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INFECTIOUS DISEASES

ABSTRACT

Background. One of the key factors in triggering the hyperinflammation cascade
in patients with bronchial asthma and COVID-19 is the activation of NLRP3 cytoso-
lic complexes and the GSDMD proteins by SARS-CoV-2, which are effector molecules
for the lytic and inflammatory forms of pyroptosis.

Aim. To determine prognostic criteria for worsening of mild bronchial asthma follow-
ing an infectious disease caused by SARS-CoV-2.

Materials and Methods. In patients with mild, partially controlled bronchial asthma
(n = 86), who were divided into 2 groups: asthma without COVID-19 (n = 34) and asth-
ma following mild COVID-19 (n = 52), peripheral blood inflammatory markers were
evaluated. The patients were examined immediately after recovery and confirmation
of a negative SARS-COV-2 test result, and six months post-infection. The control group
included conditionally healthy volunteers (n = 15) with no history of COVID-19. Pul-
monary function was monitored by measuring FVCL, OFV1, and OFV1/FVCL. NLRP3
and gasdermin D inflammasomes were measured by enzyme-linked immunosorbent
assay.

Results. The study revealed that in a number of patients with mild asthma, who had
post-COVID conditions 6 months after COVID 19, there were elevated levels of NLRP3
inflammasome and gasdermin D (GSDMD), as well as a decreased pulmonary func-
tion, indicating a hyperinflammatory process. A predictive model for worsening of mild
asthma after COVID-19 was developed: concurrent elevation of NLRP3 > 0.04 ng/ml
and GSDMD > 0.38 ng/ml levels during the convalescence period serves as a marker
of a high risk of post-COVID complications.

Conclusion. The role of NLRP3 and GSDMD in exacerbating the course of asthma after
COVID-19 has been established, and predictive threshold values of biomarkers in this
patient population have been identified.
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PE3IOME

O6ocHosaHue. OOHUM U3 KJ1I04e8bIX (haKmopos 3anycKa Kackaoa 2unepe8ocnaneHus
npu coyemanuu 6poHxuasnbHol acmmel u COVID-19 npednonazaemcsa akmusauus
supycom SARS-CoV-2 yumo3sonsHeix komnsekcos NLRP3 u 6eska GSDMD, sgnaouux-
cA 3¢hpekmopHeiMU MoneKynamu 0718 tumuyeckoli u eocnaaumesnoHol opmel Nu-
ponmosa.

Llens. OnpedesnieHue npozHOCMUYeCKUX Kpumepues ymsxesaeHus medyeHus nezkol
6poHxuansHol acmmel (bA) Ha hoHe nepeHecéHHO20 UHPEKUUOHHO20 3a60/1e8aHUS,
8b138aHH020 SARS-CoV-2.

Mamepuansl u memoodsl. Y nayueHmos C Jsie2kol, YdCmMUYHO KOHMpoJsupye-
Mol 6poHxuaneHol acmmoti (n = 86), komopele bbinu paszdesieHel HA 2 2pynnbi:
BA 6e3 COVID-19 (n = 34) u bA nocne nezkoli popmbl mederus COVID-19 (n = 52) npo-
8e0eHa oUyeHKa Mapkepos gocnasneHus 8 nepugepudeckol kposu. [layueHmesl bbiau
006¢/1e008aHbI CpaAsy nocsie 8bi300PO8JIeHUA U Nodmeepx0eHUs ompuyamesnbHo20
pesynemama mecma Ha SARS-COV-2, u yepe3 wecme mecayes nocsie 3apaxkeHus.
B KOHMPOobHYI0 2pynny 80WIIU YC/T08HO 300p08ble 006p08osIbYbLI (N = 15), KOmopsie
He 6onenu COVID-19. [pogodusca MOHUMOpPUH2 (hyHKYUU 8HewHe20 ObixaHusa OXKEJ],
O®B1, OOBI1/OXKEJI. Unpnammacomsl NLRP3, 2azdepmuH D onpedensnu memooom
UMMYHOGepMeHMHO20 aHanu3d.

