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SUMMARY 
 

There is an urgent need to identify antivirals against the coronavirus SARS-CoV-2 in the current 

COVID-19 pandemic and to contain future similar emergencies early on. Specific side-chain 

cholesterol oxidation products of the oxysterols family have been shown to inhibit a large variety of 

both enveloped and non-enveloped human viral pathogens. Here we report on the in vitro inhibitory 

activity of the redox active oxysterol 27-hydroxycholesterol against SARS-CoV-2 and against one 

of the common cold agents HCoV-OC43 human coronavirus without significant cytotoxicity. 

Interestingly, physiological serum levels of 27-hydroxycholesterol in SARS-CoV-2 positive 

subjects were significantly decreased compared to the matched control group, reaching a marked 

50% reduction in severe COVID-19 cases. Moreover, no correlation at all was observed between 

24-hydroxycholesterol and 25-hydroxycholesterol serum levels and the severity of the disease. 

Opposite to that of 27-hydroxycholesterol was the behaviour of two recognized markers of redox 

imbalance, i.e. 7-ketocholesterol and 7β-hydroxycholesterol, whose serum levels were significantly 

increased especially in severe COVID-19. The exogenous administration of 27-hydroxycholesterol 

may represent in the near future a valid antiviral strategy in the worsening of diseases caused by 

present and emerging coronaviruses. 
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Highlights 

 

1) 27-hydroxycholesterol (27OHC) markedly inhibits the replication of SARS-CoV-2 by 

interfering with its entry into the target cells. 
 

2) The broad antiviral effect of 27OHC is also exerted against another β-coronavirus, HCoV-

OC43. 
 

3) The physiological hematic levels of 27OHC were found to be decreased in SARS-CoV-2 

infected individuals, especially in patients with severe COVID-19. 
 

4) Increased serum levels of 7-ketocholesterol and 7β-hydroxycholesterol, in vivo markers of 

oxidative stress, were detectable in COVID-19 patients but not in pauci- or a-symptomatic 

SARS-CoV-2 infected individuals. 

 
 
 
 

 

INTRODUCTION 
 

The present COVID-19 pandemic caused by the coronavirus SARS-CoV-2 is yet another example 

of the dramatic impact of emerging viral infections on human morbidity and mortality worldwide. 

Currently, no specific drug for the new coronavirus is available and repurposing is the only strategy 

in place [1]. Clearly, there is an urgent need for drugs active against a wider number of viruses to 

contain future emergencies early on. Host directed therapy aims at targeting essential host factors 

for viral replication and triggering immune antiviral pathways [2]. Advantages of this approach 

include not only the possibility of targeting multiple viruses, but also an increased threshold to the 

emergence of resistance. 
 

Selective cholesterol oxidation products, of the oxysterol family, which are ligands of Liver 
 

X Receptors (LXRs), have a well-recognized immunomodulatory role [3,4]. Oxysterols such as 25-

hydroxycholesterol (25OHC) have shown to markedly inhibit the replication of a large variety of 

both enveloped and non-enveloped human viral pathogens [5-7]. However, another oxysterol of 

enzymatic origin, namely 27-hydroxycholesterol (27OHC), is gaining increasing consideration as a 

protective molecule not only against the respiratory virus Rhinovirus, but also against a wide range 

of other viral infections [8-11]. There is clear evidence that exogenously added 27OHC accumulates 

in plasma membrane lipid rafts, likely affecting viral entry but also modulating cell signaling 

stemming from such microdomains [12,13]. 
 

Both 25OHC and 27OHC are side-chain oxysterols physiologically present in human 

peripheral blood, cerebrospinal fluid [14,15], colostrum and milk [16]. 27OHC is constitutively the 



most abundant oxysterol in these biological fluids and present in various tissues and organs, being 

synthesized by the ubiquitous mitochondrial enzyme 27-cholesterol hydroxylase (Cyp27A1) [15]. 
 

Due to the emerging role of 27OHC as a broad-spectrum antiviral, we deemed relevant to 

investigate whether it could inhibit SARS-CoV-2 and other coronaviruses. Here we report on the in 

vitro antiviral activity of 27OHC against SARS-CoV-2 and the human coronavirus HCoV-OC-43. 

Moreover, we analyzed the serum levels of 27OHC in 123 healthy individuals, in 27 pauci-or a-

symptomatic SARS-CoV-2 positive subjects (PACP) and in 117 COVID-19 patients and found 

quite a marked decrease of the oxysterol in COVID-19 patients that correlates with the severity of 

the disease. Another notable finding was the increase of serum 7-ketocholesterol and 7 β-

hydroxycholesterol, two reliable markers of tissue oxidative imbalance, in moderate and severe 

COVID-19 patients. 

