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ABSTRACT Infections with severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) can be asymptomatic, but they can also be accompanied by a variety of symp-
toms that result in mild to severe coronavirus disease-19 (COVID-19) and are sometimes
associated with systemic symptoms. Although the viral infection originates in the respi-
ratory system, it is unclear how the virus can overcome the alveolar barrier, which is
observed in severe COVID-19 disease courses. To elucidate the viral effects on the bar-
rier integrity and immune reactions, we used mono-cell culture systems and a complex
human chip model composed of epithelial, endothelial, and mononuclear cells. Our
data show that SARS-CoV-2 efficiently infected epithelial cells with high viral loads and
inflammatory response, including interferon expression. In contrast, the adjacent endo-
thelial layer was neither infected nor did it show productive virus replication or inter-
feron release. With prolonged infection, both cell types were damaged, and the barrier
function deteriorated, allowing the viral particles to overbear. In our study, we demon-
strate that although SARS-CoV-2 is dependent on the epithelium for efficient replication,
the neighboring endothelial cells are affected, e.g., by the epithelial cytokines or compo-
nents induced during infection, which further results in damage of the epithelial/endo-
thelial barrier function and viral dissemination.

IMPORTANCE SARS-CoV-2 challenges health care systems and societies worldwide in
unprecedented ways. Although numerous new studies have been conducted, research
to better understand the molecular pathogen-host interactions is urgently needed. For
this, experimental models have to be developed and adapted. In the present study
we used mono-cell culture systems, and we established a complex chip model, where
epithelial and endothelial cells are cultured in close proximity. We demonstrate that
epithelial cells can be infected with SARS-CoV-2, while the endothelium did not show
any infection signs. Since SARS-CoV-2 is able to establish viremia, the link to throm-
boembolic events in severe COVID-19 courses is evident. However, whether the endo-
thelial layer is damaged by the viral pathogens or whether other endothelial-inde-
pendent homeostatic factors are induced by the virus is essential for understanding
the disease development. Therefore, our study is important, as it demonstrates that
the endothelial layer could not be infected by SARS-CoV-2 in our in vitro experiments,
but we were able to show the destruction of the epithelial-endothelial barrier in our
chip model. From our experiments, we can assume that virus-induced host factors dis-
turbed the epithelial-endothelial barrier function and thereby promote viral spread.
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The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly
pathogenic virus causing severe respiratory infections, described as coronavirus dis-

ease-19 (COVID-19) (1). Patients suffer from various symptoms such as fever, cough, short-
ness of breath, headache, muscle aches, and gastrointestinal symptoms. Hallmarks of
severe COVID-19 courses are pneumonia, pulmonary edema, acute respiratory distress syn-
drome (ARDS), and multiple organ failure. In most patients, the disease has a mild course,
but in some cases, e.g., elderly with comorbidities, the infection can develop into a life-
threatening condition. In particular, preexisting lung pathologies and systemic diseases
such as diabetes predispose to severe infection courses described by George et al. (2).

Clinical studies revealed that the virus primarily replicates in the lung, which can
cause severe lung damage up to necrotic destruction of large areas of the lung tissue
(3). In autopsies of deceased COVID-19 patients, it has been observed that particularly
in severe cases, viral particles can disseminate throughout the body (4, 5). Additionally,
systemic complications have been reported, such as the massive release of proinflam-
matory cytokines and thromboembolic events in various organs (6). Consequently,
SARS-CoV-2 is regarded as a virus that primarily replicates in the nasopharyngeal area
but can also cause a systemic infection that affects different organs with a high mortal-
ity rate.

Little is known about the initial infection process in the alveolar lung tissue, particu-
larly about mechanisms that destroy the lung and mechanisms that allow the virus to
affect different organs in the body. In vivo infection models that closely reflect the
patient’s situation are largely lacking, in part due to the different disease development
in mice and humans. Furthermore, extensive safety measures are required to infect
mice with SARS-CoV-2. Up to now, SARS-CoV-2 in vitro infection models have been
mainly performed with human airway (nonalveolar) cells or nonhuman cell lines that
naturally express the ACE2 viral receptor, such as the African green monkey Vero-76
cell line (7). These cells lack organ- and species-specific characteristics of human lung
epithelial cells. For this purpose, cancerous human lung epithelial cells (Calu-3 cells)
can, at least to some extent, reflect the response of the lung epithelium to viral infec-
tion (8).

In our study, we present a human-specific in vitro chip model composed of cells of
human origin susceptible to a SARS-CoV-2 infection. This model was only recently
developed in our lab (9). In the present study, it was modified by using SARS-CoV-2
permissive epithelial cells (Calu-3 cells). The epithelial and vascular cells (primarily iso-
lated human umbilical vascular endothelial cells; HUVECs) were cocultured with macro-
phages (primarily isolated peripheral blood mononuclear cells; PBMCs), building a
complex cell culture system. This composition is relevant not only for the gas exchange
in the lung but also for an adequate immune response.

We were able to show that SARS-CoV-2 replicates in the epithelial layer while induc-
ing an acute and robust inflammatory response followed by the destruction of the epi-
thelial layer. Interestingly, in this infection scenario, the endothelial cells were not
invaded by SARS-CoV-2 and did not propagate the virus, but nevertheless, the epithe-
lial/endothelial barrier integrity was disrupted.