Pesynemamel. VicciedosaHue 8bi8Us10, YMO y pAda nayueHmos ¢ nezkoli acmmod,
y Komopelx cnycms 6 mecayes nocie COVID-19 coxpaHaomca nocmKosuoHble Hapy-
wieHus, ommMeyeHo nosbluweHue yposHel uHgnammacomel NLRP3 u eazdepmuHa D
(GSDMD), a makxe cHuxeHue (yHKYUU 8HeWwHe20 ObIXaHUA, 4YMo yKasbieaem Ha 2u-
nepsocnanumesneHbil npoyecc. PaspabomaH cnocob npozHo3a ymsxeneHus nézkoli
acmml nocnie COVID-19: oOHospemeHHoe npesbiuieHue yposHel NLRP3 > 0,04 ng/ml
u GSDMD > 0,38 ng/ml 8 nepuode pekoH8anecyeHyuu Cay>xum MapKepom 8bICOKO20
pUCKa NOCMKOBUOHbIX OC/IOXHEHUU.

3aknrodenue. YcmaHosneHa posib NLRP3, GSDMD e ymsaxeneHuu medyeHus bA nocre
COVID-19, gbidenieHbl NpO2HO3HbIe NOPO208ble 3HAYeHUsA buoMapkepos y O0aHHO20
KOHMUH2eHma nayueHmoe.

Knioyeewle cnosa: 6poHxuanbHAs acmma, NOCMKOBUOHbIE HAPYWeHUS, MapKepsl
socnaneHus, NLRP3, zaz0epmuH D
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HapyLleHu ¢ ucnonb3osaHrem mapkepos NLRP3 n GSDMD y naumeHToB ¢ 6poHxuanb-
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INTRODUCTION

Although COVID-19 is no longer classified as a pan-
demic, it remains a significant clinical problem. The conse-
guences of the infection are particularly serious, especially
in immunocompromised individuals, who include pa-
tients with asthma [1-3]. According to the WHO, CENTRAL,
and Rub Med electronic databases, the overall prevalence
of asthma among COVID-19 patients was 8% between De-
cember 1, 2019 and July 2021, [4]. In Russia, the propor-
tion of asthma patients who have had COVID-19 reaches
up to 15%, depending on the region. This group of patients
experiences prolonged recovery [3, 4]. The systematic re-
view “Post-COVID-19 Symptoms in Adults with Asthma”
reported post-COVID-19 disorders in asthmatic individu-
als, including shortness of breath during exercise (75.4%)
and at a rest (34.4%), cough (2.1%), and increased fatigue
(21.2-65.6%). According to some data, asthmatics have
a 1.5-2 times higher risk of these disorders than people
without asthma [5].

A pressing issue remains the search for key links
in the pathogenesis of persistent systemic inflammation
in people with respiratory diseases in the post-COVID pe-
riod. Current evidence suggests that SARS-CoV-2 directly
or indirectly activates polyprotein complexes (inflam-
masomes) in the intracellular space. NOD-like receptors
(NLRs) are a family of intracellular sensors that initiate
the assembly of multi-protein complexes (inflammasomes)
in response to tissue damage or pathogenic invasion.
These structures act as a molecular platform for the acti-
vation of caspase-1, a cysteine protease that processes
and secretes the active forms of the proinflammatory cy-
tokines IL-1 and IL-18 [6]. NLRP3, an inflammasome, is in-
volved in the recognition of a wide range of viral, bacterial,
and fungal agents, as well as endogenous danger signals,
and has been characterized in great detail. The high lev-
el of NLRP3 expression in the respiratory tract epithelium
and immunocompetent cells (monocytes, neutrophils,
T-lymphocytes) determines its key role in modulating
the respiratory immune response [7]. This mechanism trig-
gers the pyroptotic pathway of inflammation, which may
contribute to the formation of post-COVID disorders in pa-
tients with asthma [7, 8]. However, currently, there is limit-
ed information on the effect of an inflammasome-mediat-
ed inflammatory response on the long-term consequences
of COVID-19 in people with asthma.

AIM

To determine prognostic criteria for worsening of mild
bronchial asthma following an infectious disease caused
by SARS-CoV-2.

MATERIALS AND METHODS

A total of 101 subjects were enrolled after provid-
ing written informed consent. Of these, 52 individuals
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had mild persistent, partially controlled asthma and had
experienced mild COVID-19 confirmed by PCR testing.
Thirty-four patients had mild partially controlled asthma
and had not been infected with SARS-CoV-2. The control
group consisted of 15 individuals without asthma, chron-
ic bronchopulmonary disease, and a history of COVID-19,
as confirmed by PCR and ELISA tests at the time of sample
collection. The study groups were comparable in terms
of sex and age. 62% of them were women and 38% were
men. The average age of the subjects was 42.0 £+ 5.3 years.
The diagnosis of bronchial asthma was verified based
on the criteria of the Global Strategy for the Treatment
and Prevention of Bronchial Asthma (GINA), Federal Clin-
ical Guidelines, and in accordance with the International
Classification of Diseases 10t Revision (ICD-10).

