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December 18, 20231st Editorial Decision

December 18, 2023 

Re: Life Science Alliance manuscript #LSA-2023-02453-T 

Prof. Christa Buechler 
Regensburg University Hospital 
Franz Josef Strauss Allee 11 
Regensburg 93042 
GERMANY 

Dear Dr. Buechler, 

Thank you for submitting your manuscript entitled "Cholesterol and COVID-19 - therapeutic opportunities at the host/virus
interface during cell entry" to Life Science Alliance. The manuscript was assessed by expert reviewers, whose comments are
appended to this letter. We invite you to submit a revised manuscript addressing the Reviewer comments. 

To upload the revised version of your manuscript, please log in to your account: https://lsa.msubmit.net/cgi-bin/main.plex 

You will be guided to complete the submission of your revised manuscript and to fill in all necessary information. Please get in
touch in case you do not know or remember your login name. 

While you are revising your manuscript, please also attend to the below editorial points to help expedite the publication of your
manuscript. Please direct any editorial questions to the journal office. 

The typical timeframe for revisions is three months. Please note that papers are generally considered through only one revision
cycle, so strong support from the referees on the revised version is needed for acceptance. 

When submitting the revision, please include a letter addressing the reviewers' comments point by point. 

We hope that the comments below will prove constructive as your work progresses. 

Thank you for this interesting contribution to Life Science Alliance. We are looking forward to receiving your revised manuscript. 

Sincerely, 

Eric Sawey, PhD 
Executive Editor 
Life Science Alliance 
http://www.lsajournal.org 

--------------------------------------------------------------------------- 

A. THESE ITEMS ARE REQUIRED FOR REVISIONS

-- A letter addressing the reviewers' comments point by point. 

-- An editable version of the final text (.DOC or .DOCX) is needed for copyediting (no PDFs). 

-- High-resolution figure, supplementary figure and video files uploaded as individual files: See our detailed guidelines for
preparing your production-ready images, https://www.life-science-alliance.org/authors 

-- Summary blurb (enter in submission system): A short text summarizing in a single sentence the study (max. 200 characters
including spaces). This text is used in conjunction with the titles of papers, hence should be informative and complementary to
the title and running title. It should describe the context and significance of the findings for a general readership; it should be
written in the present tense and refer to the work in the third person. Author names should not be mentioned. 

-- By submitting a revision, you attest that you are aware of our payment policies found here: https://www.life-science-
alliance.org/copyright-license-fee 

B. MANUSCRIPT ORGANIZATION AND FORMATTING:



Full guidelines are available on our Instructions for Authors page, https://www.life-science-alliance.org/authors

We encourage our authors to provide original source data, particularly uncropped/-processed electrophoretic blots and
spreadsheets for the main figures of the manuscript. If you would like to add source data, we would welcome one PDF/Excel-file
per figure for this information. These files will be linked online as supplementary "Source Data" files. 

***IMPORTANT: It is Life Science Alliance policy that if requested, original data images must be made available. Failure to
provide original images upon request will result in unavoidable delays in publication. Please ensure that you have access to all
original microscopy and blot data images before submitting your revision.*** 

--------------------------------------------------------------------------- 

Reviewer #1 (Comments to the Authors (Required)): 

Grewal et al. present a review on the therapeutic potential of cholesterol modifying drugs in the treatment of COVID. Cholesterol
has become well recognized culprit in SARS-CoV-viral entry. The review is well written, covers most of the key points of
cholesterol as a target of COVID19 treatment, and it is timely. I recommend publication. A few mostly minor points are provided
below. 

Major points: 

Page 5 paragraph 1 make sure distinguish blood cholesterol from tissue cholesterol, they are not necessarily the same. 

Page 5 paragraph 3 describes removing cholesterol with MBCD and the effects on rafts, this has also been done with ApoE[1].
ApoE is an endogenous cholesterol transport molecule that regulates uptake and export of cholesterol from peripheral tissue.
The ApoE is important because the clinical outcomes of COVID19 are linked to isotope of ApoE[2,3]. A short discussion on
ApoE could add support for the likelihood that clinical outcomes are likely to improve with MBCD treatments or other cholesterol
loweing drugs. 

