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Abstract
Background  Post-COVID-19 respiratory sequelae often involve lung damage, which is called residual lung 
abnormalities, and potentially lead to chronic respiratory issues. The adaptive immune response, involving T-cells and 
B-cells, plays a critical role in pathogen control, inflammation, and tissue repair. However, the link between immune 
dysregulation and the development of residual lung abnormalities remains unclear.

Methods  109 patients discharged with residual lung abnormalities after a critical COVID-19 were followed for 12 
months and divided as full recovery patients (FRG, n = 88) and persistent lung abnormalities (PLAG, n = 21). Cell 
profiling analysis was done using flow cytometry at 24 h of not antigen-specific in vitro stimulation. Plasma or 
supernatant levels of IFN-g, IL-4, IL-10, IgM, and IgG were assessed, and 10 patients (5 FRG, 5 PLAG) were randomly 
selected for detailed immune cell phenotyping and functional analysis of peripheral blood mononuclear cells using 
flow cytometry.

Results  Compared to the FRG group, PLAG exhibited an increase of unswitched (p = 0.0159) and decreased double-
negative activated B-cells (p = 0.0317), systemic IL-10 levels were lower, displayed reduced frequency of total B-cells, 
and impaired spontaneous IgM (p = 0.0357) and IgG (p = 0.0079) release in culture. Regarding T-cells, PLAG patients 
showed a reduction in effector memory CD4 + cells (p = 0.0159) and an increase in CD4 + TEMRA cells (p = 0.0079) 
following in vitro stimulation. Notably, the PLAG group also exhibited higher frequencies of central memory CD4 + Th2 
(GATA3+) T-cells in response to activation than the FRG group (p = 0.0079).

Conclusions  Patients with residual lung abnormalities 12 months post-critical COVID-19 exhibit impaired B-cell 
function, increased unswitched B-cells, and higher frequencies of CD4 + TEMRA T-cells following in vitro activation. 
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Introduction
Post-acute sequelae of COVID-19 (PASC) is a current 
health problem worldwide; estimations indicate that 
at least 65  million individuals are affected [1]. PASC is 
defined by multiple adverse outcomes after the resolution 
of acute infection, which can persist for several months 
or even years [2]. Indeed, up to 70% of hospitalized 
patients have exhibited PASC in the first year of recovery 
[3], with respiratory impairment being one of the primary 
clinical outcomes [4]. However, although the implications 
of immune activation and inflammation are clinically rel-
evant, they are not yet fully understood. One unresolved 
question is why PASC symptoms persist for so long and 
what role the immune system plays in this process.

Reports suggest that the persistence of immunologi-
cal alterations, such as redistribution of mucosal T-cells, 
immunoglobulin (Ig) A, and dysregulated CD8 + T-cells, 
could be associated with post-acute COVID-19 lung 
sequelae [5, 6]. Another report indicated that at twelve 
months post-COVID-19, patients show significant differ-
ences in diffusing capacity for carbon monoxide (DLCO), 
with changes occurring between 6- and 12 months post-
discharge. Additionally, T-cells from patients with lung 
sequelae and long COVID exhibit higher responsiveness 
to SARS-CoV-2 peptides but display exhaustion features 
[7].

Some studies suggest that post-acute COVID-19 lung 
sequelae could be associated with the repeated recogni-
tion of SARS-CoV-2 proteins by host adaptive immune 
cells due to a viral reservoir. This may induce the down-
regulation of host interferon signaling and cross-reactive 
autoimmunity through pre-existing or de-novo auto-
antibodies [8, 9]. B and T lymphocytes do not act inde-
pendently; for instance, the cytokine microenvironment 
generated by T-cells affects the differentiation of B cells 
and, consequently, antibody production [10].

To clarify the contribution of the adaptive immune 
response in the pathogenesis of post-acute COVID-19 
lung sequelae, particularly in those with persistent lung 
abnormalities (residual lung abnormalities), we followed 
patients discharged with interstitial damage post-critical 
COVID-19. At 12 months, some patients continued to 
experience respiratory symptoms, altered pulmonary 
function, and interstitial lung lesions as seen on com-
puted tomography, while others had fully recovered. 
Therefore, we investigated the proinflammatory (Th1) or 
anti-inflammatory (Th2) profiles and their impact on the 
frequency and function of B-cells.

Materials and methods
The reader is referred to the supplementary material for 
details of the materials and methods.

Subjects
Our Institute was a COVID-19 center of attention to 
severe or critical illness during the pandemic. The sur-
vivors’ patients were followed in our post-COVID clinic 
implemented by the Institute and evaluated by a mul-
tidisciplinary group of specialists. 150 patients who 
had critical COVID-19 (all patients required invasive 
mechanical ventilation) were discharged from the hos-
pital with persistent interstitial lung changes identified 
by high-resolution computed tomography (HRCT). Of 
these, 32 patients did not agree to participate in the study 
protocol, leaving 118 enrolled patients. These patients 
were followed up every four months with lung functional 
tests (simple spirometry, single-breath DLCO, and the six-
minute walk test [6MWT]). At twelve months of follow-
up, in addition to functional tests, another HRCT was 
performed, obtaining a CT Score (Fig. 1a).

Then, after a year, nine patients were diagnosed with 
interstitial damage unrelated to COVID-19, and they 
were excluded from the study. Eighty-eight patients 
were classified as recovered because they showed ≥ 80% 
of predicted lung functional values (including FVC and 
DLCO), no respiratory symptoms, and CT without abnor-
malities [hereafter called fully recovery group (FRG)]. 
Twenty-one patients persisted with symptoms, mainly 
dyspnea on exercise and abnormal lung function related 
to residual lung abnormalities (< 80% in FVC and DLCO, 
excluding obstructive patterns such as decreased FEV1). 
This group showed after one-year, decreased DLco and 
walked meters in 6MWT, and CT still showing interstitial 
lung abnormalities, parenchymal bands, and abnormal 
CT score [hereafter called persistent lung abnormalities 
group (PLAG)] (Fig.  1b). Ten COVID-19 patients were 
randomly selected to evaluate the phenotype and func-
tion of immune cells, five from PLAG and five from FRG 
(Fig. 1c); to note a specific panel was used for T-cells phe-
notype and another for B-cells (details in Table S1 in the 
Additional file). Each group’s sample size was selected 
using a sample size calculated from our two study groups 
(PLAG vs. FRG) and considered the DLCO at twelve 
months post-COVID-19 as the primary endpoint (see 
sample size in the Additional file). Previously, DLCO has 
been associated with immune alterations in post-COVID 
patients [7]. Using this data as a reference, DLCO was cho-
sen as the primary endpoint for the power analysis based 

