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ABSTRACT The coronavirus SARS-CoV-2 caused the COVID-19 global pandemic leading
to 5.3 million deaths worldwide as of December 2021. The human intestine was found to
be a major viral target which could have a strong impact on virus spread and pathogene-
sis since it is one of the largest organs. While type I interferons (IFNs) are key cytokines
acting against systemic virus spread, in the human intestine type III IFNs play a major role
by restricting virus infection and dissemination without disturbing homeostasis. Recent
studies showed that both type I and III IFNs can inhibit SARS-CoV-2 infection, but it is not
clear whether one IFN controls SARS-CoV-2 infection of the human intestine better or
with a faster kinetics. In this study, we could show that type I and III IFNs both possess
antiviral activity against SARS-CoV-2 in human intestinal epithelial cells (hIECs); however,
type III IFN is more potent. Shorter type III IFN pretreatment times and lower concentra-
tions were required to efficiently reduce virus load compared to type I IFNs. Moreover,
type III IFNs significantly inhibited SARS-CoV-2 even 4 h postinfection and induced a
long-lasting antiviral effect in hIECs. Importantly, the sensitivity of SARS-CoV-2 to type III
IFNs was virus specific since type III IFN did not control VSV infection as efficiently.
Together, these results suggest that type III IFNs have a higher potential for IFN-based
treatment of SARS-CoV-2 intestinal infection compared to type I IFNs.

IMPORTANCE SARS-CoV-2 infection is not restricted to the respiratory tract and a large
number of COVID-19 patients experience gastrointestinal distress. Interferons are key mole-
cules produced by the cell to combat virus infection. Here, we evaluated how two types
of interferons (type I and III) can combat SARS-CoV-2 infection of human gut cells. We
found that type III interferons were crucial to control SARS-CoV-2 infection when added
both before and after infection. Importantly, type III interferons were also able to produce a
long-lasting effect, as cells were protected from SARS-CoV-2 infection up to 72 h posttreat-
ment. This study suggested an alternative treatment possibility for SARS-CoV-2 infection.

KEYWORDS SARS-CoV-2, human intestinal epithelial cells, interferon, intrinsic immune
response, type III interferon, interferon lambda

Since the end of 2019 we have witnessed a global pandemic due to the emergence
of the severe-acute-respiratory-syndrome-related coronavirus-2 (SARS-CoV-2) (1).

Coronaviruses are enveloped, single-stranded positive-sense RNA viruses that can infect
most animal species and generally cause common colds in humans (2). However, in the
past 19 years coronaviruses have been involved in zoonotic events giving rise to highly patho-
genic human viruses (e.g., MERS and SARS-CoV-1). The latest, SARS-CoV-2, is responsible for
the coronavirus-associated acute respiratory disease or coronavirus disease 19 (COVID-19) and,
as of December 2021, has caused more than 274 million infections and 5.3 million deaths
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worldwide (World Health Organization, 2021). The virus and its associated disease have caused
a worldwide medical and economic impact and united efforts are necessary to find adequate
antiviral treatments.

The spread of the virus among humans is thought to occur through respiratory drop-
lets. In this way, SARS-CoV-2 primarily targets cells of the airway epithelium, causing re-
spiratory symptoms ranging from cough and shortness of breath to severe lung injury (3, 4).
Interestingly, a significant number of patients with COVID-19 report gastrointestinal symp-
toms, including diarrhea, nausea, or vomiting, that can either precede or follow respiratory
symptoms (3, 5–7). Moreover, multiple reports detected viral RNA in feces, and stool speci-
mens of infected patients remained positive even after a negative oropharyngeal swab test
(8–13). Direct evidence for viral infection of gut tissue was also shown through evaluation of
endoscopic samples (7, 10, 14). Importantly, in recent months the understanding of intesti-
nal SARS-CoV-2 infection and pathogenesis was improved with in vitro studies. Several stud-
ies demonstrated that immortalized human intestinal cells and primary human minigut
organoids supported SARS-CoV-2 infection (15–18). Altogether, the medical reports and sci-
entific data clearly show that SARS-CoV-2 is not restricted to the respiratory tract but can
infect the human intestinal epithelium. However, the extent to which the enteric phase is
important for viremia, pathogenesis, and transmission remains unknown.

Most cells in the body respond to viral infection by generating both a proinflammatory
and an interferon (IFN) response. Secreted IFNs bind to IFN receptors inducing a signaling cas-
cade, leading to the transcription of hundreds of interferon-stimulated genes (ISGs), which in
turn create an antiviral state (19). Almost all cells in the body produce and respond to type I
IFN to mount their antiviral response. Interestingly, the response of both lung and intestinal
epithelial cells to viral infection also strongly depends on an additional interferon, the type III
IFN. This tropism for the type III IFN action is due to the fact that the type III IFN receptor is
mainly expressed on epithelial cells, placing it as a unique antiviral strategy for epithelium and
mucosal surfaces. Several studies have demonstrated that during enteric virus infection, the
type I IFNs are essential to protect against systemic spread, while the type III IFNs maintain epi-
thelial balance protecting intestinal epithelial cells while limiting an exacerbated immune
response (20–26), and this observation also stands true for lung respiratory epithelium (27, 28).
Importantly, while human intestinal epithelial cells can respond to both type I and III IFNs to
control virus replication and spread when exogenously provided (16, 29, 30), evidence sug-
gests that the endogenous type III IFN are key to protect against virus infection (31). The func-
tion of type I and III IFNs in the respiratory tract appears to be dependent on the location of
the infection. Within the upper respiratory tract, type III IFNs are key to control influenza
viruses (27), while in the lower airway epithelium, both type I and type III IFNs have redundant
functions in controlling viral infection (32).

Infection of human lung epithelial cells by SARS-CoV-2 was reported to induce a typical
IFN response shown by the upregulation of the IFN themselves as well as the induction of
ISGs (33, 34). Interestingly, other reports described a limited to absent IFN response upon
SARS-CoV-2 infection of lung epithelial cells (35–38), which could be the result of the mecha-
nisms developed by SARS-CoV-2 to interfere with both the production of IFN and its down-
stream signaling (17, 39). The impact of SARS-CoV-2 on human intestinal epithelial cells is
much less characterized compared to the lung epithelial cells; however, there is clear evi-
dence showing that a typical type I and type III IFN intrinsic innate immune response is gen-
erated upon infection (15, 31, 36).

Treatment of both lung and intestinal epithelial cells with type I IFN was reported to par-
tially protect against SARS-CoV-2 infection (34, 37, 38, 40–42). Similarly, pretreatment of epithe-
lial cells with type III IFN was also reported to interfere with SARS-CoV-2 infection/replication
(31, 38, 40, 43). Interestingly, SARS-CoV-2 infection of human intestinal organoids, revealed
that upon infection, primary human intestinal epithelial cells favor the production and secre-
tion of type III IFN (31). In addition, deletion of either the type I IFN receptor or the type III IFN
receptor from human intestinal epithelial cells revealed that the type III IFNs rather than type I
IFNs had a predominant role in controlling SARS-CoV-2 infection (31). The molecular origins
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for this more important function of type III IFN in protecting against SARS-CoV-2 in human in-
testinal epithelial cells remains unclear.

While it is now clear that the human intestinal epithelium mounts an IFN-dependent
response upon SARS-CoV-2 infection, there are very few data about the kinetics of IFN-medi-
ated protection. In this study, we investigate in detail how type I and III IFNs establish their
antiviral program against SARS-CoV-2 infection in human intestinal epithelial cells. Our
results showed that endogenous type I IFNs play a minor role in inhibiting SARS-CoV-2 infec-
tion; however, over time, endogenous type III IFNs play an essential role in controlling virus
spread. While both type I and III IFNs induced an antiviral activity against SARS-CoV-2 at
high concentrations, low concentrations and shorter pretreatment of type III IFNs were suffi-
cient to inhibit virus infection. The sensitivity of SARS-CoV-2 to type III IFNs is virus specific,
since pretreatment of human intestinal epithelial cells with the same IFN concentrations and
for the same amount of time did not have the same deleterious effect on VSV infection as
on SARS-CoV-2 infection. Importantly, type III IFN were able to have a long-lasting effect, elic-
iting an antiviral state even 72h posttreatment, indicating that using type III IFNs as antiviral
measures could have strong potential to clear infection and de novo virus shedding from
the human intestine.

