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Summary
Background Growing evidence suggests that symptoms associated with post-COVID-19 condition (also known as long 
COVID) can affect multiple organs and systems in the human body, but their association with viral persistence is not 
clear. The aim of this study was to investigate the persistence of SARS-CoV-2 in diverse tissues at three timepoints 
following recovery from mild COVID-19, as well as its association with long COVID symptoms.

Methods This single-centre, cross-sectional cohort study was done at China–Japan Friendship Hospital in Beijing, 
China, following the omicron wave of COVID-19 in December, 2022. Individuals with mild COVID-19 confirmed by 
PCR or a lateral flow test scheduled to undergo gastroscopy, surgery, or chemotherapy, or scheduled for treatment in 
hospital for other reasons, at 1 month, 2 months, or 4 months after infection were enrolled in this study. Residual 
surgical samples, gastroscopy samples, and blood samples were collected approximately 1 month (18–33 days), 
2 months (55–84 days), or 4 months (115–134 days) after infection. SARS-CoV-2 was detected by digital droplet PCR 
and further confirmed through RNA in-situ hybridisation, immunofluorescence, and immunohistochemistry. 
Telephone follow-up was done at 4 months post-infection to assess the association between the persistence of 
SARS-CoV-2 RNA and long COVID symptoms.

Findings Between Jan 3 and April 28, 2023, 317 tissue samples were collected from 225 patients, including 
201 residual surgical specimens, 59 gastroscopy samples, and 57 blood component samples. Viral RNA was detected 
in 16 (30%) of 53 solid tissue samples collected at 1 month, 38 (27%) of 141 collected at 2 months, and seven (11%) 
of 66 collected at 4 months. Viral RNA was distributed across ten different types of solid tissues, including liver, 
kidney, stomach, intestine, brain, blood vessel, lung, breast, skin, and thyroid. Additionally, subgenomic RNA was 
detected in 26 (43%) of 61 solid tissue samples tested for subgenomic RNA that also tested positive for viral RNA. At 
2 months after infection, viral RNA was detected in the plasma of three (33%), granulocytes of one (11%), and 
peripheral blood mononuclear cells of two (22%) of nine patients who were immunocompromised, but in none of 
these blood compartments in ten patients who were immunocompetent. Among 213 patients who completed the 
telephone questionnaire, 72 (34%) reported at least one long COVID symptom, with fatigue (21%, 44 of 213) being 
the most frequent symptom. Detection of viral RNA in recovered patients was significantly associated with the 
development of long COVID symptoms (odds ratio 5·17, 95% CI 2·64–10·13, p<0·0001). Patients with higher virus 
copy numbers had a higher likelihood of developing long COVID symptoms.

Interpretation Our findings suggest that residual SARS-CoV-2 can persist in patients who have recovered from 
mild COVID-19 and that there is a significant association between viral persistence and long COVID symptoms. 
Further research is needed to verify a mechanistic link and identify potential targets to improve long COVID 
symptoms.
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Introduction
As of Aug 10, 2023, the COVID-19 pandemic had led to 
more than 769 million confirmed cases and 6·9 million 
deaths.1 In addition to respiratory disease, SARS-CoV-2 
infection can lead to various symptoms beyond the 

respiratory tract. Severe cases might progress to viral 
sepsis and even death. The virus has been detected in 
multiple organs during post-mortem examination,2 
suggesting that extrapulmonary dissemination of the 
virus might be associated with systemic diseases.
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As well as in autopsy samples, residual SARS-CoV-2 
RNA or protein have been detected in various sample 
types from patients with COVID-19, even after recovery. 
These include biopsy samples from the lungs, breasts, 
skin, appendix, intestine, adenoid, tonsils, taste buds, 
and olfactory neuroepithelium tissues, among others.3–9 

The virus has also been detected in stool samples10 and 
plasma samples.11,12

It has been estimated that 6–68% of individuals who 
recover from COVID-19 have persistent symptoms, 
known as post-COVID-19 condition (also known as 
long COVID), affecting multiple organ systems, 
including fatigue, headache, shortness of breath, loss 
of smell or taste, and diarrhoea.13,14 The mechanisms 
underlying long COVID are complex and uncertain.15–18 
Some studies have suggested that certain long COVID 
symptoms might be associated with viral persistence 
in relevant tissues, including the gut mucosa or 
epithelium, olfactory neuroepithelium, taste buds, and 
blood.4,7,9,11

However, there are, we believe, no large-scale studies 
investigating the persistence of SARS-CoV-2 in diverse 
tissues at different timepoints after recovery from 
COVID-19, and the association between viral persistence 
and long COVID symptoms remains unclear. In this 
study, we aimed to assess the persistence of viral nucleic 
acid and protein residues in diverse tissues collected 
from individuals who had recovered from mild COVID-19 
using multiple techniques and explore the possible 
association between long COVID symptoms and viral 
persistence.

