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While most SARS-CoV-2 patients have mild to moderate 
illness and recover in a matter of weeks, a signi�cant 
portion of patients continue to have a variety of chronic 
symptoms that persist for months after the acute phase of 
the virus. This condition is increasingly being referred to as 
post-COVID syndrome [1]. A range of neuropsychiatric, 
gastrointestinal, and musculoskeletal complaints are 
among the diverse clinical manifestations, which also 
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include fatigue, cognitive impairment (also known as "brain 
fog"), dyspnea, myalgia, palpitations, and other symptoms 
[2, 3]. These symptoms can seriously reduce functional 
status and quality of life, adding to the strain on healthcare 
sys t e m s .  T h e r e  i s  g r o w i n g  e v i d e n c e  t h a t  t h e 
pathophysiology of post-COVID syndrome is largely 
in�uenced by persistent immune dysregulation [4]. Months 
after viral clearance, immune pro�ling studies have found 
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Toll-like receptor 7 (TLR7) is crucial for recognizing single-stranded viral RNA and initiating type I 

interferon signalling, which initiates antiviral immune responses. DNA methylation and other 

epigenetic controls may affect TLR7 expression and play a role in immune dysregulation in post-

COVID syndrome. Objectives: To assess the association between immune dysregulation in 

people with post-COVID syndrome and epigenetic regulation of the TLR7 gene, speci�cally DNA 

methylation patterns. Methods: Patients with post-COVID-19 symptoms (≥12 weeks' post-

infection) and age- and sex-matched recovered controls participated in a case-control study. 

The purpose of peripheral blood mononuclear cells (PBMCs) was to use bisul�te 

pyrosequencing to analyze the DNA methylation of TLR7 promoter CpG sites, to use qRT-PCR to 

quantify TLR7 mRNA, and to use �ow cytometry to immunophenotype immune cell subsets and 

type I interferon (IFN-α) production. Analysis was done on statistical relationships among 

immune parameters, gene expression, and methylation status. Results: In comparison to 

controls, post-COVID patients showed notable changes in TLR7 promoter methylation patterns, 

with site-speci�c hypo- and hyper-methylation associated with corresponding changes in TLR7 

expression. Anomalies in B-cell and plasmacytoid dendritic cell (pDC) pro�les and dysregulated 

IFN-α levels were linked to aberrant expression, suggesting persistent innate immune 

activation. Conclusions: TLR7 epigenetic changes could be a factor in post-COVID-19 

persistent immunological dysregulation. These results emphasize TLR7 methylation as a 

possible therapeutic target and biomarker. To con�rm these correlations, more long-term 

research is needed.
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persistent changes in both the innate and adaptive immune 
compartments, such as the growth of activated T cell 
subsets, dysregulation of B cell maturation, and the loss or 
malfunction of plasmacytoid dendritic cells (pDCs) [5]. 
Notably, some post-COVID patients continue to have 
e l evate d  l eve l s  of  p ro - i n � a m m ato r y  cy to k i n e s , 
chemokines, and type I interferons (IFN-I), which is a sign of 
low-grade, chronic in�ammation [6]. Neuro-in�ammation, 
persistent tissue damage, and multi-system symptoms 
could all be caused by such immune changes. Toll-like 
receptor 7 (TLR7) is a pattern recognition receptor that is 
found in endosomal compartments and is speci�cally 
designed to recognize single-stranded RNA (ssRNA) from 
viruses, including coronaviruses [7]. Reports of TLR7 loss-
of-function mutations resulting in severe COVID-19 in 
otherwise healthy young male highlight the crucial role of 
TLR7 in antiviral defence [8, 9]. Epigenetic mechanisms, 
which are heritable, reversible changes that do not change 
the underlying DNA sequence, have a signi�cant impact on 
gene expression and are not only determined by genetic 
sequence [10]. A crucial epigenetic marker linked to 
transcriptional silencing is DNA methylation at cytosine 
residues within CpG dinucleotides, particularly in promoter 
regions [11]. While site-speci�c effects and interactions 
with other chromatin marks can result in more complex 
patterns of regulation, hypo-methylation generally 
correlates with gene activation [12]. According to 
research, SARS-CoV-2 infection causes extensive 
epigenomic reprogramming that impacts genes related to 
immune cell differentiation, cytokine signalling, and 
antiviral defence [13]. In both acute and convalescent 
COVID-19 patients, several studies have documented 
changed methylation pro�les of innate immune receptors 
and signalling intermediates [14]. However, little is known 
about how TLR7 is epigenetically regulated in relation to 
post-COVID syndrome. Prolonged epigenetic changes may 
maintain aberrant immune signalling long after viral 
clearance, since TLR7 expression levels affect IFN-I 
responses and immune cell activation. Such signalling 
could function as a biomarker and therapeutic target if it is 
triggered or modulated by epigenetic modi�cations, 
speci�cally methylation changes in the TLR7 promoter. 
Research on autoimmune diseases has shown that TLR7 
promoter methylation status is linked to immune 
phenotype and disease activity [15]. The immunological 
abnormalities associated with post-COVID syndrome are 
becoming more widely recognized, but the underlying 
molecular mechanisms are still not fully understood. The 
relationship between environmental triggers (SARS-CoV-2 
infection) and long-lasting transcriptional alterations in 
immune genes can be convincingly explained by epigenetic 
regulation, especially DNA methylation. Since TLR7 plays a 
crucial role in antiviral sensing, can affect both innate and 

