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Abstract 

 The coronavirus SARS-CoV-2 caused the COVID-19 global pandemic leading to 3.5 

million deaths worldwide as of June 2021. The human intestine was found to be a major viral 

target which could have a strong impact on virus spread and pathogenesis 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 if one IFN controls SARS-CoV-2 

infection of the human intestine better or with a faster kinetics. In this study, we could show that 

both type I and III IFNs 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 concentrations were required to efficiently reduce virus load when compared to 

type I IFNs. Moreover, type III IFNs significantly inhibited SARS-CoV-2 even 4 hours post-

infection 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 as compared to type I IFNs.   
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Introduction 

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) (Lu et al., 2020). 

Coronaviruses are enveloped, single-stranded positive-sense RNA viruses that can infect most 

animal species and generally cause common colds in humans (Haake et al., 2020). However, in 

the past 19 years coronaviruses have been involved in zoonotic events giving rise to highly 

pathogenic 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 June 2021 has caused more than 150 million infections and 3.5 million 

deaths 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 droplets. 

Thereby, SARS-CoV-2 primarily targets cells of the lung epithelium, causing respiratory 

symptoms ranging from cough and shortness of breath to severe lung injury (Huang et al., 2020; 

Zhu et al., 2020). Interestingly, a significant number of patients with COVID-19 report 

gastrointestinal symptoms including diarrhea, nausea or vomiting, that can either precede or 

follow respiratory symptoms (Guan et al., 2020; Huang et al., 2020; L. Lin et al., 2020). 

Moreover, multiple reports detected viral RNA in feces, and stool specimens of infected patients 

remained positive even after a negative oropharyngeal swab test (Wölfel et al., 2020; Y. Wu et 

al., 2020; Xiao et al., 2020; Xing et al., 2020; Xu et al., 2020). Direct evidence for viral infection 

of gut tissue was also shown through evaluation of endoscopic samples (Xiao et al., 2020). 

Importantly, within the past months the understanding of intestinal SARS-CoV-2 infection and 

pathogenesis was improved with in vitro studies. Several studies demonstrated that 

immortalized human intestinal cells and primary human mini-gut organoids supported SARS-

CoV-2 infection (Lamers et al., 2020; Stanifer, Guo, et al., 2020; Triana et al., 2021; Zang et al., 

2020). Altogether, the medical reports and scientific data clearly show that SARS-CoV-2 is not 

restricted to the respiratory tract but can infect the human intestinal epithelium. However, it 

remains unknown to which extent the enteric phase is important for viremia, pathogenesis, and 

transmission.  

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 

cascade leading to the transcription of hundreds of interferon stimulated genes (ISGs) which in 
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turn create an antiviral state (Stanifer et al., 2019). 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 epithelial balance protecting intestinal epithelial cells while limiting an exacerbated 

immune response (Baldridge et al., 2015; Dionne et al., 2011; Mahlakõiv et al., 2015; Nice et al., 

2015; Pott et al., 2011; Pott & Stockinger, 2017; Weber et al., 2014) and this observation also 

stands true for lung respiratory epithelium (Klinkhammer et al., 2018; Luker et al., 2003). 

Importantly, while human intestinal epithelial cells can respond to both type I and III IFNs to 

control virus replication and spread when exogenously provided (Pervolaraki et al., 2017, 2018; 

Stanifer, Guo, et al., 2020), evidence suggests that the endogenous type III IFN are key to 

protect against virus infection (Stanifer, Kee, et al., 2020). The function 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 (Klinkhammer et al., 2018) 

while in the lower airway epithelium, both type I and type III IFNs have redundant functions in 

controlling viral infection (Crotta et al., 2013). 

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 

(Desai et al., 2020; Katsura et al., 2020). Interestingly, other reports described a limited to 

absent IFN response upon SARS-CoV-2 infection of lung epithelial cells (Blanco-Melo et al., 

2020; Chu et al., 2021; Shuai et al., 2020; Vanderheiden et al., 2020) which could be the results 

of the mechanisms developed by SARS-CoV-2 to interfere with both the production of IFN and 

its downstream signaling (Meffre & Iwasaki, 2020; Triana et al., 2021). 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 evidence showing that a typical type I and type III IFN 

intrinsic innate immune response is generated upon infection (Chu et al., 2021; Lamers et al., 

2020; Stanifer, Kee, et al., 2020).  

Treatment of both lung and intestinal epithelial cells with type I IFN was reported to 

partially protect against SARS-CoV-2 infection (Felgenhauer et al., 2020; Katsura et al., 2020; 

Park & Iwasaki, 2020; Rebendenne et al., 2021; Shuai et al., 2020; Vanderheiden et al., 2020). 
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Similarly pretreatment of epithelial cells with type III IFN was also reported to interfere with 

SARS-CoV-2 infection/replication (Busnadiego et al., 2020; Felgenhauer et al., 2020; Stanifer, 

