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ABSTRACT

Many COVID-19 patients suffer from gastrointestinal symptoms and impaired intestinal
barrier function may play a key role in Long COVID. Despite its importance, the impact of
SARS-CoV-2 on intestinal epithelia is poorly understood. To address this, we established an
intestinal barrier model integrating epithelial Caco-2 cells, mucus-secreting HT29 cells and
human Raji cells. This gut epithelial model allows efficient differentiation of Caco-2 cells
into microfold-like cells, faithfully mimics intestinal barrier function, and is highly
permissive to SARS-CoV-2 infection. Early strains of SARS-CoV-2 and the Delta variant
replicated with high efficiency, severely disrupted barrier function, and depleted tight
junction proteins, such as claudin-1, occludin and ZO-1. In comparison, Omicron subvariants
also depleted ZO-1 from tight junctions but had fewer damaging effects on mucosal integrity
and barrier function. Remdesivir and the TMPRSS2 inhibitor Camostat prevented SARS-
CoV-2 replication and thus epithelial barrier damage, while the Cathepsin inhibitor E64d was
ineffective. Our results support that SARS-CoV-2 disrupts intestinal barrier function but

further suggest that circulating Omicron variants are less damaging than earlier viral strains.

Keywords: SARS-CoV-2; Omicron; intestinal epithelium model; gut barrier; tight junctions


https://doi.org/10.1101/2024.02.28.582510
http://creativecommons.org/licenses/by-nc-nd/4.0/

38

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

58
59
60
61
62
63
64
65
66
67
68
69
70

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.28.582510; this version posted February 28, 2024. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

INTRODUCTION

SARS-CoV-2 is primarily transmitted through respiratory droplets and the primary targets of
viral infection are cells of the sino-nasal airway epithelium (Ahn et al., 2021). Frequently,
SARS-CoV-2 replication is limited to the upper respiratory tract and most infections remain
asymptomatic or mild (Lamers and Haagmans, 2022; V’kovski et al., 2021). In some cases,
however, the virus may spread more systemically to the lower respiratory tract as well as to
different organs causing a broad range of severe and sometimes life-threatening symptoms
(Gavriatopoulou et al., 2020; Song et al., 2021). In addition to respiratory complications, up
to 30% of COVID-19 patients experience gastrointestinal symptoms, including diarrhea,
abdominal discomfort, loss of appetite and vomiting (Al-Momani et al., n.d.; Hayashi et al.,
2021; Zhong et al.,, 2020). Some COVID-19 patients even develop severe duodenitis
associated with gastrointestinal bleeding requiring red blood cell transfusion (Cappell and
Friedel, 2023; Eleftheriotis et al., 2023). Impaired intestinal barrier function in SARS-CoV-2
infection allows microbial and endotoxin translocation, which triggers inflammation and may
lead to sepsis or contribute to chronic inflammation (Assimakopoulos et al., 2022;
Eleftheriotis et al., 2023; Yamada et al., 2022). Altogether, accumulating evidence suggests
that SARS-CoV-2 infection of the gastrointestinal tract plays a relevant role in COVID-19
(Jin et al., 2021; Scaldaferri et al., 2020; Zhang et al., 2021). Notably, gastrointestinal
disorders may persist after the acute phase of COVID-19 and contribute to post-acute
sequelae of SARS-CoV-2 infection known as Long-COVID (Xu et al., 2023).

It has been reported that angiotensin-converting enzyme 2 (ACE2), the primary receptor of
SARS-CoV-2 (Hoffmann et al., 2020), is expressed at higher levels by intestinal cells
compared to lung cells (Guimarées Sousa et al., 2022; Rahban et al., 2021). Thus, both, direct
SARS-CoV-2 infection and inflammatory cytokines, may compromise gut barrier integrity in
COVID-19 patients (Jiao et al., 2021; Kariyawasam et al., 2021). Immunohistochemical
analysis of gut biopsies from COVID-19 patients stained positive for the SARS-CoV-2 Spike
protein and in situ hybridization analysis further support active viral replication (Neuberger et
al., 2022). Previous studies suggest that SARS-CoV-2 affects various aspects of gut immune
and barrier function and show that the integrity of the intestinal barrier is significantly
impaired in a notable portion of COVID-19 patients (Eleftheriotis et al., 2023; Farsi et al.,
2022; Tsounis et al., 2023; Yamada et al., 2022; Zuo et al., 2020). Despite its importance in
the pathogenesis of COVID-19, the impact of SARS-CoV-2 infection on intestinal barrier

function is poorly explored. Here, we examined the replication potential of various SARS-
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71 CoV-2 strains, i.e. French, Netherland, Delta and Omicron BA.1, BA.2, BA.5 and XBBL1.5,
72 inintestinal epithelia and their effect on barrier permeability, cell integrity, and tight junction
73 proteins. To achieve this, we optimized a Caco-2 and HT29-MTX co-culture in vitro cell
74 model for the permeability and function of the intestinal epithelium (Béduneau et al., 2014;
75 Mahler et al., 2009; Pan et al., 2015) to study SARS-CoV-2 infection. Co-culture of intestinal
76  Caco-2 enterocytes and HT29-MTX goblet cells resulted in an epithelial layer with strong
77 cellular polarity, tight junctions and the presence of a thick mucus layer. The co-cultures
78 expressed high levels of ACE2, as well as the transmembrane serine protease 2 (TMPRSS2)
79 that activates the viral Spike protein, and were highly permissive to SARS-CoV-2 replication
80 after apical viral exposure. Notably, differentiation of Caco-2 cells to M (microfold)-like cells
81 by co-culture with Raji cells (Masuda et al., 2011) increased susceptibility for productive
82 viral infection from the basolateral side. Early SARS-CoV-2 strains and the Delta VOC
83 depleted tight junction proteins and impaired barrier function more severely than Omicron

84 subvariants.

