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A B S T R A C T   

Post-COVID symptoms are reported in 10–35 % of patients not requiring hospitalization, and in up to 80 % of 
hospitalized patients and patients with severe disease. The pathogenesis of post-COVID syndrome remains largely 
unknown. Some evidence suggests that prolonged inflammation has a key role in the pathogenesis of most post- 
COVID manifestations. We evaluated a panel of inflammatory and immune-mediated cytokines in individuals 
with altered HRCT features and in patients without any long-term COVID symptoms. Blood samples of 89 adult 
patients previously hospitalized with COVID-19 were collected and stratified as patients with and without HRCT 
evidence of fibrotic lung alterations. Serum analyte concentrations of IL-4, IL-2, CXCL10 (IP-10), IL-1β, TNF-α, 
CCL2 (MCP-1), IL-17A, IL-6, IL-10, IFN-γ, IL-12p70 and TGF-β1 (free active form) were quantified by bead-based 
multiplex assay. Clinical and functional data were recorded in a database. 

With the use of machine learning approach, IL-32, IL-8, and IL-10 proved to be associated with the devel-
opment of HRCT evidence of lung sequelae at follow-up. Direct comparison of cytokine levels in the two groups 
showed increased levels of IL-32 and decreased levels of IL-8 in patients with lung impairment. After further 
stratification of patients by severity (severe versus mild/moderate) during hospitalization, IL-10 emerged as the 
only cytokine showing decreased levels in severe patients. These findings contribute to a better understanding of 
the immune response and potential prognostic markers in patients with lung sequelae after COVID-19.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) is an infectious respiratory 
disorder caused by SARS-CoV-2 (severe acute respiratory syndrome 
coronavirus 2), that broke out in 2019 and quickly became a pandemic 
(Bergantini et al., 2022). Although most of the literature focuses on 
acute illness, it is now evident that long-term consequences occur in 
5–10 % of individuals (Subramanian et al., 2022; Havervall et al., 2021). 

The World Health Organization defines “long COVID” as symptoms 
lasting for at least 2 months, occurring at least 3 months after the onset 
of COVID-19 or a positive SARS-CoV-2 test, without evidence suggesting 
any alternative diagnosis (WHO, 2021). Symptoms may involve several 
organs and may last for several months, affecting the ability to work and 
quality of life (Maltezou et al., 2021; Daga et al., 2021). Post-COVID 
symptoms are reported in 10–35 % of patients not requiring 

hospitalization, and in up to 80 % of hospitalized patients and patients 
with severe disease (Nalbandian et al., 2021; Becker, 2021). 

The pathogenesis of post-COVID syndrome remains largely un-
known. Some evidence suggests that prolonged inflammatory status has 
a principal feature in the pathogenesis of most post-COVID manifesta-
tions. Post-COVID fatigue may be attributed to lung dysfunction since 
lymphopenia has been significantly associated with chest tightness after 
discharge (Liang et al., 2020). 

Regarding pulmonary sequelae, most individuals who had mild to 
moderate COVID-19 do not show any persisting abnormalities, whereas 
evidence of lung impairment may persist, with altered pulmonary 
function tests and radiological picture, in patients who had more severe 
acute COVID-19 (Whiteson, 2023; Orzes et al., 2021). There is growing 
awareness of the increased risk of thromboembolic disease and lung 
fibrosis in survivors of COVID-19; both could contribute to persistent 
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breathlessness (Stewart et al., 2023). 
Recent studies have demonstrated that inflammation persist after 

resolution of COVID-19. This phenomenon has been evaluated in terms 
of increased levels of several cytokines, including IL-1β, IL-6, and TNF-α 
(Schultheiß et al., 2021). This persistent immune activation has been 
suggested to be associated with ongoing symptoms after COVID-19 
infection (Peluso et al., 2021; Klein et al., 2022). 

However, while a panel of biomarkers for the diagnosis of long- 
COVID has been proposed (Allan-Blitz et al., 2023), no specific bio-
markers that distinguish patients with and without specific high reso-
lution computer tomography (HRCT) evidence of lung fibrosis have 
been identified. To explore this aspect, we evaluated a panel of in-
flammatory and immune-mediated cytokines in individuals with altered 
HRCT features and in patients without any long-term COVID symptoms. 

2. Methods 

2.1. Study population 

Blood samples of 89 adult patients previously hospitalized with 
COVID-19 were collected in the period August 2021 to February 2023. 
The clinical data and medical history were available for 80/89 patients. 

To be included in the study, patients had to participate in the follow- 
up program organized by Siena University Hospital for those hospital-
ized in the Siena COVID Unit. The follow-up protocol included medical 
examination, high-resolution computed tomography (HRCT) of the 
chest, blood tests and lung function tests, to be performed in the interval 
between weeks 12 and 24 after discharge from hospital. All data, 
including clinical, sociodemographic, comorbidities and the main HRCT 
findings, including air-trapping and ground glass opacity, were entered 
in an electronic database. 

