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Background: The role of programmed cell death, especially pyroptosis and apoptosis, in

unfavorable immune responses in COVID-19 remains to be elucidated.

Methods: We conducted a cross-sectional analysis to investigate the association between

the serum gasdermin D (GSDMD) levels, a pyroptotic marker, and caspase-cleaved
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cytokeratin 18 fragment (M30), an apoptotic marker, and the clinical status and abnormal

chest computed tomography (CT) findings in patients with COVID-19.

Results: In this study, 46 patients diagnosed with COVID-19 were divided into the following

three groups according to the disease severity: mild to moderate group (n ¼ 10), severe group

(n¼ 14), and critical group (n¼ 22). The serum GSDMD levels were higher in the critical group

than in the mild to moderate group (P ¼ 0.016). In contrast, serum M30 levels were lower in

the critical group than in the severe group (P ¼ 0.048). Patients who required mechanical

ventilation or died had higher serum GSDMD levels than those who did not (P ¼ 0.007). Area

of consolidation only and of ground glass opacity plus consolidation positively correlated

with serum GSDMD levels (r ¼ 0.56, P < 0.001 and r ¼ 0.53, P < 0.001, respectively).

Conclusion: Higher serum GSDMD levels are associated with critical respiratory status and

the consolidation area on chest CT in patients with COVID-19, suggesting that excessive

activation of pyroptosis may affect the clinical manifestations in patients with COVID-19.

© 2022 The Japanese Respiratory Society. Published by Elsevier B.V. All rights reserved.
Few reports have examined the association between the

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) was discovered in China at the end of 2019 [1], and the

disease caused by it is called COVID-19 by the World Health

Organization. Most COVID-19 patients experience mild or

moderate symptoms, but some present with acute respiratory

distress syndrome, multiple organ failure, and death [2]. The

mechanism by which SARS-CoV-2 causes fatal outcomes re-

mains unclear.

Programmed cell death, especially pyroptosis and

apoptosis, might play a pivotal role in the unfavorable im-

mune responses in COVID-19 [3]. Apoptosis is a non-

inflammatory process that eliminates damaged cells to

maintain homeostasis, and it is considered immunologically

silent. In contrast, pyroptosis comprises inflammatory cell

death processes characterized by cell lysis with the release of

cytokines and other inflammatory factors. Pyroptosis is a

caspase-dependent reaction that leads to gasdermin D

(GSDMD) pore formation [4] and outflux of cytoplasm

accompanied by lactate dehydrogenase (LDH) and inflamma-

tory cytokines, such as interleukin (IL)-1b [5], eventually

causing cell membrane rupture. Pyroptosis may be closely

associated with the pathogenesis of autoimmune diseases [6]

and SARS-CoV-2 infection [7]. To date, researchers have

investigated the surrogate markers of programmed cell death

in several diseases; IL-1b and IL-18 levels reflect the degree of

inflammasome activation associated with pyroptosis [8],

similar to how caspase-cleaved cytokeratin 18 fragments

(M30) levels reflect that associated with apoptosis [9,10].

Recent studies revealed that SARS-CoV-2 infection induces

the undesirable activation of programmed cell death, leading

to a cytokine storm [11]. Hyperferritinemia is one of the fac-

tors indicating critical illness in patients with COVID-19 [12].

The secretion of ferritin requires pyroptosis through the cas-

pase-11eGSDMD pathway in murine models [13], suggesting

that hyperferritinemia in COVID-19 might account for the

activation of pyroptosis. Furthermore, the unique regulation

of apoptosis-related signaling in SARS-CoV-2-infected cells

may be related to the virus's ability to replicate, affecting the

severity of the clinical course of COVID-19 [14].
clinical features and quantified markers of programmed cell

death, such as GSDMD and M30, using clinical samples from

patients with COVID-19. In this study, we investigated the

association between the severity of lung injury and serum

GSDMD and M30 levels in patients with COVID-19 at our ter-

tiary care hospital to clarify the extent to which programmed

cell death contributes to the pathogenesis of COVID-19 lung

injury.
2. Patients and methods

2.1. Patients

We established a retrospective cohort in our tertiary care hos-

pital comprising COVID-19 patients aged �18 years who tested

positive for SARS-CoV-2 with nucleic acid amplification test or

enzyme immunoassay between March 1, 2020, and August 31,

2020. Moreover, we obtained their demographic, clinical, labo-

ratory, and imaging data from themedical records. The severity

of COVID-19was assessed and classified as follows according to

the care needed for each patient at the first visit with reference

to the Infectious Diseases Society of America guidelines [15]:

mild tomoderate, no need for oxygen supplementation; severe,

need for oxygen supplementation with no ventilation assis-

tance; and critical, need for ventilation assistance. Laboratory

results were recorded at the first time point after the hospital

visit. This study was approved by the ethics committee of St.