These immune imbalances may contribute to ongoing lung dysfunction and warrant further investigation as a 
potential mechanism in residual lung abnormalities. Larger studies are necessary to confirm these findings.
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Fig. 1  Patient follow-up and cell phenotype. (a) Follow-up of 150 COVID-19 patients discharged with interstitial lung changes after critical illness. (b) 
Of these, 118 patients agreed to participate. Nine were excluded due to COVID-independent interstitial lung damage diagnoses. The remaining 109 un-
derwent clinical evaluations, functional lung tests, and high-resolution computed tomography (HRCT), leading to their classification into a Full Recovery 
Group (FRG, n = 88) and a Persistent Lung Abnormalities Group (PLAG, n = 21). Systemic cytokine and antibody levels were measured, and a randomized 
selection was performed for flow cytometry analysis. (c) The hierarchy and phenotypes of each cell population were evaluated. Cells and plasma for evalu-
ations were obtained from patients 12 months post-discharge
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on the significant differences observed between the FRG 
and PLAG groups at baseline and follow-up.

This protocol was approved by the ethical committee 
of the Instituto Nacional de Enfermedades Respiratorias 
Ismael Cosio Villegas (INER, Protocol number C53-20 
and B04-22). All individuals signed a consent letter to 
participate in this study. All procedures were performed 
in agreement with the 1964 Helsinki Declaration and the 
ethical standards of the Institutional Ethics Committees.

Peripheral blood mononuclear cells (PBMCs) and culture
PBMCs were isolated by standard Lymphoprep™ (Accu-
rate Chemical-Scientific, Westbury, NY, USA) centrifu-
gation gradient and cryopreserved until use. The PBMCs 
culture was maintained for 24  h, at 37  °C in a humidi-
fied atmosphere containing 5% CO2 and stimulated with 
monoclonal antibody (mAb) anti-CD3 and CD28 (1ug/
mL, BD Pharmingen) (more details in Table S1 in the 
additional file). PBMCs and plasma were obtained from 
patients 12 months post-discharge.

Flow cytometry staining and analysis
PBMCs were recovered and prepared for flow cytometry 
at the end of the culture.

Details of the analysis strategy are observed in Fig. S1 
in the additional file, and the subsets hierarchy is shown 
in Fig. 1c. Details of antibodies are provided in Table S1 
in the additional file.

Evaluation of soluble molecules
Plasma and supernatants were collected and stored at 
-70  °C until use. Interferon-gamma (IFN-g), Interleukin 
(IL-) 4, IL-10, IgM, and IgG were measured by direct 
sandwich ELISA assay (antibody-uncoated plate) (more 
details of antibodies in Table S1 in the additional file).

Statistical analysis
Data were analyzed using GraphPad Software (v 9.0.1). 
Data are shown as median values and interquartile ranges 
(IQR, 25–75). According to the number of samples and 
normality test, statistical analysis was performed using a 
Kruskal–Wallis’s test with Dunnett’s post-test for multi-
ple comparisons and a Mann–Whitney U test to compare 
two groups.

A normality test with the Kolmogorov-Smirnov test 
was used to analyze clinical data. The descriptive data 
were presented as frequency, percentages, and mean +/- 
standard deviation. A comparison between groups was 
performed using the Fisher exact test for qualitative vari-
ables and U-Mann-Whitney for quantitative variables.

In all tests, the standard of significance was set at 
p < 0.05.

Results
Description of the enrolled patients in this study cohort
All 109 patients in this study had critical COVID-19 ill-
ness, requiring invasive mechanical ventilation. The 
patients were categorized into FRG or PLAG groups 
based on clinical parameters at 12 months post-COVID. 
The clinical and demographic characteristics of these 
patients (Total n = 109) are detailed in Table S2 in the 
Additional File. A comparison of the groups revealed that 
the PLAG group was significantly older (p = 0.002), while 
the FRG group had a higher proportion of male patients 
(p = 0.04). Other parameters, such as comorbidities, dura-
tion of invasive mechanical ventilation, symptom onset 
duration, and hospitalization time, showed no signifi-
cant differences (Table S2 in the Additional File). Patients 
randomly selected for the phenotypical and functional 
evaluation of cells exhibited characteristics similar to the 
total group, indicating that the sample is representative 
(Table S3 in the Additional File).

Table  1 shows a comparison between groups of their 
demographic, pulmonary function results, and CT scores 
at 12 months of discharge. As is expected, compared to 
FRG, PLAG had abnormal pulmonary functional tests 
that persisted after a year; differences in DLCO, meters 
walking, and SpO2 post-exercise were reported in the 
PLAG group.

Moreover, Fig.  2 shows a comparative HRCT from a 
representative patient from both groups. At discharge, 
patients displayed lung alterations (Fig.  2a and c); 

Table 1  Demographics, pulmonary function, and imaging 
measurements between subjects fully recovered and those with 
residual lung abnormalities
Variable FRG n = 88 PLAG n = 21 p-value
Age, years (±SD) 54 ± 11 62 ± 9 0.002
Sex, male (%) 60 (68) 9 (43) 0.04
Values at hospital discharge time.
FVC % predicted (±SD) 93 ± 19 89 ± 26 0.5
DLCO % predicted (±SD) 82 ± 18 68 ± 18 0.001
Meters in 6MWT, (±SD) 438 ± 129 358 ± 150 0.02
% SpO2 at rest, (±SD) 94 ± 2 92 ± 3 0.01
% SpO2 post-exercise, (±SD) 90 ± 3 86 ± 5 < 0.001
Values at 1-year hospital discharge.
FVC % predicted (±SD) 91 ± 14 86 ± 15 0.3
DLCO % predicted (±SD) 85 ± 15 64 ± 10 < 0.001
Meters in 6MWT (±SD) 449 ± 126 330 ± 140 0.04
% SpO2 at rest (±SD) 93 ± 2 92 ± 3 0.3
% SpO2 post-exercise (±SD) 88 ± 4 83 ± 6 0.005
Basal CT Score (±SD) 20 ± 4 21 ± 4 0.2
CT Score 1 year (±SD) 4 ± 4 8 ± 5 < 0.001
FRG: fully-recovery group; PLAG: persistent lung abnormalities group; SD: 
standard deviation, FVC: forced vital capacity, DLCO: single breath carbon 
monoxide diffusing capacity, 6MWT: 6-minute walk test, SpO2: peripheral 
oxygen saturation. CT: computed tomography
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however, after 12 months, one group of patients showed a 
complete recovery (Fig. 2b), and another did not (Fig. 2d).