The ACQ-5 (Asthma Control Questionnaire) test was
used to determine the level of disease control. A score
from 0.75 to 1.5 indicates partially controlled bronchial
asthma, and less than 0.75 indicates good asthma con-
trol [GINA 2024]. The study was conducted in accordance
with the Declaration of Helsinki (1978, revised in 2024)
and approved by the Ethics Committee of the Vladivostok
branch of the Far Eastern Scientific Center for Physiology
and Pathology of Respiration (Protocol No. 9, dated No-
vember 24, 2021).

Inclusion criteria were: mild partially controlled asth-
ma. Before enrollment, patients with a confirmed diagnosis
of mild asthma had been underregularfollow-upfor atleast
1 year and were regularly receiving maintenance therapy
with inhaled formoterol + budesonide (6+160 mcg/dose,
1-2 doses twice daily and as needed).

Exclusion criteria included acute infectious diseases,
chronic internal organ diseases in the acute phase, decom-
pensated chronic heart failure, and uncontrolled asthma.

Patients were enrolled in the first half of 2021 and ex-
amined at two time points: early (after recovery and con-
firmation of a negative SARS-CoV-2 test) and at 6 months.
At the time of inclusion in the study and throughout
the entire observation period, all subjects underwent
PCR testing for SARS-CoV-2 and ELISA testing for immu-
noglobulins of class G (IgG) to SARS-CoV-2. Participants
completed questionnaires on the course and condition
of asthma, underwent ACQ testing, and providing infor-
mation on the timing of COVID-19 infection, symptoms,
prescribed medications, and allergic reactions. Post-COVID
disorders included asthenic syndrome (increased fatigue,
weakness, shortness of breath or palpitations, a feeling
of air hunger, sweating; during significant, accelerated
or particularly prolonged exertion (effort); impaired con-
centration, memory loss, sleep disorders, and anxiety).
The state of the external pulmonary function (EPF) was
assessed using a SPIROLAB Il device, with measurement
of forced vital lung capacity (FVC), forced expiratory vol-
ume in 1 second (FEV1), and the FEV1/FVC ratio. Values
were recorded as absolute values and as percentages
of predicted values. Disease control was assessed using
the ACQ test.

Venous blood was collected in the morning
on an empty stomach into tubes with a clot activator



for determination of the inflammatory markers NLRP3
and gasdermin D. Blood samples was centrifuged
and serum was collected and frozen at -20 °C, then stored
at -80 °C. ELISA was performed using a BEP 2000 analyz-
er (Siemens, Germany) with commercially available kits
for NOD-like receptor protein 3 (NLRP3) (BIOMATIK ELISA
Kit, Israel) and gasdermin D (GSDMD) (Human GSDMR
Simple Step ELISA Kit Abcam, Great Britain) according
to the manufacturers’ instructions. The study of SARS-
CoV-2 was conducted by quantitative ELISA method us-
ing Vector-Best JSC (Russia) on an ALISEl analyzer (ltaly).

SARS-CoV-2 viral RNA was detected using the PCR
and the SARS-CoV-2 AmpliTest test system. The DTprime
detection amplifier (NPO DNA Technology LLC, Russia)
and Rotor-Gene Q (Qiagen, Germany) were used. The study
for the presence of antibodies to SARS-CoV-2 was car-
ried out using the quantitative ELISA method, following
the instructions for the reagent kits (Vector-Best JSC, Rus-
sia) on an ALISEl analyzer (Italy).

Statistical processing was performed using Statistica
10. Data was presented as medians and quartiles. Sta-
tistical significance was set at p < 0.05. Between-group
differences were assessed using the Mann - Whitney
and Kruskal - Wallis tests. The Bonferroni correction was
used to solve the problem of multiple comparisons. Asth-
ma patient values were compared with corresponding
values from healthy individuals (control group), taken
as 100 %.

