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Functional immune assay using interferon-gamma could predict infectious events in end-stage kidney disease
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INTRODUCTION

Despite significant technical improvements, the mortality rate in patients with end-stage kidney disease (ESKD) undergoing renal replacement therapy (RRT) is still as high as 20% per year [START_REF] Williams | The Euro-Balance Trial: the effect of a new biocompatible peritoneal dialysis fluid (balance) on the peritoneal membrane[END_REF].

Infections remain the second most common cause of death, with cardiovascular disease being the leading cause [START_REF] Sarnak | Mortality caused by sepsis in patients with end-stage renal disease compared with the general population[END_REF]. The one-year incidence rate of infection-related hospitalizations in the United States is 32% and 24% for patients on hemodialysis (HD) and for those on peritoneal dialysis (PD) respectively, and the three-year incidence exceeds 50% in both groups [START_REF] Chavers | Infection-Related Hospitalization Rates in Pediatric versus Adult Patients with End-Stage Renal Disease in the United States[END_REF][START_REF] Dalrymple | Epidemiology of Acute Infections among Patients with Chronic Kidney Disease[END_REF]. The HEMO study also found an annual infection rate was 35% on HD [START_REF] Allon | Impact of dialysis dose and membrane on infection-related hospitalization and death: results of the HEMO Study[END_REF]. The infection-related hospitalizations in ESKD patients are still increasing, whereas those for cardiovascular causes are in decline [START_REF]USRDS 2013 Annual Data Report: Atlas of Chronic Kidney Disease and End-Stage Renal Disease in the United States[END_REF]. Half of newly diagnosed ESKD patients died or are re-hospitalized within 30 days of an infection-related admission [START_REF]USRDS 2013 Annual Data Report: Atlas of Chronic Kidney Disease and End-Stage Renal Disease in the United States[END_REF].

Susceptibility to infection among ESKD patients cannot simply be explained by exposition to infectious risk factors such as vascular access or the dialysis procedure itself. The immune dysfunction induced in uremia is associated with alterations in the immune system, both innate and adaptive immunity, and contributes to an increased rate of infections in the course of ESKD [START_REF] Rocco | Comparison of causes of death using HEMO Study and HCFA end-stage renal disease death notification classification systems. The National Institutes of Health-funded Hemodialysis. Health Care Financing Administration[END_REF]. Humoral immunity is impaired in HD patients as highlighted by vaccination studies [START_REF] Litjens | Impaired immune responses and antigen-specific memory CD4+ T cells in hemodialysis patients[END_REF][START_REF] Ghadiani | Response rates to HB vaccine in CKD stages 3-4 and hemodialysis patients[END_REF][START_REF] Mathew | Vaccination issues in patients with chronic kidney disease[END_REF]. Lower vaccine responsiveness has been widely recognized in the ESKD population and has led to specific vaccination guidelines. ESKD-related alterations of cell-mediated immunity have also been reported [START_REF] Sharif | Immune disorders in hemodialysis patients[END_REF][START_REF] Betjes | Immune cell dysfunction and inflammation in end-stage renal disease[END_REF], as well as reduced numbers of B cells [START_REF] Pahl | Effect of end-stage renal disease on B-lymphocyte subpopulations, IL-7, BAFF and BAFF receptor expression[END_REF] and an imbalance between T cells populations: decrease in Th1 lymphocytes and increase in Th2, Th17 and T regulator cells [START_REF] Chung | Increased interleukin-17 producing effector memory T cells in the end-stage renal disease patients[END_REF]. Betjes et al. described a premature immune senescence induced by uremia: lower thymic output, CD4 + T cell lymphopenia with an inverted CD4:CD8 ratio, a CD28 -CD57 + T-cell expansion (i.e. terminally differentiated Tcells) and telomere attrition in young ESKD patients [START_REF] Betjes | Premature aging of circulating T cells in patients with end-stage renal disease[END_REF]. Moreover, functional abnormalities of monocytes, neutrophils and dendritic cells are directly linked to the risk of infection in the population of ESKD patients [START_REF] Descamps-Latscha | T cells and B cells in chronic renal failure[END_REF][START_REF] Yoon | Naïve and central memory T-cell lymphopenia in end-stage renal disease[END_REF][START_REF] Brinkkoetter | Altered CD46-mediated T cell co-stimulation in haemodialysis patients[END_REF][START_REF] Yadav | CD4+CD28null cells are expanded and exhibit a cytolytic profile in endstage renal disease patients on peritoneal dialysis[END_REF]. High failure rates for vaccinations are also thought to be caused by alterations of T cells function [START_REF] Litjens | Impaired immune responses and antigen-specific memory CD4+ T cells in hemodialysis patients[END_REF][START_REF] Eleftheriadis | Disturbances of acquired immunity in hemodialysis patients[END_REF].