Methods
Study design and participants
This single-centre cross-sectional cohort study was 
done at China–Japan Friendship Hospital in Beijing, 
China. We enrolled patients who had mild COVID-19 
(for definition see appendix 2 p 3) and confirmed 
positive through positive PCR or lateral flow tests 
during the omicron (BA.5·2 and BF.7) wave 
of SARS-CoV-2 around December, 2022. These patients 
were scheduled to undergo gastroscopy, surgery, 
chemotherapy, or immunotherapy, or were hospitalised 
for other reasons, at 1 month, 2 months, or 4 months 
after infection (as confirmed through PCR or lateral 
flow tests). Patient identifiers, including full name, date 
of birth, medical record number, and telephone 
number, were collected. We excluded patients who did 
not undergo treatments for various reasons, patients 
with repeat nasopharyngeal RT-PCR positivity at the 
time of the study, and patients who withdrew their 
consent. On the basis of previous reports on the organs 
in which SARS-CoV-2 persists,3–11 we collected gastric 
mucosa samples, blood samples, and residual surgical 
samples from 13 types of solid tissue, including 
stomach, lung, skin, intestine, blood vessel, kidney, 
breast, thyroid, liver, brain, pancreas, gallbladder, and 
appendix, at approximately 1 month, 2 months, and 
4 months after infection to assess the prolonged 
presence of the virus. For patients who underwent 
gastroscopy, we collected both oropharyngeal swab 
samples and gastric mucosa to account for potential 
contamination from the oral cavity.

Research in context

Evidence before this study
Previous studies have detected SARS-CoV-2 in multiple autopsy 
specimens of patients who died from COVID-19 and biopsy 
specimens taken from patients who have recovered from 
COVID-19. Additionally, SARS-CoV-2 has been shown to cause 
long-term illness, commonly referred to as post-COVID-19 
condition (also known as long COVID). We searched PubMed, 
Google Scholar, and Web of Science using keywords such as 
“COVID-19” OR “SARS-CoV-2” OR “viral persistence” AND “long 
COVID” OR “post-acute sequelae of SARS-CoV-2 infection” for 
articles published in English between Jan 1, 2020, and 
March 1, 2024. We found several articles aimed at describing 
the association between long-term presence of 
SARS-CoV-2 and localised long COVID symptoms, but the 
association between the persistence of SARS-CoV-2 and 
systemic long COVID symptoms is still inconclusive.

Added value of this study
There is a dearth of research on SARS-CoV-2 persistence in 
diverse tissue samples collected from people who have 
recovered from COVID-19. Our study in patients who had 
recovered from mild COVID-19 includes not only blood samples 

but also surgical specimens from 13 types of solid tissues 
collected at 1 month, 2 months, or 4 months after infection. 
By using a large sample size, multiple timepoints of specimen 
collection, and highly sensitive digital droplet PCR, combined 
with other viral detection methods, we have provided 
preliminary insights into the persistence of SARS-CoV-2 in 
multiple organs after recovery from COVID-19, as well as its 
association with long COVID symptoms.

Implications of all the available evidence
SARS-CoV-2 can persist not only in patients critically ill with 
COVID-19 but also in multiple organs of patients who have 
recovered from mild COVID-19, with the proportion of tissues 
testing positive for viral nucleic acid gradually decreasing over 
time. We found a significant association between the persistent 
presence of residual SARS-CoV-2 and long COVID symptoms, 
suggesting that viral persistence is a risk factor for long COVID 
symptoms. Future studies are required to examine the potential 
mechanisms underlying the association between viral 
persistence and long COVID symptoms and identify potential 
targets for preventing the development of long COVID 
symptoms.



