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A B S T R A C T

Aloe-derived polysaccharides (APS) show promising antiviral activity against the SARS-CoV-2 Omicron variant 
BQ1.1, offering a potential new line of defense for the respiratory epithelium. Recently, two APS formulations, 
A50 and I50, differing in molecular weight and acetylation, yet sharing a structural backbone like acemannan 
were characterized. The two compounds were tested in monolayer and pseudostratified human airway epithelial 
(HAE) cultures and notably, both compounds demonstrated minimal cytotoxicity and low innate immune acti
vation, highlighting their safety profile. When applied topically 30 min before infection in differentiated HAE 
cells, APS significantly strengthened epithelial barrier integrity, as shown by increased transepithelial electrical 
resistance (TEER). Viral RNA levels were markedly reduced on both the apical and basolateral surfaces, and viral 
plaque assays confirmed decreased viral spread. Together, these findings position APS as promising prophylactic 
agents capable of reinforcing epithelial defenses and limiting SARS-CoV-2 infection, thus offering broad potential 
against current and emerging respiratory viral threats.

1. Introduction

The respiratory epithelium is constantly challenged by various 
pathogens, allergens and inhaled toxins from the environment [1,2], 
which can lead to infection and chronic airway diseases [3]. Epithelial 
integrity orchestrated by tight and adherens junctions [4], is often 
compromised in patients with respiratory viral infections, increasing the 
risk of severe disease and mortality [5,6]. Severe Acute Respiratory 
Syndrome Coronavirus 2 (SARS-CoV-2), the causative agent of the 
COVID-19 pandemic, has challenged global public health due to its high 
transmissibility and the emergence of multiple variants of con
cern/interest (VoCs/VoIs) [7,8]. Although it can infect individuals of all 
ages, those with compromised immune systems are particularly 

vulnerable to severe outcomes [9]. Upon infection, SARS-CoV-2 per
turbs epithelial tight and adherens junctions, redistributes ZO-1, de
creases mucociliary clearance, and increases paracellular permeability 
[10–13], thereby weakening the epithelial barrier, facilitating viral 
dissemination, and amplifying inflammatory responses [14–16]. Pre
serving epithelial integrity is therefore critical for limiting viral spread 
and preventing the hyper-inflammatory states characteristic of severe 
COVID-19.Due to the emergence of multiple VoCs/VoIs with different 
characteristics, developing a rapid, easy-to-use and broadly effective 
preventive measures, such as antiviral treatments, are needed to miti
gate the risk of severe respiratory diseases.

Several plant-derived compounds are known for their beneficial ef
fects on epithelial cells [17–20]. In particular, polysaccharides can 
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safeguard epithelial integrity against infections and environmental in
sults, while also providing anti-inflammatory and antioxidant benefits 
[21,22] and may offer therapeutic benefits against COVID-19 [23]. Aloe 
vera (Aloe barbadensis Miller), a rich source of polysaccharides, is 
renowned for its diverse biological attributes, including antiviral prop
erties [24]. Commonly known as acemannan (acetylated mannan), 
Aloe-derived polysaccharide (APS) has been commercially utilized for 
various health and personal care applications [25,26]. Here, we report 
the effects of APS, A50 and I50 [27], with varying acemannan and 
acetylation contents on epithelial barrier function, inflammatory re
actions, viral load reduction and infectivity of SARS-CoV-2-infected 
highly differentiated human respiratory epithelial cells in 
air-liquid-interphase (ALI) model. Our data emphasize the role of APS in 
protecting barrier integrity, rather than exerting direct antiviral effects.

2. Materials and methods

2.1. Isolation and characterization of APS - A50 and I50

Polysaccharide fractions were separated from Aloe gel using a 
patented fractionation technology (US 2022/0072080 A1) as described 
in Shih et al. [28]. Both A50 and I50 were further characterized using 
Attenuated Total Reflectance-Fourier Transform Infrared spectrometer 
(ATR-FTIR, Thermo Scientific Nicolet™ iS™ 5), Nuclear magnetic 
resonance (NMR, Bruker AVANCE III HD 600 MHz), and 
High-performance liquid chromatography (HPLC, Agilent 1260-Infinity 
II Prime LC, Agilent Technologies) [28].