Patients from PLAG display low systemic IL-10 and IgM 
levels
Systemic cytokines levels are an indirect indicator of the 
Th1/Th2 profile. IFN-γ was evaluated as a classical pro-
inflammatory Th1 cytokine, and IL-4 and IL-10 were 
assessed as classical anti-inflammatory Th2 cytokines. 
Data show that plasma levels of IFN-γ and IL-4 were sim-
ilar between patients from FRG and PLAG (Fig.  3a and 
b); however, PLAG showed significantly lower IL-10 lev-
els (p = 0.0001) (Fig. 3c).

Among other functions, IL-10 promotes human B-cell 
differentiation into IgM- or IgG-secreting plasmablasts 
[11]. Therefore, we analyzed plasma levels of total IgM 
and IgG in a random sampling of patients, and we found 
no differences in IgG or IgM levels (Fig. S2 in the Addi-
tional file).

Patients from PLAG have decreased total B-cells and lower 
levels of released immunoglobulins
Five representative patients from the FRG and PLAG 
groups were randomly selected to evaluate the phenotype 
and function of immune cells. As shown in Table S3, the 
selected patients have similar demographic data to the 
complete cohort, ensuring that the cell evaluation is rep-
resentative of the FRG and PLAG profiles.

The B-cell gate (CD19+) was identified by flow cytom-
etry. We observed that, compared to FRG, PLAG cells 
had a decrease in the percentages of B-cells (p = 0.0317) 
(Fig. 3d). Moreover, these B-cells showed lower concen-
trations of IgM (p = 0.0357) (Fig. 3e) and IgG (p = 0.0079) 
after 24 h culture (Fig. 3f ).

However, the frequency of B-cell subsets, identified 
based on IgD and CD27 expression into the CD19 + gate 
(Fig. S3a in the Additional file), showed a similar distri-
bution of double negative (DN), naïve, unswitched, and 
switched B-cells between both groups (Fig. S3b and c in 
the Additional file).

Fig. 2  Computed tomography of a patient fully recovered group (FRG) and a persistent lung abnormalities group (PLAG). (a) Male, 40 years old, show-
ing ground-glass attenuation and parenchymal consolidation. (b) The same patient showed in (a) but at 1 year of follow-up, asymptomatic and normal 
pulmonary function. (c) Male, 58 years old, showing diffuse ground glass and some parenchymal consolidation. (d) the same patient showed in (c) at 1 
year with dyspnea on exercise, decreased DLCO, persistence of reticular lesions, and lost volume in the left lung

 



Page 6 of 12Flores-Gonzalez et al. Respiratory Research           (2025) 26:22 

Patients from PLAG show an imbalance of activated double 
negative and unswitched B-cells
As shown, patients from PLAG had decreased total B 
cells and immunoglobulins production, but subsets were 
not altered. The CD38 expression on B-cells is consid-
ered an activation marker [12], and we used it to deter-
mine if activated B-cell subsets are different between 
both groups. First, we evaluated the frequency of B-cell 
(CD19+), then into the CD19 + gate, the CD38 expres-
sion was evaluated to identify activated B-cells, and we 

observed that the frequency of activated B-cells is similar 
between FRG and PLAG (Fig. 4a).

Following, based on the IgD and CD27 expression, 
B-cell subsets were evaluated into activated B-cells 
(Fig. 4b). Data showed that compared to FRG, cells from 
PLAG had decreased the frequency of DN (p = 0.0317) 
(Fig.  4c), whereas the unswitched was increased 
(p = 0.0159) (Fig. 4e); naïve and switched subsets were not 
modified (Fig. 4d and f, respectively).

Fig. 3  Patients with persistent lung abnormalities have low systemic IL-10 with a lower frequency of B cells and are less able to spontaneously produce 
immunoglobulins. Cytokines (a) IFN-γ, (b) IL-4, and (c) IL-10 levels were evaluated in plasma patients from FRG (black dots, n = 88) and PLAG (red square, 
n = 21). Mononuclear cells of FRG (black dots) and PLAG (red square) patients were randomly selected (5 per group), and the phenotype and function 
were evaluated. (d) the frequency of B-cells (CD19+) was evaluated by flow cytometry. Mononuclear cells were cultured, and (e) IgM and (f) IgG levels 
were evaluated in the supernatant after 24 h of unstimulated culture. Data are represented as median and IQR values; each symbol represents an indi-
vidual patient. The Mann–Whitney U test performed statistical comparisons, * p < 0.05, **p < 0.01, **** p < 0.0001
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In response to polyclonal stimulus, T-cells from FRG, but 
not PLAG, show a decreased frequency of CD4 + Th2 T-cells
Due to the relevance of T-cells to induce the cytokines 
microenvironment, we first assessed the frequency 
of T-cells (CD2 + CD3+) (Fig.  5a) and the CD4 + and 
CD8 + subsets by flow cytometry (Fig. 5b). We observed 
that T-cell frequency is similar in patients from FRG 
and PLAG; similarly, the distribution of CD4 + and 
CD8 + T-cells is comparable between study groups 
(Fig. 5c).

Then, we evaluated by flow cytometry the Th1 (Tbet+) 
and Th2 (GATA3+) profiles in total CD4 + T-cells (Fig. 5d 
and f, respectively); cells were treated with a polyclonal 
stimulus to confirm if the profile is different between 
patients from FRG and PLAG before and after an 
activation.

At baseline, the frequency of Th1 CD4 + cells was not 
different, and this behavior is maintained even after an 
activation process; however, PLAG induces a discreet 
increase of Th1 CD4 + cells, and it is not statistically 

different from FRG (median 40% vs. 17%, respectively) 
(Fig. 5e).

Regarding the frequency of Th2 CD4 + cells, at base-
line, FRG showed a higher but not significant level of 
Th2 CD4 + cells compared with PLAG (median 37% vs. 
30%, respectively). However, under an activation pro-
cess, FRG showed a down-regulation of Th2 CD4 + cells 
(p = 0.0159), which was not observed in PLAG; therefore, 
under activation, the frequency of Th2 CD4 + in PLAG 
is significantly higher compared with FRG (p = 0.0079) 
(Fig. 5g).

