcRn™*2-IFNLR™/~ neonatal mice at 3 dpi using probes
against the E5 genome (green) and albumin (red). DAPI-stained nuclei are shown in blue. Bars,
100 um. In panels A to D, data are shown with significance determined by a Kruskal-Wallis test with
Dunn'’s test for multiple comparisons (*, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.0001).

in the liver (Fig. S1B). These data are consistent with our previously reported data show-
ing that hFcRnT932-IFNAR~/~ pups or adult mice inoculated by the i.p. route have high
levels of echovirus infection in the liver and pancreas (23).

Next, we performed Luminex multiplex assays to determine the levels of 25 circulat-
ing cytokines in the blood of E5-infected animals. Consistent with their high levels of
dissemination, we found that hFcRn"9*2-[FNAR~/~ mice induced pronounced antiviral
and proinflammatory signaling in response to E5 infection, which included high levels
of circulating type | IFNs (IFN-a and IFN-B), granulocyte colony-stimulating factor
(G-CSF), and interleukin-6 (IL-6) (Fig. S2A to D). No other genotypes contained any
significant increases in circulating cytokines (Fig. S2A to D). These data are similar to
those of our previous work where i.p. inoculated hFcRnT932-[FNAR~/~ animals had
high levels of circulating type | IFNs (23).

Because we observed significant dissemination of E5 to the livers of orally inoculated
hFcRn™932-IFNAR~/~ mice, we next determined if the cellular tropism of echoviruses is
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the same between the i.p. and oral routes of inoculation. To do this, we performed a
hybridization chain reaction (HCR), which allows multiplexed fluorescent quantitative
RNA detection with enhanced sensitivity over conventional hybridization approaches
(27, 28). Our previous work using this method showed that echoviruses exclusively target
hepatocytes following i.p. inoculation (23). We designed probes specific for the E5 ge-
nome and used probes to the hepatocyte marker albumin, and we performed HCR on
liver sections from hFcRn"932, hFcRnT932-[FNAR/~, and hFcRn™32-[FNLR~/~ mice orally
inoculated with E5 at 3 dpi. E5 viral RNA (VRNA)-positive cells colocalized exclusively
with albumin, identifying hepatocytes as the main cellular target of infection in the liver
following dissemination from the Gl tract (Fig. 3E). Collectively, these data show that
type | IFNs are the primary drivers of echovirus dissemination from the Gl tract to sec-
ondary sites, including the liver and pancreas.

Type Il IFNs limit persistent echovirus infection in the Gl epithelium. Because
we observed low levels of E5 replication in Gl-derived tissues at 3 dpi, we next com-
pared viral titers from tissues isolated at 7 dpi to determine if there were differences in
persistence compared to hFcRn™32-[FNAR™/~ mice. As hFcRn™932-[FNAR~/~ mice died
from disease before 7 dpi, they were excluded from these studies. At 7 dpi, hFcRnT932-
IFNLR™~ mice were the only genotype with consistently detectable virus in tissues
associated with the GI tract. Whereas select animals had detectable virus in the stom-
ach (1 of 7 hFcRn™32 mice and 2 of 14 hFcRn™32-IFNLR~/~ mice) and large intestine (3
of 14 hFcRn™932-IFNLR~/~ mice), hFcRn™932-[FNLR~/~ animals had higher levels of virus
in all regions of the small intestine, including the duodenum (6 of 14 mice), jejunum (6
of 14 mice), and ileum (4 of 14 mice) (Fig. 4A to G). Consistent with the more persistent
infection in the Gl tract of hFcRn932-IFNLR~/~ mice, these mice also contained higher
levels of virus in the stool (7 of 14 animals with detectable virus) than all other geno-
types (Fig. 4F). Male animals contained higher viral titers than did female mice,
although these differences were not significant (Fig. S1C). However, even at 7 dpi, we
were unable to detect any virus in the blood, liver, pancreas, or brain of any genotype,
including hFcRnT932-[FNLR~/~ (Fig. S3A to D). These data show that type Ill IFNs do not
control dissemination but limit persistent infection of the intestine.