 
 

METHODS 
 

Reagents 
 

The oxysterol 27OHC complexed with 2-hydroxypropyl-β-cyclodextrin (2HP-βCD:27OHC) was 

kindly provided by Panoxyvir Ltd (Turin, Italy). The anti-RSV monoclonal antibody Ab35958 was 

purchased from Abcam (Cambridge, United Kingdom). The secondary antibody peroxidase-

conjugated AffiniPure F(ab’)2 Fragment Goat Anti-Mouse IgG (H+L) was purchased from Jackson 

ImmunoResearch Laboratories Inc. (West Grove, PA, USA). The recombinant antibody mSIP-3022 

against SARS-CoV-2 Spike was previously described [17]. 

 
 

Cell lines and viruses 
 

Vero E6 cells (African green monkey kidney cells) (ATCC®-1586) and human hepatocarcinoma 

Huh7 cells kindly provided by Ralf Bartenschlager (University of Heidelberg, Germany) were 

cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco). Human lung 

fibroblast MRC-5 (ATCC® CCL-171) and human epithelial cells Hep-2 (ATCC® CCL-23) were 

propagated in Dulbecco’s Modified Eagle Medium (DMEM; Sigma, St. Louis, MO, USA) 

supplemented with 1% (v/v) penicillin/streptomycin solution (Euroclone, Milan, Italy) and heat 

inactivated, 10% (v/v) fetal bovine serum (Sigma). 
 

SARS-CoV-2 isolate ICGEB_FVG_S5 was obtained at ICGEB as previously described 

[18]. Plaque assay was performed by incubating dilutions of SARS-CoV-2 on Vero E6 monolayers 

at 37 °C for 1 hour. These were then washed with phosphate buffered saline (PBS) and overlaid 

with DMEM 2% FBS containing 1.5% carboxymethylcellulose for 3 days. Cells were then fixed 

with 3.7% paraformaldehyde (PFA) and stained with crystal violet 1%. 



Human coronavirus strain OC43 (HCoV-O43) (ATCC® VR-1558) was purchased from ATCC 

(American Type Culture Collection, Rockville, MD, USA) and propagated in MRC-5 cells, at 33°C, in a 

humidified 5% CO2 incubator. When the full cytopathic effect (CPE) developed, cells and supernatants 

were harvested, pooled, frozen, and thawed three times, then clarified and aliquoted. The virus was 

stored at -70°C. CoV titers were determined by the standard plaque method. Briefly, MRC-5 cells were 

seeded 2 days before infection in 96-well plates, reaching 60%-70% confluence at the time of infection. 

The viral suspension was serially diluted in DMEM supplemented with 2% fetal bovine serum and 

inoculated; the infected wells were incubated at 33°C for 1 hour, allowing viruses to attach and enter the 

cells. After this time, cells were washed with medium, and overlaid with a 1:1 combination of 1.6% 

SeaPlaque Agarose (BioWhittaker Molecular Applications) and 2× DMEM medium (Gibco BRL) as 

described elsewhere [8]. The plates were incubated at 33°C for 3 days. After incubation, the plates were 

fixed and stained as described elsewhere [8], and the number of plaques formed was counted; viral titers 

were expressed in terms of plaque forming units per ml (PFU/ml). Respiratory syncytial virus (RSV) 

strain A2 (ATCC VR-1540) was propagated in Hep-2 and titrated by the indirect immunoperoxidase 

staining procedure as described elsewhere [19]. Viral titers were expressed as focus-forming unit (FFU) 

per ml. Viruses were stored at -80°C. 

 
 

COVID-19 patients and control individuals 
 

We consecutively included in this study 144 adults with SARS-CoV-2 infection confirmed through 

real-time reverse-transcriptase–polymerase-chain-reaction (RT-PCR) assays of nasal and 

pharyngeal swabs, in accordance with WHO guidance [20-22]. RT-PCR was performed at San 

Gerardo Hospital, Monza, and subsequently at the Italian National Institute of Health, Rome, Italy. 
 

