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Abstract

Purpose

Available but insufficient evidence shows that changes may occur in the immune system fol-
lowing coronavirus disease 2019 (COVID-19). The present study aimed at evaluating immu-
nological changes in patients with severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) pneumonia compared with the control group.

Method

The present study was performed on 95 patients with COVID-19 (32 severe and 63 moder-
ate cases) and 22 healthy controls. Relationship between immune cells, disease severity
and lung involvement was assessed. Binary logistic regression and ROC curve tests were
used for statistical analysis.

Results

A significant decrease was observed in CD20™ cell counts of the patients. To differentiate
patients from healthy individuals, the cutoff point for the CD4* cell count was 688 /L, sensi-
tivity 0.96, and specificity 0.84. An increase in CD4" cells reduces the odds of severe dis-
ease (odds ratio = 0.82, P = 0.047) and death (odds ratio = 0.74, P = 0.029). CD4" cells play
a pivotal role in the severity of lung involvement (P = 0.03). In addition to CD4" cells, Fc
gamma receptor Il (FcyRIll) (CD16) also played a significant prognosis (odds ratio = 0.55,
P =0.047). In severe cases, C-reactive protein, Blood urea nitrogen, and Creatine phospho-
kinase levels, as well as neutrophil counts, were significantly higher than those of moderate
ones whereas lymphocyte count in severe cases was lower than that of moderate ones.
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Conclusion

The number of total T-cells and B-cells in patients with COVID-19 was lower than that of
controls; however, their NK cells increased. FcyRlIl and CD4* cells are of great importance
due to their association with COVID-19 prognosis.

Introduction

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) recently was announced as a global pandemic by the World Health Orga-
nization (WHO) on March 11, 2020. The same as MERS-CoV and SARS-CoV, SARS-CoV-2
is from the beta genus Coronavirus in the family of coronaviridae [1]. This can lead to clinical
presentations ranging from asymptomatic to mild symptoms like cough, fever, and dyspnea,
Acute Respiratory Distress Syndrome (ARDS), and death [2]. Although, the fatality of SARS--
CoV-2is not as high as SARS-CoV-1 or MERS-CoV, noticeable spread of its pandemic has
caused lots of devastating consequences for all medical systems and health organizations [3].
Beyond all, human immune responses to the virus remained poorly understood.

COVID-19 may cause lymphopenia [4], but it can also lead to immune hyperresponsive-
ness called cytokine storm in severe cases [5]. This suggests that in pathogenesis, the host
immune system is involved [6, 7]. There are evidences of inflammatory responses, such as rise
of IL-6 or GM-CSF-producing CDA4T cells or reduced immunoregulatory subsets like regula-
tory T cells (Treg) or y8 T cells [8]. Increase of peripheral T cells’ inhibitory receptor expres-
sion or Exhaustion of T cell has been investigated, as well. In addition, T cell activation of
COVID-19 patients is reported, although some studies have shown decreasing polyfunctional-
ity or cytotoxicity [9-12]. However, the mechanism of lymphopenia despite the activation of T
cells remains unclear in Covid-19 disease [4, 13, 14].

Although, there are many infected people and deaths, the information about the existence
and phenotype of SARS-CoV-2-specific T cells is lacking [15]. A recent study announced the
SARS-CoV-2-specific T cells presence in convalescent samples of mild COVID-19 patients.
They exhibited strong response to viral spike surface glycoprotein (S)-, membrane (M)—and
nucleo (N) proteins [16]. Besides, few studies have defined cellular responses in patients.
Understanding the pathogenesis of the disease and evaluating the formation of virus-specific
CD4 and CDST cells is of paramount importance due to its contribution to the effective vac-
cine production process. The aim of this study was to comprehensively evaluate the changes in
the immune system in patients with Covid-19 and to compare these changes with healthy
individuals.

Materials and methods
Sample selection

A total of 95 patients with COVID-19 (aged 21-96 years), admitted to a referral center from 13
June to 01 September 2020, were enrolled in the study. The diagnostic criteria for 2019 novel
coronavirus pneumonia (2019-nCoV pneumonia) were: clinical symptoms and positive Real-
Time PCR (rtPCR) result. Exclusion criteria were: negative rtPCR result and no chest CT scan
findings, or two consecutive negative rtPCR results, and the presence of underlying hemato-
logical diseases (e g, acute and chronic leukemia), immunodeficiency, active lymphoma, and
undergoing chemotherapy. The study process was explained to the subjects, and written
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informed consent was obtained. In addition, 22 healthy individuals (aged 23-68 years) with no
known underlying disease, referring to the hospital for routine physical examinations with
negative PCR results, were selected as the control group in order to compare lymphocyte
changes.

Clinical symptoms of patients, including dyspnea, cough, fever, weakness and lethargy,
myalgia, nausea and vomiting, and anorexia, as well as vital signs, were recorded. Comorbidi-
ties, including diabetes, hypertension, chronic heart disease, and chronic lung disease, were
also recorded. Patients were assigned to moderate and severe groups, according to the severity
of the disease. Patients were assigned to two groups based on disease severity. Severe and criti-
cal cases were considered by the following criteria: fever and respiratory infection plus one of
the below-mentioned symptoms of 1- The breath rate more than 30/minute, 2- Severe respira-
tory distress, 3- blood oxygen saturation less than 93%, 4- lung infiltrates >50% of the lung
field within 24-48 hours, 5- septic shock, 6- multiple organ dysfunction/failure, 7- respiratory
failure [17]. Laboratory tests and radiological examinations were performed on the first day of
hospitalization.

Radiological examination

To evaluate the extent of pulmonary involvement, a chest CT scan without contrast was
attempted. Findings on CT images were then interpreted by a qualified radiologist.

Each of the lung lobes was evaluated using a scoring system: 0 = no lobar involvement
(0%), 1 = minimal involvement to a lobe (1-25%), 2 = mild lobar involvement (26-50%),
3 = moderate lobar involvement (51-75%) and 4 = severe lobar involvement (76-100%). An
overall score was obtained summing the cores of five lobe scores (In the range of 0-20). Sever-
ity of lung involvement on CT scan was classified on a 4-point ordinal scale: grade 0 score of 0
(No abnormality present on CT), grade one score of 1-5, grade two score of 6-15 and grade
three score of 16-20 [18].

Laboratory measurements

Upper respiratory throat swab samples were taken from all patients with suspected
2019-nCoV infection on admission and every patient underwent Real-Time PCR with DAAN
gene Co. Ltd device. Complete blood cell count, C-reactive protein (CRP), Erythrocyte sedi-
mentation rate (ESR), hepatic aminotransferase and alkaline phosphatase, creatinine, Blood
urea nitrogen (BUN), Lactate dehydrogenase (LDH), and creatinine phosphokinase (CPK),
were requested. For ruling out other infections, both urine and blood cultures were performed
for all the patients. Another blood sample was also taken for flow cytometry at the time of hos-
pital admission. CBC and flow cytometry were also performed on the control group. CD3
(total T cells), CD4, and CD8, CD16, CD20, and CD16/CD56 counts were measured in both
the case and control groups.

