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Introduction

The first outbreak of coronavirus disease (COVID- [START_REF] Xie | Effect of regular intravenous immunoglobulin therapy on prognosis of severe pneumonia in patients with COVID-19[END_REF] was reported in Wuhan (Hubei, China) in December 2019 [START_REF] Liu | Clinical outcomes of COVID-19 in Wuhan, China: a large cohort study[END_REF]. This outbreak has progressed into a global pandemic that has become a serious threat to global public health [START_REF] Li | Early Transmission Dynamics in Wuhan, China, of Novel Coronavirus-Infected Pneumonia[END_REF][START_REF] Zhu | A Novel Coronavirus from Patients with Pneumonia in China, 2019[END_REF][START_REF] Mahase | Covid-19: WHO declares pandemic because of "alarming levels" of spread, severity, and inaction[END_REF][START_REF] Li | Therapeutic strategies for critically ill patients with COVID-19[END_REF]. Most patients exhibit mild symptoms, although approximately 15% of cases progress to severe disease depending on age, ethnicity and comorbidities [START_REF] Wang | Clinical Characteristics of 138 Hospitalized Patients With 2019 Novel Coronavirus-Infected Pneumonia in Wuhan, China[END_REF][START_REF] Chen | Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study[END_REF][START_REF] Du | Clinical Features of 85 Fatal Cases of COVID-19 from Wuhan. A Retrospective Observational Study[END_REF]. Although current studies have shown that dexamethasone or remdesivir may be helpful in severe COVID-19 patients, novel therapies and vaccines are being developed and exploration of preexisting therapeutic strategies is urgently needed [START_REF] Shang | Management of critically ill patients with COVID-19 in ICU: statement from front-line intensive care experts in Wuhan, China[END_REF][START_REF] Horby | Dexamethasone in Hospitalized Patients with Covid-19 -Preliminary Report[END_REF][START_REF] Beigel | Remdesivir for the Treatment of Covid-19 -Final Report[END_REF].

Since immunoglobulin (IG) has been widely used for treating autoimmune diseases and serious viral infections [START_REF] Dubey | Randomized Placebo-Controlled Trial of Intravenous Immunoglobulin in Autoimmune LGI1/CASPR2 Epilepsy[END_REF][START_REF] Davey | Anti-influenza hyperimmune intravenous immunoglobulin for adults with influenza A or B infection (FLU-IVIG): a double-blind, randomised, placebo-controlled trial[END_REF], intravenous IG (IVIG) as the blood product purified from the plasma of healthy people has been considered for the treatment of COVID-19 patients.

IG is rich in antibodies and provides passive immune protection against a broad range of pathogens. The rationale for use of IVIG is its ability to modulate immunity. The presence of the Fc portion of IG may interact with activating Fc Rs on innate immune cells, thereby modulating the function of these cells [START_REF] Schwab | Intravenous immunoglobulin therapy: how does IgG modulate the immune system?[END_REF]. Additionally, IVIG inhibits human T-cell proliferation and cytokine production [START_REF] Tha-In | Modulation of the cellular immune system by intravenous immunoglobulin[END_REF][START_REF] Amran | Suppression of cytokine-dependent human T-cell proliferation by intravenous immunoglobulin[END_REF]. Therefore, although the underlying mechanisms of IVIG administration to treat viral infection are not fully understood, IVIG may lead to a multitude of immune responses via multiple pathways. Besides, continuous infusion of IG can effectively increase the serum level of immunoglobulin, neutralize pathogens in patients, and enhance the immunity of the patients, thereby shortening the course of the disease and promoting recovery [START_REF] Tagami | Intravenous immunoglobulin and mortality in pneumonia patients with septic shock: an observational nationwide study[END_REF][START_REF] Nierhaus | Best-practice IgM-and IgA-enriched immunoglobulin use in patients with sepsis[END_REF]. IVIG has been most recently used to treat patients with severe COVID-19 [START_REF] Xie | Effect of regular intravenous immunoglobulin therapy on prognosis of severe pneumonia in patients with COVID-19[END_REF][START_REF] Mohtadi | Recovery of severely ill COVID-19 patients by intravenous immunoglobulin (IVIG) treatment: A case series[END_REF], but available data is still limited outside the clinical trial setting. This retrospective multicenter study of patients hospitalized with severe COVID-19 aimed to explore the clinical benefits as well as potential harm of IVIG use.