Articles

www.thelancet.com/infection   Published online April 22, 2024   https://doi.org/10.1016/S1473-3099(24)00171-3	 3

According to WHO, long COVID symptoms are 
defined as new symptoms that occur beyond 3 months 
after infection or more severe symptoms than those 
experienced before COVID-19, and these symptoms 
should persist for at least 2 months with no other 
explanation.19 To establish the association between viral 
persistence at 1 month, 2 months, 4 months, or any time 
after recovery from infection and long COVID symptoms 
as defined by WHO at 4 months, participants received 
follow-up telephone calls from trained physicians at 
around 4 months after infection and completed a 
symptom questionnaire over the telephone that was 
modified from our previous studies (appendix 2 
pp 11–15).20,21 We also collected data on variables including 
age, sex, BMI, history of cancer generally, current receipt 
of chemotherapy or immunotherapy, and drug inter
ventions, and comorbidities including hypertension, 
diabetes, hyperlipidaemia, cardio-cerebrovascular 
disease, chronic respiratory diseases, anaemia, thyroid 
dysfunction, and number of COVID-19 vaccine doses 
received. The study adhered to the STROBE reporting 
guidelines for cohort studies. The Research Ethics 
Committee of the China–Japan Friendship Hospital 
approved this study (2023-KY-027), and written informed 
consent was obtained from all participants.

Procedures
One piece of gastric mucosa was collected and 
immediately frozen in liquid nitrogen for RNA extraction. 
Leftover samples from surgical pathology were collected 
with one portion fixed in 4% formalin for pathological 
sections, another portion frozen in liquid nitrogen for 
nucleic acid analysis, and the remaining portion fixed 
in 2·5% glutaraldehyde for electron microscopy 
observation.

4 mL of blood was collected by use of a vacuum blood 
collection tube containing edetic acid anticoagulant and 
centrifuged at 300 × g for 10 min to obtain 140 µL plasma 
samples. The remaining blood was subjected to a density 
gradient centrifugation (700 × g for 30 min) by use of 
lymphatic separation solution (Cytiva, Uppsala, Sweden) 
to obtain peripheral blood mononuclear cells (PBMCs). 
Granulocytes were obtained from the precipitates of 
density gradient centrifugation after erythrocyte lysis.

RNA from solid samples (surgical samples, gastroscopy 
samples, and blood cells) was extracted with TRIzol 
reagent (Invitrogen, Waltham, MA, USA) and from 
plasma samples by use of a QIAamp viral RNA mini kit 
(QIAGEN, Hilden, Germany) according to the 
manufacturer’s instructions for virus detection.

To detect SARS-CoV-2 RNA in solid tissues, we did 
digital droplet PCR (ddPCR; QX200 AutoDG Droplet 
Digital PCR System, Bio-Rad, Hercules, CA, USA) using 
RNA extracted from the clinical samples. We selected 
two primer pairs, N1 and Orf1ab (appendix 2 p 16), which 
were reported to be 10–100 times more sensitive than 
quantitative PCR22 to detect N and ORF1ab genes, 

respectively.1 As a surrogate of replicating virus, we 
detected subgenomic RNA on the basis of the E gene,23 
which is generated from discontinuous transcription of 
the negative-strand, genome-length RNA that is created 
during replication of the virus and serves as the template 
for viral translation. We did quantitative real-time 
reverse-transcription PCR (qRT-PCR; QuantStudio Real-
Time PCR Systems, ThermoFisher, Waltham, MA, USA) 
to measure the expression levels of ACE2 and TMPRSS2 
in tumour or paratumour samples, and using the same 
primer sets as used for ddPCR on a subset of solid tissue 
samples to compare its sensitivity with ddPCR 
(appendix 2 p 3). We selected only one lung sample with 
the highest viral copy number through ddPCR detection.

To validate the accuracy of ddPCR, we did immuno
histochemistry, which used enzyme-linked antibodies to 
detect SARS-CoV-2 S proteins in tissue sections 
(appendix 2 p 5). Additionally, immunofluorescence, 
which uses fluorescently labelled antibodies, was done to 
further visualise the presence of the virus in specific cell 
types (ie, epithelial cells and macrophages; appendix 2 
pp 5–6). To further validate the accuracy of ddPCR, we 
used the RNAScope 2.5 HD assay kit (Advanced Cell 
Diagnostics, Newark, CA, USA) to perform RNA in-situ 
hybridisation to detect the N and S genes of SARS-CoV-2 
on paraffin sections of tissue samples (appendix 2 p 6).

To investigate the effect of virus presence on host-gene 
transcription, transcriptome sequencing of vascular and 
lung tissues was done by Plastech Pharmaceutical 
Technology, Nanjing, China. Differentially expressed 
genes were mapped to biological pathways according to 
Kyoto Encyclopedia of Genes and Genomes pathway 
analysis (appendix 2 pp 7–8).