Kee, et al., 2020; Vanderheiden et al., 2020). Interestingly, SARS-CoV-2 infection of human 

intestinal organoids, revealed that upon infection, primary human intestinal epithelial cells favor 

the production and secretion of type III IFN (Stanifer, Kee, et al., 2020). Additionally, 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 (Stanifer, Kee, et al., 2020). The molecular origins for this more important 

function of type III IFN in protecting against SARS-CoV-2 in human intestinal 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 is very little data about the kinetics of IFN-

mediated 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 infection, 

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 pre-treatment of type III IFNs were sufficient 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, eliciting an 

antiviral state even 72h post treatment 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.  
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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. We previously reported that type III IFNs are 

critical to control SARS-CoV-2 infection in hIECs (Stanifer, Kee, et al., 2020). 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 (Stanifer, Kee, et al., 2020). These previous findings were 

performed at a single time point post-interferon 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 the colon 

carcinoma cells T84 wild type or T84 cells depleted of the type I IFN receptor (IFNAR-/-), the 

type III IFN receptor (IFNLR-/-) or both IFN receptors (double knockout [dKO]) with SARS-CoV-2 

at a MOI of 0.04 (as determined in Vero cells). At different times post infection, cells were fixed 

and immunostained using an antibody targeting the viral nucleocapsid protein (Figure 1A). 

Results show that at early time post infection (i.e. 4 and 8 hours post-infection (hpi)), cells 

depleted of the type I IFN receptor (IFNAR-/-) and cells depleted of both IFN receptors (dKO) 

were significantly more infected compared to WT T84 cells and cells depleted of the type III IFN 

receptor (Figure 1B). On the contrary, at later time post-infection (i.e. 12 and 24 hpi), cells 

depleted of the type III IFN receptor were found to be more infectable compared to cells 

depleted of the type I IFN receptor (Figure 1B). These findings confirm that both the type I and 

type III IFN systems are important to control SARS-CoV-2 infection in hIECs and suggest that 

the type I IFN pathway might play a greater protective role at earlier time point compared to the 

type III IFN pathway. 

To address if virus replication was also increased in cells depleted of interferon 

receptors, T84 wildtype and interferon receptor knock-out cells were infected with SARS-CoV-2 

and virus replication was monitored over time by q-RT-PCR. In agreement with our previous 

findings (Stanifer, Kee, et al., 2020), results show cells depleted of both IFN receptors 

supported a greater SARS-CoV-2 replication (Figure 1C). Importantly, and similar to the number 

of infected cells (Figure 1B), IFNLR-/- cells showed higher levels of viral copy number compared 
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to WT T84 and IFNAR-/- cells at late times post-infection (Figure 1C). Interestingly, at late time 

post-infection (i.e. 24 hpi), IFNAR-/- cells show a similar level of SARS-CoV-2 replication 

compared to WT cells (Figure 1C). Our results confirm that the absence of IFN signaling favors 

SARS-CoV-2 infection, replication and spread. Cells depleted of the type I IFN receptor appear 

to be more infectable and support more viral replication at early time post-infection compared to 

cells depleted of the type III IFN receptor. Conversely, the type III IFN pathways appear to play 

a more fundamental protective function against SARS-CoV-2 at later times post-infection. 

Together, these findings suggest that both IFNs act on hIECs with distinct kinetics and likely 

interfere with different steps of the SARS-CoV-2 lifecycle (e.g entry/replication in primary 

infection vs. spread and secondary infection). 

 IFNs inhibit SARS-CoV-2 infection in a concentration dependent manner 

Our data shows 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 limited to early times post-infection. However, we and other 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 (Felgenhauer et al., 2020; Pervolaraki et al., 2018; 

Stanifer, Kee, et al., 2020). 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 (IFNβ1) or type III (IFNλ1/2/3) IFNs for 12 or 24 hours prior to infection 

with SARS-CoV-2 at a MOI of 0.04 (as determined in Vero cells) (Figure 2A). At 24 hpi, cells 

were analyzed for virus infection by either immunofluorescence for the SARS-CoV-2 

nucleoprotein or by q-RT-PCR against the virus genome. Immunofluorescence staining 

revealed that both type I and type III IFNs could reduce SARS-CoV-2 infection in a dose 

dependent manner (Figure 2B-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 

(Figure 2C). Intriguingly, we noticed that for cells treated with low concentrations of type I IFNs 

for 12 hours, we had a greater inhibition of SARS-CoV-2 infection as compared to a higher 

amount of IFN. While the molecular reason for this inverted dose dependent response (at low 

concentrations) are not known, it possibly because at the low concentrations of IFNs 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% 
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of the cells (>2000 U/mL) (Figure 2B-C). On the contrary, type III IFNs were able to restrict virus 

infection even at the lowest concentration (0.003 ng/mL) to below 5% infected cells (Figure 2B-

C). Concomitantly to the observed reduction in the number of SARS-CoV-2 infected cells upon 

IFN treatment (Figure 2C), 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 

genome copy number over a 24 hrs infection (Figure 2D).  

