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Abstract

Critical cases of coronavirus disease 2019 (COVID‐19) are associated with a high risk of

mortality. It remains unclear why patients with the same critical condition have different

outcomes. We aimed to explore relevant factors that may affect the prognosis of critical

COVID‐19 patients. Six critical COVID‐19 inpatients were included in our study. The six

patients were divided into two groups based on whether they had a good or poor

prognosis. We collected peripheral blood samples at admission and the time point of

exacerbation to compare differences in the phenotypes and functions of major popula-

tions of immune cells between the groups. On admission, compared to patients with poor

prognoses, those with good prognoses had significantly higher counts of monocytes

(P< .05), macrophages (P< .05), higher frequency of CD3+CD4+CD45RO+CXCR3+ sub-

sets (P< .05), higher frequency of CD14+CD11C+HLA‐DR+ subset of dendritic cells

(P< .05), and a lower count of neutrophils (P< .05). At the time point of exacerbation, the

proportions of naïve CD4+ T cells (P< .05), Tregs, and Th2 cells in the poor prognosis

group were relatively higher than those in the good prognosis group, and CD4+ memory

T cells were relatively lower (P< .05). According to our results, the poor prognosis group

showed a worse immune response than the good prognosis group at the time of ad-

mission and at exacerbation. Dysregulation of the immune response affects the outcome

of critical COVID‐19 patients.
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1 | INTRODUCTION

Novel coronavirus disease 2019 (COVID‐19) caused by severe acute

respiratory syndrome coronavirus 2 (SARS‐CoV‐2) is responsible for

a large global outbreak and is a major public health issue.1 The

pathogenesis of COVID‐19 is not fully known. Although most

COVID‐19 patients have mild symptoms, some become critically ill. It

has been reported that some patients with critical COVID‐19 can

recover after active treatment but that some critically ill patients

continue to deteriorate and even die.2 It remains unclear why

patients with the same critical condition have different outcomes.

A rapid and well‐coordinated immune response is the first line of

defense against viral infections. During viral infection, host factors

trigger an immune response against the virus. Immune insufficiency

or misdirection may promote viral replication and cause tissue

damage.3 A significant immune deficiency during the pathogenesis of

SARS and Middle East respiratory syndrome (MERS) has been re-

ported, and restoration of the immune response is key to recovery.4

An effective host immune response, including innate and adaptive

immunity against SARS‐CoV‐2, seems crucial to controlling and re-

solving viral infection.5 There is evidence that COVID‐19 is more

likely to occur in older men with comorbidities who have weaker
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immune function.6‐8 However, little is known about the lymphocyte

subsets and immune response in patients with COVID‐19.9

In this study, we aimed to investigate the phenotypes and

functions of major populations of immune cells of critical COVID‐19
patients to explore possible factors that may affect the prognosis of

the disease.

2 | METHODS

2.1 | Study design and participants

In this retrospective cohort study, we included six adult in-

patients from Beijing YouAn Hospital, Capital Medical University,

from 23 January to 8 February 2020. Outcomes were followed up

until 8 March 2020. All of the patients were clinically diagnosed

with critical infections. The six patients were divided into two

groups based on whether they had a good prognosis (three pa-

tients) or a poor prognosis (three patients). The criterion for poor

prognosis is a hospital stay for over 30 days or death during

hospitalization.

We collected peripheral blood samples on admission and at the

time point of exacerbation to compare differences in lymphocyte

function between the two groups. Next, we analyzed clinical

characteristics, expression of infection‐related biomarkers, and lym-

phocyte subsets between the groups. Epidemiological, demographic,

clinical, laboratory test, treatment, and efficacy data were obtained

from electronic medical records. Two physicians (LLW and BX)

checked all the data carefully.

This study was approved by the ethics committee of Beijing

YouAn Hospital, Capital Medical University. All patients signed in-

formed consent forms.

2.2 | Criteria

On admission, critical illness was defined according to the “Guidelines

of the Diagnosis and Treatment of New Coronavirus Pneumonia”

(Revision 7) by the National Health Commission of China, as follows6:

(a) a breathing rate ≥30 times/minute; (b) a pulse oximeter oxygen

saturation (SpO2) ≤93% at rest; and (c) a ratio of the partial pressure

of arterial oxygen (PaO2) to the fraction of inspired oxygen (FiO2)

≤300mmHg.