Patients from PLAG have altered frequency of CD4 + T 
memory subsets and Th1/Th2 profiles in response to an 
activation process
According to the CCR7 and CD45RA expression, T-cells 
are divided into effector memory (EM), central mem-
ory (CM), naïve, and CD4 effector memory T-cells re-
expressing CD45RA (TEMRA) subpopulations. We 
examined the distribution of these CD4 + T memory 

Fig. 4  Patients with persistent lung abnormalities have decreased activated B cells with phenotype double negative and increased activated B cells with 
phenotype unswitched. Peripheral mononuclear cells from patients with full recovery (FRG; black dots, n = 5) and persistent lung abnormalities (PLAG, 
red square, n = 5) were prepared for flow cytometry after 24 h of unstimulated culture. (a) First, the CD19 + gate was done; then, the CD38 expression on 
CD19 + cells was identified to obtain the frequency of activated total B-cells. (b) Into CD19 + CD38 + cells gate, IgD and CD27 expression were evaluated 
to identify activated B-cell subsets. The frequency of activated (c) double negative (DN), (d) naïve, (e) unswitched, and (f) switched B-cells is shown in 
graphics. Data are represented as median and IQR values; each symbol represents an individual patient. The Mann–Whitney U test performed statistical 
comparisons, * p < 0.05
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subsets by flow cytometry (Fig. S4a in the Additional 
file); data showed that FRG and PLAG have similar fre-
quencies of CD4 + T memory subsets at baseline, but 
in response to an activation process, cells from PLAG 

patients display a decrease in the frequency of CD4 + EM 
(p = 0.0159) and an increase of CD4 + TEMRA (p = 0.0079) 
compared with its baseline frequency (Fig. S4b-d in 
the Additional file). CD8 + T-cell subsets showed no 

Fig. 5  Full recovery patients, but not those with persistent lung abnormalities, can down-regulate CD4 + GATA3 + T-cells as a response to polyclonal 
stimulus. Peripheral mononuclear cells are from patients FRG (black dots, n = 5) or PLAG (red square, n = 5), stimulated for 24 h with anti-CD3/CD28 (1 µg/
mL). An unstimulated condition and isotype control were included as control stimulation. (a) The frequency of CD3 + cells (T lymphocytes) at baseline 
and (b) co-receptor CD4 and CD8 expression was evaluated, and (c) is shown in the graphic. (d) The Tbet + expression and (e) frequency were assessed in 
CD3 + CD4 + T-cells cultured with a polyclonal stimulus. (f) The GATA3 + expression and (g) frequency were assessed in CD3 + CD4 + T-cells cultured with 
a polyclonal stimulus. Data are represented as median and IQR values; each symbol represents an individual patient. The Kruskal-Wallis test performed 
statistical comparisons, ** p < 0.01, * p < 0.05
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differences at baseline or under the activation process 
(data not shown).

Moreover, we observed that under an activation pro-
cess, cells from PLAG show an increased frequency of 
subsets CD4 + naïve, CM and TEMRA positive to Tbet+ 
(Th1) compared with its baseline condition (p = 0.0079, 
p = 0.0159, and p = 0.0079, respectively); and this con-
dition was also different even compared to activated 
CD4 + T-cells from FRG (naïve: p = 0.0159; TEMRA: 
p = 0.0079). CD4 + EM cell subsets did not show differ-
ences at baseline or under the activation process (S5a-b 
in the Additional file).

On the other hand, the Th2 (GATA3+) profile showed 
that cells from the FRG have a decreased frequency 
of Th2 in the subsets CD4 + CM (p = 0.0079) and EM 
(p = 0.0159) in response to the activation process, com-
pared to its baseline. Whereas CM under an activation 
process is higher in PLAG than FRG (p = 0.0079), and 
naïve and TEMRA cell subsets did not show differences 
at baseline or under the activation process (S5c-d in the 
Additional file).

Monocytes remain unaltered in patients with persistent 
lung abnormalities
Monocytes are the main precursor of macrophages, and 
reports suggest that a small subpopulation of mono-
cytes expressing CD3 is associated with inflammation 
status [13]. To discard the possibility of this cell sub-
set being monocyte/T-cell complexes, which have been 
reported [14]. First, a gate of CD2- cells was done (to 
discharge T cells fraction); posteriorly, the CD14 + single 
cells were identified (Fig. S1 in the Additional file). Our 
data indicated that the frequency of total monocytes 
(CD2-CD14 + cells) and the monocytes CD3 + subset 
(CD2-CD14-CD3+) is similar between FRG and PLAG 
(Fig. S6 in the Additional file).

Discussion
Studies of patients discharged with interstitial lung 
abnormalities are scarce, and how the immune system 
is affected in patients who maintain lung PACS is still 
being determined. In this study, we followed a group of 
convalescent COVID-19 patients discharged with lung 
abnormalities after severe acute disease. At 12 months 
post-COVID-19, respiratory symptoms, pulmonary 
function, and computed tomography scans allowed us to 
classify them into two groups: those fully recovered and 
those with persistent lung abnormalities. We then evalu-
ated the function and distribution of the main immune 
cells.

Age has been established as a known contributor to the 
development of fibrotic lung lesions and lower total lung 
capacity and DLCO in COVID-19 convalescent patients 
[15]. From an immune perspective, high serum levels of 

IL-17, IL-2, IL-1β, IL-6, and TNF, and low levels of IL-4 
and IL-10 appear to constitute a cytokine profile of long 
COVID-19 [16, 17].

Several lines of evidence have also indicated that high 
IL-10 levels are associated with the anti-inflammatory 
and tissue-protective properties of the lungs during 
COVID-19 [18]. The results of this study are consistent 
with this finding and suggest that alterations in pulmo-
nary function tests, and residual lung abnormalities in 
COVID-19 convalescents could be related to low IL-10 
levels, affecting the cells of the immune system.

Our data suggest a low B-cell frequency in patients 
with persistent lung abnormalities. During severe SARS-
CoV-2 infection, a reduction in the unswitched memory 
B cell population and an expansion of double-negative 
(DN) B cells have been found [19, 20]. In our study, using 
the gating strategy for CD27 and IgD on B-cells, we 
observed that DN B-cells significantly decreased while 
the frequency of unswitched memory B-cells increased.

We hypothesize that the affection of DN B-cells may 
play a crucial role in the pathogenesis of pulmonary 
sequels. However, given that these cells can acquire dif-
ferent functions based on the various subtypes of “con-
ventional” DN B-cells [21], future studies should address 
the relative expression of Tbet, CD21, and CD11c and 
explore the four subsets of DN B cells.

While DN2 and DN3 subset expansion has been asso-
ciated with a poor prognosis of COVID-19 and negatively 
correlated with several ventilatory parameters, such as 
respiratory rate and oxygen saturation levels [19, 20], its 
distribution in patients with PASC and persistent lung 
abnormalities has not been determined. Several lines of 
evidence have indicated that DN2 and DN3 B cells could 
maintain autoimmune responses to COVID-19 [22].

When we explored the expression of CD38 on B cells, 
which is known to be strongly upregulated by activated 
B cells [23], we found that patients from PLAG had a 
decreased frequency of double-negative B cells, suggest-
ing characteristics of premature exhaustion. This early 
exhaustion may contribute to the defective responses to 
produce IgM or IgG, as observed in this work. This find-
ing could be associated with the high level of inhibitory 
receptors, as members of the FcRL family reported in the 
context of several infectious diseases [24].