Taking in account that the units of measurement for type I and III IFNs are not 

comparable since IFNβ1 is in expressed as antiviral activity (U/mL) while IFNλ1/2/3 as weight 

(ng/mL), we were further interested to determine if these low type III IFN concentrations were 

acting with the same efficiency on other viruses. Vesicular stomatitis virus (VSV) is often used 

as a gold standard in virology (reviewed in (Munis et al., 2020)), therefore we performed the 

same pretreatment experiment using different IFN concentrations as for SARS-CoV-2 (Figure 

2A) but with VSV expressing luciferase (VSV-Luc). T84 wild type cells were pretreated with 

either IFN as before for 24 or 12 h and then were subsequently infected with VSV-Luc. 8 hpi a 

luciferase assay was performed to determine virus infection levels. Interestingly, 0.0003 ng/mL 

were not enough to significantly inhibit VSV-Luc infection (Supplementary Figure 1B), while low 

concentrations of type I IFNs were efficient against the virus even with only 12 h pretreatment 

(Supplementary Figure 1A). This data suggests that type I IFNs are more efficient against VSV-

Luc than type III IFNs as compared to SARS-CoV-2, which outlines the sensitivity of this 

coronavirus 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 longer 

IFN pretreatment and higher IFN concentrations were required to significantly reduce SARS-

CoV-2 genome copy number when compared to the concentrations and time of pretreatment 

required to reduce the number of infected cells (Figure 2C-D). Such differences were especially 

significant for lower concentrations of IFN-treated cells for both IFNβ1 and IFNλ1/2/3. In order to 

find out the underlying reason of such an observation, we treated T84 wild-type cells with either 

1U/mL of IFNβ1or 0.003 ng/mL of IFNλ1/2/3 for 12 hours prior to SARS-CoV-2 infection and 

compared them to the non-treated virus infected cells (Figure 3A). Cells were harvested 24hpi 

and immunostained using an antibody against the SARS-CoV-2 nucleoprotein or against double 

stranded RNA (J2) to monitor nucleoprotein expression and viral genome replication, 

respectively (Figure 3B). Quantification reveals that IFN mock-treated cells showed a similar 

number of nucleocapsid-positive cells and J2-positive cells while the ratio of J2-positive cells 
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was higher than nucleocapsid-positive cells in both IFNβ1 and IFNλ1/2/3 treated cells (Figure 

3C). Interestingly, this decrease in the number of cells positive for both dsRNA (J2 staining) and 

the SARS-CoV-2 nucleocapsid was more pronounced for the  FN-λ1/2/3 treated cells (Figure 

3B-C).  

These results suggest that both type I and III IFNs are effective in mounting an antiviral 

immune response against SARS-CoV-2 not only by stopping virus genome replication but also 

by stalling or inhibiting nucleocapsid expression or translation. Differences between type I and 

type III IFNs suggest that the type III IFN is more effective in preventive SARS-CoV-2 protein 

translation compared to type I IFN. 

 

Pre-treatment with type III IFNs mediates a faster antiviral response against SARS-CoV-2 

than pre-treatment 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. Wild-type T84 cells were 

pretreated with either type I or type III IFN at different timepoints ranging from 24 hours to 3 

hours prior to infection with SARS-CoV-2. Interferons were maintained throughout the time 

course of virus infection and viral genome load and the number of virus infected cells was 

determined by q-RT-PCR and immunofluorescence assay, respectively (Figure 4A). Initially, 

4000 U/mL of IFNβ1 or 3ng/mL of IFNλ1/2/3 were used as 24h pre-treatment with these 

concentrations led to a complete inhibition of virus infection (Figure 2). Results show that both 

type I and type III IFNs display similar kinetics of antiviral activity when using high 

concentrations of either IFN (Figure 4B). Treating cells with either IFN for 3 hours was sufficient 

to completely deplete SARS-CoV-2 infection as determined by nucleocapsid immunostaining 

(Figure 4B, left panels). Viral genome was also greatly reduced with 3 hour pretreatment of 

either IFN, however only by around 60% as compared to no IFN-treated cells (Figure 4B, right 

panels). Moreover, even at long IFN-pretreatment times, for which no infected cells were 

determined by SARS-CoV-2 nucleocapsid immunostaining, viral genome could still be detected 

(Figure 4B). The detection limit of the antibody could lead to this phenotype, however this 

further supports our previous results suggesting that IFNs act by inhibiting virus translation 

(Figure 3).  
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As the high IFN-concentrations were able to completely eliminate virus infection, we next 

addressed whether lower concentration of type I or type III IFNs would impact the kinetics of the 

antiviral program against SARS-CoV-2. T84 WT cells were pretreated with 500 U/mL of IFNβ1 

or 0.03 ng/mL of IFNλ1/2/3 at different timepoints prior to infection with SARS-CoV-2 (Figure 

4A). Results show that 24 hours pretreatment with low-concentration of type I IFN is required to 

significantly reduce both the number of SARS-CoV-2 infected cells and viral genome copies 

(Figure 4C). 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 (Figure 4C). On the contrary, 

shorter treatment times with type III IFNs lead to a decrease in both the number of infected cells 

and the amount of virus genome copies (Figure 4C). Furthermore, 24h pre-treatment with 

0.03ng/ml of IFN-λ1/2/3 completely depletes the number of SARS-CoV-2 cells which are 

positive for nucleocapsid protein and significantly reduces the number of virus genome copies 

(Figure 4C). 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. As a note, we again observe that 

the viral genome is only reduced to 20% as compared to no IFN-treated cells when pretreating 

cells for 24 hour with type III IFNs, while viral nucleocapsid protein appears to be absent (Figure 

4D, lower panels), suggesting a high detection limit of the antibody or an IFN-dependent 

inhibition of translation.  