The study complied with the principles of the Declaration of Hel-
sinki. The University Ethics Committee approved the study (CEAVSE 
PAN_HUB_2021, code number 17431_0_1). All patients gave their writ-
ten informed consent to participate in the study and to use their data. 

2.2. Patient stratification and analysis 

To evaluate the main cytokines associated with pulmonary sequelae 
after COVID, we initially analysed two groups: patients with and 
without HRCT evidence of fibrotic lung alterations. In this case, we used 
a double supervised and unsupervised statistical approach. To evaluate 
the association of proteins in post-COVID patients with the severity of 
COVID19 during hospitalization, patients were classified as mild, 
moderate and severe according to WHO criteria (World Health Orga-
nization. Clinical Management of COVID-19. World Health Organiza-
tion, 2020, pp. 1–62). 

2.3. Lung function tests 

The following lung function parameters were recorded according to 
standard ATS/ERS criteria using with correction for temperature and 
barometric pressure: forced expiratory volume in the first second 
(FEV1), forced vital capacity (FVC), carbon monoxide diffusing capacity 
(DLCO), total lung capacity (TLC) (Miller et al., 2005). All parameters 
were expressed as percentages of predicted values. 

2.4. Analyte detection 

Serum analyte concentrations of IL-4, IL-2, CXCL10 (IP-10), IL-1β, 
TNF-α, CCL2 (MCP-1), IL-17A, IL-6, IL-10, IFN-γ, IL-12p70 and TGF-β1 
(free active form) were detected by bead-based multiplex LEGEND-
plex™ analysis (LEGENDplex™ Custom Human Assay, Biolegend, San 
Diego, CA, USA) according to the manufacturer’s instructions. Reactions 
were run in duplicate with a BD FACSLyric flow cytometer (BD-Bio-
sciences San Jose, CA, USA). The data was analysed using 

LEGENDplex™ Data Analysis Software Suite (QOGNIT). 

2.5. ELISA kit 

Serum concentrations of IL-8 and IL-32 were determined using 
enzyme-linked immuno-sorbent assay (ELISA) kits from Invitrogen 
(Waltham, MA, USA) and MyBioSource (San Diego, CA, USA), following 
the manufacturer’s instructions. Concentrations were read at 450 nm 
with a Victor X4 fluorimeter (Perkin Elmer, Waltham, MA, USA) and 
expressed in pg/mL. 

2.6. Statistical analysis 

To compare cytokine levels in the two groups, non-parametric 
Mann–Whitney tests were used for continuous numerical variables. To 
compare the relative frequencies of different levels of nominal/cate-
gorical variables, the Fisher’s exact and Chi squared tests were used. 
Multivariate analysis with machine-learning approach, based on the 
“caret” package (Classification And REgression Training), was per-
formed. The model was designed to select the variables best associated 
with survival by Cox regression analysis. Supervised principal compo-
nent analysis (PCA) was used to reduce the dimensions of the data hy-
perspace and to cluster samples on the basis of cell subsets. Spearman 
correlation coefficient was determined to look for correlation among 
cytokine concentrations and clinical data. Probability values less than 
0.05 were considered statistically significant. We also performed bino-
mial logistic regression to identify the cytokines and comorbidities that 
most influenced the development of HRCT evidence of fibrosis. Statis-
tical analysis was performed with GraphPad Prism 9.2 software and 
Jamovi free software version 2.3.26. 

3. Results 

3.1. Clinical characteristics of patients after stratification by HRCT 
features 

Table 1 shows the main clinical and functional features of our cohort 
of samples. Patients with HRCT evidence of fibrotic abnormalities 
proved to be older and showed a trend oflower DLCO percentages 
(although without reaching significance), while the distribution of 
comorbidities did not differ. 

3.2. Patients with lung sequelae were distinguished by different cytokine 
levels 

After stratification of our population by presence or absence of lung 
fibrotic sequelae, machine-learning analysis with variable-importance 
plot was used to select the best variables for identifying the most ac-
curate predictors. The variables entered were all cytokines and age were 
excluded from the model. The model selected the first eight variables as 
the best predictors of lung sequelae with a model accuracy of 0.848 
(Fig. 1a). IL-32, IL-8 and IL-10 proved to be associated with the devel-
opment of HRCT evidence of lung sequelae at follow-up. 

Focusing on the main cytokine levels (including IL-32, IL8, IL-10 and 
IP-10) involved in the development of lung sequelae, we performed 
supervised principal component analysis (PCA) to determine whether 
these cytokines divided the cohort into two groups. The PCA plot 
showed that samples from both groups clustered well, corroborating the 
evidence that the two groups featured differential cytokine profiles. 
Patients without lung impairment after COVID-19 showed similar 
values, forming a very well defined and homogeneous group (blue cir-
cle) while the other group was more heterogeneous (yellow circle) 
(Fig. 1b). 

Direct comparison of cytokine levels in the two groups showed 
increased levels of IL-32 and decreased levels of IL-8 (Suppl. Table1) 
(Fig. 1c) in patients with lung impairment, whereas IL-10 concentrations 
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were similar in the two groups. 