During severe SARS-CoV-2 infection, a reduction in 
unswitched memory B cells has been reported [19, 25]. 
However, another report regarding these unswitched 
memory B cells in the convalescent stage mentioned a 
frequency recovery, with no differences compared to 
healthy controls [26]. In keeping with these reports, we 
did not find any difference in the frequency of unswitched 
memory B cells, indicating this population has mini-
mal fluctuation in recovery and non-recovery patients. 
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However, how activation modulates the unswitched 
memory B-cell population in convalescent patients is 
unclear.

Our results indicate that patients with persistent lung 
abnormalities show a decrease in the unswitched mem-
ory population after stimulation. Besides, they main-
tained an activated status before and after stimulation, 
contributing to a sustained function that could result in 
persistent immune activation, as reported in other stud-
ies [27], and potentially leading to cellular exhaustion, as 
seen in other immune cells [28]. Nonetheless, the role of 
unswitched memory B-cells in contributing to or pro-
tecting against PASC remains to be determined. Interest-
ingly, a higher frequency of non-stimulated unswitched 
memory B-cells correlated with reduced symptom dura-
tion after mild SARS-CoV-2 infection [29], indicating a 
protective response by this subset, although its frequency 
after activation has not been explored. Therefore, an 
imbalance in DN and activated-unswitched could con-
tribute to the persistence of residual lung abnormalities.

Beyond B-cells, inflammation and T-cells, particularly 
the TEMRA subset, have been associated with develop-
ing post-COVID sequelae [30]. Previous data suggested 
that long-COVID patients show an increased frequency 
of CD8 + CD28- CD27- T-cells, indicating an exhausted 
profile in response to SARS-CoV-2 peptides [7]. In this 
context, we found that CD4 + T-cells from patients with 
residual lung abnormalities, after activation, led to an 
increase in the TEMRA subset. However, when proin-
flammatory CD4 + T-cell subsets were identified, naïve, 
and TEMRA cells increased.

Our study did not clarify the exhaustion or senes-
cence status of these T-cells. However, our data sug-
gest an imbalance of T-cell subsets that likely impacts 
B-cell function. The distribution of CD4 + T-cell subsets 
has been associated with differential clinical outcomes. 
For instance, higher levels of CD4 + TEMRA cells could 
explain the tissue damage observed in PACS patients. 
Interestingly, CD4 + TEMRA cells can be stimulated with-
out requiring TCR cross-linking by a cognate antigen, 
implying the low TCR avidity reported in T-cells of PASC 
patients [30, 31].

To identify the Th1/Th2 profile induced after T-cell 
activation, we induced a polyclonal system. Inflamma-
tion has been a key focus in studying COVID-19-related 
immune responses. Recently, we reported that post-
COVID-19 lung alterations could be linked to changes in 
CD4 + and CD8 + T-cells distribution, with immunosup-
pression-related mechanisms, such as PD-L2-mediated 
pathways, impacting T-cell activation [32]. Evidence 
shows that the PD/PD-L axis, associated with immuno-
suppression, negatively impacts T-cell function [33, 34]. 
Our findings and other reports [35] provide evidence that 

a prolonged Th2 activation may play a role in inducing or 
maintaining post-COVID-19 lung damage.

This study did not explore the regulatory T cells (Treg), 
characterized by the expression of the CD4 coreceptor 
and the forkhead box P3 (FOXP3) and exhibit regulatory 
function. Evidence suggests that a Treg subset expressing 
the T-cell immunoglobulin and ITIM domain (TIGIT) 
exerts robust suppressive activity on cellular immunity 
and predisposes septic individuals to opportunistic infec-
tions [36]. Reports indicate that TIGIT + Treg cells are 
central in suppressing Th1 and Th17 responses [37]. In 
the context of COVID-19, high levels of TIGIT + Treg 
cells have been associated with lung dysfunction and hos-
pital-acquired bacteremia [38]. Given the strong immu-
nosuppressive function of this subset, future studies are 
necessary to assess the presence of TIGIT + Treg cells in 
patients with persistent lung abnormalities and whether 
they contribute to suppressing a Th1 microenvironment, 
potentially exacerbating post-COVID-19 lung damage.

This study is not without limitations. First, the flow 
cytometry data should be validated with a larger sam-
ple size to ensure more robust conclusions. Second, we 
did not include an age-matched healthy group that had 
never contracted COVID-19, which would help clarify 
age-normal immune status. Finally, future studies should 
evaluate the specific immune response to SARS-CoV-2 
peptides to determine whether the observed changes are 
part of a general immune response or specific to antigen 
exposure.

Conclusions
Our study reveals significant changes in the phenotype of 
B and CD4 + T-cells in convalescent COVID-19 patients 
with PACS and persistent lung abnormalities. These find-
ings suggest that an imbalance between double-negative 
and unswitched B-cells, along with the expansion of a 
proinflammatory, terminally differentiated CD4 + TEMRA 
population after stimulation, may contribute to resid-
ual lung abnormalities. These observations reflect the 
immune responsiveness of these cells when activated, 
suggesting that these cell subsets should be further 
explored as potential targets for future interventions or 
biomarkers; however, larger studies are necessary to con-
firm these findings.

Abbreviations
IPF	� Idiopathic Pulmonary Fibrosis
FRG	� Full Recovery Patients
PLAG	� Persistent Lung Abnormalities
PASC	� Post-Acute Sequelae of COVID-19
Ig	� Immunoglobulin
HRCT	� High-Resolution Computed Tomography
DLco	� Single-Breath Diffusing Capacity of CO (Carbon Monoxide)
6MWT	� Six-Minute Walk Test
CT	� Computed Tomography score
FVC	� Forced Vital Capacity
PBMCs	� Peripheral Blood Mononuclear Cells



Page 11 of 12Flores-Gonzalez et al. Respiratory Research           (2025) 26:22 

IL	� Interleukin
Th	� T helper cells
IFN-γ	� Interferon gamma
CD	� Cluster of Differentiation
Tbet	� T-box transcription factor TBX21
GATA3	� GATA Binding Protein 3
CCR7	� C-C Motif Chemokine Receptor 7
EM	� Effector Memory
CM	� Central Memory
TEMRA	� Effector Memory T-cells Re-Expressing CD45RA

Supplementary Information
The online version contains supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​1​8​6​/​s​1​2​9​3​1​-​0​2​5​-​0​3​1​0​2​-​2​​​​​.​​

Supplementary Material 1

Acknowledgements
We are grateful to Damaris Romero-Rodríguez from the Flow Cytometry Core 
Facility at the Instituto Nacional de Enfermedades Respiratorias Ismael Cosio 
Villegas in Mexico City.