Marianna University School of Medicine on April 24, 2020

(Approval No.: 4785). Informed consent was obtained in writing

or orally from the patient or the patient's family, especially

when the patient was intubated.

2.2. Detection of serum programmed cell-death markers
and cytokine molecules

Blood samples were collected to measure the required clinical

laboratory values during the first visit to the hospital. The

remaining serum samples were stored at �80 �C and brought

to room temperature (24 �C) for use in subsequent experi-

ments; the use of multiple freeze-thawed samples was

https://doi.org/10.1016/j.resinv.2022.06.007
https://doi.org/10.1016/j.resinv.2022.06.007


r e s p i r a t o r y i n v e s t i g a t i o n 6 0 ( 2 0 2 2 ) 7 5 0e7 6 1752
avoided. Enzyme-linked immunosorbent assay (ELISA) was

performed to assess the serum GSDMD (LSbio, USA), M30

(VLVbio, Sweden), and IL-18 (MBL, Japan) levels. Interferon

(IFN) g, IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IFN-

inducible protein-10, monocyte chemotactic protein-1, trans-

forming growth factor (TGF) b, and tumor necrosis factor (TNF)

awere assessed in the serum samples using a cytometric bead

assay (LEGENDplex™ HU Essential Immune Response Panel

Standard, Biolegend, USA).

2.3. Evaluation of abnormal chest computed
tomography findings

All computed tomography (CT) images were obtained at the

first visit and reviewed retrospectively by two radiologists (SM

and HT), who were unaware of the clinical and laboratory

cytokine data. The final assessment was achieved by

consensus using a previously reported method [16]. CT anal-

ysis included the detection and location of the ground glass

opacity (GGO) and consolidation. GGO is defined as an area

showing a hazy increase in lung attenuation with visible

vessels. Consolidation is defined as opacities that conceal the

underlying vessels. The observers visually scored the total

extent of abnormal parenchyma at the following four pre-

selected levels: (a) upper level, aortic arch; (b) middle level,

carina; (c) lower level, between the aortic arch and carina; and

(d) bottom level, 1 cm above the dome of the right hemi-

diaphragm. The extent of the abnormal findings was assessed

independently for each of the four zones of each lung and

then calculated by multiplying the percentage of GGO and

consolidation in each zone using a predetermined ratio. The

estimated volumetric ratio of the upper, middle, and lower (or

lower and bottom) lung zones was 1:1.6:1.3, based on a pre-

viously published article [17]. Finally, summing the scores

calculated for each zone, we presented the percentage of

abnormal findings in the entire lung field as the total CT score.

2.4. Statistical analysis

We compared the routine laboratory test results, serum

GSDMD levels, M30 levels, and other cytokine markers be-

tween the three severity groups at admission using the anal-

ysis of variance or KruskaleWallis test, depending on the

normality of distribution. Furthermore, the serum levels of the

patients who required mechanical ventilation (MV) or died

and those who did not require MV and survived were

compared using t-test or ManneWhitney U test, depending on

the normality of distribution. The correlation between the

GSDMD or M30 levels and the CT score and the significance of

the correlation were examined using Pearson correlation co-

efficient test. The extent to which GSDMD, M30, and the

covariates associated with disease severity contributed to

abnormal CT findings was estimated using linear regression

analysis. The serum GSDMD values were logarithmically

transformed to adapt to the Pearson correlation coefficient

test and linear regression analysis. The level of significance

was set as a two-tailed P-value <0.05, and Holm correction

was used for multiple comparison. All statistical analyses

were conducted using EZR statistical software, which is a

graphical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria). More precisely, it is a modified

version of R commander (version 1.40) designed to add sta-

tistical functions frequently used in biostatistics.
3. Results

3.1. Baseline clinical characteristics, treatment, and
outcomes

This study initially included 66 Japanese patients diagnosed

with COVID-19 at St. Marianna University of Medicine Hospi-

tal, between March 1, 2020 and August 31, 2020, whose med-

ical records were available retrospectively. One patient

undergoing renal replacement therapy at the time of admis-

sion was excluded, because the effect of hemodialysis on the

measurement of serum GSDMD and M30 levels remains un-

clear. Additionally, 19 patients were excluded due to the lack

of serum samples at the first visit. Thus, 46 patients (41males,

89.1%) with a mean age of 63.8 ± 12.5 years were finally

included in the analysis. None of the patients had been

vaccinated against SARS-CoV-2. Based on the disease severity

at the first visit, the patients were divided into the following

three groups: mild to moderate group (n ¼ 10, 21.7%), severe

group (n¼ 14, 30.4%), and critical group (n¼ 22, 47.8%) (Fig. S1).