In current practice no functional test is used to stratify ESKD patients according to the risk of infection. QuantiFERON-Monitor (Qiagen) is an objective assay, based on interferon-gamma (IFN-γ) measurement after a non-specific stimulation of natural killer (NK) and T-cells non-specific stimulation using Toll like receptor (TLR) and T cell receptor (TCR) agonists, respectively. Initially developed for immune monitoring after solid organ transplantation, studies found that low IFN-γ production measured with QuantiFERON-Monitor was associated with infections [START_REF] Potena | Quantiferon Monitor: A Novel Assay for Prediction of Infectious Risk in Heart Transplant Recipients[END_REF][START_REF] Mian | Evaluation of a Novel Global Immunity Assay to Predict Infection in Organ Transplant Recipients[END_REF].

QuantiFERON Monitor could also provide useful indication for the risk of infection among cirrhotic patients [START_REF] Sood | Immune function biomarker QuantiFERON-monitor is associated with infection risk in cirrhotic patients[END_REF].

The primary endpoint was the correlation between stimulated IFN-γ production in QuantiFERON-Monitor and serious infections in ESKD patients. The secondary aim was to investigate whether QuantiFERON-Monitor can identify ESKD patients with the greatest risk of infection (by identifying a threshold of stimulated IFN-γ production associated with infections).

MATERIALS AND METHODS

Patient Population

Patient population consisted of 54 ESKD patients of which 43 were on RRT (30 on HD, 13 on PD) and 11 on conservative management, 7 patients with CKD stages 3-4, and 19 healthy donors who were age-and gender-matched to ESKD patients. This is a prospective observational cohort study performed in the Department of Nephrology at Nice University Hospital. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the appropriate institutional review committee (NCT03572842). The inclusion criteria were: (1) adult patients with ESKD defined by an estimated glomerular filtration rate (eGFR) using 2009 CKD-EPI creatinine equation below 15mL/min/1.73/m 2 ; (2) presenting for an ambulatory clinic at the Department of Nephrology in Nice between September 2017 and May 2018;

(3) with ability to sign an informed consent. Renal replacement therapy referred to HD and PD.

Exclusion criteria were: ongoing infections, active nephrotic syndromes, immunosuppression (i.e.

positive Human Immunodeficiency Virus serology, long-term immunosuppressive drugs or history of chemotherapy), pregnancy and patients less than 18 years-old. Patients were followed for 6 to 12 months. Blood samples from patients and healthy donors were collected after signing an informed consent.

QuantiFERON Monitor assay

The QuantiFERON-Monitor assay was performed with one milliliter of whole blood collected in specific tubes provided by the manufacturer (Qiagen) that contain lithium heparin as anticoagulant.

Samples were stimulated with the QuantiFERON-Monitor immune ligands (anti-CD3 as T-cells stimulant, and R848 as TLR agonist) on single lyophilized spheres within eight hours of blood withdrawal. Stimulated blood samples were incubated for 16 to 24 hours at 37°C and then centrifuged to harvest the plasma. An enzyme-linked immunosorbent assay (ELISA) was performed to measure stimulated IFN-γ (IU/mL) by a blinded investigator. Plasma was stored at -20 °C until analysis and freeze-thaw cycles were minimised to preserve the quality of the sample.

Endpoints

The first analysis was the comparison of stimulated IFN-γ production by QuantiFERON-Monitor between patients with CKD stages 3-4 and ESKD patients on conservative treatment or RRT, and according to the time on dialysis.