Author contributions
Conceptualization: IBR, MS, and LCG; methodology: JFG, FTQ, CPB, and 
LARL; validation: IBR, MS, and LCG; formal analysis: JFG, RFV, GPR, and LCG; 
investigation: JFG, and LCG; patients’ recruitment and clinical data curation: 
IBR, FTQ, ACM, and MS; writing-original draft preparation: JFG, MS and LCG; 
writing-review and editing: JFG, IBR, FTQ, CPB, LARL, ACM, RFV, GPR, MS, and 
LCG.

Funding statement
This research received no external funding.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Conflict of interest
The authors declare that they have no competing interests.

Ethical approval
This protocol was approved by the ethical committee of the Instituto Nacional 
de Enfermedades Respiratorias Ismael Cosio Villegas (INER, Protocol number 
C53-20 and B04-22). All individuals signed a consent letter to participate in this 
study. All procedures were performed in agreement with the 1964 Helsinki 
Declaration and the ethical standards of the Institutional Ethics Committees.

Author details
1Instituto Nacional de Enfermedades Respiratorias Ismael Cosio Villegas, 
Mexico City 14080, Mexico

Received: 3 June 2024 / Accepted: 5 January 2025

References
1.	 Davis HE, McCorkell L, Vogel JM, Topol EJ, Long COVID. Major findings, 

mechanisms and recommendations. Nat Rev Microbiol. 2023;21:133–46. 
https:/​/doi.or​g/10.10​38/s​41579-022-00846-2.

2.	 Cai M, Xie Y, Topol EJ, Al-Aly Z. Three-year outcomes of post-acute sequelae of 
COVID-19. Nat Med. 2024;30:1564–73. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​1​-​0​2​4​-​0​2​
9​8​7​-​8​​​​​.​​​

3.	 Al-Aly Z, Bowe B, Xie Y. Long COVID after breakthrough SARS-CoV-2 infection. 
Nat Med. 2022;28:1461–7. https:/​/doi.or​g/10.10​38/s​41591-022-01840-0.

4.	 Zhang K, Thakar A, Somalwar S, Sidhom K, Thanavala N, Sedhom N et al. 
Respiratory Post Acute COVID-19 Sequelae (PACS)-A Phenotype of Long 
COVID. D21. TRANSLATIONAL COVID-19 STUDIES, American Thoracic Society; 
2023, pp. A6278–A6278. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​​/​1​0​.​​1​1​6​​4​/​​a​j​r​c​c​m​-​c​o​n​f​e​r​e​n​c​e​.​2​0​2​3​.​2​0​7​
.​1​_​M​e​e​t​i​n​g​A​b​s​t​r​a​c​t​s​.​A​6​2​7​8​​​​​​​

5.	 Wiech M, Chroscicki P, Swatler J, Stepnik D, De Biasi S, Hampel M, et al. 
Remodeling of T Cell Dynamics during Long COVID is dependent on severity 
of SARS-CoV-2 infection. Front Immunol. 2022;13:886431. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​
3​8​9​/​f​i​m​m​u​.​2​0​2​2​.​8​8​6​4​3​1​​​​​.​​​

6.	 Santa Cruz A, Mendes-Frias A, Azarias-da-Silva M, André S, Oliveira AI, Pires 
O, et al. Post-acute sequelae of COVID-19 is characterized by diminished 
peripheral CD8 + β7 integrin + T cells and anti-SARS-CoV-2 IgA response. Nat 
Commun. 2023;14:1772. https:/​/doi.or​g/10.10​38/s​41467-023-37368-1.

7.	 Cruz T, Mendoza N, Lledó GM, Perea L, Albacar N, Agustí A, et al. Persistence 
of a SARS-CoV-2 T-cell response in patients with long COVID and lung 
sequelae after COVID-19. ERJ Open Res. 2023;9:00020–2023. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​
0​.​1​1​8​3​/​2​3​1​2​0​5​4​1​.​0​0​0​2​0​-​2​0​2​3​​​​​.​​​

8.	 Proal AD, VanElzakker MB, Aleman S, Bach K, Boribong BP, Buggert M, et al. 
SARS-CoV-2 reservoir in post-acute sequelae of COVID-19 (PASC). Nat Immu-
nol. 2023;24:1616–27. https:/​/doi.or​g/10.10​38/s​41590-023-01601-2.

9.	 Mohandas S, Jagannathan P, Henrich TJ, Sherif ZA, Bime C, Quinlan E, et 
al. Immune mechanisms underlying COVID-19 pathology and post-acute 
sequelae of SARS-CoV-2 infection (PASC). eLife. 2023;12:e86014. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​7​5​5​4​/​e​L​i​f​e​.​8​6​0​1​4​​​​​.​​​

10.	 Vazquez MI, Catalan-Dibene J, Zlotnik A. B cells responses and cytokine 
production are regulated by their immune microenvironment. Cytokine. 
2015;74:318–26. https:/​/doi.or​g/10.10​16/j​.cyto.2015.02.007.

11.	 Heine G, Drozdenko G, Grün JR, Chang H-D, Radbruch A, Worm M. Autocrine 
IL-10 promotes human B-cell differentiation into IgM- or IgG-secreting plas-
mablasts: Cellular immune response. Eur J Immunol. 2014;44:1615–21. https:/​
/doi.or​g/10.10​02/e​ji.201343822.

12.	 Piedra-Quintero ZL, Wilson Z, Nava P, Guerau-de-Arellano M. CD38: an immu-
nomodulatory molecule in inflammation and autoimmunity. Front Immunol. 
2020;11:597959. https:/​/doi.or​g/10.33​89/f​immu.2020.597959.