85 RESULTS

86 A triple co-culture model for intestinal SARS-CoV-2 infection

87 To investigate the ability of SARS-CoV-2 to infect intestinal epithelial cells and to affect gut
88 permeability, we established a triple co-culture model comprising enterocytes, goblet cells
89 and M cells similar to those used to study the transport of bacteria, proteins or drugs across
90 mucosal barriers (Beduneau et al., 2014; Mabhler et al., 2009; Pan et al., 2015). We used a
91 trans-well system where human colon carcinoma Caco-2 cells, presenting enterocytes, and
92 HT29-MTX cells, presenting mucus-secreting goblet cells, were seeded onto the apical side
93 of the membrane (Figure 1A). In the initial experiments, we seeded either Caco-2 or HT29
94 cells alone, or two different mixtures of both cell types to achieve appropriate trans-epithelial
95 electrical resistance (TEER) (between 300-450 Q for 7:3 Caco-2 and HT29 mixed
96 monolayer), an optimal ratio between enterocytes and goblet cells, and a proper mucus
97 distribution (Figure 1B). During the first 14 days of culture confluent monolayers with cells
98 expressing apicobasal polarity are formed. As tight junctions developed, TEER values
99 increased over time, reaching the highest values (up to 800 Q) in the Caco-2 single-cell
100 monolayer, followed by the 9:1 and 7:3 mixtures of double-cell type monolayers (Figure 1B).
101 The HT29 single-cell monolayer showed the lowest TEER values (<100 Q) since goblet cells
102 alone form less tight junctions. At day 14, human B lymphoma Raji cells were added to the
103 basolateral compartment for an additional 5 days (Figure 1A). Comparison of co-cultures
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104 otherwise kept under identical conditions showed that Raji B cells triggered differentiation of
105 Caco-2 cells into M-like cells, resulting in a reduction in TEER (Figure 1C) and alkaline
106  phosphatase activity (Figure 1D). The presence of M cells was further confirmed by staining
107 actin filaments with Phalloidine, revealing a thinning of the apical layer due to the loss of
108 microvilli in M-like cells (Figure 1E). Additionally, scanning electron microscopy (SEM)
109 confirmed the presence of M-like cells, where microvilli were sparser and less dense than in
110 Caco-2 cells (Figure 1F). One characteristic of the intestine is the presence of mucus
111 produced by goblet cells (Kim and Ho, 2010). In this model, HT29-MTX mucus-secreting
112 differentiated goblet cells were used (Gagnon et al., 2013). Alcian Blue staining was
113 performed to evaluate the optimal ratio between enterocytes and goblet cells for producing a
114 homogeneously distributed mucus layer. The HT29 single-cell monolayer demonstrated blue
115 staining across the entire surface, while this was lacking in the Caco-2 single-cell monolayer
116  (Figure 1G). The 9:1 Caco2-HT29 mixture resulted in sparse blue staining, whereas a more
117 even distribution was observed for the 7:3 mixture. Thus, we used the 7:3 mixture of Caco-2

118 and HT29 cells in subsequent experiments.

119 SARS-CoV-2 replicates efficiently in the triple-cell intestinal model

120 To determine whether the intestinal epithelial model allows productive SARS-CoV-2
121 infection, the intestinal monolayer was exposed to the SARS-CoV-2 FR strain isolated in
122 France in 2020 at a multiplicity of infection (MOI) of 0.1 for 6 hours (Figure 2A).
123 Subsequently, the cells were washed to remove unbound virus, fresh medium was added, and
124  cells were cultivated for another one to three days, followed by analyses for virus production
125 and cell monolayer permeability. Increasingly high levels of SARS-CoV-2 RNA were
126 detected in the supernatants of the epithelial cell cultures obtained at 1, 2 and 3 days post-
127 infection (Figure 2B). Treatment with the RNA polymerase inhibitor Remdesivir reduced the
128 levels of viral RNA to the detection limit. Western blot analyses confirmed efficient
129 expression of the SARS-CoV-2 nucleocapsid (N) protein in the absence but not in the
130 presence of Remdesivir (Figure 2C). SARS-CoV-2 FR infection disturbed the integrity and
131 greatly increased the permeability of the cell monolayer (Figure 2D). In agreement with the
132 high susceptibility of the intestinal model to SARS-CoV-2 replication, differentiated Caco-
133 2/HT29 co-cultures (Intestinal Model) expressed high levels of ACE2 as well as TMPRSS2
134  (Figure 2E) (Hoffmann et al., 2020). Notably, ACE2 expression levels in differentiated Caco-
135 2/HT29 co-cultures were about 80- and 8-fold higher compared to those detected in
136 individual Caco-2 and HT29 cell cultures, respectively (Figure 2E). In addition, expression of
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137 TMPRSS2 was also increased in differentiated Caco-2/HT29 cultures (Figure 2E). It has been
138 reported that SARS-CoV-2 infection down-regulates ACE2 in the respiratory epithelium
139 (Perrotta et al., 2020). In agreement with this, we found that upon SARS-CoV-2 infection
140 ACE2 expression in the intestinal monolayer model was reduced by ~3-fold (Figure 2F).
141 Next, we performed scanning electron microscopy (SEM) to investigate the impact of SARS
142 CoV-2 on morphology of cellular micro villi. In uninfected samples we observed dense and
143  healthy-looking microvilli, whereas in FR or Delta infected samples micro villi were sparser
144  (Figures 2G, S1). Moreover, SEM revealed high numbers of SARS-CoV-2 particles attached
145 to or released from the cellular villi (Figures 2G, S1), which agrees with previous data
146  showing that ACE2 is expressed by intestinal villi (Lee et al., 2020). Altogether, the results
147 demonstrated that differentiated Caco-2/HT29 co-cultures are highly susceptible to SARS-
148 CoV-2 replication and that they are a useful model to examine viral effects on gastrointestinal

149 barrier function.