Of them, 117 were COVID-19 patients hospitalized from March 2020 at Desio Hospital, ASST-

Monza, Italy: 36 had moderate disease presentation (F:M =13:23, age 65.5 ± 13.5 years, median = 

67.12, IQR = 58.6- 77.3, min-max range = 32.59 - 87.48) and 81 had severe disease presentation (F:M = 

15:66, age = 69.73 ±12.99, median = 72.38, IQR= 61.01 - 79.98, min-max = 33.68 - 92.27). All were 

sampled within 10 days from diagnosis (average: 2 days). Subjects were classified as severe if they 

presented one or more of the following symptoms: respiratory rate (RR) ≥ 30 breaths/min, finger 

oxygen saturation (SpO2) ≤ 93% at rest, and arterial partial pressure of oxygen (PaO2)/fraction of 

inspired oxygen (FIO2 ) ≤ 300 ratio [23,24]. The remaining 27 recruited subjects were SARS-CoV-2 

positive patients with mild or minimal symptoms (PACP) not requiring hospitalization (age = 53.48 ± 

6.43, median = 54.99, IQR = 47.75 - 59.15, min-max = 40.56 - 61.21). Controls were 123 apparently 

healthy individuals (F:M = 58:65, age = 68.22 ± 9.17, median = 65.46, IQR= 60.1 - 75.83, min-max= 57 

- 89.99) collected at Desio Hospital before the pandemic outbreak. 



 

Data collection 
 

Basic information such as age, gender, comorbidities, clinical and laboratory data, chest radiograph 

(when performed), and outcome (survival or non-survival) was obtained from the electronic 

medical records of each patient and stored by a password-protected database. 

 
 

Antiviral assays 
 

The antiviral activity was determined by the plaque reduction assay. For SARS-CoV-2 experiments, 

Vero E6 cells were seeded in a 48 well plate, at 6 × 10
4
 cells/well density and incubated at 37°C 

overnight. For HCoV-OC43 and RSV, MRC-5 or Hep-2 cells, respectively were first seeded (at 2 × 10
4
 

cells/well) in 96 well plates and incubated at 37°C overnight. The medium was removed from the plates 

and infection was performed respectively with 10-20 viral PFU per well of SARS-CoV-2 at 37°C for 1 

h, ca. 30 PFU of a stock of HCoV-OC43 at 33°C for 1 h or ca. 30 PFU of RSV at 37°C for 3 h, allowing 

the viruses to attach and enter the cells. After incubation, cells were washed with medium, and overlaid 

with medium containing 1% carboxymethylcellulose (CMC) with DMEM + 2% FBS, and compound 

dilutions for SARS-CoV-2 experiments, or with a 1:1 combination of 1.6% SeaPlaque Agarose and 2× 

DMEM supplemented with different concentrations of compounds. After 72 hours of incubation (33°C, 

5% CO2 for HCoV-OC43 or 37°C, 5% CO2 for SARS-CoV-2 and RSV), the medium with oxysterols 

was removed, and the plates were fixed with 3.7% paraformaldehyde (PFA) or 7.5% formaldehyde 

(Fluka) and stained with crystal violet (Sigma, St. Louis, Mo.). The number of plaques formed was 

counted. The plaque reduction assays were conducted in 2x replicate in two independent experiments. 

Blockade of viral infectivity is expressed as mean % ± standard error of the mean (SEM). Where 

possible, half-maximal antiviral effective concentration (EC50) values were calculated by regression 

analysis using the dose-response curves generated from the experimental data using GraphPad PRISM 7 

(GraphPad Software, San Diego, CA, USA). EC50 values were compared using the sum-of-squares F 

test. 

 
 

Virus inactivation assay 
 

Approximately 10
5
 PFU of HCoV-OC43 were incubated with a concentration of 2HP-βCD:27OHC 

corresponding to EC90 in the antiviral assay. The HCoV-OC43/2HP-βCD:27OHC mixture was 

incubated for 1h at 33°C. A control experiment by treating the viral suspension with the blank 

formulation (2HP-βCD) was also performed. After the incubation, both treated and untreated 

viruses were titrated to the non-inhibitory concentration of 2HP-βCD:27OHC and the residual viral 

infectivity was determined by plaque counting. Statistical analysis was performed using One-Way 



Analysis of Variance (ANOVA), followed by Bonferroni post-hoc test. Significance was reported 

for p-value <0.05. 

 

 

In vitro cytotoxicity assay 
 

The cytotoxicity assay was conducted with Alamar Blue (Invitrogen) as recommended by the 

manufacturer’s protocol. Vero E6 cells were seeded at 1x10
4
 cells per well in a 96 well plate, and 

incubated at 37 °C overnight. Then 50 µL of compounds at the indicated concentrations were added 

to 150 µL of medium (final 200 µL). Plates were incubated at 37°C for 3 days and then the 

colorimetric reagent was added (20 µL for 4 hours). Measurements from compound-treated or 

vehicle-treated cells were normalized against those from untreated cells. The half maximum 

cytotoxic concentration (CC50) was calculated using GraphPad Prism Version 7. Cytotoxicity assay 

fluorescence readings were normalized for vehicle and percent plotted against dilutions expressed 

as antilog. 