Obesity could not be assessed due to the missing height and

weight data. Table 1 presents detailed information on the

baseline characteristics. Eventually, we found that 63%

(n ¼ 29/46) of the total patients included in this study required

MV, and 30% (n ¼ 3/10) of the patients of the mild to moderate

group, 28.6% (n ¼ 4/14) of the severe group, and 100% (n ¼ 22/

22) of the critical group required MV. The mortality rates were

0% (n¼ 0/10) in themild tomoderate group, 14.3% (n¼ 2/14) in

the severe group, and 27.3% (n ¼ 6/22) in the critical group.

Table 2 and Table S1 present the detailed outcomes and

treatment of the patients in this study.

3.2. Overall baseline laboratory data, programmed cell-
death markers, and various cytokines in patients with
COVID-19

The baseline laboratory data of the patients with COVID-19 in

this study are shown in Table 1 and Table S2. The serum al-

bumin levels were significantly lower in the severe and crit-

ical groups than in the mild to moderate group (P ¼ 0.007

and < 0.001 after multiple comparison, respectively); LDH

levels were higher in the severe group than in the mild to

moderate group (P ¼ 0.011 after multiple comparison). First,

we examined the expression profile of serum GSDMD, a

surrogate marker of pyroptosis, in the healthy volunteers

and COVID-19 patients of the mild to moderate group. Serum

GSDMD levels were significantly higher in the mild to mod-

erate group than in the healthy controls (P < 0.001). Subse-

quently, we measured the serum M30 levels in the healthy

volunteers and COVID-19 patients of the mild to moderate

group, but there was no statistically significant difference

between them (P ¼ 0.569) (Fig. S2). We then investigated the

serum GSDMD, M30, and various cytokine markers in the

COVID-19 patients of the three disease severity groups using

serum samples collected at the first visit (Fig. 1 and Table 3).

https://doi.org/10.1016/j.resinv.2022.06.007
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Table 1 e Overall baseline clinical features and biomarkers of patients with COVID-19 in this study.

Characteristics Total
(n ¼ 46)

Mild to moderate
group (n ¼ 10)

Severe group
(n ¼ 14)

Critical
group (n ¼ 22)

P-value

Age (years) 62.83 (12.52) 62.40 (9.35) 60.93 (15.41) 64.23 (12.13) 0.746

Male sex, n (%) 41 (89.1) 8 (80.0) 12 (85.7) 21 (95.5) 0.380

Weight (kg) 71.22 (22.74)

(n ¼ 25)

62.25 (11.44) 83.00 (37.05) 72.28 (20.58) 0.282

Comorbidities

Hypertension, n (%) 13 (28.2) 2 (20.0) 2 (14.3) 9 (42.9) 0.147

Diabetes, n (%) 15 (32.6) 1 (10.0) 5 (35.7) 9 (42.9) 0.188

Cardiovascular diseases, n (%) 8 (17.4) 1 (10.0) 1 (7.1) 6 (28.6) 0.205

Chronic kidney disease, n (%) 5 (10.9) 0 (0.0) 2 (14.3) 3 (14.3) 0.448

Liver disease, n (%) 1 (2.2) 0 (0.0) 1 (7.1) 0 (0.0) 0.322

Malignancy, n (%) 6 (13.0) 1 (10.0) 3 (21.4) 2 (9.5) 0.562

Connective tissue disease, n (%) 3 (6.5) 1 (10.0) 0 (0.0) 2 (9.5) 0.483

Duration from disease onset to the first visit (days) 9.02 (6.01) 5.20 (3.49) 8.29 (3.69) 11.23 (7.17) 0.023

Albumin, g/dL 2.78 (0.56)

(n ¼ 44)

3.39 (0.60) 2.75 (0.40) 2.54 (0.44) <0.001a

Lactate dehydrogenase, U/L 474.09 (294.27) 279.90 (93.00) 627.14 (387.02) 464.95 (235.51) 0.014b

C-reactive protein, mg/dL 10.19 (8.50)

(n ¼ 45)

5.63 (6.19) 9.44 (5.70) 12.71 (9.98) 0.056

Ferritin, ng/mL 1271.73 (1455.47)

(n ¼ 34)

595.48 (710.65) 1143.33 (969.30) 1546.11 (1756.63) 0.364

KL-6, U/mL 466.05 (365.99)

(n ¼ 39)

232.80 (51.20) 451.92 (332.40) 530.33 (411.84) 0.260

PaO2/FIO2 249.83 (114.95) 394.30 (81.42) 206.19 (76.99) 211.93 (95.34) <0.001c

Binary variables are expressed as n (%), and continuous variables as means (standard deviations).

Mild to moderate group, COVID-19 patients not needing oxygen supplementation.

Severe group, COVID-19 patients needing oxygen supplementation with no ventilation assistance.

Critical group, COVID-19 patients needing ventilation assistance.