The primary endpoint was the correlation between stimulated IFN-γ production in QuantiFERON-Monitor and serious infections requiring hospitalization or antibiotics during the 6 to 12-months follow-up period after the QuantiFERON-Monitor assay. Peritonitis in patients on PD after manipulation errors (Staphylococcus documentation) was not considered as serious infections.

Finally, we searched for additional factors associated with serious infections in ESKD patients.

Statistical analyses

For descriptive statistics, data are presented as mean ± standard deviation (for variables with Gaussian distribution) or median (ranges) (for variables with non-Gaussian distribution). The Shapiro-Wilk test was used to determine if a variable has a Gaussian distribution. Qualitative criteria were compared using Chi-square test or Fisher's exact test as appropriate. Quantitative variables were compared using the Student t-test or Wilcoxon-Mann-Whitney test (for variables with non-Gaussian distribution).

Spearman rank-order test was used to find correlations between continuous variables. Multivariate analysis was performed using linear regression. Receiver Operating Characteristic (ROC) curve was used to evaluate the performance of the test. Comparisons for survival curves were performed using log-rank test. A p-value of less than 0.05 indicated statistical significance. Statistical analyses were performed with GraphPad Prism 7.0 (GraphPad Software, Inc., San Diego, CA).

RESULTS

Population characteristics and outcomes

A total of 54 patients with ESKD were enrolled: 30 patients were on HD, 13 on PD, 11 on conservative management. Table 1 shows the detailed characteristics of the study cohort. Median follow-up was 10 months [START_REF]USRDS 2013 Annual Data Report: Atlas of Chronic Kidney Disease and End-Stage Renal Disease in the United States[END_REF][START_REF] Rocco | Comparison of causes of death using HEMO Study and HCFA end-stage renal disease death notification classification systems. The National Institutes of Health-funded Hemodialysis. Health Care Financing Administration[END_REF][START_REF] Litjens | Impaired immune responses and antigen-specific memory CD4+ T cells in hemodialysis patients[END_REF][START_REF] Ghadiani | Response rates to HB vaccine in CKD stages 3-4 and hemodialysis patients[END_REF][START_REF] Mathew | Vaccination issues in patients with chronic kidney disease[END_REF][START_REF] Sharif | Immune disorders in hemodialysis patients[END_REF][START_REF] Betjes | Immune cell dysfunction and inflammation in end-stage renal disease[END_REF][START_REF] Pahl | Effect of end-stage renal disease on B-lymphocyte subpopulations, IL-7, BAFF and BAFF receptor expression[END_REF]. QuantiFERON Monitor levels did not vary significantly according to ESKD etiology (p = 0.96) (Figure 1).

Comparison of IFN-γ production by QuantiFERON Monitor between Chronic Kidney Disease stages with or without renal replacement therapy

The median IFN-γ levels after stimulation were 722 IU/mL [501-1000] in healthy donors and were significantly lower in ESKD patients: median stimulated IFN-γ levels were 96.3 IU/mL [22.6 -261.3] in HD (p < 0.0001); 62.5 IU/mL [25.4-347.5] in PD (p < 0.0001) and 42.3 IU/mL [4.9-77.4] in ESKD patients on conservative management (p < 0.0001) (Figure 2). IFN-γ levels after stimulation did not significantly differ between CKD stages 3-4 and healthy controls (p = 0.16). Compared to CKD 3-4 patients, stimulated IFN-γ levels were significantly lower in ESKD patients (HD: p < 0.01; PD: p = 0.03 and ESKD on conservative management: p < 0.001) (Figure 2). No significant difference in stimulated IFN-γ levels was observed between ESKD patients on RRT method or conservative management (p = 0.12) (Figure 2).

On univariate analysis, only lymphocyte counts were correlated with IFN-γ levels after stimulation (r=0.41 [0.15; 0.61] p=0.002) (Table 2). No association was found with other inflammation or immune parameters; neither with ESKD factors such as urea or time on dialysis (Table 2). In multivariate analysis, INF-γ levels after stimulation were analyzed according to age, lymphocyte count, uremia and IgG level. Lymphocyte count were independent risk factor for low IFN-γ levels after stimulation (p=0.02) (data not shown). airway infection, and 17% septicemia (Figure 3A). There was one Fournier's gangrene and one PD peritonitis related to gram-negative bacilli (Figure 3A). Sixty-five percent of documented infections were bacterial; 23% were viral (Figure 3B).