150 M cells support basolateral SARS-CoV-2 infection of the intestinal epithelium

151  After establishment of the model, we examined the impact of M cells on the susceptibility of
152 the intestinal epithelium to SARS-CoV-2 infection and on barrier function. M cells
153 endocytose macromolecules, particles and microorganisms from the intestinal lumen and
154 exocytose them to their basolateral membranes where T and B lymphocytes are present
155 (Casteleyn et al., 2013). Thus, they play key roles in mucosal immunity and transcytosis.
156  Differentiation of Caco-2 cells to M-like cells can be induced by co-culture with Raji cells
157 and is relevant for nanoparticles uptake in related intestinal models (Cabellos et al., 2017).
158 The gut has been suggested as an alternative entry site of SARS-CoV-2 and may be infected
159  both directly or by systemic spread of the virus from the lung and other organs (Clerbaux et
160 al., 2022; Guo et al., 2021). Thus, we challenged the gut epithelium model with the virus
161 from both the top and the bottom. Infection from the apical side was associated with effective
162 replication of the FR and Delta strains in both the presence and absence of M cells (Figure
163 3A). On average, the Omicron BA.1 variant produced about 4 orders of magnitude lower
164 levels of viral RNA than FR and Delta in the absence of M cells. In the presence of M cells,
165 the levels of BA.1 RNA increased by ~40-fold after apical infection (Figure 3A). The
166 enhancing effect of M cells was even more striking after infection of the model from the
167 basolateral side. While only background levels of viral RNA were observed in the absence of

168 M cells, the cultures produced about 3-4 orders of magnitude more FR and Delta virus RNA
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169 in their presence (Figure 3A). Altogether, BA.1 was generally strongly attenuated and only

170  produced significant albeit low levels of RNA in the presence of M cells.

171 To assess the effects of the SARS-CoV-2 FR, Delta and BA.1 variants on the integrity of the
172  epithelial monolayer, we determined the TEER values. In agreement with the differences in
173 viral replication, we observed highly significant 2-3-fold increases in permeability after
174 apical inoculation with the FR and Delta strains, while only marginal effects were observed
175 after infection with BA.1 irrespectively of the presence of M cells (Figure 3B, left). In
176  contrast, only modest variations in TEER values were observed after basolateral infection of
177 the intestinal epithelium model despite high replication rates (Figure 3B, right). Western blot
178 analysis confirmed efficient expression of the viral N protein and reduced expression of
179 ACEZ2, as well as the tight junction proteins claudin-1 and occludin after apical infection with
180 the FR and Delta but not BA.1 SARS-CoV-2 strains (Figures 3C, S2). There was significant
181 FR and Delta N protein expression after basolateral infection in the presence of M cells but
182 no significant changes in the expression levels of tight junction proteins (Figures 3C, S2).
183 This agrees with the results on viral replication and monolayer permeability. Altogether,
184  these results showed that FR and Delta replicate with higher efficiency and damage the gut
185 mucosa more severely than BA.1. M cells promote SARS-CoV-2 replication after basolateral

186 infection but the levels were too low to impair barrier function.

187 Remdesivir and Camostat prevent SARS-CoV-2 replication and mucosal damage

188 To obtain insights into the pathways allowing different SARS-CoV-2 strains to replicate in
189 intestinal epithelial cells, we performed the infection in the presence of the TMPRSS2
190 inhibitor Camostat and E64d (Hoffmann et al., 2021) inhibiting cathepsins, which may allow
191 processing and cleavage of Spike proteins in endosomes to allow viral entry (Zhao et al.,
192 2021). The fusion inhibitor EK1 (Xia et al., 2022, 2021) and Remdesivir, which inhibits
193 RNA-dependent RNA polymerase (Gordon et al., 2020), served as controls. Remdesivir
194 completely prevented replication of all three SARS-CoV-2 strains (Figure 4A). In
195 comparison, EK1 was highly effective against Delta but displayed little inhibition of the early
196 French (FR) strain, and BA.1 showing an intermediate susceptibility. Camostat inhibited
197 replication of Delta and BA.1 by >95% but only moderately reduced replication (~30%) of
198 FR even at the highest concentration (Figure 4A). E64d inhibited the Delta strain in a dose
199 dependent manner by up to 70%. However, E64d was inactive against FR and BA.1 and even
200 moderately increased viral RNA production at the lowest (20 uM) concentration. The reason
201 for this is most likely that E64d inhibits autophagy (Yang et al., 2013), which has been

7


https://doi.org/10.1101/2024.02.28.582510
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.28.582510; this version posted February 28, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

202 reported to restrict SARS-CoV-2 infection (Hayn et al., 2021; Kratzel et al., 2021). In
203 contrast, combinations of Camostat and E64d were generally highly effective (Figure 4A).
204 Altogether, the results indicate that early FR strain uses both TMPRSS2 and Cathepsin
205 dependent entry pathways for efficient replication in this co-culture intestinal model, while
206 Delta and BA.1 are largely dependent on TMPRSS2.

