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Abstract 

Infection caused by SARS-CoV-2 can result in severe respiratory complications and death. 

Patients with a compromised immune system are expected to be more susceptible to a 

severe disease course. In this report we suggest that patients with systemic lupus 

erythematous might be especially prone to severe COVID-19 independent of their 

immunosuppressed state from lupus treatment. Specially, we provide evidence in lupus to 

suggest hypomethylation and overexpression of ACE2, which is located on the X 

chromosome and encodes a functional receptor for the SARS-CoV-2 spike glycoprotein. 

Oxidative stress induced by viral infections exacerbates the DNA methylation defect in lupus, 

possibly resulting in further ACE2 hypomethylation and enhanced viremia. In addition, 

demethylation of interferon-regulated genes, NFκB, and key cytokine genes in lupus patients 

might exacerbate the immune response to SARS-CoV-2 and increase the likelihood of 

cytokine storm. These arguments suggest that inherent epigenetic dysregulation in lupus 

might facilitate viral entry, viremia, and an excessive immune response to SARS-CoV-2. 

Further, maintaining disease remission in lupus patients is critical to prevent a vicious cycle 

of demethylation and increased oxidative stress, which will exacerbate susceptibility to 

SARS-CoV-2 infection during the current pandemic. Epigenetic control of the ACE2 gene 

might be a target for prevention and therapy in COVID-19.  
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Main Text 

Coronavirus Disease-2019 (COVID-19) is a respiratory disease caused by the severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) which is a novel single-stranded RNA 

virus of the Coronaviridae family. The disease can be associated with severe lower 

respiratory manifestations leading to acute respiratory distress syndrome, cytokine storm, 

and death [1]. Older individuals and patients with pre-existing chronic medical illnesses 

appear to be at increased risk of severe COVID-19 [2].  

Lupus is a chronic autoimmune disease of incompletely understood etiology. We propose 

that lupus patients might be at an increased risk for infection by SARS-CoV-2 and for 

developing a more severe form of COVID-19, independent of the possible effect of 

immunosuppressive medications.  

Epigenetic dysregulation plays an important role in the pathogenesis of lupus [3]. While most 

epigenetic studies in lupus have been performed in T cells, there is evidence to suggest 

reduced DNA methylation levels in multiple cell types in this disease. For example, a robust 

demethylation signature in interferon-regulated genes in lupus is wide-spread and 

characteristic of the disease [4-6].  

DNA methylation plays an important role in the inactivation of the X chromosome. X 

chromosome inactivation, whereby gene expression from one gene copy of the X 

chromosome is silenced by DNA methylation, is essential to maintain normal levels of gene 

expression and comparable expression levels between male and female cells. In women with 

lupus, reduced DNA methylation has been shown to result in defective X chromosome 

inactivation [7]. Hypomethylation of the normally inactivate X chromosome leads to an 

abnormal increase in the expression levels of affected genes. This abnormal X chromosome 

inactivation has been demonstrated to mediate increased expression of CD40LG in CD4+ T 

cells in women with lupus, contributing to T cell autoreactivity in this disease [7]. CD40LG 

expression in CD4+ T cells isolated from healthy women was similarly increased after 

treatment with the DNA methylation inhibitor 5-azacytidine. This gene-dose effect of the X 

chromosome has been proposed to explain, at least in part, sex bias in lupus. Of interest, 

men with two X chromosomes, Klinefelter syndrome (47, XXY), have a significantly higher 

risk to develop lupus compared to normal men (46, XY) and a similar risk to women [8].  

SARS-CoV-2 binds to target host cells through angiotensin-converting enzyme 2 (ACE2). 

ACE2 is a functional receptor for the viral spike glycoprotein that allows the entry of SARS-

CoV-2 into cells [9]. ACE2 gene is located on the X chromosome, similar to CD40LG. Recent 

findings suggest the expansion of a demethylated T cells subset in lupus patients 

characterized by the expression of several genes known to be demethylated in lupus, 

including CD40LG, CD70, ITGAL (CD11A), and the KIR gene cluster (defined using flow 

cytometry as KIR+CD11ahi CD4+CD28+ T cell subset) [10, 11]. Indeed, we can induce this T 

cell subset in normal healthy individuals using the DNA methylation inhibitor 5-azacytidine 