3.3. Variables impacting the development of lung sequelae: IL-8 and IL-32 
proved to be the best predictors 

The logistic regression model was designed to explore how previous 
comorbidities can affect the development of post-acute COVID-19 lung 
sequalae. We performed binomial logistic regression using presence/ 
absence of HRCT evidence of fibrosis as dependent variable and none of 
the comorbidities influenced stratification of the groups (Table 2). 

A second model was built using the two groups as coefficient and 
cytokine levels as variables. In this case, serum concentrations of IL-8 (z 
score: 0.381p = 0.017) appeared to significantly influence the devel-
opment of lung sequelae after COVID-19 (Table 3). 

IL-32 (z score: − 1.674, p = 0.094) resulted at the limit of statistical 
significance. ROC analysis from this model showed an AUC of 0.93, 
specificity 0.976 and sensitivity 0.824 (Fig. 2a). A third model was built 
from these models using only the significant results, therefore including 
values of both IL-8 and IL-32. ROC analysis of the model showed an AUC 
of 0.891, specificity 0.898 and sensitivity 0.571 (Fig. 2a). 

3.4. Post COVID-19 lung sequalae and relationship with severity of acute 
disease 

When we investigated the existence of a relationship between 
severity of COVID-19 and post-COVID-19 symptoms, no relationship 
emerged, although it was clear from the Fig. 2b that many moderate and 
severe patients developed lung sequelae detectable by HRCT. After 
further stratification of patients by severity (severe versus mild/mod-
erate), IL-10 emerged as the only cytokine showing decreased levels in 
severe patients (Fig. 2c).Of these severe group of patients, 69,8 % 
resulted belong to severe group during hospitalization (Fig. 2d). 

3.5. Correlation analysis 

Fig. 3a reported the correlation matrix among interleukins and pul-
monary function tests. In line with the increase concentration of IL-32 in 
fibrotic group, IL-32 also showing indirect correlations with the per-
centage of FEV1 (r = − 0.67 p = 0,03) and FVC (r = − 0.74 p = 0,003). 
Also, IL-6 inversely correlate with DLCO (r = − 0.74 p = 0.045). More-
over, as reported in the correlation matrix, the fourth cluster evidenced 
that the majority of cytokines directly corelated among them, with 
particular regards on IFN-γ, TNF-α and IL-4. 

Fig. 3b also reported the dendrogram with cluster analysis based in 
correlation analysis. 

4. Discussion 

Post-COVID syndrome affect a significant healthcare and social 
burden, since symptoms may persist for months or even years (Low 
et al., 2023). The pathogenesis of so-called “long COVID syndrome” is 
still unclear, but the main hypothesis is based on evidence that the im-
mune system of some patients infected with SARS-CoV-2 may be unable 
to rapidly clear the virus, which therefore persists in certain organs or 
tissue reservoirs after acute infection, affecting immunity and causing 
chronic symptoms (Miyata et al., 2023). 

Most COVID-19 patients recover from their acute infection within 
two weeks. Some patients harbor these viral RNA for weeks to months 
after their primary COVID-19 symptoms resolve (D’Antonio et al., 
2022). The persistence of the virus may also play a role in long COVID, 
the debilitating suite of symptoms that can last for months (d’Alessandro 
et al., 2021). When the virus is seeded in deep tissues, it potentially 
causes the immune system to shift into a dysregulated inflammatory 
state (Batra et al., 2022). The findings help explain some unusual aspects 
of COVID-19 and suggest a previously unappreciated way that viruses 
can make people sick (National Institutes of Health (NIH), 2024). 

Although several cytokines have been evaluated in hospitalized 
COVID-19 patients, the first data on a relationship between pro/anti- 
inflammatory mediators and post-Covid syndrome was only reported 
recently (Bergantini et al., 2023). Here we investigated levels of several 
mediators in patients with lung sequelae 6 months after hospitalization 
with COVID-19, focusing on the possibility of an association with lung 
fibrotic alterations. 

Our study revealed significant differences in cytokine profiles be-
tween long COVID-19 patients with and without lung impairment, 6 
months after hospitalisation. IL-8, IL-32 and IL-10 seemed to be the main 
proteins associated with lung fibrotic alterations after COVID-19 
infection. 

An association between SARS-CoV-2 infection and lung fibrosis is 
still far from certain, even though similar molecular, genetic and 
immunological patterns with lung fibrosis of unknown origin (such as 
idiopathic pulmonary fibrosis) have been reported (Bergantini et al., 
2022; Bergantini et al., 2023). 

Additionally, the hyperstimulation of the immune system associated 
with systemic inflammation secondary to COVID-19 can trigger auto-
immune responses, producing cytokines and autoantibodies that may 
contribute to the development and progression of lung parenchymal 

Table 1 
Clinical and functional data of the two groups of the study participatants.   