Flowcytometry

10 pL of each antibody (CD3-FITC, CD8-FITC, CD16-FITC, Immunostep, Salamanca, Spain)
(CD4-PE, CD20-PE, CD56-PE, Beckman-Coulter, Marseille, France) were added to 100 yL
whole blood in tubes. Isotype controls included the replacement of specific antibodies with iso-
type mouse immunoglobulins. After vortexing and incubation for 30 min at room temperature
in dark, 2 mL lysing solution was added and RBCs were lysed for 10 min at room temperature.
Samples were centrifuged (Hettich Zentrifugen, Switzerland) for 5 min at 460 xg. After pellet-
ing, 2 mL washing solution was added and samples were centrifuged for 5 min. Prior to analy-
sis, leukocytes were resuspended in 1ml PBS containing 1% formaldehyde. Samples were
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analyzed using Flow Cytometer device (Partec Cube 6) and FCS express Software. Ten thou-
sand events were analyzed per sample. Positive populations were identified using Isotype
control.

Statistical analysis

Data were analyzed using SPSS version 25 (IBM, NY, USA) and GraphPad Prism version 8.0
(GraphPad Software, Inc., San Diego, CA, USA). Descriptive data were expressed as mean and
standard deviation. Kolmogorov-Smirnov test was used to test the normality in continuous
variables. Independent t-test were used to compare immune cells between the patients and
control groups, as well as moderate and severe patients. Spearman correlation was utilized to
evaluate the relationship between immune cells and the severity of lung involvement in
patients. The Mann-Whitney test was employed to compare laboratory variables between
severe and moderate cases. Binary logistic regression model was applied to determine the rela-
tionship between immune cells, severity and mortality. Odds ratio (OR) and 95% confidence
interval were also reported to show the intensity and direction of the relationship. ROC curve
was also plotted to determine the cutoff point for immunologic markers to differentiate the
patients from controls. P <0.05 was considered as the level of significance.

Ethical statement

The study was performed in accordance with Declaration of Helsinki and was approved by
AJA University of Medical Sciences ethical committee (number IR. AJAUMS.REC.1399.062).

Results

A total of 95 patients with COVID-19 (32 severe and 63 moderate cases) and 22 healthy indi-
viduals were evaluated in the present study. The mean age of the patients and controls was
63.03+16.75 and 37.04 + 9.85 years, respectively. There were 56 males and 39 females in the
case and 12 males and 10 females in the control groups. In the case group, 21 subjects died,
and the rest were discharged. Demographic characteristics of the case and control groups are
shown in Table 1.

Laboratory results

Considering the CBC results, 14 patients had mild leukopenia. The WBC count was higher in
severe cases than the moderate ones. Also, the neutrophil count was significantly higher in the
severe subjects compared to others (P = 0.001). Lymphopenia was observed in 26 (81%) severe
and 45 (71%) mild cases; the difference was statistically significant (P = 0.036). Evaluation of
other laboratory variables showed that CRP and BUN levels were significantly higher in the
severe patients compared to moderate ones (Table 2). The neutrophil count contributes to the
prognosis of the disease, so that their number is significantly higher in deceased patients com-
pared with discharged ones (P = 0.029). In addition to the neutrophil count, LDH and CPK
also have a significant role on the prognosis of the disease.

Immunologic test results

Totally, 14 patients had leukopenia (WBC <4000 x 10°/L) and 71 lymphopenia. Comparison
of the immune systems of the patients and controls immune system showed significant
changes in 2019-nCOV pneumonia. CD3", CD4", CD8", and CD20" cell counts had signifi-
cant differences between the patients and controls (Table 3, Fig 1). However, no significant dif-
ferences were observed in NK cell count (P = 0.098). In the present study, 32 patients were
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Table 1. Clinical and radiologic features of patients with Covid-19 and control group.

Baseline characteristics Patients (n = 95) Control group (n =22)
Moderate cases (n = 63) Severe cases (n = 32)
Age 62.41+16.14 64.25+17.86 37.40% 9.85
Vital signs
Blood pressure 125/75 126/74 115/80
Respiratory rate 20+4 25+7 142
Heart rate 82+11 93+15 77+9
Temperature 37.2+0.7 37.6+0.8 36.9+0.3
Oxygen saturation 89.4% 87.7% 96%
Primary symptoms
Dyspnea 42 (67%) 26 (81%) -
Fever 37 (59%) 19 (59%) -
Lethargy 38 (60%) 22 (69%) -
Myalgia 35 (56%) 13 (41%) -
Nausea and vomiting 14 (22%) 4 (13%) -
Cough 26 (41%) 11 (34%) -
Diarrhea 4 (6%) 0 (0%) -
Anorexia 11 (17%) 5(16%)
Comorbidity
Chronic heart disease 13 (21%) 8 (25%) -
Chronic lung disease (asthma and COPD) 5(8%) 2 (6%) 1
Diabetes 11 (17%) 10 (31%) 2
Hypertension 24 (38%) 8 (25%) 2
Lung involvement grading
Grade 0 2 (3%) 0 (0%) -
Grade 1 17 (27%) 4 (13%) -
Grade 2 38 (60%) 17 (53%) -
Grade 3 6 (10%) 11 (34%) -

The most prevalent symptoms of patients on admission were: dyspnea (71%), weakness and lethargy (63%), and fever (58%%). Among the underlying diseases,

hypertension had a significant effect on prognosis and the severity of the disease. In addition, the severity of the disease and death rate were significantly higher among

the ones with hypertension.

https://doi.org/10.1371/journal.pone.0268712.t001

admitted to ICU. Comparison of the immune cells between the ICU-admitted (severe) and the
general ward-hospitalized (moderate) patients indicated significant differences only in CD3"
and CD4" cell counts (Fig 2 and Table 3). Differences in other cell counts were insignificant.
Also, in moderate cases, the mean Fc gamma receptor III (FcyRIII) (CD16) was much higher
than severe cases (P = 0.011).

Logistic regression analysis revealed a reduction in the chance of severe disease by 18% for
every 100 /pL of increase in CD4" cells in unadjusted model (P = 0.047). Also for every 100
/uL increase in CD3" cells, the chance of severe disease decreases by 10%, this decrease was sta-
tistically borderline. (P = 0.06). Although in the adjusted model for age, sex, and comorbidities,
odds of developing severe disease for both cells were equal to the unadjusted model, this reduc-
tion in the chance of death was statistically borderline. In addition to the cells, it was observed
that for every 100 /puL of increase in FcyRIII, the chance of severe disease is reduced by 33% in
both adjusted and unadjusted models (Table 4).