Most the references to lipid rafts are in the era of detergent resistant membranes. More recent studies have used super
resolution imaging to look at lipid rafts and ACE2 in the membrane of intact cells and even whole tissue. For example, in a
diabetic mouse model, cholesterol in the tissue goes up with age and disease and this correlates with ACE2 associating with
cholesterol rich GM1 lipids in whole tissue slices of fixed mouse lung[1,4]. For nanodomain regulation, PIP2 is also important.
ACE2 and the spike protein traffics to PIP2 clusters[1,5] in intact cells, and hydroxychloroquine disruption the association with
GM1 and PIP2 in multiple cells types[6]. 

Pg 11 p 4. The argument for using PCSK9 in COVID-19 is not well justified to this reviewer. Increasing LDL receptor will
increase cholesterol uptake into cells[7]. Increasing cholesterol uptake should be harmful to treating COVID-19, not helpful. It is
true that some individuals have high blood cholesterol because their cells don't take it up very well (e.g. homozygous apoE2)--
they are likely deficient in their tissue. For those cases, correcting the uptake by enhancing LDL receptor will lower the blood
cholesterol level and be helpful. But for COVID-19, low tissue cholesterol is the goal for treating COVID-19, not low blood
cholesterol, as this decreases inflammation and the potential for a cytokine storm. 

Minor points 

Might be worth a mention of avasimibe (ACAT inhibitor) in "other mechanism". It is yet another strategy for inhibiting endocytosis
of the virus[8]. ACAT is responsible for uptake of cholesterol into internal stores and appears to block SARS-Cov-2 infection. 

Pg 9 p3, the reference to high levels of ACE2 (Hamming 2004 and li 2003) don't show actual levels of ACE2 dictate infectivity in
a physiological setting. Paul McCray showed protein is actually higher in young children, yet children have least severity of the
disease (see 2020 EBioMedicine Fig. 4 e ). Over expressed ACE2 in the cultured studies likely saturates Gm1 domains which
will increase endocytosis, as discussed in the Li 2004 reference. Please clarify or at least provide a reference where high protein
levels correlate with higher infectivity in physiological tissue. 

Page 5 hydroxychloroquine, reports toxicity, but all the large studies (>500 participants) were done at 2x or more the FDA
recommended dose of 200-400 mg per day[9]. Half-life of HCQ is 123.5 days in plasma, so the daily high concentrations may be
the cause of the toxicity, not that the drug itself when used as recommended by the FDA. This information is important for those
who use the drug for Niemann-Pick and as a prophylactic in malaria treatment.
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/009768s053lbl.pdf 

Suggestions: 
Age is a major factor in COVID-19 severity. When normalized to protein, cholesterol increases with age[1] (figure 3a) and [10]
(figure 1c) and disease[11,12]. While this is still mostly a correlation, the favorable outcomes of children for COVID19 and the



fact that they have lower tissue cholesterol, is a promising example of what a cholesterol lowering drug should be able to do for
aged and diseased persons. Cholesterol almost certainly plays a role in the difference severity between adults and children. 

Pg5 p5 Probably might be worth mentioning that more recent variants seems to have evolved away from TMPRSS[13], relying
more on cholesterol and the endocytic pathway. And more recent studies suggests the early variants of SARS-CoV-2 probably
depended more on cholesterol then was originally suggested with the TMPRSS2 sutdies[1,4,6,14]. 

References cited 
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2. Kuo C-L, Pilling LC, Atkins JL, Masoli JAH, Delgado J, Kuchel GA, et al. APOE e4 genotype predicts severe COVID-19 in the
UK Biobank community cohort. Journals Gerontol Ser A. 2020; 1-29. doi:10.1093/gerona/glaa131
3. Gkouskou K, Vasilogiannakopoulou T, Andreakos E, Davanos N, Gazouli M, Sanoudou D, et al. COVID-19 enters the
expanding network of apolipoprotein E4-related pathologies. Redox Biol. 2021;41. doi:10.1016/j.redox.2021.101938
4. Miao L, Yan C, Chen Y, Zhou W, Zhou X, Qiao Q, et al. SIM imaging resolves endocytosis of SARS-CoV-2 spike RBD in
living cells. Cell Chem Biol. 2023;30: 248-260.e4. doi:10.1016/j.chembiol.2023.02.001
5. Raut P, Waters H, Zimmerberg J, Obeng B, Gosse J, Hess ST. Localization-based super-resolution microscopy reveals
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and boosts antiviral T cell activity. Pfaender S, editor. PLOS Pathog. 2023;19: e1011323. doi:10.1371/journal.ppat.1011323
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2004;101: 2070-2075. doi:10.1073/pnas.0305799101
11. Rudajev V, Novotny J. Cholesterol as a key player in amyloid β-mediated toxicity in Alzheimer's disease. Front Mol Neurosci.
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Reviewer #2 (Comments to the Authors (Required)): 

A review should aim at covering the subject matter with conciseness, fair bibliographic coverage and discussion that
summarises the state-of-the-art of the field and its future directions. This reviews encompasses a rather limited analysis of the
field and its bibliographic coverage is also rather limited, ignoring various recent contributions with detailed mechanistic
hypothesis on the influence of cholesterol on SARS-CoV-1 cell-surface recognition, endocytosis and subsequent steps. The
review is not suitable in its current state. 