RESULTS
Endogenous type III IFNs control SARS-CoV-2 replication and spread in human

intestinal epithelial cells. As growing evidence supports that the gastrointestinal tract
can be infected by SARS-CoV-2, studying the antiviral immune response of human intestinal
epithelial cells (hIECs) is essential to understand COVID-19 pathogenesis. Previous data dem-
onstrated that SARS-CoV-2 infection induces an IFN-dependent immune response in hIECs
(15, 31, 44). To recapitulate these findings, we infected human colon carcinoma T84 cells
with SARS-CoV-2 at an MOI of 0.04 (as determined in Vero cells) and measured the activation
of the IFN-mediated intrinsic innate immune response (Fig. 1). We found that SARS-CoV-2
induced both type I (IFN-b1) and type III (IFN-l2/3) IFN transcription (Fig. 1A), and the
secreted IFNs were readily detectable in the supernatant of infected cells (Fig. 1B). Moreover,
at 24 h postinfection (hpi), an increase of STAT1 phosphorylation was observed, confirming
the activation of the JAK-STAT signaling pathway (Fig. 1C). These data confirm that SARS-
CoV-2 infection induces an IFN-dependent immune response in hIECs.

We previously reported that type III IFNs are critical to control SARS-CoV-2 infection in
hIECs (31). This was further supported by the observation that knocking out the type III IFN
receptor leads to a greater increase of SARS-CoV-2 infection, replication, and de novo virus
production compared to the knockout of the type I IFN receptor (31). These previous find-
ings were performed at a single time point after IFN treatment and only gave a static view
of type III IFNs role in controlling SARS-CoV-2 infection. To address how type I and type III
IFNs play a role in confining virus replication and spread over time in hIECs, we infected T84
wild-type cells or T84 cells depleted of the type I IFN receptor (IFNAR2/2), the type III IFN re-
ceptor (IFNLR2/2), or both IFN receptors (double knockout [dKO]) with SARS-CoV-2 at an
MOI of 0.04 (as determined in Vero cells). At different times postinfection, the cells were
fixed and immunostained with an antibody targeting the viral nucleocapsid protein (Fig.
2A). Results show that at early time postinfection (i.e., 4 and 8 hpi), cells depleted of the type
I IFN receptor (IFNAR2/2) and cells depleted of both IFN receptors (dKO) were slightly more
infected compared to wild-type (WT) T84 cells and cells depleted of the type III IFN receptor
(Fig. 2B). In contrast, at later times postinfection (i.e., 12 and 24 hpi), cells depleted of the
type III IFN receptor were found to be more infectible compared to cells depleted of the
type I IFN receptor (Fig. 2B). These findings confirm that both the type I and type III IFN sys-
tems are important to control SARS-CoV-2 infection in hIECs and suggest that both IFNs con-
fer antiviral properties to hIECs with different kinetics.

To address whether virus replication was also increased in cells depleted of IFN
receptors, T84 WT and IFN receptor knockout cells were infected with SARS-CoV-2, and
virus replication was monitored over time by quantitative reverse transcription-PCR (qRT-PCR).
In agreement with our previous findings (31), the results show that cells depleted of both IFN
receptors supported a greater SARS-CoV-2 replication (Fig. 2C). Importantly, and similar to the
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number of infected cells (Fig. 2B), IFNLR2/2 cells showed higher levels of viral copy number
compared to WT T84 and IFNAR2/2 cells at late times postinfection (Fig. 2C). Interestingly,
at a late time postinfection (i.e., 24 hpi), IFNAR2/2 cells show a similar level of SARS-CoV-2 repli-
cation compared to WT cells (Fig. 2C).

Finally, to test to which extent the absence of IFN signaling affects de novo virus produc-
tion, T84 WT and IFN receptor knockout cells were infected with SARS-CoV-2. The superna-
tants of infected cells were harvested at 8, 12, and 24 hpi, and titers were determined on naive
Vero cells to obtain the viral 50% tissue culture infective dose(s) (TCID50)/mL present in the T84
cell supernatant. De novo virus production and release was greatly affected by intrinsic IFN sig-
naling (Fig. 2D). Similar to our previous results on the number of infected cells and viral
replication levels (Fig. 2B and C), dKO and IFNLR2/2 cells showed a greater amount of de
novo viral particles in the supernatant than WT T84 and IFNAR2/2 cells (Fig. 2D). Altogether,
our results confirm that the absence of IFN signaling favors SARS-CoV-2 infection, replication,

FIG 1 SARS-CoV-2 induces an IFN-dependent signaling cascade. (A to C) WT T84 cells were mock
treated or infected with SARS-CoV-2 using an MOI of 0.04 (as determined in Vero cells). Cells were
harvested at different time points postinfection, and the expression of IFNs and the activation of IFN-
dependent signaling were determined. (A) At 24 hpi, the cell RNA was harvested to assess the IFN-b1
and IFN-l2/3 relative expression using qRT-PCR. (B) At 24 hpi, the supernatants of infected cells were
harvested, the infectious virus in the supernatant was inactivated, and the secretion of type I and III
IFNs was assessed by the HEK-Blue assay. (C) At 8 and 24 hpi, the cells were lysed, and the activation
of the JAK-STAT pathway was determined by STAT phosphorylation by Western blotting. FOr panles
A and B, the error bars indicate the standard deviations (n = 3 biological replicates). ***, P , 0.001;
****, P , 0.0001 (as determined by a two-tailed unpaired t test with Welch’s correlation).
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de novo particle production, and spread and that the type III IFN pathways appear to play a
more fundamental protective function against SARS-CoV-2.

IFNs inhibit SARS-CoV-2 infection in a concentration-dependent manner. Our
data show that endogenous type III IFN-mediated signaling is critical to control SARS-CoV-2
infection in hIECs, while endogenous type I IFNs may play a less important protective role.

FIG 2 Kinetics of SARS-CoV-2 infection in human intestinal epithelial cells. (A to D) Wild-type T84 cells and T84 cells depleted of type I IFN receptor
(IFNAR2/2), type III IFN receptor (IFNLR2/2), or both IFN receptors (dKO) were infected with SARS-CoV-2 at an MOI of 0.04 (as determined in Vero cells). At
0, 4, 8, 12, and 24 hpi, the cells were harvested to assess virus infection, replication, and de novo particle release. (A) Indirect immunofluorescence was
performed against the viral nucleocapsid protein (green). Nuclei were stained with DAPI (blue). Representative images are shown. Scale bar, 100 mm. (B)
Same as panel A except that the percentage of SARS-CoV-2-positive cells was quantified. (C) RNA was harvested, and qRT-PCR was used to evaluate the
copy number of the SARS-CoV-2 genome. The data are normalized to input. (D) WT T84 supernatants for 0, 8, 12, and 24 hpi were harvested and titrated on Vero
cells. After 24 h, Vero cells were fixed, and the TCID50/mL of newly produced particles was determined by in-cell Western analyses using an antibody against the
viral nucleocapsid. For panels B to D, error bars indicate the standard deviations (n = 3 biological replicates). n.s., not significant; *, P , 0.05; **, P , 0.01; ***,
P , 0.001; ****, P , 0.0001 (as determined by an ordinary one-way ANOVA with Dunnett’s multiple-comparison test using WT T84 cells as reference). The color of
the significance stars represents the cell line that is being compared to WT T84 (green for dKO, red for IFNLR2/2, and blue for IFNAR2/2).
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However, we and others have previously reported that both type I and type III IFNs mediate
an antiviral protection and that both IFNs are able to restrict SARS-CoV-2 virus replication
(29, 31, 40). In order to bypass the possibility that the differences at early times postinfection
between the type I and III IFN receptor KO cell lines are due to type I IFNs being secreted
faster than type III IFNs, we decided to synchronize the IFN-mediated response through ex-
ogenous treatment. Previous work from our group has shown that T84 cells are able to
mount an IFN-dependent response upon treatment with either type I or type III IFNs (29). To
confirm this, WT T84 cells were either mock treated or treated with different concentrations
of type I (IFN-b1) and type III (l1/2/3) IFNs. At 24 h posttreatment, RNA was harvested, and
the ISG expression levels were measured. Both type I and III IFNs lead to a significant
increase of IFIT1 expression compared to mock-treated samples (Fig. 3A) while Viperin
expression was increased only with type III IFNs (Fig. 3A) at 24 h posttreatment. It is possible
that type I IFNs induce a faster but short-lasting ISG activation, and thus at 24 h posttreat-
ment the transcript levels are decaying. These differences between IFIT1 and Viperin were
consistent with our previous work that show that type I and type III IFN induce similar ISGs
but with different kinetics.

