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Editorial on the Research Topic
 Infectious diseases and hematology: diagnosis and management




It is crucial to understand the immune status of hematological patients, as it significantly influences the severity and types of infections to which they are susceptible. Patients with neutropenia are at high risk of severe bacterial infections, and prolonged neutropenia increases the risk of fungal infections. Moreover, impaired T-cell function increases the likelihood of fungal and viral infections. Knowledge of local resistance patterns is essential to guide empirical antimicrobial therapies (1).

Regarding management, it is important to focus on prevention, diagnosis, and treatment. Thus, vaccines and anti-infective prophylaxis have improved survival rates for these patients. Having the best possible strategies for managing infections is fundamental for lowering the chances of illness and death for those who do get sick (2).

This compendium points to several issues. Thus, diverse novel aspects of the management and/or treatment of various infections, the validation of predictive risk models for infections in hematology, the COVID-19 behavior in certain populations, the optimal assessment of the response to some COVID-19 vaccinations, and atypical responses to treatments, e.g. antifungals such as voriconazole, are included here. This volume is completed by two articles focusing on other related aspects of hematology.

Pando-Caciano et al. address the management of refractory cytomegalovirus (CMV) infections in the context of pediatric haematopoietic stem cell transplantation (HSCT) highlighting the use of highly sensitive genetic tools to investigate virus resistance in a broader genome-wide range. This is the first reported case in Latin America of refractory CMV infection in a pediatric HSCT recipient without evidence of clinical symptoms and CMV genetic resistance.

Ge et al. report an intra-abdominal Mycobacterium syngnathidarum infection in an immunocompetent patient. This is the first report of Mycobacterium syngnathidarum infection in humans. This mycobacterium was detected by whole genome sequencing (WGS). Therefore, the authors suggest that WGS can serve as a high-resolution assay for the diagnosis of different subtypes of mycobacterial infection.

Cao et al. report a case of haemophagocytic lymphohistiocytosis (HLH) with detection of Rickettsia DNA in blood that met the diagnostic criteria of the Histiocyte Society's HLH-2004 guidelines. The patient was treated with antibiotics, glucocorticoid therapy and continuous renal replacement therapy (CRRT) temporarily improving his condition. However, the patient died 2 years later due to chronic renal failure caused by septic shock.

Zhou et al. address the risk of nosocomial infections with multi-drug resistant organisms (MDRO) in neonatal intensive care units (NICUs). Authors conducted a multicenter observational study at NICUs of two tertiary children's hospitals in China. This study is the first to construct a predictive risk model (PRM) for nosocomial infections with MDRO in NICUs.

Li et al. validate another PRM to establish the prognosis of hospitalized patients with severe fever with thrombocytopenia syndrome (SFTS) before reaching the critical illness stage and compare the predictive ability of groups with and without viral load. This PRM represents a convenient tool for early identification of critically ill patients in order to initiate better personalized treatment in time.

Huang et al. show their prediction of the risk of cytopenias during hospitalization in HIV/AIDS patients. The authors used artificial intelligence (five machine learning prediction models) to analyse the data and concluded hypoproteinaemia and cancer were the most important predictors in this context.

Ali et al. address the issue of COVID-19 in patients with chronic myeloid leukemia (CML). With respect to the controversy over whether CML patients have better outcomes than normal people or not, this review evaluates the outcome of CML patients with COVID-19 and attempts to address the missing area of knowledge.

Ghaffari et al. investigated human platelet antigen (HPA)-1 and HPA-3 (GPIIb/IIIa), HPA-2 (GPIb/IX), HPA-4 (GPIIIa), HPA-5 (GPIa/IIa) and HPA-15 (CD109) polymorphisms in 86 COVID-19-infected patients with thrombocytopenia and 136 COVID-19-infected patients without thrombocytopenia. The authors present here the first evidence suggesting the distinct association of specific combinations of HPA genotypes with thrombocytopenia in COVID-19 infected patients. They recommend evaluating the role of HPA polymorphisms as risk factors for thrombocytopenia in different COVID-19 populations.

Xie et al. present a rare case of a patient with systemic lupus erythematosus with a fungal infection who developed MDS-like adverse reactions after treatment with voriconazole. Because the patient's sputum culture showed Candida albicans infection, oral voriconazole was prescribed. After the use of voriconazole, drug-related adverse reactions such as visual disturbances, nausea, vomiting and others, as well as a gradual increase in serum creatinine and oliguria appeared. In addition, there was a decrease in peripheral blood cells, and MDS-like changes were observed in the bone marrow by bone marrow biopsy. After stopping voriconazole, drug-related adverse symptoms disappeared, while cytopenias and MDS changes improved significantly.

Szabó et al. show their results with 49 patients with hematological diseases (HD) and 46 healthy controls (HCs) enrolled to receive a full two-dose vaccination with three different SARS-CoV-2 vaccines (BNT162b2, or AZD1222, or BBIBP-CorV).

Although, humoral immune activity against SARS-CoV-2 can be highly evoked by the BNT162b2 mRNA-based vaccination compared to the other two, the authors demonstrate a significant weaker overall response to the vaccines in the immunologically deficient HD population against HCs, regardless of vaccine type.

Xu et al. investigate the feasibility and accuracy of liver iron concentration (LIC) quantification in thalassaemia (TM) patients using 1.5T and 3T T2* magnetic resonance imaging (MRI).

Li et al. confirm here that, in pediatric patients with hemophilia A, the US scoring system correlated well with the Hemophilia Joint Health Score (HJHS 2.1) for global and individual joint assessments, with excellent correlations for elbows, substantial correlations for knees and moderate correlations for ankles.

The articles of this Research Topic describe different and often insufficiently known aspects of the diagnosis and management of various infectious diseases in our hematological patients. Further studies following the results observed here will undoubtedly contribute to a better understanding of these issues.
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Objective: To investigate the feasibility and accuracy of quantifying liver iron concentration (LIC) in patients with thalassemia (TM) using 1.5T and 3T T2* MRI.

Methods: 1.5T MRI T2* values were measured in 391 TM patients from three medical centers: the T2* values of the test group were combined with the LIC (LICF) provided by FerriScan to construct the curve equation. In addition, the liver 3T MRI liver T2* data of 55 TM patients were measured as the 3T group: the curve equation of 3T T2* value and LICF was constructed.

Results: Based on the test group LICF (0.6–43 mg/g dw) and the corresponding 1.5T T2* value, the equation was LICF = 37.393[image: image](−1.22) (R2 = 0.971; P < 0.001). There was no significant difference between LICe−1.5T and LICF in each validation group (Z = −1.269, −0.977, −1.197; P = 0.204, 0.328, 0.231). There was significant consistency (Kendall's W = 0.991, 0.985, 0.980; all P < 0.001) and high correlation (rs = 0.983, 0.971, 0.960; all P < 0.001) between the two methods. There was no significant difference between the clinical grading results of LICe−1.5T and LICF in each validation group (χ2 = 3.0, 4.0, 2.0; P = 0.083, 0.135, 0.157), and there was significant consistency between the clinical grading results (Kappa's K = 0.943, 0.891, 0.953; P < 0.001). There was no statistical correlation between the LICF (≥14 mg/g dw) and the 3T T2* value of severe iron overload (P = 0.085). The LICF (2–14 mg/g dw) in mild and moderate iron overload was significantly correlated with the corresponding T2* value (rs = −0.940; P < 0.001). The curve equation constructed from LICF and corresponding 3T T2* values in this range is LICF = 18.463T2*∧(−1.142) (R2 = 0.889; P < 0.001). There was no significant difference between LICF and LICe−3T in the mild to moderate range (Z = −0.523; P = 0.601), and there was a significant correlation (rs = 0.940; P < 0.001) and significant consistency (Kendall's W = 0.970; P = 0.008) between them. LICe−3T had high diagnostic efficiency in the diagnosis of severe, moderate, and mild liver iron overload (specificity = 1.000, 0.909; sensitivity = 0.972, 1.000).

Conclusion: The liver iron concentration can be accurately quantified based on the 1.5T T2* value of the liver and the specific LIC-T2* curve equation. 3T T2* technology can accurately quantify mild-to-moderate LIC, but it is not recommended to use 3T T2* technology to quantify higher iron concentrations.

KEYWORDS
thalassemia, magnetic resonance imaging, iron overload, liver iron concentration, equation


1. Introduction

The liver is one of the major iron storage organs; LIC reflects the total iron load, which is an important clinical indicator for clinical monitoring, evaluation, and treatment of iron overload (1). Although the actual liver iron concentration provided by liver biopsy serves as the “gold standard” for clinical indicators, most scholars and medical centers prefer to use non-invasive MRI technology for LIC monitoring because biopsy provides only small samples and has the disadvantages of invasiveness and poor repeatability (2). The LIC (LICF), based on the MRI T2/R2 (1000/T2) technique and reported by FerriScan (Resonance Health Limited, Burswood, WA, Australia), has been certified by the Food and Drug Administration (FDA) of the United States and has high reliability (3). However, there are many limitations to this technique (4): it requires patient-related MRI T2/R2 data to be sent to FerriScan for off-site post-processing and analysis. The off-site sending of patient data requires approval from the relevant center and involves time costs that will prolong the time to obtain LIC results. The additional cost of the analysis will also increase the cost of LIC monitoring at one time, which results in the use of FerriScan technology for liver iron quantification being limited to a few large medical centers, and the possibility of regular or long-term LIC monitoring in patients being greatly reduced.

The T2* technique, based on the gradient recalled echo (GRE) imaging sequence of MRI has been established as a non-invasive standard for quantifying tissue iron levels (5–7). Many centers have been using the T2* relaxation method and corresponding software technology to measure organ relaxation parameters, such as T2* and R2* (1000/T2*) values, to indirectly obtain the estimated value of organ iron concentration (8). Some studies have explored the relationship between liver 1.5T T2*/R2* and LIC in patients with iron overload and constructed the corresponding LIC-T2*/R2* curve equation (8–13). However, the equations constructed in these studies, which were partly based on liver iron concentrations obtained from small biopsy samples, have not been validated in multiple centers, and their reliability needs to be verified. Moreover, most of the current studies in this area are based on 1.5T MRI, while the studies based on 3T MRI are few and limited. many studies only discuss the correlation between 3T T2*/R2* and LIC and whether the diagnosis is liver iron overload, but there is less analysis of the cutoff value of clinical classification of mild, moderate, and severe iron overload (14, 15).

The aim of this study was to investigate the relationship between liver 1.5T, 3T T2* values and LICF in thalassemia (TM) patients based on large sample size and multicenter data and also to investigate the feasibility, reliability, and accuracy of 1.5T and 3T MRI T2* techniques in quantifying LIC in TM patients.



2. Materials and methods


2.1. Research data

Liver 1.5T MRI T2* data of thalassemia patients from three medical centers from January 2014 to June 2022 were retrospectively analyzed: 273 patients from the First Affiliated Hospital of Guangxi Medical University (Center 1), 54 from the Guangxi Zhuang Autonomous Region Ethnic Hospital (Center 2), and 64 from the Guangxi Medical University Affiliated Tumor Hospital (Center 3). In total, 13 patients underwent 1.5T MRI T2* liver scans at three centers (within 24 h of the same patient being scanned at different centers). In addition, 3T liver MRI T2* data of 55 TM patients from center 1 were collected. The inclusion criteria were: (1) patients diagnosed with thalassemia by genetic diagnosis, with a history of regular or irregular blood transfusion; (2) age ≥ 9 years old; (3) MRI for thalassemia was performed with liver T2 (as required by FerriScan) and T2* sequences. Exclusion criteria were: (1) the image data artifacts were large and did not meet the measurement requirements; (2) patients were complicated with other chronic liver diseases or neoplastic diseases. This study was conducted in accordance with the principles of the Declaration of Helsinki and approved by the Ethics Committee of the First Affiliated Hospital of Guangxi Medical University (2022-E457-01).



2.2. MR scanning methods

1.5T data: a Siemens 1.5T MRI scanner (MAGNETOM Avanto Fit & Altea, Siemens Healthcare, Erlangen, Germany), a Philips 1.5T MRI scanner (Achieva, Philips Medical Systems, Best, Netherlands), and the body coil were used. The images reported by FerriScan use a free-breathing two-dimensional multilayer spin-echo pulse sequence: rollover angle = 90°, repeat time (TR) = 1,000 ms, echo time (TE) = 6.0, 9.0, 12.0, 15.0, 18.0 ms, matrix = 256 × 256 mm2, layer thickness = 5 mm, FOV = 400 mm × 400 mm. The scan time was 15 min. GRE scan sequence: the same level above the hepatic hilum was scanned with one breath hold at the end of exhalation. rotation angle = 20°, TR = 200.00 ms, TE = 1.29, 2.35, 3.43, 4.6, 5.68, 6.85, 7.93, 9.1, 10.18, 11.35, 12.43, 13.6 ms, matrix = 256 × 256 mm2, layer thickness = 10 mm, FOV = 400 mm × 400 mm.

3T data: a Siemens 3T MRI scanner was used (Verio, Siemens Healthcare, Erlangen, Germany). TR = 200 ms, TE = 0.97, 2.38, 3.79, 5.20, 6.61, 8.02, 9.43, 10.84, 12.25, 13.66, 15.07, 16.48 ms; Rotation angle = 20°, matrix = 64 × 128 mm2, layer thickness = 10 mm, FOV = 200 mm × 400 mm.



2.3. Data measurement and analysis

The 1.5T T2 image data was sent to FerriScan for post-processing and analysis. The LICF used in the study was obtained from the final FerriScan report (Figure 1A). The overall technical procedure of this study is shown in Figure 2.


[image: Figure 1]
FIGURE 1
 (A, B) A 35-year-old male thalassemia patient with an LICF of 5.9 mg/g dw (A) and mild iron overload in the liver; CMRtools showed a mean T2* of 3.81ms (the first seven echo signal intensities were included in the fitted curve, and the red “×” indicates the echo signal intensities of the removed offset curve) with an R2 of 0.9999 (B).



[image: Figure 2]
FIGURE 2
 The overall technology roadmap.


All T2* image data were measured using CMRtools (CMRtools/Thalassemia Tools 2014, Cardiovascular Imaging Solutions, London, UK). Measurement procedure: T2* image data were exported from the PACS system and imported into a personal computer with CMRtools software installed. The “Thalassemia” function of CMRtools was used to draw a roughly similar ROI according to the range of liver levels measured by FerriScan, avoiding the visible intrahepatic vessels and bile ducts at the same liver level. The delineated ROIs and the fitted T2* values were then displayed in the post-processing software. The truncation method (14) was used to reject signal intensity values (SI) that deviated from the fitted curve one by one, and the T2* value was recorded when the goodness of fit (R2) ≥ 0.98 (Figure 1B).



2.4. Statistical methods

SPSS 26.0 statistical software package was used for statistical analysis. All test results were statistically analyzed according to the test significance α = 0.05. MedCalc 19.8.0 statistical software was used to analyze the consistency of T2* values measured by different MRI scanners.

The 1.5T data of 273 patients from center 1 were divided into 191 patients in the test group and 82 patients in the validation group 1 according to the ratio of 7:3 by random number method. The 1.5T data of 54 patients from Center 2 were used as validation group 2. The 1.5T data of 64 patients from Center 3 were used as validation group 3. The 3T data of 55 cases from Center 1 were taken as the 3T group (3T data were only self-verified due to a small amount of data and were not grouped).

The intraclass correlation coefficient (ICC) was used, according to the ratio of 7:3. The 1.5T T2* image data of 50 randomly selected patients from the test group (n = 35) and validation group 1 (n = 15) were measured to evaluate intra-observer and inter-observer agreement (independently performed by two radiologists with 5 years of experience in abdominal radiology diagnosis). The intra-observer ICC was calculated by comparing the T2* values measured by observer A twice. The inter-observer ICC was calculated by comparing the T2* values measured by observer B with the T2* values measured by observer A. The ICC between the different MRI scanners was calculated by comparing the 1.5T T2* values of 13 patients at three centers. “Two-way random” was selected for “model” and “absolutely consistent” was selected for “type.” When ICC > 0.75 and P < 0.05, the measured T2* values were considered to be highly consistent. The remaining T2* value measurements were performed by observer A. Bland–Altman plots were used to analyze the consistency of the 1.5T T2* values of 13 patients measured by different MRI scanners.

The age, LICF, and the measured liver T2* values of each group did not follow the normal distribution by the normality test (P < 0.05). The interquartile range (P25%, P75%) and median (M) were used as statistical descriptors. By curve fitting, the calibration curve equation was constructed between the T2* value of the test group and the LICF of the 3T group. The T2* values in each validation group and the 3T group were converted into LICe−1.5T and LICe−3T by the constructed curve equation. Both LICe−1.5T and LICe−3T did not conform to the normal distribution (P < 0.05). The Wilcoxon signed-rank test was used to examine the difference, and P > 0.05 was considered as no significant difference. Kendall's W coefficient was used to examine consistency. If the consistency coefficient W > 0.75 and P < 0.05, it indicated a high degree of consistency. Spearman rank correlation analysis was used to examine the correlation; if the correlation coefficient of |rs| > 0.75 and P < 0.05, it indicated a high correlation.

LICe and LICF were graded according to the severity of clinical liver iron overload, which was divided into normal (< 1.8 mg/g dw), mild (1.8–7.0 mg/g dw), moderate (7.0–14.0 mg/g dw), and severe (>14.0 mg/g dw) liver iron overload (12). The McNemar test was used to examine the difference in clinical grading results. When P > 0.05, there was no significant difference between the two. Kappa's coefficient (Kappa's K) was used to examine the consistency of clinical grading results. If K > 0.75 and P < 0.05, the two were highly consistent. With the LICF grading results as the reference standard, the area under the curve (AUC), sensitivity, and specificity of the receiver operating characteristic curve (ROC) was used to evaluate the accuracy of the LICe−1.5T and LICe−3T clinical classification results in each validation group. The Youden index was used to evaluate the authenticity of the clinical classification results, and the cutoff values of different clinical classifications were recorded when the Youden index was maximum.




3. Results


3.1. Basic data information

In Center 1, there were 152 male subjects (55.68%) and 121 female subjects (44.32%), aged from 9 to 49 years (M = 19.00, P25% = 12.00, P75% = 27.00). In Center 2, there were 19 male subjects (35.19%) and 35 female subjects (64.81%), aged from 9 to 47 years (M = 13.00, P25% = 12.00, P75% = 21.25). In Center 3, there were 42 male subjects (65.63%) and 22 female subjects (34.37%), aged from 10 to 63 years (M = 15.50, P25% = 11.00, P75% = 25.00). In the 3T group, there were 33 males (60.00%) and 22 females (40.00%), aged from 9 to 25 years (M = 13.00, P25% = 11.00, P75% = 14.00).



3.2. Consistency analysis

The intra-observer ICC calculated based on the two measurements of observer A was 0.996 (95% confidence interval (CI) = 0.992–0.998) and P < 0.001. The inter-observer ICC between observers A and B was 0.978 (95%CI = 0.940–0.990), and P < 0.001. The ICC between different MRI scanners was 0.999 (95%CI = 0.998–1) and P < 0.001. The results showed that the T2* values obtained by different MRI scanners were highly consistent with intra-observer and inter-observer. The Bland–Altman plots also showed significant consistency in the T2* values measured by different MRI scanners (Figure 3).