RESULTS
Efficient SARS-CoV-2 isolation from patients and propagation in cell culture. To

gain fully infectious viral particles for our studies, we collected three respiratory speci-
mens from reverse transcription-quantitative PCR (qRT-PCR)-proven COVID-19 patients
and performed SARS-CoV-2 propagation in cell culture systems (Vero-76 cells). By
repeated infection of host cells and viral replication, we were able to isolate high viral
titers originating from three different patients. Within our studies, the SARS-CoV-2 iso-
lates SARS-CoV-2/hu/Germany/Jena-vi005159/2020 (5159), SARS-CoV-2/hu/Germany/
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Jena-vi005587/2020 (5587), and SARS-CoV-2/hu/Germany/Jena-vi005588/2020 (5588)
were employed. Sequencing of virus isolates verified that all three viral strains belong
to SARS-CoV-2 (species Severe acute respiratory syndrome-related coronavirus, genus
Betacoronavirus) (10). Phylogenetic analysis revealed a close relationship of SARS-CoV-
2 to the SARS-related coronaviruses RaTG13, bat-SL-CoVZXC21, and bat-SL-CoVZC45
(see Fig. S1A in the supplemental material). Within the SARS-CoV-2 clade, the sequen-
ces of strains 5587 and 5588 exhibit two base substitutions T8,782C (nsp1ab: synony-
mous) and C28,144T (nsp8: S84L), which are characteristic for all strains of lineage L
(nomenclature [11]) or lineage B (nomenclature [12]). Accordingly, 5587 and 5588 clustered
with lineage L/lineage B strains in the phylogenetic analysis (Fig. S1B). Furthermore, both
strains exhibit deletion of nsp1ab D448 and two synonymous substitutions (T514C,
C5512T). Beside the nsp8 S84L substitution, strain 5159 has accumulated three additional
amino acid substitutions (S, D614G; nsp1ab, P4715L; and N, R203K/G204R), which place this
virus in lineage B.1.1 according to the proposed SARS-CoV-2 nomenclature of Rambaut et
al. (12) (Fig. S1B).

Mono-cell culture systems can be infected by SARS-CoV-2 and produce
replication complexes at ER-derived membranes. First, we infected mono-cell cul-
ture systems with SARS-CoV-2 and compared the infection rate between Vero-76 cells
and Calu-3 cells. It is already well known that Vero-76 cells can be efficiently infected
by SARS-CoV-2 (7, 13). To better mimic the situation in the human lung, we performed
the infection in Calu-3 cells. Using transmission electron microscopy (TEM), we demon-
strated that Vero-76 and Calu-3 cells efficiently propagate the virus (Fig. 1). Figure 1
illustrates infected Vero-76 (Fig. 1A) and Calu-3 cells (Fig. 1B) containing viral replica-
tion organelles. In the closeup panels, protein accumulation and generation of double-
membrane vesicles are visible in both cell types. In the middle panel (Fig. 1A), virion as-
sembly in the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) and a
Golgi complex are imaged containing morphologically complete viral particles. Here,
the particles are packed to be transported to the cellular surface for virus release. In
both cell types, we see that some particles are still attached to the host cell membrane,
whereas some viral particles are already fully released (lower right panels). These
results indicate that SARS-CoV-2 induces replication complexes at ER-derived mem-
branes, which were already shown for other types of coronaviruses (14) and which con-
firms the findings for Vero E6 cells (15).

In Fig. 2A, immunofluorescence measurements compare infected Vero-76 cells with
infected Calu-3 cells, HUVECs, and macrophages. Most remarkably, in Vero-76 and
Calu-3 cells, viral particles can be visualized to a similar extent using specific antibodies
against SARS-CoV-2 spike proteins. These results are confirmed by Western blot analy-
sis, demonstrating increased levels of SARS-CoV-2 spike protein in the cell lysates after
8 h and 24 h, which is missing in HUVECs and macrophages (Fig. 2B).

Additionally, we verified progeny virus particles by performing plaque assays from
supernatants taken at 8 h and 24 h postinfection. Our results demonstrate increased
replication during ongoing infection of Vero-76 and Calu-3 cells, but no viral propaga-
tion was found in HUVECs and macrophages (Fig. 2C). Measuring viral RNA loads in dif-
ferent infected host cell types 24 h postinfection, we found high RNA levels only in
Vero-76 and Calu-3 cells (Fig. 2D). Thus, HUVEC mono-cell cultures and macrophages
could not productively be infected by SARS-CoV-2 (Fig. 2A to D).

We further analyzed the host response to the infection by measuring the cytokine
mRNA expression of Calu-3 cells. Many inflammatory cytokines were significantly
increased compared to control cells 24 h postinfection (Fig. 3). These results reflect the
high cytokine levels found in COVID-19 patients (16), indicating that infected epithelial
cells might contribute to the disease development in severe COVID-19 cases. Since dif-
ferent cytokines and chemokines are involved in the infection process, a robust
immune response has been associated with a severe clinical course (17). Our results
clearly show that the epithelial cell line Calu-3 can be efficiently infected by SARS-CoV-2,
propagates the virus, and responds to the viral infection with a strong cytokine release.
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SARS-CoV-2 infects epithelial cells within the human chip model, causing a
strong IFN response. In the next step, we modified our human chip model (9) by
seeding Calu-3 cells on the epithelial side, primarily isolated HUVECs on the endothelial
side, and integrated PBMCs to represent the immune response. However, macrophages
that are mainly involved in inflammatory responses (18) do not show productive viral
replication (19) (Fig. 2A to D). The applied system is ventilated and perfused and can be
infected with SARS-CoV-2 via the epithelial side. Using the viral particles isolated from
the three COVID-19 patients’ specimens, an infection by SARS-CoV-2 of the epithelial

FIG 1 Transmission electron microscopy of SARS-CoV-2-infected Vero-76 and Calu-3 cells. Vero-76 (A) and Calu-
3 (B) cells were infected with a SARS-CoV-2 patient isolate (5159, MOI = 1). Transmission electron microscopy
was performed 24 h postinfection (p.i.). (A) (Top panel; scale bar, 5mm) overview of 3 SARS-CoV-2-infected
Vero-76 cells; (bottom-left panel; scale bar, 200 nm) generation of double membrane vesicles; (bottom-middle
panel; scale bar, 200 nm) virion assembly in the ER–Golgi-intermediate compartment (ERGIC); (bottom-right
panel; scale bar: 200 nm) viral release. (B) Overview of a SARS-CoV-2-infected Calu-3 cell showing virus
replication activity (large panel; scale bar, 5mm); in the close-ups, transportation of assembled virions (top-right
panel; scale bar, 200 nm), double membrane vesicles (middle-right panel; scale bar, 200 nm), and virus particle
release (bottom-right panel; scale bar, 200 nm) are shown.