 

 

Cell viability assay 
 

MRC-5 or Hep-2 cells were seeded at a density of 5 x 10
3
/well in 96-well plates and treated the 

next day with 27OHC, 2HP-βCD:27OHC, or blank formulation at concentrations ranging from 0.07 

to 150µM to generate dose-response curves. Control samples (100% of viability) were prepared by 

treating cells with culture medium supplemented with equal volumes of ethanol, corresponding to 

0.6% (v/v) to 0.0025% (v/v) in cell media. After 72 h of incubation, cell viability was determined 

using a Cell Titer 96 Proliferation Assay Kit (Promega, Madison, WI, USA) and following the 

manufacturer’s instructions. Absorbance was measured using a Microplate Reader (Model 680, 

Bio-Rad Laboratories, Hercules, CA, USA) at 490nm. Viability of oxysterol-treated cells is 

expressed as a percentage relative to cells incubated with culture medium supplemented with equal 

volumes of ethanol. 

 

 

Immunofluorescence 
 

For SARS-CoV-2 analysis Huh7 cells were seeded on coverslips and infected with SARS-CoV-2 the 

following day at a multiplicity of infection (m.o.i.) of 0.1 PFU/cell. After one hour, inoculum was 

removed and fresh DMEM + 2% FBS containing 2HP-βCD:27OHC or 2HP-βCD was added to the 

cells. After 48h incubation, cells were fixed with 3.7% PFA, treated with 100 mM glycine and 0.1% 

Triton X-100, with intermediate washes with PBS. A blocking step was performed at 37°C for 30 min 

with 1% bovine serum albumin (BSA) and 0.1 % Tween in PBS (blocking solution). The coverslips 

were then probed with the mSIP-3022 anti-Spike recombinant antibody diluted 1/200 with 



blocking solution and incubated overnight at 4°C in humidified container. The reaction was 

completed by incubating fixed cells with polyclonal anti-mouse antibody conjugated with Alexa 

Fluor 594 (Molecular Probes, Oregon, USA) diluted 1/500 for 1 hour at 37°C. Coverslips were 

finally washed and mounted on glass slides using Fluoro-Gel II mounting medium with DAPI 

(Electron Microscopy Sciences, Pennsylvania, USA) and analysed with a Zeiss LSM880 confocal 

microscope. For statistical purposes, 200±10 cells were counted for each condition. 

 
 

Clinical laboratory measurements 
 

All clinical laboratory measurements were performed in the course of hospitalization. Count blood 

cells was performed on whole blood with K3-EDTA vacuum tubes and obtained by Sysmex XN-

9000 platform (Sysmex, Germany). Blood chemistries were performed on serum vacuum tubes 

using COBAS 8000 platform (Roche Diagnostics, Germany). 

 
 

Sterols and oxysterols quantification by isotope dilution GC-MS 
 

To a screw-capped vial sealed with a Teflon septum, 0.25 mL of plasma were added together with 
 

500 ng of D7-lathosterol, 50 ng of D6-lanosterol, 50 ng of D7-24S-hydroxycholesterol, 50 ng of D6-25-

hydroxycholesterol, 50 ng of D6-27-hydroxycholesterol, 50 ng of D7-7-ketocholesterol, 50 ng of D7-

7β-hydroxycholesterol (Avanti Polar Lipids), as internal standards, 50 μl of butylated hydroxytoluene (5 

g/L) and 50 μl of K3-EDTA (10 g/L) to prevent auto-oxidation. Each vial was flushed with argon for 10 

min to remove air. Alkaline hydrolysis was allowed to proceed at room temperature with magnetic 

stirring for 60 min in the presence of ethanolic 2M potassium hydroxide solution. After hydrolysis, the 

sterols were extracted twice with 5 ml hexane. The organic solvents were evaporated under a gentle 

stream of argon and converted into trimethylsilyl ethers with BSTFA. 
 

Gas chromatography mass spectrometry (GC-MS) analysis was performed on a GC 

equipped with an Elite column (30 m×0.32 mmid×0.25 mm film; Perkin Elmer, USA) and injection 

was performed in splitless mode and using helium (1 ml/min) as a carrier gas. The temperature 

program was as follows: initial temperature of 180 °C was held for 1 min, followed by a linear ramp 

of 20 °C/min to 270°C, and then a linear ramp of 5°C/min to 290°C, which was held for 10 min. 

The mass spectrometer operates in the selected ion-monitoring mode. Peak integration is performed 

manually, and sterols are quantified from selected-ion monitoring analysis against internal standards 

using standard curves for the listed sterols. Additional qualifier (characteristic fragment ions) ions 

were used for structural identification. 
 

Inter-assay CV ranged between 2.3% for lathosterol and up to 5.3% for 25-

hydroxycholesterol. Recovery ranged from 97 up to 104% (5-7). 