Reviewer #3 (Comments to the Authors (Required)): 

In the manuscript entitled "Cholesterol and COVID-19 - therapeutic opportunities at the host/virus interface during cell entry", the
authors provide a summary of the current knowledge in the field of cholesterol and COVID-19 and the current achievements in
drug repurposing. Targeting host factors that support virus entry, replication and/or propagation are considered as highly
effective, helping to lower viral titers and to ameliorate COVID-19 severity. As many enveloped viruses, such as SARS-CoV-2,
are hijacking the cellular transport machinery and fuse with the endolysosomal membrane to get access to the cell,
pharmaceutics that impede viral fusion or modulate lipid composition of the respective cellular compartments are very promising
candidates for antiviral therapies. 

I want to thank the authors to bring this timely topic up, and I really like the overall structure of the manuscript. I have only a few
suggestions for the authors for improving the manuscript. 



1) The antiviral potential of NPC-1 inhibition and fluoxetine was recently evaluated using a more advanced human and murine
3D model (PMID: 36000328). I suggest to include the reference to bridge the gap between cell culture, animal models and the
human system.

2) The clinical use of the two antidepressants with high FIASMA activity has been reported to reduce SARS-CoV-2 infections
and COVID-19-related mortality in inpatients, and may be appropriate for prophylaxis and/or COVID-19 therapy for outpatients
or inpatients (PMID: 36233753). This would strengthen the translational aspect of the comprised research. In this context, the
following reference might also be of interest (PMID: 37976072).

3) Interestingly, pharmacological induced endolysosomal cholesterol imbalance through the clinically licensed drugs itraconazole
and fluoxetine were reported to impair another virus with pandemic potential: Ebola virus (PMID: 34919035). As Ebola virus
entry requires the cholesterol transporter Niemann-Pick C1 (PMID: 26771495), the use of these cholesterol affecting drugs
might be promising for future pandemic management of other enveloped viruses that use the same entry route. The authors
should include a small paragraph in the conclusions to outline the broad antiviral effect of targeting cellular cholesterol levels.

The presented manuscript is well-written and covers a timely topic. I hope that the authors can provide a revised manuscript
including my suggestions.



1st Authors' Response to Reviewers          January 17, 2024
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Reviewer #1 (Comments to the Authors (Required)): 

Grewal et al. present a review on the therapeutic potential of cholesterol modifying drugs in the 

treatment of COVID. Cholesterol has become well recognized culprit in SARS-CoV-viral entry. The 

review is well written, covers most of the key points of cholesterol as a target of COVID19 treatment, 

and it is timely. I recommend publication. A few mostly minor points are provided below.  

We thank the Reviewer for the very positive, kind and extremely helpful comments on our review 

article.  

Major points: 

1. Page 5 paragraph 1 make sure distinguish blood cholesterol from tissue cholesterol, they are not

necessarily the same. 

We apologize for this oversight, and in the revised manuscript, this was clarified accordingly (Page 5, 

paragraph 1 of the chapter “Role of cholesterol at the plasma membrane for SARS-CoV-2 infection” 

2. Page 5 paragraph 3 describes removing cholesterol with MBCD and the effects on rafts, this has

also been done with ApoE[1]. ApoE is an endogenous cholesterol transport molecule that regulates 

uptake and export of cholesterol from peripheral tissue. The ApoE is important because the clinical 

outcomes of COVID19 are linked to isotope of ApoE[2,3]. A short discussion on ApoE could add 

support for the likelihood that clinical outcomes are likely to improve with MBCD treatments or other 

cholesterol loweing drugs.  