For every 100 /uL of increase in CD4 cells, the chance of death in both adjusted and unad-
justed models is significantly reduced. In addition, it was observed that increasing in FcyRIII
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Table 2. Laboratory variables’ effect on disease severity and prognosis.

Moderate patients Mean | Severe patients Mean p* Deceased patients Mean | Discharged patients Mean | P*
(Std) (Std) (Std) (Std)

C-reactive protein (mg/l) 44.37 (34.25) 65.74 (35.33) 0.006 60.94 (37.37) 48.91 (35.74) 0.18
Erythrocyte sedimentation rate 50.84 (30.39) 46.62 (29.91) 0.53 49.85 (29.96) 49.29 (30.80) 0.925
(mm/hr)

Aspartate transaminase (U/L) 34.23 (14.60) 37.25 (20.66) 0.47 38.52(20.97) 34.32 (15.78) 0.348
Alanine transaminase (U/L) 31.71 (13.24) 33.28 (26.35) 0.76 36.42 (30.52) 31.05 (13.94) 0.733
Alkaline phosphatase (U/L) 191.01 (53.67) 223.28 (142.69) 0.23 215.19 (102.46) 198.10 (93.66) 0.563
Creatinine (mg/dl) 1.33 (0.37) 1.43 (0.48) 0.32 1.47 (0.59) 1.34 (0.35) 0.613
Blood urea nitrogen (mg/dl) 21.93 (12.27) 28.84 (12.93) 0.013 29.42 (16.29) 22.79 (11.60) 0.085
Lactate dehydrogenase(U/L) 615.80 (833.27) 682.96 (311.77) 0.66 714.04 (368.04) 616.97 (777.12) 0.010
White blood cells (><103/pL) 6.39 (2.72) 7.61 (4.10) 0.14 7.99 (4.46) 6.46 (2.86) 0.145
Hemoglobin (g/dl) 12.78 (2.49) 12.94 (2.24) 0.77 13.03 (1.66) 12.78 (2.60) 0.784
Platelet (x10*/uL) 180.34 (89.33) 187.03 (72.09) 0.72 197.95 (64.25) 178.24 (89.21) 0.097
Lymphocyte count (x10%/uL) 1.26 (0.65) 0.96 (0.63) 0.036 1.08 (0.66) 1.19 (0.66) 0.52
Neutrophil count (x10°/uL) 4.67 (2.65) 6.17 (3.63) 0.001 6.48 (4.19) 4.81 (2.66) 0.029
Ferritin (g/L) 481.636(369.26) 602.48 (320.90) 0.18 511.81 (387.33) 522.93 (358.30) 0.847
Creatine phosphokinase (U/L) 200.11(330.98) 386.81 (533.09) 0.03 539.57 (627.90) 184.51 (304.94) 0.001

* Mann-whitney Test.
IQR: Interquartile range.

https:/doi.org/10.1371/journal.pone.0268712.t002

by 100/pL reduces the chance of death by 50% and 45% in unadjusted and adjusted models,
respectively (P = 0.042, P = 0.047 respectively) (Table 5). Due to the lack of increase in the
number of NK cells, the increase in FcyRIII could be due to the increase in the number of
monocytes in patients with COVID-19.
Considering the relationship between the severity of pulmonary involvement in CT images
and immune cells, a negative correlation was found between CD3", CD4" and CD16"CD56"

cell counts and the rate of pulmonary involvement, which was statistically significant.

The ROC curve was plotted for immune cells in order to obtain a cutoff point to differenti-
ate patients from healthy controls (Table 4). In the case of NK cells (CD16"CD56"), it was not
possible to determine the cut-off due to the area under curve below 0.7. Therefore, for absolute
CD3%, CD4", CD8" and CD207, 1145.5, 688.5, 365 and 104.5/uL were considered as cut-off
points, respectively (Table 6). It was not possible to determine cut-off points to differentiate
between severe and moderate patients due to the area under curve less than 0.7.

Table 3. Comparison of immune cells in patients (severe and moderate cases) and controls.

Immune cells Median (/uL) (IQR) P* Median (/pL) (IQR) P*
Patients Control Moderate cases Severe cases

CD3* 485 (320-882) 1730 (1343-2435) 0.001 522 (389-1054) 368 (202-635) 0.009

CD4* 283 (184-575) 1111 (883-1703) <0.001 330 (200-652) 226 (120-413) 0.016

CD8* 182 (100-319) 607 (421-803) <0.001 184 (116-340) 130 (79-307) 0.115

CD16* 113 (56-173) 304 (205-456) <0.001 135 (82-174) 71 (46-158) 0.011

CD20" 123 (54-246) 293 (229-409) <0.001 132 (58-248) 100 (47-194) 0.244

CD16"CD56" 28 (16-52) 41 (25-84) 0.06 31 (18-68) 22 (12-33) 0.066

*Independent T-test.

https://doi.org/10.1371/journal.pone.0268712.t003
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Fig 1. Impact of SARS-CoV-2 infection on T, B and NK cell numbers in patients compared with the control group
(**** P< 0.0001). The data are the results of immunological marker analysis in 95 patients and 22 healthy controls. In
all studied markers except CD16/CD56, a significant difference was observed between the two groups.

https://doi.org/10.1371/journal.pone.0268712.9001

Discussion

COVID-19 pandemic is affecting the world. The number of new cases and victims are increas-
ing daily. COVID-19 can cause a cytokine storm in the patient, resulting in immune dysfunc-
tion and death [19]. Therefore, understanding changes in the immune system can promote
medical care and reduce mortality. The most common symptoms were dyspnea, weakness,
lethargy, and fever. Comparison of laboratory results between severe and moderate cases indi-
cated that the levels of CRP, CPK, and BUN, as well as neutrophil count, were significantly
higher in the ICU-admitted patients. Also, lymphocyte depletion rate was significantly higher
in severe cases compared to moderate ones. Similar findings were reported in other studies
[20, 21]. Some studies reported a significant increase in AST, ALT, and LDH levels in severe
cases compared with mild and moderate patients [12]. Such significant changes were not
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Fig 2. Impact of SARS-CoV-2 infection on T, B and NK cell numbers in severe and moderate patients (* P< 0.05,
** P< 0.01). Immunological markers were analyzed in 32 severe cases compared with 63 moderate cases. CD3", CD4"
cells and FcyRIII (CD16) had a significant difference between the two groups. Due to the poorer prognosis with an
increase in neutrophils that have FcyRIIIB and insignificant changes in NK cell count, the increase in CD16 is due to
the increase in peripheral blood monocytes in patients with COVID-19.

https://doi.org/10.1371/journal.pone.0268712.9002

Table 4. The odds of severity affected by immune cells in patients with COVID-19 per 100.