Fibrosis at HRCT p-value 

no (N = 27) yes (N = 53) 

GENDER    0.225 
M 20.0 (74.1 %) 32.0 (60.4 %)  
F 7.0 (25.9 %) 21.0 (39.6 %)  
AGE    0.005 
Mean (SD) 66.0 (12.0) 73.0 (8.6)  
Range 34.0–86.0 46.0–87.0  
SMOKING    0.162 
Former 11.0 (57.9 %) 10.0 (32.3 %)  
Never 7.0 (36.8 %) 20.0 (64.5 %)  
Current 1.0 (5.3 %) 1.0 (3.2 %)   

Comorbidities 
RESPIRATORY DISEASES    0.134 
No 27.0 (100.0 %) 47.0 (88.6 %)  
Yes 0.0 (0.0 %) 6.0 (11.3 %)  
NEOPLASIA    0.123 
No 23.0 (85.1 %) 50.0 (94.3 %)  
Yes 4.0 (14.9 %) 3.0 (5.6 %)  
DIABETES    0.788 
Yes 6.0 (22.3 %) 12.0 (22.6 %)  
No 21.0 (77.7 %) 41.0 (77.3 %)  
CARDIOMIOPATHY    0.892 
No 21.0 (77.7 %) 39.0 (73.5 %)  
Yes 6.0 (22.3 %) 14.0 (26.4 %)  
RENAL FAILURE    0.508 
No 25.0 (92.3 %) 49.0 (92.4 %)  
Yes 2.0 (7.7 %) 4.0 (7.5 %)   

Pulmonary function tests 
FEV1 (%)    0.820 
Mean (SD) 101.2 (14.2) 100.1 (17.6)  
Range 71.0–123.0 44.0–144.0  
FVC (%)    0.845 
Mean (SD) 95.6 (15.3) 94.7 (17.0)  
Range 61.0–122.0 34.0–135.0  
FEV1/FVC ratio    0.002 
Mean (SD) 91.7 (15.1) 103.3 (11.6)  
Range 63.0–118.0 76.0–128.0  
TLC (%)    0.289 
Mean (SD) 94.7 (3.5) 82.2 (18.4)  
Range 91.0–98.0 44.0–102.0  
DLCO (%)    0.065 
Mean (SD) 81.5 (21.4) 72.4 (14.7)  
Range 48.0–122.0 41.0–106.0   
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lesions (Sher et al., 2023). 
Recent research has evidenced differences in innate immune cells 

and elevated expression of peripheral pro-inflammatory cytokines 
among individuals with long COVID (Phetsouphanh et al., 2022). In 
contrast, the finding of reduced markers of T-cell-mediated immunity 
has led some scholars to postulate “immune exhaustion,” involving 
failure to heal of tissues injured during acute infection (Klein et al., 
2022; Williams et al., 2022; Davis et al., 2023; Bergersen et al., 2023; 
Bergantini et al., 2021). Williams et al. (Williams et al., 2022) found that 
patients with long-COVID showed 100 % reductions in circulating levels 
of IFNγ and IL-8. This supports the hypothesis that immune exhaustion 
drives long-COVID and prevents the lungs and other organs from healing 

after acute infection. In line with this hypothesis, our results showed that 
patients with post-COVID-19 fibrotic lung sequelae had depressed serum 
concentrations of IL-8. 

Post-COVID-19 patients also showed a lower percentage of Treg cells 
(Silva et al., 2023). IL-10 is the main cytokine released by Treg cells. In 
our study, we did not observe any significant difference in IL-10 con-
centrations between patients with and without lung fibrotic alterations, 
but interestingly, we found higher levels of IL-10 in patients with mild to 
moderate than with severe forms of infection. These results suggest that 
Treg cells contribute to failed recovery of the immune system in severe 

Fig. 1. (a) Random Forest variable importance plot for the machine learning model of long COVID lung sequelae. These machine-learning approach, based on the 
“caret” package (Classification And REgression Training), was performed. The model was designed to select the variables best associated with survival by Cox 
regression analysis. Patients are stratified as live/dead. Graph reported features importance for survival, extracted from the Random Forest with the best accuracy. 
The blue dot are the feature importance of the forest, along with their inter-trees variability. (b) Supervised PCA focusing on the main cytokine levels (including IL- 
32, IL8, IL-10 and IP-10) involved in the development of lung sequelae to determine whether these cytokines divided the cohort into two groups. patients without 
lung impairment after COVID-19 (blue circle), patients with lung impairment after COVID-19(yellow circle) (c) Comparison analysis based on non-parametric 
Mann–Whitney tests of serum IL-32, and IL-8 concentrations and age in the study population according to the presence or not of lung sequelae post Covid. Data 
are reported in the violin and box plot to observe the distribution, median and range of the reported variables. Red dots indicate the median of the variables. *p <
0.05 **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
The logistic regression model was designed to explore whether previous 
comorbidities can affect the development of post-acute COVID-19 lung sequelae. 
Binomial logistic regression using presence/absence of HRCT evidence of 
fibrosis as the dependent variable and comorbidities as predictors.  