We thank the Reviewer for this insight and absolutely agree that this aspect should be included in this 

review article. We have therefore added a brief description, including four new references, on ApoE-

related findings relevant for COVID-19 on page 6, 3rd para. The reference list was corrected 

accordingly:  

‘Besides using the cholesterol-depleting agent M

cholesterol transport protein that in the non-lipidated form removes cholesterol, while the lipidated 

form is a physiological cholesterol donor for cells. Most relevant for COVID-19, lipidated ApoE 

induced ACE2 movement to GM1 rafts and enhanced virus infection (Wang et al, 2023). Three apoE 

isoforms exist in humans, apoE2, apoE3 and apoE4, and it is in this order that these genotypes are 

associated with increasing LDL-cholesterol levels and coronary artery disease (Tudorache et al, 2017). 

Homozygous apoE4 carriers had an increased risk of severe COVID-19 infection, independent of pre-

existing comorbidities (Kuo et al, 2020). As the apoE4 genotype is associated with higher tissue 

cholesterol levels, oxidative stress and inflammation, this may all contribute to greater susceptibility to 

SARS-CoV-2 infection and COVID-19 severity (Gkouskou et al, 2021).’ 
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3. Most the references to lipid rafts are in the era of detergent resistant membranes. More recent

studies have used super resolution imaging to look at lipid rafts and ACE2 in the membrane of intact 

cells and even whole tissue. For example, in a diabetic mouse model, cholesterol in the tissue goes up 

with age and disease and this correlates with ACE2 associating with cholesterol rich GM1 lipids in 

whole tissue slices of fixed mouse lung[1,4]. For nanodomain regulation, PIP2 is also important. 

ACE2 and the spike protein traffics to PIP2 clusters[1,5] in intact cells, and hydroxychloroquine 

disruption the association with GM1 and PIP2 in multiple cells types(Stewart et al).  

We thank the Reviewer for these helpful comments, which have been incorporated into the final 

paragraph on page 5 and the first para on page 6. Three new references were added and the reference 

list was corrected accordingly. 

Page 5, bottom para: ‘These specialized cholesterol-rich microdomains are heterogenous in terms of 

their lipid and protein content, often confering different functions. For instance, lipid rafts enriched in 

either saturated ceramide-containing glycolipids such as monosialotetrahexosylganglioside 1 (GM1) 

or phosphatidyl-inositol 4,5 bisphosphate (PIP2) containing lipid clusters exist and movement of GM1 

localized membrane proteins to PIP2 lipid clusters upon localized changes in membrane cholesterol 

levels may affect their biologic function (Yuan & Hansen, 2023).'  

Page 6, first para: ‘Interestingly, in a diabetic mouse model characterized by elevated cholesterol with 

increased age and disease, ACE2 was predominantly found in cholesterol-rich GM1 membrane 

structures that facilitate endocytosis. and cholesterol depletion caused ACE2 to move from GM1 lipids 

to PIP2 lipid domains, thereby decreasing virus uptake and infectivity (Wang et al., 2023). Super-

resolution microscopy also revealed a relationship between the Spike protein and PIP2 clusters (Raut 

et al, 2022). In addition, hydroxychloroquine altered the association of ACE with GM1- and PIP2-

containing microdomain clusters in cells with high and low cholesterol, respectively (Yuan et al, 

2022). Also, avasimibe-mediated inhibition of Acyl-CoA:cholesterol acyltransferase (ACAT)-

mediated chjolesterol esterification disrupted ACE2 association with GM1 lipid rafts and inhibited 

SARS-CoV-2 pseudoparticle infection (Wing et al, 2023).’  

4. Pg 11 p 4. The argument for using PCSK9 in COVID-19 is not well justified to this reviewer.

Increasing LDL receptor will increase cholesterol uptake into cells[7]. Increasing cholesterol uptake 

should be harmful to treating COVID-19, not helpful. It is true that some individuals have high blood 

cholesterol because their cells don't take it up very well (e.g. homozygous apoE2)--they are likely 

deficient in their tissue. For those cases, correcting the uptake by enhancing LDL receptor will lower 

the blood cholesterol level and be helpful. But for COVID-19, low tissue cholesterol is the goal for 

treating COVID-19, not low blood cholesterol, as this decreases inflammation and the potential for a 

cytokine storm.  
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We absolutely agree with the Reviewer that PCSK9 inhibition causing reduced COVID severity 

cannot easily be explained by the upregulation of LDL-cholesterol uptake. Alternatively, as also 

suggested by this Reviewer, reduced inflammation upon PCSK9 inhibition could be the underlying 

cause for less severe disease outcome. In the revised manuscript, this is now discussed in more detail 

on page 14, 2nd para:  