Deinhardt-Emmer et al. Journal of Virology

May 2021 Volume 95 Issue 10 e00110-21 jvi.asm.org 4

https://jvi.asm.org


cells was proven, and the viral protein synthesis was visualized at 28 h postinfection (Fig.
4A). Accumulation of the SARS-CoV-2 spike protein was not yet visible at 8 h, but we
were able to visualize the viral protein up to 40 h postinfection (Fig. S2A and C).
However, SARS-CoV-2 spike protein was not visible in endothelial cells (Fig. 4B, Fig. S2B
and D). In response to the infection, the epithelial cells reacted with a robust cytokine
response, demonstrated by elevated interferon (IFN) levels in the cell culture superna-
tants of the epithelial side (Fig. 4C).

In general, the production of IFN is the most efficient way of fighting viral infec-
tions; e.g., secretion of type I IFN (IFN-a/b) exhibits direct antiviral effects by inhibiting
viral replication (20) among many other interferon effects that promote the immune
response to infection (21). Yet evasion strategies for different types of coronaviruses
have been described. The viruses express factors and possess strategies to inhibit IFN
induction/expression (22) or IFN signaling or to increase IFN resistance, which is
reviewed by Kindler and Thiel (21). Consequently, SARS-CoV-2 is apparently able to
cope with the interferon response of epithelial cells, which is reflected by our measure-
ments, demonstrating efficient viral replication and persistence for up to 40 h despite
a strong epithelial-mediated interferon response (Fig. 3 and 4, Fig. S2).

In contrast, we did not detect viral propagation and did not measure an interferon
response at the endothelial side of the biochip (Fig. 4C). We could not visualize viral
components within endothelial cells either at 8 h (Fig. S2B), 28 h (Fig. 4B), or 40 h post-
infection (Fig. S2D), demonstrating that the viral particles do not productively infect
endothelial cells in the human chip model. Additionally, endothelial mono-cell culture
systems could not be infected by SARS-CoV-2 (Fig. 2A to D), confirming the cell-type

FIG 2 SARS-CoV-2 replicates in Vero-76 and Calu-3 cells. Vero-76, Calu-3 cells, HUVECs, and
macrophages were left uninfected (mock) or were infected with a SARS-CoV-2 patient isolate (5159)
(A, B) or (5159, 5587, 5588) (C, D) (MOI, 1). (A) SARS-CoV-2 was visualized by detection of the spike
protein via a spike-specific antibody and an Alexa Fluor 488-conjugated goat anti-mouse IgG
(green). The nuclei were stained with Hoechst 33342 (blue). Immunofluorescence (IF) microscopy
was acquired by use of the Axio Observer.Z1 instrument (Zeiss) with a �200 magnification. (B)
Total cell lysates were harvested at the times indicated, and expression of the spike protein was
analyzed by Western blot analysis. ERK2 served as the loading control. (C) Progeny virus particles
were measured in the supernatant with a standard plaque assay at the indicated times
postinfection (p.i.). Shown are the means (6SD) of plaque-forming units (PFU) ml21 of at least
three independent experiments, including two biological samples. Statistical significance was
analyzed with unpaired, two-tailed t tests (***, P, 0.001). (D) RNA lysates were performed 24 h p.i.,
and copies of viral RNA (E-gene) were determined with r-biopharm qRT-PCR. Means 6 SD of three
independent experiments are shown.
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specificity of the viral pathogens for lung epithelial cells. This is in line with in vivo stud-
ies that describe only a weak IFN response in the serum of COVID patients (23). In ani-
mal models with mouse-adapted SARS virus, a delayed onset of the IFN response
resulting in immune dysregulation was described (24). The weak and delayed IFN levels
in the serum are probably due to the host cell specificity of SARS-CoV-2, as lung epithe-
lium represents the main infection focus, and endothelial cells are hardly infectible.

Taken together, these results indicate that endothelial cells are not the primary tar-

FIG 2 (Continued)

FIG 2 (Continued)
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get cells of SARS-CoV-2, which is in agreement with previous studies (1, 25, 26).
Further, it is in line with the observation that endothelial layers of the alveolar capilla-
ries of deceased COVID-19 patients were still intact, but epithelial tissue was found to
be seriously damaged (5). Although the mechanism is not explored, the increased
proinflammatory cytokine release might cause an endothelial dysfunction. In addition,
comorbidities such as obesity and diabetes might render endothelial cells more sus-
ceptible to being infected, as recently described (27, 28). There is clinical evidence for
severe courses of COVID-19, in particular, when preexisting endothelial damage is sus-
pected (29).

Further studies are required to elaborate the impact of the endothelial phenotype
and the infection conditions at which these cells are targeted by SARS-CoV-2. In the
model used in this study, the pneumotropic features of SARS-CoV-2 could be confirmed
based on viral uptake and replication in epithelial cells accompanied by an interferon
response described in previous studies. The viral particles were not transferred to the
neighboring endothelial layer, although the cells were cocultivated in close proximity.