Predictors Estimates SE Z p 

Intercept  − 14.272  1898.921  − 0.00752  0.994 
RESPIRATORY DISEASES:     
no – yes  17.400  1898.921  0.00916  0.993 
NEOPLASIA:     
no – yes  − 2.192  1.160  − 1.89029  0.059 
DIABETES:     
no – yes  − 0.267  0.645  − 0.41463  0.678 
CARDIOPATHY:     
no – yes  − 0.176  0.645  − 0.27317  0.785 
RENAL FAILURE:     
no – yes  − 1.348  1.288  − 1.04686  0.295  

Table 3 
Binomial logistic regression using presence/absence of HRCT evidence of 
fibrosis as the dependent variable and serum cytokine concentrations as 
predictors.  

Predictors Estimates SE Z p 

Intercept  1.60154  4.6407  0.345  0.730 
IL-8  0.06743  0.0283  2.381  0.017 
IL-32  − 0.99991  0.5972  − 1.674  0.094 
IL-4  0.22435  1.7323  0.130  0.897 
IL-2  9.65058  9.6776  0.997  0.319 
IP-10  − 0.01730  0.0169  − 1.023  0.306 
IL1β  1.93836  3.6002  0.538  0.590 
TNF-α  − 15.76195  42.4147  − 0.372  0.710 
MCP-1  0.00194  0.0154  0.125  0.900 
IL-17A  18.98555  13.0768  1.452  0.147 
IL-6  0.79834  1.5918  0.502  0.616 
IL-10  21.53196  35.7203  0.603  0.547 
IFN-γ  − 2.85723  4.0224  − 0.710  0.478 
IL12P70  − 165.34689  147.3375  − 1.122  0.262 
TGF-β  − 3.47228  4.8488  − 0.716  0.474  
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Fig. 2. (a) Logistic regression model (with ROC curve) of the two groups as coefficient and cytokine levels as variables. A third model was built from these models 
using only the significant results, therefore including values of both IL-8 and IL-32. ROC analysis of the model showed an AUC of 0.891, specificity 0.898 and 
sensitivity 0.571. (b) χ squared test and contigency table test after the stratification of our cohort based in severity progression of COVID-19 during hospitalization. 
(C) Comparison test of IL-10 values between mild to moderate (M/M) and severe patients (S) during hospitalization. (d) Alluvial plot stratified the relationship 
between mild to moderate and severe patients during hospitalization with the following development of fibrosis at HRCT. 

Fig. 3. (a) Correlation matrix based on spearman correlations among cytokines analysed and pulmonary function tests. The red line represents cluster analysis. (b) 
Dendrogram reported the four clusters which emerged from our data, based on correlation analysis. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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cases during hospitalization, as they apparently do not influence healing 
and fibrogenic processes. These results also confirm that Tregs may play 
nefarious roles in COVID-19 by suppressing antiviral T cell responses in 
the acute phase of the disease (Galván-Peña et al., 2021). Although 
further experiments on Treg cells need to be performed, to establish that 
the release of IL-10 came from these kinds of cells. 

IL-32 is associated with inflammation, virus infections and cancer 
through its role in several processes such as regulation of apoptosis, 
accentuation of inflammation, and angiogenesis (Gong et al., 2020). 
Decreased levels of this cytokine have been associated with poor prog-
nosis and limited survival (Bergantini et al., 2023; Bergantini et al., 
2021). Here we observed that IL-32 was significantly higher in patients 
with post-COVID-19 fibrotic sequelae, although IL-32 pathway mecha-
nisms in such patients have not been established (Gong et al., 2020). 
These results may be explained by the evidence that IL-32 promotes the 
epithelial to mesenchymal transition in lung alveolar epithelial cells by 
triggering oxidative stress. 

As reported in other studies, the influence of age on the clinical 
course of COVID-19 is a crucial point. The decline in immune function 
may affect cytokine responses and disease severity during viral in-
fections but also progression and complications of COVID-19 (Reeves 
et al., 2022; Romero Starke et al., 2021; d’Alessandro et al., 2021). 
Although very little data is available on age in connection with fibrosis 
after SARS-CoV-2 infection (Duong-Quy et al., 2023), in our study the 
influence of age was closely linked to the development of respiratory 
symptoms, especially pulmonary fibrosis, after COVID-19. 

Cytokines played a crucial role in determining the severity of COVID- 
19 both during acute infection and also in terms of lung complications 
after resolution of the infection. These findings contribute to a better 
understanding of the immune response and potential prognostic markers 
in patients with lung sequelae after COVID-19. 
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Chou, S.-H.-Y., Ungvári, Z., Koralnik, I.J., Liotta, E.M., 2022. Persistent viral RNA 
shedding of SARS-CoV-2 is associated with delirium incidence and six-month 
mortality in hospitalized COVID-19 patients. GeroScience 44, 1241–1254. https:// 
doi.org/10.1007/s11357-022-00561-z. 

Becker, R.C., 2021. COVID-19 and its sequelae: A platform for optimal patient care, 
discovery and training. J. Thromb. Thrombolysis 51, 587–594. https://doi.org/ 
10.1007/s11239-021-02375-w. 

Bergantini, L., d’Alessandro, M., Cameli, P., Cavallaro, D., Gangi, S., Cekorja, B., 
Sestini, P., Bargagli, E., 2021. NK and T Cell Immunological Signatures in 
Hospitalized Patients with COVID-19. Cells 10 (11), 3182. https://doi.org/10.3390/ 
cells10113182. PMID: 34831404; PMCID: PMC8618013.  