2.2. Cell viability assay using Vero/Calu-3 cells

On day 0, Vero cells (ATCC Cat# CRL-1586; RRID: CVCL_0574) and 
Calu-3 cells (ATCC Cat# HTB-55; RRID: CVCL_0609) were seeded in 96- 
well plates. On day 1, the culture medium was aspirated and 50 µl of 
compound dilutions were added (starting at 10 mg/ml [undiluted]). 
Cells treated with culture medium without compound served as control. 
After 30 mins incubation at 37 ◦C and 5 % CO2, 50 µl of fresh medium 
was added and cells were incubated for another 18 h. On day 2, cell 
viability was measured using the CellTiter-Glo® Luminescent Cell 
Viability Assay (Promega, Cat# G7570). 100 µl of substrate were added 
per well, incubated for 10 min at room temperature in the dark, then 
transferred into white 96-well plates for luminescence measurement 
using Hidex Sense Plate luminometer. The assay was performed three 
times, each with technical quadruplicates.

2.3. Inhibition assays using Vero/Calu-3 and pseudoviruses

(A) Treatment: Cells only: On day 0, Vero cells (ATCC Cat# CRL- 
1586; RRID: CVCL_0574) and Calu-3 cells (ATCC Cat# HTB-55; RRID: 
CVCL_0609) were seeded in 96-well plates (100,000 cells/well). On day 
1, the culture medium was aspirated and 50 µl of compound dilutions 
were added (2.5 mg/ml, 0.625, to 0.0098 mg/ml). Cells treated with 
culture medium without compound served as control. After 30 min in
cubation at 37 ◦C and 5 % CO2, the supernatant was aspirated and 50 µl 
of fresh medium added, followed by 50 µl of pseudovirus. Cells were 
incubated for 18 h and firefly luciferase activity was measured using the 
Beetle-Juice Kit, PJK, (Cat# 102511) in a Hidex sense plate lumin
ometer. The assay was performed three times and each with technical 
quadruplicates.

(B) Treatment: Cells and pseudovirus: On day 0, Vero cells (ATCC 
Cat# CRL-1586; RRID: CVCL_0574) and Calu-3 cells (ATCC Cat# HTB- 
55; RRID: CVCL_0609) were seeded in 96-well plates (100,000 cells/ 
well). On day 1, the culture medium was aspirated and 50 µl of different 
dilutions of compound were added (2.5, 0.625, 0.15625, 0.0390625, 
and 0.0098 mg/ml). Medium without compound served as control. After 
30 min of incubation at 37 ◦C and 5 % CO2, 50 µl of pseudovirus were 
added. Cells were incubated for 18 h and luciferase activity

was measured using the Beetle-Juice Kit, PJK, (Cat# 102511) in a 
Hidex sense plate luminometer. The assay was performed three times 
and each with technical quadruplicates.

To analyze the inhibitory activity of the compound, pseudovirus cell 
entry (given as luminescence counts per second) was normalized to 
samples without compound (= 100 % pseudovirus entry) using Micro
soft Excel. The normalized data were further processed using GraphPad 
Prism to generate the data graphs.

2.4. NHBE cell culture

Normal human bronchial epithelial (NHBE, Lonza, cat# CC-2540 S, 
Germany) cells are available in our laboratory and are routinely cultured 
at the air-liquid interface (ALI) as described in previous studies [29–31]. 
Briefly, the cells were cultured in a T75 flask for 3 days until they 
reached 80 % confluency. Cells were then detached using TrypLE 
(Thermo Fisher Scientific) and seeded onto GrowDexT (UPM)-coated 
0.33 cm² porous (0.4 μm) polyester membrane inserts at a density of 
1 × 10⁵ cells per Transwell (Costar, Corning, New York, NY, USA). The 
cells were grown to near confluency in submerged culture for 2–3 days 
in specific epithelial cell growth medium as per the manufacturer’s in
structions (PneumaCult™-Ex Plus Medium, Stemcell, cat# 05040, Ger
many). Cultures were maintained in a humidified atmosphere with 5 % 
CO₂ at 37 ◦C and then transferred to ALI culture in PneumaCult™-ALI 
medium (Stemcell, cat# 05001, Germany) for an additional 30 days 
until fully differentiated.