To directly test the efficiency of IFNs in controlling SARS-CoV-2 infection and to address
whether type I and III IFNs have a different kinetics and efficiency of antiviral activity, WT T84
cells were either mock treated or pretreated with increasing concentrations of type I (IFN-b1)
or type III (IFN-l1/2/3) IFNs for 12 or 24 h prior to infection with SARS-CoV-2 at an MOI of 0.04
(as determined in Vero cells) (Fig. 4A). SARS-CoV-2 infection of cells pretreated with either type
I or type III IFNs resulted in an increased induction of ISG expression (Fig. 3B) compared to IFN-
treatment alone without infection (Fig. 3A), likely as a result of the cooperative effect of the
IFN used to prestimulate the cells and the IFN produced by cells upon infection.

FIG 3 ISG expression of IFN-treated and SARS-CoV-2-infected WT T84 cells. (A and B) WT T84 cells were mock treated or pretreated with representative
concentrations of type I (IFN-b1) and type III (IFN-l1/2/3) IFNs for 24 h. The cells were either left uninfected (A) or were infected with SARS-CoV-2 using an
MOI of 0.04 (B), and IFNs were maintained in the medium. At 24 hpi, RNA was harvested to assess the relative expression of IFN-stimulated genes (ISGs)
IFIT1 and Viperin by qRT-PCR. Error bars indicate the standard deviations (n = 3 biological replicates). n.s., not significant; *, P , 0.05; **, P , 0.01; ***,
P , 0.001; ****, P , 0.0001 (as determined by ordinary one-way ANOVA with Dunnett’s multiple-comparison test using mock-treated [A] or nontreated
infected [B] cells as a reference).
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FIG 4 Exogenously added type I and III IFNs inhibit SARS-CoV-2 infection of hIECs in a concentration-dependent manner. (A to E) WT T84 cells were
mock treated or pretreated with increasing concentration of type I (IFN-b1) and type III (IFN-l1/2/3) IFNs for 12 or 24 h prior to infection. Cells were

(Continued on next page)
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At 24 hpi, the cells were analyzed for virus infection by immunofluorescence for the
SARS-CoV-2 nucleoprotein, by qRT-PCR against the virus genome, and for the release of de
novo infectious particles into the supernatant (Fig. 4A). Immunofluorescence staining revealed
that both type I and type III IFNs could reduce SARS-CoV-2 infection in a dose-dependent
manner (Fig. 4B and C), and quantification of the number of infected cells revealed that both
IFNs significantly impaired SARS-CoV-2 infection in a dose- and time-dependent manner (Fig.
4C). Intriguingly, we noticed that for cells treated with low concentrations of type I IFNs for
12 h, we had a greater inhibition of SARS-CoV-2 infection compared to a larger amount of IFN.
While the molecular reason for this inverted dose-dependent response (at low concentrations)
is not known, one possibility is that at low IFN concentrations, an antiviral state can be induced
while activation of the negative regulatory feedback loop of type I IFNs is poorly activated,
resulting in a greater antiviral state compared to higher concentrations. Interestingly, high
doses of type I IFN were necessary to reduce SARS-CoV-2 infection to 10% of the cells (.2,000
U/mL) (Fig. 4B and C). In contrast, type III IFNs were able to restrict virus infection even at the
lowest concentration (0.003 ng/mL) to below 5% infected cells (Fig. 4C). Concomitantly, when
addressing the release of infectious particles into the supernatants of 24-h-IFN-pretreated and
SARS-CoV-2-infected T84 cells (Fig. 2A), we observed that IFN treatment significantly reduced
the amount of newly produced virus confirming a correlation between IFN-dependent signal-
ing activation and the inhibition of de novo virus production (Fig. 4D).

Similar to the observed reduction in the number of SARS-CoV-2-infected cells and
release of infectious particles upon IFN treatment (Fig. 4C and D), both type I and type III IFNs
lead to a dose-and time-dependent decrease in viral replication, as monitored by evaluating
the relative increase of SARS-CoV-2 N protein genome copy number over 24 h of infection
(Fig. 4E). Likewise, quantitative measurement of ORF1a (Fig. 5A) and of the subgenomic virus
RNA (Fig. 5B) through qRT-PCR also showed a concentration-dependent decrease in transcript
copy number. Altogether, these results show that exogenous addition of IFNs prior to SARS-
CoV-2 infection interferes with virus infection, replication, and the production of de novo infec-
tious virus particles.

Taking into account that the units of measurement for type I and III IFNs are not compara-
ble since IFN-b1 is expressed as antiviral activity (U/mL), while IFN-l1/2/3 is expressed as
weight (ng/mL), we were further interested to determine whether these low type III IFN con-
centrations were acting with the same efficiency on other viruses. Vesicular stomatitis virus
(VSV) is often used as a gold standard in virology to study the effect of IFN on viral infection
(reviewed in reference 45); therefore, we performed the same pretreatment experiment using
different IFN concentrations as for SARS-CoV-2 (Fig. 4A) but with VSV expressing luciferase
(VSV-Luc). T84 WT cells were pretreated with either IFN, as before, for 12 or 24 h and then
infected with VSV-Luc. At 8 hpi, a luciferase assay was performed to determine virus infection
levels (Fig. 6A). Interestingly, 0.003 and 0.03 ng/mL of type III IFN were not enough to signifi-
cantly inhibit VSV-Luc infection (Fig. 6C), whereas low concentrations of type III IFNs were effi-
cient against SARS-CoV-2 even with only 12 h of pretreatment (Fig. 4C and E). In contrast, type
I IFN appears to have a slightly better antiviral activity on VSV compared to SARS-CoV-2 (Fig.
6B and Fig. 4C). Comparing the antiviral activities of type I and type III IFNs on VSV and SARS-
CoV-2 highlights the potential sensitivity of SARS-CoV-2 to type III IFNs.

Interestingly, when comparing the effects on type I and III IFN pretreatments on both
the number of SARS-CoV-2-infected cells and genome replication, we could observe that

FIG 4 Legend (Continued)
infected with SARS-CoV-2 using an MOI of 0.04 (as determined in Vero cells). At 24 hpi, the cells were harvested to assay virus infection and
replication. (A) Schematic of infection conditions. (B) Cells were fixed, and indirect immunofluorescence analysis was performed against the viral
nucleocapsid (green). Nuclei were stained with DAPI (blue). Representative images are shown. Scale bars, 100 mm. (C) The percentage of SARS-CoV-
2-positive cells was quantified from the images in panel B. (D) Supernatants of 24-h-IFN-pretreated and infected WT T84 cells were harvested and
titrated on Vero cells. After 24 h, the Vero cells were fixed, and the TCID50/mL of newly produced particles was determined by in-cell Western
blotting with an antibody against the viral nucleocapsid. The data are expressed as percentages, setting non-IFN-treated cells to 100%. (E) RNA was
harvested, and qRT-PCR was used to evaluate the replication of the SARS-CoV-2 genome using primers that target nucleocapsid transcript. The data
are normalized to input and expressed as percentages, setting non-IFN-treated cells to 100%. In panels C to E, the error bars indicate the standard
deviations (n = 3 biological replicates). n.s., not significant; *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001 (as determined by an ordinary
one-way ANOVA with Dunnett’s multiple-comparison test using nontreated infected cells as a reference).
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longer IFN pretreatment and higher IFN concentrations were required to significantly reduce
the SARS-CoV-2 genome copy number compared to the concentrations and time of pretreat-
ment required to reduce the number of infected cells (Fig. 4C and E; Fig. 5). Such differences
were especially significant for lower concentrations of IFN-treated cells for both IFN-b1 and
IFN-l1/2/3. To shed light on these differences, we treated T84 WT cells with either 1 U/mL of
IFN-b1 or 0.003 ng/mL of IFN-l1/2/3 for 12 h prior to SARS-CoV-2 infection and compared
them to the nontreated virus-infected cells (Fig. 7A). Cells were harvested 24 hpi and immuno-
stained with an antibody against the SARS-CoV-2 nucleoprotein or against double-stranded
RNA (J2) to monitor nucleoprotein expression and viral genome replication, respectively (Fig.
7B). This allowed us to address whether there are discrepancies in virus genome replication
and nucleocapsid translation at the single cell level. Quantification revealed that IFN mock-
treated cells showed a similar number of nucleocapsid-positive cells and J2-positive cells (Fig.
7B and C). Upon IFN treatment, the percentage of J2-positive cells did not change; however,
the percentage of nucleocapsid-positive cells decreased (Fig. 7C). Interestingly, this decrease in
the number of nucleocapsid-positive cells was more pronounced for the IFN-l1/2/3-treated
cells (Fig. 7B and C).