Visualization of intestinal replication of enteroviruses in vivo has been hindered by the
lack of sensitive assays to monitor infection with a low signal-to-noise ratio. To overcome
this limitation, we utilized HCR, a component of which includes signal amplification, given
the self-assembly of secondary detection hairpins into amplification polymers. We inocu-
lated 7-day-old hFcRn™932-IFNAR~/~ and hFcRn™932-[FNLR~/~ animals with 10° PFU of E5 by
the oral route, sacrificed them at 3 dpi, and then performed Swiss rolling of full intestinal
tissue, which was sectioned and processed for HCR. In contrast to viral titer data, which
showed high levels of virus in the intestines of hFcRn™932-[FNAR~/~ animals, we did
not detect any VRNA in any intestinal section of these animals (Fig. 4G). However, we
observed clear areas of vVRNA-containing cells in various regions of the small intes-
tines of hFcRNT932-IFNLR~/~ animals (Fig. 4G). While vRNA was detected in both the
duodenum and jejunum, there were more vVRNA-containing cells in the ileum of the
hFcRnT932-IFNLR~/~ animals (Fig. 4G and H), suggesting that there may be regional
differences in echovirus persistence in the epithelium. Although we observed areas
of viral replication within the epithelium, we did not see any damage to the epithe-
lium. A pathologist reviewed hematoxylin and eosin (H&E)-stained sections from
uninfected, hFcRnT932-IFNAR~/~, and hFcRnT932-IFNLR~/~ animals in a blind manner
and observed no significant changes or damage to the intestine following E5 infec-
tion at 3 dpi (Fig. S4A). Additionally, we observed no change to the cellular composi-
tion of the epithelium as suggested by periodic acid-Schiff (PAS) staining for goblet
cells (Fig. S4B).

Enterocytes are the main cellular targets of echoviruses in vivo. We showed pre-
viously that echoviruses preferentially infect enterocytes and enteroendocrine cells in
human stem cell-derived enteroids (9). However, whether there is a cell type specificity
of infection for echoviruses, or other enteroviruses, in vivo is unknown. To define the
cellular tropism of echoviruses in vivo, we designed HCR probes targeting an
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enterocyte marker (alkaline phosphate, intestinal [Alpi]), a goblet cell marker (mucin-2
[Muc2]), and an enteroendocrine cell marker (chromogranin A [Chga]). We confirmed
the specificity of these probes in murine-derived intestinal tissue and found that they
accurately labeled distinct cell populations in the epithelium (Fig. 5A). Using probes
directed against E5 and Alpi, Muc2, or Chga, we performed HCR in Swiss-rolled intesti-
nal tissue sections isolated from hFcRnT932-[FNLR~/~ animals orally infected with 10°
PFU of E5 at 3 dpi. We found that echovirus VRNA localized exclusively to Alpi-positive
cells (Fig. 5B) and was not observed in any Muc2-positive goblet cells (Fig. 5C) or Chga-
positive enteroendocrine cells (Fig. 5D), as assessed by image analysis and quantifica-
tion of confocal microscopy-generated tile scans of ~4 mm?2 of intestinal tissue
(Fig. 5E; Fig. S5). These data show that enterocytes are the main targets of echoviruses
following oral inoculation of hFcRnT932-]FNLR~/~ mice.