2.5. Pseudovirus production

Vesicular stomatitis virus-derived pseudoviruses bearing the glyco
protein of vesicular stomatitis virus (VSV-G) or the spike (S) protein of 
SARS-CoV-2 (PANGO lineage B.1, GISAID-identifier: EPI_ISL_425259) 
were produced as follows: On day 0, HEK-293T cells (DSMZ, Cat# ACC- 
635; RRID: CVCL_0063) were seeded in 6-well plates (250,000 cells/ 
well) and incubated for 24 h at 37 ◦C and 5 % CO2. On day 1, cells were 
transfected with expression plasmid for VSV-G or SARS-2-S (8 µg/well) 
via calcium-phosphate transfection method and further incubated for 
16 h at 37 ◦C and 5 % CO2. Cells transfected with empty plasmid or 
DsRed expression plasmid served as controls. On day 3, cells were 
inoculated with VSV-G-transcomplemented VSV*ΔG (a replication- 
restricted vesicular stomatitis virus that lacks the genetic information 
for VSV-G but instead codes for two reporter proteins, eGFP and firefly 
luciferase) at a multiplicity of infection of 3 and incubated for 1 h at 37 
◦C and 5 % CO2. Thereafter, the inoculum was removed and cells were 
washed with PBS, before medium containing anti-VSV-G antibody (I1, 
produced from CRL-2700 mouse hybridoma cells; ATCC, Cat# CRL- 
2700; RRID: CVCL_G654) was added and cells were further incubated 
for 18 h at 37 ◦C and 5 % CO2 (of note, cells expressing VSV-G received 
medium without anti-VSV-G antibody). On day 4, supernatants were 
collected, centrifuged (2000 x g, 4 ◦C, 10–15 min; to remove cellular 
debris), aliquoted and stored at − 80 ◦C.

2.6. Viruses

Clinical specimens for SARS-CoV-2 Omicron BQ1.1 from COVID-19- 
positive swabs, sequenced by the Austrian Agency for Health and Food 
Safety, Vienna, Austria were propagated in Vero cells and subsequently 
used to infect cells.

2.7. Vero cells

The VeroE6/TMPRSS2/ACE2 cell line used was a modified version of 
VeroE6 cells that express elevated levels of TMPRSS2 and ACE2, making 
it highly susceptible to SARS-CoV-2 infection. It was acquired through 
the CFAR (NIBSC) and was described by Matsuyama et al. [32]. This cell 
line was utilized to cultivate well-characterized wild-type (WT) and 
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BA.5 variants of the virus from patient samples.

2.8. Immunofluorescence (IF) analyses

For visualization of APS effects on 3D tissue models, cells were 
incubated with various concentrations of A50 and I50. After SARS-CoV- 
2 exposure, 3D cell cultures were fixed with 4 % paraformaldehyde. 
Intracellular staining was performed using 1X Intracellular Staining 
Permeabilization Wash Buffer (10X; BioLegend, San Diego, CA, USA). 
Nuclei were detected using Hoechst 33342 (Cell Signaling Technologies, 
cat# 4082, Netherlands), complement C3 using a C3-FITC (Agilent 
Technologies, cat# F020102–2, Austria) and cilia using an acetylated 
Tubulin-Alexa647 antibody (Abcam, cat# ab218591, UK). After stain
ing, 3D cultures were mounted in Mowiol. To study these complex 
models using primary cells cultured in 3D and to generate detailed 
phenotypic fingerprints for deeper biological insights, the Operetta CLS 
System (PerkinElmer, Waltham, MA, USA) was used. Harmony™ Soft
ware was used and analyses performed in more than 1500 cells per 
condition.