Correlation between stimulated IFN-γ production in

The patients with serious infections had significantly lower levels of stimulated IFN-γ levels in QuantiFERON-Monitor than those without infections (IFN-γ 13.9 [5.5-48.3] IU/mL vs 85.8 [35.5-236] IU/mL, p = 0.007) (Figure 4A). To discriminate the sub-group at higher risk of infections, a stimulated IFN-γ level cutoff value of 63.55 IU/mL was determined using ROC analysis with a sensitivity of 80.95% and a specificity of 79.17% (AUC = 0.78, p = 0.008) (Figure 4B). In survival analysis, patients with stimulated IFN-γ levels in QuantiFERON-Monitor below 63.55 IU/mL had a higher risk of infections (p < 0.0001) (Figure 4C). Using this cutoff value, patients with stimulated IFN-γ levels in QuantiFERON-Monitor below 63.55 IU/mL had a hazard ratio of 10.71 ([3.68-31.13], p < 0.0001) for the development of subsequent infections.

Additional factors associated with serious infections in ESKD patients

Only stimulated IFN-γ levels were significantly different between patients with and without serious infections (p = 0.007) (Table 3). Lymphocyte counts, urea and inflammatory parameters were not different between the two groups (Table 3).

DISCUSSION

We performed a prospective observational cohort study using a global immune monitoring assay that could be easily used in clinical practice to predict complications due to infections in ESKD patients.

We confirmed that the cellular immune system is impaired in ESKD patients. As expected, stimulated IFN-γ levels in QuantiFERON-Monitor correlated with lymphocytes counts. However, only stimulated IFN-γ levels in QuantiFERON-Monitor but not lymphocytes counts were associated with subsequent serious infections. Infections are implicated in up to 25% of deaths of patients with ESKD and are the second most common cause of death in this population [START_REF] Williams | The Euro-Balance Trial: the effect of a new biocompatible peritoneal dialysis fluid (balance) on the peritoneal membrane[END_REF][START_REF] Sarnak | Mortality caused by sepsis in patients with end-stage renal disease compared with the general population[END_REF]. Immune dysfunction in ESKD is likely multifactorial with impaired function identified both in cell-mediated immunity [START_REF] Descamps-Latscha | T cells and B cells in chronic renal failure[END_REF][START_REF] Yoon | Naïve and central memory T-cell lymphopenia in end-stage renal disease[END_REF][START_REF] Brinkkoetter | Altered CD46-mediated T cell co-stimulation in haemodialysis patients[END_REF][START_REF] Yadav | CD4+CD28null cells are expanded and exhibit a cytolytic profile in endstage renal disease patients on peritoneal dialysis[END_REF][START_REF] Sood | Immune function biomarker QuantiFERON-monitor is associated with infection risk in cirrhotic patients[END_REF][START_REF] Girndt | Molecular aspects of T-and B-cell function in uremia[END_REF][START_REF] Meyer | Uremia[END_REF][START_REF] Hauser | Characteristics and causes of immune dysfunction related to uremia and dialysis[END_REF] or humoral immunity [START_REF] Sharif | Immune disorders in hemodialysis patients[END_REF][START_REF] Girndt | Molecular aspects of T-and B-cell function in uremia[END_REF]. The factors altering the immune system in uremic patients are numerous: uremic toxins [START_REF] Meyer | Uremia[END_REF][START_REF] Hauser | Characteristics and causes of immune dysfunction related to uremia and dialysis[END_REF], malnutrition [START_REF] Zha | Protein Nutrition and Malnutrition in CKD and ESRD[END_REF], mineral and bone disorders [START_REF] Sterling | The immunoregulatory function of vitamin D: implications in chronic kidney disease[END_REF], oxidative stress and dialysis-related factors (bio-incompatible membranes, contamination of dialysis solutions and catheters) [START_REF] Galli | Protein damage and inflammation in uraemia and dialysis patients[END_REF]. There was no difference in stimulated IFN-γ levels between ESKD patients on RRT or on conservative management might be due to small group size. Also, despite these later RRT-specific factors, patients with ESKD on conservative treatment had lower stimulated IFN-γ production in QuantiFERON-Monitor than CKD stage 3-4 patients or healthy subjects. Besides clearing metabolic waste products and drugs, kidneys also clear circulating cytokines and bacterial toxins, contributing to the homeostasis of the immune system [START_REF] Tecklenborg | The role of the immune system in kidney disease[END_REF]. Moreover, there was no significant difference in stimulated IFN-γ levels in QuantiFERON-Monitor between the various etiologies of the underlying kidney disease.