This faster kinetics of antiviral protection of type III IFNs is interesting as previous work 

has shown that type III IFNs require a longer time to establish their antiviral state (Bhushal et al., 

2017; Kohli et al., 2012; Marcello et al., 2006; Meager et al., 2005; Pervolaraki et al., 2018; 

Sheppard et al., 2003). To determine if 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 

conducted the same time course experiment on T84 wild cells infected with VSV-Luc (Figure 

4A). Similar to previous work, 8h pre-treatment of type I IFN at high concentrations was 

sufficient to reduce VSV infection by 90%, while type III IFN required 24h to achieve 90% 

reduction of infectivity (Figure 4D). Additionally, experiments performed using low IFN 

concentrations further supported that type I IFNs can control VSV infection faster than type III 

IFNs (Figure 4E). As such, 24 hours pre-treatment with type III IFNs reduced VSV-Luc infection 

only by 30% when compared to non-treated infected cells (Figure 4E). These results confirm 

that low concentrations of type III IFN require more time to establish an antiviral state to inhibit 

VSV-Luc infection compared to type I IFNs. Finally, when comparing the antiviral activities of 

low concentrations for both type I and type III IFNs against SARS-CoV-2 and VSV (Figure 4C 
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vs. 4E), we could observe 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 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 post-treatment 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 type 

III IFNs can exercise their antiviral activities after viral infection, T84 WT cell were infected with 

SARS-CoV-2 at a MOI of 0.04 (as determined in Vero cells) and treated at different time points 

post-infection with either 4000 U/mL of IFNβ1 or 3 ng/mL of IFNλ1/2/3 (Figure 5A). 24 hpi virus 

genome copy number was evaluated and results show that both type I and III IFNs were able to 

inhibit viral replication when added up to 4h post-infection, and for type I IFN the effect was 

visible even when adding up 8h post-infection, demonstrating the effectiveness of IFN 

treatments against SARS-CoV-2 (Figure 5B).  

To determine how long the IFN-mediated antiviral state persists, T84 WT cells were 

treated with either 4000 U/mL of IFNβ1 or 3 ng/mL of IFNλ1/2/3 for 24 h, then cells were 

washed and fresh medium lacking IFNs was added. At 12, 24, 48 or 72 hours after medium 

exchange, WT T84 cells were infected with SARS-CoV-2 at a MOI of 0.04 (as determined in 

Vero cells) (Figure 6A). At 8 hpi, virus genome copy number was determined via q-RT-PCR and 

results showed that the antiviral state induced by both type I and III IFNs persisted up to 72 

hours (Figure 6B). Interestingly, protection induced by type I IFN strongly decreased over time, 

12h following media exchange of IFNβ1 treated cells, infection levels were reduced by 90%, 48h 

post-media exchange infection was reduced to 50%, and at 72h the antiviral effect was almost 

lost (Figure 6B). On the contrary, type III IFNs induce a longer lasting and more potent antiviral 

state. Even at 48h post-media exchange, virus replication was decreased by 75% and the 

antiviral effect was still present after 72h reducing the virus burden by 50% as compared to non-

IFN-treated cells (Figure 6B). To see if this long term antiviral effect was SARS-CoV-2 specific, 

T84 wild type cells were infected with VSV-Luc following IFN washout (Figure 6A). Interestingly, 

the antiviral state which both type I and III IFNs induced to restrict this virus was less 
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pronounced as compared to SARS-CoV-2 (Figure 6C). 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 as compared to no IFN treatment even 24h post-media change (Figure 

6C). On the contrary, for no timepoint post-media exchange the type III IFN-induced antiviral 

state was potent enough to significantly reduce VSV-Luc infection in hIECs (Figure 6C), thereby 

supporting 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 suggests 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 as they can inhibit SARS-CoV-2 more efficiently compared to 

type I IFN.  
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Discussion  

There is increasing evidence that SARS-CoV-2 infection is not restricted to the 

respiratory tract but also impacts other organs (Trypsteen et al., 2020) as viral components such 

as RNA and proteins were detected in patient biopsies or in postmortem tissues such as the 

heart (Remmelink et al., 2020; Tavazzi et al., 2020), kidney (Bradley et al., 2020), brain (Bradley 

et al., 2020; Puelles et al., 2020; Schaller et al., 2020) and more. The gastrointestinal tract is 

one such important secondary organs and a great fraction of COVID-19 patients display 

gastrointestinal symptoms and shed viral genomes within their feces (Guan et al., 2020; Huang 

et al., 2020; L. Lin et al., 2020; Wölfel et al., 2020; Y. Wu et al., 2020; Xiao et al., 2020; Xing et 

al., 2020; Xu et al., 2020). 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 pandemic efficiently. Together our results 

have shown that both type I and type III IFNs are efficient in mounting an antiviral immune 

response against SARS-CoV-2 in human intestinal epithelial cells as seen by the rapid virus 

replication and spread in the absence of either type I or type III IFN receptors (Figure 1). 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 (Israelow et al., 2020). The 