(PaO2/FIO2, ratio of arterial oxygen partial pressure to fractional inspired oxygen).
a Statistically significant differences between themild tomoderate and severe groups and between themild tomoderate and critical groups (P-

value after Holm correction <0.007 and < 0.001, respectively).
b Statistically significant difference only between the mild to moderate and severe groups (P-value after Holm correction ¼ 0.011).
c Statistically significant differences between themild tomoderate and severe groups and between themild tomoderate and critical groups (P-

value after Holm correction <0.001 for both).

r e s p i r a t o r y i n v e s t i g a t i o n 6 0 ( 2 0 2 2 ) 7 5 0e7 6 1 753
The median (interquartile range) serum level of GSDMD was

4126 (2597e5605) pg/mL in the mild to moderate group, 6868

(5169e10147) pg/mL in the severe group, and 9135

(6477e10684) pg/mL in the critical group. Themean (standard

deviation) serum level of M30 was 221.0 (70.3) U/L in the mild

to moderate group, 379.7 (190.7) U/L in the severe group, and

276.2 (86.6) U/L in the critical group. The serum GSDMD level
Table 2 e Outcomes in patients with COVID-19.

Total
(n ¼ 46)

Death, n (%) 8 (17.4)

Duration from disease onset to death (days) 47.00 (48.40)

Discharge within 28 days, n (%) 8 (17.4)

Death within 28 days, n (%) 5 (10.9)

Invasive mechanical ventilation, n (%) 29 (63.0)

Duration from disease onset to ventilation (days) 9.83 (5.41)

Duration under ventilation (days) 21.25 (17.2)

Extracorporeal membrane oxygenation, n (%) 4 (8.7)

Binary variables are expressed as numbers (percentages), and continuou

Mild to moderate group, COVID-19 patients not needing oxygen supplem

Severe group, COVID-19 patients needing oxygen supplementation with

Critical group, COVID-19 patients needing ventilation assistance.
in the critical group was significantly higher than that in the

mild to moderate group (P ¼ 0.016 after multiple comparison)

(Fig. 1A). On the other hand, the serum levels of M30 in the

critical and mild to moderate groups were significantly lower

than those in the severe group (P ¼ 0.012 and 0.048 after

multiple comparison, respectively) (Fig. 1B). To consider the

imbalance between pyroptosis and apoptosis further in the
Mild to moderate
group (n ¼ 10)

Severe group
(n ¼ 14)

Critical
group (n ¼ 22)

0 (0.0) 2 (14.3) 6 (27.3)

e 11.50 (3.54) 58.83 (51.03)

4 (40.0) 1 (7.1) 3 (13.6)

0 (0.0) 2 (14.3) 3 (13.6)

3 (30.0) 4 (28.6) 22 (100.0)

9.33 (7.37) 10.50 (3.70) 9.77 (5.63)

32.00 (28.84) 32.25 (19.26) 16.76 (13.36)

0 (0.0) 0 (0.0) 4 (18.2)

s variables as means (standard deviations).

entation.

no ventilation assistance.
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Fig. 1 e Levels of serum gasdermin D and caspase-cleaved cytokeratin 18 fragment in the different severity and outcome

groups. The box-and-whisker plots represent the serum GSDMD (A) and M30 (B) levels and the ratio of GSDMD to M30 levels

(C) in the COVID-19 patients stratified into the mild to moderate group (no need for oxygen supplementation; n¼ 10), severe

group (need for oxygen supplementation with no ventilation assistance; n ¼ 14), and critical group (need for ventilation

assistance, n¼ 22). The box-and-whisker plots represent the serum GSDMD (D) and M30 (E) levels and the ratio of GSDMD to

M30 levels (F) in the COVID-19 patients classified into the group that did not require MV and survived (n ¼ 13) and the group

that required MV or died (n ¼ 33). Data are shown as medians (A, C, D, F) or means (B, E), and error bars represent the 10e90

percentile range values. Statistical significance of differences between the three groups was calculated using the

KruskaleWallis test for GSDMD levels (A) and ratio of GSDMD to M30 (C) and using ANOVA for M30 (B), followed by Holm

correction for multiple comparisons. Statistical significance of the difference between the two groups was calculated using

ManneWhitney U test for GSDMD levels (D) and ratio of GSDMD to M30 (F) and using t-test for M30 (E). (ANOVA, analysis of

variance; GSDMD, gasdermin D; MV, mechanical ventilation; M30, caspase-cleaved cytokeratin 18 fragment).
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patients with COVID-19, we investigated the ratio of serum

GSDMD to M30 levels. The ratio of serum GSDMD to M30

levels in the critical group was significantly higher than that

in the severe group (P ¼ 0.042 after multiple comparison)