Altogether, we observed that virus genome replication (assessed by both double-strand
RNA staining and transcript levels of the genomic and subgenomic RNA), as well as translation,
is affected by IFN pretreatment. Differences between type I and type III IFNs suggest that the
type III IFN is more effective in preventing SARS-CoV-2 protein translation than is type I IFN.

Pretreatment with type III IFNs mediates a faster antiviral response against SARS-
CoV-2 than pretreatment with type I IFNs. To determine whether both type I and III
IFNs require the same time to achieve a similar antiviral protection against SARS-CoV-2 in
hIECs, we performed a time-course experiment to determine the time required for each IFN
to induce an antiviral state. WT T84 cells were pretreated with either type I or type III IFN at

FIG 5 Exogenously added IFNs inhibit virus transcript levels in a concentration-dependent manner. (A and B) WT T84 cells were mock treated or pretreated with
increasing concentration of type I (IFN-b1) and type III (IFN-l1/2/3) IFNs for 12 and 24 h prior to infection. The cells were infected with SARS-CoV-2 using an MOI of
0.04. At 24 hpi, the cells were harvested to assay virus infection and replication. The RNA was harvested, and qRT-PCR was used to evaluate SARS-CoV-2 replication
using primers that target ORF1a transcripts (A) and viral subgenomic RNA (B). The data are normalized to input and expressed as percentages, setting non-IFN-treated
cells to 100%. Error bars indicate the standard deviations (n = 3 biological replicates). n.s., not significant; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001 (as determined
by ordinary one-way ANOVA with Dunnett’s multiple-comparison test using nontreated infected cells as a reference).
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different time points ranging from 24 to 3 h prior to infection with SARS-CoV-2. IFNs were
maintained throughout the time course of virus infection and viral genome load, and the
number of virus-infected cells was determined by qRT-PCR and immunofluorescence assay,
respectively (Fig. 8A). 4000 IU/mL of IFN-b1 and 3 ng/mL of IFN-l1-3 were evaluated as
they led to complete inhibition of virus replication at 24h (Fig. 4). The results show that both
type I and type III IFNs display similar kinetics of antiviral activity when using high

FIG 6 Exogenously added type I and III IFNs inhibit VSV-Luc infection of hIECs in a concentration-dependent manner. (A) Schematic of infection conditions. (B and
C) WT T84 cells were mock treated or pretreated with increasing concentrations of type I (IFN-b1) (B) and type III (IFN-l1/2/3) (C) IFNs for 12 and 24 h prior to
infection. The cells were infected with VSV-Luc using an MOI of 5 (as determined in T84 wild type). At 8 hpi, the cells were harvested to assay virus infection with a
luciferase assay. The VSV-Luc infection was quantified, and the results are expressed as percentages, setting non-IFN-treated cells to 100%. Error bars indicate the
standard deviations (n = 3 biological replicates). n.s., not significant; *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001 (as determined by ordinary one-way
ANOVA with Dunnett’s multiple-comparison test using nontreated infected cells as a reference).
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FIG 7 Type I and type III IFNs induce an antiviral state to protect against SARS-CoV-2 in hIECs by interfering with nucleocapsid
expression. (A to C) WT T84 cells were mock treated or pretreated with type I and III IFN at low concentrations (1 U/mL IFN-b1 or

(Continued on next page)
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concentrations of either IFN (Fig. 8B). Treating cells with either IFN for 3 h was sufficient to
completely deplete SARS-CoV-2 infection, as determined by nucleocapsid immunostaining
(Fig. 8B, left panels). The amount of viral genome was also greatly reduced by a 3-h pretreat-
ment with either IFN, although only by around 60% compared to non-IFN-treated cells
(Fig. 8B, right panels). Moreover, even at long IFN pretreatment times, during which no
infected cells were detected by SARS-CoV-2 nucleocapsid immunostaining, the viral genome
could still be detected (Fig. 8B).

Since the high IFN-concentrations were able to completely eliminate virus infection, we
next addressed whether a lower concentration of type I or type III IFNs would impact the
kinetics of the antiviral program against SARS-CoV-2. We chose to use a concentration of IFNs
that led to a 50% reduction in genome replication (Fig. 4E). T84 WT cells were pretreated with
500 U/mL of IFN-b1 or 0.03 ng/mL of IFN-l1/2/3 for different times prior to infection with
SARS-CoV-2 (Fig. 8A). The results show that a 24-h pretreatment with a low concentration of
type I IFN is required to significantly reduce the numbers of SARS-CoV-2-infected cells and viral
genome copies (Fig. 8C). Shorter incubation times with type I IFNs does not lead to any
decrease in the number of infected cells or the amount of virus genome copies (Fig. 8C). In
contrast, shorter treatment times with type III IFNs led to a decrease in the numbers of
infected cells and the amounts of virus genome copies (Fig. 8C). Furthermore, a 24-h pre-
treatment with 0.03 ng/mL of IFN-l1/2/3 completely depleted the number of SARS-CoV-2
cells that are positive for nucleocapsid protein and significantly reduced the number of virus
genome copies (Fig. 8C). These results strongly suggest that type III IFN requires less time to
establish an antiviral effect against SARS-CoV-2 compared to type I IFNs.

This faster kinetics of antiviral protection of type III IFNs is interesting since previous
work has shown that type III IFNs require a longer time to establish their antiviral state
(29, 46–50). To determine whether the fast type III IFN-induced antiviral effect against
SARS-CoV-2 infection is virus specific, we used both high and low IFN concentrations and con-
ducted the same time-course experiment on T84 WT cells infected with VSV-Luc (Fig. 8A).
Similar to previous work, an 8-h pretreatment with type I IFN at high concentrations was suffi-
cient to reduce VSV infection by 90%, whereas type III IFN required 24 h to achieve a 90%
reduction in infectivity (Fig. 8D). In addition, experiments performed using low IFN concen-
trations further supported that type I IFNs can control VSV infection faster than type III IFNs
(Fig. 8E). As such, a 24-h pretreatment with type III IFNs reduced VSV-Luc infection only by
30% compared to nontreated infected cells (Fig. 8E). These results confirm that low concen-
trations of type III IFN require more time to establish an antiviral state to inhibit VSV-Luc
infection compared to type I IFNs. Finally, when we compared the antiviral activities of low
concentrations for both type I and type III IFNs against SARS-CoV-2 and VSV (see Fig. 8C ver-
sus Fig. 8E), we observed that SARS-CoV-2 is more resistant to type I IFN compared to VSV
and, most importantly, more sensitive to type III IFNs compared to VSV.

Altogether, these results suggest that type I IFNs require more time to establish an
antiviral state in hIECs to control SARS-CoV-2 infection than do type III IFNs. Interestingly, the
potency and time dependency of the IFN-induced antiviral state appears to also be virus
specific, with SARS-CoV-2 being particularly sensitive to type III IFNs.