M E T H O D S

This case-control study investigated the association 
between immune dysregulation in post-COVID syndrome 
and epigenetic regulation of the TLR7 gene at Ziauddin 
Hospital from June 2022 to May 2023. The Institutional 
Review Board at Ziauddin University granted ethical 
approval (6560522BKBC), and before enrolment, each 
participant gave written informed consent. Eligibility was 
established by whether or not participants had persistent 
symptoms more than 12 weeks following laboratory-
con�rmed SARS-CoV-2 infection. Participants were 
selected using a consecutive sampling strategy. The 
control group consisted of people who had fully recovered 
and were matched by age and sex and did not have any 
lingering symptoms, while the post-COVID group was made 
up of people who were still experiencing symptoms. 
Originally, 40 participants per group were enrolled; 
however, power calculations were used to retrospectively 
justify the sample size's adequacy. A two-sided, two-
sample t-test with α=0.05 and 80% power necessitates 
roughly 45 participants per group, according to previously 
published data that suggests an absolute mean 
methylation difference of ~8% at the TLR7 promoter with 
an SD of ~13% (Cohen's d≈0.62). To counteract this, we 

adaptive immunity, and is known to be involved in immune-
mediated pathology when dysregulated, it is a biologically 
plausible candidate for such regulation. As far as we are 
aware, no previous study has thoroughly assessed the 
downstream immune cell and cytokine pro�les, TLR7 
promoter methylation, and gene expression in a post-
COVID cohort. Identifying these connections may help 
clarify a potential mechanism of persistent immune 
activation and discover new biomarkers or treatment 
targets for post-COVID syndrome.