[image: Figure 3]
FIGURE 3
 Bland–Altman plots of T2* measured between different MRI scanners. There is no data point exceeding 95%CI in (A, B), or panel (C). The arithmetic mean between the T2* values measured by the different MRI scanners was 0.06769 (P = 0.4323; 95%CI = −0.1138 to 0.2492), 0.009231 (P = 0.9264; 95%CI = −0.2040 to 0.2225), and 0.07692 (P = 0.1832; 95%CI = −0.04173 to 0.1956), respectively.




3.3. Formula construction

The trends of the relationships between LICF and T2* and LICF and LICe in each group are shown in Figure 4. According to the T2* value of the test group and LICF, the curve equation constructed was LICF = 37.393[image: image](−1.22) (R2 = 0.971, P < 0.001) (Figure 4A). According to the T2* value of the 3T group and LICF (< 14 mg/g dw) of mild-to-moderate iron overload, the curve equation was LICF = 18.463[image: image](−1.142) (R2 = 0.889, P < 0.001) (Figure 4B). The liver T2*, LICF, LICe−1.5T, and LICe−3T values, and statistical description indicators of thalassemia patients in each group are shown in Table 1.


[image: Figure 4]
FIGURE 4
 (A) Shows the fitting curve of LICF and 1.5T T2* value in the test group, and the fitting equation is LICF = 37.393[image: image](−1.22) (R2 = 0.971, P < 0.001). (B) Shows the fitting curve of LICF and 3T T2* value for mild-to-moderate iron overload in the 3T group, and the fitting equation is LICF = 18.463T2* ∧ (−1.142) (R2 = 0.889, P < 0.001). (C, D) Show the trend scatter plots of the relationship between LICF and 1.5T T2* and LICF and LICe−1.5T values in each validation group. (E) Shows the trend plot of the relationship between LICF and 3T T2* values in the 3T group: when LICF > 14 mg/g dw, the T2* value remained approximately 0.9ms (the scanner could not accurately quantify the liver iron load in the range of LICF > 14 mg/g dw). Only when LICF < 14 mg/g dw did T2* values displayed a negative relationship with LICF.



TABLE 1 Statistical descriptive indicators of liver T2*, LICF, LICe−1.5T, and LICe−3T values of thalassemia patients in each group.

[image: Table 1]



3.4. Formula verification

There was no significant difference between LICe−1.5T and LICF in verification groups 1, 2, and 3 (Z = −1.269, −0.977, −1.197; P = 0.204, 0.328, 0.231). There was significant consistency between them (Kendall's W = 0.991, 0.985, 0.980; P < 0.001) and high correlation (rs = 0.983, 0.971, 0.960; P < 0.001). There was no statistical difference between the clinical grading results of LICe−1.5T and LICF in verification groups 1, 2, and 3 (χ2 = 3.0, 4.0, 2.0; P = 0.083, 0.135, 0.157), and the grading results are shown in Figure 5. There was significant consistency among the clinical grading results (Kappa's K = 0.943, 0.891, 0.953; P < 0.001). The accuracy indexes and corresponding cutoff values of the clinical classification results of LICe−1.5T for the test group and each validation group are shown in Table 2.


[image: Figure 5]
FIGURE 5
 Cluster plot of the constituent ratio of clinical grades of liver iron overload in LICF and LICe−1.5T for each validation group. The results showed that the overall distribution of the two methods was almost the same, and there were slight differences in some distributions: in validation group 1, three patients (3.66%) with liver iron overload were classified as mild according to LICF classification, and as normal according to LICe classification. In validation group 2, two patients (3.70%) had liver iron overload classified as mild according to LICF and moderate according to LICe. In total, two patients (3.70%) had moderate liver iron overload according to LICF and severe liver iron overload according to LICe. In validation group 3, two patients (3.13%) had mild liver iron overload according to LICF classification and moderate liver iron overload according to LICe classification.



TABLE 2 Accuracy indicators and clinical classification cutoff values of LICe−1.5T clinical classification results in the validation group.

[image: Table 2]

In the 3T group, LICF in the mild-to-moderate range was significantly correlated with the corresponding T2* value (rs = −0.940, P < 0.001). There was no statistically significant correlation between LICF and T2* values in the severe range (P = 0.085). Of the 36 patients with severe iron overload diagnosed by LICF, 1 (2.78%) was diagnosed with moderate iron overload by LICe−3T. Of the eight patients with moderate iron overload diagnosed by LICF, two (25%) were diagnosed with mild iron overload by LICe−3T. Of the 11 patients with mild iron overload diagnosed by LICF, one (9.10%) was diagnosed with moderate iron overload by LICe−3T. There was no significant difference between LICF and LICe−3T in the mild to moderate range (Z = −0.523, P = 0.601). There was a significant correlation between them (rs = 0.940, P < 0.001) and significant consistency (Kendall's W = 0.970, P = 0.008). There was no significant difference between the clinical grading results of full range LICF (χ2 = 1.333, P = 0.513) and LICe−3T (χ2 = 1.333, P = 0.513). There was significant consistency among the clinical grading results (Kappa's K = 0.860, P < 0.001). The ROC curve of LICe−3T clinical grading results is shown in Figure 6, and the evaluation indices of diagnostic accuracy are shown in Table 2.


[image: Figure 6]
FIGURE 6
 (A, B) Shows the ROC curves for clinical grading of moderate and severe liver iron overload, and of mild and moderate liver iron overload by LICe−3T, respectively. The results showed that LICe−3T had a high diagnostic efficiency for clinical grading of liver iron overload when only clinical grading diagnosis was performed (without precise quantification of LIC).





4. Discussion

As mentioned, magnetic resonance imaging has been widely considered the primary method for the non-invasive determination of liver iron concentration (6). FerriScan based on R2 technology can generate reports including liver iron concentration, but it cannot be widely applied due to a variety of limiting factors, especially for long-term and timely quantitative monitoring of LIC in patients (16). T2*/R2* image-based relaxometry and related measurement techniques have been developed in many centers. After years of research, many scholars have verified that the T2*/R2* value has an obvious linear relationship with LIC and partially constructed the curve equation of the relationship between them (8–13).

In the first quantitative study of liver iron overload using R2* relaxation measurement by Henninger et al. (8), the relevant parameters set were repetition time (TR) = 200 ms and initial echo time (TE) = 0.99 ms. Liver biopsy and MRI were performed on 17 patients with clinical suspicion of liver iron overload. The final regression model between R2* and LIC was constructed as follows: LIC = 0.024R2* + 0.277, correlation coefficient = 0.926, slope = 0.024 (mg/g) [95% CI = 0.013–0.024], intercept = 0.277 (mg/g) [95% CI = 0.328–2.49]. In an early study by Wood et al. (9), the set TE was increased from the initial 0.8 ms to 4.8 ms at 0.25 ms intervals in a breath hold, and TR = 25 ms. After MRI evaluation of 102 patients with liver iron overload (the biopsy-measured LIC was evenly distributed between 1.3 mg/gdw and 32.9 mg/gdw, and one patient had a HIC of 57.8 mg/gdw), the final LIC-R2* regression equation was constructed as follows: the correlation coefficient was 0.97, the slope was 37.4 Hz/mg/gdw, and the y-intercept was 23.7 Hz. In an early study by Hankins et al. (10), TE = 1.1–17.3 ms (20 echoes) was set, and 43 patients (32 with sickle cell anemia, six with major β-thalassemia, five patients with bone marrow failure) underwent MRI examination and liver biopsy (LIC range = 0.6 mg Fe/g to 27.6 mg Fe/g). The final LIC-R2* regression model was constructed as follows: the intercept was −454.85, the slope was 28.02 (P < 0.001), the R2 was 0.72, and the correlation coefficient was 0.98. In an early study by Christoforidis et al. (11), MRI was performed on 94 patients with β-thalassemia major with TE = 2.24–20.13 ms and TR = 200 ms. The relationship between liver–muscle ratio (MRI-LIC = 5–350 μmol/g) and R2* (27.03–1,298.70 s−1) was compared. The final LIC-R2* regression model was R2* = 0.851(MR-LIC) – 2.137 (correlation coefficient = 0.851). In the study by Garbowski et al. (12), TE was set as 0.93–16.0 ms. A total of 54 patients (36 cases of thalassemia major, seven cases of sickle cell anemia, four cases of myelodysplastic syndrome, three cases of Diamond-Blackfan anemia, two cases of red cell aplasia, two cases of pyruvate kinase deficiency anemia), and 31 healthy volunteers underwent liver biopsy (LIC = 1.7–42.3 mg/g dw) and MRI examination (R2* range = 28.7–54.4 s−1). The final regression models of LIC (biopsy) -T2* and LIC (biopsy)-R2* were constructed: (1) LIC = 31.94(T2*)−1.014, 95%CI of coefficient = 27.8–36.7 (87–115%), 95%CI of index = −1.118–0.91(110–90%). (2) LIC = 0.029(R2*)1.014, 95%CI of coefficient = 0.016–0.054 (55–186%), 95%CI of index = 0.910–1.118 (90–110%). Garbowski et al. (12) also constructed the correction relationship between LIC (Ferriscan)-R2* and LIC-T2*: (1) R2-LIC = 0.83T2* – LIC1.04, 95%CI of coefficient = 0.96 ~ 1.11, 95%CI of index = 0.55 ~ 1.29. (2) R2-LIC = 0.87R2* – LIC – 0.55, 95%CI of slope = 0.74–0.99, 95%CI of intercept = −0.01–1.19.

In this study, based on large sample size, multicenter validation, and complete statistical analysis, the equation LICF = 37.393[image: image] (−1.22) was proposed to quantify LIC from 1.5T MRI T2*. For the 3T MRI quantification of liver iron overload, the relationship LICF = 18.463[image: image](−1.142) was proposed to quantify LIC in patients with mild-to-moderate iron overload. However, it is still not possible to accurately quantify LIC in patients with severe liver iron overload at 3T field strength. This also suggests that the 3T T2* technique should be avoided for the quantification of LIC in patients with severe iron overload, and 1.5T or other methods should be used instead. This conclusion is similar to that of d'Assignies (15). It is worth noting that this study found that when 3T T2* technology was used to quantify liver iron overload, although the T2* value of patients with severe liver iron overload was almost maintained at 0.9 ms, it was impossible to further accurately quantify the LIC value; however, if only the clinical classification of liver iron overload was performed, that is, only the classification of mild-to-moderate and severe iron overload was performed, the classification of liver iron overload would have high diagnostic efficacy.

The slope of the calibration curve proposed by different studies is different, and for the LIC calculated by the earlier calibration curve, Garbowski et al. (12) also proposed further calibration coefficients to calibrate the final LIC. The specific reasons for the differences are analyzed as follows: (1) the previous T2*/R2*-LIC calibration curve equation was based on liver biopsies, such as the study by Henninger et al. (8), Wood et al. (9), Hankins et al. (10), Christoforidis et al. (11), and Garbowski et al. (12). Although LIC provided by liver biopsy has been used as the “gold standard” for a long time, the materials and methods used in the process of liver biopsy, and the heterogeneity of iron in the liver will lead to differences between different studies; (2) The sample size used in some studies is small. A small sample size will not only increase the sampling error, but also limit the range of LIC used, and the final fitted calibration curve equation cannot be extended to quantify a wider range of LIC. For example, the LIC of 17 patients collected by Henninger et al. (8) through liver biopsy ranged from 0.917 mg/g to 11.646 mg/g. The authors believe that because the range of LIC studied is small, it is not appropriate to use the corresponding calibration curve to quantify a wider range of LIC; (3) Different models used to measure T2*/R2* will directly lead to differences in the final LIC. For example, Wood et al. (9) used an offset model, while Garbowski et al. (12) used a truncated model to measure R2*. Garbowski et al. (12) proposed that the R2* value measured by the offset model was high, while the R2* value measured by the truncated model was low, and emphasized the importance of using the appropriate measurement model to quantify T2*/R2* and the appropriate analysis techniques to construct the curve equation in clinical practice; (4) The high iron concentration corresponds to a very low T2* value, thus it is necessary to set a very short minimum echo time for more accurate measurement. However, due to the differences in the technique and scanning sequence used by different research centers, the different minimum echo time set obviously limits the lowest T2* value, which is the maximum value of LIC measured by the center. Some studies have shown that LIC with severe iron overload in the liver should be measured in combination with the signal intensity ratio between the liver and the paravertebral muscles (SIR) (17).

The shortcomings of this experiment are as follows: (1) the definition of the ROI. In this study, the delineated T2* image ROI was as close as possible to the T2 image ROI delineated by FerriScan, but the artificial delineation of ROI was susceptible to various subjective and objective factors, and measurement error was inevitable; (2) In this study, the proportion of patients with moderate or severe liver iron overload was relatively large, and the proportion of patients with mild iron concentration was relatively small, which had a certain bias. However, in general, this study was analyzed with large sample size and was validated in multiple centers, which makes the results reliable; (3) In this retrospective study, LICF was used as the reference standard, in other words, the T2*-LIC calibration equation was constructed under the assumption that FerriScan based on T2/R2 technique was very reliable. Therefore, the equations obtained should not be extended to other techniques or organs for calculating iron concentration; (4) The sample size of 3T data is small, and it is difficult to perform grouping verification; (5) Accurate quantification of severe liver iron load by 3T T2* technique still cannot be achieved due to the technical limitation of the 3T scanning sequence in this study.



5. Conclusion

This study explored the relationship between liver T2* value and LICF provided by FerriScan in patients with thalassemia, and the related curve equation was constructed. After measuring the liver 1.5T T2* value, the liver iron concentration could be accurately quantified, and liver iron concentration in patients with iron overload could be better monitored. An important reference for timely and better formulation of appropriate diagnosis and treatment plans can be made. 3T T2* can be used to quantify liver iron concentration in patients with mild-to-moderate liver iron overload, while 1.5T T2* or other methods are recommended for patients with severe liver iron overload.
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Objectives: This study aimed to construct and validate a predictive risk model (PRM) for nosocomial infections with multi-drug resistant organism (MDRO) in neonatal intensive care units (NICUs), in order to provide a scientific and reliable prediction tool, and to provide reference for clinical prevention and control of MDRO infections in NICUs.

Methods: This multicenter observational study was conducted at NICUs of two tertiary children’s hospitals in Hangzhou, Zhejiang Province. Using cluster sampling, eligible neonates admitted to NICUs of research hospitals from January 2018 to December 2020 (modeling group) or from July 2021 to June 2022 (validation group) were included in this study. Univariate analysis and binary logistic regression analysis were used to construct the PRM. H-L tests, calibration curves, ROC curves and decision curve analysis were used to validate the PRM.

Results: Four hundred and thirty-five and one hundred fourteen neonates were enrolled in the modeling group and validation group, including 89 and 17 neonates infected with MDRO, respectively. Four independent risk factors were obtained and the PRM was constructed, namely: P = 1/ (1+ [image: image]), X = −4.126 + 1.089× (low birth weight) +1.435× (maternal age ≥ 35 years) +1.498× (use of antibiotics >7 days) + 0.790× (MDRO colonization). A nomogram was drawn to visualize the PRM. Through internal and external validation, the PRM had good fitting degree, calibration, discrimination and certain clinical validity. The prediction accuracy of the PRM was 77.19%.

Conclusion: Prevention and control strategies for each independent risk factor can be developed in NICUs. Moreover, clinical staff can use the PRM to early identification of neonates at high risk, and do targeted prevention to reduce MDRO infections in NICUs.

KEYWORDS
 neonatal intensive care unit, multi-drug resistant organism, nosocomial infection, risk factor, predictive risk model


Introduction

Neonates in neonatal intensive care units (NICUs), especially low-birth-weight and premature infants, are more likely to develop nosocomial infections due to various invasive procedures, long hospital stays, and weak innate immunity (1). The study of 29 European countries showed that the nosocomial infection rate of NICUs was 10.7%, which was significantly higher than that of neonatal wards (3.5%) (2). Nosocomial infections in neonates can prolong hospitalization, increase treatment costs, and even lead to death (3). In recent years, the problem of bacterial resistance has become increasingly serious and is spreading globally (4, 5). According to the World Health Organization (WHO) global surveillance report (6), the proportion of Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus resistant to some commonly used antimicrobial drugs exceeded 50%. Multi-drug resistant organism (MDRO) mainly refers to the bacterium resistant to three or more antibiotics clinically (7), which has brought great difficulties to clinical treatment of infections and posed great threats to the prognosis of neonates. Nosocomial infections with MDRO accounted for more than 30% of all nosocomial infections in the NICU (8), and was significantly associated with higher neonatal mortality (9).

As an important part of etiology in epidemiology, predictive risk models (PRMs) can identify risk factors related to disease and determine the effect of each risk factor on disease by establishing a multi-factor statistical model, so as to identify risk groups and achieve early prevention and intervention. At present, PRMs for nosocomial infections with MDRO are mainly aimed at the patients after liver transplantation (10), patients with biliary tract infection (11), adult critical patients (12) and emergency patients (13), and there is no PRM for nosocomial infections with MDRO in NICUs.

Therefore, this study aimed to construct and validate the PRM for nosocomial infections with MDRO in NICUs, in order to provide a scientific and reliable prediction tool, and to provide reference for clinical prevention and control of MDRO infections in NICUs.



Materials and methods

The research methods were determined in strict accordance with the ‘Transparent reporting of a multivariable prediction model for individual prognosis or diagnosis (TRIPOD): the TRIPOD statement’ (14).


Study design, research setting

We conducted a multicenter observational study at NICUs of two tertiary children’s hospitals in Hangzhou, Zhejiang Province. The two NICUs have 30 and 50 beds respectively, mainly for the treatment of critical neonates with low birth weight, respiratory failure, complex congenital heart disease, severe brain injury, severe metabolic disorder, severe infection, and various congenital malformations. Since two research hospitals do not set up obstetrics, all neonates admitted to the two NICUs were born in other hospitals.



Participants

Using cluster sampling, neonates who were admitted to NICUs of two research hospitals from January 2018 to December 2020 (modeling group) or from July 2021 to June 2022 (validation group), were diagnosed with nosocomial infections during hospitalization, and had complete medical records were included in this study. In particular, if neonates had more than one nosocomial infection during hospitalization, only the first nosocomial infection was analyzed.



Data collection

In April 2021, 13 research variables including gestational age, birth weight, blood transfusion, duration of antibiotic use, breastfeeding, MDRO colonization, and maternal age were determined by systematic literature review and expert meeting method (see Supplementary material 1 for details and variable information). Modeling group data were collected retrospectively (January 2018 to December 2020) and validation group data were collected prospectively (July 2021 to June 2022). The data came from the critical care clinical information cloud system, hospital information system and hospital infection surveillance system. The data were entered independently by two people and reviewed by two others.



Sample size

A total of 13 independent variables were included in this study. In the logistic regression, the recommended empirical criterion is that events per variable (EPV) should be at least 10 to ensure stable results (15). The study (8) concluded that the proportion of nosocomial infections with MDRO in NICU was 31.29%. Therefore, the sample size of the modeling group was at least 13 × 10÷31.29% = 415. A total of 435 neonates were included in the modeling group eventually.

The sample size of the validation group for external validation of the PRM was generally 1/4 ~ 1/2 of the sample size of the modeling group (16). So the sample size of the validation group was at least 435 × 1/4 = 109. A total of 114 neonates were included in the validation group actually.