SARS-CoV-2 disrupts the cellular barrier within the human chip model. Next, we
analyzed the barrier function of the epithelial-endothelial cell layers in our biochip
model. Many clinical case reports and studies describe that critically ill COVID-19
patients develop severe lung destruction and a systemic sepsis-like syndrome (30, 31)
that could be partly explained by a disrupted barrier function in the lung. From the im-
munofluorescence image (Fig. 4), we could observe some destruction of the epithelial
or endothelial layer, in particular, 40 h postinfection (Fig. S2C and D). To better visual-
ize the cell layers during the infection, we performed scanning electron microscopy
(SEM) analysis of the surface structures 28 h postinfection. On the epithelial side, we
found dead cells and remnants attached to the cell layer. Dying cells are identified by
shrinking, balling, disruption of the plasma membrane, and the loss of microvilli, which
can be observed in the top and middle panel of the infected cells but to a much lesser
extent in mock-treated cells (Fig. 5A, top panel). At the surface of dead cells of the
infected epithelial layer (Fig. 5A, bottom panel) large numbers of uniformly sized spheri-
cal particles attached to the cell membrane could be found. Based on their shape and
size (83.46 5.3 nm, n=80) they can be considered to be SARS-CoV-2 virus particles.

It is well known that respiratory viral pathogens, such as the influenza virus (32), induce
cell death (including apoptosis) in the respiratory epithelium. Previously, the 2003 SARS-CoV
led to apoptotic cell death induced by membrane proteins via modulation of the Akt path-
way (33). Additionally, prolonged stress of the endoplasmic reticulum (ER) was identified as
a trigger for apoptosis (34). During the recent pandemic, it has been shown that the largest
unique open reading frame (ORF) of the SARS-CoV-2 genome, ORF3a, is associated with a
proapoptotic activity (35). These studies indicate that the induction of an apoptotic process
in the course of SARS-CoV-2 infection is highly probable.

In contrast, on the endothelial side, we could not observe differences in the mor-
phological appearance between SARS-CoV-2-infected and mock-treated cells. Here, the

FIG 2 (Continued)
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cell integrity of the cell layers appeared intact apart from shrinking artifacts due to the
drying procedure (Fig. 5B). At high magnification (bottom panel), dead cell remnants
show granular residues of the cytoplasm, indicating the loss of the plasma membrane,
but no viral particles could be visualized.

To measure the epithelial and endothelial cell viability, we performed lactate dehydro-
genase (LDH) assays on cells grown in the biochip (Fig. 5C). SARS-CoV-2 infection did not
result in LDH release of epithelial or endothelial layers at 8 h postinfection. However, at 28
h postinfection, we observed in the infected epithelial layer a significantly enhanced
release of LDH, whereas SARS-CoV-2 did not induce an enhanced LDH release in endothe-
lial cells (Fig. 5C). However, after more extended infection periods (40 h; Fig. 5C), the barrier
function on the endothelial side was also affected. These results suggest that even if the

FIG 3 SARS-CoV-2 infection results in induction of antiviral and proinflammatory mRNA synthesis. Calu-3 cells were left
uninfected (mock) or were infected with a SARS-CoV-2 patient isolate (5159, 5587, 5588) (MOI, 1). RNA lysates were performed 24
h p.i. Levels of IFNa, IFNb , IFNl1, IFNl2,3, interleukin-6 (IL-6), IL-8, IP10 (interferon-gamma induced protein 10 kDa), tumor
necrosis factor-alpha (TNF-a), cIAP2 (cellular inhibitor of apoptosis), TRAIL (TNF-related apoptosis inducing ligand), and RIPK1
(receptor-interacting serin/threonine-protein kinase) mRNA were measured for three patient isolates (5159, 5587, 5588) and two
technical samples in 3 independent experiments. Means 6 SD of three independent experiments are shown. Levels of mock-
treated samples were arbitrarily set as 1. After normalization, two-tailed unpaired t tests were performed for comparison of mock-
treated and SARS-CoV-2-infected samples (*, P, 0.05; **, P, 0.01; ***; P, 0.001; ****, P, 0.0001).
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endothelial layer is not infected, the cell integrity gets disturbed, most likely by cytokines
released by neighboring cells. In this respect, it is known that high cytokine/interferon lev-
els can induce the disruption of the alveolar barrier function (36–38).

To further analyze the barrier integrity of the biochip system on a functional level, we
performed permeability assays using fluorescein isothiocyanate (FITC)-dextran to investi-
gate the endothelial and epithelial cell barrier integrity. We were able to show that
SARS-CoV-2 infection did not affect tissue permeability at 8 h postinfection but resulted
in significantly increased tissue permeability after 28 h postinfection (Fig. 5D). As a con-
sequence of the disrupted barrier, we detected viral particles by performing plaque
assays of the cell supernatants in the endothelial chamber in a time-dependent manner,
with very low levels at 8 h postinfection and higher levels at 40 h postinfection (Fig. 5E).
These results show that endothelial cells are affected by the viral infection at late time
points and that the disturbed cell integrity results in translocation of the viral particles
over the cellular barrier.

DISCUSSION

In this article, we present an in vitro chip model based on human cells that can be effi-
ciently infected by SARS-CoV-2 (Fig. 6). The epithelial cells of the model were prone to
SARS-CoV-2 infection and propagated viral particles with high viral loads. These findings
are in line with clinical observations that by far the highest viral burdens are measured in