ROC analysis was used to determine the cutoff thresh-
olds for the investigated biomarkers. The ROC curve
is a graphical representation that allows for the evaluation
of the quality of a diagnostic test. It reflects the ratio be-
tween the proportion of true-positive test results [sensi-
tivity of the test] and the proportion of false-positive test
results [test specificity] with varying separation thresh-
olds. The quantitative interpretation of the ROC curve

is provided by the AUC indicator. The higher the AUC val-
ue, the better the classifier. A value of 0.5 indicates the un-
suitability of the chosen classification method [9].

RESULTS

Based on six-month follow-up results, the main group
was divided into 2 subgroups of patients based on their
clinical and laboratory status. In the subgroup with pos-
itive outcomes (n = 34, 67 %; no post-COVID disorders),
normalization of clinical and functional parameters
and a decrease in hyperinflammatory rates were observed
during this period, reaching values comparable to those
in the asthma group without SARS-CoV-2.

The following dynamics of inflammatory markers were
observed in patients with a positive outcome: normaliza-
tion of clinical and functional parameters and a decrease
in hyperinflammation indicators to values comparable
to those found in the group of individuals with A, who did
not have SARS-CoV-2.

High levels of hyperinflammation markers (Fig. 1) were
detected in the subgroup with negative outcomes (n =18,
33 %; post-COVID disorders) at 6 months after COVID-19.
These patients had symptoms indicative of persistent
post-COVID disorders (asthenic syndrome with increased
fatigue, weakness, shortness of breath or palpitations,
a feeling of air hunger, sweating during significant, ac-
celerated or particularly prolonged exertion; impaired
concentration, memory loss, sleep disorders, and anx-
iety). In patients with a negative outcome, the following
marker dynamics were observed: at the initial stage, they
were significantly (nearly twice) higher than in the com-
parison group. At the late stage, there is a decrease in both
indicators (NLRP3 by 82 % (p < 0.001), and gasdermin D
by 384 % (p < 0.001)) relative to the initial values. However,
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FIG. 1.

NLRP3 and gasdermin D levels in patients with asthma following COVID-19, stratified by clinical outcome (positive and negative outcome)



NLRP3 levels is 41 % (p < 0.01) and gasdermin D is 537 %
(p <0.001) higher than the values of the comparison group.
This contributes to prolonged recovery and, in some cases,
to the development of post-COVID syndrome.

In the negative outcome group in the late period,
asthma exacerbations were recorded 1.5-2 times more
frequently than in the positive outcome group during
the same period (Table). Pulmonary function parameters
also differed between the groups. At an early stage, FVC
was reduced by 8.8 %, and by 4.7 % at a late stage com-
pared to the positive outcome group. FEV1 was 76.1 %
at an early stage and 82.6 % at a late stage. The FEV1/FVC
ratio was 60.4 % at an early stage and 65.5 % at a late stage
suggesting mild obstruction (Table).

Based on the data obtained, cutoff values for hyper-
inflammation markers associated with adverse outcomes
were determined for gasdermin D and NLRP3.

The threshold determination algorithm comprised
three stages. First, an association between marker lev-
els and post-COVID complication risk was assessed.
The analysis showed statistically significant differences
(p < 0.05) between NLRP3 levels in the positive outcome
group and in the COVID-19 negative outcome group
(p < 0.001). Statistically significant differences (p < 0.05)
were found between gasdermin D levels in the COVID-19
positive outcome group compared to the negative out-
come group (p = 0.002). Second, ROC analysis was used
to determine the separating threshold for gasdermin D
and NLRP3, and performance characteristics of the di-
agnostic test were evaluated. The optimal threshold val-
ue for gasdermin D was 0.38 ng/ml, with a sensitivity
(Se) of 85 % and specificity (Sp) of 91 %. The area un-
der the curve (AUC) was 0.89, indicating good quality
for the diagnostic model (Fig. 2).
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FIG. 2.

ROC-curve analysis of gasdermin D for predicting adverse out-
comes in asthma patients after COVID-19

For NLRP3, the cutoff value was determined
at 0.04 ng/ml (Se = 82%, Sp = 87%, AUC = 0.858) (Fig. 3),
also indicating good prognostic value of this marker.