Methods

Study setting and design

This multicenter retrospective study evaluated outcomes among patients with severe COVID-19 according to the use or non-use of IVIG treatment. The retrospective study protocol was approved by each hospital's institutional review board, which waived the requirement for informed consent.

Adults with confirmed COVID-19, presence of a respiratory rate higher than 30 breaths/min, oxygen saturation less than 93% at rest, PaO2/FiO2 ≤ 300 mmHg, and a lung imaging showing that the lesions had progressed more than 50% within a period of 24-48 hours were included. Patients presenting the following conditions were excluded: pregnancy or lactating, brain dead, allergy to IVIG therapy, or immunoglobulin deficiency.

In order to avoid immortal time bias, we matched each patient treated with IVIG with an untreated patient, according to the day of admission for treatment (or lack of treatment).

Patients were sorted ascendingly by days spent in the hospital. The following step was to match each IVIG treated patient to an untreated patient who had been in the hospital at least as many days as the time-to-IVIG of the treated patient. In case of multiple matching patients, one untreated matching patient was thus randomly selected.

Definitions

Nasal and pharyngeal swab specimens were collected from patients with an epidemiological history and chest imaging (computed tomography or radiography) that suggested viral pneumonia. The nasopharyngeal swab specimens were subjected to high-throughput sequencing or real-time reverse transcription-polymerase chain reaction to confirm the diagnosis of COVID-19. The clarification of COVID-19 was based on the Chinese management guidelines for COVID-19 (sixth version) [START_REF]The guidelines for the diagnosis and treatment of COVID-19[END_REF]. Briefly, patients were diagnosed as severe when: respiratory rate was higher than 30 breaths/min, oxygen saturation less than 93% at rest, PaO2/FiO2 ≤ 300mmHg.

Diagnosis of acute respiratory distress syndrome (ARDS) was based on the Berlin definition, with a PaO2/FIO2 < 300 mmHg, a positive end-expiratory pressure (PEEP) ≥ 5 cmH2O, a decreased light transmittance of both lungs that could not be explained completely by pleural effusion, atelectasis or nodules, and a respiratory failure that could not be explained by heart failure or fluid overload [START_REF] Ranieri | Acute respiratory distress syndrome: the Berlin Definition[END_REF]. The definition of diffuse intravascular coagulation (DIC) was based on underlying diseases facilitating its occurrence, clinical symptoms, as well as laboratory indicators [START_REF] Levi | Guidelines for the diagnosis and management of disseminated intravascular coagulation. British Committee for Standards in Haematology[END_REF].

Immunosuppression status was identified on the basis of the presence of malignancy, liver cirrhosis or chronic renal failure as well as the use of immunosuppressive therapy.

Immunosuppressive therapy refers to the use of immunosuppressive drugs, such as cytotoxic drugs administered to patients with active tumor, organ transplantation, or HIV, as well as cumulative use of corticosteroids for over three months [START_REF] Allison | Immunosuppressive Therapy in Transplantation[END_REF].

Myocardial injury was defined as an increase in troponin concentration above the 99 th percentile upper reference limit (> 0.4 ng/ml) [START_REF] Shi | Characteristics and clinical significance of myocardial injury in patients with severe coronavirus disease 2019[END_REF][START_REF] Mercedes | New-Onset myocardial injury in COVID-19 Pregnant Patients: A Case Series of 15 Patients[END_REF].

Data collection

Patients' medical records were reviewed for the collection of the following variables: age, sex, comorbidities, blood test results, Acute Physiology and Chronic Health Evaluation II (APACHE II) score, Sequential Organ Failure Assessment (SOFA) score, imaging findings, IVIG treatment characteristics (maximum daily dose, duration of treatment), and respiratory support (oxygen therapy, non-invasive mechanical ventilation, invasive mechanical ventilation, prone position ventilation, and extracorporeal membrane oxygenation (ECMO)).