Despite increasing recognition of persistent immune 

dysregulation in post-COVID syndrome, the underlying 

molecular mechanisms driving prolonged innate immune 

activation remain poorly de�ned. While global epigenetic 

alterations have been described in acute and convalescent 

COVID-19, gene-speci�c epigenetic regulation of key 

a n t i v i r a l  re ce pto rs  s u c h  a s  T L R 7  h a s  n ot  b e e n 

systematically explored in post-COVID cohorts. In 

particular, the relationship between TLR7 promoter 

methylation, transcriptional expression, and downstream 

i m m u n e  f u n c t i o n a l  r e s p o n s e s  h a s  n o t  b e e n 

comprehensively evaluated. Addressing this gap may 

clarify whether epigenetic remodeling of TLR7 contributes 

to sustained interferon dysregulation in post-COVID 

syndrome. This study aimed to assess the association 

between immune dysregulation in people with post-COVID 

syndrome and epigenetic regulation of the TLR7 gene, 

speci�cally DNA methylation patterns.
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added more participants to make up for sample attrition 
and guarantee enough analysis samples for expression and 
methylation analyses. In addition, 62 samples are needed 
to detect correlations between TLR7 methylation and 
expression, with |r|=0.35 at 80% power and α=0.05. This was 
met within the sample size that was obtained after 
considering attrition. Every participant had 10–15 mL of 
peripheral venous blood drawn in EDTA tubes. Using 
density-gradient centrifugation, peripheral blood 
mononuclear cells (PBMCs) were separated. In order to 
measure site-speci�c DNA methylation within CpG-rich 
regions of the TLR7 promoter, genomic DNA was extracted, 
bisul�te converted using a commercial kit, and then 
ampli�ed by PCR and pyrosequencing. TLR7 mRNA 
expression was assessed by quantitative real-time PCR 
(qRT-PCR) with GAPDH as the reference gene after total 
RNA was extracted and reverse-transcribed to cDNA. After 
s t a i n i n g  P BM C s  w i t h  � u o r o c h r o m e - c o n j u g a te d 
monoclonal antibodies against B cells and plasmacytoid 
dendritic cells (pDCs), �ow cytometry was used to perform 
immune-pro�le analysis. Following stimulation with a TLR7 
ligand, intracellular staining of IFN-α was used to evaluate 
functional cytokine responses. To ensure reproducibility, 
each assay was run in duplicate and included the proper 
quality controls for �ow cytometry, gene expression, and 
DNA methylation. SPSS version 26 was used to perform 
statistical analyses (IBM Corp., Armonk, NY). Histogram 
inspection, Q–Q plots, and the Shapiro–Wilk test were used 
to assess the normality of continuous variables (such as 
methylation percentages, ΔCt or 2^-ΔCt expression values, 
and immune cell subset frequencies), and Levene's test 
was used to test for equality of variances. Welch's 
correction was used in cases where variances were 
unequal, and the independent-samples t-test was used to 
analyze normally distributed continuous variables with 
equal variances. The Mann–Whitney U test was used for 
variables that were not normally distributed. In correlation 
analyses, Spearman's rank correlation was used when 
assumptions were broken or the variables were ordinal, and 
Pearson's correlation when both variables satis�ed the 
normality assumptions. To make the results easier to 
interpret, effect sizes (r²) were computed in addition to 
correlation coe�cients and p-values. Relative normality, 
heteroscedasticity, and collinearity checks were applied to 
all models to control for potential confounding variables 
like age, sex, and comorbidities (such as diabetes and 
hypertension). Adjusted coe�cients with 95% con�dence 
intervals (CIs) are the results of regression analysis. Using 
the Benjamini–Hochberg false discovery rate (FDR) 
method, p-values were modi�ed for comparisons between 
multiple CpG sites.

When compared to controls, methylation analysis revealed 

that post-COVID participants had medium-to-large effect 

sizes and signi�cantly higher methylation levels at the 

CpG1, CpG2, and CpG3 sites of the TLR7 promoter, On the 

other hand, the post-COVID group showed a signi�cant 

decrease in TLR7 mRNA expression, with a large effect size 

(Table 2).

Table 2: Methylation Comparison of the TLR7 Promoter and TLR7 
mRNA Expression Between Groups

TLR7 expression showed a positive correlation with IFN-α 

response, which explained 20% of the variance, while 

methylation at CpG sites showed inverse associations with 

TLR7 mRNA expression, explaining 13–17% of the variance 

(Table 3).

Table 3: TLR7 Methylation, Expression, And IFN-Α Response 
Correlations

Variables Compared
Correlation
Coe�cient

( r )
r²

95% CI
for r

p-
Value

CpG1 methylation vs TLR7 mRNA

CpG2 methylation vs TLR7 mRNA

CpG3 methylation vs TLR7 mRNA

TLR7 mRNA vs IFN-α response

0.13

0.17

0.14

0.20

−0.36

−0.41

−0.38

0.45

−0.58 to −0.08

−0.61 to −0.13

−0.59 to −0.10

0.19 to 0.64

0.012*

0.005*

0.009*

0.002*

Post-COVID 
(Mean ± SD)

Control 
(Mean ± SD)

Mean
difference

(95% CI)

p-
Value

Cohen's
d

Variables

12.8 ± 3.4

15.6 ± 4.1

14.9 ± 3.7

10.5 ± 2.8

13.0 ± 3.5

12.2 ± 3.3

0.72

0.67

0.74

1.82 ± 0.65 2.34 ± 0.71 0.77

Methylation Comparison of the TLR7 Promoter 

TLR7 mRNA Expression 

CpG1 (%)

CpG2 (%)

CpG3 (%)

TLR7 Mrna
(ΔCt)

2.3 (0.8–3.8)

2.6 (1.0–4.2)

2.7 (1.1–4.3)

0.003*

0.001*

0.002*

−0.52 (−0.85
to −0.19)

0.002*

Multivariable regression models that controlled for age, 

sex, and comorbidities veri�ed that TLR7 expression 

independently predicted IFN-α response, while higher CpG 

methylation levels continued to be independently linked to 

lower TLR7 expression (Table 4).
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There were 80 people enrolled, 40 of whom were in the 

control group and 40 of whom were in the post-COVID 

group. Major comorbidities, sex distribution, and age were 

similar between the two groups (Table 1).