DISCUSSION

The events associated with enterovirus infections of the Gl tract in vivo are largely
unknown. Here, we defined the role of hFcRn and type-specific IFN signaling in media-
ting echovirus infections of the intestinal epithelium and dissemination to secondary
tissue sites. We show that hFcRn is necessary and sufficient for echovirus infection of
the intestinal epithelium in enteroids derived from humanized FcRn mice. However, in
vivo, the expression of hFcRn alone is not sufficient for echovirus infection by the
enteral route. Using humanized FcRn mouse models deficient in either type | or Ill IFN
signaling, we defined the differential roles of these IFNs in echovirus replication in and
dissemination from the Gl tract. These studies showed that type | IFNs limit the dissem-
ination of echoviruses from the Gl tract, and ablation of this signaling robustly
increases viral replication at secondary sites such as the liver. In contrast, type Ill IFNs
suppress replication in the intestinal epithelium, and deletion of the receptor for these
IFNs prolongs intestinal echovirus replication and increases viral persistence. We fur-
ther show that echoviruses preferentially infect enterocytes within the small intestine
in vivo, which is enhanced in the absence of type Il IFN signaling. Collectively, our
work presented here provides key insights into the roles of FcRn and IFN signaling in
echovirus pathogenesis in the Gl tract.

Little is known regarding the mechanisms used by echoviruses to enter the intesti-
nal epithelium. Our data support a model whereby hFcRn is necessary and sufficient
for intestinal replication in vitro. While some echoviruses utilize decay-accelerating fac-
tor (DAF/CD55) as an attachment factor in vitro (25), E5 does not bind DAF (21).
Moreover, DAF-binding echoviruses do not bind the murine homolog of DAF (25).
While a previous study predicted that echovirus binding to DAF might trigger viral
internalization and particle delivery to endosomes, at which time FcRn-mediated
uncoating would occur (22), the data presented here do not support such a model and
suggest that DAF plays no role in echovirus infections of the intestinal epithelium in
vitro or in vivo. Instead, our data suggest that FcRn is necessary and sufficient for echo-
virus infection of the intestinal epithelium and occurs independently of DAF binding.
This is consistent with in vivo data from humanized mouse models of DAF that showed
that the expression of DAF does not impact intestinal replication of DAF-binding var-
iants of CVB (29).

FcRn is unique in its ability to mediate the transcytosis of IgG and albumin across
the intestinal epithelium. Interestingly, this transport functions in a bidirectional man-
ner in cultured intestinal cell lines, suggesting that FcRn can sample contents from the
apical or basolateral domain and mediate the transcytosis of cargo to the opposing do-
main (30). This function of FcRn could have important implications during echovirus
infections: FcRn could (i) mediate the internalization of viral particles into intracellular
compartments that facilitate uncoating and subsequent replication and/or (ii) mediate
the direct transcytosis of viral particles across the intestinal epithelium from the lumen
into underlying tissue. Given that FcRn mediates bidirectional transport across the epi-
thelium, this raises the possibility that echoviruses could be transported from either
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the apical or basolateral domain to cross the intestinal barrier. We were unable to visu-
alize active replication in the intestinal epithelium of hFcRn™932-[FNAR~/~ animals de-
spite robust viral dissemination to secondary sites of infection. In contrast, we detected
VRNA in ~6% of enterocytes in ileum tissues of hFcRnT932-[FNLR~/~ animals, in which
there was no dissemination observed. These data suggest that in addition to facilitat-
ing viral entry and replication in enterocytes, it is possible that in some cases, FcRn
might facilitate the transcytosis of echovirus particles across the epithelium and that
ablation of type I IFN signaling promotes the dissemination of these particles to sec-
ondary sites of infection.

Type Il IFNs are important in the antiviral defenses of many barrier tissues, includ-
ing the Gl tract (31, 32). For example, IFN-As control rotavirus infection in the intestinal
epithelium in adult and neonatal mice (19). This study showed that whereas mice lack-
ing IFNLR were more susceptible to rotavirus replication and virus-induced cytotoxicity,
IFNAR™/~ mice were comparable to immunocompetent WT mice. These data are dis-
tinct from those of our work presented here, which shows that type I IFNs are key host
mediators that prevent echovirus dissemination following oral infection. Type IIl IFNs
have also been implicated in restricting murine norovirus replication in the Gl tract in
vivo (18). Similar to our findings with echoviruses, IFN-As restrict persistent norovirus
infection, whereas type | IFNs restrict dissemination (18). Our data suggest that at acute
times postinfection, echovirus infection is persistent within the Gl epithelium. However, it
is possible, and perhaps likely, that following longer periods of time, echovirus can be
cleared from the epithelium.