Immune cells Model 1* Model 2**
OR (95% CI) P OR (95% CI) P
cD3* 0.90 (0.75-1.10) 0.06 0.90 (0.74-1.10) 0.074
CD4" 0.82 (0.67-0.99) 0.047 0.82 (0.67-1.00) 0.055
cDs* 1.00 (0.99-1.01) 0.99 1.00 (0.99-1.01) 0.99
CcD16* 0.67 (0.37-1.22) 0.08 0.67 (0.37-1.22) 0.09
CD20" 0.82 (0.55-1.22) 0.28 0.87 (0.55-1.15) 0.38
CD16*CD56" 0.55 (0.20-1.49) 0.24 0.55 (0.20-1.49) 0.26
*unadjusted.

**adjusted for age, sex and comorbidity.

https://doi.org/10.1371/journal.pone.0268712.t1004
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Table 5. The odds of death affected by immune cells in patients with COVID-19.

Immune cells Model 1 Model 2
OR (95% CI) P OR (95% CI) P
CcD3* 0.90 (0.74-1.00) 0.07 0.90 (0.74-1.10) 0.14
CcD4* 0.74 (0.61-0.90) 0.029 0.74 (0.61-0.90) 0.029
CDs8* 1.00 (0.82-1.22) 0.63 0.90 (0.74-1.10) 0.45
CD16* 0.50 (0.27-0.90) 0.042 0.55 (0.30-0.99) 0.047
CD20" 1.00 (0.67-1.49) 0.81 1.00 (067-1.49) 0.86
CD16"CD56" 0.5 (0.12-2) 0.32 0.90 (0.15-2.44) 0.14
*unadjusted.

**adjusted for age, sex and comorbidity.

https://doi.org/10.1371/journal.pone.0268712.t1005

observed in the present study. Patients with hypertension were at risk of poor prognosis and
more severe disease. Some studies reported that the highest mortality rate in COVID-19
patients with underlying diseases belonged to the subjects with hypertension [22, 23].

Lymphopenia (lymphocyte count <1500/dL) was detected in 71 patients. In a more detailed
study of immune system changes in patients with COVID-19 compared with healthy controls,
significant differences were observed. T-cell counts decreased while B-lymphocytes and NK
cells increased in the patients. Comparison of immune cells between severe and moderate
cases indicated a significant difference in CD3" and CD4" cell counts (P = 0.009, P = 0.016
respectively). However, changes in CD8" and CD20™ cell counts were insignificant in severe
cases. Zhou et al., evaluating 17 patients with COVID-19, of which five were severe cases, con-
cluded that there was a significant difference in CD4™ cell count between severe and mild
cases. But no differences were reported in the CD8" cell count [24]. However, Chen et al., eval-
uating changes in the immune system of 21 patients with COVID-19, of which 10 were severe
cases, suggested that CD4" and CD8" cell counts were significantly lower in severe cases than
mild ones. B-lymphocyte count in severe cases was also higher than that of moderate ones
[12].

CDA4" cells are crucial in the acquired immune system. They are involved in the maturation
process of B lymphocytes by SLAM-associated protein (SAP) resulting in formation of mem-
ory B- and long-lived antibody-producing plasma cells [25-27]. Thus, CD4" cells may play a
pivotal role in eliciting broad, long-term antibody responses and protective immunity against
most viruses. In addition, these cells are essential for an optimal antibody response against
coronavirus infection [28]. Concerning the improved activity of cytotoxic T-cells, the
CD40-CD40L interaction is essential in CD4" and Antigen-presenting cells [29]. CD4" cells
facilitate the formation of pathogen-specific memory CD8" cells during re-infection [30, 31].
In addition, CD4" cells play an immunomodulatory role by preventing uncontrolled inflam-
matory responses and helping the generation of memory T-cells [32-34]. Therefore, a decrease

Table 6. Determination of lymphocyte cut-offs to differentiate between patients with Covid 19 and healthy controls.

Cut off (/uL) Area under curve P 95% Confidence Interval Sensitivity % Specificity %
Lower Bound Upper Bound
CD3" cell counts 1145.5 0.922 <0.001 0.874 0.969 96 84
CD4" cell counts 688.5 0.922 <0.001 0.874 0.970 96 84
CDS8" cell counts 365 0.877 <0.001 0.829 0.946 96 80
CD20" cell counts 104.5 0.809 <0.001 0.721 0.898 96 47

https://doi.org/10.1371/journal.pone.0268712.1006
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in CD4" cell count may cause ineffective immune response and uncontrolled inflammation.
The present study found that CD4" cell count significantly reduced in severe COVID-19 cases
compared to mild ones, which affects the severity of lung involvement and prognosis of the
disease.

The role of neutrophils in the prognosis of respiratory diseases is controversial. Neutrophil
infiltration into the inflamed lung is a hallmark of Acute respiratory distress syndrome
(ARDS) [35]. Besides, activated neutrophils cause oxidative stress, leading to damage to the
lungs by secreting proteases and creating neutrophil extracellular traps [36]. However, based
on current evidence, neutropenia does not result in improved recovery in ARDS cases [37]. In
the present study, an increase of neutrophil count in the peripheral blood led to increased dis-
ease severity and poor prognosis in the patients. Similar results are reported in other studies
[38].