Laboratory parameters as well as APACHE II and SOFA scores were assessed upon hospital admission.

Outcomes

The primary outcome was defined as 28-day all-cause mortality after propensity matching analysis. The start of the 28 days was defined as day of admission to the hospital. The secondary outcomes were defined as ARDS, DIC, myocardial injury, acute hepatic injury, shock, acute kidney injury (AKI), non-invasive mechanical ventilation, invasive mechanical ventilation, prone position ventilation, continuous renal replacement therapy, and ECMO between the two groups (treated versus untreated patients).

Statistical analysis

Continuous variables were expressed as median (interquartile range (IQR)) and were compared using the Mann-Whitney U test. Categorical variables were expressed as numbers (%) and compared using Fisher's exact test or the Chi-squared test. Missing data was not imputed in this study. Univariate logistic regression analysis was conducted and applied to evaluate possible predictors of 28-day mortality in the matched sample. We included variables associated with the dependent variable in bivariate analysis (p < 0.1) as well as what made clinical sense, without missing data for Multivariate Analysis. We estimated the predictors for 28-day mortality by fitting multivariate logistic regression with random intercepts to account for clustering of the inpatient hospitals. Model fit was evaluated by Hosmer-Lemeshow goodness of fit test.

The propensity score method was conducted to evaluate the relationship between IVIG and 28-day mortality. The following variables were included in the propensity score: fever, hypertension, corticosteroids (methylprednisolone, dexamethasone, hydrocortisone, and prednisolone), SOFA score, tumor, COPD, chronic cardiac disease, antiviral, chronic liver disease, diabetes, gender, stroke, immunosuppression, age, systolic pressure, chronic kidney disease, APACHE II, and respiratory support. A propensity score density plot was used to illustrate the distribution of propensity score in both groups. Standardized mean difference (SMD) was used to examine the balance of covariate distribution between treatment groups after the propensity score. IPW was performed to adjust the baseline characteristics in the IVIG and non-IVIG groups. Differences were considered statistically significant at p-values of less than 0.05, and all analyses were performed using SPSS software (version 22.0) and Stata software (version16.0).

Results

Patient characteristics

Mild or moderate disease was observed in 1,496 of the 2,346 patients hospitalized with confirmed COVID-19. The remaining 850 patients were enrolled. Table 1 shows the patients' characteristics and laboratory parameters upon admission. Treatment of IVIG was provided to 421 patients (49.5%) and was not provided to 429 patients (50.5%). The median age was 63 years (IQR: 55-73 years) and 58.9% of the patients were male. The median SOFA score was 2 (IQR: 2-3) and the median APACHE II score was 8 (IQR: 5-9). 406 patients in both groups were matched (see methods).

IVIG treatment

The median duration of IVIG treatment was 9.5 days for all patients (IQR: 4-12 days), 11 days for survivors (IQR: 6-15 days) and 7 days for non-survivors (IQR: 3-10 days). The median doses of IVIG were 9.85 g/day for survivors and 10.42 g/day for non-survivors. The median time interval from hospital admission to initiation of IVIG treatment among all patients was 2.8 days (IQR: 1-3 days) (e-Table 1, e-Figure 1).

Mortality

Table 2 shows the preliminary comparison between deaths and survivors at 28 days after matching, as well as the univariable and multi-variable analysis of 28-day mortality with logistic regression. The results of IPW analysis are shown in e-Figure 2. The common support is shown in e-Figure 2A and SMD is shown in e-Figure 2B. The majority of the SMD was within -10 and 10, indicating that the patients for IPW analysis were well-matched. As shown in Table 3, after IPW analysis, 28-day mortality between patients in the IVIG and non-IVIG groups was not significantly different. The average treatment effect (ATE) was 0.008 (95% CI -0.081-0.097, p = 0.863). Moreover, logistic regression analysis suggested that the other independent risk factors for 28-day mortality among patients with severe COVID-19 were APACHE II score (odds ratio (OR) = 1.16, 95% CI 1.05-1.18, p < 0.001), age (OR = 1.05, 95% CI 1.03-1.06, p < 0.001), diabetes (OR = 1.98, 95% CI 1.21-3.25, p = 0.003), use of glucocorticoids (OR = 3.00, 95% CI 1.91-4.70, p < 0.001), and SOFA score (OR = 1.54, 95% CI 1.31-1.81, p < 0.001). In addition, the risk factors for death at 28-days associated with IVIG treatment were consistent across subgroups except for patients with WBC ≥ 10 (OR = 2.21, p = 0.007), with activated partial thromboplastin time (APTT) ≥ 37 (OR = 2.75, p = 0.015) and with prothrombin time (PT) ≥ 13.5 (OR = 3.61, p = 0.002) (e-Figure 3).