13.	 Rodriguez-Cruz A, Vesin D, Ramon-Luing L, Zuñiga J, Quesniaux VFJ, Ryffel B, 
et al. CD3 + macrophages deliver proinflammatory cytokines by a CD3- and 
transmembrane TNF-Dependent pathway and are increased at the BCG-
Infection site. Front Immunol. 2019;10:2550. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​i​m​m​u​.​2​
0​1​9​.​0​2​5​5​0​​​​​.​​​

14.	 Burel JG, Pomaznoy M, Lindestam Arlehamn CS, Weiskopf D, Da Silva Antunes 
R, Jung Y, et al. Circulating T cell-monocyte complexes are markers of 
immune perturbations. eLife. 2019;8:e46045. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​7​5​5​4​/​e​L​i​f​e​.​4​6​
0​4​5​​​​​.​​​

15.	 Jutant E-M, Meyrignac O, Beurnier A, Jaïs X, Pham T, Morin L, et al. Respiratory 
symptoms and radiological findings in post-acute COVID-19 syndrome. ERJ 
Open Res. 2022;8:00479–2021. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​8​3​/​2​3​1​2​0​5​4​1​.​0​0​4​7​9​-​2​0​2​1​​​​​
.​​​

16.	 Queiroz MAF, Neves PFMD, Lima SS, Lopes JDC, Torres MKDS, Vallinoto IMVC, 
et al. Cytokine profiles Associated with Acute COVID-19 and Long COVID-19 
syndrome. Front Cell Infect Microbiol. 2022;12:922422. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​
9​/​f​c​i​m​b​.​2​0​2​2​.​9​2​2​4​2​2​​​​​.​​​

17.	 Schultheiß C, Willscher E, Paschold L, Gottschick C, Klee B, Henkes S-S, et al. 
The IL-1β, IL-6, and TNF cytokine triad is associated with post-acute sequelae 
of COVID-19. Cell Rep Med. 2022;3:100663. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​x​c​r​m​.​2​0​2​
2​.​1​0​0​6​6​3​​​​​.​​​

18.	 Lindner HA, Velásquez SY, Thiel M, Kirschning T. Lung Protection vs. infection 
resolution: Interleukin 10 suspected of double-dealing in COVID-19. Front 
Immunol. 2021;12:602130. https:/​/doi.or​g/10.33​89/f​immu.2021.602130.

19.	 Sosa-Hernández VA, Torres-Ruíz J, Cervantes-Díaz R, Romero-Ramírez S, 
Páez-Franco JC, Meza-Sánchez DE, et al. B Cell subsets as Severity-Associated 
signatures in COVID-19 patients. Front Immunol. 2020;11:611004. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​
o​r​g​/​1​0​.​3​3​8​9​/​f​i​m​m​u​.​2​0​2​0​.​6​1​1​0​0​4​​​​​.​​​

20.	 Cervantes-Díaz R, Sosa-Hernández VA, Torres-Ruíz J, Romero-Ramírez S, 
Cañez-Hernández M, Pérez-Fragoso A, et al. Severity of SARS-CoV-2 infection 
is linked to double-negative (CD27 – IgD–) B cell subset numbers. Inflamm 
Res. 2022;71:131–40. https:/​/doi.or​g/10.10​07/s​00011-021-01525-3.

https://doi.org/10.1186/s12931-025-03102-2
https://doi.org/10.1186/s12931-025-03102-2
https://doi.org/10.1038/s41579-022-00846-2
https://doi.org/10.1038/s41591-024-02987-8
https://doi.org/10.1038/s41591-024-02987-8
https://doi.org/10.1038/s41591-022-01840-0
https://doi.org/10.1164/ajrccm-conference.2023.207.1_MeetingAbstracts.A6278
https://doi.org/10.1164/ajrccm-conference.2023.207.1_MeetingAbstracts.A6278
https://doi.org/10.3389/fimmu.2022.886431
https://doi.org/10.3389/fimmu.2022.886431
https://doi.org/10.1038/s41467-023-37368-1
https://doi.org/10.1183/23120541.00020-2023
https://doi.org/10.1183/23120541.00020-2023
https://doi.org/10.1038/s41590-023-01601-2
https://doi.org/10.7554/eLife.86014
https://doi.org/10.7554/eLife.86014
https://doi.org/10.1016/j.cyto.2015.02.007
https://doi.org/10.1002/eji.201343822
https://doi.org/10.1002/eji.201343822
https://doi.org/10.3389/fimmu.2020.597959
https://doi.org/10.3389/fimmu.2019.02550
https://doi.org/10.3389/fimmu.2019.02550
https://doi.org/10.7554/eLife.46045
https://doi.org/10.7554/eLife.46045
https://doi.org/10.1183/23120541.00479-2021
https://doi.org/10.3389/fcimb.2022.922422
https://doi.org/10.3389/fcimb.2022.922422
https://doi.org/10.1016/j.xcrm.2022.100663
https://doi.org/10.1016/j.xcrm.2022.100663
https://doi.org/10.3389/fimmu.2021.602130
https://doi.org/10.3389/fimmu.2020.611004
https://doi.org/10.3389/fimmu.2020.611004
https://doi.org/10.1007/s00011-021-01525-3


Page 12 of 12Flores-Gonzalez et al. Respiratory Research           (2025) 26:22 

21.	 Sanz I, Wei C, Jenks SA, Cashman KS, Tipton C, Woodruff MC, et al. Challenges 
and opportunities for consistent classification of human B cell and plasma 
cell populations. Front Immunol. 2019;10:2458. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​i​m​m​
u​.​2​0​1​9​.​0​2​4​5​8​​​​​.​​​

22.	 Woodruff MC, Ramonell RP, Haddad NS, Anam FA, Rudolph ME, Walker TA, et 
al. Dysregulated naive B cells and de novo autoreactivity in severe COVID-19. 
Nature. 2022;611:139–47. https:/​/doi.or​g/10.10​38/s​41586-022-05273-0.

23.	 Camponeschi A, Kläsener K, Sundell T, Lundqvist C, Manna PT, Ayoubzadeh N, 
et al. Human CD38 regulates B cell antigen receptor dynamic organization in 
normal and malignant B cells. J Exp Med. 2022;219:e20220201. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​
/​1​0​.​1​0​8​4​/​j​e​m​.​2​0​2​2​0​2​0​1​​​​​.​​​

24.	 Portugal S, Obeng-Adjei N, Moir S, Crompton PD, Pierce SK. Atypical memory 
B cells in human chronic infectious diseases: an interim report. Cell Immunol. 
2017;321:18–25. https:/​/doi.or​g/10.10​16/j​.cellimm.2017.07.003.

25.	 Lenti MV, Aronico N, Pellegrino I, Boveri E, Giuffrida P, Borrelli De Andreis F, 
et al. Depletion of circulating IgM memory B cells predicts unfavourable 
outcome in COVID-19. Sci Rep. 2020;10:20836. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​
8​-​0​2​0​-​7​7​9​4​5​-​8​​​​​.​​​

26.	 Thieme CJ, Abou-el‐Enein M, Fritsche E, Anft M, Paniskaki K, Skrzypczyk S, et 
al. Detection of SARS‐CoV‐2‐specific memory B cells to delineate long‐term 
COVID‐19 immunity. Allergy. 2021;76:2595–9. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​1​1​/​a​l​l​.​1​4​8​2​
7​​​​​.​​​

27.	 Joung S, Weber B, Wu M, Liu Y, Tang AB, Driver M, et al. Serological response 
to vaccination in post-acute sequelae of COVID. BMC Infect Dis. 2023;23:97. 
https:/​/doi.or​g/10.11​86/s​12879-023-08060-y.