Statistical analysis
Baseline characteristics of patients are presented as 
mean (SD) for quantitative variables with reasonably 
symmetrical distributions and as absolute values with 
percentages for categorical variables. A McNemar test 
was done to investigate whether there was an association 
between the presence of SARS-CoV-2 in throat swabs and 
its presence in the gastric mucosa as a measure of 
contamination from nasal or oral sampling during 
gastroscopy. The exact two-sample Fisher–Pitman 
permutation test was used to assess whether there was a 
significant difference in the detection rates of the virus 
and the expression levels of virus receptors ACE2 and 
TMPRSS2 between tumour and paratumour tissues. To 
investigate whether individuals who are immuno
compromised have difficulty in clearing the virus, we 
compared the virus detection ratios in individuals who 
were immunocompromised and immunocompetent, 
with the ratios reported as absolute values with 
percentages. To explore the association between viral 
persistence and long COVID symptoms, we used a 
multivariate logistic regression model to estimate the 
odds ratios (ORs) and 95% CIs accounting for 
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confounders including age, sex, BMI, history of cancer 
generally, receipt of chemotherapy or immunotherapy, 
and comorbidities. We tested the linearity assumption 
underlying the logistic regression model for quantitative 
predictors (appendix 2 p 8). To investigate the association 
between viral copy number and long COVID symptoms, 
the tissue samples collected at 1 month, 2 months, 
4 months, or at any time after infection were categorised 
into three groups (virus-free or low-virus group, medium- 
virus group, and high-virus group) on the basis of viral 
copy numbers of N or ORF1ab estimated with ddPCR by 
use of the classical K-Means algorithm, where the 
number of clusters was specified a priori. Markov 
distance was used as the distance function and excluded 
a sample with ultra-high viral RNA copy number. The 
symptom positive ratio was calculated as the number of 
tissues from patients with long COVID symptoms 
divided by the total number of tissues. All significance 
tests were two-sided, and a p value less than 0·05 was 
considered significant unless stated otherwise. All 
statistical analyses were done by use of SPSS version 26.0. 
The K-Means algorithm and the linearity-fit plot were 
done and generated in R, version 4.3.0. Other detailed 
materials and methods are described in the 
appendix 2 (pp 1–8).

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, writing 
of the report, or the decision to submit for publication.

Results
Of the 238 patients infected with SARS-CoV-2 around 
December, 2022, who were scheduled to undergo 
gastroscopy, surgery, chemotherapy, or immunotherapy, 
or who were hospitalised for other reasons, at China–
Japan Friendship Hospital 1 month, 2 months, or 
4 months after infection, 225 were eligible for sample 

collection. Of these, 213 (95%) participated in the 
4-month follow-up and were included in the analysis of 
the association between SARS-CoV-2 persistence and 
long COVID symptoms (figure 1). 72 (34%) of 
213 reported having at least one long COVID symptom at 
4 months after infection (table). The mean age of patients 
with long COVID symptoms was 52·3 years (SD 13·5), and 
35 (49%) were male. In comparison, the mean age of 
patients without long COVID symptoms was 55·0 years 
(SD 12·5), and 74 (52%) were male. Five (7%) patients 
with long COVID symptoms and 21 (15%) patients 
without received chemotherapy or immunotherapy. The 
majority of patients had received three doses of a 
COVID-19 vaccine before infection (56 [78%] of 72 patients 
with long COVID and 121 [86%] of 141 without; table).

We collected 317 tissue samples from 225 patients 
(appendix 2 p 16). These samples included 201 residual 
surgery specimens, 59 gastroscopy samples, and 57 blood 
component samples. Specifically, at 1 month post-
infection, 53 samples from nine different tissue types 
were obtained from 38 patients. At 2 months post-
infection, we collected 198 samples from 13 tissue types 
from 138 patients. Finally, at 4 months post-infection, we 
obtained 66 samples from nine tissue types from 
49 patients (appendix 2 p 16). The tissue types included 
lung, skin, intestine, blood vessel, kidney, breast, thyroid, 
liver, stomach, brain, pancreas, gallbladder, and appendix, 
as well as blood components including plasma, 
granulocytes, and PBMCs. 63 samples each were from 
the lungs and stomach. 31 pairs of tumour and 
paratumour tissues were obtained (appendix 2 p 26), and 
198 paratumour-only tissues were obtained to detect viral 
RNA or protein.

There was no association between the presence of 
SARS-CoV-2 in throat swabs and its presence in the 
gastric mucosa when detected by ddPCR (differential 
presence, p=0·0009 for ORF1ab and p=0·0008 for N), 
indicating that there was no contamination from nasal or 
oral sampling during gastroscopy (appendix 2 p 28). Over 
time, there was a gradual decrease in the proportion of 
solid tissues that tested positive for viral nucleic acid 
by ddPCR, with 16 (30%) of 53 solid tissue samples 
testing positive at 1 month after infection, 38 (27%) 
of 141 testing positive at 2 months, and seven (11%) of 
66 testing positive at 4 months (figure 2A, B, D). 
Additionally, subgenomic RNA was detected, with 
four (8%) of 53 solid tissue samples testing positive for 
subgenomic RNA at 1 month, 21 (15%) of 141 at 2 months, 
and one (2%) of 66 at 4 months (figure 2C, E).