Outcome variables

Nosocomial infections with MDRO refer to nosocomial infections whose pathogens are MDROs. MDROs mainly refer to bacteria resistant to three or more antibiotics clinically (7), including vancomycin-resistant Enterococcus (VRE), carbapenems-resistant Enterobacteriacea (CRE), methicillin-resistant Staphylococcus aureus (MRSA), carbapenem-resistant Pseudomonas aeruginosa (CRPA), carbapenem-resistant Acinetobacter baumannii (CRAB), and extended-spectrum beta-lactamases (ESBLs) -producing Enterobacteriaceae (e.g., Escherichia coli and Klebsiella pneumoniae), etc. According to the <Diagnostic criteria for nosocomial infections (trial)> (17) issued by the Ministry of Health, China, nosocomial infections refer to infections acquired in the hospital by hospitalized patients, including infections occurred during hospitalization or acquired in the hospital and occurred after discharge (17). However, nosocomial infections do not include infections that occurred before admission or existed at admission (17).



Statistical analysis

SPSS 26.0 (IBM Corporation) and R 4.2.1 (R Core Team) were used for data analysis.


Statistical description and univariate analysis

The categorical variables were compared using the Fisher’s exact test or χ2 test and expressed as percentages. The continuous variables were tested for normal distribution by the Kolmogorov–Smirnov test, and Mann–Whitney U test or One-Way ANOVA was used according to their distribution. Continuous variables of normal distribution were expressed by mean ± standard deviation, and continuous variables of non-normal distribution were expressed by median (interquartile range). p < 0.05 was considered statistically significant.



Multivariate analysis

Binary logistic regression was performed on variables that were statistically significant (p < 0.05) in univariate analysis to explore the independent risk factors for nosocomial infections with MDRO in NICUs. The binary logistic regression adopted likelihood ratio (LR: forward), the inclusion probability was 0.05, and the exclusion probability was 0.10.



Model construction

The regression equation was obtained according to the partial regression coefficient β of each independent risk factor and the constant term in the binary logistic regression results, and the PRM was constructed, namely P = 1/(1 + e^(−X)), X = β0 + β1X1 + β2X2 + β3X3 + … + βmXm. The R software was used to draw a nomogram based on the regression equation.



Model validation and evaluation

Hosmer-Lemeshow (H-L) test was used to evaluate the fitting degree of the model. p > 0.05 indicated that the PRM had a satisfactory fit (18). The calibration curve was used to reflect the calibration of the model. The discriminant validity of the model was usually tested by the area under the receiver operator characteristic curve (AUROC). It is generally believed that an AUROC value >0.70 indicates that the model has a relatively good discrimination (19). Decision curve analysis (DCA) was used to draw the DCA curves to evaluate the clinical effect of the model. The data of modeling group was resampled 1,000 times by Bootstrap method to validate the model internally. The data of the validation group were used to validate the model externally, and the accuracy of the model prediction was calculated.




Ethics approval

The Ethics Committee of Children’s Hospital, Zhejiang University School of Medicine approved this study (2021-IRB-065). Informed consent has been obtained as required by the ethics committee.




Results


Basic characteristics of the research object

From January 2018 to December 2020, a total of 4,727 neonates were admitted to the two NICUs of research hospitals, with 459 cases of nosocomial infection, the incidence rate of nosocomial infection was 9.71%, including 24 cases with incomplete medical records. Therefore, the modeling group included 435 neonates. From July 2021 to June 2022, a total of 1,301 neonates were admitted to the two NICUs of research hospitals, with 114 cases of nosocomial infection, the incidence rate of nosocomial infection was 8.76%. Due to complete medical records, 114 neonates were included in the validation group. Basic characteristics of the modeling group and the validation group are shown in Table 1. The modeling group and validation group had 261 and 64 males, and 89 and 17 neonates infected with MDRO, respectively. The median gestational age of both groups was 29 weeks, the median birth weights were 1,230 g and 1,280 g, and the median ages of admission were 2 and 3 days, respectively. There is no significant difference in basic characteristics between the two groups. The pathogens of MDRO infections in the modeling and validation groups were mainly CRE and MRSA (Figure 1).



TABLE 1 Basic characteristics of the modeling group and the validation group.
[image: Table1]
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FIGURE 1
 Pathogens of nosocomial infections with MDRO in NICUs.




Univariate analysis

The neonates in the modeling group were divided into the MDRO infection group and the non-MDRO infection group according to whether the pathogen was a MDRO. Univariate analysis of 13 variables was conducted to initially explore the differences between the two groups (Table 2). As can be seen from the table, there were 8 variables with statistically significant differences between the two groups. Compared with the non-MDRO infection group, the MDRO infection group was more likely to have the following characteristics: premature, low birth weight, maternal age ≥ 35 years, blood transfusion, blood collection >10 times, use of antibiotics >7 days, MDRO colonization and length of stay >10 days (p < 0.05).



TABLE 2 Univariate analysis of the modeling group (n = 435).
[image: Table2]



Multivariate analysis

Collinearity diagnosis was performed on the above 8 variables that were significant in univariate analysis. The results showed that the tolerances of 8 variables were all >0.10, the variance inflation factors (VIFs) of 8 variables were all <10.0 (Specific results are presented in Supplementary material 2). It can be considered that there is no multicollinearity among the 8 variables (20), and logistic regression can be carried out. Binary logistic regression revealed that the independent risk factors of nosocomial infections with MDRO in NICUs were: low birth weight (OR: 2.97, 95%CI: 1.00 ~ 8.82, p < 0.05), maternal age ≥ 35 years (OR: 4.20, 95%CI: 2.43 ~ 7.26, p < 0.01), use of antibiotics >7 days (OR: 4.47, 95%CI: 2.45 ~ 8.17, p < 0.01) and MDRO colonization (OR: 2.20, 95%CI: 1.31 ~ 3.71, p < 0.01). The specific results of binary logistic regression are shown in Supplementary material 3.



PRM construction

According to the partial regression coefficient β of each independent risk factor and constant term in the logistic regression results, the logistic regression equation was obtained and the PRM was constructed, namely:

P = 1/(1+[image: image]), X = −4.126 + 1.089× (low birth weight) +1.435× (maternal age ≥ 35 years) +1.498× (use of antibiotics >7 days) + 0.790× (MDRO colonization).

In order to make the PRM more intuitive and more convenient for clinical application, the above logistic regression equation was drawn into a nomogram to visualize the PRM (Figure 2). The nomogram is used as follows. According to the actual situation of each risk factor of the neonate, the corresponding risk points (corresponding to the ‘Points’ line at the top of the nomogram) can be obtained by drawing a vertical line. Add up the risk points of each risk factor to get the total risk points (corresponding to the “Total points” line of the nomogram). Finally, the risk value (corresponding to the “Risk” line at the bottom of the nomograph) corresponding to the total points can be obtained by drawing a vertical line.

[image: Figure 2]

FIGURE 2
 Nomogram of PRM for nosocomial infections with MDRO in NICUs. The method of using the nomogram was as follows: according to the actual situation of each risk factor in the neonate, the corresponding risk point was obtained through the vertical line (corresponding to the top of the nomogram), the risk point of each risk factor was summed to obtain the total risk points (corresponding to the total points line of the nomogram), and the risk value corresponding to the total points was obtained through the vertical line (corresponding to the bottom of the nomogram).




PRM validation

H-L test was conducted on the model in the modeling group and the validation group, and the p values were 0.61 and 0.49 (>0.05), respectively. It can be considered that there was no significant difference between the model predicted value and the actual value, and the model fit was good. The calibration curves were close to y = x, indicating that the predicted probability of the model was in good agreement with the actual probability (Figures 3A,D). The AUROC values of the modeling group and the validation group were 0.773 (95% CI: 0.718 ~ 0.828) and 0.788 (95% CI: 0.677 ~ 0.899) respectively, indicating that the model had a relatively good discrimination (Figures 3B,E). Using Bootstrap method, the data of modeling group was repeatedly sampled 1,000 times to calculate the corrected C-index, and the result was 0.766, indicating that the model was stable and the discrimination was good. The corresponding calibration curve was drawn, which was close to y = x, indicating that the predicted value fitted in well with the observed value (Figure 3C).

[image: Figure 3]

FIGURE 3
 The results of internal and external validation.




The prediction effect of the PRM

The ROC curve of the modeling group showed that the optimal cut-off value was when the predicted risk value was 0.27 (Figure 3B). Based on this, risk stratification was performed, that is, when the predicted probability was ≥0.27, the risk of nosocomial infections with MDRO was high, and when the predicted probability is <0.27, the risk of nosocomial infections with MDRO was low. According to the PRM, the prediction probability of nosocomial infections with MDRO of each neonate in the validation group was calculated, and the prediction effect of the model was tested. The results showed that in the validation group, the PRM predicted that 11 out of 17 cases of MDRO infection group were at high risk, and 77 out of 97 cases of non-MDRO infection group were at low risk. Compared with the actual results, the sensitivity of the prediction results was 64.71%, the specificity was 79.38%, the Jordan index was 0.44, the positive likelihood ratio was 3.14, the negative likelihood ratio was 0.44, and the prediction accuracy was 77.19%.



The clinical validity of the PRM

Decision curve analysis (DCA) was used to calculate the net benefit at each threshold probability in this study. The DCA curves of the modeling group and the validation group are shown in Figures 4A,B respectively. Suppose the PRM predicts that the probability of nosocomial infections with MDRO in neonate i is Pi. When Pi reaches a certain threshold (noted as Pt), it is considered that neonate i will have nosocomial infections with MDRO, and intervention measures will be taken. The abscissa is the threshold probability, and the ordinate is the net benefit of taking interventions. The black horizontal line and the blue slash line represented two extreme cases. The black horizontal line indicated that none of the neonates experienced nosocomial infections with MDRO and none received interventions, at which point the net benefit was zero. The blue slash line showed the net benefit when all neonates developed nosocomial infections with MDRO and all received interventions. The red curve represented the net benefit of performing interventions based on this study’s PRM. The results showed that the red line was located above the black and blue lines when the threshold probabilities were 7% ~ 65 and 3% ~ 50% in the modeling group and the validation group, respectively. At this time, interventions based on the PRM can achieve greater net benefits, indicating that the PRM constructed in this study had certain clinical validity.

[image: Figure 4]

FIGURE 4
 The DCA curves of the modeling group and the validation group.





Discussion

With the rapid development of the Internet and the in-depth integration with the medical and health industry, relying on artificial intelligence and machine learning technology, the treatment, nursing and health management of patients gradually tend to be individualized and refined (21, 22). In this study, 13 research variables were identified through systematic literature review and expert meeting method. After univariate analysis and binary logistic regression analysis, 4 independent risk factors were attained. The PRM for nosocomial infections with MDRO in NICUs was constructed and a nomogram was drawn. The internal and external validation showed that the PRM had good calibration and discrimination, relatively accurate prediction, and had certain clinical validity, which can provide scientific basis for prevention and control of nosocomial infections with MDRO in NICUs.

The 4 independent risk factors obtained in this study were low birth weight, maternal age ≥ 35 years, use of antibiotics >7 days and MDRO colonization. Therefore, to reduce MDRO infections in NICUs, care for low birth weight infants should be enhanced. Appropriate marriage and childbearing should be advocated, and pregnant women, especially those with advanced maternal age, should take good prenatal care. Nursing staff should strengthen the postpartum care for elderly puerperae and closely observe their neonates. Rational use of antibiotics is particularly important to prevent MDRO infections. Doctors should administer antibiotics in strict accordance with the indications for the application of antibiotics, and nurses should feedback the effect of medication in time and cooperate with doctors to use drugs rationally. In addition, intensive MDRO surveillance of neonates should be undertaken in ways such as active screening, and prompt decolonization therapy should be offered to neonates with MDRO colonization.

In addition to guiding NICUs to carry out prevention and control strategies for each independent risk factor, based on the results of this study, clinical staff can use the PRM to identify high-risk neonates at an early stage, and give special attention to improve the effect of infection prevention and control, reduce the incidence of infection, and ultimately improve the treatment effect and prognosis of neonates.

With the continuous development of global bacterial resistance, the situation of nosocomial infections with MDRO is becoming more and more serious. Nosocomial infections with MDRO greatly increase the difficulty of treatment, increase the financial burden on patients’ families, and affect patient prognosis, even leading to patient death. In this context, constructing a PRM will help identify susceptible populations, achieve early prevention and intervention, so as to improve patient prognosis and medical quality. As far as we know, this study is the first to construct a PRM for nosocomial infections with MDRO in NICUs. This study provides a relatively scientific and relatively reliable prediction tool, and can provide reference for clinical prevention and control of MDRO infections in NICUs. However, there are some limitations to this study. Firstly, a retrospective design was adopted in the construction of the PRM, which may affect the accuracy of the results due to information bias. Secondly, since only two hospitals were selected, the study subjects were not sufficiently represented, and the generalizability of the findings needs to be further verified. Moreover, the external validation in this study selected research subjects from the same institutions in different periods rather than from different institutions, which makes it impossible to determine whether the model constructed in this study is applicable to other regions or other institutions. Finally, because the study sites of this study were tertiary children’s hospitals, the applicability of the PRM to NICUs of other types of hospitals remains to be tested.



Conclusion

Our study constructed a PRM for nosocomial infections with MDRO in NICUs. After validating, the PRM had a good calibration degree and discriminant validity, relatively accurate prediction, and had some clinical application value. Based on the findings of this study, prevention and control strategies for each independent risk factor can be developed in NICUs. At the same time, clinical staff can take advantage of the PRM to enable early identification of neonates at high risk of MDRO infections, and thus do targeted prevention to reduce the occurrence of nosocomial infections with MDRO in NICUs.
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Background: Vaccination has proven the potential to control the COVID-19 pandemic worldwide. Although recent evidence suggests a poor humoral response against SARS-CoV-2 in vaccinated hematological disease (HD) patients, data on vaccination in these patients is limited with the comparison of mRNA-based, vector-based or inactivated virus-based vaccines.

Methods: Forty-nine HD patients and 46 healthy controls (HCs) were enrolled who received two-doses complete vaccination with BNT162b2, or AZD1222, or BBIBP-CorV, respectively. The antibodies reactive to the receptor binding domain of spike protein of SARS-CoV-2 were assayed by Siemens ADVIA Centaur assay. The reactive cellular immunity was assayed by flow cytometry. The PBMCs were reactivated with SARS-CoV-2 antigens and the production of activation-induced markers (TNF-α, IFN-γ, CD40L) was measured in CD4+ or CD8+ T-cells ex vivo.

Results: The anti-RBD IgG level was the highest upon BNT162b2 vaccination in HDs (1264 BAU/mL) vs. HCs (1325 BAU/mL) among the studied groups. The BBIBP-CorV vaccination in HDs (339.8 BAU/mL ***p < 0.001) and AZD1222 in HDs (669.9 BAU/mL *p < 0.05) resulted in weaker antibody response vs. BNT162b2 in HCs. The response rate of IgG production of HC vs. HD patients above the diagnostic cut-off value was 100% vs. 72% for the mRNA-based BNT162b2 vaccine; 93% vs. 56% for the vector-based AZD1222, or 69% vs. 33% for the inactivated vaccine BBIBP-CorV, respectively. Cases that underwent the anti-CD20 therapy resulted in significantly weaker (**p < 0.01) anti-RBD IgG level (302 BAU/mL) than without CD20 blocking in the HD group (928 BAU/mL). The response rates of CD4+ TNF-α+, CD4+ IFN-γ+, or CD4+ CD40L+ cases were lower in HDs vs. HCs in all vaccine groups. However, the BBIBP-CorV vaccine resulted the highest CD4+ TNF-α and CD4+ IFN-γ+ T-cell mediated immunity in the HD group.

Conclusion: We have demonstrated a significant weaker overall response to vaccines in the immunologically impaired HD population vs. HCs regardless of vaccine type. Although, the humoral immune activity against SARS-CoV-2 can be highly evoked by mRNA-based BNT162b2 vaccination compared to vector-based AZD1222 vaccine, or inactivated virus vaccine BBIBP-CorV, whereas the CD4+ T-cell mediated cellular activity was highest in HDs vaccinated with BBIBP-CorV.

KEYWORDS
 hematology diseases, SARS-CoV-2 vaccination, BBIBP-CorV, AZD1222, BNT162b2, COVID-19, protective immunity


1. Introduction

After the COVID-19 outbreak, it has rapidly become clear that SARS-CoV-2 infection is a higher threat with more severe clinical course to patients with hematological diseases (HD). Patients with HD suffer from higher mortality rate than the general population with COVID-19 or non-hematology COVID-19 patients (1–3) which can be explained by risk factors such as age, comorbidities and immunosuppressive therapies. After SARS-CoV-2 infection nearly one-third of the patients (31%) has been reported to be serologically negative for SARS-CoV-2 IgGs (4).

The vaccination against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged as the first line defense strategy in the fight against the global pandemic, and available vaccines have prevented COVID-19 related hospitalization, severe disease and death worldwide (5). SARS-CoV-2 vaccination improved the mortality rate of HD patients from 31% (pre-vaccination era) to 9% (6) which is still remarkably higher compared to the rate observed in the fully vaccinated overall population (7). A recent meta-analysis including 26 studies revealed that patients with HD had significantly lower seroconversion rate (33.3%) compared to healthy controls (74.9%) and despite the increase of seroconversion rates after the second dose, the significant difference between the two groups remained (65.3% vs. 97.8%) (8). A more recent meta-analysis of 150 studies with 20922 HD patients showed a pooled seroconversion rate after SARS-CoV-2 vaccination of 67.7% and the meta-regression analysis revealed that patients with lymphoid malignancies, but not myeloid malignancies, had lower seropositivity rates than those with solid tumors (9).

Multiple studies highlighted that patients with hematological malignancies receiving immunosuppressive therapies such as stem cell transplantation, anti-CD20 therapies, Bruton’s tyrosine kinase (BTK) inhibitors and CAR-T cell treatments are at higher risk. Anti-CD20 monoclonal antibody therapy may result in prolonged depletion of normal B-cells and therefore markedly impaired humoral response to COVID-19 vaccination in HD patients with undetectable or decreased protective antibody titers (10–14).

There are several aspects of vaccination efficacy regarding this vulnerable group of patients which are rarely discussed in the literature. First, beyond the scope of humoral response to COVID-19 vaccination, the role of vaccine-induced cellular response is less explored. Minority of published articles incorporated the assessment of SARS-CoV-2-specific T-cell response after complete vaccination with detectable T-cell mediated immunity ranging between 29% and 88% of the HD patients (9, 10, 12, 15–17). Second, majority of the reports demonstrated the efficacy of mRNA and vector-based vaccines, although in many countries (including Hungary) inactivated vaccines are also approved.

To narrow down this knowledge gap, we conducted this complex study to compare the immunogenicity of mRNA (BNT162b2), vector-based (AZD1222) and inactivated (BBIBP-CorV) vaccine in a cohort of fully vaccinated patients with HD versus healthy individuals. Both humoral and cellular immunity was evaluated by measuring the neutralizing anti-SARS-CoV-2 antibody titers and by quantifying SARS-CoV-2 reactive T-cells with the help of multicolor flow cytometry.



2. Materials and methods


2.1. Ethical statement

The enrollment of patients was reviewed and approved by the Human Investigation Review Board of the National Public Health Center under Project Identification Code 47226-7/2019EÜIG. The patients provided their written informed consent to participate in this study. Subjects were informed about the study by a physician and acute SARS-CoV-2 infection was ruled out by RT-qPCR. Laboratory studies and interpretations were performed on coded samples lacking personal and diagnostic identifiers. The study adhered to the tenets of the most recent revision of the Declaration of Helsinki.