207 In the absence of inhibitors, FR and Delta reduced the TEER values by ~5-fold, while BA.1
208 only caused a 1.6-fold reduction (Figure 4B). This decrease in epithelial integrity coincided
209 with decreases of tight junction protein levels. All virus variants downregulated occludin (to
210 53% FR, 66% Delta and 78% BA.1) and more drastically claudin-1 (to 27% FR, 44% Delta
211 and 44% BA.1; Figure 4C). In contrast, marked decreases of Zonula occludens-1 (ZO-1, also
212 known as Tight junction protein-1) were only observed after infection with the FR strain
213 (Figure 4C). In agreement with their effects on viral replication, Remdesivir, EK1 and the
214 combination of Camostat and E64d prevented disruptive effects on epithelial integrity, while
215 E64d had little protective effect (Figure 4B). All three SARS-CoV-2 strains downregulated
216 ACE2 expression (to 52% FR, 79% Delta and 74% BA.1). Remdesivir, as well as the
217 combination of Camostat and E64d, prevented this reduction. Treatment with Camostat (but
218 not E64d and EK1) alone also prevented loss of ACE2 expression. Altogether, the results
219 indicate that SARS-CoV-2 impairs gut barrier function and the expression of tight junction
220 proteins and further show that Remdesivir, Camostat and (to a lesser extent) EK1 prevent

221 viral replication and associated damaging effects in the co-culture intestinal barrier model.

222 Attenuated replication and barrier disruption by SARS-CoV-2 Omicron

223 Our results showed that BA.1 replicates with lower efficiency and causes less damage to the
224  gut mucosa than the earlier SARS-CoV-2 FR and Delta variants. This agrees with published
225 data reporting that BA.1 is attenuated and less pathogenic compared to early virus strains
226  (Nchioua et al., 2023, 2022; van Doremalen et al., 2022). However, it has been established
227 that subsequent Omicron variants, such as BA.2, the resulting BA.5 VOC, and the wide-
228 spread XBBL1.5 variant show increasing replication fitness and possibly also pathogenicity
229 compared to BA.1 (Hoffmann et al., 2023b, 2023a; Kimura et al., 2022; Pastorio et al., 2023;
230 Tamura et al., 2023; Uraki et al., 2022). We found that BA.1 produced moderately lower
231 levels of viral RNA in infected cultures compared to the FR, NL and Delta strains (Figure
232 5A). The lowest quantities of viral RNA were detected in the supernatant of BA.2-infected
233 model intestinal epithelia and gradual increased over BA.5 to XBB1.5. Altogether, however,

234 the quantities of cell-free viral RNA differed only moderately between the seven different
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235 SARS-CoV-2 variants. In contrast, the levels of cell-associated viral RNA of all four
236 Omicron variants were ~10- to 20-fold lower compared to those detected in model epithelia
237 infected with the FR, NL and Delta strains (Figure 5B). On average, the ratios of cell-free to
238 cell-associated viral RNA were ~6- to 15-fold higher for the Omicron variants compared to
239 the early FR strain (Figure 5C) indicating efficient virion release. Most notably, all three
240 early SARS-CoV-2 strains significantly increased gut permeability, while the Omicron
241 subvariants had little disruptive effects that only reached significance for XBB1.5 (Figure
242 5D). Both viral replication as well as inflammatory cytokines may play a role in impaired gut
243 barrier function in COVID-19 patients. However, we detected only modest induction of IFN-
244  stimulated genes (ISGs), such as OAS1 and ISG15, and no significant differences between
245 the seven SARS-CoV-2 variants used (Figure 5E, 5F) suggesting that decreased barrier

246  function was a direct consequence of virus infection.

247 Confocal microscopy confirmed that SARS-CoV-2 FR infection severely affects the
248 expression and localization of claudin-1 and ZO-1 in the co-culture epithelial model (Figure
249 5G). Both proteins localized mainly in the tight junctions between cells in uninfected
250 epithelial layers. The lattice-like appearance was disturbed and claudin-1 and ZO-1 were only
251 detected in clump or punctate structures in FR infected model epithelia. Infection by BA.1
252 and XBBL1.5 had less drastic effects on the localization of claudin-1. Unexpectedly, however,
253 ZO-1 was also efficiently depleted from tight junctions in epithelial co-cultures infected with
254  the Omicron variants (Figure 5G). It has been reported that ZO-1 is dispensable for barrier
255 function but essential for effective mucosal repair (Kuo et al., 2021). Our finding that
256  Omicron variants deplete ZO-1 from tight junctions but do not increase epithelial
257 permeability agree with this but further suggest that they may predispose the intestinal barrier

258 for damage by preventing efficient repair.

259 DISCUSSION

260 In the present study, we show that co-cultures of epithelial Caco-2 cells with mucus-secreting
261 HT29 goblet cells express high levels of ACE2 and TMPRSS2 and present a useful model to
262 examine interactions between SARS-CoV-2 and the intestinal epithelial barrier. Co-culture
263 with human Raji cells induced differentiation of Caco-2 cells into M-like cells and
264 substantially increased the susceptibility of the model epithelium to basolateral SARS-CoV-2
265 infection. Early strains of SARS-CoV-2 and the Delta variant exhibited high replication
266  efficiency in this intestinal model, depleted the tight junction proteins claudin-1, occludine as

267 well as ZO-1, and severely impaired mucosal barrier integrity. In comparison, infection by
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268 Omicron subvariants had less damaging effects on barrier function but also depleted ZO-1
269 from tight junctions, although the overall ZO-1 expression levels detected by western blot
270  were hardly affected. Disruption of mucosal integrity was most likely a direct consequence of
271 viral replication since we observed only modest induction of ISGs (OAS1 and I1SG15) that
272 did not differ significantly between the different SARS-CoV-2 strains. Altogether, co-
273 cultures of Caco-2 colon epithelial cells, HT29-MTX intestinal mucous-producing goblet
274  cells, and Raji B lymphocytes allow to assess the pathological impact of SARS-CoV-2 on the
275 integrity of the gut epithelial barrier and reveal variant-specific differences that may have

276 implications for disease severity and transmission efficiencies.