[11]. We generated whole-genome DNA methylation data using an array-based approach 
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and observe significant hypomethylation in the ACE2 gene in this T cell subset compared to 

KIR-CD11alow T cells isolated from the same lupus patients (Figure 1A). This 

hypomethylation involves several CpG sites located in the ACE2 promoter region proximal to 

the transcription start site, the 5’-untranslated region, and the 3’-untranslated region, 

suggesting functional regulatory effect of the methylation changes. Furthermore, we can 

induce hypomethylation in some of these same CpG sites in CD4+ T cells isolated from 

normal healthy women treated with the DNA methylation inhibitor 5-azacytidine [11]. 

Importantly, in a subset of female lupus patients characterized by skin, joint, and kidney 

involvement ACE2 promoter region was significantly hypomethylated in CD4+ T cells 

compared to age and sex matched normal healthy controls [12]. Gene expression profiles 

extracted from a publicly available dataset (GEO accession: GSE4588) showed a significant 

overexpression of ACE2 mRNA in lupus CD4+ T cells compared to normal healthy controls 

(Figure 1B). We further confirm hypomethylation in ACE2 in an independent set of female 

lupus patients characterized by kidney involvement (Figure 1C). Gene expression profiles in 

the same set of patients showed ~1.5-2-fold ACE2 overexpression compared to healthy 

controls, although his did not reach statistical significance (Figure 1D).   

Lupus patients are also characterized by expansion of a pro-inflammatory double negative T 

cell subset (CD4-CD8-) [13]. We have previously demonstrated that double negative T cells 

heavily demethylate cytokine genes including IL-18 and IFNγ, among others [14]. 

Interestingly, we also observe significant hypomethylation in the ACE2 gene in double 

negative T cells compared to autologous CD4+ and CD8+ T cells isolated from normal 

healthy women [14].  

Together, these data support that ACE2 expression is regulated by DNA methylation and that 

a methylation defect in lupus extends to regulatory sequences in the ACE2 gene, which 

could result in ACE overexpression in lupus patients.  

It is important to note that a major limitation to these arguments is the absence of data from 

alveolar epithelial cells in lupus patients. However, it is worth highlighting that overexpression 

of ACE2 in other cell types might facilitate viremia and organ damage in COVID-19. Indeed, 

in SARS, SARS-CoV viral particles (which also utilize ACE2 for cell entry) have been shown 

to infect immune cells in large numbers, including peripheral blood T cells, which can result in 

viral dissemination throughout the body [15]. Direct tissue damage from viral infection of 

target tissues, such as the kidneys, intestine, and brain has been reported [16].     

Overall, the DNA methylation defect in lupus patients is more evident in patients with 

increased disease activity, and is exacerbated by increased oxidative stress, such as in the 

case of viral infections [17]. Oxidative stress has been shown to inhibit DNA methylation in 

lupus T cells by blocking PKC-δ activation, resulting in attenuated MEK/ERK signaling and 

reduced expression of the main DNA methyltransferase DNMT1 [17, 18]. In addition, 

oxidative stress depletes NADPH and glutathione levels leading to mTOR activation which 

also exacerbates the DNA methylation defect by inhibiting DNMT1 [19]. Therefore, it is 
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reasonable to suggest the possibility that the DNA methylation defect in lupus patients, 

exacerbated by the oxidative stress from SARS-CoV-2 infection, will further enhance viral 

entry in lupus patients through epigenetic de-repression of ACE2 and increased ACE2 

expression.  

Lupus patients are characterized by robust demethylation of interferon-regulated genes, 

which is persistent and present across multiple cells types and disease subsets [20]. We 

have previously suggested that this epigenetic activation poises interferon-regulated genes 

for transcription in lupus patients, and likely explains the exaggerated expression response of 

interferon-regulated genes in the presence of response to type-I interferons [4].Therefore, it 

is possible that an interferon response induced by viral infections, including SARS-CoV-2, is 

more likely to be complicated by an exaggerated immune-response in lupus patients. This 

might contribute to a cytokine storm and tissue damage during COVID-19 infections in lupus 

patients. Indeed, we have also demonstrated progressive demethylation in CD4
+
 T cells of 

the gene that encodes the master cytokine regulator NFκB and a number of pro-inflammatory 

cytokine genes and their key transcription factors with increasing disease activity in lupus 

[21]. Response to SARS-CoV-2 resulting in tissue damage and oxidative stress might further 

exacerbate the pro-inflammatory epigenetic changes observed in lupus patients resulting in a 

vicious circle of cytokine response (Figure 2).  