Overall, lower stimulated IFN-γ levels in QuantiFERON-Monitor were associated with a higher rate of subsequent infections: the most severe immune dysfunctions were associated with the highest risk for infection. Similar results have been described in cirrhotic patients with a stimulated IFN-γ levels below 214 IU/mL who appeared to have a four-fold increased risk of infection, while an even lower level of stimulated IFN-γ below 30 IU/mL was associated with pre-liver transplant mortality [START_REF] Sood | Immune function biomarker QuantiFERON-monitor is associated with infection risk in cirrhotic patients[END_REF]. In our ESKD cohort, a cut off value of 63.55IU/mL was predictive for infections. Most studies on QuantiFERON-Monitor assay have been conducted in post-solid organ transplantation cohorts and QuantiFERON-Monitor was able to quantify the level of immunosuppression and predict the risk of infections in solid organ transplant recipients [START_REF] Sood | A novel immune function biomarker identifies patients at risk of clinical events early following liver transplantation[END_REF]. QuantiFERON Monitor incorporates both innate and adaptive immunity stimulants which offers an objective non-specific overview of a patient's individual cellular immune response. An unexpected finding of the original pilot study on livertransplant recipients was that low stimulated IFN-γ levels were identified in patients awaiting, and not only after liver transplantation [START_REF] Sood | A novel biomarker of immune function and initial experience in a transplant population[END_REF]. In a recent liver transplant study [START_REF] Sood | A novel immune function biomarker identifies patients at risk of clinical events early following liver transplantation[END_REF], QuantiFERON-Monitor was proposed to individualize immunosuppression to minimize both infections and rejections.

Additional studies are required to test the relevance of the test in kidney transplantation.

To prevent infections in ESKD patients with the highest risk of infection, strategies may include aggressive vaccination policies, immunotherapy [START_REF] Sheikh | Administration of interleukin-7 increases CD4 T cells in idiopathic CD4 lymphocytopenia[END_REF] and specific dialysis measures (ultrapure dialysate, biocompatible and/or membranes with specific adsorbent capacities...). Malnutrition is a well-established and common cause of immune impairment, very common in ESKD patients [START_REF] Zha | Protein Nutrition and Malnutrition in CKD and ESRD[END_REF][START_REF] Bourke | Immune Dysfunction as a Cause and Consequence of Malnutrition[END_REF][START_REF] Iorember | Malnutrition in Chronic Kidney Disease[END_REF] and should be corrected. Use of specific iron preparations and 1α-hydroxylated vitamin D might be associated with a lower risk of developing herpes zoster reactivation in HD patients [START_REF] Chao | Risk factors for herpes zoster reactivation in maintenance hemodialysis patients[END_REF].

Studies using recombinant interleukin-7 aim to reverse immune senescence and to restore T cell function [START_REF] Sheikh | Administration of interleukin-7 increases CD4 T cells in idiopathic CD4 lymphocytopenia[END_REF][START_REF] Sportes | Phase I Study of Recombinant Human Interleukin-7 Administration in Subjects with Refractory Malignancy[END_REF][START_REF] Levy | Enhanced T cell recovery in HIV-1-infected adults through IL-7 treatment[END_REF][START_REF] Trédan | ELYPSE-7: a randomized placebo-controlled phase IIa trial with CYT107 exploring the restoration of CD4+ lymphocyte count in lymphopenic metastatic breast cancer patients[END_REF]. QuantiFERON-Monitor might help to select patients for these interventions and to monitor treatment response. Furthermore, preventing infections may help to decrease the risk of subsequent cardiovascular events (myocardial ischemia or congestive heart failure) [START_REF] Hassan | Infection in advanced chronic kidney disease leads to increased risk of cardiovascular events, end-stage kidney disease and mortality[END_REF].