importance of both IFNs in controlling SARS-CoV-2 in human tissue has been supported by 

several other studies (Lamers et al., 2020; Stanifer, Kee, et al., 2020; Triana et al., 2021; Zang 

et al., 2020), however the differences between the two types of IFNs has yet to be explored. It is 

important to point out that our results showed differences between the two types of IFNs in 

many ways. Firstly, we describe an interesting observation where type I IFN appears to be more 

important in controlling early steps of the SARS-CoV-2 infection cycle since T84 IFNAR-/- cells 

were more infected at early timepoints when compared to T84 wildtype cells, while type III IFNs 

play a more critical role in stopping viral replication and spread in human intestinal epithelium as 

seen from high infection and viral genome rate in T84 IFNLR-/- cells at late timepoints (Figure 1). 

 

 These results point out that there are indeed differences in the kinetics of antiviral 

properties of type I and III interferons against SARS-CoV-2 infections in human intestinal 

epithelial cells. This however, remains unclear in human lung epithelium as there are 

contradictory observations if there is production of type I and III IFNs in the cells during SARS-

CoV-2 infection (Blanco-Melo et al., 2020; Chu et al., 2021; Desai et al., 2020; Katsura et al., 

2020; Shuai et al., 2020; Vanderheiden et al., 2020). To the best of our knowledge, type III IFNs 
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have been vastly neglected, although some studies did indeed show that the human lung 

epithelium is also sensitive to type III IFN treatment (Busnadiego et al., 2020; Felgenhauer et 

al., 2020; Vanderheiden et al., 2020). 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 as compared to type III IFNs (Felgenhauer et al., 2020). This further 

highlights the importance of studying SARS-CoV-2 in multiple cellular models covering the 

broad tropism of SARS-CoV-2 as 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-dependent 

manner. Interestingly, inhibition of nucleocapsid protein with a certain IFN concentration 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 we further determined whether infected 

and treated cells were positive for J2, which labels dsRNA and is representative for virus 

transcription, and nucleocapsid protein representing virus translation. We have shown that in 

contrast to SARS-CoV-2 infected cells without treatment, having similar levels of viral double 

stranded RNA and nucleocapsid protein, IFN-treated cells can be positive for viral double 

stranded RNA while no nucleocapsid protein could be detected. This observation is especially 

prominent in type III IFN-treated cells and strongly suggests that the underlying mechanism of 

IFNs to restrict virus spread is by inhibiting virus translation. Previously it was already reported 

that type I IFN-treatment during Dengue and HIV infection can affect virus protein translation 

(Coccia et al., 1994; Diamond & Harris, 2001). However, little is known about type I and 

especially type III IFN-mediated inhibition of coronavirus nucleocapsid translation, and 

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 proteins) and thus reducing the release 

of functional virus particles to neighboring cells. More needs to be done in order to decipher the 

details of this mechanism underlying the IFN-mediated inhibition of viral genome translation. 

Indeed, several interferon stimulated genes (ISGs) were found to inhibit viral protein translation 

and might be good candidates as key cellular players in the IFN-dependent response to SARS-

CoV-2. A well investigated type I and III-induced ISG is PKR, which upon activation 
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phosphorylates EIF2α to halt cellular translation (Sadler & Williams, 2008). Also the IFIT family 

was demonstrated to suppress cellular translation upon virus infections by several mechanisms 

(Diamond & Farzan, 2013; Vladimer et al., 2014). Moreover, ISG20 was shown to impair 

translation of virus protein without affecting cellular protein translation by discriminating self from 

non-self (N. Wu et al., 2019).  

Our data supports that type I and type III IFNs play different roles at different stages of 

virus infection due to their differences in their kinetics of antiviral action. While both IFN 

treatments induce a dose and time dependent inhibition of viral infection in hIECs, our results 

strongly suggest that type III IFNs were able to restrict virus infection at lower dosage and with 

shorter treatment time as compared to type I IFNs. Comparing whether type I or type III IFNs 

are more potent antiviral at same the concentrations is intrinsically difficult as the IFNs are 

available at concentration expressed in different units. The type III IFNs are available in protein 

concentration (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 is contradictory to a previous study using VSV infection of hIECs 

(Pervolaraki et al., 2018), which shows that type III IFNs need longer time to confer protection. 

To address these discrepancies, we here compared the effect of both type I and type III IFNs on 

VSV and SARS-CoV-2 infection (Figure 2, Supplementary Figure 1, Figure 4). We could 

reproduce our previous results that type I IFN was more potent in inhibiting VSV infection 

especially at lower concentrations (Supplementary Figure 1A, Figure 4D-E). Interestingly, 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 

(Figure 2B-C, Supplementary Figure 1A, Figure 4). Reciprocally, low concentration of type III 

IFNs were able to control SARS-CoV-2 but with limited to no impact on VSV (Figure 1, 

Supplementary Figure 1B, Figure 4). These differences in the efficacy of type I and type III IFNs 

in providing, in the same cell type, an 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 (Selvakumar et al., 2017), it 

recently became clear that both cytokines induce the same ISG but with very different kinetics 

as such, likely creating distinct antiviral state (Crotta et al., 2013; Jilg et al., 2014; J. Da Lin et 

al., 2016; Marcello et al., 2006; Pervolaraki et al., 2018; Voigt & Yin, 2015; Zhou et al., 2007).  
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  Lastly, we have demonstrated that addition of IFNs after SARS-CoV-2 infection was still 

able to inhibit viral replication (Figure 5) 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 such 

potent antiviral states still persist and are able to inhibit virus replication for more than 72 hours 

upon withdrawal (Figure 6B). This effect is specific for SARS-CoV-2, since no such long-lasting 

effect was determined upon VSV-Luc infection (Figure 6C). Altogether we see that type III IFNs 

act fast, require low concentration and short pre-treatment time, 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.   