Bergantini, L., d’Alessandro, M., Cameli, P., Otranto, A., Luzzi, S., Bianchi, F., 
Bargagli, E., 2022. Cytokine profiles in the detection of severe lung involvement in 
hospitalized patients with COVID-19: The IL-8/IL-32 axis. Cytokine 151, 155804. 
https://doi.org/10.1016/j.cyto.2022.155804. 

Bergantini, L., Mainardi, A., d’Alessandro, M., Cameli, P., Bennett, D., Bargagli, E., 
Sestini, P., 2022. Common molecular pathways between post-COVID19 syndrome 
and lung fibrosis: A scoping review. Front. Pharmacol. 13, 748931 https://doi.org/ 
10.3389/fphar.2022.748931. 

Bergantini, L., Baldassarri, M., d’Alessandro, M., Brunelli, G., Fabbri, G., Zguro, K., 
Degl’Innocenti, A., GEN-COVID Multicenter study, Fallerini, C., Bargagli, E., 
Renieri, A., 2023. Ultra-rare RTEL1 gene variants associate with acute severity of 
COVID-19 and evolution to pulmonary fibrosis as a specific long COVID disorder. 
Respir. Res. 24, 158. https://doi.org/10.1186/s12931-023-02458-7. 

Bergantini, L., Bargagli, E., d’Alessandro, M., Refini, R.M., Cameli, P., Galasso, L., 
Scapellato, C., Montagnani, F., Scolletta, S., Franchi, F., Valente, S., Bennett, D., 
Sebastiani, G., Frediani, B., Dotta, F., 2021. Prognostic bioindicators in severe 
COVID-19 patients. Cytokine 141, 155455. https://doi.org/10.1016/j. 
cyto.2021.155455. Epub 2021 Jan 28. PMID: 33548798; PMCID: PMC7843114.  

Bergantini, L., d’Alessandro, M., Gangi, S., Bianchi, F., Cameli, P., Perea, B., Meocci, M., 
Fabbri, G., Marrucci, S., Ederbali, M., Bargagli, E., 2023. Predictive Role of cytokine 
and adipokine panel in hospitalized COVID-19 patients: Evaluation of disease 
severity, survival and lung sequelae. Int. J. Mol. Sci. 24, 12994. https://doi.org/ 
10.3390/ijms241612994. 

Bergersen, K.V., Pham, K., Li, J., Ulrich, M.T., Merrill, P., He, Y., Alaama, S., Qiu, X., 
Harahap-Carrillo, I.S., Ichii, K., Frost, S., Kaul, M., Godzik, A., Heinrich, E.C., 
Nair, M.G., 2023. Health disparities in COVID-19: Immune and vascular changes are 
linked to disease severity and persist in a high-risk population in Riverside County, 
California. BMC Public Health 23, 1584. https://doi.org/10.1186/s12889-023- 
16462-5. 

Daga, S., Fallerini, C., Baldassarri, M., Fava, F., Valentino, F., Doddato, G., Benetti, E., 
Furini, S., Giliberti, A., Tita, R., Amitrano, S., Bruttini, M., Meloni, I., Pinto, A.M., 
Raimondi, F., Stella, A., Biscarini, F., Picchiotti, N., Gori, M., Pinoli, P., Ceri, S., 
Sanarico, M., Crawley, F.P., Birolo, G., , GEN-COVID Multicenter Study, Renieri, A., 
Mari, F., Frullanti, E., 2021. Employing a systematic approach to biobanking and 
analyzing clinical and genetic data for advancing COVID-19 research. Eur. J. Hum. 
Genet. 29 (5), 745–759. https://doi.org/10.1038/s41431-020-00793-7. Epub 2021 
Jan 17. PMID: 33456056; PMCID: PMC7811682.  

d’Alessandro, M., Bergantini, L., Cameli, P., Curatola, G., Remediani, L., Bennett, D., 
Bianchi, F., Perillo, F., Volterrani, L., Mazzei, M.A., Bargagli, E., Siena COVID, 2021. 
Serial KL-6 measurements in COVID-19 patients. Intern Emerg Med. 16 (6), 
1541–1545. https://doi.org/10.1007/s11739-020-02614-7. Epub 2021 Jan 16. 
PMID: 33453011; PMCID: PMC7811154.  

d’Alessandro, M., Bergantini, L., Cameli, P., Curatola, G., Remediani, L., Sestini, P., 
Bargagli, E., Siena COVID Unit, 2021. Peripheral biomarkers’ panel for severe 
COVID-19 patients. J. Med.Virol. 93 (3), 1230–1232. https://doi.org/10.1002/ 
jmv.26577. Epub 2020 Oct 10. PMID: 33006404; PMCID: PMC7536919.  