Taken together, these observations suggest that epigenetic dysregulation might increase the 

risk and severity of SARS-CoV-2 infections in lupus patients. The likelihood of disseminated 

SARS-CoV-2 infection in lupus patients might be increased due to ACE2 overexpression in 

peripheral blood mononuclear cells. This is independent of any potential effects of 

immunosuppressive medications. Based on this model, we also expect that lupus flares will 

increase the likelihood of infection with SARS-CoV-2 due to increased oxidative stress and 

DNA demethylation of ACE2. Therefore, maintaining remission in lupus patients is of critical 

importance during this pandemic. Drugs that target epigenetic mechanisms should be 

considered for further investigation in COVID-19.  

In conclusion, our data suggest that lupus patients are more prone to SARS-CoV-2 infections 

and complicated disease course of COVID-19. This is consisting with recent evidence 

showing that lupus patients are inherently susceptible to infections [22].   

 

 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

Competing interests: None of the authors has any financial conflict of interest to 

disclose 

  

Funding information: This work was supported by the Lupus Research Alliance and the 

National Institute of Allergy and Infectious Diseases of the National Institutes of Health grants 

number U19AI110502 and R01AI097134 to Dr. Sawalha; and the National Natural Science 

Foundation of China (No. 81830097), the innovation project of Chinese academy of medical 

sciences (Research Unit, No. 2019-I2M-5–033) and an urgent grant of Hunan Province for 

fighting against coronavirus disease- 2019 epidemic (2020SK3005 ) to Dr. Lu. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

References 

 

[1] C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu, Z. Cheng, T. Yu, J. Xia, 

Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao, H. Gao, L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. 

Jin, J. Wang, B. Cao, Clinical features of patients infected with 2019 novel coronavirus in Wuhan, 

China, Lancet, 395 (2020) 497-506. 

[2] F. Zhou, T. Yu, R. Du, G. Fan, Y. Liu, Z. Liu, J. Xiang, Y. Wang, B. Song, X. Gu, L. Guan, Y. Wei, H. Li, X. 

Wu, J. Xu, S. Tu, Y. Zhang, H. Chen, B. Cao, Clinical course and risk factors for mortality of adult 

inpatients with COVID-19 in Wuhan, China: a retrospective cohort study, Lancet, (2020). 

[3] M. Teruel, A.H. Sawalha, Epigenetic Variability in Systemic Lupus Erythematosus: What We 

Learned from Genome-Wide DNA Methylation Studies, Current rheumatology reports, 19 (2017) 32. 

[4] P. Coit, M. Jeffries, N. Altorok, M.G. Dozmorov, K.A. Koelsch, J.D. Wren, J.T. Merrill, W.J. McCune, 

A.H. Sawalha, Genome-wide DNA methylation study suggests epigenetic accessibility and 

transcriptional poising of interferon-regulated genes in naive CD4+ T cells from lupus patients, J 

Autoimmun, 43 (2013) 78-84. 

[5] P. Coit, S. Yalavarthi, M. Ognenovski, W. Zhao, S. Hasni, J.D. Wren, M.J. Kaplan, A.H. Sawalha, 

Epigenome profiling reveals significant DNA demethylation of interferon signature genes in lupus 

neutrophils, J Autoimmun, 58 (2015) 59-66. 

[6] J. Imgenberg-Kreuz, J. Carlsson Almlof, D. Leonard, A. Alexsson, G. Nordmark, M.L. Eloranta, S. 

Rantapaa-Dahlqvist, A.A. Bengtsson, A. Jonsen, L. Padyukov, I. Gunnarsson, E. Svenungsson, C. 

Sjowall, L. Ronnblom, A.C. Syvanen, J.K. Sandling, DNA methylation mapping identifies gene 

regulatory effects in patients with systemic lupus erythematosus, Ann Rheum Dis, 77 (2018) 736-743. 

[7] Q. Lu, A. Wu, L. Tesmer, D. Ray, N. Yousif, B. Richardson, Demethylation of CD40LG on the inactive 

X in T cells from women with lupus, Journal of immunology, 179 (2007) 6352-6358. 