Secondary outcomes

As shown in Table 3, after IPW analysis, except for prone position ventilation (ATE = -0.022, 95% CI -0.041--0.002, p = 0.028), there were no significant differences between the IVIG group and non-IVIG group for ARDS, DIC, myocardial injury, acute hepatic injury, shock, AKI, non-invasive mechanical ventilation, invasive mechanical ventilation, continuous renal replacement therapy, and ECMO.

Discussion

This is the first large-cohort retrospective study evaluating the association between IVIG treatment and mortality among a well-defined cohort of patients with severe COVID-19. The results suggest that use of IVIG treatment was not associated with 28-day mortality.

The use of IVIG as an adjunctive treatment for sepsis and septic shock has been studied for decades. Rodriguez et al. reported that IVIG treatment plus adequate antibiotic treatment improved survival among surgical ICU patients with intra-abdominal sepsis [START_REF] Rodríguez | Effects of high-dose of intravenous immunoglobulin and antibiotics on survival for severe sepsis undergoing surgery[END_REF]. Lizuka et al.

found that IVIG (5 g/day for 3 days) did not reduce mortality among patients with sepsis and septic shock [START_REF] Iizuka | propensity score in both IVIG and NON-IVIG group. (B) SMD before and after matching. e-Figure 3. Subgroup analysis of 28-day mortality according to IVIG treatment in the entire cohort. APACHE II: Acute Physiology and Chronic Health Evaluation II score; SOFA: Sequential Organ Failure Assessment; COPD: Chronic obstructive pulmonary disease; CCD: Chronic cardiac disease; IMV: Invasive mechanical ventilation; WBC: white blood cell; CRP: C-reactive protein; APTT: Activated partial thromboplastin time; PT: Prothrombin time. SOFA score 2 (2-3) 2 ([END_REF]. Tagami et al. reported that IVIG treatment (5 g/day for 3 days) was not significantly associated with survival among mechanically ventilated patients with pneumonia and septic shock [START_REF] Tagami | Intravenous immunoglobulin and mortality in pneumonia patients with septic shock: an observational nationwide study[END_REF], or among ventilated patients with septic shock after emergency laparotomy [29]. What must be noted is that the dose used in the above-mentioned studies was lower than the IVIG dose used in other studies and may be insufficient for patients with severe sepsis [30,31]. Moreover, IVIG treatment carries a risk of complications, which include thromboembolic events, renal dysfunction, aseptic meningoencephalitis, and anaphylaxis [32]. It is possible that these complications may counterbalance the effectiveness of IVIG treatment.

The use of IVIG has also been reported in the treatment of several coronavirus-induced infections. Studies of SARS and MERS infection have suggested that IVIG led to a significant improvement in leukocyte and platelet counts although the lack of control group precludes any definitive conclusions [33,34]. In Wuhan, China, the use of high-dose IVIG treatment (25 g/day for 5 days) plus antivirals (lopinavir/ritonavir) and methylprednisolone for severe COVID-19 has resulted in increased lymphocyte counts, lower concentrations of inflammatory markers, partial/complete resolution of specific lung findings, and negative nasal and oropharyngeal swab test results within a few days of starting treatment [35].

Another treatment of COVID-19 is convalescent plasma. It has been reported that no significant differences were observed in clinical status or overall mortality between patients treated with convalescent plasma and those who received placebo [36]. In addition, the RECOVERY (Randomized Evaluation of COVID-19 Therapy) has shown no effect of convalescent plasma treatment for patients hospitalized with COVID-19.