(Fig. 1C). Patients who required MV or died during the

observation period had significantly higher levels of serum

GSDMD and ratio of serum GSDMD to M30 than those who

did not require MV and survived (P ¼ 0.007 and 0.010,

respectively) (Fig. 1D and F); however, there was no statistical

difference in the serumM30 levels between these two groups

(Fig. 1E). This result indicated that serum GSDMD levels

might predict the MV requirement or death in COVID-19

patients. Furthermore, we examined the correlation be-

tween serum GSDMD levels and some of the baseline
laboratory data and inflammatory cytokines including IL-1b,

IL-6, and IL-18. The level of C-reactive protein and (log-

transformed) IL-6 positively correlated with the log-

transformed levels of serum GSDMD (r ¼ 0.39, P < 0.001 and

r ¼ 0.37, P ¼ 0.012, respectively). In contrast, the ratio of

arterial oxygen partial pressure to fractional inspired oxygen

negatively correlated with the log-transformed levels of

serum GSDMD (r ¼ e 0.43, P ¼ 0.003), suggesting that pyrop-

tosis might be induced in some inflammatory and hypoxic

conditions in COVID-19 (Fig. 2). There was no statistical dif-

ference in the various cytokine markers between the three

groups, although the serum IL-18 levels tended to be higher

in the severe and critical groups than in themild to moderate

group (Table 3).

https://doi.org/10.1016/j.resinv.2022.06.007
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Table 3 e Concentration of cytokines in the serum of patients with COVID-19.

Total (n ¼ 46) Mild to moderate
group (n ¼ 10)

Severe group
(n ¼ 14)

Critical group
(n ¼ 22)

P-value

IL-1b, pg/mL 1.01 (0.76, 1.75)

(n ¼ 45)

0.80 (0.77, 1.49) 0.95 (0.77, 2.36) 1.02 (0.76, 1.65) 0.816

IL-2, pg/mL 2.03 (1.50, 3.37)

(n ¼ 45)

2.04 (1.50, 3.77) 2.33 (1.56, 2.79) 1.50 (1.50, 3.80) 0.830

IL-4, pg/mL 9.85 (2.54, 9.85)

(n ¼ 45)

9.85 (3.52, 19.09) 4.46 (2.78, 9.85) 9.85 (2.28, 9.85) 0.722

IL-6, pg/mL 85.1 (23.16, 240.71)

(n ¼ 45)

95.52 (34.54, 462.82) 93.38 (24.94, 189.54) 85.09 (23.16, 252.06) 0.891

IL-8, pg/mL 19.00 (11.61, 34.77)

(n ¼ 45)

14.80 (9.93, 18.52) 18.07 (12.49, 31.61) 21.54 (12.60, 39.57) 0.389

IL-10, pg/mL 8.26 (3.24, 17.05)

(n ¼ 45)

11.14 (4.22, 34.23) 9.27 (3.76, 13.09) 6.48 (3.23, 12.61) 0.455

IL-12p70, pg/mL 1.70 (1.01, 1.70)

(n ¼ 45)

1.54 (1.01, 1.70) 1.35 (1.01, 1.70) 1.70 (1.01, 1.77) 0.528

IL-17A, pg/mL 2.29 (1.27, 5.09)

(n ¼ 45)

3.43 (2.57, 9.41) 2.29 (1.65, 5.03) 2.29 (1.23, 3.69) 0.389

IL-18, pg/mL 615.8 (425.6, 899.4) 391.7 (277.0, 611.5) 590.9 (475.2, 764.8) 692.6 (483.7, 1057.7) 0.187

IFNg, pg/mL 4.94 (1.31, 26.72)

(n ¼ 45)

7.75 (2.39, 49.85) 9.20 (2.70, 19.55) 2.51 (1.22, 13.84) 0.187

IP-10, pg/mL 2003 (971, 3035)

(n ¼ 45)

1653 (1002, 2174) 2356 (1786, 2836) 1745 (505, 3907) 0.272

MCP-1, pg/mL 359.2 (205.8, 591.4)

(n ¼ 45)

288.4 (229.8, 383.5) 375.2 (230.3, 486.0) 268.3 (171.4, 652.3) 0.809

TGFb, pg/mL 47.45 (28.22, 105.65) (n ¼ 45) 89.63 (48.41, 232.29) 63.08 (23.87, 151.27) 47.45 (28.22, 69.39) 0.162

TNFa, pg/mL 0.74 (0.52, 1.18)

(n ¼ 45)

1.31 (0.74, 2.70) 0.64 (0.44, 0.74) 0.74 (0.64, 0.74) 0.246

Data are presented as medians (interquartile ranges), and the KruskaleWallis method was used for statistical analysis.

Mild to moderate group, COVID-19 patients not needing oxygen supplementation.

Severe group, COVID-19 patients needing oxygen supplementation with no ventilation assistance.

Critical group, COVID-19 patients needing ventilation assistance.