2.9. Transepithelial electrical resistance (TEER) measurements

To monitor epithelial integrity, 3D NHBE cultures were maintained 
upon treatment, samples were added to the apical side of the epithelium 
prior infection with the Omicron BQ1.1 variant. Transepithelial elec
trical resistance (TEER) was measured several days post infection (dpi) 
(1, 2, 3 dpi). TEER values were measured using EVOM voltohmeter with 
STX-2 chopstick electrodes (World Precision Instruments, Stevenage, 
UK). For measurements, 0.1 ml and 0.7 ml of medium were added to the 
apical and basolateral chambers, respectively. Cells were allowed to 
equilibrate before TEER was measured. TEER values reported were 
corrected for the resistance and surface area of the Transwell filters.

2.10. Real-time RT-PCR for viral load analysis

SARS-CoV-2 was extracted using FavorPrep Viral RNA Mini Kit, ac
cording to manufacturer’s instructions (Favorgen Europe, cat# FAVRE 
96,004, Austria). Sequences specific to 2 distinct regions of the Nucle
ocapsid (N) gene, N1 and N2, for SARS-CoV-2, were used. The Luna 
Universal Probe One-Step RT-qPCR Kit (New England Biolabs, cat# 
E3006, Germany) was used to quantify the virus using absolute quan
tification and SARS-CoV-2 RNA standard control obtained from the 
National Institute for Biological Standards and Control, UK. All experi
mental runs were performed on a Bio-Rad CFX 96 instrument and 
analyzed by the Bio-Rad CFX Maestro 1.1 software (Bio-Rad, Germany). 
Samples for viral quantification were taken apically and basolaterally on 
several dpi.

2.11. Plaque assay for analyzing infectivity of the released virus

VeroE6/ACE2/TMPRSS2 cells were inoculated with serial dilutions 
of subnatants from Omicron-infected NHBE cells for 1 h at 37 ◦C/5 % 
CO2. Inoculate was replaced with culture medium containing 1.5 % 
carboxymethylcellulose and incubated for 3 days at 37 ◦C/5 % CO2 
before plaque visualization and counting as described [29].

2.12. Statistical analysis

Statistical analysis of differences was performed utilizing the 
GraphPad prism software and using OneWay ANOVA with Tukeýs 
posttest or unpaired Student’s t test upon comparison of two groups.

3. Results

3.1. Aloe product A50 does not impact cell viability, while blocking 
pseudovirus entry in Vero – but not Calu – cells

We first tested A50 in Vero and Calu-3 cell lines, for cell viability and 
inhibition of pseudovirus entry bearing VSV-G or SARS-CoV-2 spike 
protein (SARS-2-S). To monitor viability, cells were incubated with A50 
across a concentration range of 0.0048828–10 mg/ml, diluted in culture 
medium; except for 10 mg/ml stock which was used undiluted (prepared 
in water/0.2 % ethanol). Medium without compound served as control. 
Cell viability was assessed by measuring cellular adenosine triphosphate 
via the CellTiter-Glo® Luminescent Cell Viability Assay (Fig. 1A). A50 
did not impact viability of Vero and Calu-3 cells up to 5 mg/ml, but a 
significant reduction (~70 %) in cell viability was observed at 10 mg/ml 
(Fig. 1A). Hence 1.5 mg/ml A50 was chosen for the analysis of cell entry 
driven by the SARS-CoV-2 spike protein, using two different set ups 
(Figs. 1B and 1C). In the set-up shown in Fig. 1B, inhibition of SARS- 
CoV-2 spike protein-driven cell entry was evaluated by blocking 
cellular factors. For this, Vero and Calu-3 cells were pre-incubated with 
varying compound concentrations (0.0098–2.5 mg/ml), while control 
cells only received culture medium. After incubation the medium was 
replaced with fresh medium containing pseudovirus particles bearing 
either vesicular stomatitis virus glycoprotein (VSV-G) or SARS-CoV-2 
spike protein (SARS-2-S). Under conditions where only target cells 
were exposed to the compound, no inhibition of SARS-CoV-2 spike or 
VSV-G protein mediated entry was observed (Fig. 1B). In Fig. 1C both 
target cells (Vero and Calu-3) and pseudovirus particles were exposed to 
varying concentrations (0.0098–2.5 mg/ml). No inhibitory effect was 
seen in Calu-3 cells, but in Vero cells, entry of pseudoviruses bearing 
SARS-CoV-2 spike and VSV-G was significantly and dose dependently 
inhibited at 0.625 and 2.5 mg/ml. Overall, A50 showed little to no 
cytotoxicity up to 5 mg/ml and significantly inhibited viral entry in to 
Vero cells, when both cells and viruses were exposed to higher com
pound concentrations.