2.2. Study population

The main characteristics of the study participants (46 healthy controls, HCs and 49 hematologic disease patients, HDs) are summarized Table 1 and detailed demographic data of the enrolled HD patients vaccinated with BBIBP-CorV are summarized in Supplementary Table S1, vaccinated with AZD1222 are summarized in Supplementary Table S2, vaccinated with BNT162b2 are summarized in Supplementary Table S3. All participants received two doses of the relevant vaccine in line with recommendations of the respective manufacturer of BBIBP-CorV (Sinopharm, Beijing Institute, Beijing, China); AZD1222 (ChAdOx1, University of Oxford and AstraZeneca, Cambridge, United Kingdom); and BNT162b2 (Comirnaty, Pfizer-BioNtech, Mainz, Germany). This prospective observational study was conducted at the Szent-Györgyi Albert Medical School-University of Szeged, Department of Medicine, Szeged, Hungary between October 2021 and February 2021. Adult patients with HDs were recruited who received two doses vaccination starting from February 2021 and completed by 1st June 2021. Peripheral blood and sera sampling was conducted after 4 months of the second vaccination event. The schematic cartoon of the project workflow is demonstrated in Supplementary Figure S1.



TABLE 1 Demographic data of the enrolled HCs and HD patients vaccinated with anti-SARS-CoV-2 specific vaccines.
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This study is a cross sectional analysis including a wide variety of hematology patients. Patients diagnosed with acute leukemia and aggressive lymphoma under induction chemotherapy were excluded. Treatment with tyrosine kinase inhibitors such as ibrutinib, ruxolitinib and dasatinib was allowed, similarly to any kind of anti-myeloma treatment including intermittent corticosteroids. A subgroup with known prior anti-CD20 moAb treatment was created. Patients with any sign of an acute infection, including confirmed acute SARS-CoV-2 infection were excluded. The distribution of vaccine types represents vaccine usage in the entire hematology patient population.

The withdrawal of 10 mL peripheral blood was carried-out into Lithium Heparin tubes (BD vacutainer, Beckton Dickinson). The primary endpoint was the humoral and cellular immunogenicity of homologous two doses of BBIBP-CorV or AZD1222, or BNT162b2, respectively. Secondary endpoints included: effect of anti-CD20 treatment and hematologic disease duration on the production of anti-RBD neutralizing antibodies in HD patients.



2.3. Measurement of anti-SARS-CoV-2 IgG antibodies

Measurement of SARS-CoV-2 anti-RBD (receptor binding domain) of spike (S) protein, the IgG-type antibodies was performed as described in detail previously by our group (18, 19). Briefly, quantitative measurement of neutralizing anti-RDB specific IgG-type antibody levels was performed with the Siemens Advia Centaur XPT system using the Siemens Healthineers SARS-CoV-2 IgG assay (sCOVG) (Siemens Healthineers, Munich, Germany). Irsara et al. (20), showed a proper correlation (r = 0.84) of the positive sCOVG assay results with virus neutralization capacity. Measured index values were converted into WHO 20/136 approved international units of 1000 Binding Antibody Unit per milliliter (BAU/mL) using the following equation: (sCOVG index) × 21.8 = BAU/mL, where the diagnostic cut-off value was 21.8 BAU/mL), assay sensitivity was 10.9 BAU/mL (21).



2.4. Measurement of SARS-CoV-2 specific cellular immunity

Measurement of SARS-CoV-2 specific T-cell mediated immunity was performed as described in detail previously by our group (18, 19). Briefly, measurement of SARS-CoV-2 specific T-Cell memory was performed according to the instruction of the manufacturer using the SARS-CoV-2 Prot_S T Cell Analysis Kit (PBMC) (Miltenyi Biotec, Cat. No.: 130-127-586). The PBMCs were isolated by gradient centrifugation using Leucosep tubes (Greiner Bio-One, Cat. No.: 163288) following the instructions of the manufacturer. After the isolation of PBMCs and in vitro stimulation, staining with the antibodies, a minimum of 2 × 105 CD3+ cells were acquired on CytoFLEX S FACS (Beckman Coulter). Manual gating was used to determine CD4+ or CD8+ T-cells within live CD14−/CD20−, CD3+ lymphocytes in CytExpert (Beckman Coulter). Reactive cells were gated as CD4+ TNF-α+, CD4+ IFN-γ+, CD4+ CD40L+, CD8+ TNF-α+ and CD8+ IFNγ+ upon stimuli with the following pool of SARS-CoV-2 derived synthetic peptides: S-(spike, PepTivator SARS-CoV-2 Prot_S, Cat. No.: 130-126-701), M-(membrane, PepTivator SARS-CoV-2 Prot_M, Cat. No.: 130-126-702), N-(nucleocapsid, PepTivator SARS-CoV-2 Prot_N, Cat. No.:130-126-698) according to the instructions of the manufacturer (Miltenyi Biotec). The controls were the patient matched PBMCs left untreated. Gating was above the negative cells in the untreated control samples analyzed individually for each patient. The gating strategy has already been published by our group in the Supplementary Figure S1 in the reference Szebeni et al. (18). Cell numbers in the reporting gates were normalized to parental CD4+ or CD8+ T-cells (reactive cell number/parental cell number × 106), then the background was normalized via subtraction of untreated from the stimulated. Finally, reactive cell numbers are shown in relation to 106 CD4+ or CD8+ T-cells (Mean ± SEM/1 × 106 parental CD4+ T-cells, SD), the cut-off value was 400 reactive cells of 106 parental population.



2.5. Statistics

Data were analyzed with GraphPad Prism 8.0.1. Normality of distributions were tested with D’Agostino & Pearson test with an 0.05 alpha value. None of the groups were normally distributed datasets, so we used non-parametric Mann–Whitney test for two group comparisons and Kruskal–Wallis test was applied for three group comparisons. Dunn’s test was used for multiple comparisons. Differences are considered significant at *p < 0.05, **p < 0.01, and ***p < 0.001.




3. Results


3.1. SARS-CoV-2 specific humoral immunity in HDs following vaccination

The receptor binding domain (RBD) specific anti-spike (S) IgG isotype antibodies were measured in HDs versus healthy controls following complete vaccination after 4 months. Three types of SARS-CoV-2 specific vaccines were tested, the inactivated vaccine (BBIBP-CorV), or adenovirus vector-based (AZD1222), or mRNA (BNT162b2) technology-based vaccines (Figure 1A). Dunn’s test was used for multiple comparisons and significant differences are marked in Figure 1. The humoral response rate corresponds to the percentage of subjects in one group in terms of the production of SARS-CoV-2 reactive IgG antibodies over the cut-off value 21.8 BAU/mL. The simple ‘response’ in Results 3.1 corresponds to SARS-CoV-2 reactive IgG production. The anti-RBD IgG level (mean of the BAU/mL ± SEM, SD) was the highest upon BNT162b2 vaccination in HDs (1264 ± 348.6, SD: 1479) vs. HCs (1325 ± 318.9, SD: 1276) among the studied groups. The BBIBP-CorV vaccination in HDs (339.8 ± 216.9, SD: 840 ***p < 0.001) and AZD1222 in HDs (669.9 ± 310.5, SD: 1242) *p < 0.05) resulted in weaker antibody response vs. BNT162b2 in HCs (1325 ± 318.9, SD: 1276). The BBIBP-CorV in HCs showed less anti-RBD antibody production (41.09 ± 7.4, SD: 30 *p < 0.05) vs. AZD1222 in HCs (211.8 ± 89.48, SD: 335), or vs. BNT162b2 in HCs (1325 ± 318.9, SD: 1242 ***p < 0.001) respectively (Figure 1A). The humoral response rate of HC vs. HD patients above the diagnostic cut-off value was 69% vs. 33% for the inactivated vaccine BBIBP-CorV; 93% vs. 56% for the vector-based AZD1222, or 100% vs. 72% for the mRNA-based BNT162b2 vaccine (Figure 1B), respectively.
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FIGURE 1
 Humoral immune response to SARS-CoV-2 in HDs vs. HCs. The IgG-type anti-RBD (spike) antibodies were measured from the sera of the patients. (A) Subjects for studying BBIBP-CorV were n = 16 (HC) and n = 15 (HD), for AZD1222 were n = 14 (HC) and n = 16 (HD) for BNT162b2 were n = 16 (HC) and n = 18 (HD). (B) The response rate was calculated of the vaccination groups. Sub-group analysis was carried-out focusing on (C,D) anti-CD20 treatment or (E) disease duration. Mean (green line) and SEM (red whisker) values are demonstrated. *p < 0.05, **p < 0.01, and ***p < 0.001.


Anti-CD20 therapy was given in the 22% (n = 11) of HDs (Table 1). The relatively low number of subjects (BBIBP-CorV:5; AZD1222:2, BNT162b2:4) receiving anti-CD20 therapy did not allow statistical comparisons of anti-RBD antibody levels between the vaccination groups. Although only one of eleven HD patients crossed the cut off 21.8 BAU/mL value in the anti-CD20 therapy group irrespectively of the type of vaccines. On the contrary, 27 of 38 HDs (71%) showed positive response rate to vaccination without CD20 blocking therapeutics (Figure 1C). Pooling data of cases underwent the anti-CD20 therapy resulted in significantly weaker anti-RBD IgG level: 302 ± 291 (SD: 965) BAU/mL than 928 ± 215 (SD: 1324) BAU/mL without CD20 blocking in the HD group, **p < 0.01 (Figure 1D). Eleven (73%), or sixteen (100%), or fifteen (83%) HD cases were diagnosed more than 1 year ago of the withdrawal of the blood. There was no statistical difference among the types of vaccines in terms of SARS-CoV-2 reactive IgG production due to disease duration following diagnosis (Figure 1E).



3.2. SARS-CoV-2 specific cellular immunity in HDs following vaccination

Next, the SARS-CoV-2 reactive cellular immunity was assayed by flow cytometry. The PBMCs were reactivated with SARS-CoV-2 antigens (S-, M-, N-peptide pools) and CD4+ or CD8+ T-cells were assayed to produce TNF-α, IFN-γ, and CD40L ex vivo. The cellular response rate corresponds to the percentage of subjects in one group in terms of the TNF-α, IFN-γ, or CD40L cytokine producing CD4+ or CD8+ T-cells over the cut off value that is 400 reactive cells of 106 parental population (Supplementary Figure S2). The simple “response” in Results 3.2 corresponds to the number of S-M-N-peptivator activated T-cells normalized to the background unstimulated controls. There was no statistical difference in the absolute number of reactive CD4+ TNF-α T-cells in HDs versus HCs. However, as a trend HDs showed weaker CD4+ TNF-α+ T-cell activation, responsive cells (mean ± SEM/1 × 106 parental CD4+ T-cells) were 814 ± 491 (SD: 1552) for HC versus 153 ± 73 (SD: 293) for HDs in the AZD1222 vaccinated group. The mRNA-based BNTB162b2 vaccination resulted in the activation of 382 ± 148 (SD: 591) reactive CD4+ TNF-α T-cells in the HC group vs. 161 ± 55 (SD: 235) cells in HDs (Figure 2A). The number of CD4-TNF-α positive cells was highest in the BBIBP-CorV vaccine group: 2082 ± 1104 (SD: 3982) in HCs and 1955 ± 1655 (SD: 6079) in HDs (Figure 2A). Measurement of IFN-γ induction in CD4+ T-cells showed also higher SARS-CoV-2 specific activation in HCs vs. HDs, detecting for BBIBP-CorV: 1767 ± 911 (SD: 3286) vs. 190 ± 57 (SD: 213) (*p < 0.05); for AZD1222: 1619 ± 950 (SD: 3005) vs. 110 ± 33 (SD: 131); and for BNT162b2: 191 ± 75 (SD: 301) vs. 103 ± 31 (SD: 130) reactive CD4+ IFNγ T-cells, respectively (Figure 2B). Then CD40L expression was significantly higher in CD4+ T-cells in the HC vs. HDs for BBIBP-CorV: 2511 ± 849 (SD: 3062) vs. 323 ± 145 (SD: 543) ***p < 0.001; and for AZD1222: 1980 ± 912 (SD: 2884) vs. 193 ± 94 (SD: 377) **p < 0.01, respectively (Figure 2C). The BNTB162b2 vaccine caused also higher CD40L activation in CD4+ T-cells in HCs vs. HDs, namely 630 ± 224 (SD: 895) vs. 286 ± 123 (SD: 522) reactivated cells were detected, but it was not statistically significant difference (Figure 2C). Interestingly the inactivated virus vaccine BBIBP-CorV induced significantly higher CD40L response in HCs vs. BNT162b2: 2511 ± 849 (SD: 3062) vs. 630 ± 224 (SD: 895) *p < 0.05 (Figure 2C).
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FIGURE 2
 The CD4+ T-cells were assayed following ex vivo S/M/N peptide stimulation. Subjects in HCs vs. HDs were for BBIBP-CorV-2 n =13 vs. n = 16; for AZD1222 n = vs. n = 16; for BNT162b2 n = 16 vs. n = 18. The reactive TNF-α (A), or IFN-γ (B), or CD40L (C) producing CD4+ T-cells were quantified. Mean (red line) and SEM (green whisker) values are demonstrated. *p < 0.05, **p < 0.01, and ***p < 0.001.


The cellular response rate, the proportions of CD4+ TNF-α+ responder cases to vaccination in HC vs. HD for BBIBP-CorV were 61.5% vs. 35.7%; 40% vs. 12.5% for AZD1222, and 25% vs. 16.7% for BNT162b2. The proportions of CD4+ IFN-γ+ responders in HC vs. HD for BBIBP-CorV were 61.5% vs. 21.4%; for AZD1222 40% vs. 6.3%; for BNT162b2 18.8% vs. 5.6%. The proportions of CD4+ CD40L+ responders in HC vs. HD for BBIBP-CorV were 92.3% vs. 21.4%, for AZD1222 80% vs. 18.8%, and for BNT162b2 50% vs. 22.2% (Supplementary Figures S2A–C).

The cytotoxic CD8+ T-cell mediated cellular immunity was measured for the induction of TNF-α or IFN-γ production. The HDs showed not significantly but tendentiously higher SARS-CoV-2 reactive CD8+ TNF-α T-cell reactivation vs. HCs for AZD1222: 466 ± 183 (SD: 734) vs. 288 ± 213 (SD: 674); and for BNT162b2: 485 ± 327 (SD: 1387) vs. 169 ± 43 (SD: 171) (Figure 3A). In BBIBP-CorV vaccine group CD8+ TNF-α positive cells were comparable in HCs and HDs: 277 ± 158 (SD: 561) vs. 225 ± 90 (SD: 337) (Figure 3A). The IFN-γ response in CD8+ T-cells was also higher in HDs vs. HCs as a tendency for BBIBP-CorV: 265 ± 153 (SD: 593) vs. 86 ± 38 (SD: 139); for AZD1222: 733 ± 389 (SD: 1556) vs. 392 ± 189 (SD: 599); and for BNT162b2: 363 ± 101 (SD: 429) vs. 87 ± 41 (SD: 165) *p < 0.05, respectively (Figure 3B).
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FIGURE 3
 The CD8+ T-cell responses in HCs vs. HDs receiving different vaccines. The CD8+ T-cells were assayed following ex vivo S/M/N peptide stimulation. Subjects in HCs vs. HDs were for BBIBP-CorV-2 n = 13 vs. n = 16; for AZD1222 n = 10 vs. n = 16; for BNT162b2 n = 16 vs. n = 18. The reactive TNF-α (A), or IFN-γ (B) producing CD8+ T-cells were quantified. Mean (red line) and SEM (green whisker) values are demonstrated. *p < 0.05, **p < 0.01, and ***p < 0.001.


The proportions of CD8+ TNF-α+ responder cases to vaccination in HC vs. HD for BBIBP-CorV were 23.1% vs. 21.4, 20% vs. 31.3% for AZD1222, and 12.5% vs. 16.7% for BNT162b2. The proportions of CD8+ IFN-γ+ responders in HC vs. HD for BBIBP-CorV were 7.7% vs. 14.3%; for AZD1222 30% vs. 37.5%; for BNT162b2 12.5% vs. 33.3% (Supplementary Figures S2D–E).

Next, we aimed to investigate the effect of anti-CD20 therapy on T-cell mediated peripheral immunity. Pooling cases both in the HC or HD groups irrespective of the vaccination type and dividing HDs based on anti-CD20 therapy status into two groups, the monoclonal antibody treatment in HDs tendentiously resulted in further weaker reactivation of CD4+ T-cells upon SARS-CoV-2 antigen exposure. The numbers of CD4+ TNF-α+ reactive cells were 1060 ± 401 (SD: 2507) in HCs, 807 ± 587 (SD: 3668) in HDs without anti-CD20 therapy, or 134 ± 57 (SD: 170) in HDs with anti-CD20 therapy (Figure 4A). The numbers of CD4+ IFN-γ+ reactive cells were 1083 ± 397 (SD: 2481) in HCs, 144 ± 27 (SD: 169) in HDs without anti-CD20 therapy, or 74 ± 32 (SD: 97) in HDs with anti-CD20 therapy (Figure 4B). The numbers of CD4+ CD40L+ reactive cells were 1603 ± 391 (SD: 2443) in HCs, that was significantly reduced to 304 ± 83 (SD: 520) in HDs (***p < 0.001) without anti-CD20 therapy, or further decreased in HDs with anti-CD20 therapy 101 ± 47 (SD: 141) (***p < 0.001) (Figure 4C). The CD8+TNF-α+ or CD8+ IFN-γ+ reactive, SARS-CoV-2 specific T-cell numbers did not differ significantly among the HCs and HDs with no significant effect of anti-CD20 therapy (Figures 4D–E). The virus reactive CD8+ IFN-γ cells were slightly increased in the anti-CD20-treated HD group compared to “untreated” HDs and HCs (Figure 4E).
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FIGURE 4
 T-cell mediated SARS-CoV-2 specific peripheral immunity in HCs (n = 39), HDs (n = 39) or HDs that underwent anti-CD20 therapy (n = 9). The reactive TNF-α (A), or IFN-γ (B), or CD40L (C) producing CD4+ T-cells were quantified. The reactive TNF-α (D), or IFN-γ (E) producing CD8+ T-cells were quantified. Cases vaccinated with BBIBP-CorV, or AZD1222, or BNT162b2 were pooled to investigate the effect of anti-CD20 therapy on T-cell mediated immunity. (C) The anti-CD20 therapy significantly reduced the CD4+ CD40L+ reactive cell numbers in HDs.





4. Discussion

Patients with hematological malignancies represent a specifically susceptible population to COVID-19 with a heightened risk of severe disease and fatality (1–3). As the COVID-19 vaccination campaigns around the world unfolded and studies with large cohorts of HD patients arose, robust data was collected regarding vaccination efficacy and safety in HD patients. However, most trials investigated the effect of mRNA-and vector-based vaccines. Therefore, information on inactivated vaccines is limited. However, inactivated virus vaccines against SARS-CoV-2, such as BBIBP-CorV (Sinopharm, China), CoronaVac (Sinovac, China), Covaxin (India), COVIran Barekat (Iran), contributed significantly to worldwide vaccine coverage (22, 23). In Hungary, BBIBP-CorV was administered at large scales besides other vaccines, even to people at higher risk, like the elderly and patients with various cancers, including hematological malignancies. To the best of our knowledge, only one study addressed the efficacy of the BBIBP-CorV vaccine in cancer patients (24), and a comprehensive analysis of different vaccine types, including BBIBP-CorV in the context of HD is completely lacking. Here, we report our findings about the efficacy of the BBIBP-CorV vaccine compared to mRNA vaccine BNT162b2 (Pfizer BioNTech) and vector-based AZD1222 (AstraZeneca) vaccines to trigger humoral and cellular immunity in patients with hematological disease.