(IFN, interferon; IL, interleukin; IP, interferon inducible protein; MCP, monocyte chemotactic protein; TGF, transforming growth factor; TNF,

tumor necrosis factor).

r e s p i r a t o r y i n v e s t i g a t i o n 6 0 ( 2 0 2 2 ) 7 5 0e7 6 1 755
3.3. Abnormal chest CT findings in patients with
COVID-19 and their correlation with serum GSDMD and
M30 levels

Using the chest CT images of patients with COVID-19 from

their first visit, we compared the severity of the respiratory

status with the extent of the abnormal chest CT findings. The

extent of consolidation and GGO plus consolidation in the

critical group was significantly higher than that in the mild to

moderate group (P ¼ 0.007 and 0.002, respectively) (Fig. 3 and

Table S3). We then examined the correlation between these

abnormal CT findings and the serum GSDMD and M30 levels.

The areas of consolidation as well as GGO plus consolidation

positively correlated with the log-transformed levels of serum

GSDMD (r ¼ 0.56, P < 0.001 and r ¼ 0.53, P < 0.001, respectively)

(Fig. 4A). The same comparisonwas performed for serumM30,

but no correlation was observed (Fig. 4B).

3.4. Factors affecting abnormal chest CT findings in
patients with COVID-19

To investigate the factors affecting abnormal chest CT find-

ings in patients with COVID-19, we performed linear regres-

sion analysis considering the extent of the abnormal imaging

findings as the objective variable and the serum GSDMD, M30,

albumin, and LDH levels as covariates. In the adjusted linear
regression analysis, higher levels of serum GSDMD were

strongly associated with the extent of consolidation only and

of GGO plus consolidation (b ¼ 18.32, P < 0.001 and b ¼ 26.54,

P ¼ 0.002, respectively) (Table 4). Although the influence of the

markers, such as albumin and LDH, correlated with disease

severity in COVID-19 patients, serum GSDMD can be consid-

ered an independent factor affecting the spread of consoli-

dation on chest CT.
4. Discussion

We reported that serum GSDMD levels were significantly

higher in critical COVID-19 cases than in themild to moderate

cases, whereas serum M30 levels were significantly lower in

the critical group than in the severe group. Furthermore, pa-

tients who required MV or died had elevated serum GSDMD

levels at admission as compared to those who did not require

MV and survived. In addition, the extent of abnormal CT

findings, such as consolidation only and GGO plus consoli-

dation, positively correlatedwith serumGSDMD, independent

of the M30 levels and factors indicating COVID-19 severity,

including albumin and LDH.

Pyroptosis is a type of GSDM-mediated inflammatory pro-

grammed cell death mainly occurring in macrophages and

dendritic cells and is triggered by two pathways: the canonical

https://doi.org/10.1016/j.resinv.2022.06.007
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Fig. 2 e Correlation between the serum gasdermin D levels and the baseline laboratory data and inflammatory cytokines.

The levels of serum GSDMD, IL-1b, IL-6, and IL-18 were log-transformed. Data were analyzed using Pearson correlation

coefficient. (GSDMD, gasdermin D; IL, interleukin; PaO2/FIO2, ratio of arterial oxygen partial pressure to fractional inspired

oxygen).
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pathway executed by the GSDM family through inflamma-

some activation-mediated caspase-1 cleavage of GSDMD and

the non-canonical pathway through caspase-4,5,11 cleavage

of GSDMD, which is directly activated by lipopolysaccharides

[18,19]. Cleaved GSDMD moves to the plasma membrane

during pyroptosis and forms pores [4], which mediate the

release of inflammatory cytokines, cellular alarmins, and

other cleaved GSDMs, and then amplifies the immune
Fig. 3 e Abnormal chest computed tomography findings during

groups. Data of abnormal CT findings are presented as mean pe

and the three groups. ANOVA was used to compare the scores b

test for multiple comparisons. Mild to moderate group, no need

supplementation with no ventilation assistance; critical group,

variance; CT, computed tomography; GGO, ground glass opacity
response to infection and cellular damage. Several studies

reported that pyroptosis has an important role in acute lung

injury [20]. For instance, Xingying et al. [21] showed that

excessive pyroptosis in murine alveolar macrophages exac-

erbated lung inflammation by recruiting neutrophil infiltra-

tion in the lung tissues and amplified the alveolar

concentration of inflammatory cytokines including IL-1b, IL-6,

and TNFa.
the first visit in COVID-19 patients of different severity

rcentages ± standard errors (error bars) in the total patients

etween the three groups, and Holm correction was used to

for oxygen supplementation; severe group, need for oxygen

need for ventilation assistance. (ANOVA, analysis of

).
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Fig. 4 e Correlation between the area of abnormal chest computed tomography findings and the levels of serum gasdermin