The criterion for disease exacerbation refers to cases with

rapid deterioration with severe hypoxemic respiratory failure: (a)

pulse oximeter oxygen saturation cannot reach 93% on

15 L/minute flow of oxygen via a face mask; (b) chest computed

tomography scan revealed diffuse ground‐glass opacities

TABLE 1 Clinical characteristics of the six patients with COVID‐19

Good prognosis (n = 3) Poor prognosis (n = 3)

Clinical characteristics (symptoms) Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Age, y 65 78 75 77 59 74

Sex M M M M M F

COVID‐19 type Critical Critical Critical Critical Critical Critical

History of travelling in Hubei + + + − + +

Cluster onset + + + − + +

Incubation period 2 6 4 NA 11 17

Durations from illness onset to exacerbation 11 10 9 11 9 8

Days with critical illness 18 16 13 31 28 26

Symptoms

Fever + + + + + +

Cough + + + + + −

Fatigue − + − + − −

Shortness of breath + + + + + +

Nausea or vomiting − − + − − −

Diarrhea − − − − − −

Coexisting disorders

Diabetes − − − − − −

Hypertension + + − − − +

Coronary heart disease − − − − − −

Note: N is the total number of patients with available data. + = positive, − = negative.

Abbreviations: COVID‐19 , coronavirus disease 2019; F, female; M, male; NA, not available.
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and consolidation in the dependent segments of both lungs con-

sistent with acute respiratory distress syndrome (ARDS); and (c)

patients need to be initiated on invasive mechanical ventilation if

no signs of improvement were observed under the standard

treatments.

2.3 | Sample preparation for mass cytometry

Blood cells were collected from the six critical COVID‐19 patients.

Peripheral blood mononuclear cells (PBMCs) from healthy donors were

used as a control group. All blood cells were cultured with 2 μM cis-

platin (195‐Pt, Fluidigm) for 2minutes before quenching with CSB

(Fluidigm) to identify viability during the mass cytometry analysis and

fixed using a fix I (Fluidigm) buffer according to a previous publication.10

2.4 | Mass cytometry antibody staining and data
acquisition on Helios

A metal‐conjugated antibody cocktail was used to stain the cells.

The cells were counted and diluted to 1 × 106 cells/mL in

phosphate‐buffered saline (PBS), permeabilized before being wa-

shed three times in CSB, cultured with an antibody cocktail in a

total of 50 μL of CSB for 30 minutes at room temperature, washed

three times in CSB and incubated with a 0.125‐μm intercalator in a

fixation and permeabilization buffer (Fluidigm) at 4℃ overnight.

The cells were then washed three times with ice‐cold PBS and

three times with deionized water. Before data acquisition, the

samples were resuspended in deionized water containing 10% EQ

4 Element Beads (Fluidigm), and the concentration of the cells was

adjusted to 1 × 106 cells/mL. Data acquisition was performed using

a Helios mass cytometer (Fluidigm).

2.5 | CyTOF data analysis

All fcs files were uploaded to Cytobank, data cleaning was per-

formed according to a previous paper,11 and the populations of

single living cells were exported as fcs files for further analysis.

Arcsinh transform was performed to determine the signal in-

tensities of all channels. A viSNE analysis method was performed

as previously described. PhenoGraph analysis was carried out as

described.12

TABLE 2 Laboratory findings for the six patients with COVID‐19

Good prognosis (n = 3) Poor prognosis (n = 3)