The receptor binding domain (RBD) specific anti-spike (S) IgG isotype antibodies were measured in HDs versus healthy controls following complete vaccination after 4 months. The highest antibody titers were attained in the BNT162b2 group (both controls and HDs), independent of disease status. Due to varying BAU/mL values within each group and the small size of the groups, no significant difference was observed between healthy controls and HDs in the case of any of the examined vaccine types (Figure 1A). The calculated seroconversion rates (Figure 1B) were more informative about the humoral response of HDs upon different vaccines than raw anti-RBD antibody values. Namely, seroconversion rates of HDs fell behind that of matching healthy controls: 33% vs. 69% (BBIBP-CorV), 56% vs. 93% (AZD1222), 72% vs. 100% (BNT162b2). This decreased performance of BNT162b2 and AZD1222 in HD patients is consistent with a pooled humoral response rate of 67.7% of HD patients found in the latest meta-analysis, where data was extracted mainly from articles on mRNA and adenoviral vaccines (9). The proportion of BBIBP-CorV vaccinated HDs mounting anti-S IgG response was only 33% which is comparable with the 38.1% from the only previous report by Ariamanesh and coworkers (24). The observed waning humoral response in HDs is in line with literature data affected by several patient factors such as age, sex, serostatus, treatments and comorbidities (25, 26). It should be noted that 5 out of 15 patients (33.3%) vaccinated with BBIBP-CorV received anti-CD20 therapy. On the other hand, 2 out of 16 (12.5%) and 4 out of 18 (22.22%) patients vaccinated with AZD1222 or BNT162b2 were on anti-CD20 therapy, respectively. Thus, anti-CD20 therapy was overrepresented in the BBIBP-CorV group, which could skew the vaccination response in this group. There is a clear consensus that immunosuppressive B-cell-directed treatments markedly impair immunogenicity in HD patients. Monoclonal anti-CD20 therapy in HD patients was associated with a considerably lower or undetectable humoral response due to prolonged B-cell depletion. Seroconversion of these patients was even poorer if the anti-CD20 was administered within 6–12 months before vaccination (10–14). Therefore, the impaired humoral response of HD patients undergoing anti-CD20 therapy in our cohort was expected, which manifested in significantly lower (**p < 0.01) anti-RBD IgG levels in patients treated with anti-CD20 (Figure 1D). This effect was observed with all the studied vaccine types (Figure 1C), although the low number of subjects per vaccine type does not allow statistical comparison and drawing clear conclusions.

It has been emphasized that adding cellular response metrics to the gold standard antibody titer and neutralizing activity measurements would provide a better insight into the overall immune response to COVID-19 vaccination. However, cellular assays are more logistically complex to conduct compared to antibody measurements because they require viable PBMC samples with longer and more complex handling protocols (27). Both ELISpot (enzyme-linked immune absorbent spot) and flow cytometric assay are used to determine the magnitude of cellular response by measuring the ratio of cytokine-secreting cells within the PBMC population after antigen-specific activation. In contrast, flow cytometry has the extra advantage of providing additional information about the type of responding cells. Such studies incorporating flow cytometry assays to compare the cellular immune memory elicited by COVID-19 vaccines are limited, especially those with a simultaneous side-by-side comparison of multiple vaccine types.

Here, we compared SARS-CoV-2 specific T-cell responses induced by BNTB162b, AZD1222, and BBIBP-CorV in HD patients versus healthy individuals by flow cytometry. The strength of the current work is the separate enumeration of responsive CD4+ and CD8+ T-cells based on IFN-γ/TNF-α/CD40L expression. There was no significant difference in CD4+ TNF-α+ or CD4+ IFN-γ+ T-cell frequencies between HCs and HDs except for higher CD4+ IFN-γ+ T-cells in HCs vs. HDs in BBIBP-CorV group (Figure 2B), although, in the HD group, the % of responders above the cut-off value of SARS-CoV-2 specific T-cells was lower in all vaccine groups. The frequency of CD4+ CD40L+ T-cells in HD patients was significantly lower compared to healthy volunteers in BBIBP-CorV and AZD1222 vaccine groups. In the case of BNTB162b, the proportion of CD4+ CD40L+ T-cells was also lower, but the difference was not significant (Figure 2C). The percentage of responders among healthy individuals was also highest in the CD4+ CD40L+ group in all vaccines, and in HDs, their proportion was reduced in all vaccine groups. The cytotoxic CD8+ T-cell mediated immunity was measured by the induction of TNF-α or IFN-γ production. There was no significant difference in the number of reactive CD8+ TNF-α+ T-cells between HCs and HDs, but interestingly, their number was higher in HDs vs. HCs in AZD1222 and BNTB162b group (Figure 3A). In HDs, tendentiously more responsive CD8+ IFN-γ+ T-cells were detected than in HCs in BBIBP-CorV and AZD1222 groups, and the difference was significant in the BNTB162b group (Figure 3B).

For comparison, we enlist the articles addressing SARS-CoV-2 specific T-cell response of people with hematological malignancies, which is only a tiny fragment of studies on mRNA or vector-based vaccines demonstrating cellular immunity after complete vaccination in 29%–88% of HD patients. Majority of the studies applied IFN-γ release assay (16, 17, 28, 29); IFN-γ ELISpoT (10, 12, 30–35); and IFN-γ/IL-2 FluoroSpot assay (36–38) or the combination of these (39). One study evaluated T-cell responses by immunosequencing the TCRβ chain (15). Some of these studies enrolled healthy controls as well and showed that the percentage of HD patients with SARS-CoV-2 reactive IFN-γ secreting T-cells is lower compared to that of healthy volunteers (10, 12, 28, 29, 32–35). Admittedly, our results are difficult to directly parallel with bulk anti-SARS-CoV-2 T-cell responses by these reports. The method used by Ehmsen and co-workers enabled the dissemination of CD4+ restricted IFN-γ responses from CD4+ plus CD8+ IFN-γ responses in HD patients vaccinated with mRNA vaccines (16). Among patients with HD, 45% exhibited positive IFN-γ responses by T-cells, 81% of whom were positive for both CD4+ and CD8+ T-cells, and 18% only elicited a CD8+ T-cell response (16). Furthermore, a report by Clemenceau and colleagues combined IFN-γ ELISpoT and flow cytometry for quantifying cellular immunity in AML and MDS patients receiving allogeneic stem cell therapy identifying spike-specific IFN-γ and TNF-α secreting cells within CD4+ and CD8+ T-cell populations. They found a higher percentage of SARS-CoV-2 specific CD4+ TNF-α+ T-cells in allo-HSCT receiving patients than in healthy controls. However, after pooling the responses in CD4 and CD8 arms, only 78% of patients achieved cellular immunity compared to 100% of controls (40). Finally, another recent study focused on the analysis of SARS-CoV-2 specific CD8+ T-cells in CLL and MDS patients after BNTB162b vaccination using DNA-barcoded peptide-MHC multimers covering the full SARS-CoV-2 Spike-protein they were able to map CD8 T-cell recognition sites and identified 59 antigen epitopes. Surprisingly, they also showed a higher frequency of vaccine-induced antigen-specific CD8+ T-cells in the patient group than in healthy donors (41). This observation is consistent with our findings on increased SARS-CoV-2 specific CD8 T-cells in the HD group (Figure 3). Based on literature data, the authors may speculate that induction of T-cell mediated cellular responses by inactivated viral vaccine may rely at least partially, on the cross-presentation of viral antigens to MHC-I not exclusively demonstrated on MHC-II leading to CD8+ T-cell activation, that is further boosted by the identified CD4+ Th1 (IFN-γ+and/or TNF-α+) helper T-cells (42, 43).’

The effect of anti-CD20 therapy on cellular immunity of hematological malignancy patients to SARS-CoV-2 is rarely presented in the related articles with divergent conclusions. The frequency of T-cell mediated responses were diminished in anti-CD20 treated chronic lymphocytic leukemia (CLL) patients (14%) compared to patients without the immunosuppressive therapy (29%) (32). In another study, majority of the lymphoma patients (75.3%) achieved cellular responses and their frequency was slightly lower (70%) in patients on anti-CD20 therapy (17). In a third study the rate of T-cell responses was not reduced in HD patients on anti-CD20 monotherapy compared to HD patients without anti-CD20 (33). In our cohort, pooled HD patients on anti-CD20 therapy showed tendentiously lower number of SARS-CoV-2 reactive CD4+ T-cells compared to HD patients with no anti-CD20 treatment (Figures 4A–C) and this result was further confirmed by the reduced or zero % of patients on anti-CD20 achieving the cut-off value of 400 responding CD4 T-cells in a million (data not shown). SARS-CoV-2 reactive CD8+ IFN-γ T-cell numbers in HDs were slightly increased by anti-CD20 therapy but the difference was not significant (Figure 4E). Interestingly, after complete COVID-19 vaccination S-specific CD8 T-cell response rate was also higher in rheumatic disease patients receiving anti-CD20 therapy (81.8%) than in immunocompetent controls (66.7%) (44).

In summary, the present study is a side-by-side comparison of three different vaccine platforms (BNTB162b, AZD1222, and BBIBP-CorV) generating humoral and cellular immunity in a diverse cohort of participants with hematological diseases and in healthy volunteers. It has to be noted that our access to the control group was at younger age 43 ± 12 (median, y) while HD patients were 63 ± 14 (median, y) without significant difference. The humoral immunity to SARS-CoV-2 based on seropositivity values was impaired in patients with HDs in line with existing data in the literature. In HDs, the observed seroconversion rates imply the following order in vaccine efficacy inducing humoral immunity: BNTB162 ≫ AZD1222 ≫ BBIBP-CorV. Anti-CD20 therapy had a detrimental impact on the humoral responses regardless of vaccine type. On the other hand, the proportions of patients among HDs with sufficient SARS-CoV-2 specific T-cells above the cut-off value painted a different picture: CD4 T-cell responses in patients with hematological diseases were reduced, and CD8 T-cell responses were sustained or even elevated in all vaccine group compared to healthy controls. Bange et al. (45) have shown an increased CD8 T-cell mediated SARS-CoV-2 specific immunity in HDs as a compensatory mechanism to deficient humoral response. Vaccine performance hierarchy in HD patients generating CD4 TNF-α and CD4 IFN-γ responses was: BBIBP-CorV ≫ AZD1222 ≫ BNTB162b. Regarding CD4 CD40L responses in HDs based on frequency rates, the performance of the three vaccines was comparable. Furthermore, CD8 T-cell response rates of HDs were highest in the AZD1222 vaccine group. Although the CD20 is a classical B-cell marker, it has been recently elucidated that it can be a meaningful marker of pro-inflammatory T-cells (46–48). The anti-CD20 treatment significantly reduced the S-, M-, N-reactive CD4+ CD40L+ T-cell numbers in HDs.

Overall, patients with malignant hematologic disease have higher risk of mortality than the general population in the case of COVID-19 infection, which can be aggravated by other risk factors such as age, comorbidities, and immunosuppressive therapies. Despite of the clinically less severe latest variants of SARS-CoV-2, the best-case scenario in COVID-19 disease management is to prevent it, especially in vulnerable populations like hematology patients. In our study, we have demonstrated the significant weaker response to vaccines in immunologically impaired population such as hematology patients. Based on our results, the protective humoral immune activity of hematologic patients against SARS-CoV-2 can be best supported by mRNA-based vaccination with BNTb162b compared to other vaccines in this study. On the other hand, inactivated virus vaccine seems to be a better choice to elevate T-cell mediated cellular activity against SARS-CoV-2. It has to be noted that because of the already known decline in the humoral immune response over time, there is a high need for booster shots to prevent severe COVID-19 especially in immunocompromised patients (19, 49–51). However, data about the induction of humoral and cellular immunity followed by BBIBP-CorV vaccination with a side-by-side comparison of AZD1222 and BNT162b2 is restricted to few cited papers, limitations of the current research should be mentioned such as the followings. (1) The authors had access to patient-derived blood from heterogenous HDs, (2) our study lacks multi-center execution, (3) and the access to the HC group was with younger age median. (4) Latest Omicron subvariants displayed increased evasion of neutralizing antibodies induced by SARS-CoV-2 vaccination compared to the first Omicron and prior variants (52). Further research is warranted to investigate the effects of different SARS-CoV-2 vaccines on each HDs separately, with clear focus on the booster vaccination protocols also. The sequential combinations of different vaccine types could be the answer for the higher humoral and cellular SARS-CoV-2 protective immunity, but more studies need to be conducted to ensure safety and efficacy.
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Introduction: Ultrasound (US) has gained popularity in the evaluation of haemophilic joint diseases because it enables the imaging of soft-tissue lesions in the joints and bone-cartilage lesions. We aimed to determine the correlation between US evaluations and clinical assessments performed using HJHS 2.1 and to evaluate their respective characteristics in assessing early haemophilic arthropathy.

Methods: A total of 178 joints (32 knees, 85 elbows, and 61 ankles) in 45 haemophilia A patients (median age, 10 years; range, 6–15) were assessed using US and HJHS 2.1. Ultrasonographic scoring was performed in consensus assessments by one imager by using the US scores.

Results: The total HJHS 2.1 and US scores showed a strong correlation (rS=0.651, P=0.000, CI: 0.553–0.763), with an excellent correlation for the elbows (rS=0.867, P=0.000, CI: 0.709–0.941) and a substantial correlation for the knees (rS=0.681, P=0.000, CI: 0.527–0.797). The correlation for the ankles was relatively moderate (rS=0.518, P=0.000, CI: 0.308–0.705). Nine subjects (15.5%) without abnormalities, as indicated by HJHS 2.1, showed haemophilic arthropathy in US scoring. All nine joints showed moderate (1/9) to severe (8/9) synovial thickening in the ankle (5/9) and elbow joints (4/9). In contrast, 50 joints (50.5%) showed normal US scores and abnormal changes as indicated by HJHS 2.1. S scores correlated well with HJHS 2.1 for overall and individual joints.

Discussion: US could identify some early pathological changes in joints showing normal clinical findings, but still cannot replace the HJHS; however, it can serve as an imaging examination complementing HJHS 2.

KEYWORDS
 Haemophilia Joint Health Score (HJHS), haemophilia, arthropathy, ultrasonography, children


1. Introduction

Haemophilia is a common sex-chromosome recessive hereditary haemorrhagic disease caused by a deficiency of coagulation factor VIII or IX. Joint bleeding is the most commonly reported type of haemorrhage in haemophilia patients, which could lead to synovial hypertrophy and direct bleeding-related osteochondral changes. The elbows, knees, and ankles are the most affected among all joints in haemophilia. With the widespread use of prophylaxis, the onset of arthropathy has significantly reduced (1). However, because of many reasons, the prevention and treatment of haemophilia in China, especially in Guizhou Province, are lagging behind those in developed countries and the incidence of joint dysfunction is high, which seriously affects the quality of life of affected patients. Hence, early periodic monitoring of joint lesions in haemophilia patients is recommended, which is aimed at identifying early arthropathic changes and prevention of the development or progression of haemophilic arthropathy.

The Haemophilia Joint Health Score (HJHS 2.1) was developed to detect early joint changes in moderate or severe haemophilia in patients aged higher than 3 years; however, it did not consider normal childhood variations. Considering that physical examination assessment scores lack the sensitivity and specificity required for the identification of early and subclinical joint abnormalities, radiography has been recommended in addition to a clinical examination for assessing the joint status and disease progression in haemophilia patients.

Magnetic resonance imaging (MRI) is an accurate routine imaging method for joint lesions in haemophilia patients (2); however, its application is limited due to its high cost, the time required, and the possible requirement of sedative drugs. It can be used as a routine imaging examination method for screening and follow-up in only a few haemophilia patients with special needs. Ultrasound (US) examination, an imaging method that allows the imaging of soft-tissue lesions in the joints and bone-cartilage lesions, is becoming popular in the evaluation and examination of haemophilic joint diseases in recent years because it is convenient, economical, and safe (3, 4). Several previous studies have investigated the correlation between US findings and HJHS (5–7); however, the sample sizes in these studies were relatively small, and as of now, consensus on the issue is lacking. Hence, this study was aimed at assessing the value of US in the assessment of joint status in haemophilia by comparing it with HJHS 2.1 in children with haemophilia.



2. Materials and methods


2.1. Research object

A total of 178 knee joints of 45 children with haemophilia in the Affiliated Hospital of Guizhou Medical University in Guizhou Province were selected; all of the patients were male and aged between 6 and 15 years. All cases met the 2014 diagnostic criteria of the consensus of Chinese experts for the diagnosis and treatment of haemophilia A (8). Consent was obtained from all patients and/or their families prior to participation in this study.



2.2. Inspection method

Equipment: US: Low-speed blood flow conditions of the skeletal muscle were selected using the Philips iU22 colour US instrument with a high-frequency line array probe (5 ~ 12 MHz). Different positions were imaged according to the different joints of the patients. Images were obtained in the sitting position or by lying on the front and sides of the joint. The posterior parts of the joints were examined in the prone position. Random images of the joints were obtained in the sagittal and coronal views.

HJHS: Clinical function was assessed by a physiotherapist according to HJHS version 2.1. The HJHS 2.1 evaluates potential joint swelling (scale 0–3), swelling duration (scale 0–1), muscle atrophy (scale 0–2), crepitus during activity (scale 0–2), decreased curvature (scale 0–3), decreased stretch (scale 0–3), joint pain (scale 0–2), and loss of strength (scale 0–4). The HJHS for joint level ranges from 0 points, indicating perfect clinical function, to 20 points, indicating a severe loss of clinical function.

Ultrasound examination: US examination was performed on the same day by two imaging specialists. They observed for the following parameters: exudation (joint effusion or haemorrhage) (scale 0–3), fibrous septum (scale 0–1), synovial thickness (normal value: <1 mm) (scale 1–3), synovial thickening with synovial vascular hyperplasia (scale 1–2), hemosiderin deposition (scale 0–3), cartilage changes (scale 1–3), bone erosion (irregular bone mass destruction) (scale 0–1), osteophytes (formation of bone hyperplasia at the edge of the joint) (scale 0–1), and bone reconstruction (irregular and inconsistent joint surfaces) (scale 0–1). The total score possible is 18.



2.3. Statistical analysis

Data were analysed using SPSS l8.0 statistical software. Spearman’s rank of correlation coefficient (rS) was used to study the correlations of the outcome measurement scores. A correlation was considered poor if rS was <0.4, moderate if rS was 0.4–0.6, good or substantial if rS was 0.6–0.8, and excellent if rS was >0.8.




3. Results

In our study, US-based scoring was performed for two of the three joints of the elbow, knee, and ankle of each patient. In total, 178 joints of 45 patients were assessed. Two joints (one knee and one ankle) could not be assessed because the data collected were incomplete. The median age of these patients was 10 years (range 6–15). The median HJHS and US score were 2 (range 0–17) and 0 (range 0–13) respectively. The baseline characteristics of the study joints are shown in Table 1.