 

Statistical analyses 
 

Continuous variables were expressed as mean ± SD, median, interquartile ranges (IQR), min-max 

range and compared with the ANOVA or Mann-Whitney U test when non parametric distributed. 

 
 

Ethics 
 

The study was approved by the Ethical Committee of the Istituto Nazionale Malattie Infettive 

Lazzaro Spallanzani, Roma and stemmed as a sub-project of the Observational cohort study on the 

natural history of hospitalized SARS-COV-2 patients: the STORM trial of the University of Milano 

Bicocca, Milan, Italy. 

 
 

RESULTS 
 
 

2HP-βCD:27OHC is endowed with antiviral activity against two pathogenic CoVs. 
 

The activity of 27OHC against SARS-CoV-2 and HCoV-OC43, was assessed on Vero-E6 and 

MRC-5 cells, respectively. To improve its solubility and stability, 27OHC was complexed with 2-

hydroxypropyl-β-cyclodextrin, a carrier commonly used in drug formulations. Therefore, the 

complex (2HP-βCD:27OHC) and the carrier alone (2HP-βCD) were tested in parallel to rule out 

any contribution of the carrier to the antiviral activity. 
 

As shown in figure 1 and table 1, 2HP-βCD:27OHC, but not 2HP-βCD, exerted antiviral 

activity in a dose-response manner against both SARS-CoV-2 and HCoV-OC43 to maxima of 

inhibition of 100%, with EC50 values falling in the low micromolar range and with a favourable 

selectivity index (SI). Conversely, 2HP-βCD:27OHC did not inhibit the infectivity of RSV, an 

enveloped RNA virus also causing respiratory diseases, thus demonstrating that the antiviral 

specificity of 27OHC is broad but yet selective. 
 

Time-of-addition experiments were then performed to investigate the step of viral replicative 

cycle inhibited by 2HP-βCD:27OHC. Two different conditions were used: briefly, cells were treated for 

24 hours before viral inoculum (pre-treatment protocol) or 3 hours after inoculum (post-infection 

treatment protocol). 2HP-βCD:27OHC showed antiviral activity against the two CoVs both when it was 

added before and after inoculation (figure 2 and table 2). However, the results show that 2HP-

βCD:27OHC has greater efficacy against SARS-CoV-2 when added after infection, while it is more 

effective against HCoV-OC43 when added before inoculation. Furthermore, we investigated the ability 

of 2HP-βCD:27OHC to impair infectivity by directly targeting viral particles incubating HCoV-OC43 

with 2HP-βCD:27OHC at high effective concentrations (EC90) and then determining 



the viral titer at dilutions at which the treatment was no longer active when added on cells. As 

reported in fig. S1, 2HP-βCD:27OHC was not able to inactivate HCoV-OC43 particles. 
 

The efficiency of SARS-CoV-2 and HCoV-OC43 infection was finally measured 

respectively in the human cell line Huh7 and MRC-5, in the presence of 2HP-βCD:27OHC. As 

shown in figure 3A and 3C, and quantified in figure 3B and 3D, 2HP-βCD:27OHC significantly 

(pANOVA<0.001) reduced the number of infected cells 48 hours post infection both at 3 μM and 20 

μM. By contrast, 2HP-βCD failed to show any anti-CoV activity, showing no significant difference 

from the untreated control, in terms of number of infected cells. 

 
 

Clinical laboratory parameters in moderate and severe COVID-19 patients. 
 

The in vitro evidence of effective inhibition of SARS-CoV-2 by the formulation 27OHC+2HPβCD 

prompted us to carry on an observational cohort study in COVID-19 patients with the aim to 

monitor 27OHC serum content in the different stages of the disease. As detailed in the Methods 

section, the groups studied here were: 1) control, 2) pauci-asymptomatic SASR-CoV-2 positive 

individuals (PACP), 3) moderate COVID-19, 4) severe COVID-19. No age differences were 

observed between controls and COVID-19 patients, while the subjects of the pauci-asymptomatic 

group were significantly younger than all the other groups (P<0.001 for all). 
 

With regard to the standard laboratory parameters measured only in the hospitalized patients 

(see table 3), HB and HCT, already below the normal values, were significantly lower in severe 

COVID-19 compared to moderate COVID-19 (P = 0.04 for both). Also serum creatinine was 

increased both in moderate and severe patients, being significantly higher in the severe COVID-19 

group as compared to the moderate COVID-19 one (P = 0.03). Alanine Aminotransferase (ALT) 

and Lactate Dehydrogenase (LDH) were moderately above the normal range, while Creatine Kinase 

(CK) was much higher respect to the normal values, in all cases without significant difference 

between the two groups of patients. C Reactive Protein (CRP), resulted to be markedly elevated in 

COVID-19 with a tendency to increase in the severe cases, and Procalcitonin (PCT), a marker of 

sepsis, showed a net average increase in the severe COVID-19 group, that however did not reach 

statistical significance. 