Mean ± SD Mean ± SD

Laboratory findings Normal range Admission Exacerbation Admission Exacerbation

WBC, ×109/L 3.5‐9.5 5.58 ± 1.91 9.51 ± 1.55 15.18 ± 4.56 10.28 ± 1.33

N, ×109/L 1.8‐6.3 4.40 ± 2.10 8.62 ± 1.51 13.94 ± 4.26 8.46 ± 1.57

L, ×109/L 1.1‐3.2 0.72 ± 0.16 0.38 ± 0.04 0.70 ± 0.30 1.13 ± 0.09

PLT, ×109/L 125‐350 161.00 ± 36.09 186.0 ± 42.72 90.00 ± 13.45 57.67 ± 10.71

PCT, ng/mL <0.1 0.13 ± 0.01 0.17 ± 0.04 0.24 ± 0.06 1.76 ± 0.64

CRP, mg/L <3 53.20 ± 35.83 79.97 ± 28.08 39.40 ± 15.07 68.10 ± 22.14

ALT, U/L 7‐40 (F); 9‐50 (M) 34.33 ± 10.35 46.67 ± 6.17 134.30 ± 51.20 29.00 ± 6.03

AST, U/L 13‐35 (F); 15‐40 (M) 27.00 ± 14.22 54.33 ± 7.67 161.70 ± 92.19 71.00 ± 33.18

ALB, g/L 40‐55 39.43 ± 1.75 29.50 ± 2.51 32.50 ± 2.40 34.77 ± 3.06

Crea, µmol/L 41‐81 78.00 ± 10.07 58.33 ± 9.96 58.33 ± 8.09 51.67 ± 6.56

eGFR, mL/min >90 82.10 ± 7.11 97.93 ± 7.72 95.73 ± 3.64 101.40 ± 7.83

CK, U/L 40‐200 (F); 50‐310 (M) 132.00 ± 22.37 166.00 ± 75.18 472.7 ± 350.70 268.30 ± 158.40

CK‐MB, ng/mL <3.6 0.60 ± 0.19 2.25 ± 1.04 2.08 ± 1.14 5.20 ± 2.04

MYO, ng/mL 9‐82 (F); 16‐96 (M) 65.33 ± 15.43 76.67 ± 20.50 363.70 ± 194.40 3058.00 ± 1847.00

TNI, ng/mL <0.056 0.04 ± 0.03 0.02 ± 0.02 0.41 ± 0.36 0.53 ± 0.43

LA, mmol/L 0.4‐2.0 2.23 ± 0.32 1.96 ± 0.37 2.20 ± 0.12 4.29 ± 2.41

PaO2/FiO2, mmHg 400‐500 281.00 ± 11.15 170.10 ± 34.22 239.50 ± 28.13 168.30 ± 66.88

PT, s 9.9‐12.8 11.77 ± 0.38 12.10 ± 0.21 13.97 ± 0.68 13.63 ± 0.52

Note: N is the total number of patients with available data.

Abbreviations: ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatinine kinase; COVID‐19, coronavirus disease

2019; F, female; M, male; MYO, myoglobin; PT, prothrombin time; SD, standard deviation; TNI, troponin.
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2.6 | Statistical analysis

Continuous variables are described as means and standard devia-

tions or medians and interquartile range (IQR) values. We used un-

paired t tests to compare differences between the good prognosis

group and the poor prognosis group, as appropriate.

3 | RESULTS

3.1 | Demographic and clinical characteristics of the
six critical COVID‐19 patients on admission

In total, the median age of the six patients was 74.5 years (IQR: 63.5‐
77.3; range: 59‐78 years), and five patients were men. Five patients

had confirmed COVID‐19 patient exposure histories and a clustered

disease onset. The median incubation period of the poor prognosis

group (14 days) was longer than that of the good prognosis group

(4 days). All six patients had fever and shortness of breath. Five

patients had a cough. Two patients had symptoms of fatigue (33.3%),

and one patient had nausea and vomiting (16.7%). No patient had

diarrhea. Of the six patients, 3 (50.0%) had hypertension. None of the

patients had diabetes or coronary heart disease (Table 1).

3.2 | Laboratory findings for the six critical
COVID‐19 patients

Table 2 presents the laboratory findings for the six patients with

COVID‐19. Compared to the patients with good prognoses, those with

poor prognoses had higher leukocyte (15.18 vs 5.58 × 109) and neu-

trophil (13.94 vs 4.40 × 109) counts and higher procalcitonin levels

(0.24 vs 0.13 ng/mL) on admission. The platelet (PLT) (90.00 vs 161.00)

counts of the poor prognosis group were lower than those of the good

prognosis group. Lymphocyte counts and C‐reactive protein levels

were similar between the two groups. Compared to the good prog-

nosis group, the poor prognosis group had higher levels of alanine

aminotransferase (134.30 vs 34.33U/L), aspartate aminotransferase

(161.70 vs 27.00U/L), creatinine kinase (CK) (472.70 vs 132.00U/L),

CK‐MB (2.08 vs 0.60 ng/mL), myoglobin (363.70 vs 65.33 ng/mL), and

troponin (TNI) (0.41 vs 0.04 ng/mL) on admission. In addition, the level

of albumin (32.50 vs 39.43 g/L) and the oxygenation index (PaO2/FiO2)