‘Although the lowering of circulating LDL-cholesterol levels may reduce cholesterol levels of 

peripheral cells and monocyte inflammation (Stiekema et al, 2021; Xie et al, 2022), the PCSK9 

blockade improving COVID-19 outcomes cannot be easily explained by upregulation of LDL 

receptor-mediated endocytosis and cellular cholesterol levels, a setting that would rather support 

COVID-19 infectivity. In fact, PCSK9 blockage reduced serum IL-6 levels, suggesting that lowering 

of circulating PCSK9 levels reduced inflammation, which may be partly due to increased ACE2 

activity, which is associated with higher levels of the anti-inflammatory angiotensin 1-7 (Essalmani et 

al, 2023; Navarese et al, 2023). Along these lines, PCSK9-deficient mice did not display increased 

liver cholesterol and bile acid levels and may not cause cholesterol accumulation in different cells and 

tissues (Parker et al, 2013).‘ 

Minor points 

5. Might be worth a mention of avasimibe (ACAT inhibitor) in "other mechanism". It is yet another

strategy for inhibiting endocytosis of the virus[8]. ACAT is responsible for uptake of cholesterol into 

internal stores and appears to block SARS-Cov-2 infection.  

We thank the Reviewer for this valuable suggestion. The impact of ACAT inhibitor on SARS-CoV2 

infection, including one new reference, is now provided at the end of the first para on page 6, 2nd para 

(see also Point 3 above). The reference list was corrected accordingly:  

‘Also, avasimibe-mediated inhibition of Acyl-CoA:cholesterol acyltransferase (ACAT)-mediated 

cholesterol esterification disrupted ACE2 association with GM1 lipid rafts and inhibited SARS-CoV-2 

pseudoparticle infection (Wing et al., 2023).’  

6. Pg 9 p3, the reference to high levels of ACE2 (Hamming 2004 and li 2003) don't show actual levels

young children, yet children have least severity of the disease (see 2020 EBioMedicine Fig. 4 e ). Over 

expressed ACE2 in the cultured studies likely saturates Gm1 domains which will increase endocytosis, 

as discussed in the Li 2004 reference. Please clarify or at least provide a reference where high protein 

levels correlate with higher infectivity in physiological tissue.  

This was clarified at the end of page 3 and corrected at page 11 

We thank the Reviewer for these important observations. In the revised manuscript, the complex 

relationship between ACE2 protein levels and infectivity has been described in more detail on Page 3-
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4. The impact of cholesterol on ACE2 localization and activity in GM1 domains has been clarified on

page 6, 1st para (see point 3) and was corrected at page 11.  

Page 3-4: ‘In the respiratory system, ACE2 was not detectable or expressed at low levels in some cells 

but was present in many other cells and tissues such as enterocytes, gallbladder, cardiomyocytes, 

ductal cells and vasculature, indicating that high ACE2 expression is not an indicator of increased 

susceptibility to infection (Hikmet et al, 2020). Consistent with these findings, only a relatively small 

number of ACE2-positive cells were found in the human respiratory tract. Further indicating that 

ACE2 protein levels per se do not determine susceptibility to COVID-19 infection, increased ACE2 

protein levels were found in individuals at lower risk of severe COVID-19, such as children and 

healthy controls (Ortiz et al, 2020).’ 

Page 11: ‘In fact, type II pneumocytes, which are susceptible to SARS-CoV-2 infection and express 

ACE2. ‘ 

7. Page 5 hydroxychloroquine, reports toxicity, but all the large studies (>500 participants) were done

at 2x or more the FDA recommended dose of 200-400 mg per day[9]. Half-life of HCQ is 123.5 days 

in plasma, so the daily high concentrations may be the cause of the toxicity, not that the drug itself 

when used as recommended by the FDA. This information is important for those who use the drug for 

Niemann-Pick and as a prophylactic in malaria treatment. 

https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/009768s053lbl.pdf  

We thank the Reviewer for this important information and in the revised manuscript, we have added 

additional information on the use of hydroxychloroquine on page 4 (bottom para). This included one 

new reference and the reference list was corrected accordingly: 

‘Of note, in several clinical studies with >500 participants, twice or more the FDA recommended 

doses of hydroxychloroquine were used, yet these studies did not provide conclusive evidence of the 

effectiveness of hydroxychloroquine in treating COVID-19 (Axfors et al, 2021; Kumar et al, 2021). 