Previous studies with PV and EV71 suggest that type | IFNs control the viral replication
of these enteroviruses by the enteral route in vivo (12, 13), whereas CVB infection results
in only a modest increase in titers in animals deficient in IFNAR (29). While the mechanis-
tic basis for these differences is unknown, it is possible that the cell type-specific nature
of enterovirus replication in the intestine may influence their dependence on IFN signal-
ing. For example, in human enteroids, EV71 preferentially infects goblet cells, whereas
echoviruses are enriched in enterocytes (9, 10). In cell lines, previous work suggested that
PV transcytoses across M cells, suggesting that it does not replicate in the epithelium (33).
Future studies on the cell type-specific nature of IFN signaling in distinct lineages of intes-
tinal cells and the impact of these differences on enterovirus replication will be essential
to determine if the distinct cellular tropism of enteroviruses in the Gl tract influences IFN-
mediated signaling.

Interestingly, our in vitro data using murine-derived enteroids suggest that while
human FcRn expression is sufficient for infection of echoviruses, disruption of type | or
III'IFN signaling does not contribute to infection in the epithelium. However, we found
that this is not the case in vivo, in which immunocompetent mice expressing human
FcRn were almost completely resistant to infection by the enteral route. In contrast,
hFcRn-expressing animals lacking type | and IIl IFN signaling exhibited viral replication
in distinct tissues. Given the significant differences between in vitro and in vivo models
of the Gl tract, these differences may not be surprising. For example, enteroids do not
recapitulate the diverse immune cell repertoire present in the Gl tract, which can
impart regional differences in immune defenses (reviewed in reference 34). The pres-
ence of immune cells undoubtedly impacts infection by the enteral route and likely
imparts protection. Perhaps most notably, enteroids do not recapitulate the microbial
landscape of the Gl tract, which is known to impact various aspects of enteric virus rep-

FIG 5 Legend (Continued)

blue. A no-probe-containing control is shown on the left. In all panels, the white box is shown zoomed in (magnification, approximately x6) at
the right using the probes indicated in red. Red arrows in the Alpi section denote goblet cells based on morphology that were not positive for
Alpi, as expected. (B to D) Seven-day-old hFcRn"*2-IFNLR™/~ neonatal mice were orally inoculated with 10° PFU of E5; at 3 dpi, animals were
sacrificed; and the entire small intestine was removed and Swiss rolled for subsequent histological sectioning. Shown are representative images of
ileum tissue using probes for E5 (green in all panels) and either Alpi (B), Muc2 (C), or Chga (D) (red in all panels). DAPI-stained nuclei are shown in
blue. In all panels, white boxes denote zoomed-in areas shown on the right, which include black-and-white images, as indicated. Bars, 50 wm. (E)
Quantification of confocal images was performed using FlJI and expressed as the total percentage of VRNA-positive cells that colocalized with Alpi
(in red), Muc2 (in blue), or Chga (in green). Note that there was no colocalization between vVRNA and either Muc2 or Chga.

May/June 2022 Volume 13 Issue 3

10.1128/mbio.00443-22

mBio

11


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00443-22

Enterovirus Infection of the Intestine In Vivo

lication. Previous studies using PV and CVB have shown that the administration of anti-
biotics prior to oral inoculation reduces viral replication and lethality, suggesting that
the microbiota facilitates infection by at least some enteroviruses (15, 35). In fact, spe-
cific bacteria within the microbiota can stabilize PV particles by binding to the capsid
proteins, which promotes infection within the intestine (36). Other studies have shown
that the microbiota stimulates pockets of type Ill IFN induction within the epithelium of
the Gl tract, resulting in the upregulation of ISGs that can protect against enteric virus
infection (37). Collectively, this work further supports that enterovirus infection of the Gl
tract involves a complex interplay among the virus, microbiota, and Gl-derived cells.