3.2. Aloe products A50 and I50 exhibit little cytotoxicity in primary 
human cells

Following pseudovirus and cell line testing, A50 and a second com
pound I50 - differing in acemannan and acetylation content - were 
evaluated in primary airway and epithelial cell monolayers. After 
detailed chemical characterization [28], cytotoxicity was assessed on 
normal human bronchial epithelial (NHBE) cells using various assays 
(Figs. 2A to 2C). NHBE monolayers (90–100 % confluent) were treated 
with A50 (0.075–10 mg/ml) and I50 (0.625–5 mg/mlL) followed by 
immunofluorescence (IF) using Draq5 (Nuclei) and GhostDye510 (dead 
cells) (Fig. 2A). Only the highest concentration of I50 dose (5 mg/ml) 
showed notable cytotoxic effect; lower doses (< 2.5 mg/ml) showed 
minimal cell death (Fig. 2A). In 3D ALI cultures, both compounds 
exhibited even lower cytotoxicity with LDH activity comparable to 
controls up to5 m g/ml. Results from 4 independent experiments using 
both, A50 and I50, are summarized in Fig. 2B. IF analyses of 3D tissue 
models (Fig. 2C) showed that 2.5 and 5 mg/ml I50 caused slight 
epithelial disruption and increased C3 activation, while 0.625 mg/ml 
I50 preserved pseudostratified architecture and showed minimal im
mune activation as illustrated by C3 deposition (Fig. 2C, left). This 
demonstrated that Aloe compounds exhibit minimal cytotoxic effects, 
especially I50 (0.625 mg/ml) protected airway epithelial cells during 
SARS-CoV-2 infection.

3.3. I50 protects epithelial tissues from BQ1.1-mediated destruction

Highly differentiated NHBE cells cultured for 40 days at an air-liquid 
interface (ALI) were pre-treated or not with A50 and I50 (0.625, 2.5 and 
5 mg/ml) for 30 mins prior to infection with BQ1.1. Mock treatments at 
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Fig. 1. Characterization of cell viability (A) and inhibitory impact (B, C) of Aloe vera product A50 on cell lines and using pseudoviruses. (A) Cell viability assay. 
Upper panel: Workflow, Lower panel: Data graph. Data represent the average (mean) cell viability obtained from N = 3 (each conducted with 4 technical replicates). 
Viability was normalized against cells incubated without compound. Each circle depicts one experiment. Error bars indicate the standard error of the mean. (B) 
Inhibition assay (Treatment: Cells only). Top: Workflow, Bottom: Data graph. Data represent the average (mean) pseudovirus cell entry obtained from 3 experiments 
(each conducted with 4 technical replicates). Entry was normalized against cells incubated without compound. Each circle depicts one experiment. Error bars 
indicate the standard error of the mean. (C) Inhibition assay (Treatment: Cells and pseudovirus). Top: Workflow, Bottom: Data graph. Data represent the average 
(mean) pseudovirus cell entry obtained from N = 3 (each conducted with 4 technical replicates). Entry was normalized against cell incubated without compound. 
Each circle depicts one experiment. Error bars indicate the standard error of the mean.