Yet, hydroxychloroquine, as well as chloroquine, can severely compromise vital LE/Lys functions, 

and very high doses can lead to cell death and strong side-effects and toxicity profiles.‘ 

Suggestions: 

8. Age is a major factor in COVID-19 severity. When normalized to protein, cholesterol increases with

age[1] (figure 3a) and [10] (figure 1c) and disease[11,12]. While this is still mostly a correlation, the 

favorable outcomes of children for COVID19 and the fact that they have lower tissue cholesterol, is a 

promising example of what a cholesterol lowering drug should be able to do for aged and diseased 

persons. Cholesterol almost certainly plays a role in the difference severity between adults and 

children.  

tel:200400
https://protect-au.mimecast.com/s/6fpICjZ1N7iYXgVqOf1FKY-?domain=accessdata.fda.gov
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We agree with the Reviewer’s suggestion and added a short section at the end of the 1st para in the 

Conclusions on page 16. This included the addition of three new references and the reference list was 

corrected accordingly: 

‘As mentioned earlier, age is a critical risk factor for COVID-19 severity. This correlates with 

cholesterol levels commonly increasing with age (Cutler et al, 2004; Wang et al., 2023) and disease 

(Rudajev & Novotny, 2022; Xiong et al, 2008). On the other hand, children have comparatively lower 

cholesterol levels (Cutler et al., 2004) and a better outcome than the elderly when infected with SARS-

CoV-2 (Kang et al, 2022). This age-related correlation between cholesterol levels and disease severity 

supports strategies aiming to lower cholesterol in the elderly to reduce COVID-19 severity.’ 

9. Pg5 p5 Probably might be worth mentioning that more recent variants seems to have evolved away

from TMPRSS[13], relying more on cholesterol and the endocytic pathway. And more recent studies 

suggests the early variants of SARS-CoV-2 probably depended more on cholesterol then was 

originally suggested with the TMPRSS2 sutdies[1,4,6,14].  

We thank the Reviewer for this information on recent literature and have added the following short 

section to the third para on page 8. Two new references were added to this section and the reference 

list was corrected accordingly: 

‘Remarkably, more recent variants of SARS-CoV-2, such as the Omicron BA.1 variant, displayed a 

lower efficiency in using the cellular protease TMPRSS2 and relied more on cell entry through 

endocytic pathways that are sensitive to cholesterol (Meng et al, 2022). A recent study highlighting the 

requirement of an acidic endosomal environment for early variants of SARS-CoV-2 also point at the 

potential to target late endosomal cholesterol (Kreutzberger et al, 2022). Hence, drugs targeting 

endocytic pathways and late endosomal cholesterol may be effective for therapy of patients infected 

with both recent and earlier variants. ‘ 
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Reviewer #2 (Comments to the Authors (Required)):  

A review should aim at covering the subject matter with conciseness, fair bibliographic coverage and 

discussion that summarises the state-of-the-art of the field and its future directions. This reviews 

encompasses a rather limited analysis of the field and its bibliographic coverage is also rather limited, 

ignoring various recent contributions with detailed mechanistic hypothesis on the influence of 

cholesterol on SARS-CoV-1 cell-surface recognition, endocytosis and subsequent steps. The review is 

not suitable in its current state.  

We acknowledge the Reviewer’s critical assessment of the submitted review article. We would like to 

point out that the opinion of this Reviewer is in striking contrast to the editor’s invitation to resubmit a 

revised manuscript and the assessments provided by Reviewer #1 (‘The review is well written, covers 

most of the key points of cholesterol as a target of COVID19 treatment, and it is timely. I recommend 

publication.’) and Reviewer #3 (‘I want to thank the authors to bring this timely topic up, and I really 

like the overall structure of the manuscript.’; ‘The presented manuscript is well-written and covers a 

timely topic.’).  

As recognized by Reviewer #1, this review aimed to highlight key molecular players and mechanism 

at the plasma membrane and in late endosomes/lysosomes that facilitate cell entry of SARS-CoV-2 in 

a cholesterol-sensitive manner. The number of COVID-19-related studies addressing these and other 

aspects of cholesterol in COVID-19, such as the prognostic value of systemic cholesterol levels, the 

use of statins and other cholesterol-lowering drugs, cholesterol and viral replication, and links between 

SREBP1/2, inflammation and SARS-CoV2 propagation is immense. It would have been beyond the 

scope of this review to cover in detail all the mechanistic insights derived from these studies, often not 

directly related to SARS-CoV-2 cell entry, but other parts of the virus life cycle, such as replication, 

propagation, virus assembly and/or budding/viral release. 