R E S U L T S

Table 1: Participants' Baseline Characteristics in the Study

Effect Size
(95% CI)

Variables
Post-COVID

(n=40)
Control
(n=40)

p-
Value

Age, Years
(mean ± SD)

Male, n (%)

Diabetes, n (%)

Hypertension, n (%)

44.8 ± 9.9

21 (52.5%)

8 (20.0%)

9 (22.5%)

45.2 ± 10.3

22 (55.0%)

10 (25.0%)

12 (30.0%)

d = 0.04
(−0.38 to 0.46)

OR = 1.10 (0.45–2.69)

OR = 1.33 (0.47–3.77)

OR = 1.47 (0.55–3.93)

0.820

0.820

0.590

0.450



The study found that TLR7 promoter DNA methylation 

varies by site in patients with post-COVID syndrome: some 

CpG sites were hypermethylated, while others were 

hypomethylated. Thus, hypomethylation encourages 

transcriptional activation, while DNA methylation at 

promoter CpG islands inhibits gene expression [16]. 

Decreased TLR7 mRNA expression was signi�cantly linked 

to these epigenetic changes. This delicate, site-speci�c 

regulation suggests intricate epigenetic control rather 

than a straightforward on/off mechanism. Decreased B 

cells, decreased plasmacytoid dendritic cells, and 

impaired IFN-α production were all indicators of immune 

dysregulation. This is consistent with TLR7's established 

function of identifying viral single-stranded RNA and 

inducing type I interferon reactions [17]. Signi�cantly, TLR7 

dysregulation has been linked to the pathophysiology of 

COVID-19, including sex-biased expression patterns and, in 

more severe cases, epigenetic changes [18]. Our �ndings 

add to this body of evidence by pointing to TLR7 epigenetic 

remodeling as a possible cause of immune activation that 

persists in the post-acute phase. Global DNA methylation 

studies in post-COVID cohorts have found long-lasting 

methylation changes across numerous genes and 

pathways, including those related to immune signalling, 

metabolic regulation, and accelerated epigenetic ageing 

[19, 20]. Therefore, our study's focus on TLR7 �ts a broader 

pattern of host epigenetic alteration that may underlie 

long-COVID pathologies. More generally, reviews have 

demonstrated that the virus can modulate the host's 

epigenetic landscape, including DNA methylation, histone 

modi�cations, and chromatin remodeling to elude immune 

responses and spread in�ammation [21]. Epigenetic 

modulation of TLR7 may impair IFN-α and disrupt innate 

immune cell homeostasis, contributing to persistent 

symptoms in post-COVID syndrome. This is consistent with 

evidence that delayed or dysregulated type I interferon 

responses are central to COVID severity and long-term 

s e q u e l a e .  T h e  a s s o c i a t i o n  b e t w e e n  T L R 7 

methylation/expression and immune cell dysregulation 

highlights a plausible mechanistic pathway. Two 

signi�cant implications for clinical and translational 

research are highlighted in this study. First, the TLR7 

promoter's methylation status at particular CpG sites may 

be a useful biomarker for determining who is at risk for 

Table 5: Comparison of Group-to-Group Immune Cell Subset Frequencies and Synthesis of IFN-α After TLR7 Ligand Activation

Findings signi�cant differences were found in some 

populations when immune subsets from post-COVID 

individuals and healthy controls were compared. With a 

mean difference of −1.6% (95% CI: −2.7 to −0.5; p = 0.005; 

Cohen's d = 0.66), the post-COVID group had a signi�cantly 

lower percentage of B cells (CD19⁺) (8.5 ± 2.3%) than the 

controls (10.1 ± 2.5%), suggesting a moderate effect size. A 

D I S C U S S I O N

large effect size was suggested by the signi�cantly lower 

plasmacytoid dendritic cells (pDCs; CD123⁺CD303⁺) in post-

COVID individuals (1.9 ± 0.7%) compared to controls (2.6 ± 

0.8%), with a mean difference of −0.7% (95% CI: −1.1 to −0.3; 

p = 0.001; Cohen's d = 0.90). On the other hand, there was no 

signi�cant difference in baseline IFN-α levels between 

post-COVID participants (42.5 ± 12.8 pg/mL) and controls 

(44.1 ± 13.2 pg/mL) (mean difference −1.6 pg/mL; 95% CI: 