277 Previous studies on SARS-CoV-2 replication and damaging effects in the gut have been
278 performed in gut organoids and small animal models (Frappart et al., 2020; Han et al., 2022;
279  Kriger et al., 2020; Miyakawa et al., 2022; Song et al., 2021). One advantage of the present
280 model is that it includes both human epithelial Caco-2 cells, as well as mucus-secreting HT29
281 cells, and faithfully replicates the physiological architecture of the human intestinal barrier.
282 The presence of human Raji cells inducing differentiation of Caco-2 cells into M-like cells,
283  which are known to be susceptible to virus infection (Khreefa et al., 2023), further enhances
284 the model's suitability to study SARS-CoV-2 infection and translocation at the mucosal
285 surface. While organoids showed donor-dependent variations in the SARS-CoV-2 infection
286 (Jang et al., 2022), the present co-culture model was highly susceptible to viral replication
287 and allowed to determine effects on intestinal barrier function, differential effects of SARS-
288 CoV-2 variants, and analysis of antiviral drugs and therapeutic agents. In comparison to small
289 animal models, the triple co-culture model avoids ethical concerns, is more affordable and
290 faster to perform. In addition, it offers the possibility to modulate specific components, such

291 as the ratios of specific cell types, is scalable and well reproducible.

292  We found that co-culture with Raji cells not only induced differentiation of Caco-2 cells to
293  Me-like cells but also substantially increased the susceptibility of the model epithelium to
294 basolateral SARS-CoV-2 infection. M cells are specialized epithelial cells found in the
295 mucosa-associated lymphoid tissue (MALT), that play a role in the mucosal immune
296 response by transporting antigens, including pathogens, from the gut lumen to underlying
297 immune cells (Corr et al., 2008; Mabbott et al., 2013). M-like cells might be particularly
298 susceptible to SARS-CoV-2 (Khreefa et al., 2023) or take up virions and transport them
299 through the barrier (Kimura, 2018). Our results clearly show that M-like cells increase the

300 susceptibility of the intestinal epithelium to productive basolateral SARS-CoV-2 infection
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301 suggesting that they help the virus to cross the intestinal epithelial barrier. Further studies are
302 required to clarify the underlying mechanisms and potential implications for viral

303 pathogenesis.

304 It has been reported that COVID-19 patients suffering from gastrointestinal symptoms show
305 prolonged disease duration and severity of disease (Xu et al., 2023). Thus, drugs suppressing
306 intestinal SARS-CoV-2 replication and damaging effects are of high interest. In agreement to
307 previous results obtained in gut organoids (Kriger et al., 2020), we found that Remdesivir
308 efficiently inhibits SARS-CoV-2 infection and barrier damage in the present epithelial model.
309 The fusion inhibitor EK1 also displayed significant inhibitory and protective effects. EK1
310 inhibited the Delta variant more efficiently than the early FR SARS-CoV-2 strain. This was
311 unexpected since previous studies have shown that EK1 binds the HR1 domains of numerous
312 highly diverse coronaviruses including SARS-CoV-2 VOCs, MERS-CoV and common cold
313 CoVs (Xia et al., 2022, 2021). Thus, the reasons for the different efficiency of EK1 against
314 FR and Delta need further study. Combined treatment with Camostat and E64d entirely
315 prevented replication and damaging effects of all three SARS-CoV-2 variants investigated,
316 while treatment with E64d alone had little inhibitory effect. Efficient inhibition of Delta and
317 BA.1 by Camostat indicates that these variants are mainly dependent on TMPRSS2 for
318 replication in the intestinal epithelium. In comparison, efficient decrease of FR replication
319 required inhibition of both TMPRSS2 and cathepsins. This came as surprise since previous
320 data suggest that Omicron evolved to become more independent of TMPRSS2 (Meng et al.,
321 2022). Further analyses are required to fully elucidate potential differences in entry pathways.
322 In either case, our results show that treatment with remdesivir might efficiently prevent
323 SARS-CoV-2 replication and gastrointestinal damage and symptoms.

324  All four Omicron variants investigated showed lower levels of replication compared to earlier
325 SARS-CoV-2 strains and had little if any effects on gut barrier function assessed by TEER
326 values. These results agree with clinical studies showing that gastrointestinal symptoms are
327 relatively rare in Omicron infected individuals (Menni et al., 2022). Direct comparison of the
328 viral RNA levels in the cells and in the supernatants revealed about 5- to 15-fold higher ratios
329 of cell-free to cell-associated VRNA for the four Omicron compared to the early FR and Delta
330 variants. This suggests that Omicron might spread less efficiently in the intestinal epithelium
331 but be released with higher efficiency. This agrees with recent evidence that changes in
332  Omicron Spike increase its ability to counteract tetherin (Shi et al., 2024). These features

333 might contribute to the efficient spread and reduced pathogenicity of Omicron variants.
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334 Reduced replication of Omicron subvariants is consistent with previous results obtained in
335 organoid models (Miyakawa et al., 2022). In agreement with lower infection rates and largely
336 maintained epithelial barrier function, BA.1 and XBB1.5 affected the localization of the tight
337 junction protein claudin-1 less severely than the early FR strain. In striking contrast, ZO-1, a
338 marker of structural and functional integrity was efficiently depleted from tight junctions by
339 all SARS-CoV-2 strains. It has been reported that ZO-1 is dispensable for gut barrier function
340 but critical for effective mucosal repair (Kuo et al., 2021). Thus, impairment of ZO-1 by
341 SARS-CoV-2 infection may prevent restoration of the mucosal barrier and hence contribute
342 to the long-term consequences and complications observed in COVID-19 patients (Xu et al.,
343 2023).