In the revised manuscript, 174 references are provided in the reference list, which gives readers the 

opportunity for further reading on each aspect of the review. From those, most references were 

published in the last 5 years (>2019). In addition to original research publications, this includes a 

substantial number of recent review articles that cover various cholesterol-related mechanisms that 

influence SARS-CoV2 cell entry at the surface and in late endosomes/lysosomes (e.g. Ballot et al., 

2020; Cesar-Silva et al. 2022; Fecchi et al., 2020; Glitscher and Hilt, 2021; Tang et al., 2020; Wang et 

al., 2008, 2021, 2022 and 2023). We believe that this extensive list of recent literature provides a solid 

overview on the state-of-the-art of the field as well as many potential future directions related to the 

key aspects covered in this review article. Approximately 40 articles in the reference list cover earlier 

work relevant to this research field (2002-2018) and allow the reader to obtain information on earlier 

influential publications and how the knowledge in the field evolved over time.  
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As part of the Revision addressing the comments of Reviewer #1 and #3, we have added 14 mostly 

recent references (2020-23) to this manuscript, providing further detail and addressing additional 

aspects related to cholesterol and SARS-CoV-2 infectivity.  

In addition, we have added a new paragraph to the Conclusions on page 15. This included the addition 

of 5 new references. The reference list was corrected accordingly: 

‘ In this review, we described several key roles how cholesterol at the cell surface and in 

endolysosomes influences the efficacy of SARS-CoV-2 entry, providing opportunities for drugs 

targeting cholesterol-sensitive mechanism in these locations to reduce SARS-CoV-2 infectivity and 

COVID-19 disease severity. It would have gone beyond the scope of this review to cover the influence 

of cholesterol on many other aspects of the viral cycle, such as replication, assembly and viral release 

and we refer the reader to excellent review articles that cover cholesterol-sensitive mechanisms not 

only during SARS-CoV2 surface recognition and cell entry, but also viral replication, assembly and 

release (Ahmad et al, 2023; Ballout et al, 2020; Barrantes, 2022; Cesar-Silva et al, 2022; Fecchi et al, 

2020; Glitscher & Hildt, 2021; Kowalska et al, 2022; Palacios-Rapalo et al, 2021; Tang et al, 2021; 

Wang et al., 2023; Wang et al, 2022).’  

An overview of the role of Niemann-pick C1 (NPC1) in viral infections and inhibition of viral 

infections through NPC1 inhibitor. Ahmad I, Fatemi SN, Ghaheri M, Rezvani A, Khezri DA, Natami 

M, Yasamineh S, Gholizadeh O, Bahmanyar Z.Cell Commun Signal. 2023 Dec 14;21(1):352.  

Possible mechanisms of cholesterol elevation aggravating COVID-19. Tang Y, Hu L, Liu Y, Zhou B, 

Qin X, Ye J, Shen M, Wu Z, Zhang P.Int J Med Sci. 2021 Aug 21;18(15):3533-3543.  

The Influence of SARS-CoV-2 Infection on Lipid Metabolism-The Potential Use of Lipid-Lowering 

Agents in COVID-19 Management. Kowalska K, Sabatowska Z, Forycka J, Młynarska E, Franczyk B, 

Rysz J.Biomedicines. 2022 Sep 18;10(9):2320. d 

The constellation of cholesterol-dependent processes associated with SARS-CoV-2 infection. 

Barrantes FJ.Prog Lipid Res. 2022 Jul;87:101166. doi: 10.1016/j.plipres.2022.101166. 

Cholesterol-Rich Lipid Rafts as Platforms for SARS-CoV-2 Entry. Palacios-Rápalo SN, De Jesús-

González LA, Cordero-Rivera CD, Farfan-Morales CN, Osuna-Ramos JF, Martínez-Mier G, Quistián-

Galván J, Muñoz-Pérez A, Bernal-Dolores V, Del Ángel RM, Reyes-Ruiz JM.Front Immunol. 2021 

Dec 16;12:796855. doi: 10.3389/fimmu.2021.796855. eCollection 2021. 

https://pubmed.ncbi.nlm.nih.gov/38098077/
https://pubmed.ncbi.nlm.nih.gov/38098077/
https://pubmed.ncbi.nlm.nih.gov/34522180/
https://pubmed.ncbi.nlm.nih.gov/36140421/
https://pubmed.ncbi.nlm.nih.gov/36140421/
https://pubmed.ncbi.nlm.nih.gov/35513161/
https://pubmed.ncbi.nlm.nih.gov/34975904/
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Reviewer #3 (Comments to the Authors (Required)):  

In the manuscript entitled "Cholesterol and COVID-19 - therapeutic opportunities at the host/virus 

interface during cell entry", the authors provide a summary of the current knowledge in the field of 

cholesterol and COVID-19 and the current achievements in drug repurposing. Targeting host factors 

that support virus entry, replication and/or propagation are considered as highly effective, helping to 

lower viral titers and to ameliorate COVID-19 severity. As many enveloped viruses, such as SARS-

CoV-2, are hijacking the cellular transport machinery and fuse with the endolysosomal membrane to 

get access to the cell, pharmaceutics that impede viral fusion or modulate lipid composition of the 

respective cellular compartments are very promising candidates for antiviral therapies.  