It has been previously suggested to use IFNβ alone or in combination with other antiviral 

agents to treat SARS-CoV-1 infection (Cinatl et al., 2003). Furthermore, clinical trials using 

treatment combining intravenous injection of IFNβ1 and lopinavir/ritonavir were performed in 

Saudi Arabia to treat MERS-CoV (Arabi et al., 2018, 2020). IFNβ1 seems to be the most 

efficient interferon to curb coronavirus infection, and a report shows that it is due to the fact that 

IFNβ1 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) (Sallard et al., 2020). SARS-CoV-2 is thought to be more sensitive to 

IFN treatment due to its truncated Orf6 and Orf3 protein as opposed to those of SARS-CoV-1 

and MERS-CoV due to a loss of their inhibitory effects on IFNs signaling pathway (Felgenhauer 

et al., 2020; Lokugamage et al., 2020). There is currently a treatment consisting of a triple 

combination of IFNβ-1b, lopinavir-ritonavir and ribavirin to treat patients with COVID-19 in Hong 

Kong as a phase-2 trial (Hung et al., 2020). This trial has yielded promising outcomes showing 

symptoms alleviation and reduction of viral shedding duration for patients with mild to moderate 

COVID-19 disease in the hospital (Hung et al., 2020). Another study also pointed out that IFNβ-

1a, when administered at clinically permissible concentration after SARS-CoV-2 infection, was 

highly effective in inhibiting in vitro SARS-CoV-2 replication (Clementi et al., 2020).  

Here, we have demonstrated that, as compared to type I IFNs, type III IFNs are more 

potent in protecting human intestinal epithelial cells against SARS-CoV-2. This places type III 

IFNs as a promising option in 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 the type III IFN antiviral activity persists longer than the 

type I IFN-mediated one, it is likely that the administration of type III IFN to patients would be 
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more beneficial and would require a less frequent regimen which will render this approach more 

amenable as therapeutic option. Importantly and as reviewed before (Biggioggero et al., 2010), 

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.  
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Materials and Methods 

 Cell line and Viruses 

Wild type T84 (ATCC CCL-248) and their IFN receptor knock-outs (Pervolaraki et al., 

2017) were cultured in a 50:50 mixture of Dulbecco’s modified Eagle’s medium (DMEM) and 

F12 (Gibco) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Gibco). 

T84 Wild-type and IFN receptor knock-out 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 Dulbecco’s modified Eagle’s medium (DMEM) (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 

(Stanifer, Kee, et al., 2020). VSV-Luc was prepared and used as previously described 

(Pervolaraki et al., 2018).  

 Viral infections.  

All SARS-CoV-2 infections were performed with a multiplicity of infection of 0.04 as 

determined in Vero E6 cells. Prior to infection, culture media was removed and virus was added 

to cells and incubated for 1 hour at 37°C. Following the incubation, virus was removed and fresh 

media or media supplemented with indicated interferons was added back to the cells upon virus 

removal.  

 Interferons treatment 

Human recombinant IFN-beta 1a (IFNb) was obtained from Biomol (#86421).  

Recombinant human IFNλ 1 (IL-29) (#300-02L), IFNλ 2 (IL28A) (#300-2K) and IFNλ 3 (IL-28B) 

(#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 q-RT-PCR 

Cells were harvested either 4, 8, 12 or 24 hours post infection and RNA was isolated 

using RNAeasy RNA extraction kit (Qiagen) as per manufacturer's instructions. Complementary 

DNA was synthesized using iSCRIPT reverse transcriptase (BioRad) from 250 ng of total RNA 
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per 20µL reaction according to the manufacturer’s instructions. Quantitative RT-PCR assay was 

performed using iTaq SYBR green (BioRad) as per manufacturer’s instructions. The expression 

of target genes was normalized to endogenous control TBP. Primer sequences are as below: 

  

Target gene Species name Forward sequence Reverse sequence 

TBP Human ccactcacagactctcacaac ctgcggtacaatcccagaact 

COV SARS-CoV2 gcctcttctgttcctcatcac agacagcatcaccgccattg 

The fold change in SARS-CoV-2 genome copy number was calculated using input as a 

reference. Input RNA was harvested immediately after the 1-hour SARS-CoV-2 infection.  