(239.50 vs 281.00mmHg) were lower in the poor prognosis group

than in the good prognosis group, and the prothrombin time (13.97 vs

11.77 second) of the poor prognosis group was longer than that of the

good prognosis group. All the above data were not statistically sig-

nificant. Compared with the good prognosis group, the poor prognosis

group had worse liver injury, myocardial injury, respiratory

TABLE 3 Complications, treatment, and outcomes of the six patients with COVID‐19

Good prognosis (n = 3) Poor prognosis (n = 3)

Complications, treatment, and outcomes Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Complications

Septic shock − − − + − −

Acute respiratory distress syndrome + + + + + +

Acute kidney injury − − − + + +

Acute liver injury + + + + + +

Acute myocardial injury + + + + + +

Pneumonia + + + + + +

Supportive treatment

Administration of intravenous antibiotics − − − + + +

Administration of systemic corticosteroids + + + + + +

Oxygen therapy + + + + + +

Mechanical ventilation

Invasive − − − + + +

Noninvasive − − − − − −

Use of extracorporeal membrane oxygenation − − − + + +

Use of continuous renal replacement therapy − − − + + +

Intensive care unit admission + − − + + +

Clinical outcomes

Discharge from hospital + + + − − −

Death − − − + − −

Staying in hospital − − − − + +

Note: N is the total number of patients with available data. + = positive, − = negative.

Abbreviation: COVID‐19 , coronavirus disease 2019.
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impairment, and coagulation impairment. Renal function on admission

was similar between the two groups.

3.3 | Complications, treatment, and outcomes of
the six critical COVID‐19 patients

All six patients had pneumonia, ARDS, acute liver injury, and acute

myocardial injury. Moreover, three poor prognosis patients had acute

kidney injury. Only one patient in the poor prognosis group had septic

shock. All six patients were treated with oxygen therapy and systemic

corticosteroids. Intravenous antibiotics were given to the three patients

with a poor prognosis. One patient in the good prognosis group and the

three patients in the poor prognosis group were admitted to the intensive

care unit (ICU). Three poor prognosis patients received invasive me-

chanical ventilation, extracorporeal membrane oxygenation, and con-

tinuous renal replacement therapy. Overall, the median durations from

illness onset to exacerbation (10 days vs 9 days) of the two groups were

similar, but the median number of days with critical illness (28 days vs

16 days) in the poor prognosis group was longer than that in the good

prognosis group. Within 30 days after admission, all three patients in the

good prognosis group discharged; one patient in the poor prognosis

group died, and the other two patients were still under treatment in the

hospital (Table 3).

3.4 | Phenotypical and functional analyses of
peripheral lymphocyte changes in the six critical
COVID‐19 patients

Mass cytometry analyses including a 33 CyTOF marker panel were

performed (Table 4). In brief, PBMCs from the six COVID‐19 patients

were collected at the time of admission and of exacerbation. Samples

from seven healthy donors were collected as controls.

We first analyzed the frequencies of the major immune components

of PBMCs, and viSNE plots were employed to visualize high‐dimensional

CyTOF data and the distribution of the markers used to identify subsets

in two dimensions (Figure 1A). The mean value of each population and

comparisons among groups represented as minus log10 P values are

shown in the heatmap in Figure 1B. The major immune cell components

in the COVID‐19 patients were significantly different from those in the

healthy donors in terms of neutrophils, B cells, and T cells. However,

when comparing the results on admission among the COVID‐19 patients

with a good or poor prognosis, we found that the good prognosis group

had significantly higher counts of monocytes and macrophages (P< .05,

P< .05) and a lower count of neutrophils (P< .05). At time point ex-

acerbation, the proportions of naïve CD4+ T cells (P< .05), Tregs, and Th2

cells were relatively higher in the poor prognosis group than in the good

prognosis group, whereas CD4+ memory T cells were relatively lower

(P< .05) (Figure 1B).