TABLE 1 Patients’ baseline characteristics (n = 45 patients, 178 joints).
[image: Table1]

Among these 178 joints, the HJHS 2.1 was positive for 120 joints (67.4%) and US scores for 79 joints (44.4%). There was a good correlation between HJHS 2.1 and US scores for all study joints (rS = 0.651, p = 0.000, CI: 0.553–0.763) (Figure 1). Nine subjects (15.5%, 9/58 joints) without abnormalities, as indicated by the HJHS 2.1, were found to have haemophilic arthropathy based on US scores (3 points for three patients, 4 points for four patients, 5 points for one patient and 6 points for one patient, respectively). Moderate (1/9) to severe (8/9) synovial thickening in the ankle joints (5/9) and elbow joints (4/9) was noted in all of these nine cases by using US. In seven of these cases, synovial thickening with synovial vascular proliferation in the ankle joints (3/7) and elbow joints (4/7) were noted. One case showed small changes in the cartilage of the elbow joint and the other case showed a small amount of hemosiderin deposition in the ankle joint, based on synovial thickening and synovial thickening with synovial vascular proliferation that were not detected by clinical examination. US scores according to HJHS 2.1 are shown in Table 2. Fifty joints (50.5%, 50/99 joints) had normal US scores but abnormal changes based on the HJHS 2.1 were found, which included 1 point for nine joints, 2 points for 17 joints, 3 points for seven joints, 4 points for seven joints, 5 points for two joints, 6 points for three joints, 7 points for two joints, 9 points for one joint 10 points for one joint, and 11 points for one joint. All of these patients had at least one with muscle atrophy, joint strength changes or swelling, partial joints with swelling for ≥6 months combined with or without joint pain, crepitus during activity, and decreased curvature or decreased stretch that could not be identified using the US scores.

[image: Figure 1]

FIGURE 1
 Scatter plot showing the correlation between the total clinical Hemophilia Joint Health Score (HJHS 2.1) and ultrasound (US) scores.




TABLE 2 Ultrasound findings according to HJHS 2.1 results at the joint level.
[image: Table2]

When different joints were evaluated separately, an excellent correlation was found between HJHS 2.1 and US scores for the elbows (rS = 0.867, p = 0.000, CI: 0.709–0.941) (Figure 2) and a substantial correlation was found for the knees (rS = 0.681, p = 0.000, CI: 0.527–0.797) (Figure 3). On the other hand, the correlation between the scores for the ankles was relatively moderate (rS = 0.518, p = 0.000, CI: 0.308–0.705) (Figure 4).

[image: Figure 2]

FIGURE 2
 Scatter plot showing the correlation between the clinical Hemophilia Joint Health Score (HJHS 2.1) and ultrasound (US) score for the elbow.
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FIGURE 3
 Scatter plot showing the correlation between the clinical Hemophilia Joint Health Score (HJHS 2.1) and ultrasound (US) score for the knee.


[image: Figure 4]

FIGURE 4
 Scatter plot showing the correlation between the clinical Hemophilia Joint Health Score (HJHS 2.1) and ultrasound (US) score for the ankle.


Five subjects (20.8%, 5/24 joints) had normal HJHS 2.1 for ankles but showed signs of haemophilic arthropathy in US assessments (3 points for two subjects, 4 points for two subjects, and 5 points for one subject). All of these five joints had a synovial thickness greater than 2.5 mm (scoring 3 points), of which two showed synovial vascular hyperplasia and one had both synovial vascular hyperplasia and hemosiderin deposition (Figure 4).

In contrast, 50 subjects (44.1%, 15/34 joints) had normal US ankle scores but showed abnormal findings in HJHS 2.1 assessments (1 point for four subjects, 2 points for three subjects, 3 points for one subject, 4 points for three subjects, 5 points for one subject, 6 points for one subject, 9 points for one subject, and 11 points for one subject) (Figure 4). Six joints showed mild muscle atrophy while three had severe change. Among these, two joints showed crepitus during activity and decreased curvature, while one showed a decrease in extension and a change in joint strength based on the above changes. Mild and severe swelling was found in four joints each (three of these eight joints showed swelling in combination with muscle atrophy), of which seven had shown swelling for ≥6 months; one subject had a simple joint strength change that was not detected by US. Among the patients who reported a swelling duration of ≥6 months, one had joint pain and another had both joint pain and joint strength changes. Moreover, among the three patients with both muscle atrophy and swelling, one had joint pain, one experienced reduced stretching, and the third had a decreased curvature, decreased extension, and joint strength.



4. Discussion

Repeated joint bleeding in haemophilia often leads to joint deformity and dysfunction, which seriously affects the quality of life of patients (9), and with age, these lesions become more apparent (10). US has recently attracted growing interest as a potential tool to assess joint status and identify early arthropathic changes in haemophilia patients, which can ensure initiation of treatment as soon as possible and thereby prevent joint damage (11–13).

Previous studies showed a strong correlation between HJHS and US in the evaluation of the joints, and US could reveal a higher percentage of abnormalities than HJHS in both children and adults (7, 11, 14, 15). However, Poonnoose et al. (5) suggested that the correlation between HJHS and US for the osteochondral component was moderate (rS = 0.45) while that for the soft tissue component was poor (rS = 0.26).

In our study, we found a good correlation between HJHS 2.1 and US for all study joints (rS = 0.651, p = 0.000, CI: 0.553–0.763). This was consistent with the findings obtained by Altisent et al. (16). Early identification of synovial tissue thickening is important to prevent progression of haemophilic osteoarthrosis since the thickened synovial membrane and fragile neovascularization can increase the chance of joint bleeding and directly destroy articular cartilage, which further leads to the occurrence and progression of haemophilic arthropathy. In this study, the US scores for 15.5% of the joints that did not show abnormalities on HJHS 2.1 indicated haemophilic arthropathy, and synovial thickening was identified in all of these patients. The thickening was partial with small changes in the cartilage and hemosiderin deposition, which suggests that the US scoring system could identify early pathological changes in joints appearing normal in clinical examination and offers advantages over HJHS 2.1 in assessments of synovial thickening, hemosiderin deposition and cartilage changes. Due to the convenience of US, in the case of routine monitoring of joint function or even acute joint bleeding in hemophilia patients, US can provide clinical diagnosis and treatment with more rapid, convenient, and accurate therapeutic guidance value. Especially in the process of dynamic monitoring of joint disease changes in hemophiliacs, more sensitive intervention treatment can be given to hemophiliacs according to the results of dynamic changes in US, which can prevent further deterioration of the joint disease. However, our study also revealed changes with HJHS 2.1 that were not detected by the US scoring system and may require physical or drug intervention, which showed a higher percentage (50.5%) of positive points on HJHS 2.1 in relation to muscle atrophy, joint strength changes, or swelling while US scores for these findings were negative in previous studies (6, 16). This poor specificity of US in soft-tissue findings suggests that US is still lacking in the comprehensive evaluation of joint soft tissue changes and that the US scoring system and HJHS 2.1 would complement each other in order to ensure better assessment of joint status.

For a single joint US evaluation, Aspdahl et al. (14) suggested that a strong correlation exists between the HJHS and the US scores for elbows and knees (rS = 0.57, p < 0.01 and rS = 0.76, p < 0.01), but the correlation for ankles was substantially weaker (rS = 0.36, p = 0.04). In comparison with their results, our study showed a significant correlation between HJHS and US scores in all of the elbow, knee and ankle joints (rS = 0.867, p = 0.000; rS = 0.681, p = 0.000 and rS = 0.518, p = 0.000, respectively). This may be attributable to the size of our research sample. However, in our study, the correlation for the ankle joints was more moderate than that for the elbow and ankle joints, which was the same trend as that observed in their study. This suggests that when evaluating the osteoarticular lesions of the ankle joint, there is a strong need for a comprehensive evaluation that includes both US and HJHS assessments.



5. Conclusion

Our study confirmed that in paediatric patients with haemophilia A, the US scoring system correlated well with HJHS 2.1 assessments for overall and individual joint assessments, with the correlations being excellent for elbows, substantial for knees, and moderate for ankles. US could identify early pathological changes in apparently healthy joints and showed advantages over the HJHS 2.1 in terms of synovial thickening, hemosiderin deposition, and cartilage changes. However, it still had defects that prevented it from replacing the HJHS. Instead, it can serve as an imaging examination complementing HJHS 2.1 assessments.
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Background: Cytopenia is a frequent complication among HIV-infected patients who require hospitalization. It can have a negative impact on the treatment outcomes for these patients. However, by leveraging machine learning techniques and electronic medical records, a predictive model can be developed to evaluate the risk of cytopenia during hospitalization in HIV patients. Such a model is crucial for designing a more individualized and evidence-based treatment strategy for HIV patients.

Method: The present study was conducted on HIV patients who were admitted to Guangxi Chest Hospital between June 2016 and October 2021. We extracted a total of 66 clinical features from the electronic medical records and employed them to train five machine learning prediction models (artificial neural network [ANN], adaptive boosting [AdaBoost], k-nearest neighbour [KNN] and support vector machine [SVM], decision tree [DT]). The models were tested using 20% of the data. The performance of the models was evaluated using indicators such as the area under the receiver operating characteristic curve (AUC). The best predictive models were interpreted using the shapley additive explanation (SHAP).

Result: The ANN models have better predictive power. According to the SHAP interpretation of the ANN model, hypoproteinemia and cancer were the most important predictive features of cytopenia in HIV hospitalized patients. Meanwhile, the lower hemoglobin-to-RDW ratio (HGB/RDW), low-density lipoprotein cholesterol (LDL-C) levels, CD4+ T cell counts, and creatinine clearance (Ccr) levels increase the risk of cytopenia in HIV hospitalized patients.

Conclusion: The present study constructed a risk prediction model for cytopenia in HIV patients during hospitalization with machine learning and electronic medical record information. The prediction model is important for the rational management of HIV hospitalized patients and the personalized treatment plan setting.

KEYWORDS
 HIV, cytopenia, anemia, thrombocytopenia, leukopenia, electronic medical records, machine learning


1. Background

The human immunodeficiency virus (HIV) not only cause damage to the function of the immune system, but also have a negative impact on the body’s hematopoietic system (1). Cytopenia is one of the common complications of HIV infection (2) and the common types are anemia, thrombocytopenia and leucopenia. Within the HIV patients, anemia is an independently influential factor in both the acceleration of disease progression and the decline in quality of life (3). The prevalence of anemia ranges from 1.3 to 95% (4). Currently there are relatively few reports on the prevalence of leukopenia and thrombocytopenia and their associated factors. The most common type of leukopenia is neutropenia. Neutropenia affects 5 to 30% of patients in the early stages of HIV infection. Whereas in patients with late-stage HIV infection, the prevalence of neutropenia can reach 57 to 76% (5–7). The prevalence of thrombocytopenia among HIV patients ranges from 4.1 to 40% (8). Cytopenia may negatively affect outcomes of treatment and accelerate disease progression in patients with HIV (9). The causes of cytopenia in HIV patients are complicated. Currently reported factors that have been correlated with the occurrence of cytopenias in HIV patients include the direct effects of HIV infection, the effects of drug therapy and OIs (10–12). And CD4+ T cell counts as a marker of acquired immunodeficiency syndrome (AIDS) progression have also been proven to correlate with cytopenia (13).

Machine learning has had a wide range of applications in medicine in recent years, such as cancer diagnosis (14), medical imaging (15) and death prediction (16). Numerous machine learning algorithms have demonstrated their potential for application to large-scale biomedical and patient datasets. Machine learning can balance the deviation and variance of data. Machine learning can be utilized on datasets containing numerous multidimensional variables to identify high-dimensional, non-linear relationships between clinical features for the purpose of data-driven outcome prediction. This approach overcomes certain limitations of current risk prediction analysis methods. Machine learning models for medical big data based on electronic medical records will support doctors in clinical diagnosis and management.

Cytopenia continues to be a significant concern in numerous countries with limited resources. The severity of cytopenia and its associated factors can impact the effectiveness of highly active antiretroviral therapy (HAART). However, this issue has not received enough attention in many developing countries. Most reports on the prevalence and associated factors of cytopenias come from regions with high AIDS prevalence and developed countries. These data may be quite different from other regions in terms of patient characteristics, cytopenic status, and HAART, etc. (17–20). The main aim of the present study was to construct a predictive model that accurately predicts whether cytopenia would occur during hospitalization in people with HIV. To develop more appropriate treatment plans for HIV patients, it is essential to understand the profile of cytopenias and the relevant factors (21). However, there have been few reports on cytopenias among HIV patients in China. Thus, gaining insight into the risk factors that contribute to cytopenia in patients with HIV and developing an accurate predictive model for cytopenia could facilitate early intervention and prevent its progression in this patient population. For clinicians, the model could be used to screen HIV patients who may experience cytopenia in the future, and thus take a more appropriate treatment approach.



2. Materials and methods


2.1. Data collection

This study was carried out at Guangxi Chest Hospital. Guangxi Chest Hospital is located in Liuzhou, Guangxi. The hospital is the regional designated hospital for the treatment of serious infectious diseases. The study was carried out between June 2016 and October 2021 and enrolled a total of 6,220 hospitalized HIV infected patients. Through the hospital electronic medical record system identifying HIV patients with cytopenia. People with HIV who did not suffer from cytopenia on their admission were included as study participants. The diagnostic criteria for anemia is the same as that of the World Health Organization (WHO). A hemoglobin level < 110 g/L (women) or < 120 g/L (men) is defined as anemia. Anemia is graded as severe (hemoglobin <60 g/L), moderate (hemoglobin 60–89 g/L) and mild (hemoglobin 90–119 g/L for men or 90–109 g/L for women). Compared to anemia, leukopenia and thrombocytopenia do not have universally accepted cut-off values. We defined them using criteria that have been used in other studies (7, 22). The criterion for leukopenia was total leukocytes <4.0 × 103/uL. Platelet counts <150 × 103/uL were considered to be thrombocytopenia. The classification criteria for mild thrombocytopenia, moderate thrombocytopenia and severe thrombocytopenia were 100–150 × 103/uL, 50–100 × 103/uL and less than 50 × 103/uL, respectively, Gunda et al. (9). If a patient has multiple admissions to hospital, the data of the most recent admission will be included as a priority. The results of laboratory tests on the patient’s blood first collected on admission to hospital were included in the study. The patient was discharged from hospital or died during hospitalization then observation was stopped. Patients younger than 18 years old, patients who received radiation therapy within the past 45 days, and pregnant women were excluded from the study. Because the underlying conditions of these patients themselves may induce or exacerbate cytopenias. All of the patients were confirmed to be HIV-positive by enzyme-linked immunosorbent assay and immunoblot detection laboratory tests, and the diagnosis was consistent with national HIV diagnostic criteria.



2.2. Data preprocessing

We extracted sociodemographic and clinical information, as well as blood examination records, from the medical electronic record system of Guangxi Chest Hospital to construct a structured dataset for the study participants. The structured dataset included 66 variables: 13 clinical comorbidity/co-infection variables (tuberculosis, pneumocystis, candida infection, cryptococcus, herpesvirus, cytomegalovirus, pneumonia, electrolyte disorders, hepatitis (B or C), hypoproteinemia, diabetes, hypertension, and cancer) 6 demographic indicators (gender, age, ethnicity, marital status, actual days in hospital and residence) 47 laboratory indicators (CD8+ T cell count, CD4+ T cell count and levels of ALP, ALT, AST, CEA, etc.).Excluding variables with missing data greater than 15%. Used Random Forest to fill in the missing values for the structured dataset (23). All the above data processing steps were done by the numpy, pandas and sklearn packages of Python 3.8.6.



2.3. Model construction and evaluation

Whether cytopenia had occurred in HIV patients at hospital discharge was used as a outcome of the prediction model. The data was divided randomly into two datasets using Scikit-learn, a Python package (24). 80% of the data was utilized for training the machine learning models and adjusting their parameters. 20% of the data were used to test the models and fine-tune the hyperparameters. We used five machine learning classifiers (artificial neural network (ANN), adaptive boosting (AdaBoost), k-nearest neighbour (KNN), support vector machine (SVM) and decision tree (DT)) to create five models for predicting outcomes. The five machine learning classification prediction models were all constructed based on the sklearn package from Python 3.8.6.

The predictive ability of the prediction models was evaluated using the area under the receiver operating characteristic (ROC) curve (AUC), specificity, accuracy, sensitivity, and F1 scores. The evaluation indicators were varied from 0 to 1, corresponding to the worst and best scores, respectively. Using these metrics together allowed a more comprehensive evaluation and comparison of the classification effectiveness of different machine learning methods. The prediction model with the most effective performance evaluation indicators was selected as the final model. To explain the outcome of the best-performing predictive model, we utilized the Shapley additive interpretation (SHAP) to calculate the contribution of each feature to the predicted outcome (25).



2.4. Statistical analysis

The analysis of data was conducted with Python version 3.8.6 and SPSS version 24 statistical software package (SPSS Inc., Chicago, IL). The descriptive statistics such as percentage, mean, median, IQR, and standard deviation were used as appropriate. Student’s t-test was used to compare normally distributed continuous variables, while the Mann–Whitney U test was used for non-normally distributed continuous variables. The chi-square test was utilized to compare categorical variables. The tests were two-sided, and statistical significance was defined as p values less than 0.05.



2.5. Ethical statement

The Human Research Ethics Committee of Guangxi Medical University (ethical approval number: 20210172) and the Medical Ethics Committee of Chest Hospital (ethical approval number: 2022–011) approved this study. Informed consent was waived after review by the Chest Hospital Medical Ethics Committee. Patient information was de-identified, and confidentiality was maintained throughout the study.




3. Result


3.1. Sociodemographic characteristics of study participants

In this research, the prevalence of cytopenia in hospitalized HIV patients was 19.3% (1,201/6220). The study included 2,187 qualified people living with HIV. Figure 1 showed the selection process for the patients included in the present study. The study participants had a median age of 56 years (interquartile range (IQR): 45–66 years). The median number of days in hospital for study participants was 21 days (interquartile range (IQR): 12–33 days). Among the 2,187 study participants, 1,686 (77.1%) were male, 1,673 (76.5%) were from rural areas and 1,296 (59.3%) were married. Over half (55.0%) of the sample were from ethnic minority groups, with the Zhuang ethnic group comprising the majority (48.0%). The cytopenia and non-cytopenia groups differed significantly in demographic characteristics, including gender, ethnicity, marital status, and residence address (p < 0.05). The essential features of the study participants were listed in Table 1.

[image: Figure 1]

FIGURE 1
 Flow diagram of the selection of participants included in the present study.




TABLE 1 Sociodemographic characteristics of HIV patients included in study.
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3.2. Clinical and laboratory characteristics of study participants

The most common clinical complication/co-infection in hospitalized HIV patients was Candida infection (56.8%, 1243/2187), followed by hypoproteinaemia (48.0%, 1049/2187), pneumonia (47.1%, 1030/2187), and tuberculosis (47.1%, 1030/2187). The prevalence of cytopenia was as high as 76.0% (190/250) in HIV patients with electrolyte disturbances, which was higher than 52.2% (1,011/1937) in HIV patients without electrolyte disturbances. The prevalence of cytopenia was 72.4% (760/1049) in HIV patients with hypoproteinaemia, which was higher than 38.8% (441/1138) in HIV patients without hypoproteinaemia. Table 2 showed detailed information about clinical complications/co-infections of the study participants.



TABLE 2 Characteristics of clinical complications/co-infections in HIV-positive patients included in study.
[image: Table2]

We evaluated the median levels of important indicators in both cytopenic and non-cytopenic groups of patients with HIV. The hemocytopenic group had lower levels of CD4+ T cell count, CD45+ T cell count, CD3+ T cell count, cholinesterase (CHE), creatinine clearance (Ccr), prealbumin (PA) and total cholesterol (CHOL). There were also some laboratory indicators of interest that were significantly different, such as serum cystatin (Cys-C), triglycerides (TG) and chlorine (Cl). Detailed characteristics of the laboratory indicators were shown in Table 3.