FIG 4 SARS-CoV-2 efficiently infects epithelial cells of the human chip model and provokes type I
and III interferon production. The epithelial chamber of the chip model was left uninfected (mock) or
infected with three different SARS-CoV-2 patient isolates (5159, 5587, 5588) (MOI, 1). (A and B)
Immunofluorescence staining was performed 28 h p.i. and analyzed by immunofluorescence
microscopy (Axio Observer.Z1; Zeiss); (A) the E-cadherin of the epithelial layer and (B) the VE-cadherin
of the endothelial layer were visualized by an anti-E-cadherin-specific antibody or an anti-VE-cadherin
antiserum, respectively, and a Cy5 goat anti-rabbit IgG (red). In panels A and B, the SARS-CoV-2 was
visualized by detection of the spike protein via a spike-specific antibody and an Alexa Fluor 488-
conjugated goat anti-mouse IgG (green). The nuclei were stained with Hoechst 33342 (blue). Scale
bars represent 100mm. (C) Production of antiviral cytokines derived from the epithelial side was
determined by use of Legendplex panel (Biolegend, CA, USA). SARS-CoV-2-induced IFNb , IFNl1, and
IFNl2,3 release (pg ml21) was measured. Means 6 SD of three independent experiments each
infected with another patient isolate (5159, 5587, 5588) are shown. After normalization, two-tailed
unpaired t tests were performed for comparison of mock-treated and SARS-CoV-2-infected samples
(**, P, 0.01).
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lung tissue (3). This phenomenon can be explained by the cell tropism of SARS-CoV-2 to
airway cells that contribute to the high shedding of viral particles in the respiratory system
and the high infectivity of patients via aerosols. Nevertheless, due to the systemic symp-
toms in severe COVID-19 patients, it has been discussed whether other cell types besides
the airway epithelium are targeted by SARS-CoV-2, as well. In particular, vascular complica-
tions, such as thrombotic events (39), could result from the dissemination and propagation
of viral particles in the endothelial system. In our model system, we could not confirm viral
invasion into endothelial cells, although the cells were cultured in close proximity to the
infected epithelium.

These results are in line with other recent publications, indicating that endothelial
cells are resistant to SARS-CoV-2 infection and suggesting that vascular dysfunction is
caused by factors and mediators released by adjacent infected cells (25, 26).

However, with increased time of infection (40 h), the endothelial cells become damaged,
resulting in a decline in tissue barrier function. This effect is most likely mediated by the
cytokine release of the infected neighboring epithelium. Cytokine release is known to dis-
turb various cellular functions, such as protein biosynthesis and barrier integrity. Many stud-

FIG 4 (Continued)

FIG 4 (Continued)
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ies reveal that most severe cases of SARS-CoV-2 infections are not only due to enhanced vi-
ral burden, but are to a large extent due to aberrant immune responses (38).

In our study, we present an infection model that could be further used to investi-
gate several aspects of the SARS-CoV-2 infection. (i) At first, the cellular interaction can
be analyzed in detail with increasing complexity. Here, the interaction between endo-
thelial and epithelial cells and the role of different immune cells that can be integrated
into the biochip could be elaborated. (ii) Another crucial aspect is preexisting damage,
such as diabetic vascular changes or inflammatory foci that may promote a SARS-CoV-

FIG 5 SARS-CoV-2 infection results in the disruption of barrier integrity in the human chip model. The epithelial
side of the chip model was left uninfected (mock) or infected with the SARS-CoV-2 patient isolate (5159) (MOI, 1). (A
and B) Scanning electron microscopy was performed 28 h p.i.; Overviews (top panel) of the (A) epithelial layer and
(B) endothelial layer are depicted. Dead cells (middle panel) are focused. The surface of dead cells (lower panel)
shows particles attached to the plasma membranes of the epithelial cells only. Scale bars represent 50mm (�200
magnification), 5mm (�2,000 magnification), and 200nm (�60,000 magnification). (C) Supernatants of the epithelial
and endothelial side of SARS-CoV-2-infected human chip models were used to perform LDH assays indicating cell
membrane rupture at 8 h, 28 h, and 40 h p.i. (D) The barrier function of the human chip model was analyzed with
a permeability assay of mock-infected and SARS-CoV-2-infected human chip models using FITC-dextran at 8 h and
28 h p.i. FITC-dextran was measured via the fluorescence intensity (excision, 488nm; emission, 518nm) and
depicted as the permeability coefficient (Papp), calculated according to Papp (cm s21) = (dQ/dt) (1/ACo). Results show
significantly higher barrier permeability 28 h p.i. after SARS-CoV-2 infection. (E) Progeny virus titers were analyzed in
the supernatants of the epithelial and endothelial layer with a standard plaque assay at 8 h, 28 h, and 40 h p.i. and
indicated as plaque-forming units (PFU) ml21. Shown are means (6SD) of three independent experiments each
infected with a different patient isolate (5159, 5587, 5588). Statistical significance was analyzed by unpaired, two-
tailed t test (*, P, 0.05; **, P, 0.01).
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2 infection. These factors can be mimicked in the biochip model to investigate their
impact on infection development. (iii) A third important issue relates to novel thera-
peutic agents. Antiviral and anti-inflammatory therapies can be tested in the biochip
model to obtain initial results on their mode of action.

Consequently, our biochip model represents a valuable tool to study many aspects
of SARS-CoV-2 infections.

MATERIALS ANDMETHODS
Virus isolation, propagation, and standard plaque assays. For all experiments, we used SARS-CoV-

2 isolated from respiratory specimens of three different patients (SARS-CoV-2/hu/Germany/Jena-vi005159/
2020 [5159], SARS-CoV-2/hu/Germany/Jena-vi005587/2020 [5587], and SARS-CoV-2/hu/Germany/Jena-
vi005588/2020 [5588]) (ethics approval of the Jena University Hospital, no. 2018-1263). For this, Vero-76
cells were washed 12 h after seeding and infected with 200ml filtered patient sample (sterilized syringe fil-
ter; pore size, 0.2mm) with the addition of Panserin 401 (PanBiotech, Germany). The cytopathic effect was
detectable after 5 days. Then, the cells were further processed by freezing, centrifugation, and clear super-
natant removal. Plaque purification was performed to achieve homogeneous viral stocks as follows: Vero-
76 cells were infected with serial dilutions of virus isolates diluted in Eagle minimum essential medium
(EMEM) for 60min at 37°C and 5% CO2. The inoculum was exchanged with 2ml EMEM/BA (medium with
0.2% bovine serum albumin [BSA]) supplemented with 0.9% agar (Oxoid, Wesel, Germany), 0.01% DEAE-
Dextran (Pharmacia Biotech, Germany), and 0.2% NaHCO3 until plaque formation could be observed. The
single viral plaques were marked by using inverse microscopy and used to infect confluent Vero-76 cell