 Western blot 

Cells were harvested and lysed with 1X RIPA (150 mM sodium chloride, 1.0% Triton X-

100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 50 mM Tris, pH 8.0) 

with phosphatase and protease inhibitors (Sigma-Aldrich) for 5 mins 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 two hours at room temperature (RT). Primary 

antibodies beta-Actin (Sigma #5441) and phospho STAT1 (BD Transductions #612233) were 

diluted in the same blocking buffer and incubated overnight at 4°C. Membranes were then 

washed three times with TBS-T for 10 mins at RT with rocking. Anti-mouse antibodies coupled 

with horseradish peroxidase (GE Healthcare #NA934V) were used at 1:5000 dilution in blocking 

buffer and incubated at RT for 1 hour with rocking. Membranes were washed three times with 

TBS-T for 10 mins at RT with rocking. HRP detection reagent (GE Healthcare) was mixed 1:1 

and incubated at RT for 5mins. Membranes were exposed to film and developed. 

VSV luciferase assay 

Wild type T84 cells were seeded in a black F-bottom 96-well plate. Cells were treated as 

indicated in the text with type I or type III IFNs. VSV-luc was added to the wells using a MOI of 5 

as determined in wild type T84 cells and the infection was allowed to proceed for 8 hours. At the 
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end of the infection, media was removed, cells were washed 1X with PBS and lysed with Cell 

Lysis Buffer (Promega) at RT for 20 mins. A 1:1 dilution of Steady Glo (Promega) and Lysis 

Buffer were added to the cells and incubated at RT for 15 mins. Luminescence was read using 

an Omega Luminometer. 

Indirect Immunofluorescence Assay 

Cells were seeded on iBIDI glass bottom 8-well chamber slides previously coated with 

2.5% human collagen in water. At indicated times post-infection, cells were fixed in 4% 

paraformaldehyde (PFA) for 20 mins at RT. Cells were washed in 1X PBS and permeabilized in 

0.5% Triton-X for 15 mins at RT. Cells were blocked using 3% BSA-PBS for 30 mins at RT. 

Mouse monoclonal antibody against SARS-CoV-2 Nucleocapsid protein (Sino biologicals 

MM05) was diluted in 1% BSA- phosphate-buffered saline (PBS) and incubated for 1h at RT. 

Cells were washed with 1X PBS three times and incubated with secondary antibodies 

conjugated with AF488 or AF647568 (Molecular Probes) and DAPI for 30-45 mins at RT. Cells 

were washed in 1X PBS three times and maintained in PBS. Cells were imaged on a 

Nikon/Andor Spinning Disc Confocal microscope to quantify the number of infected cells relative 

to the number of nuclei. 

Statistics and computational analyses and statistics 

All statistical analysis was performed either by Ordinary one way ANOVA Dunnett’s 

multiple comparison test or by a two-tailed unpaired t-test with Welch’s correlation (specified in 

figure legend) using the GraphPad Prism software package.  

In order to quantify infected cells from indirect immunofluorescent 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 non infected samples, and all nuclei with a higher fluorescence were considered 

infected cells. 
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Figure Legends 

 

Figure 1: Kinetics of SARS-CoV-2 infection in human intestinal epithelial cells. (A-

C) Wild type T84 cells and T84 cells depleted of either the type I IFN receptor (IFNAR-/-), the 

type III IFN receptor (IFNLR-/-) or depleted of both IFN receptors (dKO) were infected with 

SARS-CoV-2 at an MOI of 0.04 (as determined in Vero cells). At 4, 8, 12 and 24 hpi, cells were 

harvested to assess virus infection and replication. (A) Indirect immunofluorescence was 

performed against the viral nucleocapsid protein (green). Nuclei were stained with DAPI (blue). 

Representative images are shown. Scale bar=100 µm. (B) Same as (A) except the percentage 

of SARS-CoV-2-positive cells was quantified. (C) RNA was harvested, and q-RT-PCR was used 

to evaluate the replication of the copy number of the SARS-CoV-2 genome. Data are 

normalized to input. (B-C) Error bars indicate standard deviation. 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 WT T84 cells as reference. The 

color of significance stars represents the cell line that is compared to WT T84 (green for dKO, 

red for IFNLR-/- and blue for IFNAR-/-).  

 

Figure 2: Exogenously added type I and III IFNs inhibit SARS-CoV-2 infection of 

hIECs in a concentration dependent manner. (A-D) WT T84 cells were mock-treated or 

pretreated with increasing concentration of type I (IFNβ1) and type III (IFNλ1/2/3) IFNs for 12 h 

and 24 h prior to infection. Cells were infected with SARS-CoV-2 using a MOI of 0.04. 24 hpi, 

cells were harvested to assay virus infection and replication. (A) Schematic of infection 

conditions. (B) Cells were fixed and indirect immunofluorescence was performed against the 

viral nucleocapsid (green). Nuclei were stained with DAPI (blue). Representative images are 

shown. Scale bars=100 µm. (C) The percentage of SARS-CoV-2-positive cells was quantified 

from images in (B). (D) RNA was harvested, and q-RT-PCR was used to evaluate the 

replication of the SARS-CoV-2 genome. Data are normalized to input and expressed as 

percentage, setting no-IFN treated cells to 100%. (C-D) Error bars indicate standard deviation. 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 non-

treated infected cells as reference. 
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Figure 3: Type I and Type III IFNs induce an antiviral state to protect against 