 
 

Sterols quantification in the serum from SARS-CoV-2 infected and control individuals. 
 

The main objective of this observational cohort study was indeed the evaluation of the trend of serum 

27OHC concentration in hospitalized moderate and severe COVID-19 patients as well as in PACP 

versus a control group, but a prior overall look at cholesterol metabolism was deemed essential. Of note, 

serum concentration of cholesterol and precursor sterols lanosterol, desmosterol (Bloch pathway 



of cholesterol synthesis) and lathosterol (Kandutsch-Russell pathway of cholesterol synthesis) were 

all significantly reduced in both moderate and severe COVID-19 patients in comparison to controls 

(P<0.001) (figure 4 and table S1). 
 

The PACP group showed a cholesterol metabolism picture quite similar to that of the control 

group, with just a modest but significant reduction in cholesterol and lanosterol serum levels (figure 

4). 

 
 

Oxysterols quantification in the serum from COVID-19 patients, PACP and control individuals. 
 

By far, the most interesting finding of the cohort study was the marked reduction of serum 27OHC 

in both moderate and severe COVID-19 patients compared to controls (P<0.001 for both) (figure 5 

and table S1). 
 

Actually, the serum 27OHC was already significantly reduced in the PACP group, the mean 

27OHC decrease being of 17% in PACP group, 30% in the moderate and of 50% in the severe 

COVID-19 group (figure 5). The PACP group was in between controls and COVID groups (figure 

5 and table S1). With regard to the other side chain oxysterols physiologically present in human 

blood, namely 24OHC and 25OHC, only a slight but significant decrease was observed in all three 

of the infected groups, with the only exception of a modest but significant increase of 25OHC in the 

PACP group. No correlation at all was observed between 24OHC and 25OHC serum levels and the 

severity of the disease. 
 

Opposite to that of side chain oxysterols was the behaviour in COVID-19 shown by the two 

B-ring non enzymatic oxysterols of major pathological meaning, namely 7βOHC and 7KC, actually 

recognized markers of oxidative stress [25,26]. Serum concentration of both oxysterols showed a 

significant while moderate increment in severe COVID-19 patients as respect to controls (P <0.001 

for both). Serum 7KC but not 7βOHC was significantly increased in the moderate COVID-19 

patients as well (P = 0.002). In the SARS-CoV-2 positive but pauci- or a-symptomatic subjects, 

both markers of oxidative stress did not show any significant difference when compared to the 

control individuals (figure 6). 

 
 

DISCUSSION 
 

The data reported in this study demonstrate that 27OHC blocks the replication in vitro of two human 

CoVs belonging to the β-coronavirus genus: SARS-CoV-2 and HCoV-OC43. These findings further 

confirm the broad spectrum of antiviral activity of 27OHC, which has been already demonstrated for 

herpes simplex virus, rhinovirus, rotavirus and papillomavirus [5]. Since all of these viruses are 

phylogenetically unrelated, with ample diversity in their replicative cycles and structures, it is 



unlikely that 27OHC targets specific functions such as viral enzymes or anti-receptors. Moreover, 

27OHC does not directly inactivate the viral particle as shown also in previous studies [8] (figure 

S1). The ability to impair viral entry and/or replication when added up to 24h before virus inoculum 

supports the idea that 27OHC modifies cell structures rather than targeting viral components. 

Indeed, the host-targeting antiviral mode of action has already been reported by Civra et al., [10] 

showing that 27OHC induces accumulation of cholesterol in the late endosomal compartment 

resulting in sequestering human rotavirus particles inside these vesicles, thereby preventing 

cytoplasmic viral replication. Since also CoVs entry into the host cells involves the endocytic 

pathway [27-29], the anti-CoVs activity of 27OHC appears due, at least in part, to the transient 

modification of the endosomal membrane composition and function exerted by the oxysterol. 
 

This is especially true in case of 27OHC externally added to the cells, that is in a 

pharmaceutical mode, in other words as a drug product. Exogenously added 27OHC was proven to 

almost exclusively accumulate in lipid rafts, as opposed to oxysterols of not enzymatic origin that 

randomly localize in plasma membranes [12]. Thus, 27OHC is modifying structure and most likely 

function of these crucial membrane lipid-protein clusters, where by the way the ACE-2 receptor 

exploited by SARS-CoV-2 to enter the target cells is located [30], and it certainly induces a 

modification of multivesicular endosome biogenesis, that by lipid rafts is regulated [31]. Further, 

we very recently observed in HeLa cells a significant 27OHC-dependent down-regulation of cation 

independent isoform of mannose-6-phosphate receptor (MPRci) [11], a transporter located at late 

endosomes whose activity appears crucial for all viruses exploiting the endosomal way to enter and 

diffuse within cells [32-34]. All together, these facts and findings point to the inhibition of virus 

entry as the primary protective mechanism of 27OHC externally added to cells. 
 