Our study has some limitations that reflect both the nature of the assay as well as the study design.

First, the assay measures a combined IFN-γ output from whole blood, and it is not possible to determine the proportional contribution of innate versus adaptive immunity. Second, our cohort remains relatively small and monocentric. Third, we only analyzed serious infections and neither minor infections nor cardiovascular events. Finally, we did not explore humoral immunity or study each population of lymphocytes.

Grading immune dysfunction has been difficult in clinical practice. Functional assays are often isolated to one small component of immunity, associated with heavy laboratory process restricted to medical research. This study describes the first clinical assessment of QuantiFERON-Monitor immune function assay in ESKD patients. We showed that ESKD patients were not only significantly immunocompromised, but that low stimulated IFN-γ levels in QuantiFERON-Monitor were associated with a ten-fold increased risk of infection. Further studies are needed to assess whether QuantiFERON-Monitor could help to select patients who could benefit from therapeutic interventions to restore cellular immunity and to minimize both infections and rejections after kidney transplantation. (B) Stimulated IFN-γ level association with infectious risk: ROC-curve for stimulated IFN-γ level: less than 63.55 IU/mL was associated with a higher risk of infection in end-stage kidney disease patients (sensitivity of 80.95% and specificity of 79.17%).

LEGENDS TO FIGURES

(C) Infection-free survival in end-stage kidney disease patients based on low responsiveness of immune system defined by a stimulated IFN-γ level result below 63.55 IU/mL. Patients with a stimulated IFN-γ level result below 63.55 IU/mL (n=21) have higher infections (p<0.0001 using Log-rank test). 

  QuantiFERON Monitor and serious infections Nine out of 54 ESKD patients (17%) developed at least one serious infection, in a median time of 2 months [1; 7]. One patient experienced two episodes of infection and one presented three. Infection sites and microbiologic documentation are shown in Figure 3, with 33% urinary tract infections, 25%
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Table 1 . Baseline characteristics of the end-stage kidney disease cohort (n = 54)

 1 IFN-γ, interferon gamma; ADPKD, autosomal dominant polycystic kidney disease; * drug-induced kidney disease: penicillin, cotrimoxazole, non-steroidal anti-inflammatory drugs; ** IgA nephropathy, membranous nephropathy, systemic lupus erythematosus, ANCA vasculitis; *** amyloidosis, chronic interstitial nephritis, septic shock, HIV, nephrectomy, cardiorenal syndrome Categorical variables were expressed as frequencies. Continuous variables were expressed as median and interquartile intervals.

	TABLES		
		Demographics	Median Stimulated IFN-γ
			(95%CI) IU/mL
	Age (median, yr)	68 [32 -88]	85.4 [26.2-280.5]
	Sex		
	Male	38 (70%)	77.2 [13.2 -181.3]
	Female	16 (30%)	89.2 [27.1 -339.5]
	End-stage kidney disease		
	Conservative management	11 (18.0%)	42.3 [4.9 -77.4]
	Hemodialysis	30 (49.2%)	96.3 [23.6 -261.3]
	Peritoneal dialysis	13 (21.3%)	62.5 [25.3 -347.5]
	Etiology of nephropathy, n (%)		
	Diabetes	12 (22%)	53.0 [1.5-281.7]
	Nephroangiosclerosis	7 (13%)	58.6 [2.7 -238.1]
	Toxic*	4 (8%)	49.6 [32.3 -241.3]
	Autoimmune nephropathy **	6 (11%)	56.9 [19.1 -174.3]
	Uropathy	5 (9%)	62.5 [18.7 -365.5]
	ADPKD	3 (6%)	230.0 [2.5 -372.0]
	Others*** or unknown	17 (31%)	93.0 [30.1 -190.5]
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