SARS-CoV-2 in hIECs by interfering with nucleocapsid expression. (A-C) WT T84 cells 

were mock-treated or pretreated with type I and III IFN at low concentration (1 U/mL IFNβ1 or 

0.003 ng/mL IFNλ1/2/3) 12h prior to infection with SARS-CoV-2 using a MOI of 0.04. Cells were 

harvested 24 h post SARS-CoV-2 infection. (A) Schematic of infection set-up. (B) Cells were 

fixed, indirect immunofluorescence was performed against the viral nucleocapsid protein (green) 

and double stranded RNA (J2) (magenta), nuclei were stained with DAPI (blue). (C) The 

percentage of both nucleocapsid-positive and J2-positive cells (double-positive cells) and J2-

positive only cells were quantified from (B). Error bars indicate standard deviation. n = 3 

biological replicates. n.s= not significant. P<0.5 *, P<0.01 ** as determined by ordinary one-way 

ANOVA with Dunnett’s multiple comparison test to the non-treated infected cells as reference. 

 

Figure 4: Differences between type I and type III IFNs in providing antiviral 

protection in hIECs against SARS-CoV-2 and VSV. (A-E) WT T84 cells were mock-treated or 

pretreated with type I and III IFN at high (4000 U/ml IFNβ1 or 3 IFNλ1/2/3) or low (500 U/ml 

IFNβ1 or 0.03 IFNλ1/2/3) concentrations for different timepoints prior to infection. Cells were 

infected with either SARS-CoV-2 using a MOI of 0.04 (as determined in Vero cells) or vesicular 

stomatitis virus expression Firefly luciferase (VSV-Luc) using a MOI of 5 (as determined in wild 

type T84 cells). 24 hpi (SARS-CoV-2) or 8 hpi (VSV-Luc) cells were harvested to assay virus 

infection. (A) Schematic of infection set-up. (B,C) The percentage of SARS-CoV-2-positive cells 

was quantified by immunofluorescence (left panels) and viral replication was addressed by q-

RT-PCR (right panels). Q-RT-PCR data are normalized to input and expressed as percentage, 

setting no-IFN treated cells to 100%. (D,E) VSV-Luc infection was assayed by measuring the 

luciferase activity at 8 hpi. Luciferase activities for IFN treated samples were normalized to the 

Luciferase activity of the mock-treated sample, which correspond to 100%. (B-E) Error bars 

indicate standard deviation. 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 non-treated infected cells as reference. 

 

Figure 5: Kinetics of type I and III IFNs establishment of an antiviral state against 

SARS-CoV-2 in hIECs. (A-B) WT T84 cells were infected with SARS-CoV-2 using a MOI of 

0.04 (as determined in Vero cells). At 0, 1, 2, 4 or 8 hpi, 4000 U/mL of IFNβ1 or 3 ng/mL of 

IFNλ1/2/3 was added. (A) Schematic of experiment set-up. (B) 24 hpi, RNA was harvested to 

assess virus replication levels using q-RT-PCR, data are normalized to input and expressed as 
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percentage, setting no-IFN treated cells to 100%. Error bars indicate standard deviation. 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 non-

treated infected cells as reference. 

 

Figure 6: Type III IFNs induce a longer lasting antiviral state inhIEC against SARS-

CoV-2 infection compared to type I IFN.  (A-C) WT T84 cells were mock-treated or pretreated 

with 4000 U/mL of IFNβ1 or 3 ng/mL of IFNλ1/2/3. 24 hours after treatment, fresh medium was 

added to the cells. 12, 24, 48 or 72 hours after medium exchange, cells were infected. (A) 

Schematic of experiment set-up for SARS-CoV-2 infection. (B) Infection with SARS-CoV-2 using 

a MOI of 0.04 (as determined in Vero cells). 8 hpi, RNA was harvested to assess virus 

replication levels using q-RT-PCR, virus genome was normalized to input. (C) Infection with 

VSV-Luc using an MOI of 5 (as determined in T84 wildtype). 8 hpi, a Luciferase assay was 

performed to determine virus infection levels. (B-C) SARS-CoV-2 genome copy number or and 

VSV-Luc infection levels were normalized to the non-treated infected cells of the respective 

timepoint. Error bars indicate standard deviation. n = 3 biological replicates. n.s.=not significant. 

P<0.5 *, P<0.01 **, P<0.001 ***, P <0.0001 **** as determine by a two-tailed unpaired t-test with 

Welch’s correlation, using non-treated infected cells of the respective time point as reference. 

 

Supplementary Figure 1: Exogenously added type I and III IFNs inhibit VSV-Luc 

infection of hIECs in a concentration dependent manner. (A-B) WT T84 cells were mock-

treated or pretreated with increasing concentration of (A) type I (IFNβ1) and (B) type III 

(IFNλ1/2/3) IFNs for 12 h and 24 h prior to infection. Cells were infected with VSV-Luc using a 

MOI of 5 (as determined in T84 wildtype). 8 hpi, cells were harvested to assay virus infection 

with a Luciferase assay. The VSV-Luc infection was quantified and expressed as percentage, 

setting no-IFN treated cells to 100%. Error bars indicate standard deviation. 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 non-treated infected 

cells as reference. 
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