Fig. 2. Characterization of cytotoxic effects of Aloe vera products on NHBE cells. (A) Cytotoxicity of various concentrations of I50 were tested on NHBE monolayers. 
N = 3. (B) LDH release from NHBE cells are illustrated after treatment with A50 or I50. Since values did not differ on whether cells were treated with A50 or I50, a 
summary of 4 independent experiments each using both, A50 or I50, is depicted. Differences were analyzed using One-way ANOVA and ̌Sidák`s multiple comparisons 
test. (C) Effects on various concentrations of I50 (0.625, 2.5, 5 mg/ml) on HAE tissue cultures in ALI are illustrated. Nuclei are shown in blue, cilia in orange, local 
complement C3 activation in green. Bars = 50 nm.
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the same three concentrations served as controls. TEER was measured at 
multiple days post infection (dpi). As previously reported BQ1.1 caused 
significant TEER loss by 2 dpi (Figs. 3A and 3B). A50 at 0.625 and 
2.5 mg/ml partly rescued tissue integrity while 5 mg/ml A50, had no 
protective effect likely due to higher cytotoxicity (Fig. 3A). Contrary to 
data obtained with A50, I50 significantly protected NHBE tissues from 
BQ1.1-mediated destruction at all concentrations tested (0.625–5 mg/ 
ml) and illustrated similar TEER values as mock-treated, uninfected 
tissues, even on 2 dpi (Fig. 3B). These results show that I50 and to a 
lesser extent A50 could protect the respiratory epithelial barrier from 
BQ1.1-induced tissue damage.

3.4. Both - A50 and I50 - significantly decrease SARS-CoV-2 viral loads 
and infectivity

To assess efficiency of A50 and I50 in lowering release of infectious 
virus particles, viral loads from apical and basolateral supernatants were 
determined using real-time RT-PCR (Figs. 4A and 4B). Virus copy 
numbers in A50 (Fig. 4A)- and I50 (Fig. 4B)-treated and infected su
pernatants were – as expected – above mock-treated UI controls but 
significantly lower compared to Omicron-infected cultures (Figs. 4A and 
4B). I50-pretreatment significantly reduced viral loads in both, apical 
(Fig. 4B, left) and basolateral (Fig. 4B, right), supernatants, while A50 
also lowered viral loads, with 0.625 mg/ml being most potent in 
reducing apical release (Fig. 4A, left). Basolateral viral secretion was 
consistent across A50 concentrations (Fig. 4A, right). To determine, on 
whether APS prevent infection by maintaining epithelial barrier integ
rity or directly inhibiting viral entry / replication, we pre-incubated 
virus (BQ1.1) with various concentrations of A50 or I50 prior infec
tion. These analyses revealed a minor reduction in virus copy numbers 
compared to mock-treated virus (INF), when BQ1.1 was pre-treated with 
both, A50 or I50 (Suppl. Figure 1). Given I50’s superior activity, we 
tested the infectivity of virus particles released from NHBE cells in a 
plaque assay using 0.625 and 5 mg/ml. BQ1.1 supernatants. These ex
periments revealed a high infectivity of BQ1.1 supernatants, while 

plaque formation was significantly reduced by I50 pretreatment 
(Figs. 5A and 5B). Fig. 5A presents a representative trial, while Fig. 5B 
summarizes data experiments. Overall, I50 spray treatment especially at 
0.625 mg/ml demonstrated strong antiviral and tissue-protective 
effects.

3.5. APS significantly reduces cell stress upon BQ1.1 infection

LDH analyses of 3 dpi basolateral subnatants from UI, BQ1.1-infected 
and APS-pretreated and infected NHBE cultures to determine virus 
induced cell stress and cytotoxicity. As expected, BQ.1.1 infection 
significantly triggered LDH release compared to UI mock-treated with 
various concentrations of A50 (Fig. 6A) or I50 (Fig. 6B) (0.625, 2.5, and 
5 mg/ml). A significant reduction of LDH was observed in all cultures 
pre-treated with A50 and I50 (Figs. 6A and 6B), with – again – the lowest 
APS I50 concentration (0.625 mg/ml) being the most effective in 
decreasing virus-induced stress and cytotoxicity (Fig. 6B). Although 
LDH levels remained above mock controls, they were significantly lower 
compared to the infected condition (Figs. 6A and 6B), demonstrating 
that APS compounds effectively mitigate virus-induced cell stress even 
several days post infection (3 dpi).