Our findings presented here define fundamental aspects of echovirus biology that
enhance our understanding of how infection, tissue targeting, and disease occur in
vivo. We show that FcRn is necessary but not sufficient for echovirus infections of the
Gl tract in vivo and that type | and Il IFNs differentially control echovirus persistence
and dissemination. Collectively, these studies provide new insights into echovirus biol-
ogy and the development of in vivo models that recapitulate distinct aspects of echovi-
rus disease, which could potentially accelerate the development of therapies.

MATERIALS AND METHODS

Cell lines and viruses. Hela cells (clone 7B) were provided by Jeffrey Bergelson, Children’s Hospital
of Philadelphia, Philadelphia, PA, and cultured in minimal essential medium (MEM) supplemented with
5% fetal bovine serum (FBS), nonessential amino acids (NEAA), and penicillin/streptomycin (pen/strep).
Experiments were performed with echovirus 5 (E5) (Noyce strain), which was obtained from the ATCC. Virus
was propagated in Hela cells and purified by ultracentrifugation over a 30% sucrose cushion, as described
previously (38). Enteroid experiments were performed with light-sensitive neutral red (NR)-incorporated vi-
ral particles. E5 was propagated in the presence of NR (10 wg/mL) under semidark conditions and subse-
quently purified under semidark conditions by ultracentrifugation over a sucrose cushion (39). All viral
stocks used in the study were sequenced for viral purity following propagation (41). To do this, RNA extrac-
tion was performed on 10 uL of the purified virus stock (catalog no. 529904; Qiagen). RNA was reverse tran-
scribed using a SuperScript Il reverse transcription kit (catalog no. 18080093; Invitrogen), according to the
manufacturer’s instructions, using a panenterovirus primer (vir21) (see Table S1 in the supplemental mate-
rial), followed by RNase H treatment for 20 min at 37°C. PCR was performed with 5 uL of the cDNA reaction
mixture using Bio-Rad iTaq DNA polymerase (catalog no. 1708870). Briefly, each 50-uL reaction mixture
consisted of a final concentration of the following components: 1x iTaq buffer; 1.5 mM MgCl,; 200 M
deoxynucleoside triphosphate (dNTP); 1.25 U iTaq DNA polymerase; 500 nM forward and reverse primers
for a number of enteroviruses, including E5, E11, and CVB, or panenterovirus primers (Table S1); 5 uL of
cDNA; and water to a final volume of 50 uL. The PCR program was as follows: 95°C for 3 min; 40 cycles of
95°C for 30 s, a 42°C ramp at 0.4°C/s for 45 s, and 72°C 45 s; 72°C for 5 min; and a 4°C hold. Samples were
run on a 1% agarose gel, and the resulting bands were gel extracted using the Thermo GeneJET gel extrac-
tion kit (catalog no. K0692). PCR products were confirmed by Sanger sequencing (Genewiz) using the indi-
cated VP1-specific primers mentioned above.

Animals. All animal experiments were approved by the Duke University Animal Care and Use
Committees. C57BL/6J (WT) (catalog no. 000664), B6.Cg-Fcgr™'P“Tg(FCGRT)32Dcr/Dcr) (hFcRn'™?) (catalog
no. 014565), and B6.(Cg)-Ifnar1™"%es/J (IFNAR™/") (catalog no. 028288) mice were purchased from The
Jackson Laboratory. hFcRn™32-IFNAR™/~ mice were generated as described previously (23). B6.Ifnlr~/=/J
(IFNLR™7) mice were provided by Megan Baldridge (Washington University School of Medicine).
hFcRn™2-IFNLR™/~ mice were generated by crossing B6.Cg-Fcgr™'°“Tg(FCGRT)32Dcr/DcrJ (hFcRn™9%2)
(catalog no. 014565) mice with B6.Ifnlr~’~/) mice. Breeders were established that were deficient in
mouse FcRn and IFNLR and were homozygous for the hFcRn transgene. Genotypes of all animals used
in this study were confirmed by Transnetyx, and genotyping assays are available upon request.