The present study found that FcyRIII (CD16), which has two isoforms, plays an important
role in disease severity and prognosis. There are two types of FcyRIII. FcyRIIIA (CD16A) is an
FcyR-associated transmembrane receptor expressed by NK cells, NKT cells and monocytes
[39-43]. FcyRIIIB (CD16B) is a GPI-anchored receptor with no intracytoplasmic domain [44].
FcyRIIIB is expressed only in human polymorphonuclear neutrophils [45]. A variety of cyto-
kines including IFN-v are released when FcyRIII is activated by antigen-antibody complex
that signal to other immune cells. The secretion of cytotoxic mediators such as perforin and
granzyme causes apoptosis in the target cell. This process is known as antibody-dependent
cell-mediated cytotoxicity (ADCC).A recent study found that, despite the step-by-step genera-
tion of specific antibodies against the virus in patients with COVID-19, there are two disad-
vantages to these antibodies: 1- They have a low affinity with Fc receptors and cannot activate
the ADCC mechanism properly. 2- They activate the complement cascade, leading to leuko-
cytes invasion and inflammation, which results in tissue damage [46]. In addition, some stud-
ies have reported other evidence of immune dysregulation in the form of autoantibodies in
particular antinuclear antibody (ANA) which is significantly related to severe lung disease
[47]. Among the different ANA patterns, nucleolar ANA reactivity found more commonly
which can be the serological marker of systemic sclerosis. It is important to note that among
the clinical manifestations of systemic sclerosis, there is pulmonary involvement in the form of
a restrictive syndrome secondary to interstitial pneumopathy similar to COVID-19 interstitial
pneumonia [48, 49]. Occurrence of other types of autoantibodies such as anti-platelet autoanti-
bodies was reported [50, 51]. On the other hand, opsonizing antibodies against COVID-19 are
found in the plasma of recovered patients that can neutralize the virus by the ADCC mecha-
nism. These antibodies show more affinities with FcyRIII (CD16) [46]. In an in-vivo study,
DiLillo et al., showed that the stalk-specific antibodies need interaction with FcyRs for protec-
tion against influenza virus, which is intensified in case of increased affinity with FcyRIIa and
FcyRIIIa [52]. Due to the poorer prognosis with an elevated neutrophil count, the increase in
CD16 in recovered patients is attributable to monocytes and NK cells. Due to the lack of signif-
icant differences in CD56" and CD16"CD56" cells between severe and moderate patients as
well as deceased and discharged patients, it seems that the increase in FcyRIII can be due to
the increase in peripheral blood monocytes in patients with COVID-19. CD16" monocytes are
divided into two subgroups: intermediate (CD14", CD16") and non-classical (CD14", CD16"
") monocytes [53]. Intermediate monocytes comprise about 2-8% of circulating monocytes.
Their functions include production of reactive oxygen species (ROS), antigen presentation,
participating in the proliferation and stimulation of T cells, inflammatory responses, and
angiogenesis. Non-classical monocytes comprise about 2-11% of circulating monocytes. They
can have pro-inflammatory behavior and secrete inflammatory cytokines in response to infec-
tion. These cells are also involved in antigen presentation and T cell stimulation [54].
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A major limitation of the present study was the lack of flow cytometry repeating in patients
recovered from COVID-19 in order to make a pre- and post-treatment comparison. Another
limitation of this study was the lack of measurement of monocyte immunologic markers to
more accurately assess their role in prognosis and disease severity. Also, conducting this study
with a larger number of patients can lead to a more accurate assessment of changes in immune
cells in COVID-19.

In conclusion, the present study found significant differences in immune cell counts
between patients with COVID-19 and healthy individuals. This difference was observed in the
CD3%, CD4", CD20", and NK cell counts. Besides, it was found that CD4" cells play a pivotal
role in the disease process. These cells had a significant effect on the prognosis and severity of
lung involvement in COVID-19. Also, CD4" count in severe cases was significantly lower than
that of moderate ones. In addition, increasing the amount of FcyRIII reduced the chances of
severe disease and mortality and this increase in FcyRIII was attributable to monocytes.
Finally, comparison of laboratory results showed that CRP, CPK, and BUN levels, as well as
neutrophil count, were higher in severe cases than moderate ones; they also had lower circulat-
ing lymphocytes than moderate patients.

Author Contributions

Conceptualization: Mohsen Rajaeinejad, Hasan Jalaeikhoo, Ali Asgari, Ali Faridfar.

Data curation: Leila Chegini, Maryam Almasi Aghdam.

Formal analysis: Sam Alahyari, Leila Chegini, Ali Asgari, Malihe Nasiri, Alireza Khoshdel.

Methodology: Sam Alahyari, Mohsen Rajaeinejad, Leila Chegini, Maryam Almasi Aghdam,
Malihe Nasiri, Alireza Khoshdel.

Software: Malihe Nasiri.
Supervision: Mohsen Rajaeinejad, Hasan Jalaeikhoo, Maryam Almasi Aghdam, Ali Faridfar.

Writing - original draft: Sam Alahyari, Mohsen Rajaeinejad, Hasan Jalaeikhoo, Leila Chegini,
Maryam Almasi Aghdam, Ali Faridfar.

Writing - review & editing: Sam Alahyari, Mohsen Rajaeinejad, Hasan Jalaeikhoo, Leila Che-
gini, Maryam Almasi Aghdam, Ali Asgari, Malihe Nasiri, Alireza Khoshdel, Ali Faridfar.

References

1. LuR, Zhao X, LiJ, Niu P, Yang B, Wu H, et al. Genomic characterisation and epidemiology of 2019
novel coronavirus: implications for virus origins and receptor binding. The Lancet. 2020; 395
(10224):565—74. https://doi.org/10.1016/S0140-6736(20)30251-8 PMID: 32007145

2. DeWitE, Van Doremalen N, Falzarano D, Munster VJ. SARS and MERS: recent insights into emerging
coronaviruses. Nature Reviews Microbiology. 2016; 14(8):523. https://doi.org/10.1038/nrmicro.2016.81
PMID: 27344959

3. VabretN, Britton GJ, Gruber C, Hegde S, Kim J, Kuksin M, et al. Immunology of COVID-19: Current
State of the Science. Immunity. 2020 Jun 16; 52(6):910-941. https://doi.org/10.1016/j.immuni.2020.
05.002 PMID: 32505227

4. HuangC,Wang, LiX, RenlL, ZhaoJ, HuY, et al. Clinical features of patients infected with 2019 novel
coronavirus in Wuhan, China. The Lancet. 2020; 395(10223):497-506.

5. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ; HLH Across Speciality Collabo-
ration, UK. COVID-19: consider cytokine storm syndromes and immunosuppression. Lancet. 2020;
395(10229):1033—1034. https://doi.org/10.1016/S0140-6736(20)30628-0 PMID: 32192578

6. Mahallawi WH, Khabour OF, Zhang Q, Makhdoum HM, Suliman BA. MERS-CoV infection in humans is
associated with a pro-inflammatory Th1 and Th17 cytokine profile. Cytokine. 2018; 104:8—13. https://
doi.org/10.1016/j.cyt0.2018.01.025 PMID: 29414327

PLOS ONE | https://doi.org/10.1371/journal.pone.0268712  August 5, 2022 11/14


https://doi.org/10.1016/S0140-6736%2820%2930251-8
http://www.ncbi.nlm.nih.gov/pubmed/32007145
https://doi.org/10.1038/nrmicro.2016.81
http://www.ncbi.nlm.nih.gov/pubmed/27344959
https://doi.org/10.1016/j.immuni.2020.05.002
https://doi.org/10.1016/j.immuni.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32505227
https://doi.org/10.1016/S0140-6736%2820%2930628-0
http://www.ncbi.nlm.nih.gov/pubmed/32192578
https://doi.org/10.1016/j.cyto.2018.01.025
https://doi.org/10.1016/j.cyto.2018.01.025
http://www.ncbi.nlm.nih.gov/pubmed/29414327
https://doi.org/10.1371/journal.pone.0268712

PLOS ONE

COVID-19 and immunologic features

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Nicholls JM, Poon LL, Lee KC, Ng WF, Lai ST, Leung CY, et al. Lung pathology of fatal severe acute
respiratory syndrome. The Lancet. 2003; 361(9371):1773-8. https://doi.org/10.1016/s0140-6736(03)
13413-7 PMID: 12781536

Grifoni A, Weiskopf D, Ramirez S|, Mateus J, Dan JM, Moderbacher CR, et al. Targets of T Cell
Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed Individu-
als. Cell. 2020; 181(7):1489-1501.e15. https://doi.org/10.1016/j.cell.2020.05.015 PMID: 32473127

Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of Immune Response in Patients
With Coronavirus 2019 (COVID-19) in Wuhan, China. Clin Infect Dis. 2020; 71(15):762—8. https://doi.
org/10.1093/cid/ciaa248 PMID: 32161940

Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, et al. Functional exhaustion of antiviral lymphocytes
in COVID-19 patients. Cellular & molecular immunology. 2020; 17(5):533-5. https://doi.org/10.1038/
$41423-020-0402-2 PMID: 32203188

Thevarajan |, Nguyen TH, Koutsakos M, Druce J, Caly L, van de Sandt CE, et al. Breadth of concomi-
tant immune responses prior to patient recovery: a case report of non-severe COVID-19. Nature medi-
cine. 2020; 26(4):453-5. https://doi.org/10.1038/s41591-020-0819-2 PMID: 32284614

Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and immunological features of severe
and moderate coronavirus disease 2019. J Clin Invest. 2020; 130(5):2620-9. https://doi.org/10.1172/
JCI137244 PMID: 32217835

Zhao Q, Meng M, Kumar R, Wu Y, Huang J, Deng Y, et al. Lymphopenia is associated with severe coro-
navirus disease 2019 (COVID-19) infections: A systemic review and meta-analysis. Int J Infect Dis.
2020; 96:131-5. hitps://doi.org/10.1016/}.ijid.2020.04.086 PMID: 32376308

Tan L, Wang Q, Zhang D, Ding J, Huang Q, Tang Y-Q, et al. Lymphopenia predicts disease severity of
COVID-19: a descriptive and predictive study. Signal transduction and targeted therapy. 2020; 5(1):1—
3.

NiL, Ye F, Cheng ML, Feng Y, Deng YQ, Zhao H, et al. Detection of SARS-CoV-2-Specific Humoral
and Cellular Immunity in COVID-19 Convalescent Individuals. Immunity. 2020; 52(6):971-7.e3. https:/
doi.org/10.1016/j.immuni.2020.04.023 PMID: 32413330

Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak associated with a
new coronavirus of probable bat origin. nature. 2020; 579(7798):270-3. https://doi.org/10.1038/
s41586-020-2012-7 PMID: 32015507

Wu Z, McGoogan JM. Characteristics of and Important Lessons From the Coronavirus Disease 2019
(COVID-19) Outbreak in China: Summary of a Report of 72 314 Cases From the Chinese Center for
Disease Control and Prevention. JAMA. 2020; 323(13):1239—42. https://doi.org/10.1001/jama.2020.
2648 PMID: 32091533

Chung M, Bernheim A, Mei X, Zhang N, Huang M, Zeng X et al. CT Imaging Features of 2019 Novel
Coronavirus (2019-nCoV). Radiology. 2020; 295(1):202-7. https://doi.org/10.1148/radiol.2020200230
PMID: 32017661

Channappanavar R, Perlman S. Pathogenic human coronavirus infections: causes and consequences
of cytokine storm and immunopathology. Semin Immunopathol. 2017; 39(5):529-39. https://doi.org/10.
1007/s00281-017-0629-x PMID: 28466096

LiuY, Yang Y, Zhang C, Huang F, Wang F, Yuan J, et al. Clinical and biochemical indexes from 2019-
nCoV infected patients linked to viral loads and lung injury. Sci China Life Sci. 2020; 63(3):364—74.
https://doi.org/10.1007/s11427-020-1643-8 PMID: 32048163

Zhang JJ, Dong X, Cao YY, Yuan YD, Yang YB, Yan YQ, et al. Clinical characteristics of 140 patients
infected with SARS-CoV-2 in Wuhan, China. Allergy. 2020; 75(7):1730-41. https://doi.org/10.1111/all.
14238 PMID: 32077115

Sanyaolu A, Okorie C, Marinkovic A, et al. Comorbidity and its Impact on Patients with COVID-19. SN
Compr Clin Med. 2020; 1-8. https://doi.org/10.1007/s42399-020-00363-4 PMID: 32838147

Wang B, Li R, Lu Z, Huang Y. Does comorbidity increase the risk of patients with COVID-19: evidence
from meta-analysis. Aging (Albany NY). 2020; 12(7):6049-57. https://doi.org/10.18632/aging.103000
PMID: 32267833

Zhou Y, Zhang Z, Tian J, Xiong S. Risk factors associated with disease progression in a cohort of
patients infected with the 2019 novel coronavirus. Ann Palliat Med. 2020; 9(2):428-36. https://doi.org/
10.21037/apm.2020.03.26 PMID: 32233642

Crotty S, Kersh EN, Cannons J, Schwartzberg PL, Ahmed R. SAP is required for generating long-term
humoral immunity. Nature. 2003; 421(6920):282—7. https://doi.org/10.1038/nature01318 PMID:
12529646

PLOS ONE | https://doi.org/10.1371/journal.pone.0268712  August 5, 2022 12/14


https://doi.org/10.1016/s0140-6736%2803%2913413-7
https://doi.org/10.1016/s0140-6736%2803%2913413-7
http://www.ncbi.nlm.nih.gov/pubmed/12781536
https://doi.org/10.1016/j.cell.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32473127
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1093/cid/ciaa248
http://www.ncbi.nlm.nih.gov/pubmed/32161940
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1038/s41423-020-0402-2
http://www.ncbi.nlm.nih.gov/pubmed/32203188
https://doi.org/10.1038/s41591-020-0819-2
http://www.ncbi.nlm.nih.gov/pubmed/32284614
https://doi.org/10.1172/JCI137244
https://doi.org/10.1172/JCI137244
http://www.ncbi.nlm.nih.gov/pubmed/32217835
https://doi.org/10.1016/j.ijid.2020.04.086
http://www.ncbi.nlm.nih.gov/pubmed/32376308
https://doi.org/10.1016/j.immuni.2020.04.023
https://doi.org/10.1016/j.immuni.2020.04.023
http://www.ncbi.nlm.nih.gov/pubmed/32413330
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1001/jama.2020.2648
http://www.ncbi.nlm.nih.gov/pubmed/32091533
https://doi.org/10.1148/radiol.2020200230
http://www.ncbi.nlm.nih.gov/pubmed/32017661
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1007/s00281-017-0629-x
http://www.ncbi.nlm.nih.gov/pubmed/28466096
https://doi.org/10.1007/s11427-020-1643-8
http://www.ncbi.nlm.nih.gov/pubmed/32048163
https://doi.org/10.1111/all.14238
https://doi.org/10.1111/all.14238
http://www.ncbi.nlm.nih.gov/pubmed/32077115
https://doi.org/10.1007/s42399-020-00363-4
http://www.ncbi.nlm.nih.gov/pubmed/32838147
https://doi.org/10.18632/aging.103000
http://www.ncbi.nlm.nih.gov/pubmed/32267833
https://doi.org/10.21037/apm.2020.03.26
https://doi.org/10.21037/apm.2020.03.26
http://www.ncbi.nlm.nih.gov/pubmed/32233642
https://doi.org/10.1038/nature01318
http://www.ncbi.nlm.nih.gov/pubmed/12529646
https://doi.org/10.1371/journal.pone.0268712