IFN pre- and posttreatment offers protection against SARS-CoV-2 spread. We
have established that type III IFNs induce a better antiviral protection against SARS-CoV-2
compared to type I IFN when cells are treated prior to infection. To address whether IFNs
can also exercise their antiviral activities after viral infection, T84 WT cells were infected with
SARS-CoV-2 at an MOI of 0.04 (as determined in Vero cells) and treated at different time

FIG 7 Legend (Continued)
0.003 ng/mL IFN-l1/2/3) at 12 h prior to infection with SARS-CoV-2 using an MOI of 0.04 (as determined in Vero cells). The cells
were harvested at 24 h after SARS-CoV-2 infection. (A) Schematic of infection setup. (B) Cells were fixed, indirect immunofluorescence
was performed against the viral nucleocapsid protein (green) and dsRNA (J2) (magenta), and nuclei were stained with DAPI (blue).
Representative images are shown. Scale bar, 100 mm. (C) The percentages of both nucleocapsid-positive and J2-positive cells (double-
positive cells) and J2-positive-only cells were quantified from panel B. Error bars indicate the standard deviations (n = 3 biological
replicates). *, P , 0.5’ **, P , 0.01 (as determined by ordinary one-way ANOVA with Dunnett’s multiple-comparison test to the
nontreated infected cells as a reference).
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FIG 8 Differences between type I and type III IFNs in providing antiviral protection in hIECs against SARS-CoV-2 and VSV. (A to E) WT
T84 cells were mock treated or pretreated with type I and III IFN at high (4,000 U/mL IFN-b1 or 3 ng/mL IFN-l1/2/3) or low (500 U/mL
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points postinfection with either 4,000 U/mL of IFN-b1 or 3 ng/mL of IFN-l1/2/3 (Fig. 9A).
At 24 hpi, the virus genome copy number was evaluated, and the results show that both
type I and III IFNs were able to inhibit viral replication when added up to 4 h postinfec-
tion; for type I IFN, the inhibition was visible even when adding up to 8 h postinfection
(Fig. 9B). This effect was even stronger for de novo virus production. Even when we
added type I IFNs at 8 hpi, no infectious viral particles could be detected in the superna-
tants of infected cells. Similarly, treating the cells with type III IFNs at 8 hpi led to a signifi-
cant 15-fold reduction in particle release compared to nontreated cells (Fig. 9C). The dis-
crepancies between virus genome copies and release of viral particles can be explained
by the different sensitivities of the two assays used (qRT-PCR for genome copies and super-
natant titration on Vero cells for infectious particle assessment). To validate the findings in
nontransformed human intestinal epithelial cells, we exploited primary human ileum orga-
noids. Organoids were seeded in two dimensions and infected with SARS-CoV-2 at an MOI
of 0.04 (as determined in Vero cells) and treated with IFNs at different times postinfection
(Fig. 9D). Similar to the colon carcinoma-derived T84 cells, virus replication (Fig. 9E) and de
novo virus release (Fig. 9F) was significantly impaired by posttreatment with type I and III
IFNs in ileum organoids.

To determine how long the IFN-mediated antiviral state persists, T84 WT cells were
treated with either 4,000 U/mL of IFN-b1 or 3 ng/mL of IFN-l1/2/3 for 24 h; the cells were
then washed, and fresh medium lacking IFNs was added. At 12, 24, 48, or 72 h after medium
exchange, WT T84 cells were infected with SARS-CoV-2 at an MOI of 0.04 (as determined in
Vero cells) (Fig. 10A). At 8 hpi, the virus genome copy number was determined via qRT-PCR,
and the results showed that the antiviral state induced by both type I and III IFNs persisted
for up to 72 h (Fig. 10B). Interestingly, protection induced by type I IFN strongly decreased
over time; by 12 h after medium exchange of IFN-b1-treated cells the infection levels were
reduced by 90%, by 48 h after medium exchange the infection was reduced to 50%, and by
72 h after medium exchange the antiviral effect was almost lost (Fig. 10B). IN contrast, type
III IFNs induce a longer-lasting and more potent antiviral state. Even at 48 h after medium
exchange, virus replication was decreased by 75%, and the antiviral effect was still present
72 h after reducing the virus burden by 50% compared to non-IFN-treated cells (Fig. 10B). In
parallel, at 24 hpi, the supernatants of infected WT T84 cells were titrated on Vero cells to
determine the release of infectious viral particles with or without treatment. In accordance
with viral replication levels (Fig. 10B), the release of infectious viral particles was also con-
trolled more strongly upon treatment with type III IFNs compared to type I IFNs in WT T84
cells (Fig. 10C). For type III IFN treatment, release of infectious particles was reduced by 95%
at 24 h after medium exchange and by 50% at 72 h after medium exchange compared to
non-IFN-treated WT T84 cells (Fig. 10C). In contrast, no significant reduction in viral particles
in the supernatant could be detected at 72 h after medium exchange when type I IFN treat-
ment was performed (Fig. 10C).

The persistence of the antiviral state induced by type I and III IFNs was also assessed
in human ileum-derived organoids. Organoids were treated with IFNs for 24 h and, at 24, 48,
and 72 h after medium exchange, the organoids were infected with SARS-CoV-2 at an MOI of
0.04 (as determined in Vero cells) (Fig. 10A). Similar to our colon carcinoma-derived T84 cells,
both type I and III IFNs induced a lasting antiviral effect that was significant even 48 h after
medium exchange compared to non-IFN-treated organoids (Fig. 10D and E). Interestingly, at
72 h after medium exchange, only type III IFN pretreatment was still able to reduce the viral

FIG 8 Legend (Continued)
IFN-b1 or 0.03 ng/mL IFN-l1/2/3) concentrations for different time points prior to infection. The cells were infected with either SARS-CoV-2 at
an MOI of 0.04 (as determined in Vero cells) or vesicular stomatitis virus expression firefly luciferase (VSV-Luc) at an MOI of 5 (as determined
in wild-type T84 cells). At 24 hpi (SARS-CoV-2) or 8 hpi (VSV-Luc), the cells were harvested to assay virus infection. (A) Schematic of infection
setup. (B and C) The percentages of SARS-CoV-2-positive cells were quantified by immunofluorescence (left panels), and viral replication was
assessed by qRT-PCR (right panels). qRT-PCR data are normalized to input and expressed as percentages, setting non-IFN-treated cells to
100%. (D and E) VSV-Luc infection was assayed by measuring the luciferase activity at 8 hpi. The luciferase activities for IFN-treated samples
were normalized to the luciferase activity of the mock-treated sample, which corresponds to 100%. (B to E) Error bars indicate standard
deviations (n = 3 biological replicates). n.s., not significant; *, P , 0.5; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001 (as determined by
ordinary one-way ANOVA with Dunnett’s multiple-comparison test using nontreated infected cells as a reference).
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FIG 9 Kinetics of type I and III IFNs establishment of an antiviral state against SARS-CoV-2 in hIECs. (A to F) WT T84 cells or
ileum-derived organoids were infected with SARS-CoV-2 at an MOI of 0.04 (as determined in Vero cells). At 0, 1, 2, 4, or 8 hpi,
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genome load by half compared to non-IFN-treated organoids (Fig. 10D). Moreover, at 48 and
72 h after medium exchange, type III IFNs restricted de novo particles in the supernatant better
than did type I IFNs (Fig. 10E). Even at 72 h after medium exchange, treatment with type III
IFNs significantly reduced the release of viral particles by more than 50% compared to non-
IFN-treated organoids (Fig. 10E). In contrast, type I IFN treatment did not have a significant
effect at 72 h after medium exchange compared to non-IFN-treated organoids (Fig. 10E).
Together, these findings show that the type III IFNs can provide an antiviral state against
SARS-CoV-2 infection which lasts longer compared to the protection provided by type I IFN
treatment.

To address whether the long-term antiviral effect observed in hIECs was SARS-CoV-2 spe-
cific, T84 WT cells were infected with VSV-Luc after IFN washout (Fig. 10F). Interestingly, the
antiviral state that both type I and III IFNs induced in WT T84 cells to restrict this virus was
less pronounced compared to SARS-CoV-2 (Fig. 10G). Importantly, the protection against
VSV-Luc induced by type I IFNs was longer lasting than for type III IFNs and reduced VSV-Luc
infection significantly compared to no IFN treatment even 24 h after medium change (Fig.
10G). In contrast, for no time point after medium exchange was the type III IFN-induced antivi-
ral state potent enough to significantly reduce VSV-Luc infection in hIECs (Fig. 10G), support-
ing the fact that the SARS-CoV-2 sensitivity to type III IFNs is virus specific.

Taken together, both IFNs are fast acting and can prevent viral replication and
spread even when added after SARS-CoV-2 infection took place. Furthermore, our data
suggest that type I and III IFNs can induce an antiviral state that lasts for several days.
Type III IFNs are especially potent and long lasting since they can inhibit SARS-CoV-2
more efficiently compared to type I IFN.