We also sorted tissue types into descending order on 
the basis of the proportion of tissue samples testing 
positive for SARS-CoV-2 N, ORF1ab, or subgenomic 
RNA. Viral N or ORF1ab RNA was found in liver, kidney, 
stomach, intestine, brain, blood vessel, lung, breast, skin, 
and thyroid tissues during the entire examined period 
(figure 3A–C). SARS-CoV-2 subgenomic RNA was also 
detected in 27 (44%) of 61 samples that were also positive 

Figure 1: Flow chart of the study

238 patients enrolled

225 eligible for sample collection 

213 eligible for evaluation at 4 months

13 patients excluded
7 did not undergo surgery
1 did not recover from COVID-19
5 withdrew consent

12 did not attend the telephone follow-ups
8 unable to be contacted
1 reinfected
3 declined to participate 
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for N1 or ORF1ab, with a tissue distribution including 
the liver, stomach, lungs, intestine, breasts, kidneys, and 
blood vessels (figure 3D).

To investigate the effect of the potential immuno
suppressive microenvironment of tumours on 
SARS-CoV-2 persistence, we compared the viral load in 
tumour tissues and paratumour tissues. The results 
showed no significant difference in the rate of viral 
nucleic acid detection between tumour tissues 
(nine [29%] of 31) and paratumour tissues (12 [39%] of 31; 
p=0·59; appendix 2 p 26). Furthermore, to explore 
whether any difference in viral load was due to different 
concentrations of the SARS-CoV-2 receptors ACE2 and 
TMPRSS2, we compared the expression levels of ACE2 
and TMPRSS2 in tumour tissues and paratumour 
tissues, and the results showed that the mRNA levels of 
ACE2 (p=0·83) and TMPRSS2 (p=0·49) were not 
significantly different (appendix 2 p 26).

We also did qRT-PCR for 74 solid tissue samples using 
the same primer sets as in ddPCR assay, but only one 
sample, which had the highest copy number in ddPCR 
(8000 copies of N per 20 µL), showed a positive result 
(appendix 2 p 17). Virus typing was done by sequencing 
the full genome of the virus in this sample and aligning 
it with known virus sequences to identify its specific 
subtype (appendix 2 p 4), and the result revealed that the 
virus was classified as BA.5.2, which was one of the two 
most prevalent strains at that time24 (appendix 2 p 17).

To investigate any potential mechanism associated with 
the relatively high viral load in this sample, we subjected 
the sample to whole-exome sequencing to identify any 
relevant genetic variations (methodological detail in 
appendix 2 pp 4–5). The results revealed a mutation of 
c.1687G>T:p.A563S in the DNAAF2 gene. Mutations in 
this specific site had not previously been reported, but it 
has been suggested that the mutation in the other site of 
DNAAF2 is associated with ciliary dysmotility.25 Electron 
microscopy (methodological detail in appendix 2 p 6) 
showed the absence of outer or inner dynein groups in 
three of 26 cilia, indicating the possibility of ciliary motility 
defects in the respiratory tract, which could contribute to 
the relatively poor viral clearance (appendix 2 p 29).

It has been suggested that individuals with haema
tological malignancies who are immunocompromised 
might face challenges in clearing the virus.26 To further 
investigate this, we collected blood samples from nine 
patients who had recovered from mild COVID-19 with 
blood disorders, including two patients with diffuse large 
B-cell lymphoma, three patients with multiple myeloma, 
and one each with follicular lymphoma, non-Hodgkin 
lymphoma, idiopathic thrombocytopenic purpura, and 
primary mediastinal large B-cell lymphoma, at 2 months 
after infection (appendix 2 p 18). We examined the copy 
numbers of SARS-CoV-2 RNA in these samples by 
ddPCR. Viral RNA was detected in plasma in three (33%) 
of nine patients, in granulocytes in one (11%) patient, 
and in PBMCs in two (22%) patients. As controls, we 

simultaneously collected blood samples from ten 
volunteers who had recovered from mild COVID-19 
2 months after infection and tested their viral RNA levels. 
However, no viral RNA was detected in this group of 
samples (appendix 2 p 30).