344  In summary, our study establishes a robust model for SARS-CoV-2 infection in the intestinal
345 epithelium and reveals differential impacts of viral variants on mucosal integrity. Our results
346 add to the evidence that the gut epithelium is highly susceptible to SARS-CoV-2 infection
347 and agrees with clinical findings that COVID-19 is frequently associated with impaired gut
348 barrier function. Positive aspects are that currently dominating Omicron variants seem to be
349 significantly less damaging to the gut mucosa than early SARS-CoV-2 strains. In addition,
350 our results suggest that treatment with Remdesivir and other therapeutic agents will protect
351 the gut mucosa against SARS-CoV-2 infection and associated damage. Since gastrointestinal
352 complications and virus shedding may persist long after the virus is cleared from the
353 respiratory system, further studies on the underlying mechanisms, its role in long-COVID and

354  how to prevent it are warranted.
355

356 MATHERIAL AND METHODS

357 Viruses. The SARS-CoV-2 variant B.1.1.529 BA.5 (Omicron BA.5) was kindly provided by
358 Prof. Dr. Florian Schmidt and Dr. Bianca Schulte (University of Bonn). The BetaCoV/
359 Netherlands/01/NL/2020 (NL-02-2020) lineage, the BetaCoV/ France/IDF0372/2020 (FR,
360 French) and the hCoV-19/Netherlands/NH-EMC-1720/2021 lineage B.1.1.529 (Omicron
361 BA.1) were obtained from the European Virus Archive. The SARS-CoV-2 isolate of linecage
362 B.1.617.2 (Delta) was kindly provided by Prof. Hendrik Streeck, Bonn University Medical
363 Center, Bonn, Germany. The SARS-CoV-2 hCoV-19/USA/CO-CDPHE-2102544747/2021,
364 lineage B.1.1.529, BA.2 (Omicron BA.2) was obtained from the BEI database. The SARS-
365 CoV-2 variant XBB.1.5 (Omicron XBB.1.5) was kindly provided by Viviana Simon (Icahn
366 School of Medicine at Mount Sinai, New York, USA). For propagation of SARS-CoV-2

12


https://doi.org/10.1101/2024.02.28.582510
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.28.582510; this version posted February 28, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

367 strains, Vero E6 cells overexpressing ACE2 and TMPRSS2 were seeded to 70-90%
368 confluency in 75 cm? cell culture flasks and inoculated with the SARS-CoV-2 isolates
369 (multiplicity of infection (MOI) of 0.03-0.1) in 3.5 ml serum-free medium. The cells were
370 incubated for 2h at 37°C, before adding 20 ml medium containing 15 mM HEPES. Virus
371 stocks were harvested as soon as strong cytopathic effect (CPE) became apparent. The virus
372 stocks were centrifuged for 5 min at 1,000 g to remove cellular debris, aliquoted, and stored
373 at -80°C until further use. All procedures and assays involving genuine SARS-CoV-2 were
374 performed in the BSL3 facilities at the University of Ulm in accordance with institutional

375 biosafety committee guidelines.

376  Cell culture. A human colon adenocarcinoma cell line Caco-2 and HT29-MTX-E12 cells
377 were purchased from ECACC (# 86010202, #12040401) and cultured in DMEM (Gibco)
378 containing 20% fetal bovine serum (Gibco), 1% MEM non-essential amino acid solution
379 (Gibco), 1% L-Glutamine (PAN) and 1% penicillin—streptomycin solution (PAN) under a
380 humidified atmosphere of 5% CO, at 37 °C. Raji cells (ECACC, #85011429) were grown in
381 RPMI medium (Gibco) containing 10% fetal bovine serum (Gibco), 1% L-Glutamine (PAN)
382 and 1% penicillin—streptomycin solution (PAN) under a humidified atmosphere of 5% CO. at
383 37°C.

384 Intestinal epithelial model. For the development of intestinal epithelial model, 50.000 Caco-
385 2 cells alone or Caco-2 and HT29 cells in ratio 9:1 or 7:3 were seeded on to the TC-Inserts
386 (Sarstedt, #83.3931). Medium was changed every second day. On the day 14, 0.5M Raji cells
387 were added into the lower compartment. Cells were cultivated for another 5 days were Raji

388 density was monitored and keep at 0.5M each day.

389 Virus infection. The medium was refreshed and gut models were infected either from above
390 or below the filter with SARS-CoV-2 variants (MOI=0.1). Two hundred microliters of the
391 inoculum were used to infect the cells. Six hours later, input virus was removed and cells
392 were washed with PBS and supplemented with fresh medium. For analysis of infection,
393 supernatants and cells were harvested for gRT-PCR analysis either 24 or 48 hours post-
394 infection. For Western Blot analysis, cells were detached and lysed with 150 microliters of
395 transmembrane lysis buffer. For immunofluorescence, the cells were washed with PBS and
396 fixed in 4% PFA in PBS for 30 minutes.
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397 TEER measurements. Medium was removed, substituted with the medium kept at room
398 temperature, electrode was inserted and TEER values were measured with the use of World
399 precision instruments, EVOMS3.

400 Alkaline phosphatase activity. In order to analyze phosphatase activity SIGMAFAST™

401 (N2770, Sigma) kit was used under the manufacturer instructions.