4. Discussion

Airway Epithelium exerts multiple defense mechanisms to protect 
the host against invading pathogens and environmental toxins. Main
taining airway epithelial membrane integrity is a combinatory effect of 
both the barrier function and airway epithelial re-epithelization [33]. 
Viral infections can disrupt the airway epithelium, breach epithelial 
barrier function and thereby enable translocation of pathogens [34]. 
Polysaccharides exert anti-SARS-CoV-2 effects, in addition to their 
well-known anti-inflammatory properties [35–38]. Polysaccharides 
derived from Aloe showed protection against influenza viral infections 
[39,40] and acemannan has been shown to inhibit bacterial infections in 
the lung caused by Pseudomonas species [41,42]. While in silico studies 

Fig. 3. Characterization of epithelial integrity of highly differentiated NHBE tissue models in ALI following infection with BQ1.1 in absence and presence of the Aloe 
compounds. (A) The Aloe compound A50 was applied at various concentrations (0.625–5 mg/ml) to fully differentiated NHBE cultures 30 min prior infection with 
BQ1.1 or not. Mock-treated controls (UI plus 0.625–5 mg/ml A50) served as controls. On 2 dpi,TEER values were measured. The experiments were repeated thrice 
independently. (B) The Aloe compound I50 was applied at various concentrations (0.625–5 mg/ml) to fully differentiated NHBE cultures 30 min prior infection with 
BQ1.1 or not. Mock-treated controls (UI plus 0.625–5 mg/ml I50) served as controls. On 2 dpi, TEER values were measured. The experiments were repeated thrice 
independently.
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showed that Aloe-derived compounds primarily target SARS-CoV-2 
proteases and spike protein [43,44], there is a paucity of preclinical 
data from live virus infection models. In the present study, A50 inhibited 
Vero but not Calu-3 cell entry of pseudotypes bearing the SARS-CoV-2 
spike protein. This cell line-specific effect might have been due to dif
ferential dependence of Vero and Calu-3 cell entry on attachment factors 
like heparan sulphate or members of the TIM/TAM family, which can 
promote both SARS-CoV-2 spike- and VSV-G-driven entry [45–47]. 
Further, A50 exerted cell-protective, antiviral effects against 
SARS-CoV-2 infection in primary respiratory epithelial cells grown at 
the air liquid interface.

Both high and low molecular weight heparins including Enoxaparin 
have shown strong anti-SARS-CoV-2 activity via pulmonary delivery in 
an animal study [48] and demonstrated antiviral and anti-coagulant 
effects in COVID-19 patients [49,50]. Anticoagulants are widely used 
and considered safe with inhaled heparins not increasing plasma anti-Xa 
activity even at high doses [51,52]. Here, APS compounds were tested 

for safety using two different cell lines, primary bronchial epithelial 
monolayers and highly differentiated, pseudostratified HAE tissue cul
tures. Across a concentration range of 0.625–5 mg/ml, the compounds 
exhibited good safety profiles with minimal immune activation and 
negligible impact on epithelial integrity as confirmed by confocal 
microscopy.

Previous studies showed that not only Enoxaparin, but also Cold
Zyme®, curcumin, P80 and GlyPerA™ solution could effectively block 
SARS-CoV-2 variants of concern (VoCs), and in case of ColdZyme® in 
addition Influenza A/B or non-enveloped rhinoviruses, when used as 
mouth/nasal sprays, lozenges or via inhalation [24,50,53–57]. These 
easily accessible solutions are strong candidates for prophylactic treat
ment against enveloped and non-enveloped respiratory viruses. 
Furthermore, plant-derived medicinal products, like P80 or the two 
herein tested compounds, A50 and I50, are desirable for their multi
faceted benefits, including low side effects, high bioavailability, and 
cost-effectiveness.