In this relation, very likely appears the involvement of redox reactions at the 27OHC 

concentration range proven to inhibit SARS-CoV-2 and CoV-OC43 replication, since similar 

oxysterol’s amounts have been previously demonstrated to transiently increase the level of oxidant 

species in human promonocytic cells through the activation of NADPH oxidase and the modulation 

of mitochondrial membrane potential [35]. How such a transient oxidative imbalance exerted by 

27OHC contributes to its anti-SARS-CoV-2 and anti-CoV-OC43 activity is matter of ongoing 

studies, that are also considering this oxysterol ability to induce autophagy [36], a cellular 

degradation process in principle favouring the elimination of viral pathogens by delivering viral 

particles for lysosomal degradation and closely interacting with innate immunity [37]. Notably, the 

pro-autophagic effect of 27OHC observed in human promonocytic cells was abolished by cell 

pretratment with a selective NADPH oxidase inhibitor [36]. 



27OHC has also been shown to modulate the immune-response to infections by increasing 

the expression of dendritic cell markers and MHC classes I and II molecules [38,39] or by 

activating the TLR4/NF-κB signalling pathway [40], or to induce expression, synthesis and release 

of Heat Shock Protein 60 (HSP60) [41], a chaperone molecule of mitochondrial origin, recognized 

to play an important role in the intercellular immune network [42]. Finally, all immune cells express 

the oxysterols’ receptors Liver X (LXRs) [43], but how their activity could be modulated by 

molecules like 27OHC still has to be elucidated. 
 

The physiological nature of 27OHC and its potential role as first line constitutive effector of 

the antiviral defences of human body prompted us to analyse the 27OHC serum levels in COVID-

19 patients at different stages of disease progression. 
 

Standard laboratory findings achieved in hospitalized patients were consistent with previous 

reports on COVID-19 [44-47]. Of particular interest were the low or very low serum cholesterol levels 

observed in moderate and severe COVID-19 patients, respectively (figure 4 and table S1), indicating a 

severe impairment of cholesterol metabolism. Serum cholesterol has just been shown to be significantly 

decreased in COVID-19 patients in direct relation with the severity of the disease, with data highly 

consistent with those obtained in this study [48], while the reduction of the main sterol precursors of 

cholesterol in COVID-19 has not been reported in the literature yet. A big impairment of cholesterol 

metabolism, at least in severe COVID-19 patients, was actually expected since a net reduction of 

cholesterol biosynthesis was described as associated with massive acute phase reaction [49]. Certainly 

remarkable is the fact that, despite such a profound derangement of cholesterol metabolism in COVID-

19, of the three cholesterol oxidation products of enzymatic origin physiologically present in human 

blood, i.e. 24OHC, 25OHC and 27OHC, only 27OHC showed a pronounced decrease whose intensity 

tightly correlated to the disease progression (figure 5). 
 

The drop in 27OHC serum concentration appeared to be a specific event, since 24OHC was 

slightly reduced only in moderate (P = 0.036) and severe (P = 0.029) COVID-19 cases, while 

25OHC exhibited a small but significant decline only in severe patients (P = 0.018) and it was even 

slightly increased in the PACP group ( P= 0.033 compared to controls, P < 0.001 compared to 

severe COVID-19 patients), possibly as a consequence of a transiently beneficial INFγ-mediated 

induction of cholesterol-25-hydroxylase (figure 5) [6,50]. 
 

Still with regard to the quantification of oxysterols in SARS-CoV-2 infected subjects, a 

consistent while moderate increase of serum 7-ketocholesterol and 7β-cholesterol, recognized in 

vivo markers of oxidative stress, was observed in COVID-19 patients but not in pauci- and a-

symptomatic individuals. Actually, an expected finding, because of the serious inflammatory state 

afflicting those patients, but, to our knowledge, a not yet reported observation. 



It is not easy, at present, to identify the reason for the detected selective drop in the 27OHC 

serum level during SARS-CoV-2 infection in the course of COVID-19. The most plausible hypothesis is 

that a progressive “mitochondrial stress” would occur at systemic level in those pathological conditions, 

and that such an impairment would affect the activity of the ubiquitous mitochondrial 27-cholesterol 

hydroxylase (Cyp27A1) [51], which is the enzyme that converts cholesterol to 27OHC. 
 