FIG 5 (Continued)
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monolayers in T25 flasks. Cells were incubated at 37°C and 5% CO2 until pronounced cytopathic effects
were visible. Then, cell cultures were frozen, and clear supernatants were collected. This plaque purifica-
tion procedure was repeated again. Finally, virus stocks were generated and titrated using plaque assays.
For this, Vero-76 cells were seeded in 6-well plates until a 90% confluence and infected with serial dilutions
of the supernatants in phosphate-buffered saline (PBS)/BA (1mM MgCl2, 0.9mM CaCl, 0.2% BSA, 100 U
ml21 Pen/Strep) for 90min at 37°C. After aspiration of the inoculum, cells were incubated with 2ml MEM/
BA (medium with 0.2% BSA) supplemented with 0.9% agar (Oxoid, Wesel, Germany), 0.01% DEAE-Dextran
(Pharmacia Biotech, Germany), and 0.2% NaHCO3 at 37°C and 5% CO2 for 4 days. To visualize the plaques,
the staining with crystal violet solution (0.2% crystal violet, 20% ethanol, 3.5% formaldehyde in water) was
performed, and the number of infectious particles (PFU ml21) was determined by counting.

Sequencing and genome reconstruction. Library preparation was performed according to the
“nCoV-2019 sequencing protocol” (doi.org/10.17504/protocols.io.bdp7i5rn) from the ARTICnetwork
(https://artic.network/ncov-2019). Briefly, viral RNA was isolated for SARS-CoV-2 virus strains 5159, 5587,
and 5588 via the QIAmp viral RNA kit (Qiagen, Hilden, Germany) according to the manufacturer’s guide.
The cDNA preparation was performed using SuperScript IV (Thermo Fisher), followed by a multiplex PCR
to generate overlapping 400-nucleotide (nt) amplicons using version 3 of the primer set (https://github
.com/artic-network/artic-ncov2019/tree/master/primer_schemes/nCoV-2019/V3). After PCR cleanup,
library preparation was performed using the Ligation sequencing kit (LSK-109; Oxford Nanopore
Technologies) and the native barcoding expansion (EXP-NBD104, native barcoding kit; Oxford Nanopore
Technologies). Sequencing was performed on a MinION device using an R.9.4.1 flow cell (Oxford
Nanopore Technologies). Base calling and genome reconstruction were performed using poreCov v.0.2
with the default settings (https://github.com/replikation/poreCov).

Cell culture and virus infection. For the virus propagation, we used Vero-76 cells, cultured in EMEM
with HEPES, and 5mM L-glutamine. Calu-3 cells were cultured in RPMI 1640 supplemented with 10% fe-
tal calf serum (FCS). M199 was purchased from Lonza (Verviers, Belgium); fetal calf serum (FCS), human
serum, and endothelial growth supplement were from Sigma (Taufkirchen, Germany).

For mono-cell culture studies with human monocyte-derived macrophages, monocytes were isolated
from leukocyte concentrates obtained from freshly withdrawn peripheral blood of healthy male and
female adult human donors (18 to 65years old), which were provided by the Institute of Transfusion
Medicine at the University Hospital Jena, Germany. The experimental protocol was approved by the ethics
committee of the University Hospital Jena. All methods were performed in accordance with the relevant
guidelines and regulations. Peripheral blood mononuclear cells (PBMC) were separated using dextran sedi-
mentation, followed by centrifugation on lymphocyte separation medium (Histopaque-1077; Sigma-

FIG 5 (Continued)
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Aldrich, St. Louis, MO, USA). PBMC were seeded in RPMI 1640 (Sigma-Aldrich) containing 10% (vol/vol)
heat-inactivated fetal calf serum (FCS), 100 U ml21 penicillin, and 100mg ml21 streptomycin (Biochrom/
Merck, Berlin, Germany) in cell culture flasks for 1.5 h at 37°C and 5% CO2 for adherence of monocytes. For
differentiation of monocytes to macrophages, monocytes were incubated with 20ng ml21 granulocyte-
macrophage colony-stimulating factor (GM-CSF; Peprotech, Hamburg, Germany) for 6 days in RPMI 1640
supplemented with 10% fetal calf serum, 2mM glutamine (Biochrom/Merck), and penicillin/streptomycin.

For the integration of PBMCs into the human chip model, cells were isolated and cultivated as previ-
ously described (9). Human umbilical vein endothelial cells (HUVECs) were isolated from anonymously
acquired human umbilical cords according to the Declaration of Helsinki, “Ethical Principles for Medical
Research Involving Human Subjects” (1964). After the cord veins were rinsed with 0.9% NaCl, endothelial
cells were detached with collagenase (0.01%, 3min at 37°C), suspended in M199/10% FCS, washed once
(500� g, 6min), and seeded on a cell culture flask coated with 0.2% gelatin. Then, 24 h later, full growth
medium was added (M199, 17.5% FCS, 2.5% human serum, 7.5mg ml21 endothelial mitogen, 7.5 U ml21

heparin, 680mM glutamine, 100mM vitamin C, 100 U ml21 penicillin, 100mg ml21 streptomycin). HUVECs
from the second passage were seeded on 30-mm dishes or on 90-mm dishes at a density of 27,500 cells/
cm2. Experiments were performed 72 h after seeding. For the cultivation of the human chip model, we
used Calu-3 cells and macrophages at the epithelial side and HUVECs at the endothelial side. The multior-
gan tissue flow (MOTiF) biochips were manufactured and obtained from microfluidic ChipShop GmbH
(Jena, Germany), as explained previously (9).