With long COVID  
(n=72) 

Without long COVID 
(n=141)

Days post-SARS-CoV-2 infection 77·6 (35·0) 73·9 (30·6)

Age, years 52·3 (13·5) 55·0 (12·5)

Sex

Male 35 (49%) 74 (52%)

Female 37 (51%) 67 (48%)

BMI, kg/m2 23·9 (3·0) 24·6 (4·1)

Comorbidities 

Hypertension 19 (26%) 44 (31%)

Diabetes 8 (11%) 13 (9%)

Cardio-cerebrovascular disease 9 (13%) 13 (9%) 

Hyperlipidaemia 8 (11%) 16 (11%)

Thyroid dysfunction 2 (3%) 5 (4%)

Anaemia 2 (3%) 6 (4%)

Chronic respiratory diseases 4 (6%) 5 (4%)

Reason for surgery or hospitalisation

Lung tumour 21 (29%) 37 (26%)

Intestinal tumour 1 (1%) 8 (6%)

Cholecystitis 1 (1%) 2 (1%)

Liver tumour 1 (1%) 2 (1%)

Thyroid tumour 3 (4%) 7 (5%)

Appendicitis 1 (1%) 0

Brain tumour 0 3 (2%)

Breast tumour 2 (3%) 7 (5%)

Renal tumour 4 (6%) 6 (4%)

Gastric tumour 3 (4%) 3 (2%)

Varicose veins 3 (4%) 17 (12%)

Blood cancer 2 (3%) 5 (4%)

Pancreatic tumour 0 2 (1%)

Other 30 (42%) 42 (30%)

Drug interventions*

Antibiotics 33 (46%) 73 (52%)

Anti-inflammatory drugs 0 3 (2%)

Glucocorticoids 6 (8%) 13 (9%)

Antiviral drugs 0 3 (2%)

Chemotherapy or immunotherapy 5 (7%) 21 (15%)

Number of COVID-19 vaccine doses administered

None 4 (6%) 9 (6%)

One dose 2 (3%) 1 (1%)

Two doses 10 (14%) 10 (7%)

Three doses 56 (78%) 121 (86%)

Data are n (%) or mean (SD). *Antiviral drugs included oseltamivir, baloxavir, nirmatrelvir–ritonavir, famciclovir, and 
ganciclovir. Anti-inflammatory drugs including loxoprofen and flurbiprofen were taken daily for a week. 
Glucocorticoids such as prednisone acetate, methylprednisolone, dexamethasone, and celestone were used for short 
periods. Chemotherapy or immunotherapy drugs including cyclophosphamide, etoposide, rituximab, thymalfasin, and 
basiliximab were administered over varying durations. Antibiotics including meropenem, vancomycin, posaconazole, 
and several others were prescribed for specific durations as well (appendix p 15).

Table: Baseline characteristics of patients who had recovered from mild COVID-19
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We confirmed that ddPCR was approximately 
100 times more sensitive than qRT-PCR when using the 
N1 primer pair, which was consistent with a previous 
report22 (appendix 2 p 19). Additionally, to further 
validate the accuracy of ddPCR, we did immuno
histochemistry, RNA in-situ hybridisation, and 
immunofluorescence (appendix 2 pp 31–34). The results 
showed consistency among these assays (appendix 2 
pp 20–21) and suggested that ddPCR has the highest 
sensitivity among the three methods and is the most 
reliable approach for qualifying and quantifying viral 
persistence. In addition, we observed the S protein in 
alveolar type I and type II epithelial cells, as well as in 
macrophages in lung samples, by immunofluorescence 
(appendix 2 p 31).

In the 213 patients who participated in the telephone 
follow-up questionnaire at 4 months after infection, the 
median follow-up after symptom onset was 127·0 days 
(IQR 126·0–129·0). In the 72 (34%) patients who reported 

at least one long COVID symptom, symptoms included 
fatigue, shortness of breath, palpitation, sleep difficulties, 
chest pain, diarrhoea, skin rash, cough, muscle weakness, 
hair loss, joint pain, abdominal pain, nausea or vomiting, 
myalgia, decreased appetite, headache, smell disorder, 
taste disorder, and dizziness, with fatigue (21%) being 
the most frequent symptom (appendix 2 p 22). After 
adjusting for potential confounders, we found a 
significant association between long COVID symptoms 
at 4 months and viral persistence at any timepoint post-
infection (OR 5·17, 95% CI 2·64–10·13, p<0·0001). Long 
COVID symptoms at 4 months were significantly 
associated with viral persistence at 1 month and 2 months 
post-infection but not at 4 months. No association was 
found between long COVID symptoms and other 
variables (figure 4; appendix 2 p 22).