402 Alcian blue staining. Determination of enterocytes/goblet cell ratio and mucin production
403 was performed with Alcian Blue (Sigma Aldrich) staining. Here, cells were placed in 3%
404 acetic acid for 3 min and stained with Alcian Blue solution (1 g of Alcian Blue 8GX in 100
405 mL of 3% acetic acid) for 30 min. Afterward, cells were rinsed twice with distilled water and
406 visualized by light microscopy.

407 Immunostaining. Cells were washed 1x with PBS, fixed with 4% PFA for 20 min, washed
408 3x with 1x PBS and permeabilized/blocked with 0.5 % Triton-PBS 5% BSA for 2h on RT.
409  Afterwards primary antibodies in 1% BSA were added and incubated on 4°C overnight. Next
410 day cells were washed 3x PBS, secondary antibodies or Phalloidin 647 (Alexa Fluor,
411 Invitrogen; 0.5ul 400x) with DAPI (1/1000) were added for 1h 37°C. Afterwards cells were
412 washed 5x PBS, membranes were cut out of the inserts and imbedded into Vectashield
413  mounting medium onto the microscopy glass slides. Following antibodies were used: ACE2
414 (ab166755, Abcam), Caludin-1 (ab242370, Abcam), SARS Spike CoV-2 (SARS-CoV /
415 SARS-CoV-2 (COVID-19) spike antibody [1A9], GTX-GTX632604), ZO-1 (ab221547,
416 Abcam), Donkey anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor™ 488 and 647
417 (A21206, A31573, Invitrogen).

418 Scanning electron microscopy. Cells were prepared for SEM by critical point drying as
419 described previously(Schiitz et al., 2021). In brief, cells on the transwell membrane/ TC-
420 Inserts were fixed with a fixative containing 2.5% glutaraldehyde, and 1% saccharose in
421  0.1M phosphate buffer pH 7.3 overnight at 4°C. Post fixation of cells was conducted with 2%
422 osmium tetroxide in PBS for 20 minutes. For dehydration in increasing concentration of
423  isopropanol the filter membrane was cut out of the TC inserts with a scalpel and put into
424 metal containers. In those containers, also critical point drying was conducted. After 2 nm
425 platinum coating by electron beam evaporation, the samples were imaged in a Hitachi S-5200
426 field emission scanning electron microscope with 10 kV accelerating voltage using the

427 secondary electron signal.
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428 Western blotting and antibodies. To determine the expression of cellular and viral proteins,
429 medium was removed, cells were washed with 1xPBS and 150ul of Western blot lysis buffer
430 (150 mM NaCl, 50 mM HEPES, 5 mM EDTA, 0.1% NP40, 500 uM Na 3VO04, 500 uM NaF,
431 pH 7.5) supplemented with protease inhibitor (1:500, Roche) was added onto the cells. Cells
432 were incubated with lysis buffer for 15min when they were re-suspended and transferred into
433 1.5ml tubes. Samples were centrifuged (4 °C, 20 min, 20,817 x g) to remove cell debris,
434  supernatants were transferred to fresh tubes and protein concentrations were determined with
435 BCA Protein Assay Kit (23227, Thermo). Protein concentrations were normalized, samples
436 were mixed with Protein sample loading buffer (Li-COR) with 10% p-mercaptoethanol,
437 heated at 95 °C for 5 min and 40 pg protein was loaded onto 8-15% SDS-PAGE gels. The
438 electrophoresed protein samples were blotted onto Immobilon-FL PVDF (Merck Millipore)
439 membranes. The following antibodies were used: ACE2 (ab166755, Abcam), Claudin-1
440 (ab242370, Abcam), GAPDH (607902, BioLegend), Occludin (MAB7074, R&D), SARS-
441 CoV-2 (COVID-19) Nucleocapsid antibody [6H3] (GTX632269, GeneTex), TMPRSS2
442 (ab109131, Abcam).

443 gPCR. SARS CoV-2 nucleoprotein (N) RNA levels were determined in supernatants of cells
444  collected from SARS-CoV-2 infected cells 48h post-infection. Total RNA was isolated using
445 the Viral RNA Mini Kit (Qiagen) according to the manufacturer’s instructions. qRT-PCR
446 was performed according to the manufacturer’s instructions using TagMan Fast Virus 1-Step
447 Master Mix (Thermo Fisher) and an OneStepPlus Real-Time PCR System (96-well format,
448 fast mode). Primers were purchased from Biomers and dissolved in RNAse free water.
449 Synthetic SARS-CoV-2-RNA (Twist Bioscience) were used as a quantitative standard to
450 obtain viral copy numbers. All reactions were run in triplicates using TagMan

451  primers/probes.

452  Detection of viral particles on SEM images. Viral particles have been manually selected,
453 labelled and counted with the help of the program 3dmod from the imod package (Kremer et
454  al., 1996). Our criteria for viral particles were the size (70 to 100 nm, considering that the
455 particle slightly shrink during standard sample preparation for SEM) and the not perfectly
456  round shape with small spike-like protrusions. Since these kinds of particles can hardly be
457 found on the mock-cells, we conclude that the majority of the selected particles are indeed

458  corona viral particles.