−7.3 to 4.1; p = 0.570). However, the post-COVID group 

showed a signi�cant impairment upon stimulation with the 

TLR7 ligand, producing signi�cantly less IFN-α (198.6 ± 35.4 

pg/mL) than the controls (235.2 ± 38.7 pg/mL). There was a 

signi�cant impairment in TLR7-mediated interferon 

response among post-COVID individuals, as evidenced by 

the large effect size (Cohen's d = 0.98) and mean difference 

of −36.6 pg/mL (95% CI: −52.1 to −21.1; p<0.001) (Table 5).

Variables
Post-COVID (n=40)

(Mean ± SD)
Control (n=40)

(Mean ± SD)
Mean Difference

(95% CI)
p-Value Cohen's d

B cells (CD19⁺)

pDCs (CD123⁺CD303⁺)

CD4⁺ T cells

CD8⁺ T cells

IFN-α (pg/mL) Unstimulated

IFN-α (pg/mL) Stimulated

8.5 ± 2.3

1.9 ± 0.7

35.2 ± 6.5

28.4 ± 5.8

42.5 ± 12.8

198.6 ± 35.4

10.1 ± 2.5

2.6 ± 0.8

36.0 ± 6.0

27.9 ± 6.1

44.1 ± 13.2

235.2 ± 38.7

−1.6 (−2.7 to −0.5)

−0.7 (−1.1 to −0.3)

−0.8 (−3.9 to 2.3)

0.5 (−2.6 to 3.6)

−1.6 (−7.3 to 4.1)

−36.6 (−52.1 to −21.1)

0.005*

0.001*

0.610

0.740

0.570

<0.001*

0.66

0.90

0.13

0.08

0.12

0.98

Immune Subset (% of PBMCs)

Synthesis of IFN-α After TLR7 Ligand Activation
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Table 4: Analysis of Relationships Using Multivariable Regression 
That Accounts for Comorbidities, Age, and Sex

p-
Value

Dependent
Variables

Independent
Variables

β (SE) Adjusted β
(95% CI)

CpG1 Methylation

CpG2 Methylation

CpG3 Methylation

TLR7 mRNA (ΔCt)

−0.30 (−0.46
to −0.14)

−0.25 (−0.41
to −0.11)

−0.26 (−0.42
to −0.12)

0.42 (0.22
–0.62)

−0.32 (0.09)

−0.28 (0.08)

−0.29 (0.08)

0.45 (0.10)

TLR7 mRNA (ΔCt)

TLR7 mRNA (ΔCt)

TLR7 mRNA (ΔCt)

IFN-α response

0.001*

0.002*

0.002*

<0.001*
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may limit the generalizability of the �ndings. The cross-

sectional nature precludes assessment of temporal 
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epigenetic alterations and immune dysfunction. 

Additionally, other epigenetic mechanisms such as histone 
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larger cohorts are needed to validate these �ndings, 

explore dynamic epigenetic changes over time, and assess 

the therapeutic potential of targeting TLR7-related 

epigenetic pathways in post-COVID syndrome.
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C O N C L U S I O N S

This study concluded that different epigenetic changes in 
the TLR7 promoter region, including site-speci�c hypo- 
and hyper-methylation patterns, were present in people 
with post-COVID syndrome. These changes were strongly 
linked to abnormal TLR7 mRNA expression. These 
modi�cations were linked to dysregulated type I interferon 
production, aberrant B-cell and plasmacytoid dendritic cell 
pro�les, and other �ndings that suggested innate immune 
dysregulation and persistent activation. The results show 
that TLR7 methylation alterations may be a biomarker for 
the persistence of the disease and a possible target for 
treatment. They may also be a factor in the long-term 
immune dysregulation seen in post-COVID syndrome. To 
verify these �ndings and investigate the clinical usefulness 
of TLR7 epigenetic pro�ling in post-COVID patient care, 
more longitudinal research with bigger cohorts is 
necessary.
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