PLOS ONE

COVID-19 and immunologic features

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

McCausland MM, Yusuf |, Tran H, Ono N, Yanagi Y, Crotty S. SAP regulation of follicular helper CD4 T
cell development and humoral immunity is independent of SLAM and Fyn kinase. J Immunol. 2007;
178(2):817-28. https://doi.org/10.4049/jimmunol.178.2.817 PMID: 17202343

Kamperschroer C, Dibble JP, Meents DL, Schwartzberg PL, Swain SL. SAP is required for Th cell func-
tion and for immunity to influenza. J Immunol. 2006; 177(8):5317-27. https://doi.org/10.4049/jimmunol.
177.8.5317 PMID: 17015717

Chen J, Lau YF, Lamirande EW, Paddock CD, Bartlett JH, Zaki SR, et al. Cellularimmune responses to
severe acute respiratory syndrome coronavirus (SARS-CoV) infection in senescent BALB/c mice: CD4
+ T cells are important in control of SARS-CoV infection. J Virol. 2010; 84(3):1289-301. https://doi.org/
10.1128/JVI1.01281-09 PMID: 19906920

Johnson S, Zhan Y, Sutherland RM, Mount AM, Bedoui S, Brady JL, et al. Selected Toll-like receptor
ligands and viruses promote helper-independent cytotoxic T cell priming by upregulating CD40L on den-
dritic cells. Immunity. 2009; 30(2):218-27. https://doi.org/10.1016/j.immuni.2008.11.015 PMID:
19200758

Northrop JK, Thomas RM, Wells AD, Shen H. Epigenetic remodeling of the IL-2 and IFN-gamma loci in
memory CD8 T cells is influenced by CD4 T cells. J Immunol. 2006; 177(2):1062-9. https://doi.org/10.
4049/jimmunol.177.2.1062 PMID: 16818762

Shedlock DJ, Shen H. Requirement for CD4 T cell help in generating functional CD8 T cell memory. Sci-
ence. 2003; 300(5617):337-9. https://doi.org/10.1126/science.1082305 PMID: 12690201

Kalia V, Penny LA, Yuzefpolskiy Y, Baumann FM, Sarkar S. Quiescence of Memory CD8(+) T Cells Is
Mediated by Regulatory T Cells through Inhibitory Receptor CTLA-4. Immunity. 2015; 42(6):1116-29.
https://doi.org/10.1016/j.immuni.2015.05.023 PMID: 26084026

Sacks JA, Bevan MJ. TRAIL deficiency does not rescue impaired CD8+ T cell memory generated in the
absence of CD4+ T cell help. J Immunol. 2008; 180(7):4570-6. https://doi.org/10.4049/jimmunol.180.
7.4570 PMID: 18354179

Laidlaw BJ, Craft JE, Kaech SM. The multifaceted role of CD4(+) T cells in CD8(+) T cell memory. Nat
Rev Immunol. 2016; 16(2):102-11. https://doi.org/10.1038/nri.2015.10 PMID: 26781939

Zemans RL, Matthay MA. What drives neutrophils to the alveoliin ARDS? Thorax. 2017; 72(1):1-3.
https://doi.org/10.1136/thoraxjnl-2016-209170 PMID: 27974631

Paris AJ, Liu Y, Mei J, Dai N, Guo L, Spruce LA, et al. Neutrophils promote alveolar epithelial regenera-
tion by enhancing type Il pneumocyte proliferation in a model of acid-induced acute lung injury. Am J
Physiol Lung Cell Mol Physiol. 2016; 311(6): 1062—75.

Yang SC, Tsai YF, Pan YL, Hwang TL. Understanding the role of neutrophils in acute respiratory dis-
tress syndrome. Biomed J. 2020; S2319-4170(20)30149-9. https://doi.org/10.1016/}.bj.2020.09.001
PMID: 33087299

LiuY, Du X, Chen J, Jin Y, Peng L, Wang HHX, et al. Neutrophil-to-lymphocyte ratio as an independent
risk factor for mortality in hospitalized patients with COVID-19. J Infect. 2020; 81(1): 6—12. https://doi.
org/10.1016/j.jinf.2020.04.002 PMID: 32283162

Ra C, Jouvin MH, Blank U, Kinet JP. A macrophage Fc gamma receptor and the mast cell receptor for
IgE share an identical subunit. Nature. 1989; 341(6244):752—4. https://doi.org/10.1038/341752a0
PMID: 2529442

Ravetch JV, Perussia B. Alternative membrane forms of Fc gamma RIII (CD16) on human natural killer
cells and neutrophils. Cell type-specific expression of two genes that differ in single nucleotide substitu-
tions. J Exp Med. 1989; 170(2):481-97. https://doi.org/10.1084/jem.170.2.481 PMID: 2526846

Klaassen RJ, Ouwehand WH, Huizinga TW, Engelfriet CP, von dem Borne AE. The Fc-receptor Ill of
cultured human monocytes. Structural similarity with FcRIIl of natural killer cells and role in the extracel-
lular lysis of sensitized erythrocytes. J Immunol. 1990; 144(2):599-606. PMID: 2136896

Anderson P, Caligiuri M, O’Brien C, Manley T, Ritz J, Schlossman SF. Fc gamma receptor type IlI
(CD16) is included in the zeta NK receptor complex expressed by human natural killer cells. Proc Natl
Acad Sci U S A. 1990; 87(6):2274-8. https://doi.org/10.1073/pnas.87.6.2274 PMID: 2138330

Kim HY, Kim S, Chung DH. FcgammaRIIl engagement provides activating signals to NKT cells in anti-
body-induced joint inflammation. J Clin Invest. 2006; 116(9):2484—92. https://doi.org/10.1172/
JCI27219 PMID: 16917543

Lanier LL, Cwirla S, Yu G, Testi R, Phillips JH. Membrane anchoring of a human IgG Fc receptor
(CD16) determined by a single amino acid. Science. 1989; 246(4937):1611-3. https://doi.org/10.1126/
science.2531919 PMID: 2531919

Li M, Wirthmueller U, Ravetch JV. Reconstitution of human Fc gamma RIII cell type specificity in trans-
genic mice. J Exp Med. 1996; 183(3):1259-63. https://doi.org/10.1084/jem.183.3.1259 PMID:
8642269