Fig. 4. Characterization of viral loads of highly differentiated NHBE tissue models in ALI following infection with BQ1.1 in absence and presence of the Aloe 
compounds. (A) The Aloe compound A50 was applied at various concentrations (0.625–5 mg/ml) to fully differentiated NHBE cultures 30 min prior infection with 
BQ1.1 or not. Mock-treated controls (UI plus 0.625 mg/ml A50) served as controls. On 3 dpi, viral loads were measured (left) apically and (right) basolaterally. Three 
independent experiments were analysed in duplicates. (B) The Aloe compound I50 was applied at various concentrations (0.625–5 mg/ml) to fully differentiated 
NHBE cultures 30 min prior infection with BQ1.1 or not. Mock-treated controls (UI plus 0.625 mg/ml I50) served as controls. On 3 dpi, viral loads were measured 
(left) apically and (right) basolaterally. For all analyses, three independent experiments were analysed in duplicates.
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Our findings indicate that I50 is highly effective in protecting human 
airway epithelial tissue from SARS-CoV-2 BQ1.1–induced damage, even 
at the lowest concentration. Both Aloe compounds not only prevented 
tissue damage, but also reduced viral infection, infectious virus particle 
release and virus induced cytotoxic stress. Initial experiments with A50 
in Vero cells showed a significant inhibition of SARS-CoV-2 spike 
protein-driven cell entry. Vero cells do not reflect several aspects of the 
respiratory epithelium, including the formation of tight junctions. 
Nevertheless, these results formed a solid basis for further evaluation of 
both A50 and I50 in the NHBE model, a physiologically relevant system 
and a primary cell in origin for testing prophylactic or therapeutic ef
ficacy of compounds against respiratory viruses, such as SARS-CoV-2. 
Since the present studýs data suggest only minimal direct effect on 
spike proteins, but emphasizes barrier protection by APS, it is likely that 
the compounds act also therapeutically.

Here, the compounds were applied prior exposure to virus, and it 

remains interesting to evaluate, on whether the Aloe products could also 
rescue from an already established infection, thus exerting not only 
prophylactic, but also therapeutic potential. Moreover, we evaluated 
whether the Aloe compounds A50 and I50 prevent infection by main
taining epithelial barrier integrity or by directly inhibiting viral entry 
and replication, thereby preserving epithelial structure. Pre-incubation 
of viruses with varying concentrations of either A50 or I50 prior to 
infection resulted in only a minor reduction in viral load, suggesting a 
limited direct effect on viral entry and replication. The higher bioac
tivity of I50 compared to A50 may be attributed to its greater acetyl 
content likely due to differences in elution. As a result, I50 contains 
nearly twice the amount of acemannan as A50. Moreover, methyl group 
signal analysis suggests that O-acetyl groups of I50 are positioned 
differently than in A50. I50 is promising, since this compound exerted 
lower cytotoxicity and higher antiviral efficacy at low concentrations. 
Whether the increased in vitro efficacy of I50 over A50 against SARS- 

Fig. 5. Characterization of the infectivity of supernatants from I50-pretreated 
and infected NHBE cells by plaque assay. Supernatants from BQ1.1-infected 
plus/minus I50 (0.625 and 5 mg/ml)-pretreatment were applied at 3 dpi in a 
plaque assay. (A) shows a representative experiment performed in duplicate, 
while (B) is a summary of three independent experiments performed 
in duplicates.

Fig. 6. Characterization of cytotoxicity following infection with BQ1.1 in 
absence and presence of the Aloe compounds. LDH release from NHBE cells are 
illustrated after treatment with A50 (A) and I50 (B) and infection with BQ1.1. A 
summary of 3 independent experiments using both, A50 and I50, is depicted. 
Differences were analyzed using One-way ANOVA and Šidák`s multiple com
parisons test.
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CoV-2 transmission, can be attributed to it higher contents of ace
mannan and acetylation as shown recently by Shih et al. [28] and 
described in Refs [58,59], may warrant further investigation. Similarly, 
the host cell factor(s) engaged by the spike protein and likely targeted by 
these compounds for inhibition of viral entry require further investiga
tion. In summary, both A50 as well as I50 proved highly effective in 
preventing the transmission of SARS-CoV-2 Omicron BQ1.1 variant in a 
human primary model. The Aloe-derived compounds restored tissue 
integrity, blocked viral infection in highly differentiated HAE cells, and 
reduced local LDH release. While these findings are based on in vitro data 
and may not directly translate to in vivo efficacy, these natural com
pounds are potential candidates for further development into inhalation 
forms, either to prevent or to restore alveolar epithelium against dam
ages caused by respiratory viruses.
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