The present study involved a large and well-defined group of patients with severe COVID-19.

However, several limitations should be considered. First, retrospective studies are prone to bias and we were unable to compare the results to those from a placebo control group. We cannot clearly indicate why some patients received IVIG and other did not since the decision was left to the discretion of the physician in charge of the patient. Second, there was some heterogeneity in the patient population since some critically ill patients were treated outside the ICU due to a shortage of ICU beds. Third, data collection for the baseline immunoglobulin levels, which may be associated with the efficacy of IVIG, was not available in frontline efforts to fight the pandemic. Fourth, we did not have access to long-term follow-up data or information regarding secondary infections and thrombotic events that were related to the IVIG treatment. Fifth, patients receiving other medical treatments have not been included in our study, probably reducing our estimates of IVIG effect. Sixth, early in the COVID-19 pandemic, much laboratory data was missing and unsuitable for imputation.

Seventh, we cannot exclude the efficacy of IVIG in COVID-19 patients in general since our results were based on data of some severe COVID-19 patients. Eighth, due to the unclear reason for the IVIG use in the clinic, DAG was not used for the selection of relevant variables in the multivariable analysis. We only selected variables with p value less than 0.1 which are also important factors in the clinic for the multivariable analyses. This is a limitation of our study. Nineth, different IVIG dosages were not studied due to the difficulty to ascertain the effect of low vs. high dose IVIG. Tenth, this study is a retrospective study and survival bias exist in our study. Marginal structural model etc. might be a promising tool to address this bias. However, the data in this study have been collected during the early pandemic. There were no medication guidelines, and clinicians prescribed treatment based on their own decisions. Therefore, it is hard to find variables that might prompt patient selection into IVIG treatment, and we matched each patient treated with IVIG with one untreated patient according to the number of days from admission-to-treatment (or lack of treatment). Eleventh, the lack of information on the weight-adjusted doses given to each patient may lead to suboptimal treatment in most patients reported herein, which should be taken into account in future RCT studies.

In conclusion, the present study revealed that IVIG treatment was not associated with significant improvements in [START_REF] Iizuka | propensity score in both IVIG and NON-IVIG group. (B) SMD before and after matching. e-Figure 3. Subgroup analysis of 28-day mortality according to IVIG treatment in the entire cohort. APACHE II: Acute Physiology and Chronic Health Evaluation II score; SOFA: Sequential Organ Failure Assessment; COPD: Chronic obstructive pulmonary disease; CCD: Chronic cardiac disease; IMV: Invasive mechanical ventilation; WBC: white blood cell; CRP: C-reactive protein; APTT: Activated partial thromboplastin time; PT: Prothrombin time. SOFA score 2 (2-3) 2 ([END_REF] 
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  Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment

	Dyspnea Radiological findings, n (%)	569 (67.4)	277 (65.3)	292 (69.5)
	Abnormalities			
	Ground-glass opacity	460 (95.2)	281 (98.3)	179 (90.9)
	Pulmonary consolidation	98 (20.3)	65 (22.7)	33 (16.8)
	Pulmonary interstitial abnormalities	275 (56.9)	106 (37.1)	169 (85.8)
	Pneumothorax	0 (0.0)	0 (0.0)	0 (0.0)
	Pleural effusion	22 (4.6)	11 (3.9)	11 (5.6)
	IVIG, intravenous immunoglobulin, IQR: interquartile range, APACHEII,		
	Hypertension	285 (33.8)	102 (24.1)	183 (43.7)
	Chronic cardiac disease	109 (12.9)	42 (9.9)	67 (16.0)
	Chronic kidney disease	30 (3.6)	20 (4.7)	10 (2.4)
	Chronic liver disease	27 (3.2)	10 (2.4)	17 (4.1)
	Stroke	54 (6.4)	27 (6.4)	27 (6.4)
	Malignancy	29 (3.4)	6 (1.4)	23 (5.5)
	Immunosuppression	30 (3.6)	13 (3.1)	17 (4.1)
	Tuberculosis	12 (1.4)	5 (1.2)	7 (1.7)
	Signs and symptoms at admission, n (%)			
	Fever	653 (77.4)	267 (63.1)	386 (91.7)
	Cough	645 (76.3)	308 (72.6)	337 (80.1)
	Sputum production	363 (43.0)	195 (46.0)	168 (39.9)

Table 2 .