D (A) and caspase-cleaved cytokeratin 18 fragment (B) in patients with COVID-19. The percentage on the horizontal axis

indicates the proportion of the area of abnormal CT findings to the total lung field. Data were analyzed using Pearson

correlation coefficient. (CT, computed tomography; GSDMD, gasdermin D; GGO, ground glass opacity; M30, caspase-cleaved

cytokeratin 18 fragment).
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Pyroptosis is associated with bacterial infection [22], acute

respiratory distress syndrome [23], and tumors [24]. Nagai

et al. [6] showed that serum GSDMD levels in patients with

adult-onset Still's disease and systemic juvenile idiopathic

arthritis in the active phase, which often result in cytokine

storms and are also found in critically ill COVID-19 patients,

were higher than those in the inactive phase. The serum

GSDMD levels in the active and inactive phases were similar

between the present study and that by Nagai et al. [6],

although the ELISA kits used for GSDMD detection differed

between the two studies.

Innate immunity in COVID-19 plays an important role in

the viral entry process, signaling pathways, cytokine release,

and cell death [25]. Recent reports have shown that inflam-

masome activation and pyroptosis are linked to the patho-

genesis of COVID-19. Ferreira et al. showed that pyroptosis

was observed in humanmonocytes infected with SARS-CoV-2

in vitro, accompanied by elevation of biological markers that

indicated inflammasome activation [26]. Paul et al. [27] re-

ported that intense expression of Nod-like receptor family

pyrin domain-containing 3 inflammasome and caspase-1,
which are the key components in the pyroptosis pathway,

were observed in the lung tissues of patients with COVID-19.

The expression of pyroptosis-related inflammatory cyto-

kines, including IL-1b, IL-6, and IL-18, and of GSDMD in the

pulmonary macrophages was higher in COVID-19 patients

than in controls without COVID-19 [28]. Consistent with these

results, we demonstrated that the serum GSDMD levels were

elevated in patients with critical COVID-19 and those who

required MV or died. Furthermore, the serum GSDMD levels

positively correlated with inflammatory markers including IL-

6 and C-reactive protein. This suggests that serum GSDMD

levels could be a novel biomarker reflecting disease severity

and predicting disease progression in patients with COVID-19.

Although the role of apoptosis in the field of viral infections

has been studied [29], its physiological role in COVID-19 re-

mains unclear. Most viral infections lead to the suppression of

apoptosis to facilitate the replication of viruses, and apoptosis

plays an important role in the host's immune defense against

viral invasion [30], indicating that viral infectionmay be based

on a fine balance of apoptosis. Henry et al. reported that serum

M30 levels were higher in the intensive care unit (ICU) patients

https://doi.org/10.1016/j.resinv.2022.06.007
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Table 4 e Unadjusted and adjusted liner regression models for factors affecting the abnormal computed tomography
findings in patients with COVID-19.

Unadjusted Adjusted

Regression coefficient P-value Regression coefficient P-value

GGO (%)

GSDMD, log pg/mL 13.12 [�0.52, 26.75] 0.059 8.22 [�4.92, 21.37] 0.213

M30, U/L 0.0087 [�0.024, 0.041] 0.593 �0.00012 [�0.031, 0.029] 0.935

Albumin, g/dL �4.99 [�11.12, 1.24] 0.113 �3.96 [�10.98, 3.06] 0.260

LDH, U/L 0.0087 [�0.0053, 0.023] 0.219 0.0043 [�0.0084, 0.017] 0.498

Consolidation (%)

GSDMD, log pg/mL 20.64 [11.25, 30.04] <0.001 18.32 [8.76, 27.87] <0.001
M30, U/L 0.0082 [�0.018, 0.035] 0.529 �0.0083 [�0.030, 0.013] 0.443

Albumin, g/dL �10.43 [�15.62, �5.24] <0.001 �8.88 [�13.99, �3.78] 0.001

LDH, U/L 0.0049 [�0.0064, 0.016] 0.384 0.0018 [�0.0074, 0.011] 0.697

GGO plus consolidation (%)

GSDMD, log pg/mL 33.76 [17.20, 50.32] <0.001 26.54 [10.01, 43.07] 0.002

M30, U/L 0.017 [�0.028, 0.062] 0.446 �0.0095 [�0.047, 0.028] 0.610

Albumin, g/dL �15.41 [�24.17, �6.66] <0.001 �12.84 [�21.67, �4.01] 0.006

LDH, U/L 0.014 [�0.0055, 0.033] 0.159 0.0061 [�0.0099, 0.022] 0.446

b coefficient (presented as measured values with 95% confidence intervals) and P-values were calculated using a linear regression model. The

final model was adjusted for GSDMD, M30, albumin, and LDH levels.

(GGO, ground glass opacity; GSDMD, gasdermin D; LDH, lactose dehydrogenase; M30, caspase-cleaved cytokeratin 18 fragment).
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with COVID-19 than in the non-ICU patients with COVID-19

[31], whereas serum M30 levels were unexpectedly low in

the critically ill patients in our study. These conflicting results

could be attributed to the differences between the two studies

in the classification of critically ill patients with COVID-19.