D’Antonio M, Nguyen JP, Arthur TD, Matsui H; COVID-19 Host Genetics Initiative; 
D’Antonio-Chronowska A, Frazer KA. SARS-CoV-2 susceptibility and COVID-19 
disease severity are associated with genetic variants affecting gene expression in a 
variety of tissues. Cell Rep. 2022 Jun 14;39(11):110968. doi: 10.1016/j. 
celrep.2022.110968. Erratum for: Cell Rep. 2021 Nov 16;37(7):110020. PMID: 
35705058; PMCID: PMC9195561. 

Davis, H.E., McCorkell, L., Vogel, J.M., Topol, E.J., 2023. Long COVID: Major findings, 
mechanisms and recommendations. Nat. Rev. Microbiol. 21, 133–146. https://doi. 
org/10.1038/s41579-022-00846-2. 

L. Bergantini et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.imbio.2024.152813
https://doi.org/10.1016/j.imbio.2024.152813
https://doi.org/10.1007/s10238-023-01065-6
https://doi.org/10.1007/s10238-023-01065-6
https://doi.org/10.1007/s11357-022-00561-z
https://doi.org/10.1007/s11357-022-00561-z
https://doi.org/10.1007/s11239-021-02375-w
https://doi.org/10.1007/s11239-021-02375-w
https://doi.org/10.3390/cells10113182
https://doi.org/10.3390/cells10113182
https://doi.org/10.1016/j.cyto.2022.155804
https://doi.org/10.3389/fphar.2022.748931
https://doi.org/10.3389/fphar.2022.748931
https://doi.org/10.1186/s12931-023-02458-7
https://doi.org/10.1016/j.cyto.2021.155455
https://doi.org/10.1016/j.cyto.2021.155455
https://doi.org/10.3390/ijms241612994
https://doi.org/10.3390/ijms241612994
https://doi.org/10.1186/s12889-023-16462-5
https://doi.org/10.1186/s12889-023-16462-5
https://doi.org/10.1038/s41431-020-00793-7
https://doi.org/10.1007/s11739-020-02614-7
https://doi.org/10.1002/jmv.26577
https://doi.org/10.1002/jmv.26577
https://doi.org/10.1038/s41579-022-00846-2
https://doi.org/10.1038/s41579-022-00846-2


Immunobiology 229 (2024) 152813

7

Duong-Quy, S., Vo-Pham-Minh, T., Tran-Xuan, Q., Huynh-Anh, T., Vo-Van, T., Vu-Tran- 
Thien, Q., Nguyen-Nhu, V., 2023. Post-COVID-19 pulmonary fibrosis: Facts- 
challenges and futures: A narrative review. Pulm. Ther. 9, 295–307. https://doi.org/ 
10.1007/s41030-023-00226-y. 

Galván-Peña, S., Leon, J., Chowdhary, K., Michelson, D.A., Vijaykumar, B., Yang, L., 
Magnuson, A.M., Chen, F., Manickas-Hill, Z., Piechocka-Trocha, A., Worrall, D.P., 
Hall, K.E., Ghebremichael, M., Walker, B.D., Li, J.Z., Yu, X.G., MGH COVID-19 
Collection & Processing Team, Mathis, D., Benoist, C., 2021. Profound Treg 
perturbations correlate with COVID-19 severity. Proc. Natl. Acad. Sci. USA 118. 
https://doi.org/10.1073/pnas.2111315118. 

Gong, L., Liu, G., Zhu, H., Li, C., Li, P., Liu, C., Tang, H., Wu, K., Wu, J., Liu, D., Tang, X., 
2020. IL-32 induces epithelial-mesenchymal transition by triggering endoplasmic 
reticulum stress in A549 cells. BMC Pulm. Med. 20, 278. https://doi.org/10.1186/ 
s12890-020-01319-z. 

Havervall, S., Rosell, A., Phillipson, M., Mangsbo, S.M., Nilsson, P., Hober, S., Thålin, C., 
2021. Symptoms and functional impairment assessed 8 months after Mild COVID-19 
among health care workers. J. Am. Med. Assoc. 325, 2015–2016. https://doi.org/ 
10.1001/jama.2021.5612. 

Klein, J., Wood, J., Jaycox, J., Lu, P., Dhodapkar, R.M., Gehlhausen, J.R., 
Tabachnikova, A., Tabacof, L., Malik, A.A., Kamath, K., Greene, K., Monteiro, V.S., 
Peña-Hernandez, M., Mao, T., Bhattacharjee, B., Takahashi, T., Lucas, C., Silva, J., 
Mccarthy, D., Breyman, E., Tosto-Mancuso, J., Dai, Y., Perotti, E., Akduman, K., 
Tzeng, T.J., Xu, L., Yildirim, I., Krumholz, H.M., Shon, J., Medzhitov, R., Omer, S.B., 
van Dijk, D., Ring, A.M., Putrino, D., Iwasaki, A., 2022. Distinguishing features of 
long COVID identified through immune profiling. medRxiv. https://doi.org/ 
10.1101/2022.08.09.22278592. 

Liang, L., Yang, B., Jiang, N., Fu, W., He, X., Zhou, Y., Ma, W.L., Wang, X., 2020. Three- 
month follow-up study of survivors of coronavirus disease 2019 after discharge. 
J. Korean Med. Sci. 35, e418. 