DISCUSSION

The obtained data indicate the key pathogenetic role
of the NLRP3 inflammasome in the initiation and main-
tenance of hyperinflammatory cascades in patients
with asthma following COVID-19.This interaction is of par-
ticular interest, as it combines the chronic inflammatory
processes characteristic of asthma and the virus-induced

COMPARATIVE CLINICAL AND FUNCTIONAL CHARACTERISTICS OF THE STUDIED GROUPS AT DIFFERENT

STAGES OF CONVALESCENCE

Group with mild partially con-
trolled asthma, positive outcome

Group with mild partially controlled

Group with partially

asthma, negative outcome after controlled mild asth-

Parameter after COVID-19 (n=34) COVID-19 (n=18) ma (n=34)
Late stage Late stage
LT EEE (after 6 months) Early stage (after 6 months)
Number of asthma No more than 1 1-2 timesin 6 No more than 1 time
exacerbations time in 6 months months in 6 months
HELEEES, PEITS (1.05-1.34) (0.97-1.14) (1.38-1.45) (1.36-1.49) (0.91-1.06)
EPF parameters, % of predicted
® f h 94'2*** 95'4*** ***85'4*** ***90.7*** ***95.9***
B (01.3-96.7) (92.7-97.6) (82.2-89.7) (86.4-94.9) (93.8-99.2)
o 88.6*** 90'2*** ***76." *X* ***82.6*** ***92.2***
N (545-925) (85.2-96.1) (70.2-79.5) (76.8-86.2) (87.5-96.3)
7‘] .8*** 75‘2*** ***60‘4*** ***65.5 *Ke¥ ***77.9***
0
ARARIESS (65.9-75.8) (70.4-79.6) (55.7-67.1) (61.3-67.6) (71.5-84.1)

Note. Right* indicates statistical significance compared to the control group; left* indicates differences between the subgroups with positive and negative outcomes.

*** — p <0.001.
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FIG. 3.

ROC-curve for NLRP3 in asthma patients with a history of COVID-19

inflammatory response in COVID-19. The combination
of these factors creates a unique pathogenetic setting
that predisposes to prolonged inflammation and the de-
velopment of post-COVID disorders [1-3].

Inflammasomes, in particular the NLRP3 complex,
are an important element of the innate immune defense,
providing recognition of pathogens and triggering inflam-
matory cascades. NLRP3 refers to receptors that activate
intracellular signaling pathways in response to patho-
gen-induced damage [5, 6].

The inflammatory response arising in this context
in patients with asthma and COVID-19 becomes cyclical:
virus-induced NLRP3 activation triggers excessive cyto-
kine release, leading to epithelial damage of the respira-
tory tract, vascular endothelium injury, increased tissue
sensitization, and NLRP3 reactivation [7]. Prolonged acti-
vation of NLRP3 and GSDMD can lead to persistent hyper-
inflammation and disruption of tissue repair mechanisms.
The present study demonstrates that even six months
after COVID-19, patients with bronchial asthma continue
to have elevated NLRP3 and GSDMD levels, accompanied
by asthenic syndrome, decreased pulmonary function,
and impaired asthma control. These findings are consis-
tent with previous studies reporting prolonged activation
of proinflammatory pathways after COVID-19 in individu-
als with chronic bronchopulmonary disease [8-10].

The persistence of elevated concentrations of NLRP3
and GSDMD in patients with asthma after COVID-19 may
explain the presence of clinical signs such as increased fa-
tigue, shortness of breath, decreased exercise tolerance,
and frequent asthma exacerbations. Hyperactivation
of inflammasomes may not only contribute to the per-
sistence of inflammation but also reduce the efficacy
of maintenance therapy by decreasing sensitivity to in-
haled glucocorticoids [11, 12]. In this study, ROC anal-
ysis demonstrated that NLRP3 and GSDMD levels have
high diagnostic accuracy for predicting negative out-
comes. These markers may serve as potential biomarkers
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for the risk of post-COVID disorders and worsening
of asthma control.

CONCLUSION

The results confirm the involvement of the NLRP3
and GSDMD in the formation of the hyperinflammation
phenotype in patients with asthma in the post-COVID
period. The developed prognosis method demonstrates
that a concurrent elevation of NLRP3 above 0.04 ng/
ml and GSDMD above 0.38 ng/ml indicates a high
risk of worsening of the underlying disease, as well
as the need for personalized therapy and long-term
follow-up of this patient category. These findings open
up prospects for further research aimed at developing
new diagnostic and prognostic criteria for post-COVID
disorders, as well as the identification of therapeutic
strategies capable of modulating the activity of inflam-
masome-mediated inflammatory pathways in mild asth-
ma following COVID-19.
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