DISCUSSION

There is increasing evidence that SARS-CoV-2 infection is not restricted to the respiratory
tract but also impacts other organs (51) since viral components, such as RNA and proteins,
were detected in patient biopsy specimens or in postmortem tissues such as the heart (52,
53), kidney (54), brain (54–56), and more. The gastrointestinal tract is one such important
secondary organ, and a great fraction of COVID-19 patients display gastrointestinal symp-
toms and shed viral genomes within their feces (3, 5–13). This highlights the importance of
understanding the molecular interaction of this specific virus with the gastrointestinal tract
in order to better characterize and treat the associated pathogenesis and to curb the pan-
demic efficiently. Together, our results have shown that both type I and type III IFNs are effi-
cient in mounting an antiviral immune response against SARS-CoV-2 in human intestinal
epithelial cells, as seen by the rapid virus replication, de novo viral particle production, and
spread in the absence of either type I or type III IFN receptors (Fig. 2). These observations
highlight the significance of type I and type III IFN signaling during SARS-CoV-2 infection in
the human intestinal epithelium, as opposed to murine models of SARS-CoV-2 infection,
where type I IFN only minimally restricts SARS-CoV-2 (57). The importance of both IFNs in
controlling SARS-CoV-2 in human tissue has been supported by several other studies (15,
17, 18, 31); however, the differences between the two types of IFNs have yet to be explored.
Our results point out that there are indeed differences in the kinetics of antiviral properties
of type I and III IFNs against SARS-CoV-2 infections in human intestinal epithelial cells. This,
however, remains unclear in human lung epithelium since there are contradictory observa-
tions as to whether there is production of type I and III IFNs in the cells during SARS-CoV-2
infection (33–38). To the best of our knowledge, type III IFNs have been vastly neglected,

FIG 9 Legend (Continued)
4,000 U/mL of IFN-b1 or 3 ng/mL of IFN-l1/2/3 was added. (A and D) Schematic of experiment setup for WT T84 cells (A) and
organoids (D). (B and E) At 24 hpi, RNA was harvested from WT T84 (B) and ileum-derived organoids (E) to assess virus
replication levels using qRT-PCR. Data are normalized to the input and expressed as percentages, setting non-IFN-treated cells to
100%. (C and F) At 24 hpi, WT T84 (C) and ileum-derived organoid (F) supernatants were harvested and titrated on Vero cells.
After 24 h, Vero cells were fixed, and the TCID50/mL of newly produced particles was determined by in-cell Western blotting
with an antibody against the viral nucleocapsid. (B, C, E, and F) Error bars indicate the standard deviations (n = 3 biological
replicates). n.s., not significant; *, P , 0.5; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001 (as determined by ordinary one-way
ANOVA with Dunnett’s multiple-comparison test using nontreated infected cells as a reference).
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FIG 10 Type III IFNs induce a longer lasting antiviral state in hIECs against SARS-CoV-2 infection compared to type I IFN. (A to G) WT T84
cells or ileum-derived organoids were mock treated or pretreated with 4,000 U/mL of IFN-b1 or 3 ng/mL of IFN-l1/2/3. At 24 h after
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although some studies showed that the human lung epithelium is also sensitive to type III
IFN treatment (38, 40, 43). Importantly, no similar direct comparison of the antiviral activities of
both type I and type III IFNs has been performed in human lung epithelial cells. Interestingly,
inhibition of de novo infectious virus production in Calu-3 cells suggests that type I IFN would
be more potent than type III IFNs (40). This further highlights the importance of studying
SARS-CoV-2 in multiple cellular models covering the broad tropism of SARS-CoV-2 since the
sensitivity of this pathogen to various antiviral strategies might be organ specific.

We showed by immunostaining of the virus nucleocapsid protein and quantification of
the viral genome that both type I and III IFNs restrict SARS-CoV-2 in a concentration-depend-
ent manner (Fig. 4). Interestingly, inhibition of nucleocapsid protein with a certain IFN concen-
tration did not mirror the inhibition of the virus genome, since the genome load was still
measured in samples where no nucleocapsid could be detected. To analyze in more detail the
discrepancy between the viral genome copy number and number of infected cells, we further
determined whether infected and treated cells were positive for J2, which labels double-
stranded RNA (dsRNA) and is representative for virus RNA synthesis and genome transcription
and nucleocapsid protein representing the translation of structural proteins. We have shown
that, in contrast to SARS-CoV-2-infected cells without treatment, having similar levels of viral
dsRNA and nucleocapsid protein, IFN-treated cells can be positive for viral dsRNA, while no nu-
cleocapsid protein could be detected (Fig. 7). This observation is especially prominent in type
III IFN-treated cells. The results suggest that one putative mechanism of IFNs to restrict virus
spread is by inhibiting virus translation of subgenomic RNA and thereby the expression of
structural proteins. For example, immediately after entry, the genomic virus RNA undergoes a
first step of translation of the ORF1a/b polyprotein, which results in nonstructural proteins that
form the viral replication and transcription complex (58). That our results show virus RNA syn-
thesis and subgenomic RNA transcripts in samples without N-protein expression suggests that
the initial virus genome translation of nonstructural proteins is less affected by IFN treatment
than the later translation of structural proteins. Previously, it was reported that type I IFN treat-
ment during dengue virus and HIV infection can affect virus protein translation (59, 60).
However, little is known about type I and especially type III IFN-mediated inhibition of corona-
virus nucleocapsid translation, specifically for SARS-CoV-2-infection. Our observation suggests
a possible mechanism on the mode of action of IFN-dependent signaling on SARS-CoV-2 and
shows that type I and III IFNs efficiently restrict the spread of SARS-CoV-2 in human epithelium
after virus entry by inhibiting the production of nucleocapsid (and probably other viral pro-
teins) and thus reducing the release of functional virus particles to neighboring cells. More
needs to be done to decipher the details of this mechanism underlying the IFN-mediated inhi-
bition of viral genome replication and translation. Indeed, several ISGs were found to inhibit vi-
ral protein translation andmight be good candidates as key cellular players in the IFN-depend-
ent response to SARS-CoV-2. A well-investigated type I and III-induced ISG is PKR, which upon
activation phosphorylates EIF2a to halt cellular translation (61). Also, the IFIT family was dem-
onstrated to suppress cellular translation upon virus infections by several mechanisms (62, 63).
Moreover, ISG20 was shown to impair translation of virus protein without affecting cellular
protein translation by discriminating self from non-self (64).

Our data support that type I and type III IFNs induce a dose- and time-dependent
inhibition of viral infection in hIECs. Interestingly, our results strongly suggest that type III
IFNs were able to restrict virus infection at a lower dosage and with shorter treatment times

FIG 10 Legend (Continued)
treatment, fresh medium was added to the cells. At 12, 24, 48, or 72 h after medium exchange, the cells were infected with SARS-CoV-2 or
VSV-Luc. (A and F) Schematic of experiment setup for SARS-CoV-2 infection (A) and VSV-Luc infection (F). (B and C) Infection with SARS-
CoV-2 using an MOI of 0.04 (as determined in Vero cells). At 8 hpi, RNA was harvested to assess virus replication levels in WT T84 cells (B)
and ileum-derived organoids (D) using qRT-PCR, and the virus genome was normalized to the input. At 24 hpi, supernatants of WT T84
cells (C) and ileum-derived organoids (E) were harvested and titrated on Vero cells. After 24 h, Vero cells were fixed, and the TCID50/mL of
newly produced particles was determined by in-cell Western blotting with an antibody against the viral nucleocapsid. (G) Infection with
VSV-Luc using an MOI of 5 (as determined in the T84 wild type). At 8 hpi, a luciferase assay was performed to determine virus infection
levels. (B, E, and G) SARS-CoV-2 genome copy number, TCID50/mL of newly produced particles, and VSV-Luc infection levels were normalized to the
nontreated infected cells at the respective time point. Error bars indicate the standard deviations (n = 3 biological replicates). n.s., not significant; *,
P , 0.5; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001 (as determined by a two-tailed unpaired t test with Welch’s correlation, using nontreated
infected cells for the respective time points as a reference).
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compared to type I IFNs. Comparing whether type I or type III IFNs are more potent antiviral
at the same concentrations is intrinsically difficult since the IFNs are available at concentra-
tions expressed in different units. The type III IFNs are available in protein concentrations
(ng/mL), while the type I IFN concentration is expressed as an antiviral activity (U/mL).
Interestingly, our observations suggest that type III IFNs are more potent and faster acting
on SARS-CoV-2, in contrast to a previous study using VSV infection of hIECs (29), which
showed that type III IFNs need more time to confer protection. To address these discrepan-
cies, we compared the effects of both type I and type III IFNs on VSV and SARS-CoV-2 infec-
tion (Fig. 6, 8, and 10). We could reproduce our previous results that type I IFN was more
potent in inhibiting VSV infection, especially at lower concentrations. By comparing SARS-
CoV-2 and VSV infections, we could show that low concentration of type I IFN was able to
control VSV infection, while having little to no effect on SARS-CoV-2 infection (Fig. 4, 6B, and
8). Reciprocally, low concentrations of type III IFNs were able to control SARS-CoV-2, but
with limited to no impact on VSV (Fig. 4 and 6C). These differences in the efficacy of type I
and type III IFNs in providing, in the same cell type, antiviral protection against two distinct
viruses suggest that two distinct antiviral states are achieved upon type I and type III IFN
treatment and that these states are more potent against specific viruses. While there is very
limited evidence that type I and type III IFN induce the expression of different ISGs (65), it
recently became clear that both cytokines induce the same ISGs, but with very different
kinetics, likely creating a distinct antiviral state (29, 32, 47, 66–69).