TABLE 3 Characteristics of the laboratory measures of the HIV patients included in the study.
[image: Table3]



3.3. Feature selection, model construction and evaluation

Using the sklearn package and the pandas package in Python 3.8.6 to achieve feature filtering of the data. We used recursive feature elimination (RFE) with random forest to select input features for a predictive model aimed at predicting the occurrence of cytopenia in HIV patients during hospitalization. Finally, 12 variables were selected from 66 variables as predictors of the risk of cytopenia in HIV patients. Among the 12 included indicators, 9 were laboratory examination indicators, including CD4+ T cell count, serum cystatin (Cys-C), standard bicarbonate (HCO3std), low-density lipoprotein cholesterol (LDL-C), creatinine clearance (Ccr), chloride (Cl), glutamyltransferase (GGT), monocytes-to-lymphocites ratio (Mono/Lymph) and hemoglobin-to-RDW ratio (HGB/RDW), 3 clinical comorbidity/co-infection including electrolyte disturbances, hypoproteinemia and cancer.

The prediction models for the development of cytopenia in HIV patients during the hospitalization were constructed based on 12 features from the feature selection results. Table 4 displayed the prediction performance of the prediction models generated by the five machine learning algorithms. The ANN model demonstrated the highest sensitivity and specificity and therefore exhibited superior predictive power compared to other models. Figure 2 showed the ROC curves for the five models, with the ANN model displaying the most favorable results.



TABLE 4 Performance of predictive models built by five machine learning algorithms.
[image: Table4]
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FIGURE 2
 Evaluation of five machine learning algorithms based on the AUC of ROC curves.




3.4. Explanation of risk factor

To better comprehend how the features integrated into the ANN prediction model contribute to the prediction results, we computed the SHAP values for each individual feature. The ANN prediction model generates a predictive value for each predicted sample. The SHAP value is a numerical score assigned to each feature in a given sample, indicating the degree of impact each feature has on the outcome and whether it is a positive or negative influence. The importance matrix diagram for the ANN model was shown in Figure 3. The importance matrix ranks the features that affect cytopenias in hospitalized HIV patients, from most to least important. The importance matrix ranking results for the ANN prediction model were hypoproteinemia, HGB/RDW, cancer, LDL-C, CD4+ T cell count, electrolyte disturbance, Cl, Ccr, HCO3std, Mono/Lymph, GGT and Cys-C. The SHAP summary plot showed how each variable had an impact on the predicted outcome of the occurrence of cytopenia in hospitalized HIV patients (Figure 4). Each patient was assigned a point, and features were color-coded based on attribute values, with red indicating higher values and blue indicating lower values. According to the SHAP summary plots, hypoproteinemia and cancer were identified as the most significant features. In hospitalized patients with HIV, these two features were strongly and positively correlated with cytopenia. HIV patients presenting with these two clinical comorbidities were at significantly increased risk of developing cytopenia during hospitalization compared to HIV patients not presenting with these two comorbidities. HGB/RDW, LDL-C, CD4+ T cell count, Ccr, HCO3std and Mono/Lymph also had a significant effect on the occurrence of cytopenia in hospitalized patients with HIV. The risk of cytopenia increases as the value of these features decreases. The higher the value of Cl, GGT and Cys-C, the greater the risk of cytopenia. Hospitalized HIV patients with electrolyte disorders were more likely to develop cytopenia.

[image: Figure 3]

FIGURE 3
 Importance matrix plot of the ANN model showing the contribution of each clinical feature to the predictive model of cytopenia in hospitalized HIV patients.


[image: Figure 4]

FIGURE 4
 SHAP summary plot of the top 12 clinical features of the ANN model.





4. Discussion

This study conducted a retrospective analysis on a large sample size and identified Candida infection, hypoproteinemia, tuberculosis and pneumonia as the most frequent complications among hospitalized patients with HIV. This finding was similar to previous reports (26). The current study employed machine learning techniques and clinical features readily obtainable from electronic medical records to develop a predictive model for cytopenia risk in HIV patients during hospitalization. We evaluated and compared the predictive capabilities of five distinct machine learning models. The results showed that ANN models have the highest sensitivity and specificity. ANN model is widely used in clinical detection and pathology identification due to the good performance it has shown in recognition (27, 28). In comparison to other machine learning models, ANN are able to effectively process non-linear relationships, which is important in many real-world problems (29). ANN consist of multiple neurons and layers that enable them to learn and represent very complex relationships and have better capabilities for implicit pattern and feature extraction in data. The hidden layer structure of ANN enables them to capture and represent complex relationships between input features, thus better adapting to different types of data (30). As far as the authors know, the current research is the first published study to use ANN models to predict the occurrence of cytopenia in HIV patients during hospitalization.

The combination of electronic medical records and machine learning has contributed to the development of complex prediction models (31, 32). To enhance the transparency of the model’s prediction process, we employed the SHAP method to compute the contribution of individual variables to the model’s predicted outcome. The results showed that hypoproteinemia and cancer were important factors influencing the occurrence of cytopenia during hospitalization of HIV patients. We also identified HGB/RDW, LDL-C, CD4+ T cell count and Ccr were the variables that had a greater impact.

Previous studies have demonstrated that hypoproteinemia is a potential predictor of disease progression and mortality among individuals with HIV (33). A cohort study in West Africa that investigated the nutritional status of HIV patients who received HAART for 1 year reported that low albumin was associated with anemia (34). It is not coincidental that serum albumin levels have been claimed to be independently associated with severe anemia and could influence mortality and the outcome of HAART in HIV patients (35). There is growing evidence that hypoproteinemia has a dramatic impact on cytopenia in HIV patients, particularly anemia. There are two possible reasons why people with cancer are more likely to develop anemia; cancer causes difficulty in the production of red blood cells and shortens the survival time of red blood cells (36). Furthermore, anti-cancer treatments may harm healthy blood cells. Our study discovered that hypoproteinemia and cancer were significant factors contributing to cytopenia in HIV patients during hospitalization.

After analyzing all features included in the model, we found that HGB/RDW, LDL-C, CD4+ T cell count, and Ccr had the great impact on predicting the risk of cytopenia during hospitalization in HIV patients. Specifically, lower levels of HGB/RDW, LDL-C, CD4+ T cell count, and Ccr were associated with an increased risk of cytopenia. HGB/RDW as a new comprehensive biomarker has gradually attracted widespread attention. The lower HGB/RDW levels have been demonstrated to be associated with cancer development and poor prognosis (37, 38). In the present case, HIV patients with lower levels of HGB/RDW had a higher risk of cytopenia during hospitalization. The lower HGB/RDW may represent abnormal erythrocyte homeostasis and deformed erythrocytes, leading to disturbed blood flow in the microcirculation (39), which may have contributed to the increased susceptibility of people living with HIV to cytopenias during hospitalization. Hemoglobin and RDW are easily accessible laboratory examination indicators. But HGB/RDW is rarely focused on during HIV treatment. The results of the present study showed that HGB/RDW is strongly associated with the development of cytopenias in people living with HIV and deserves greater attention.

Low LDL-C is often associated with long-term vegetarian diet (40), liver disease (41) and drug therapy (42). Low LDL-C has also been reported to be associated with chronic anemia (43). However, LDL-C has not been of particular concern in previous studies about risk factors associated with cytopenia in HIV patients. Although the mechanism of how lower LDL-C leads to cytopenia is not clear, there are some possible explanations. Possible explanations include erythrocyte fragility due to low cholesterol levels in the erythrocyte membrane (44), as well as LDL-related platelet activation and tissue factor expression (45). But the mechanism of how low LDL-C leads to cytopenia needs more further research to prove it.

As with previous studies, our research found that low CD4+ T cell counts are a risk factor for cytopenia in HIV patients. CD4+ T cell counts are closely correlated with HIV disease progression, and lower counts are typically indicative of advanced disease progression (46). The primary explanation for cytopenia, which results from low CD4+ T cell counts in HIV patients, is likely HIV-mediated hematopoietic suppression and direct T cell infection (10). Moreover, research showed that improved CD4+ T cell counts after HAART treatment have led to a reduction in the prevalence of cytopenia in HIV patients (47–49), indicating that HIV-related cytopenia is caused by HIV infection and immunosuppression (50).

CCr is a sensitive marker of glomerular damage and an early indicator of kidney impairment. Lower CCr could lead to chronic kidney disease, and the common complications of chronic kidney disease include anemia (51). Concurrently, it has also been claimed that high serum creatinine is a significant predictor of anemia in HIV patients (52). GGT is an important indicator of liver function and an increased GGT level means impaired liver function. And abnormal liver function could cause a cytopenia (53). Both CCr and GGT reflect the organ function of HIV patients and the potential risk of cytopenia in HIV patients, but have not been focused on in previous studies. The levels of Cl, HCO3std and electrolytes provide valuable information about the body’s metabolism, and their disturbances may indicate metabolic issues in HIV patients who were at a high risk of developing cytopenia. Mono/Lymph is demonstrated to be a predictor of the risk of developing tuberculosis in people living with HIV (54). And tuberculosis is one of the factors associated with the development of cytopenia in people living with HIV (9). Although Cys-C levels may be considered clinically insignificant and often overlooked, it is still important for predictive modeling purposes.

The present study used real-world data from electronic medical records to construct an ANN prediction model for predicting the risk of cytopenia in HIV patients during hospitalization using multiple clinical complications and clinical variables. We identified some risk factors associated with cytopenia in HIV patients that have not been focused on in previous studies. Finally, the predictive model can serve as a clinical screening tool to assess the risk of cytopenia in HIV patients during hospitalization, thus facilitating the development of more personalized and rational treatment plans. However, there were certain limitations in our study. Firstly, our study sample was predominantly limited to southern China and thus not indicative of the overall situation of individuals living with HIV throughout China. Secondly, the potential influence of medications and treatment regimens on the study outcomes was not taken into account during the data collection process. Thirdly, the prediction model in this study was not validated for stability using external data. Our model has been internally validated and demonstrates consistent and robust predictive ability for the results explored.



5. Conclusion

To sum up, this study utilized electronic medical records to gather demographic information, clinical complications, and laboratory test indicators of HIV patients. These clinical characteristics were then used to construct a predictive model to assess the risk of cytopenia in HIV patients. The predictive model has significant implications for improving the management of HIV patients and tailoring personalized treatment plans.
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Hemophagocytic lymphohistiocytosis (HLH) is a rare histiocytic disorder characterized by reactive hyperplasia of the mononuclear phagocytic system, which is primarily caused by dysfunction of cytotoxic killer cells and natural killer cells, leading to antigen clearance barriers and the overactivation of the mononuclear phagocytic system due to continuous antigen stimulation. HLH encompasses a group of clinical syndromes marked by the overproduction of inflammatory cytokines. A 68-year-old Chinese man presented with persistent fever, chills, nausea, and vomiting; the patient had no history of any underlying conditions. Laboratory investigations revealed decreased levels of red blood cells, white blood cells, and platelets, along with reduced natural killer cell activity, increased CD25, hyperferritinemia, and the detection of Rickettsia DNA in his blood, meeting the diagnostic criteria of the Histiocyte Society HLH-2004 guidelines. The patient was treated with antibiotics, improving anemia, glucocorticoid therapy, and continuous renal replacement therapy (CRRT), temporarily improving his condition. However, the patient died after 2 years from chronic renal failure caused by septic shock.
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Introduction

Rickettsiosis, a condition driven by transmission of intracellular gram-negative bacteria, is further categorized as spotted fever or typhus, generally resulting from arthropod infection in human populations (1, 2). Hemophagocytic lymphohistiocytosis (HLH), a rare and potentially fatal immune syndrome, is characterized by uncontrollable activation of cytotoxic lymphocytes and macrophages, leading to cytokine-mediated tissue damage and subsequent organ failure (3). Clinical and laboratory observations of HLH include fever, splenomegaly, organ failure, cytopenias, hypertriglyceridemia, hyperferritinemia, hemophagocytosis, and decreased NK cell activity (4, 5). Currently, HLH associated with rickettsial sepsis is an infrequent event. This article presents a unique case study for critical care and hematology specialists.



Case report

A 68-year-old Chinese male presented with a fever, with a temperature of up to 39.5°C, and continued to experience chills for more than 7 days. His red blood cell count (RBC), hemoglobin (Hgb), and platelet (Plt) count were all reduced (Table 1). He was admitted to the intensive care unit of Enshi Central Hospital in Hubei province. After the onset of the disease, the patient underwent antibiotic therapy at a local clinic, receiving a daily intravenous dose of 0.5 g levofloxacin for over 7 days. However, there was no significant improvement in the patient's condition. The patient was a farmer who lived in a karst mountain forest environment. Before this, he was in good health and had no other chronic diseases.


TABLE 1 Laboratory result at admission.

[image: Table 1]

In the initial physical examination, the patient's body temperature was 36.3°C, pulse rate was 88 beats per minute, breathing rate was 18 breaths per minute, blood pressure was 100/60 mmHg, and both breathing and heart rate were regular. The patient exhibited a lean physique and a notably pale skin complexion while maintaining mental clarity. There was no rash or bleeding point all over his body. A scar of size 0.50*0.5 cm2 was visible in the lower right abdomen, but there were no other apparent abnormalities.

Preliminary laboratory examination showed a significant decrease in white blood cells, lymphocytes, monocytes, red blood cells, hematocrit, platelets, and platelet volume. The neutrophil ratio was increased. Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), C-reactive protein (CRP), and procalcitonin (PCT) were significantly elevated. In addition, prothrombin time (PT) was increased, and D-dimer levels and fibrinogen degradation products (FDPs) were elevated (Table 1). All tests for viral respiratory pathogens, typical nuclear antibody spectrum, human immunodeficiency virus, and syphilis were negative. The patient was subjected to three distinct blood cell culture analyses, and all conclusively reported negative results. Concurrently, serological testing for antibodies associated with the Epstein–Barr Virus (EBV) and the Cytomegalovirus (CMV) was conducted, revealing negative outcomes. The nasal swab tested negative for the presence of COVID-19 RNA. Ferritin levels were extremely high, and the patient tested positive for hepatitis B virus antigen. Natural killer cell activity was 3.75%, and the activity was decreased. All inflammation markers associated with HLH were elevated, including CD25 (3,644 U/ml), ferritin (above 1,500 ng/ml, reference range: 23.9~336.2 ng/ml), interleukin-6 (6.49 pg/L), and TNF-1(19 fmol/ml). Through high-throughput gene detection (NGS) of blood PMseq-DNA, we identified hepatitis B virus (HBV) and rickettsia presence in the samples (Supplementary Table S1, Supplementary Figure S1). The results of the HBV DNA were 9.35*104 IU/ml. A regimen of 0.25 mg/day entecavir was used to treat patients with chronic hepatitis B.

The patient has a 0.5 × 0.5 cm2 scar on his lower right abdomen, caused by a mosquito bite that occurred more than 10 days before hospital admission (Figure 1). The patient underwent cardiac and abdominal ultrasound imaging, which indicated right heart enlargement—the right atrium and ventricle transverse diameters were 5.1 cm and 4.8 cm, respectively. The left ventricular ejection fraction was 71%, and the left ventricle's short-axis fractional shortening was 40%. The liver was unremarkable, with clear intrahepatic vasculature. The spleen was normal, measuring 3.7 cm in thickness, with a smooth capsule and no splenic vein dilation. The renal parenchyma of both kidneys exhibited increased echogenicity, accompanied by the presence of small cysts. A chest CT scan revealed two inflammatory lung lesions and mild interstitial pulmonary edema (Figure 2A). Additionally, bilateral pleural effusion, lower pulmonary partial atelectasis, and bilateral pleural thickening were observed (Figure 2B). Aortic thickening was also observed, and some fluid was present in the pericardial cavity (Figure 2C). A peripheral blood smear was performed on the patient. The findings revealed that the white blood cell classification ratio and morphology were predominantly standard. There was variation in the size of red blood cells. Platelet distribution appeared satisfactory, and no blood parasites were observed (Supplementary Figure S2). The bone marrow puncture revealed significantly active proliferation of bone marrow nucleated cells, accompanied by erythrocyte hyperplasia and erythrocyte phagocytosis (Figure 3A). Most of the cells were granulomatous macrophages, and scattered platelet phagocytosis was also observed (Figure 3B). Granulocyte hyperplasia was characterized by immature neutrophils and band-shaped neutrophils (Figure 3C).


[image: Figure 1]
FIGURE 1
 Scar from a tick bite on the patient's lower right abdomen.
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FIGURE 2
 (A) Representative CT images of interlobular septal thickening at chest CT scan of both upper lungs. (B) Bilateral pleural effusions in the lower lungs. (C) The mediastinal window of the chest CT reveals a small amount of pericardial effusion.
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FIGURE 3
 Illustration of bone marrow staining. (A) Erythrocyte phagocytosis; (B) platelet phagocytosis; (C) granulocyte phagocytosis.


The patient presented with a diagnosis of HLH and multiple organ dysfunction syndrome (MODS), as he fulfilled seven out of the eight diagnostic criteria for HLH-2004 (6). These criteria include fever, peripheral blood cytopenia affecting at least three lineages, hypertriglyceridemia, the presence of hemophagocytic cells in the bone marrow without malignancy, decreased natural killer (NK) cell activity, hyperferritinemia, and CD25 levels above 2,400 U/ml. Furthermore, PMseq-DNA test results indicated the presence of septic shock caused by Rickettsia infection, a secondary complication of multiple organ dysfunction. Treatment consisted of fluid rehydration, blood transfusion, combination therapy with meropenem and minocycline, anti-inflammatory therapy with methylprednisolone sodium succinate, several sessions of renal replacement therapy (CRRT), and other supportive measures. The patient's condition improved over time, with the resolution of fever, and ultimately, he was discharged from the hospital.



Discussion

The significance of HLH is particularly relevant in the pediatric setting, with adult mortality rates ranging between 20 and 88% (7). HLH is typically classified into two types: (1) primary or familial HLH and (2) secondary HLH (8). It is a potentially fatal illness commonly precipitated by infection, autoimmune disorders, or malignancy (9). In clinical terms, HLH shares similarities with bacterial sepsis or systemic inflammatory response syndrome, with inflammatory overactivity and pathophysiological characteristics closely related to septic shock. Furthermore, clinical and laboratory features of septic shock are indistinguishable (10, 11).

The patient had septic shock, characterized by microbial infection causing fever, leukocyte imbalances, and multiple organ dysfunction syndrome (MODS) (12). He presented with persistent high fever, liver and kidney insufficiency, and effusion in multiple serous cavities. The lack of adequate circulating blood volume was believed to cause MODS. Proper fluid management is crucial for resuscitation, as positive water balance is linked to more extensive organ failure and mortality (13). Our investigation revealed that the sepsis was caused by rickettsial infection, an intracellular, specialized gram-negative bacterium that can infect humans through arthropods such as ticks (14). A study by P. Aarthi et al. utilizing PCR-based DNA sequencing found that rickettsial infection could lead to neonatal sepsis (15). Tick-borne infections can cause a range of afflictions, including Rocky Mountain spotted fever, a severe tick-borne illness capable of inducing adult respiratory distress syndrome, septic shock, and myocarditis. Symptoms include elevated cardiac enzyme levels and declining myocardial function. However, the condition usually improves with antibiotic treatment (16).