We further divided the tissue specimens collected 
around 1 month, 2 months, and 4 months and during the 
total period after infection into three groups depending 

Figure 2: Detection of SARS-CoV-2 RNA in various solid tissue types at 1 month, 2 months, and 4 months after infection
Mean copy numbers of SARS-CoV-2 ORF1ab (A), N (B), and subgenomic RNA (C) in each tissue type at approximately 1 month, 2 months, and 4 months after infection, as measured by digital droplet 
PCR. The red dashed line represents the threshold (limit of detection; appendix p 3). Proportions of tissue samples collected at 1 month, 2 months, or 4 months after infection that tested positive for 
SARS-CoV-2 RNA (ORF1ab or N; D) or subgenomic RNA (E)
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on virus copy number. The positive ratio of long COVID 
symptoms in each group was calculated (appendix 2 p 35). 
The results suggested that patients in the medium-virus 
group and high-virus group had a higher likelihood of 
developing long COVID symptoms than patients in the 
virus-free or low-virus group.

To investigate the potential mechanisms underlying the 
association between viral persistence and long COVID 
symptoms, we did transcriptome sequencing of 11 blood 
vessels and 24 lung tissues (appendix 2 pp 23–25). In lung 
tissues, we observed downregulated genes involved in the 
innate and adaptive immune defence against pathogens 
in the viral persistence group, such as KLRD1, FYB1, 
VAV2, LILRB4, LILRB5, TICAM1, BTK, CD8A, and CD8B 
(figure 5A, B). We also noted a significant downregulation 
of zinc finger protein-related genes in the viral persistence 

group, which play a role in defence against SARS-CoV-2.27 
These findings suggest that dysfunction in host immune 
defence might contribute to poor virus clearance.

In the blood vessel samples with viral persistence, we 
identified dysregulation of genes related to the com
plement and coagulation cascades, such as FGG, VTN, 
F12, FGB, SERPINA1, C5, C1QB, SERPINE2, SERPINA5, 
and VSIG4 (figure 5C, D). We also observed dysregulation 
of genes involved in cholesterol metabolism pathways, 
such as APOC3, APOA1, APOH, APOA2, LIPG, APOC1, 
SCARB1, CD36, and PLTP, which is consistent with our 
previous research findings on the plasma proteome of 
long COVID.28 These findings suggest that viral 
persistence might affect host cell functions, which could 
be another contributing factor to the occurrence of long 
COVID symptoms.

Figure 3: Distribution of SARS-CoV-2 RNA in solid tissues at 1–4 months after infection
Distribution of SARS-CoV-2 RNA in solid tissues, according to the RNA copy numbers of ORF1ab (A) and N (B) and the frequencies at which they were detected. 
Frequency of detection of SARS-CoV-2 RNA (ORF1ab or N; C) or subgenomic RNA in N or ORF1ab (D) positive solid tissues, in descending order. Samples were positive 
for SARS-CoV-2 RNA if they had at least two copies of ORF1ab or N. Samples were positive for subgenomic RNA if they had at least two copies of the subgenomic 
lead–E gene.
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Discussion
In this study, we have observed the presence of viral 
nucleic acid in solid tissue samples from various organs, 
including the lung, liver, kidney, stomach, intestine, 
brain, breast, thyroid, blood vessels, and skin, in a 
proportion of patients who had recovered from mild 
COVID-19 at 1 month, 2 months, and 4 months after 
infection. The detection rate markedly decreased at 
4 months post-infection, indicating a slow but ultimately 
effective viral clearance mechanism within the human 

body. In addition, we found that viral nucleic acids could 
be detected in a proportion of plasma samples, 
granulocytes, and PBMCs from patients who were 
immunocompromised 2 months after SARS-CoV-2 
infection, but not in patients who were immunocompetent 
at a similar timepoint. Although the sample size for this 
analysis was small, it suggests impaired clearance of 
viruses in individuals who are immunocompromised. 
Most importantly, our research clearly showed an 
association between long COVID symptoms at 4 months 
after infection and the persistence of residual 
SARS-CoV-2 RNA.