28.	 Vazquez-Alejo E, Tarancon-Diez L, Espinar-Buitrago MDLS, Genebat M, Calde-
rón A, Pérez-Cabeza G, et al. Persistent exhausted T-Cell immunity after severe 
COVID-19: 6-Month evaluation in a prospective observational study. JCM. 
2023;12:3539. https:/​/doi.or​g/10.33​90/j​cm12103539.

29.	 Newell KL, Clemmer DC, Cox JB, Kayode YI, Zoccoli-Rodriguez V, Taylor HE, 
et al. Switched and unswitched memory B cells detected during SARS-
CoV-2 convalescence correlate with limited symptom duration. PLoS ONE. 
2021;16:e0244855. https:/​/doi.or​g/10.13​71/j​ournal.pone.0244855.

30.	 Paniskaki K, Konik MJ, Anft M, Heidecke H, Meister TL, Pfaender S, et al. Low 
avidity circulating SARS-CoV-2 reactive CD8 + T cells with proinflammatory 
TEMRA phenotype are associated with post-acute sequelae of COVID-19. 
Front Microbiol. 2023;14:1196721. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​m​i​c​b​.​2​0​2​3​.​1​1​9​6​7​2​
1​​​​​.​​​

31.	 Odak I, Barros-Martins J, Bošnjak B, Stahl K, David S, Wiesner O et al. Reappear-
ance of effector T cells is associated with recovery from COVID-19. EBioMedi-
cine. 2020;57:102885. https:/​/doi.or​g/10.10​16/j​.ebiom.2020.102885

32.	 Buendia-Roldan I, Martínez‐Espinosa K, Aguirre M, Aguilar‐Duran H, Palma‐
Lopez A, Palacios Y, et al. Persistence of lung structural and functional altera-
tions at one year post‐COVID‐19 is associated with increased serum PD‐L2 
levels and altered CD4/CD8 ratio. Immunity Inflam & Disease 2024;12:e1305. 
https:/​/doi.or​g/10.10​02/i​id3.1305.

33.	 Rha M-S, Shin E-C. Activation or exhaustion of CD8 + T cells in patients with 
COVID-19. Cell Mol Immunol. 2021;18:2325–33. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​4​
2​3​-​0​2​1​-​0​0​7​5​0​-​4​​​​​.​​​

34.	 Kanduc D. SARS-CoV-2-Induced immunosuppression: a Molecular Mimicry 
Syndrome. Glob Med Genet. 2022;09:191–9. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​5​5​/​s​-​0​0​4​2​-​1​
7​4​8​1​7​0​​​​​.​​​

35.	 Kratzer B, Gattinger P, Trapin D, Ettel P, Körmöczi U, Rottal A, et al. Differential 
decline of SARS-CoV‐2‐specific antibody levels, innate and adaptive immune 
cells, and shift of Th1/inflammatory to Th2 serum cytokine levels long after 
first COVID‐19. Allergy. 2024;79:2482–501. https:/​/doi.or​g/10.11​11/a​ll.16210.

36.	 De Lima MHF, Hiroki CH, De Fátima Borges V, Cebinelli GCM, Santos J, Rosa 
MH, et al. Sepsis-Induced Immunosuppression is marked by an expansion of 
a highly suppressive repertoire of FOXP3 + T-Regulatory cells expressing TIGIT. 
J Infect Dis. 2022;225:531–41. https:/​/doi.or​g/10.10​93/i​nfdis/jiab405.

37.	 Joller N, Lozano E, Burkett PR, Patel B, Xiao S, Zhu C, et al. Treg cells expressing 
the Coinhibitory Molecule TIGIT selectively inhibit proinflammatory Th1 and 
Th17 cell responses. Immunity. 2014;40:569–81. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​i​m​
m​u​n​i​.​2​0​1​4​.​0​2​.​0​1​2​​​​​.​​​

38.	 De Lima MHF, Machado CC, Nascimento DC, Silva CMS, Toller-Kawahisa JE, 
Rodrigues TS, et al. The TIGIT + T regulatory cells subset associates with noso-
comial infection and fatal outcome in COVID-19 patients under mechanical 
ventilation. Sci Rep. 2023;13:13599. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​3​-​3​9​9​2​
4​-​7​​​​​.​​​

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.3389/fimmu.2019.02458
https://doi.org/10.3389/fimmu.2019.02458
https://doi.org/10.1038/s41586-022-05273-0
https://doi.org/10.1084/jem.20220201
https://doi.org/10.1084/jem.20220201
https://doi.org/10.1016/j.cellimm.2017.07.003
https://doi.org/10.1038/s41598-020-77945-8
https://doi.org/10.1038/s41598-020-77945-8
https://doi.org/10.1111/all.14827
https://doi.org/10.1111/all.14827
https://doi.org/10.1186/s12879-023-08060-y
https://doi.org/10.3390/jcm12103539
https://doi.org/10.1371/journal.pone.0244855
https://doi.org/10.3389/fmicb.2023.1196721
https://doi.org/10.3389/fmicb.2023.1196721
https://doi.org/10.1016/j.ebiom.2020.102885
https://doi.org/10.1038/s41423-021-00750-4
https://doi.org/10.1038/s41423-021-00750-4
https://doi.org/10.1055/s-0042-1748170
https://doi.org/10.1055/s-0042-1748170
https://doi.org/10.1111/all.16210
https://doi.org/10.1093/infdis/jiab405
https://doi.org/10.1016/j.immuni.2014.02.012
https://doi.org/10.1016/j.immuni.2014.02.012
https://doi.org/10.1038/s41598-023-39924-7
https://doi.org/10.1038/s41598-023-39924-7

	﻿Altered immune surveillance of B and T cells in patients with persistent residual lung abnormalities 12 months after severe COVID-19
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Subjects
	﻿Peripheral blood mononuclear cells (PBMCs) and culture
	﻿Flow cytometry staining and analysis
	﻿Evaluation of soluble molecules
	﻿Statistical analysis

	﻿Results
	﻿Description of the enrolled patients in this study cohort
	﻿Patients from PLAG display low systemic IL-10 and IgM levels
	﻿Patients from PLAG have decreased total B-cells and lower levels of released immunoglobulins
	﻿Patients from PLAG show an imbalance of activated double negative and unswitched B-cells
	﻿In response to polyclonal stimulus, T-cells from FRG, but not PLAG, show a decreased frequency of CD4 + Th2 T-cells
	﻿Patients from PLAG have altered frequency of CD4 + T memory subsets and Th1/Th2 profiles in response to an activation process
	﻿Monocytes remain unaltered in patients with persistent lung abnormalities

	﻿Discussion
	﻿Conclusions
	﻿References