Enteroid isolation and passaging. Murine intestinal crypts were isolated using a protocol adapted
from the protocol of Stem Cell Technologies. Briefly, intestines were isolated from five 10-day-old pups,
and connective tissue was removed. Intestines were cut longitudinally and washed extensively in phos-
phate-buffered saline (PBS). Intestines were cut into 5-mm segments and washed again using a 10-mL
serological pipette until PBS was clear. Washed intestinal pieces were incubated in a gentle cell dissocia-
tion reagent (catalog no. 07174; Stem Cell Technologies) for 15 min at room temperature. Crypts were
released using 0.1% bovine serum albumin (BSA) and vigorous pipetting with a 10-mL serological pip-
ette. Crypts were filtered using a 70-um cell strainer, and the resulting flowthrough was centrifuged at
290 x g for 5 min. Pellets were resuspended in Matrigel (catalog no. 356231; Corning), and 40 uL of
crypt-containing Matrigel “domes” was plated into each well of a 24-well plate (catalog no. 3526;
Corning), placed in a 37°C incubator to prepolymerize for ~3 min, turned upside down to ensure an
equal distribution of the isolated cells in domes for another 10 min, and then carefully overlaid with
500 wl IntestiCult organoid growth medium (catalog no. 06005; Stem Cell Technologies) supplemented
with 1% penicillin/streptomycin, 50 ng/mL gentamicin, and 0.2% amphotericin B, containing Y-27632
(Rock inhibitor; Sigma). Medium was changed every 48 h, and Y-27632 was removed after the first me-
dium change.
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Confluent enteroids were passaged by manual disruption of Matrigel domes with a P1000 pipette
tip in PBS and centrifuged at 400 x g for 5 min. The enteroid-containing pellets were resuspended in
TrypLE (catalog no. 12605010; Invitrogen) and incubated in a water bath at 37°C for 8 min. Enzyme activ-
ity was quenched with Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS, and the mix-
ture was centrifuged at 400 x g for 5 min. Pellets were resuspended in Matrigel and 40 L of Matrigel
domes in each well of a 24-well plate. Domes were allowed to solidify at 37°C for 10 min and then cov-
ered with IntestiCult organoid growth medium, as described above. For infections, passaged enteroids
were plated into 24-well plates precoated with 15 uL of Matrigel using a P1000 tip and allowed to solid-
ify for 30 min. Enteroids were grown in IntestiCult organoid growth medium and allowed to differentiate
for 5 days prior to infections.

Enteroid infections. Enteroids plated on Matrigel coating as described above were allowed to differ-
entiate for 5 days, with IntestiCult organoid growth medium being replaced every 48 h. For infections, wells
were infected with 10° PFU of NR-incorporated virus, generated as described above. Virus was preadsorbed
for 1 h at 16°C, enteroids were washed three times with PBS, and medium was replaced. Infections were ini-
tiated by shifting enteroids to 37°C. At 6 hpi, enteroids were exposed to light on a light box for 20 min to
render intact viral particles noninfectious, and infections were performed for the times indicated. Plaque
assays were performed in Hela cells overlaid with a 1:1 mixture of 1% agarose and 2x MEM (4% FBS, 2%
pen/strep, 2% NEAA). Plaques were enumerated at 40 hpi by crystal violet staining.

RNA extraction and RNA sequencing. Total RNA was prepared using the Sigma GenElute total
mammalian RNA miniprep kit with an optional DNase step, according to the protocol of the manufac-
turer. RNA quality was assessed by a Nanodrop instrument and an Agilent RNA Screen Tape system, and
1 ng was used for library preparation using RNA with a poly(A) selection kit (Illumina), according to the
manufacturer’s instructions. Sequencing was performed on an lllumina HiSeq platform. RNASeq FASTQ
data were processed and mapped to the mouse reference genome (GRCm38) using CLC Genomics
Workbench 20 (Qiagen). Differential gene expression was determined using the DESeq2 package in R
(40). Heatmaps and volcano plots were made in GraphPad Prism 9. Raw sequencing data were deposited
under BioProject PRINA838604.