Moreover, apoptosis may not function properly to eliminate

virus-infected cells in critically ill patients with COVID-19.

Previous studies have addressed the bidirectional crosstalk

between apoptosis and pyroptosis. Apoptosis itself may block

pyroptosis by cleaving GSDMD at a site different from the

inherent pyroptotic process [32], and the combination of TNFa

and IFNg induces an integrated programmed cell-death

pathway, including pyroptosis, apoptosis, and necroptosis,

during SARS-CoV-2 infection [33]. Thus, the imbalance be-

tween the activation of pyroptosis and apoptosis may be

involved in the pathogenesis of COVID-19 progression.

Consolidation in the lungs is known to be associated with

disease severity [34] and specific pathophysiology [35] and

may predict disease progression in COVID-19 [36]. However,

there is limited knowledge about the relationship between

programmed cell-deathmarkers and CT findings.We reported

that the area of consolidation tended to be larger in cases of

higher severity and increased serum GSDMD levels, inde-

pendent of the other biological markers (serum albumin, LDH,

and M30), suggesting that pyroptosis may contribute partially

to the formation of consolidation in COVID-19 cases.

Our study focused on GGO and consolidation in the CT

findings and did not examine the other COVID-19-related

manifestations identified on CT, such as vascular enhance-

ment signs [37]. A chest CT pattern of organizing pneumonia

in patients with COVID-19 showed favorable outcome [38].

However, we could not analyze how much GGO was replaced

by consolidation, such as organizing pneumonia pattern, due

to the limited follow-up chest CT conducted in this study.

Considering that an excessive host inflammatory response

is involved in the critical course of COVID-19 and related

mortality, immunosuppressants, such as dexamethasone
[39], and IL-6 blocking agents seem to be a promising therapy

[40]. However, these therapies only slightly improved the

outcomes in patients with severe COVID-19, and no break-

through treatment has been found. Drugs that act on

inflammasome-related immune reactions are currently under

investigation, including anakinra [41], a recombinant human

IL-1 receptor antagonist, canakinumab [42], a human anti-IL-

1b monoclonal antibody, and colchicine [43], an inhibitor of

inflammasome activation that affects the cytokine network by

blocking IL-1b. Disulfiram [44,45] or dimethyl fumarate [46],

which inhibit pyroptosis by blocking GSDMD pore formation,

are worth evaluating for their efficacy against COVID-19.

Our study has several limitations. First, most of the pa-

tients referred to our tertiary care hospital had been critically

ill, and the number of patients with mild to moderate COVID-

19 was lower than that in general city hospitals, leading to a

selection bias in this study population. Our study included a

large number of male participants, although this was not an

intentional selection. Second, it remains unclear whether we

detected whole GSDMD or cleaved GSDMD in the sera of pa-

tients with COVID-19. The oligomerization of N-terminal

cleavage GSDMD, resulting from cleavage of whole GSDMD by

the activated inflammatory caspases, leads to pyroptosis [47].

Thus, it would be ideal to quantify cleaved GSDMD to obtain a

precise picture of pyroptosis activation. Third, our study did

not reveal which organs, tissues, or cells underwent pro-

grammed cell death. Pyroptosis in COVID-19 has been

observed in bronchial epithelial cells [48], alveolar endothelial

cells [49], and monocytes [26] infected with SARS-CoV-2

in vitro. However, we could not reveal whether serum

GSDMD was derived from the epithelial, endothelial, or im-

mune cells in this study. Apoptosis has been identified in the

lymphocytes [50] and endothelial cells [51] of COVID-19 pa-

tients as well as in vitro experiments [52]. Additional research

should investigate which cells and tissues play a central role

in the programmed cell death in COVID-19 and contribute to

the secretion of GSDMD or M30 detected in peripheral blood.

https://doi.org/10.1016/j.resinv.2022.06.007
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Finally, we could not analyze sequential data on chest CT

scoring, serumGSDMD, andM30. This studywas conducted in

the early phase of the COVID-19 pandemic, and only limited

cases were available to repeat the chest CT imaging in order to

curb the risk of nosocomial infection. The lack of pre-

determined schedules for blood sampling and chest CT

resulted in discrepancies in the timings. Further studies are

warranted to investigate the successive clinical data in a

larger cohort.
5. Conclusion

This study found that higher levels of serum GSDMD were

associated with the critical respiratory status and area of

consolidation on chest CT in patients with COVID-19. This

suggests that excessive activation of pyroptosismay affect the

clinical manifestations in patients with COVID-19. Further

studies are needed to elucidate in detail how pyroptosis and

apoptosis are regulated and how they affect the clinical course

of COVID-19.
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