I want to thank the authors to bring this timely topic up, and I really like the overall structure of the 

manuscript. I have only a few suggestions for the authors for improving the manuscript.  

We thank the Reviewer for the very positive, kind and helpful comments on our review article. 

1) The antiviral potential of NPC-1 inhibition and fluoxetine was recently evaluated using a more

advanced human and murine 3D model (PMID: 36000328). I suggest to include the reference to 

bridge the gap between cell culture, animal models and the human system. 

We thank the Reviewer for this suggestion and added this reference (Schloer et al. 2022) at the 

beginning of the 2nd para on page 10. The reference list was corrected accordingly. 

2) The clinical use of the two antidepressants with high FIASMA activity has been reported to reduce

SARS-CoV-2 infections and COVID-19-related mortality in inpatients, and may be appropriate for 

prophylaxis and/or COVID-19 therapy for outpatients or inpatients (PMID: 36233753). This would 

strengthen the translational aspect of the comprised research. In this context, the following reference 

might also be of interest (PMID: 37976072).  

We thank the Reviewer for this suggestion and added a section describing these findings on page 10. 

The two new references were added and the reference list was corrected accordingly:  

‘A retrospective cohort study of almost 400,000 hospitalized COVID-19 patients suggested that 

prior use of antidepressant medications may reduce the likelihood of SARS-CoV-2 infection, 

hospitalization and mortality. These associations between antidepressants and COVID-19 severity is 

most likely due to inhibition of acid sphingomyelinase (FIASMA) (Hoertel et al, 2022). Yet, 

fluvoxamine treatment of outpatients with mild to moderate COVID-19 did not improve the time to 

sustained recovery (Stewart et al., 2023), pointing at the need for further studies to evaluate the 

clinical effects of fluvoxamine in COVID-19.‘ 
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3) Interestingly, pharmacological induced endolysosomal cholesterol imbalance through the clinically 

licensed drugs itraconazole and fluoxetine were reported to impair another virus with pandemic 

potential: Ebola virus (PMID: 34919035). As Ebola virus entry requires the cholesterol transporter 

Niemann-Pick C1 (PMID: 26771495), the use of these cholesterol affecting drugs might be promising 

for future pandemic management of other enveloped viruses that use the same entry route. The authors 

should include a small paragraph in the conclusions to outline the broad antiviral effect of targeting 

cellular cholesterol levels.  

The presented manuscript is well-written and covers a timely topic. I hope that the authors can 

provide a revised manuscript including my suggestions. 

 

We thank the Reviewer for this suggestion and added a section describing these findings at the end of 

the Conclusions on page 16. The two new references were added and the reference list was corrected 

accordingly: 

‘Cholesterol plays a crucial role during multiple steps in the life cycle of almost all viruses. Thus, 

manipulating cholesterol homeostasis could potentially serve as a broad-spectrum antiviral strategy. 

As outlined in this review, rather than reducing cholesterol levels globally, the key to cholesterol-

related antiviral strategies may require disruption of cholesterol handling in specific cellular organelles 

where it is needed for viral entry, replication and propagation (Glitscher & Hildt, 2021). 

Endolysosomal cholesterol homeostasis has been recognized as a potential target for antiviral 

treatments against a variety of viruses, including SARS-CoV-2, but also influenza A and Ebola 

viruses. In the case of Ebola, NPC1 is hijacked by the virus to cross the endolysosomal membrane for 

cell entry. Hence, drugs interfering with NPC1 activity and endolysosomal cholesterol levels such as 

itraconazole and fluoxetine have potential to deliver broad antiviral effects (Glitscher & Hildt, 2021; 

Kummer et al, 2022). Although the availability of these tools offer promising treatment options 

against viral infections, further research is still needed to fully understand the impact of interfering 

with cholesterol transport in cells and to assess adverse effects of these drugs (Glitscher & Hildt, 

2021).’ 
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