The in vitro infection of the cell lines was performed as follows: cells were washed with PBS and ei-
ther left uninfected (mock) or infected with SARS-CoV-2 with a multiplicity of infection (MOI) of 1 for
120min in medium (EMEM with HEPES modification and 5mM L-glutamine for Vero-76 cells, RPMI 1640
for Calu-3 cells, RPMI 1640 with GM-CSF and penicillin/streptomycin for macrophages, and endothelial cell
medium for HUVECs) supplemented with 10% FCS. Subsequently, supernatants were removed, and cells
were supplemented with fresh medium containing 10% FCS and further incubated at 37°C and 5% CO2.

For the infection of the human chip model, cells were washed with PBS once, followed by treatment
with PBS (mock) at 37°C and RPMI (0.2% autologous human serum, 1mM MgCl2, 0.9mM CaCl2) or infec-
tion with SARS-CoV-2 (1 MOI). After 90min, incubation cells were washed and supplemented with me-
dium. Afterward, cells were incubated for the indicated times at 37°C and 5% CO2.

Transmission electron microscopy. Confluent monolayers of Vero-76 cells or Calu-3 cells (9-cm pe-
tri dishes) were infected with SARS-CoV-2 (isolate 5159) using an MOI of 1. After 24 h, supernatants were
removed, and samples were fixed with freshly prepared modified Karnovsky fixative consisting of 4%
wt/vol paraformaldehyde and 2.5% vol/vol glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for
1 h at room temperature. After washing 3 times for 15min each with 0.1 M sodium cacodylate buffer
(pH 7.4), the cells were postfixed with 2% wt/vol osmium tetroxide for 1 h at room temperature.
Subsequently, the cells were rewashed with 0.1 M sodium cacodylate buffer (pH 7.4), thoroughly
scraped off the petri dishes, and pelleted by centrifuging at 600� g for 10min. During the following
dehydration in ascending ethanol series, poststaining with 1% wt/vol uranyl acetate was performed.
Afterward, the pellets were embedded in epoxy resin (Araldite) and ultrathin-sectioned (70 nm) using a

FIG 6 Schematic representation of a SARS-CoV-2-infected human chip model. SARS-CoV-2 productively
infects the epithelium (Calu-3 cells) of the human chip model and produces progeny virus particles.
Concomitantly, virus-induced cellular factors are released, affecting neighboring cells. Although the
endothelial cells were cultured in close proximity to the infected epithelium, they were not infected by
SARS-CoV-2. Nonetheless, endothelial cells become damaged, resulting in a decline in tissue barrier
function. This figure was made with Servier Medical Art templates, which are licensed under a Creative
Commons Attribution 3.0 Unported License.
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Leica Ultracut S instrument (Leica, Wetzlar, Germany). Finally, the sections were mounted on filmed Cu
grids, poststained with lead citrate, and studied in a transmission electron microscope (EM 900; Zeiss,
Oberkochen, Germany) at 80 kV and magnifications of �3,000 to �85,000. For image recording, a 2K
slow-scan charge-coupled device (CCD) camera (TRS, Moorenweis, Germany) was used.

Immunofluorescence microscopy. Membranes of the human chip model were fixed for at least
30min with 4% paraformaldehyde at 37°C and permeabilized with 0.1% saponin buffer for 1 h at room
temperature. For the human chip model, the membrane was removed from the chip after fixation and
before permeabilization and cut in half to analyze either the epithelial or the endothelial side. Infection by
SARS-CoV-2 was visualized using mouse anti-SARS-CoV-2 spike (GeneTex; no. GTX632604) IgG monoclonal,
primary antibodies and Alexa Fluor goat anti-mouse IgG polyclonal antibodies (Dianova; no. 115-545-146).
The nuclei were stained with bisBenzimide H 33342 trihydrochloride (Hoechst 33342) (Merck; no. 14533).
Rabbit anti-E-cadherin IgG monoclonal (Cell Signaling; no. 3195S) or rabbit anti-VE-cadherin polyclonal, pri-
mary antibodies (Cell Signaling; no. 2158S) and Cy5 goat anti-rabbit IgG polyclonal antibodies (Dianova;
no. 111-175-144) were used to detect cell borders of Calu-3 or HUVEC cells, respectively, on the membrane
of the human chip model. Primary antibodies were added 1:100, overnight at 4°C. Afterward, secondary
antibodies and Hoechst 33342 were added 1:100 and 1:1,000 for 1 h, at room temperature and in the dark.
Cells and membranes were mounted with fluorescence mounting medium (Dako; no. S3023).

Images were acquired using an Axio Observer.Z1 microscope (Zeiss) with Plan Apochromat 20�/0.8
objective (Zeiss), ApoTome.2 (Zeiss), and Axiocam 503 mono (Zeiss) and the software Zen 2.6 (blue edi-
tion; Zeiss). Apotome defolding with phase error correction and deconvolution was done with the soft-
ware Zen 2.6 as well. Fiji V 1.52b (ImageJ) was used for further image processing, including Z-stack merg-
ing with maximum intensity projection and gamma correction. Parameters were kept the same for all
pictures which were compared with each other.

Scanning electron microscopy. The fixation of the cells was performed inside the human chip model
by using the same fixative as for TEM for 60min at room temperature as described previously (9, 40, 41).
Afterward, the chips were rinsed three times with fresh cacodylate buffer for 10min each, and the mem-
branes were cut out. After postfixation with 2% wt/vol osmium tetroxide for 1 h, the samples were dehy-
drated in ascending ethanol concentrations (30, 50, 70, 90, and 100%) for 15min each. Subsequently, the
samples were critical-point dried using liquid CO2 and sputter coated with gold (thickness, approximately
2nm) using a CCU-010 sputter coater (Safematic GmbH, Zizers, Switzerland). The specimens were investi-
gated with a field emission SEM LEO-1530 Gemini (Carl Zeiss NTS GmbH, Oberkochen, Germany).