[8] A.H. Sawalha, J.B. Harley, R.H. Scofield, Autoimmunity and Klinefelter's syndrome: when men 

have two X chromosomes, Journal of autoimmunity, 33 (2009) 31-34. 

[9] M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Kruger, T. Herrler, S. Erichsen, T.S. Schiergens, G. 

Herrler, N.H. Wu, A. Nitsche, M.A. Muller, C. Drosten, S. Pohlmann, SARS-CoV-2 Cell Entry Depends 

on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor, Cell, (2020).  

[10] F.M. Strickland, D. Patel, D. Khanna, E. Somers, A.M. Robida, M. Pihalja, R. Swartz, W. Marder, B. 

Richardson, Characterisation of an epigenetically altered CD4(+) CD28(+) Kir(+) T cell subset in 

autoimmune rheumatic diseases by multiparameter flow cytometry, Lupus Sci Med, 3 (2016) 

e000147. 

[11] E. Gensterblum, P. Renauer, P. Coit, F.M. Strickland, N.C. Kilian, S. Miller, M. Ognenovski, J.D. 

Wren, P.S. Tsou, E.E. Lewis, K. Maksimowicz-McKinnon, W.J. McCune, B.C. Richardson, A.H. Sawalha, 

CD4+CD28+KIR+CD11a(hi) T cells correlate with disease activity and are characterized by a pro-

inflammatory epigenetic and transcriptional profile in lupus patients, Journal of autoimmunity, 86 

(2018) 19-28. 

[12] M. Zhao, S. Liu, S. Luo, H. Wu, M. Tang, W. Cheng, Q. Zhang, P. Zhang, X. Yu, Y. Xia, N. Yi, F. Gao, 

L. Wang, S. Yung, T.M. Chan, A.H. Sawalha, B. Richardson, M.E. Gershwin, N. Li, Q. Lu, DNA 

methylation and mRNA and microRNA expression of SLE CD4+ T cells correlate with disease 

phenotype, Journal of autoimmunity, 54 (2014) 127-136. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

[13] J.C. Crispin, M. Oukka, G. Bayliss, R.A. Cohen, C.A. Van Beek, I.E. Stillman, V.C. Kyttaris, Y.T. 

Juang, G.C. Tsokos, Expanded double negative T cells in patients with systemic lupus erythematosus 

produce IL-17 and infiltrate the kidneys, Journal of immunology, 181 (2008) 8761-8766. 

[14] P.A. Renauer, P. Coit, A.H. Sawalha, The DNA methylation signature of human 

TCRalphabeta+CD4-CD8- double negative T cells reveals CG demethylation and a unique epigenetic 

architecture permissive to a broad stimulatory immune response, Clinical immunology, 156 (2015) 

19-27. 

[15] J. Gu, E. Gong, B. Zhang, J. Zheng, Z. Gao, Y. Zhong, W. Zou, J. Zhan, S. Wang, Z. Xie, H. Zhuang, B. 

Wu, H. Zhong, H. Shao, W. Fang, D. Gao, F. Pei, X. Li, Z. He, D. Xu, X. Shi, V.M. Anderson, A.S. Leong, 

Multiple organ infection and the pathogenesis of SARS, J Exp Med, 202 (2005) 415-424. 

[16] J. Gu, C. Korteweg, Pathology and pathogenesis of severe acute respiratory syndrome, Am J 

Pathol, 170 (2007) 1136-1147. 

[17] Y. Li, G. Gorelik, F.M. Strickland, B.C. Richardson, Oxidative stress, T cell DNA methylation, and 

lupus, Arthritis Rheumatol, 66 (2014) 1574-1582. 

[18] G. Gorelik, J.Y. Fang, A. Wu, A.H. Sawalha, B. Richardson, Impaired T cell protein kinase C delta 

activation decreases ERK pathway signaling in idiopathic and hydralazine-induced lupus, Journal of 

immunology, 179 (2007) 5553-5563. 

[19] A. Perl, Oxidative stress in the pathology and treatment of systemic lupus erythematosus, Nat 

Rev Rheumatol, 9 (2013) 674-686. 