Lastly, we have demonstrated that the addition of IFNs after SARS-CoV-2 infection
was still able to inhibit viral replication and de novo virus production not only in the hIEC WT
T84 cell model but also in nontransformed human ileum-derived organoids (Fig. 9), an ob-
servation which further highlights the effectiveness of IFN treatments against SARS-CoV-2
infection. Importantly, we could show that type III IFNs were able to provide longer-lasting
protection against SARS-CoV-2 compared to type I IFNs and that such potent antiviral states
persist and are able to inhibit virus replication for more than 72 h upon withdrawal (Fig. 10B
to E). This effect is specific for SARS-CoV-2, since no such long-lasting effect was determined
upon VSV-Luc infection (Fig. 10F and G). Altogether, we see that type III IFNs act fast, require
low concentrations and short pretreatment times, and offer long-lasting antiviral protection
against SARS-CoV-2 in hIECs. These observations suggest type III IFN treatment as a strong
therapeutic candidate against SARS-CoV-2 infection of the human intestine.

The use of IFN-b alone or in combination with other antiviral agents to treat SARS-CoV-1
infection has been suggested (70). Furthermore, clinical trials using treatment combining in-
travenous injection of IFN-b1 and lopinavir/ritonavir were performed in Saudi Arabia to treat
MERS-CoV (71, 72). IFN-b1 seems to be the most efficient IFN to curb coronavirus infection,
and a report shows that this is due to the fact that IFN-b1 can induce the production of
adenosine with anti-inflammatory properties and maintain endothelial barrier function in
pulmonary endothelial cells via upregulation of cluster of differentiation 73 (CD73) (73).
SARS-CoV-2 is thought to be more sensitive to IFN treatment due to its truncated Orf6 and
Orf3 proteins, as opposed to those of SARS-CoV-1 and MERS-CoV, due to a loss of their in-
hibitory effects on the IFN signaling pathway (40, 74). There is currently a treatment consist-
ing of a triple combination of IFN-b1b, lopinavir/ritonavir, and ribavirin to treat patients with
COVID-19 in Hong Kong as a phase-2 trial (75). This trial has yielded promising outcomes
showing symptom alleviation and a reduction in viral shedding duration in patients with
mild to moderate COVID-19 disease in the hospital (75). Another study also pointed out that
IFN-b-1a, when administered at clinically permissible concentration after SARS-CoV-2 infec-
tion, was highly effective at inhibiting in vitro SARS-CoV-2 replication (76).

Here, we have demonstrated that, compared to type I IFNs, type III IFNs are more
potent in protecting human intestinal epithelial cells against SARS-CoV-2. This suggests
type III IFNs might offer a promising option for treating SARS-CoV-2 infection, particularly in
the context of the human intestinal epithelium. Given the lower dose and shorter treatment
required to confer an antiviral state, as well as the fact that type III IFN antiviral activity per-
sists longer than type I IFN-mediated activity, it is likely that the administration of type III IFN
to patients would be more beneficial and require a less-frequent regimen which will render
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this approach more amenable as therapeutic option. Importantly and as reviewed before
(77), type I IFN treatment was shown to support development of autoimmune diseases and
can induce tissue damage. We believe that type III IFNs could potentially be the superior
choice of treatment than type I IFNs in treating SARS-CoV-2 in patients.

MATERIALS ANDMETHODS
Cell line and viruses.Wild-type T84 (ATCC CCL-248) and their IFN receptor knockouts (30) were cultured

in a 50:50 mixture of Dulbecco modified Eagle medium (DMEM) and F-12 (Gibco) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin (Gibco). T84 WT and IFN receptor knockout cell lines carrying the
H2B fluorescent nuclear tag were generated by lentiviral transduction and antibiotic selection. Vero E6 cells
(ATCC CRL 1586) were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum and 1% penicil-
lin/streptomycin (Gibco). IFN-a/b reporter HEK293 cells (Invivogen, catalog no. hkb-ifnab) and IFN-l Reporter
HEK293 Cells (Invivogen, catalog no. hkb-ifnl) were maintained in Iscove’s modified Dulbecco medium (Gibco)
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Gibco).

SARS-CoV-2 was isolated from an infected patient at the University Hospital Heidelberg. The virus
was amplified in Vero E6 cells, and P3 virus stocks were used in all experiments (31). VSV-Luc was pre-
pared and used as previously described (29).

Human organoid culture. Human tissue was received from ileum resection from the University Hospital
Heidelberg. This study was carried out in accordance with the recommendations of the University Hospital
Heidelberg with informed written consent from all subjects in accordance with the Declaration of Helsinki. All
samples were received and maintained in an anonymized manner. The protocol was approved by the Ethics
Commission of the University Hospital Heidelberg (protocol S-443/2017). Crypt-containing stem cells were iso-
lated following dissociation of tissue sample in 2 mM EDTA for 1 h at 4°C. Crypts were spun and washed in ice-
cold phosphate-buffered saline (PBS). Fractions enriched in crypts were filtered with 70 mM filters, and the frac-
tions were observed under a light microscope. Fractions containing the highest number of crypts were pooled
and spun again. The supernatant was removed, and crypts were resuspended in Matrigel. Crypts were pas-
saged and maintained in basal and differentiation culture media (Table 1).

Organoids were seeded in two dimensions prior to treatment and infection. For this, 48-well plates
were coated with rat collagen in ethanol for 2 h at 37°C prior to organoid seeding. Organoids were collected at
a ratio of 100 organoids/well. Collected organoids were spun at 450 � g for 5 min, and the supernatant was
removed. The organoids were washed 1� with cold PBS and spun at 450� g for 5 min. The PBS was removed,
and the organoids were digested with 0.05% trypsin-EDTA (Life Technologies) for 5 min at 37°C. Digestion was
stopped by adding serum-containing medium. The organoids were spun at 450� g for 5 min, the supernatant
was removed, and the organoids were resuspended in basal medium at a ratio of 250 mL of medium/well. The
collagen mixture was removed from the 48-well plate, and 250 mL of organoids was added to each well. For
organoid differentiation, the medium was changed at 1 day postseeding to differentiation medium (see Table
1), and cells were kept in differentiation medium for at least 4 days. All of the following steps, including IFN-
treatment and virus infection, were performed in differentiation media.

Viral infections. All SARS-CoV-2 infections were performed at an MOI of 0.04, as determined in Vero
E6 cells. Prior to infection, the culture medium was removed, and virus was added to cells, followed by
incubation for 1 h at 37°C. After the incubation, the virus was removed, and fresh medium or medium
supplemented with the indicated IFNs was added back to the cells upon virus removal.

Interferon treatment. Human recombinant IFN-b was obtained from Biomol (catalog no. 86421).
Recombinant human IFN-l1 (IL-29; catalog no. 300-02L), IFN-l2 (IL-28A; catalog no. 300-2K), and IFN-l3
(IL-28B; catalog no. 300-2K) were purchased from Peprotech. The IFN concentrations used to treat the
cells and the duration of the treatments are stated in the figure legends.

RNA isolation, cDNA synthesis, and qRT-PCR. Cells were harvested either 4, 8, 12, or 24 hpi, and
RNA was isolated using an RNeasy RNA extraction kit (Qiagen) according to the manufacturer’s instruc-
tions. cDNA was synthesized using iSCRIPT reverse transcriptase (Bio-Rad) from 250 ng of total RNA per
20-mL reaction according to the manufacturer’s instructions. A qRT-PCR assay was performed using iTaq
SYBR green (Bio-Rad) according to the manufacturer’s instructions. The expression of target genes was
normalized to the endogenous control TBP. The primer sequences are given in Table 2.