3.5 | Percentage and status of DCs in peripheral blood
cells represent differences between the good and poor
prognosis groups of critical COVID‐19 patients

We then used PhenoGraph to analyze 19 subjects (seven healthy

donors and the six patients with critical COVID‐19 at two‐time

points) with 33 markers (Figure 2A). A total of 190 000 cells were

analyzed, and 32 clusters were identified according to marker

expression (Figure 2B). On admission, the patients with a good

prognosis had higher frequencies of CD3+CD4+CD45RO+

TABLE 4 CyTOF marker panel design

Antigen Symbol and mass Antibody clone Source

CD45 89Y HI30 Fluidigm

CCR6 141Pr G034E3 Fluidigm

CD19 142Nd HIB19 Fluidigm

CD5 143Nd UCHT2 Fluidigm

CD16 145Nd 3G8 Biolegend

IgD 146Nd IA6‐2 Fluidigm

CD20 147Sm H1 Fluidigm

CD14 148Nd 134620 R&D

CD25 149Sm 2A3 Fluidigm

CD8a 150Nd RPA‐T8 Fluidigm

CD45 151Eu HI30 Biolegend

CD11c 152Sm Bu15 Biolegend

CD7 153Eu CD7‐6B7 Fluidigm

CD49d 154Sm F10 Biolegend

CD27 155Gd L128 Fluidigm

CXCR3 156Gd G025H7 Fluidigm

CCR4 158Gd 205410 Fluidigm

CD161 159Tb HP‐3G10 Fluidigm

CD28 160Gd CD28.2 Fluidigm

CD45RA 162Dy HI100 Biolegend

CD103 163Dy Ber‐ACT8 Biolegend

CXCR5 164Dy 51505 Fluidigm

CD45RO 166Er UCHL1 Biolegend

IgA 167Er HP6123 Biolegend

CD22 168Er HIB22 Biolegend

CD24 169Tm ML5 Fluidigm

CD3 170Er UCHT1 Fluidigm

CD9 171Yb SN4 C3‐3A2 Fluidigm

IgM 172Yb MHM‐88 Fluidigm

HLA‐DR 173Yb L243 Fluidigm

CD38 174Yb HIT2 Biolegend

PD‐1 175Ho EH12.2H7 Fluidigm

CD4 176Yb RPA‐T4 Fluidigm

CD11b 209Bi ICRF44 Fluidigm
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CXCR3+ subsets (cluster 10, P < .05) and the CD14+CD11C+

HLA‐DR+ subset of dendritic cells (DCs) (cluster 25, P < .05)

than the poor prognosis patients. To further explore functional

differences in immune subpopulations, we also analyzed

marker expression patterns in all 32 PhenoGraph metaclusters

among all five groups; cluster 2 (CD14−CD11c+HLA‐DR+)

and cluster 25 (CD14+CD11b+CD11c+HLA‐DR+) are displayed

as examples in Figure 2D. We observed that the good

prognosis group patients displayed relatively higher

levels of markers such as CD38, CXCR3, CCR5, HLA‐DR, and

CD49d.

4 | DISCUSSION

Critical cases of COVID‐19 are associated with a high risk of

mortality. According to reports, the mortality rates of ICU pa-

tients in Jin Yin‐Tan Hospital were between 38% and 62%, and

more than 10% required ECMO.13‐15 Thus, clarifying the

pathogenesis of critical COVID‐19 to facilitate improvement in

treatment is important.16,17 Several studies have described the

immune response of COVID‐19 patients. SARS‐CoV‐2 may break

down antiviral immunity at an early stage. Elevated T cell

exhaustion levels and reduced functional diversity of these cells

in the peripheral blood may predict severe progression in

COVID‐19 patients.18,19 Our research focuses on the immune

response in critical COVID‐19 patients with different outcomes,

which is quite different from previous studies.