[20] E. Weeding, A.H. Sawalha, Deoxyribonucleic Acid Methylation in Systemic Lupus Erythematosus: 

Implications for Future Clinical Practice, Front Immunol, 9 (2018) 875. 

[21] P. Coit, M.G. Dozmorov, J.T. Merrill, W.J. McCune, K. Maksimowicz-McKinnon, J.D. Wren, A.H. 

Sawalha, Epigenetic Reprogramming in Naive CD4+ T Cells Favoring T Cell Activation and Non-Th1 

Effector T Cell Immune Response as an Early Event in Lupus Flares, Arthritis Rheumatol, 68 (2016) 

2200-2209. 

[22] E. Katsuyama, A. Suarez-Fueyo, S.J. Bradley, M. Mizui, A.V. Marin, L. Mulki, S. Krishfield, F. 

Malavasi, J. Yoon, S.J.H. Sui, V.C. Kyttaris, G.C. Tsokos, The CD38/NAD/SIRTUIN1/EZH2 Axis Mitigates 

Cytotoxic CD8 T Cell Function and Identifies Patients with SLE Prone to Infections, Cell Rep, 30 (2020) 

112-123 e114. 

 

 

 

 

 

 

 

 

 

Figure Legends 
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Figure 1: A) DNA hypomethylation of ACE2 gene in a subset of CD4+ T cells characterized 

by expression of KIR genes and high levels of CD11a (KIR+CD11ahi) compared to autologous 

KIR-CD11alow CD4+ T cells in lupus patients. The KIR+CD11ahi T cell subset has been 

previously shown to overexpress other methylation sensitive genes in lupus patients 

including CD40LG, also located on the X chromosome. (*, P< 0.01, corrected for multiple 

testing and derived using GenomeStudio (Illumina)). B) Normalized mRNA expression values 

of ACE2 in CD4
+
 T cells isolated from lupus patients compared to healthy controls. These 

data were extracted from Gene Expression Omnibus (GEO accession: GSE4588) (P= 0.01; 

Mann-Whitney test). C) Demethylation of a CpG site in the 3’-untranslated region of ACE2 

(cg23232263) in CD4+ T cells from lupus patients with a history of kidney involvement 

compared to age, sex, and ethnicity matched healthy controls. DNA methylation beta values 

were extracted from genome-wide methylation data generated using the 

HumanMethylation450 array (P= 0.03; Mann-Whitney test) D) Normalized mRNA expression 

values of ACE2 in the same CD4+ T cell samples from lupus patients and controls shown in 

panel C. Values were extracted from Affymetrix U133 plus 2.0 array data (P= 0.18; Mann-

Whitney test).    

 

Figure 2: Schematic presentation suggesting mechanisms that might increase 

susceptibility to and severity of COVID-19 in lupus patients. Lupus is characterized by a 

DNA methylation defect which has been demonstrated in multiple cell types. SARS-CoV-2 

utilizes ACE2 as a receptor for entry into cells. ACE2 is a methylation-sensitive gene located 

on the X chromosome. Lupus patients show evidence of ACE2 hypomethylation possibly 

mediating ACE2 overexpression which will increase the likelihood of SARS-CoV-2 infection. 

Viral infections are associated with increased oxidative stress, which is known to induce 

lupus flares and induce further DNA demethylation. Hypomethylation and overexpression of 

ACE2 in T cells (and possibly other cell types) will facilitate T cell viral infections and viral 

dissemination resulting in a more severe COVID-19. Interferon-regulated genes and other 

inflammatory cytokine genes are hypomethylated in lupus patients and thereby epigenetically 

poised or primed for transcription upon interferon exposure resulting from viral immune 

response. This epigenetic priming might increase the possibility of cytokine storm in lupus 

patients.    
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Highlights 

 ACE2 encodes a key viral entry receptor for SARS-CoV-2 and is methylation sensitive  

 ACE2 is hypomethylated and overexpressed in lupus T cells suggesting an increased 

possibility of disseminated disease during SARS-CoV-2 infection 

 ACE2 demethylation might be exacerbated after SARS-CoV-2 infection due to 

increased oxidative stress 

 Demethylation in interferon-regulated and key cytokine genes might predispose lupus 

patients to cytokine storm in COVID-19 

 Maintaining remission in lupus is critical to prevent further demethylation and 

overexpression of ACE2  
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Figure 2