459  Statistics and reproducibility. Statistical analyses were performed using Graph-Pad PRISM
460 8 (GraphPad Software). p Values were determined using unpaired t-test. Significant
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differences are denoted by *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001. Number of

independent replicates (n) is indicated for each dataset.
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785 FIGURE LEGENDS

786 Figure 1: In vitro intestinal epithelial model. (A) Intestinal epithelial model. (B)
787 Measurement of TEER of Caco-2, HT29 monolayer or combination of both cell types in
788 different ration (9:1 and 7:3) in 19d time. (C) TEER values and (D) alkaline phosphatase
789 assay on a day 19 of Caco-2, HT29 or mixture of both cell types in a ratio 9:1 or 7:3 with or
790 without addition of Raji cells (+M). Caco-2+HT29 9:1 set to 100%, n=6, the bars represent
791 the mean = s.e.m.; *p = 0.0117, **p = 0.0016 and ***p = 0.0004, **** p< 0.0001; unpaired
792 t-test. (E) Immunofluorescence staining of beta- actin (red) and ZO-1 (green) Caco-2, Caco-2
793 + M and HT29 monolayer. (F) Scanning electron microscopy images of Caco-2 and Caco-
794  2+M cellular monolayer confirming the presence of M cells with scarce microvilli formation.
795 (G) Light microscopy images of Alcian blue mucus staining showing that HT29-MTX cells
796 are producing mucus in single cell culture as well as in co-culture with Caco-2 cells. Mucus

797 was not detected in Caco-2 single cell culture.

798 Figure 2. SARS CoV-2 infection of intestinal epithelial model. (A) Experimental set-up.
799 On aday 19, Raji cells were removed, fresh medium containing SARS CoV-2 virus at MOI
800 0.1 was added into the apical compartment. Cells were incubated for 6h, when virus was
801 washed away. After 48h cultivation, TEER was measured, supernatants and cells were taken
802 for gPCR or WB analysis. (B) Viral RNA copies/ml 24h, 48h and 72h poi in supernatant
803 from Intestinal epithelial model which was pretreated or not with Remdesivir and infected
804 with FR SARS CoV-2. (C) WB presenting ACE2 and N expression in intestinal epithelial
805 model which was mock infected, infected or pretreated with Remdesivir and infected with FR
806 SARS CoV-2. Cells were collected 72h poi. (D) TEER measurement of intestinal epithelial
807 model which was mock infected or infected with FR SARS CoV-2 strain. n=7, the bars
808 represent the mean £ s.e.m.; **** p< 0.0001; unpaired t-test. (E) Westrn blot presenting
809 expression of ACE2 and TMPRESS2 in Caco-2, HT29 non-differentiated cells and in
810 intestinal model (differentiated cells). (F) Expression of ACE2 and N protein in non- and
811 differentiated Caco-2 or Caco-2+M cells infected with FR SARS CoV-2 strain. (G) SEM
812 images of intestinal model infected with FR, Delta SARS CoV-2 or mock treated. Green

813 colored are viral particles detected by the use of program 3dmod with size criteria 70-100nm.

814 Figure 3. Microfold cells support SARS CoV-2 infection from the basal compartment.
815 (A) Analysis of viral RNA copies 48h poi taken from the apical compartments of intestinal

816 epithelial model harboring or lacking M cells, which were infected from the apical or
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817 basolateral side. (B) TEER and (C) WB from A. n=3, the bars represent the mean + s.e.m.; *p
818 =0.0117, **p =0.0016 and ***p = 0.0004, **** p< 0.0001, unpaired t-test.

819 Figure 4. Dependency on different entry and post-entry pathways and tight junction
820 destruction. (A) Viral RNA copy numbers, (B) TEER values and (D) WB of intestinal
821 epithelial model which was before infection with different viral strains of SARS CoV-2 pre-
822 treated with Remdesivir, EK1, Camostat, E64d and combination of E64d and Camostat in
823 increasing concentrations (Remdesivir 5um, 10 um and 20 pum; EK1, Camostat, E64d 20 pm,
824 40 um and 80 pm). Samples for WB were treated with the highest inhibitors concentration.
825 Inhibitors were freshly added after infection and 24h poi. Samples and measurements were
826 taken 48h poi. n=3, the bars represent the mean = s.e.m.; *p = 0.0117, **p = 0.0016 and ***p
827 =0.0004, **** p< 0.0001, unpaired t-test.

828 Figure 5. Viral release, epithelial integrity and immune activation of different SARS
829 CoV-2 viral strains. (A) Analysis of viral RNA copy numbers in supernatant- cell free (CF)
830 and (B) in the cells- cell associated (CA), (C) viral release calculated as division of CF with
831 CA viral RNA copies, FR was set to 100%. (D) TEER measurements, (E) OAS1 and (F)
832 1SG15 mRNA levels in intestinal epithelial model infected with different SARS CoV-2 viral
833 strains. n=3-9, the bars represent the mean + s.e.m.; *p = 0.0117, **p = 0.0016 and ***p =
834 0.0004, **** p< 0.0001, unpaired t-test. (G) Immunofluorescent staining of ACE2, Claudin-
835 1, Z0O-1 and S in intestinal epithelial model infected with Mock, FR, BA.1 or XBB1.5 SARS
836 CoV-2 viral strains.

837 EXPANDED VIEW FIGURE LEGENDS

838 Figure EV1. SEM images of intestinal model infected with FR and Delta SARS CoV-2
839 strains. Images are matching images in Figure 2 but without coloring the viral particles.

840 Figure EV2. Evaluation of Occludin and Claudin-1 protein expression. Intestinal model
841  with or without M cells was infected with FR or Delta SARS CoV-2 strains from the apical

842 or basolateral side. Cells were taken for the WB analysis 48h poi. Graph presents evaluation
843  of protein expression from 3 independent experiments where Mock levels were set to 100%.
844 n=3, the bars represent the mean + s.e.m.; *p = 0.0117, **p = 0.0016 and **** p< 0.0001,

845 unpaired t-test.
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