In our study, the median durations from illness onset to ex-

acerbation were similar in the two groups. The median number of

days with critical illness (28 days vs 16 days) in the poor prognosis

group was longer than that in the good prognosis group. Further-

more, laboratory investigations on admission revealed more promi-

nent laboratory abnormalities in the poor prognosis group than in the

good prognosis group, such as leukocyte counts, neutrophil counts,

PLT counts, and procalcitonin levels. It seems that when patients

were hospitalized, those with a poor prognosis had already exhibited

a more pronounced inflammatory response and more serious multi-

ple organ functional impairment than those with a good prognosis at

the early stage of disease.

To map the peripheral lymphocyte signature of COVID‐19 patients

diagnosed with critical disease and further identify the immune sub-

populations that might be associated with different outcomes, the major

immune cell components in COVID‐19 patients were analyzed. At the

time of admission, the good prognosis patients had higher frequencies

of CD3+CD4+CD45RO+CXCR3+ subsets compared to the poor prog-

nosis patients. This subset can be recognized as memory helper T‐cell
type 1 (Th1). Evidence has indicated that the Th1‐type response plays a

F IGURE 1 CyTOF‐based analysis revealed immune cell signatures in the peripheral blood of COVID‐19 patients. A, Subsets of blood cells
revealed by CyTOF are indicated, and relative marker expression is also displayed. B, The proportion of immune cell subpopulations is displayed
in a heat map using the mean value of each group in min/max form (left). Comparisons of peripheral blood immune cell subsets among groups
are displayed in a heat map using Minus log 10 (P value) (right). COVID‐19, coronavirus disease 2019
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key role in the successful control of SARS‐CoV, MERS‐CoV, and

SARS‐CoV‐2.18 Moreover, expansion of antigen‐specific CD8+ T cells

depending on Th1 cells has a significant effect on virus clearance.19 It

has been reported that the total number of natural killer cells and

CD8+ T cells is markedly decreased in patients with SARS‐CoV‐2

infection.20,21 Our results indicate that memory Th1 cells may play an

important protective role in defense against fatal cases of coronavirus

infection, which is consistent with previous research results.

DCs are the most powerful full‐time antigen‐presenting cells

(APCs), and they can efficiently ingest, process, and present

F IGURE 2 In‐depth phenotyping of immune cells by PhenoGraph. A, The viSNE plot of each group is shown as colored by cluster. B,

Normalized marker expression of identified clusters in the heatmap. C, Heatmap of all cluster abundances among groups. D, Protein (active
markers, chemokine receptors) expression of metacluster2 (DCs) and 25 (monocytes) are displayed

2774 | WEI ET AL.



antigens.22 According to our results, good prognosis patients had

higher frequencies of the CD14+CD11C+HLA‐DR+ subset of DCs

than did poor prognosis patients on admission. Previous studies have

shown that CD11C+ DCs coexpressing the monocyte marker CD14

may be directly involved in the immunopathology of some diseases.

These cells can exhibit an efficient antigen‐presentation capacity and

constitutive secretion of tumor necrosis factor‐alpha, which suggests

an active immune response.23,24 However, some viruses can hinder

the body's antiviral response, resulting in more serious infection.

Similar to our observations, Wilk AJ's25 study found that plasmacy-

toid DCs and conventional DCs were depleted in critical COVID‐19
patients. Critical COVID‐19 patients with a poor immune response at

disease onset will fail to defend themselves against the coronavirus

infection.

At the time of admission, further profiling of immune cell sub-

populations revealed that neutrophils were significantly increased in

the poor prognosis group. Increased neutrophil counts have been

reported in patients with critical COVID‐19.9 At the time point of

exacerbation, the poor prognosis group had relatively higher levels of

naïve CD4+ T cells, Tregs, and Th2 cells than the good prognosis

group. These results indicate immunosuppression and an in-

flammatory response in those with a poor prognosis, consistent with

our laboratory investigations.26

Our study has some limitations. It is necessary to mention that

our findings were based on a limited number of cases and CyTOF

antibodies. In addition, our study lacks immune functional analyses,

such as cell type‐specific cytokine production. Validation in other

patients should be performed in the future.

In conclusion, dysregulation of the immune response affects

outcome in critical COVID‐19 patients. Our data highlight the im-

munological features in critical COVID‐19 patients and can provide

therapeutic strategies through an improved understanding of

the mechanisms of immune dysregulation. Future studies should

be carried out to explore links between disease outcome and immune

cell‐type abundances in patients with SARS‐COV‐2 infections.
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