Western blot analysis. For Western blotting, cells were lysed with Triton lysis buffer (TLB; 20 mM
Tris-HCl, pH 7.4; 137 mM NaCl; 10% glycerol; 1% Triton X-100; 2 mM EDTA; 50 mM sodium glycerophos-
phate, 20 mM sodium pyrophosphate; 5mg ml21 aprotinin; 5mg ml21 leupeptin; 1 mM sodium vanadate
and 5mM benzamidine) for 30min. Cell lysates were cleared by centrifugation, supplemented with 5�
Lämmli buffer (10% SDS, 50% glycerol, 25% 2-mercaptoethanol, 0.02% bromophenol blue, 312mM Tris,
6.8 pH) (diluted 1:5), boiled for 10min (95°C), and subjected to SDS-PAGE and subsequent blotting. For
the detection of SARS-CoV-2 spike protein, a rabbit polyclonal anti-SARS-CoV-2 spike S2 antibody (Sino
Biological; no. 40590-T62) was used. Equal protein load was verified by use of a mouse monoclonal anti-
ERK2 antibody (Santa Cruz; no. sc1647).

Lactate dehydrogenase cytotoxicity assay. Cell cytotoxicity was determined with a CyQUANT lac-
tate dehydrogenase (LDH) cytotoxicity assay kit (Invitrogen/Thermo Fisher Scientific, Waltham, USA)
according to the manufacturer’s instructions. Cells were infected as previously described. After infection,
25ml of the supernatant was transferred in technical duplicates to a 96-well plate and mixed with 25ml
of the LDH cytotoxicity assay reagent. The plate was incubated at 37°C for 30min. Stop solution (25ml)
was added, and the optical density at 492 nm (OD492nm) was directly measured using a Tecan
Spectrafluor plate reader (Tecan Group Ltd., Maennedorf, Switzerland). The OD620nm was subtracted to
correct for background signal.

Permeability assay. To test the permeability of the epithelial and endothelial barriers, 1mg ml21 of
3- to 5-kDa fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, Germany) in phenol-red free
DMEM/F12 medium (Sigma-Aldrich, Germany) was injected into the upper chamber of the chip. The
lower chamber contained only phenol red free DMEM/F12. The alveolus model was incubated for
60min under static conditions. Afterwards, the media from the lower and upper chambers were col-
lected, and the fluorescence intensity (excision, 488 nm; emission, 518 nm) was measured in a 96-well
mClear black plate (Greiner BioOne, Frickenhausen, Germany) using a FLUOStar Omega microplate
reader (BMG Labtech GmbH, Ortenberg, Germany). The permeability coefficient (Papp) was calculated
according to Papp (cm s21) = (dQ/dt) (1/ACo). For this, dQ/dt represents the steady-state flux (g s21), A rep-
resents the culture surface area (cm2), and Co represents the initial concentration (mg ml21) (42).

Detection of mRNA-expression by using qRT-PCR. For RNA isolation, cells were lysed with 350ml
RLT lysis buffer and detached from the plate using a rubber cell scraper. RNA isolation was performed
using the RNeasy minikit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. RNA con-
centration was measured using the NanoDrop spectrophotometer ND-1000 (Peqlab/VWR, Radnor, USA).

For cDNA synthesis, the QuantiNova reverse transcription kit (Qiagen, Venlo, Netherlands) was used.
RNA was thawed on ice, and 400 ng RNA was diluted in RNase-free water to a volume of 13ml. Then,
2ml gDNA removal mix was added to the diluted RNA, followed by incubation at 45°C for 2min. After
the samples were incubated for at least 1min on ice, 5ml of RT master mix (containing 4ml reverse tran-
scription mix and 1ml reverse transcription enzyme per sample) was added. The resulting mixture was
incubated for 3min at 25°C, followed by incubation at 45°C for 10min and an inactivation step at 85°C
for 5min. The cDNA was either directly used for the subsequent experiments or stored at 220°C.

The qRT-PCRs were performed using the QuantiNova SYBR green PCR kit (Qiagen, Venlo, Netherlands).
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Then, 1ml cDNA was added to 19ml master mix (containing 10ml SYBR green, 1.5ml forward primer [10mM],
1.5ml reverse primer [10mM], and 6ml RNase-free double-distilled water [ddH2O] per sample; for primer
sequences, see Table S1), and the qRT-PCR was started using the following cycle conditions: 95°C for 2min,
followed by 40 cycles of 95°C for 5 sec and 60°C for 10 sec. The qRT-PCR cycle was ended by a stepwise tem-
perature increase from 60°C to 95°C (1°C every 5 sec).

Detection of SARS-CoV-2 by using qRT-PCR. For the determination of SARS-CoV-2, we used the
QIAamp viral RNA minikit (Qiagen, Hilden, Germany) according to manufacturer’s guide. This was fol-
lowed by a qRT-PCR purchased by RIDAgene (r-biopharm, Darmstadt, Germany) on Rotor-Gene Q
(Qiagen, Hilden, Germany) to detect the E-gene of SARS-CoV-2. The RNA standard curve, prepared from
the positive control of the RIDAgene (r-biopharm, Darmstadt, Germany) kit, cycle conditions were set as
follows: 10min at 58°C, 1min at 95°C, and 45 cycles of 95°C for 15 sec and 60°C for 30 sec.

Statistical analysis. Statistical analysis was performed using Prism 8 (GraphPad Software). Statistical
methods are described in the figure legends.

Data availability. The newly determined sequences are available in GenBank under accession num-
bers MW633322 to MW633324.
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