TABLE 1 Compounds and concentrations for human organoid basal and differentiation
mediaa

Basal medium Differentiation medium

Compound Final concn Compound Final concn
L-WRN 50% (by vol) B27 1:50
B27 1:50 N-Acetylcysteine 1 mM
N-Acetylcysteine 1 mM R-spondin 5% (by vol)
EGF 50 ng/mL Noggin 50 ng/mL
A83-01 500 nM EGF 50 ng/mL
IGF-1 100 ng/mL Gastrin 10 mM
FGF basic 50 ng/mL A83-01 500 nM
Gastrin 10 mM
aThe compound included Ad DMEM/F-121 GlutaMAX1 HEPES1 penicillin/streptomycin.
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SARS-CoV-2 N protein transcript levels were used to assess the virus genome copy number. SARS-
CoV-2 orf1a and subgenomic RNA transcript levels were used for testing other aspects of the viral repli-
cation cycle. For all SARS-CoV-2 transcript levels, the fold change was calculated using the input as a ref-
erence. Input RNA was harvested immediately after a 1-h SARS-CoV-2 infection.

Western blot. Cells were harvested and lysed with 1� RIPA (150 mM sodium chloride, 1.0% Triton
X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 50 mM Tris [pH 8.0]) with phosphatase
and protease inhibitors (Sigma-Aldrich) for 5 min at 37°C. Lysates were collected, and equal protein amounts
were separated by SDS-PAGE and blotted onto a nitrocellulose membrane by wet blotting (Bio-Rad). Membranes
were blocked with TBS-T containing 5% bovine serum albumin (BSA) for 2 h at room temperature. The primary
antibodies beta-actin (Sigma #5441) and phospho-STAT1 (BD Transductions, catalog no. 612233) were diluted in
the same blocking buffer, followed by incubation overnight at 4°C. Membranes were then washed three times
with TBS-T for 10 min at room temperature with rocking. Anti-mouse antibodies coupled with horseradish perox-
idase (HRP; GE Healthcare, catalog no. NA934V) were used at a 1:5,000 dilution in blocking buffer, followed by
incubation at room temperature for 1 h with rocking. Membranes were washed three times with TBS-T for 10
min at room temperature with rocking. HRP detection reagent (GE Healthcare) was mixed 1:1, followed by incu-
bation at room temperature for 5 min. Membranes were exposed to film and developed.

In-cell Western analyses (TCID50). Vero E6 cells were seeded at 30,000 cells/well into a 96-well plate
24 h prior to infection. First, 100mL of supernatant was added to the wells, and seven 1:5 serial dilutions were
made. The cells were incubated for 24 h and then fixed with 2% paraformaldehyde (PFA) for 20 min at room
temperature. Cells were washed twice with 1� PBS upon PFA removal and then permeabilized for 15 min
with 0.5% Triton-X in PBS. Blocking was carried out with 1:2 dilution of Li-Cor blocking buffer in Tris-buffered
saline for 30 min at room temperature. The cells were then incubated with a primary mouse monoclonal anti-
body against SARS-CoV-2 nucleocapsid protein (Sino Biologicals, catalog no. MM05; 1:1,000) for 1 h at room
temperature. The cells were washed three times with PBS and then incubated with secondary antibody (anti-
mouse CW800) and DNA dye Draq5 (Abcam) diluted 1:10,000 in blocking buffer for 1 h at room temperature.
The cells were then washed again three times with PBS, and the plate was imaged on a LICOR (Li-Cor) imager.

Detection of IFNs in the supernatant by HEK-Blue assay. Supernatants of SARS-CoV-2-infected WT
T84 cells were collected at 24 hpi. Virus in supernatants was inactivated with 0.05% beta-propiolactone (BPL;
Sigma-Aldrich) overnight at 4°C. BPL was hydrolyzed at 37°C for 2 h prior to the HEK-blue assay. HEK-Blue assay
standards were also diluted in 0.05% BPL overnight after 2 h of hydrolyzation at 37°C. IFN-a/b reporter
HEK293 cells and IFN-l reporter HEK293 cells were seeded in FBS-inactivated DMEM/F-12 medium at a density
of 35,000 cells per well in 96-well plates 1 day before the experiment. Next, 50-mL portions of supernatants
of SARS-CoV-2-infected WT T84 cells were added to HEK-Blue cells for 24 h, and the levels of secreted embry-
onic alkaline phosphatase was measured using QUANTI-Blue (InvivoGen, catalog no. rep-qbs). Since IFN-a/b
reporter HEK293 cells are also able to respond to IFN-l, cells were transfected with a previously generated
CRISPR K.O vector targeting the IFNLR1 (29), generating a reporter cell line that can only sense type I IFNs.

Indirect immunofluorescence assay. Cells were seeded on iBIDI glass-bottom 8-well chamber slides
previously coated with 2.5% human collagen in water. At the indicated times postinfection, the cells were fixed
in 4% PFA for 20 min at room temperature. The cells were washed in 1� PBS, permeabilized in 0.5% Triton-X
for 15 min, and blocked using 3% BSA-PBS for 30 min at room temperature. Mouse monoclonal antibody
against SARS-CoV-2 nucleocapsid protein (Sino Biologicals, catalog no. MM05) was diluted in 1% BSA-PBS, fol-
lowed by incubation for 1 h at room temperature. The cells were then washed with 1� PBS three times, fol-
lowed by incubation with secondary antibodies conjugated with AF488 or AF647568 (Molecular Probes) and
DAPI (49,69-diamidino-2-phenylindole) for 30 to 45 min at room temperature. Next, the cells were washed three
times in 1� PBS and then maintained in PBS. The cells were imaged on a Nikon/Andor spinning disc confocal
microscope to quantify the number of infected cells relative to the number of nuclei.

VSV luciferase assay. Wild-type T84 cells were seeded in a black F-bottom 96-well plate. The cells
were treated as indicated in the text with type I or type III IFNs. VSV-Luc was added to the wells using an
MOI of 5 as determined in wild-type T84 cells, and the infection was allowed to proceed for 8 h. At the end
of the infection, the medium was removed, and the cells were washed 1� with PBS and lysed with cell lysis
buffer (Promega) at room temperature for 20 min. A 1:1 dilution of Steady-Glo (Promega) and lysis buffer
was added to the cells, followed by incubation at room temperature for 15 min. The luminescence was read
using an Omega Luminometer.

Statistics and computational analyses and statistics. All statistical analysis was performed either
by using ordinary one-way analysis of variance (ANOVA) Dunnett’s multiple-comparison test or by using

TABLE 2 Primer sequences used for qRT-PCR

Target gene Species

Sequence (59–39)

Forward Reverse
TBP Human CCACTCACAGACTCTCACAAC CTGCGGTACAATCCCAGAACT
IFN-b1 Human GCCGCATTGACCATCTAT GTCTCATTCCAGCCAGTG
IFN-l2/3 Human GCCACATAGCCCAGTTCAAG TGGGAGAGGATATGGTGCAG
IFIT1 Human AAAAGCCCACATTTGAGGTG GAAATTCCTGAAACCGACCA
Viperin Human GAGAGCCATTTCTTCAAGACC CTATAATCCCTACACCACCTCC
SARS-CoV-2 N protein SARS-CoV-2 GCCTCTTCTCGTTCCTCATCAC AGCAGCATCACCGCCATT
SARS-CoV-2 ORF 1a SARS-CoV-2 GAGAGCCTTGTCCCTGGTTT AGTCTCCAAAGCCACGTACG
SARS-CoV-2 subgenomic RNA SARS-CoV-2 TCCCAGGTAACAAACCAACCAACT AAATGGTGAATTGCCCTCGT
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a two-tailed unpaired t test with Welch’s correlation (specified in the figure legends) with the GraphPad
Prism software package.

In order to quantify infected cells from indirect immunofluorescence-stained samples, ilastik 1.2.0
was used on DAPI images to generate a mask representing each nucleus as an individual object. These
masks were used on CellProfiler 3.1.9 to measure the intensity of the conjugated secondary antibodies
in each nucleus. A threshold was set based on the basal fluorescence of noninfected samples, and all
nuclei with a higher fluorescence were considered infected cells.
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