Previous studies have reported viral persistence in 
diverse organs at 31–359 days after infection; however, 
these studies were carried out mainly on autopsy samples 
from people who died from COVID-19.2,29 In recovered 
individuals, several studies have focused on detecting viral 
persistence in samples from the digestive and respiratory 
systems or blood samples.4,7,11,30 Although  the virus titre 
sharply decreased in the first month after infection, 
previous studies have not described the trend of virus 
clearance in diverse organs in individuals beyond 1 month 
after infection. Contrary to some studies,6,8 we did not find 
viral RNA in appendix, gallbladder, or pancreas, but our 
small sample size might have contributed to this bias. The 
mechanism of long COVID is not completely understood, 
and a few studies have suggested that it might be related 
to the persistence of viruses.9,10 However, the existing 
literature lacks sufficient evidence to support the 
association between viral persistence and systemic long 
COVID symptoms. The novelty of our research lies in 
studying viral persistence not only in blood and 
gastroscopy samples, but also in diverse surgical samples 
from patients who have recovered from mild COVID-19, 
and the comparison of virus copy numbers at different 
timepoints to show the trend of viral clearance. In 
addition, we clarified the association between viral 
persistence and long COVID symptoms and proposed 
possible mechanisms on the basis of transcriptomics data: 
deficient host antiviral response might lead to poor virus 
clearance and persistent virus might lead to dysfunction 
of host cells, although such a mechanism would need to 
be verified in future research.

Our study has several limitations. First, although it 
would be beneficial to explore the dynamic association 
between long COVID symptoms and viral load, ethical 
considerations prevent us from continuously observing 
virus clearance in the same patient. Second, variations in 
surgical numbers across different departments and time 
periods led to differences in the number of samples for 
different tissue types. Third, it is important to note that 
the prevalence of long COVID symptoms in our study is 
relatively high, possibly because the majority of patients 
included in our study had comorbidities or tumours, and 
thus underwent surgical treatments, chemotherapy, or 
immunotherapy. Fourth, several unmeasured con
founders could not be accounted for, such as coagulation 

Figure 4: Forest plots of associations between variables and long COVID symptoms
The associations between different variables at 1 month, 2 months, 4 months, and any timepoint after infection 
and long COVID symptoms at 4 months after infection were analysed using a multivariable-adjusted logistic 
regression model to estimate odds ratios and 95% CIs for 213 patients who had recovered from mild COVID-19 
(72 with and 141 without long COVID symptoms). Because of the presence of only four patients without tumours 
without any long COVID symptoms during the first month after infection, the cancer variable was excluded in the 
first month.
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dysfunction, neurological dysfunction, and auto
immunity.15 Fifth, we did not include any information on 
SARS-CoV-2-specific immune responses in the patients. 
Finally, the extremely wide CIs in the analyses of the 
association between viral persistence and long COVID 
symptoms at 1 month and 4 months after infection 
indicate sparse-data bias due to the low number of tissue 
samples available at those timepoints.31

In conclusion, we have identified an association between 
viral persistence in various tissues of the body and long 
COVID symptoms. Future studies should investigate the 
reasons for the persistence and its effect on the host, as 
research suggests that SARS-CoV-2 persistence in tissues 
might be associated with long-term immune dysregu
lation.32 Screening methods should be developed to 
identify long COVID populations with viral persistence. In 

Figure 5: Differential characteristics of lung and blood vessel tissues with or without viral persistence revealed by transcriptome sequencing
Heat maps depict differentially expressed genes in the lungs (A) and blood vessels (C). Lung tissues include virus-negative samples collected at 1 month after 
infection (samples 125, 114, 112, 120, 70, and 116), 2 months after infection (samples 117, 126, 118, 115, 129, and 122), and 4 months after infection 
(samples 127, 119, 113, 121, 123, and 124), and virus-positive samples collected at 1 month after infection (sample 108) and 2 months after infection (samples 
109, 111, 105, 106, and 107). Blood vessel tissues include virus-negative samples collected at 2 months after infection (samples 98, 100, and 132) and 4 months after 
infection (samples 95 and 99), and virus-positive samples collected at 2 months after infection (samples 90, 89, 87, 91, and 93) and 4 months after 
infection (sample 88). Bubble plots illustrate the enriched pathways of differentially expressed genes in lung tissue samples (B) and blood vessels (D) with or without 
viral persistence on the basis of Kyoto Encyclopedia of Genes and Genomes pathway analysis.
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addition, research including children should be considered 
in the future, since viral persistence not only exists in 
adults, but also in children, independent from disease 
severity, and can have an effect on their immune system.33 
As a new research direction, appropriately designed 
studies are needed to test the effects of antivirals or 
immunotherapies on long COVID symptom reduction. 
The host cell dysfunction caused by viral persistence might 
be a crucial aspect of long COVID pathogenesis. Biological 
processes such as protein translation and cell metabolism 
deserve further study as potential therapeutic targets.
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