Low, R.N., Low, R.J., Akrami, A., 2023. A review of cytokine-based pathophysiology of 
Long COVID symptoms. accessed July 18, 2023 Front. Med. 10. https://www.front 
iersin.org/articles/10.3389/fmed.2023.1011936. 

Maltezou, H.C., Pavli, A., Tsakris, A., 2021. Post-COVID syndrome: An insight on its 
pathogenesis. Vaccines (Basel) 9, 497. https://doi.org/10.3390/vaccines9050497. 

Miller, M.R., Hankinson, J., Brusasco, V., Burgos, F., Casaburi, R., Coates, A., Crapo, R., 
Enright, P., van der Grinten, C.P.M., Gustafsson, P., Jensen, R., Johnson, D.C., 
MacIntyre, N., McKay, R., Navajas, D., Pedersen, O.F., Pellegrino, R., Viegi, G., 
Wanger, J., 2005. ATS/ERS task force, standardisation of spirometry. Eur. Respir. J. 
26, 319–338. https://doi.org/10.1183/09031936.05.00034805. 

Miyata, Y., Suzuki, K., Nagano, T., Iida, K., Hasegawa, T., Uga, H., Matsuoka, H., 2023. 
Cellular immunity reflects the persistent symptoms among COVID-19 recovered 
patients in Japan. Sci. Rep. 13, 11071. https://doi.org/10.1038/s41598-023-35505- 
w. 

Nalbandian, A., Sehgal, K., Gupta, A., Madhavan, M.V., McGroder, C., Stevens, J.S., 
Cook, J.R., Nordvig, A.S., Shalev, D., Sehrawat, T.S., Ahluwalia, N., Bikdeli, B., 
Dietz, D., Der-Nigoghossian, C., Liyanage-Don, N., Rosner, G.F., Bernstein, E.J., 
Mohan, S., Beckley, A.A., Seres, D.S., Choueiri, T.K., Uriel, N., Ausiello, J.C., 
Accili, D., Freedberg, D.E., Baldwin, M., Schwartz, A., Brodie, D., Garcia, C.K., 
Elkind, M.S.V., Connors, J.M., Bilezikian, J.P., Landry, D.W., Wan, E.Y., 2021. Post- 
acute COVID-19 syndrome. Nat. Med. 27, 601–615. https://doi.org/10.1038/ 
s41591-021-01283-z. 

SARS-CoV-2 fragments may cause problems after infection, National Institutes of Health 
(NIH) (2024). https://www.nih.gov/news-events/nih-research-matters/sars-cov-2- 
fragments-may-cause-problems-after-infection (accessed May 3, 2024). 

Orzes, N., Pini, L., Levi, G., Uccelli, S., Cettolo, F., Tantucci, C., 2021. A prospective 
evaluation of lung function at three and six months in patients with previous SARS- 
COV-2 pneumonia. Respir. Med. 186, 106541 https://doi.org/10.1016/j. 
rmed.2021.106541. 

Peluso, M.J., Lu, S., Tang, A.F., Durstenfeld, M.S., Ho, H.-E., Goldberg, S.A., Forman, C. 
A., Munter, S.E., Hoh, R., Tai, V., Chenna, A., Yee, B.C., Winslow, J.W., 
Petropoulos, C.J., Greenhouse, B., Hunt, P.W., Hsue, P.Y., Martin, J.N., Daniel 
Kelly, J., Glidden, D.V., Deeks, S.G., Henrich, T.J., 2021. Markers of immune 
activation and inflammation in individuals with postacute sequelae of severe acute 
respiratory syndrome coronavirus 2 infection. J. Infect. Dis. 224, 1839–1848. 
https://doi.org/10.1093/infdis/jiab490. 

Phetsouphanh, C., Darley, D.R., Wilson, D.B., Howe, A., Munier, C.M.L., Patel, S.K., 
Juno, J.A., Burrell, L.M., Kent, S.J., Dore, G.J., Kelleher, A.D., Matthews, G.V., 2022. 
Immunological dysfunction persists for 8 months following initial mild-to-moderate 
SARS-CoV-2 infection. Nat. Immunol. 23, 210–216. https://doi.org/10.1038/ 
s41590-021-01113-x. 

Reeves, J., Kooner, J.S., Zhang, W., 2022. Accelerated ageing is associated with increased 
COVID-19 severity and differences across ethnic groups may exist. Front. Public 
Health 10, 1034227. https://doi.org/10.3389/fpubh.2022.1034227. 

Romero Starke, K., Reissig, D., Petereit-Haack, G., Schmauder, S., Nienhaus, A., 
Seidler, A., 2021. The isolated effect of age on the risk of COVID-19 severe outcomes: 
A systematic review with meta-analysis. BMJ Glob. Health 6, e006434. https://doi. 
org/10.1136/bmjgh-2021-006434. 

Schultheiß, C., Willscher, E., Paschold, L., Gottschick, C., Klee, B., Glasauer, S., 
Henkes, S.-S., Bosurgi, L., Dutzmann, J., Sedding, D.G., Frese, T., Girndt, M., Höll, J. 
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