PLOS ONE | https://doi.org/10.1371/journal.pone.0268712  August 5, 2022 13/14


https://doi.org/10.4049/jimmunol.178.2.817
http://www.ncbi.nlm.nih.gov/pubmed/17202343
https://doi.org/10.4049/jimmunol.177.8.5317
https://doi.org/10.4049/jimmunol.177.8.5317
http://www.ncbi.nlm.nih.gov/pubmed/17015717
https://doi.org/10.1128/JVI.01281-09
https://doi.org/10.1128/JVI.01281-09
http://www.ncbi.nlm.nih.gov/pubmed/19906920
https://doi.org/10.1016/j.immuni.2008.11.015
http://www.ncbi.nlm.nih.gov/pubmed/19200758
https://doi.org/10.4049/jimmunol.177.2.1062
https://doi.org/10.4049/jimmunol.177.2.1062
http://www.ncbi.nlm.nih.gov/pubmed/16818762
https://doi.org/10.1126/science.1082305
http://www.ncbi.nlm.nih.gov/pubmed/12690201
https://doi.org/10.1016/j.immuni.2015.05.023
http://www.ncbi.nlm.nih.gov/pubmed/26084026
https://doi.org/10.4049/jimmunol.180.7.4570
https://doi.org/10.4049/jimmunol.180.7.4570
http://www.ncbi.nlm.nih.gov/pubmed/18354179
https://doi.org/10.1038/nri.2015.10
http://www.ncbi.nlm.nih.gov/pubmed/26781939
https://doi.org/10.1136/thoraxjnl-2016-209170
http://www.ncbi.nlm.nih.gov/pubmed/27974631
https://doi.org/10.1016/j.bj.2020.09.001
http://www.ncbi.nlm.nih.gov/pubmed/33087299
https://doi.org/10.1016/j.jinf.2020.04.002
https://doi.org/10.1016/j.jinf.2020.04.002
http://www.ncbi.nlm.nih.gov/pubmed/32283162
https://doi.org/10.1038/341752a0
http://www.ncbi.nlm.nih.gov/pubmed/2529442
https://doi.org/10.1084/jem.170.2.481
http://www.ncbi.nlm.nih.gov/pubmed/2526846
http://www.ncbi.nlm.nih.gov/pubmed/2136896
https://doi.org/10.1073/pnas.87.6.2274
http://www.ncbi.nlm.nih.gov/pubmed/2138330
https://doi.org/10.1172/JCI27219
https://doi.org/10.1172/JCI27219
http://www.ncbi.nlm.nih.gov/pubmed/16917543
https://doi.org/10.1126/science.2531919
https://doi.org/10.1126/science.2531919
http://www.ncbi.nlm.nih.gov/pubmed/2531919
https://doi.org/10.1084/jem.183.3.1259
http://www.ncbi.nlm.nih.gov/pubmed/8642269
https://doi.org/10.1371/journal.pone.0268712

PLOS ONE

COVID-19 and immunologic features

46.

47.

48.

49.

50.

51.

52.

53.

54.

Sheikhi A, Hojjat-Farsangi M. An immunotherapeutic method for COVID-19 patients: a soluble ACE2-
Anti-CD16 VHH to block SARS-CoV-2 Spike protein. Hum Vaccin Immunother. 2020:1-6. https://doi.
org/10.1080/21645515.2020.1787066

Pascolini S, Vannini A, Deleonardi G, Ciordinik M, Sensoli A, Carletti |, et al. COVID-19 and Immunolog-
ical Dysregulation: Can Autoantibodies be Useful? Clin Transl Sci. 2021; 14(2):502-508. https://doi.
org/10.1111/cts.12908 PMID: 32989903

Muratori P, Lenzi M, Muratori L, Granito A. Antinuclear antibodies in COVID 19. Clin Transl Sci. 2021;
14(5):1627-1628. https://doi.org/10.1111/cts. 13026 PMID: 33932091

Chang SH, Minn D, Kim YK. Autoantibodies in moderate and critical cases of COVID-19. Clin Transl
Sci. 2021; 14(5):1625-1626. https://doi.org/10.1111/cts.13036 PMID: 33934534

Zulfigar AA, Lorenzo-Villalba N, Hassler P, Andrés E. Immune Thrombocytopenic Purpura in a Patient
with Covid-19. N Engl J Med. 2020; 382(18):e43. https://doi.org/10.1056/NEJMc2010472 PMID:
32294340

Bomhof G, Mutsaers PGNJ, Leebeek FWG, Te Boekhorst PAW, Hofland J, Croles FN, et al. COVID-
19-associated immune thrombocytopenia. Br J Haematol. 2020; 190(2):e61—e64. https://doi.org/10.
1111/bjh.16850 PMID: 32420612

DiLillo DJ, Tan GS, Palese P, Ravetch JV. Broadly neutralizing hemagglutinin stalk-specific antibodies
require FcyR interactions for protection against influenza virus in vivo. Nat Med. 2014; 20(2):143-51.
https://doi.org/10.1038/nm.3443 PMID: 24412922

Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, et al. Nomenclature of monocytes
and dendritic cells in blood. Blood. 2010; 116(16):e74-80. https://doi.org/10.1182/blood-2010-02-
258558 PMID: 20628149

Chimen M, Yates CM, McGettrick HM, Ward LS, Harrison MJ, Apta B, et al. Monocyte Subsets Coregu-
late Inflammatory Responses by Integrated Signaling through TNF and IL-6 at the Endothelial Cell Inter-
face. J Immunol. 2017; 198(7):2834-2843. hitps://doi.org/10.4049/jimmunol. 1601281 PMID:
28193827

PLOS ONE | https://doi.org/10.1371/journal.pone.0268712  August 5, 2022 14/14


https://doi.org/10.1080/21645515.2020.1787066
https://doi.org/10.1080/21645515.2020.1787066
https://doi.org/10.1111/cts.12908
https://doi.org/10.1111/cts.12908
http://www.ncbi.nlm.nih.gov/pubmed/32989903
https://doi.org/10.1111/cts.13026
http://www.ncbi.nlm.nih.gov/pubmed/33932091
https://doi.org/10.1111/cts.13036
http://www.ncbi.nlm.nih.gov/pubmed/33934534
https://doi.org/10.1056/NEJMc2010472
http://www.ncbi.nlm.nih.gov/pubmed/32294340
https://doi.org/10.1111/bjh.16850
https://doi.org/10.1111/bjh.16850
http://www.ncbi.nlm.nih.gov/pubmed/32420612
https://doi.org/10.1038/nm.3443
http://www.ncbi.nlm.nih.gov/pubmed/24412922
https://doi.org/10.1182/blood-2010-02-258558
https://doi.org/10.1182/blood-2010-02-258558
http://www.ncbi.nlm.nih.gov/pubmed/20628149
https://doi.org/10.4049/jimmunol.1601281
http://www.ncbi.nlm.nih.gov/pubmed/28193827
https://doi.org/10.1371/journal.pone.0268712