Whatever is the actual cause of the progressive reduction of 27OHC in the course of 

COVID-19, this observational clinical study definitely suggests the opportunity of counteracting 

such an event, in order to reinforce or reintegrate the antiviral defence system with the 

administration of suitably formulated 27OHC endowed with antiviral activity. 
 

Notably, the inhibitory activity also shown against CoV-OC43, which is responsible for 10-

20 % of cases of the common cold together with CoV-229E [52], further highlights the broad 

antiviral effect of 27OHC, thus opening interesting perspectives on its consideration in future 

strategies against emerging coronaviruses. 

 
 

CONCLUSIONS 
 

In conclusion, this report demonstrates the antiviral activity of 27OHC against SARS-Cov-2 and 

one related β-coronavirus and shows the dramatic decrease of physiological levels of 27OHC in 

severe COVID-19. Although the latter observation deserves further investigation, the identification 

of 27OHC as a novel physiological antiviral with a broad spectrum against β-coronaviruses may be 

of great importance for the treatment of SARS-CoV-2 infections and possible future epidemics. 
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Figure 1. Plaque reduction and cell viability assays. The antiviral activity of 2HP-βCD:27OHC was 

tested against SARS-CoV-2 (A) and HCoV OC43 (B), respectively on Vero-E6 cells and MRC-5 

cells. Briefly, cells were infected for 1 hour and treated for 72 hours with increasing concentrations 

of 2HP-βCD:27OHC. Viral infections were detected as described in the Material and Methods 

section. Cell viability experiments were performed in the same conditions as for antiviral assays, in 

absence of viral inoculum. The percentage infectivity inhibition (black dots) and the percentage of 

cell viability (white squares) were calculated by comparing treated and untreated wells. Error bars 

represent the standard error of the mean (SEM) of 2 independent experiments. 

 

Figure 2. Time-of-addition experiments. The step of SARS-CoV-2 (A) and HCoV OC43 (B) 

replicative cycle inhibited by 2HP-βCD:27OHC was investigated. Time-of-addition experiments 

were performed by treating cells before or after viral inoculum (named respectively “pretreatment” 

and “post-infection treatment” protocols). The percentage of infectivity inhibition was calculated by 

comparing the number of viral plaques in treated and untreated wells. Error bars represent the SEM 

of 2 independent experiments. 

 

Figure 3. Infectivity inhibition as assessed by immunofluorescence experiments. Huh-7 (A) and 

MRC-5(C) cells were infected with SARS-CoV-2 and HCoV OC43 in the presence of 2HP-

βCD:27OHC, then fixed at 48 hours post-infection and stained with DAPI and specific antibodies. 

Panels B and D show respectively the number of SARS-CoV-2 and HCoV OC43 positive cells. On 

the y axis, this value is expressed as a % of the virus positive cells as compared to DAPI positive 

cells. Error bars represent the SEM of 2 independent experiments. 

 

Figure 4. Serum content of cholesterol and main precursor sterols in SARS-CoV-2 infected 

subjects. CNT (n=123): controls; PACP (n=27): pauci-/a-symptomatic; MOD (n=36): moderate-

COVID-19 patients; SEV (n=81): severe COVID-19 patients. Mann-Withney U test, * P<0.05; ** 

P<0.01; *** P<0.001 (also see supplementary table 1) 

 

Figure 5. Serum concentration of side-chain oxysterols 24OHC, 25OHC, 27OHC in SARS-CoV-2 

infected subjects. CNT (n=123): controls; PACP (n=27): pauci-/a-symptomatic; MOD (n=36): 

moderate-COVID-19 patients; SEV (n=81): severe COVID-19 patients. Mann-Withney U test, * 

P<0.05; ** P<0.01; *** P<0.001 (also see supplementary table 1). 



Figure 6. Serum level of 7KC and 7βOHC in SARS-CoV-2 positive subjects. CNT (n=123): 

controls; PACP (n=27): pauci-/a-symptomatic; MOD (n=36): moderate-COVID-19 patients; SEV 

(n=81): severe COVID-19 patients. Mann-Withney U test, * P<0.05; ** P<0.01; *** P<0.001 (also 

see supplementary table 1). 

 

Figure S1. Evaluation of the virucidal effect of 2HP-βCD:27OHC on infectious HCoV OC43 

particles: virus was pre-incubated with 2HP-βCD:27OHC or blank formulation (2HP-βCD) at a 

concentration corresponding to EC90 in the virus inhibition assay, for 1h at 33°C. The residual viral 

infectivity was then determined by indirect immunostaining and compared with the infectivity of 

the untreated control. Viral titers are expressed as PFU/ml and error bars represent the SEM of two 

independent duplicates. 
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