 2 Characteristics and physiological parameters of survivors and non-survivors with severe COVID-19 on admission (after matching) IVIG, intravenous immunoglobulin, IQR: interquartile range, APACHEII, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; ECMO, extracorporeal

	Variables	Survivors	Non-survivors	Univariate Analysis	Multivariate Analysis
		(n=296)	(n=516)	p-value	OR (95% CI)	p-value	OR (95% CI)
	Age, years						
	Median (IQR)	70 (62-78)	61 (51-70)	<0.001	1.05 (1.04,1.07)	<0.001	1.05 (1.03,1.06)
	Sex, n (%)						
	Male	187 (63.2)	293 (56.8)	0.075	0.77 (0.57,1.03)	0.307	0.83 (0.57,1.19)
	Female	109 (36.8)	223 (43.2)				
	Smoking, n (%)	7 (2.4)	20 (3.9)	0.248	0.60 (0.25,1.44)		
	Comorbidities, n (%)						
	Chronic obstructive pulmonary disease	13 (4.6)	14 (2.8)	0.179	1.69 (0.78,3.64)	0.981	1.01 (0.39,2.62)
	Diabetes mellitus	62 (21.3)	60 (11.7)	<0.001	2.05 (1.39,3.02)	0.003	1.98 (1.21,3.25)
	Hypertension	115 (39.5)	155 (30.2)	0.007	1.51 (1.12,2.05)	0.258	0.78 (0.51,1.20)
	Chronic cardiac disease	46 (15.8)	56 (10.9)	0.044	1.54 (1.01,2.34)	0.322	0.75 (0.43,1.32)
	Chronic kidney disease	10 (3.4)	15 (2.9)	0.684	1.18 (0.53,2.67)	0.615	0.73 (0.22,2.47)
	Chronic liver disease	8 (2.7)	17 (3.3)	0.668	0.83 (0.35,1.95)	0.212	0.49 (0.16,1.50)
	Stroke	22 (7.6)	26 (5.1)	0.150	1.54 (0.85,2.76)	0.386	1.13 (0.53,2.41)
	Malignancy	15 (5.2)	12 (2.3)	0.033	2.27 (1.05,4.93)	0.361	1.63 (0.57,4.64)
	Immunosuppression	12 (4.1)	16 (3.1)	0.447	1.34 (0.63,2.88)	0.764	0.85 (0.29,2.46)
	Tuberculosis	6 (2.1)	5 (1.0)	0.333	2.15 (0.65,7.11)		
	Signs and symptoms at admission, n (%)						
	Fever	236 (81.1)	387 (75.2)	0.053	1.42 (0.99,2.02)	0.072	1.57 (0.96,2.57)
	Cough	229 (78.7)	387 (75.0)	0.308	1.23 (0.87,1.74)		
	Sputum production	134 (46.1)	210 (40.7)	0.140	1.24 (0.93,1.66)		

Table 3 .

 3 The main and secondary outcomes of IVIG and non-IVIG groups after IPW analysis

	Outcome	ATE	95% CI	p-value
	28-day mortality	0.008	-0.081,0.097	0.863
	Acute respiratory distress syndrome	0.329	-1.901,2.559	0.772
	Diffuse intravascular coagulation	0.027	-0.025,0.078	0.311
	Myocardial injury	0.061	-0.008,0.129	0.081
	Acute hepatic injury	0.074	-0.003,0.152	0.060
	Shock	-0.014	-0.078,0.050	0.666
	Acute kidney injury	0.030	-0.035,0.096	0.363
	Non-invasive mechanical ventilation	0.044	-0.044,0.132	0.325
	Invasive mechanical ventilation	-0.008	-0.074,0.057	0.801
	Prone position ventilation	-0.022	-0.041, -0.002	0.028
	Continuous renal replacement therapy	-0.012	-0.039,0.015	0.395
	Extracorporeal membrane oxygenation	-0.003	-0.013,0.006	0.507
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