Suckling pup infections. Seven-day-old mice were inoculated by the oral route with 10° PFU of E5.
Oral gavage inoculation was performed using a 1-mL disposable syringe and a 24-gauge round-tipped
needle in 50 wlL of 1x PBS. Mice were euthanized at either 3 or 7 days postinoculation, and organs were
harvested into 0.5 mL of DMEM and stored at —80°C. Tissue samples for viral titration were thawed and
homogenized with a TissueLyser LT instrument (Qiagen) for 5 min, followed by brief centrifugation for 5
min at 8,000 x g. Viral titers in organ homogenates were determined by a 50% tissue culture infective
dose (TCID,,) assay in HeLa cells and enumerated following crystal violet staining.

HCR and imaging. HCR was performed according to the Molecular Instruments HCR v3.0 protocol for
formalin-fixed paraffin-embedded (FFPE) human tissue sections (27, 28). Briefly, tissue sections were deparaf-
finized with xylene and rehydrated with decreasing concentrations of ethanol (100%, 95%, and 80%).
Antigen unmasking was performed with slides submerged in 10 mM citrate buffer (pH 6.0) and heated in a
steamer for 20 min at ~90°C. Slides were cooled to room temperature. Sections were treated with 10 wg/mL
proteinase K for 10 min at 37°C and washed with RNase-free water. Samples were incubated for 10 min at
37°C in hybridization buffer. Sections were incubated overnight in a humidified chamber at 37°C with
3 pmol of initiator probes in hybridization buffer. We designed probes for albumin (23), E5 (Table S2), Muc2
(Table S3), and Chga (Table S4) in-house. Custom probes for Alpi were designed by Molecular Instruments
(lot no. PRI910). The next day, slides were washed in probe wash buffer and 5x saline-sodium citrate buffer
with 0.1% tween-20 (SSCT) four times for 15 min each, according to the manufacturer’s instructions.
Samples were incubated in a humidified chamber at 37°C for 30 min in amplification buffer. Fluorescent
hairpins were heated to 95°C for 90 s and snap-cooled at room temperature for 30 min. Hairpins and ampli-
fication buffer were added to the sample, and the mixture was incubated overnight at room temperature.
Hairpins were washed off with 5x SSCT for 5 min, 15 min, 15 min, and 5 min, followed by a wash with PBS
containing 4',6-diamidino-2-phenylindole (DAPI). Slides were mounted in Vectashield with DAPI. Slides
were imaged on a Zeiss 880 with Airyscan inverted confocal microscope. Tile scans were performed at a
%20 magnification using a 6-by-6 square area, resulting in 36 total images. Each intestinal segment was tile
scanned using three different areas for quantification. Image analysis was performed using FlJI.

Periodic acid-Schiff staining. Periodic acid-Schiff (PAS) staining was performed according to the
manufacturer’s instructions (catalog no. ab150680; Abcam). Slides were mounted with Cytoseal 60 (cata-
log no. 83104; Thermo Scientific). Images were captured on an 1X83 inverted microscope (Olympus)
using a UC90 color charge-coupled-device (CCD) camera (Olympus).

Statistics. All statistical analysis was performed using GraphPad Prism version 8. Data are presented
as means = standard deviations (SD). One-way analysis of variance (ANOVA) was used to determine sta-
tistical significance, as described in the figure legends. Parametric tests were applied when data were
distributed normally based on D’Agostino-Pearson analyses; otherwise, nonparametric tests were
applied. P values of <0.05 were considered statistically significant, with specific P values noted in the fig-
ure legends.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.7 MB.
FIG S2, TIF file, 1 MB.
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FIG S3, TIF file, 0.2 MB.

FIG S4, TIF file, 1.5 MB.

FIG S5, TIF file, 1 MB.

TABLE S1, DOCX file, 0.01 MB.
TABLE S2, DOCX file, 0.01 MB.
TABLE S3, DOCX file, 0.01 MB.
TABLE S4, DOCX file, 0.01 MB.
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