A few reports of rickettsial infection causing hemophagocytic syndrome exist, though this condition occurs more frequently in children with an incomplete immune system (17, 18). The patient's condition must be distinguished from disorders such as thrombotic thrombocytopenic purpura (TTP) and hemolytic uremic syndrome (HUS). TTP is a rare thrombotic microvascular disease characterized by microvascular pathogenic hemolytic anemia (19). The patient had a trilineage decrease in red blood cells, white blood cells, and platelets. Significantly, there was no evidence of bleeding or clot development anywhere on the patient's body, prompting us to consider ruling out TTP from the differential diagnosis. HUS, predominantly observed in children, presents as a clinical triad of thrombocytopenia, anemia, and acute kidney injury. It is frequently associated with an E. coli infection (20). The patient did not exhibit symptoms such as diarrhea; thus, an intestinal disorder was not suspected. Considering the medical history, we can rule out the possibility of HUS. Despite the patient's slight rise in HBV DNA levels, an abdominal color Doppler ultrasonography scan clearly ruled out liver cirrhosis and liver injury. As a consequence, we ruled out the possibility of hepatitis B-related HLH.

Rickettsial infection is a zoonotic disease that is transmitted by arthropods. In this case, the patient resides in the mountains where arthropods are abundant. The diagnostic method for Rickettsia typically involves a combination of polymerase chain reaction (qPCR) and immunofluorescence detection. If collected early during the infection, specimens may not contain antibodies, but the probability of positive PCR increases (21). Rickettsial infection is usually treated with potent antibiotics such as doxycycline or minocycline. However, tigecycline has also been reported to treat Rickettsial meningitis since it increases drug concentrations in the blood (22). HLH is vulnerable to life-threatening complications such as multiple organ dysfunction syndrome (MODS) and disseminated intravascular coagulation (23). Immediate identification and intervention are crucial for improving patient prognosis. Treatment options for this condition vary, including immunosuppressive agents, cytotoxic chemotherapy, and hematopoietic stem cell transplantation (24).

Initially, we planned to provide chemotherapy to the patient after his condition had improved, but he declined and left the hospital. Following his discharge, we conducted numerous follow-ups and discovered that the patient had fever for 2 years. However, his kidney function and mild anemia remained problematic. Sadly, the patient died 2 years later due to persistent kidney failure.



Conclusion

HLH is a rare yet potentially fatal disorder requiring high suspicion for prompt diagnosis and management. In the initial phases of secondary HLH, precise management of anti-infectives, shock prevention, and continuous renal replacement therapy have demonstrated positive effects of patient treatment. Unfortunately, limited access to treatment options due to financial constraints and concerns over potential side effects of subsequent drug therapies often deter patients from seeking further medical interventions. Despite refusing additional treatment, the patient exhibited prolonged survival.
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Background: The taxonomic group of non-tuberculous mycobacteria (NTM) encompasses more than 190 species and subspecies, some of which can cause pulmonary and extrapulmonary diseases across various age groups in humans. However, different subspecies exhibit differential drug sensitivities, and traditional detection techniques struggle to accurately classify NTM. Therefore, clinicians need more effective detection methods to identify NTM subtypes, thus providing personalized medication for patients.

Case presentation: We present the case of a 47-year-old female patient diagnosed with an intraabdominal infection caused by Mycobacterium syngnathidarum. Despite computed tomography of the chest suggesting potential tuberculosis, tuberculosis infection was ruled out due to negative TB-DNA results for ascites fluid and sputum and limited improvement of lung lesions after treatment. Additionally, acid-fast staining and Lowenstein–Jensen culture results revealed the presence of mycobacterium in ascites fluid. Subsequent whole-genome sequencing (WGS) confirmed the DNA sequences of Mycobacterium syngnathidarum in colonies isolated from the ascites fluid, which was further corroborated by polymerase chain reaction and Sanger sequencing. Ultimately, the patient achieved a complete recovery following the treatment regimen targeting Mycobacterium syngnathidarum, which involved clarithromycin, ethambutol hydrochloride, pyrazinamide, rifampicin, and isoniazid.

Conclusion: This is the first reported case of Mycobacterium syngnathidarum infection in humans. Mycobacterium syngnathidarum was detected by WGS in this case, suggesting that WGS may serve as a high-resolution assay for the diagnosis of different subtypes of mycobacterium infection.

KEYWORDS
 intraabdominal infection, Mycobacterium syngnathidarum, non-tuberculous mycobacteria, pathogen diagnosis, whole-genome sequencing


Introduction

Non-tuberculous mycobacteria (NTM) are ubiquitous in the environment, present in water, soil, and aerosols, and can cause infections in humans and aquatic animals (1–4). NTM represent more than 190 species that can be classified as slow-growers including M. avium Complex (MAC), M. kansasii, and M. gordonae, and fast-growers, such as M. abscessus complex, M. fortuitum, and M. chelonae, according to whether colonies formed within 7 days (5–11). Despite worldwide recognition of the increasing prevalence and morbidity associated with NTM infection, assays to identify the species of NTM are still lacking (12, 13).

Whole-genome sequencing (WGS) can directly identify the sequences of pathogens and has been applied to the diagnosis of clinical infectious diseases (14, 15). In this study, we report a case of intraabdominal infection in a 47-year-old woman who was negative for TB-DNA in ascites fluid, while the yellow-green bacteria that were similar to Mycobacterium tuberculosis grew in Lowenstein–Jensen medium on the 3rd day. At the same time, a large number of DNA sequences of Mycobacterium syngnathidarum were identified by WGS. Following a 3 months treatment regimen consisting of ethambutol hydrochloride, pyrazinamide, rifampicin, isoniazid, and clarithromycin, the patient’s condition improved.

To date, only one case of Mycobacterium syngnathidarum cultured from a clinically ill fish of the family Syngnathidae has been reported in PubMed (16). As far as we know, the present case represents the first case of intraabdominal infection caused by Mycobacterium syngnathidarum in humans.



Case description

A previously healthy 47-year-old female patient presented to the Rucheng County People’s Hospital’s urology department on September 26, 2022 with abdominal pain for 21 days and aggravation for 1 day. The patient had a medical history of thyroiditis and hypertension, denied any history of infectious diseases such as tuberculosis, and had no history of blood transfusion, surgery, or trauma.

On admission, the patient’s respiratory rate and body temperature were 20 /min and 36.5°C, respectively. Physical examination revealed a symmetrical and normal chest appearance with clear breath sounds in both lungs. However, the patient exhibited significant tenderness and rebound pain in the lower abdomen. The results of laboratory tests were as follows: The white blood cell (WBC) count was 11.65 × 109/L, the percentages of neutrophils and lymphocytes were 89.6 and 5.10%, respectively, the C-reactive protein level was 34.03 mg/L, and the hemoglobin was 107.00 g/L. Procalcitonin concentration (PCT) and erythrocyte sedimentation rate (ESR) were normal. Color Doppler ultrasound showed a large amount of fluid in the abdominal cavity and a 57 × 52 mm cystic dark in the left adnexal area. At the same time, computed tomography (CT) of the chest and abdomen demonstrated patchy high-density lesions in both lungs. A large amount of effusion was observed in the abdominal cavity and pelvic cavity, along with a low-density cystic lesion of approximately 4.5 × 4.9 cm in the left adnexal area, along with an unclear and disarranged structure in the right adnexal area (Figure 1). These results suggested pulmonary tuberculosis and intraabdominal infection.

[image: Figure 1]

FIGURE 1
 Computed tomography of the abdomen and chest on days 1, 74, and 177. Arrows indicate the lesions in the abdomen and lungs. Compared with the CT results on days 1 and 177, the low-density cystic lesion in the left adnexal area cavity disappeared, but patchy high-density lesions in both lungs did not improve.


On the same day, the patient underwent laparoscopic exploration. Intraoperatively, it was found that the pelvic cavity contained approximately 400 mL of clear grass yellow fluid. The peritoneum, pelvic walls, and intestinal walls exhibited scattered grayish-yellow nodules. Adhesions were present between the intestinal duct, peritoneum, and the bilateral adnexa of the uterus. The left adnexa and the uterine basin wall formed an enveloped cyst with grass-yellow fluid inside. The surgeon aspirated fluid from the patient’s abdomen, separated the adhesions, aspirated fluid from the cyst, and excised the nodules in the greater omentum. Amoxicillin and clavulanate potassium tablets were given after the operation. Ascites fluid examination results were as follows: total protein, 55.81 g/L, glucose, 4.62 mmol/L, lactate dehydrogenase, 364.00 U/L, adenosine deaminase, 19 U/L, chlorine 100.3 mmol/L, and positive acid-fast staining. For further diagnosis of tuberculosis, ascites fluid was collected for Lowenstein–Jensen medium, acid-fast staining, and TB-DNA analysis, and sputum for Lowenstein–Jensen medium culture and acid-fast staining.

On the 2nd day, the histopathology of the greater omentum showed hyperplasia of fibrous tissue with chronic granulomatous inflammation, but acid-fast staining was negative (Figure 2). TB-DNA and acid-fast staining of the ascites fluid and sputum were negative. Based on the results from CT, pathology, and microscopic examination, the patient was diagnosed with tuberculous peritonitis and secondary tuberculosis, and anti-tuberculosis treatment was initiated with ethambutol hydrochloride, pyrazinamide, rifampicin, and isoniazid. On the 15th day, the patient’s condition improved and she was discharged from the hospital. Anti-tuberculosis treatment continued, and regular review was recommended.

[image: Figure 2]

FIGURE 2
 Histopathology of the nodular lesions on the greater omentum. (A) Hematoxylin–eosin staining shows hyperplasia of fibrous tissue (black arrows) with chronic granulomatous inflammation (red arrows). (B) Acid-fast staining was negative.


On 14th October, the presence of yellow-green bacteria similar to Mycobacterium tuberculosis was observed in the ascites fluid culture after 12 days of incubation in the Lowenstein–Jensen medium (Figure 3A). The acid-fast staining was positive (Figure 3B), and single colonies were successfully grown after 3–4 days of bacteria isolation on blood agar plates and Lowenstein–Jensen medium. To gain further insight, WGS was performed on the cultures on 19th October, and the sequences of Mycobacterium syngnathidarum (ANI = 99.4282) were identified (Figure 3C). To validate the result of WGS, targeted PCR was performed on the bacteria isolated from the Lowenstein–Jensen medium using a pair of primers: forward 5′-ATGAGCGGTTCGGTGATGTT-3′, reverse 5′-CTACTCGCCAAATTCGCAGC-3′, targeting the genome of Mycobacterium syngnathidarum. The primers were designed and verified using Primer-BLAST1 based on the reference genome sequence of Mycobacterium syngnathidarum available in NCBI.2 The capillary electrophoresis technique (Qsep 100™; Bioptic) and Sanger sequencing confirmed the presence of Mycobacterium syngnathidarum (Figure 3D). However, due to the lack of reported pathogenicity with Mycobacterium syngnathidarum and the patient’s symptoms being alleviated after anti-tuberculosis treatment during hospitalization, no immediate adjustment to the treatment plan targeting Mycobacterium syngnathidarum was made.
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FIGURE 3
 Identification of Mycobacterium syngnathidarum from the patient’s ascites fluid. (A) Mycobacterium tuberculosis grew in the ascites fluid of Lowenstein–Jensen medium on the 12th day. (B) The acid-fast staining of Mycobacterium syngnathidarum. (C) The WGS result showed that the coverage of Mycobacterium syngnathidarum was 90.5%. (D) Polymerase chain reaction and the capillary electrophoresis technique confirmed the Mycobacterium syngnathidarum infection in the patient.


On 8th December, the patient came to the hospital for reexamination as scheduled, prompting a review of CT and Color Doppler ultrasound. Compared to the CT result on 26 September, the abdominal effusion and pelvic effusion were observed. The cystic lesion in the left adnexal area shrank, but the lesion on the right side was enlarged (Figure 1). Combined with the patient’s symptoms and the previous results, the diagnosis of an intraabdominal infection caused by Mycobacterium syngnathidarum was made. Clarithromycin was added to the original treatment (ethambutol hydrochloride, pyrazinamide, rifampicin, and isoniazid) according to BacDive’s guidance.3 On March 21, 2023, the patient reported no abdominal discomfort and abdominal CT showed that the lesion in the left adnexal area disappeared (Figure 1). She continued eradication therapy for 6 months at home. In order to evaluate the sensitivity of Mycobacterium syngnathidarum to drugs, the drug susceptibility tests (Trek Diagnostic Systems Ltd., United Kingdom) of Mycobacterium syngnathidarum on August 29, 2023 showed that amikacin, ciprofloxacin, clarithromycin, doxycycline, linezolid, minocycline, and moxifloxacin were sensitive (Table 1).



TABLE 1 Drug susceptibility tests of Mycobacterium syngnathidarum by microtiter broth dilution method.
[image: Table1]



Discussion and conclusion

NTM are ubiquitous and can survive in various environmental conditions, presenting challenges in their diagnosis and treatment (17, 18). However, clinical testing for drug susceptibility in NTM is lacking, and empiric therapy is not the best treatment according to the speed of NTM growth (19). Different strains of NTM have different susceptibilities to drugs, highlighting the importance of strain identification through molecular examination for devising appropriate treatment plans (19, 20). WGS aims to analyze the entire genome of a single bacterial colony, which provides better species identification than 16S RNA or other target genes (19, 21). In this study, we report the first case of intraabdominal infection caused by Mycobacterium syngnathidarum in humans.

Distinguishing between tuberculosis and non-tuberculosis infections remains a challenging aspect of clinical diagnosis. In this case, the patient presented with a 21 days history of lower abdominal pain, and the findings from abdomen computed tomography, acid-fast staining of ascites fluid, and histopathology of greater omental tubercles raised the possibility of tuberculosis infection. However, the identification of fast-growing Mycobacterium syngnathidarum through Lowenstein–Jensen medium, WGS, and targeted PCR, along with negative TB-DNA results in sputum and ascites fluid, indicated a potential intraabdominal infection caused by Mycobacterium syngnathidarum.

In this case, we first treated the patient with ethambutol hydrochloride, pyrazinamide, rifampicin, and isoniazid for anti-tuberculosis therapy. After 73 days, combined with the results of reexamination CT and Color Doppler ultrasound, Mycobacterium syngnathidarum was identified in ascites fluid by WGS and targeted PCR. Clarithromycin was added to the treatment for NTM. On March 21, 2023, the patient reported no abdominal discomfort and was advised to continue taking the medicine. It is worth noting that after 5 months of anti-TB treatment, the patient’s pulmonary nodules did not change significantly. In addition, the patient had no symptoms of a respiratory infection or other evidence of etiology. At the same time, this study conducted drug susceptibility tests on Mycobacterium syngnathidarum, which further proved that the bacteria was sensitive to clarithromycin (Table 1). Ultimately, we concluded that the patient did not have a lung infection, but an intraabdominal infection caused by Mycobacterium syngnathidarum.

In conclusion, our study reports a patient with an intraabdominal infection caused by Mycobacterium syngnathidarum that was diagnosed using WGS. The patient showed successful recovery following treatment with clarithromycin, ethambutol hydrochloride, pyrazinamide, rifampicin, and isoniazid. WGS may be a high-resolution and sensitive assay for the diagnosis and surveillance of NTM infection.
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Polymorphism in human platelet antigen (HPA)-1 and HPA-3 (GPIIb/IIIa), HPA-2 (GPIb/IX), HPA-4 (GPIIIa), HPA-5 (GPIa/IIa), & HPA-15 (CD109) was investigated in 86 COVID-19-infected patients with thrombocytopenia (Group A) and 136 COVID-19-infected patients without thrombocytopenia (Group B). HPA genotyping was done by the sequence-specific primers PCR method. Lower HPA-3a and higher HPA-3b (P = 0.028) allele frequencies were seen in Group A than in Group B, and homozygosity for HPA 3b (P = 0.038) alleles was more prevalent in Group A than in Group B. The allele and genotype distributions of the other HPA polymorphic variants were similar between the two groups. Univariate analysis identified the CCGGGC (P = 0.016) combined genotype to be negatively associated & the TCGGGC (P = 0.003) and CCGGGC (P = 0.003) to be positively associated with thrombocytopenia. The frequency of anti-HPA-1a and anti-HPA-3a antibodies was significantly higher in all patients compared to other anti-HPAs antibodies (P < 0.05). These results highlight the role of HPAs in the thrombocytopenia of COVID-19 infected patients. This is the first evidence demonstrating the differential association of the six common HPA gene variants and specific HPA genotype combinations with thrombocytopenia in COVID-19-infected patients.
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Introduction

New coronavirus pneumonia is a new human respiratory disease developed by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), officially named Coronavirus 2019 (COVID-19) by the World Health Organization (1). Severe patients often develop shortness of breath with or without hypoxemia, which eventually progresses to acute respiratory distress syndrome, septic shock, coagulation dysfunction, incurable metabolic acidosis, and multiple organ failure (2). Patients with COVID-19 have similar hematologic changes as seen in patients with Middle East Respiratory Syndrome (MERS) (3). Thrombocytopenia and lymphopenia are common blood disorders in patients with COVID-19, indicating poor patient survival (4). The prevalence of thrombocytopenia in COVID-19 patients is highly variable (2). The exact causes of thrombocytopenia in patients with COVID-19 remain unknown, but some events such as increased platelet (PLT) destruction, reduced PLT production, and increased PLT consumption may lead to thrombocytopenia in patients with COVID-19 (5). PLT membrane glycoproteins express several antigenic features on their surface that have a polymorphism, known as human PLT antigens (HPAs) (6). To date, forty-one HPAs have been described in the Immuno Polymorphism Database (IPD)1 (7). Among the types of HPAs, variants of HPA-1 to -5 and -15 are considered due to their high prevalence and clinical importance (8–11). HPAs have polymorphisms in populations and most of these polymorphisms are caused by the replacement of an amino acid in the structure of a protein by the replacement of a nucleotide in the structure of deoxyribonucleic acid (DNA) (12, 13). Association between some polymorphisms of the HPA system with some diseases such as post-transfusion purpura (PTP), fetal-neonatal alloimmune thrombocytopenia (NAIT) (14), myocardial infarction (15), stroke (16), venous thrombosis (17) and the progression of liver fibrosis (18) have been shown in some studies. The distribution of these gene variants is geographically and ethnically restricted (19, 20).

Based on a literature search, this is the first study that shows the association between polymorphisms of HPA-1 to -5 and -15 and the PLT count in patients with COVID-19, making this study unprecedented.



Materials and methods


Study population and laboratory methods

Two hundred and twenty-two patients with newly diagnosed COVID-19 who were referred to the Khordad Hospital, Varamin, Iran, were randomly included in the study. Informed consent was obtained from all patients who participated in this study. Patients were divided into group A; 86 COVID-19-infected patients with thrombocytopenia, and in group B, 136 COVID-19-infected patients without thrombocytopenia. The normal count of PLTs is 150–450 × 103 per mm3. Thrombocytopenia is defined as a PLT count below 150 × 103/mm3 (21). Host and viral factors evaluated included gender, weight, age, age at infection, duration of infection, viral load, aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin, prothrombin time (PT), PLT count, AST-to-PLT ratio index (APRI = [AST/upper limit of normal] × [100/PLTs, × 109/L]), albumin, fast blood sugar (FBS), triglycerides (TG), cholesterol & body mass index [(BMI); weight/height squared (kg/m2)]. Demographic and clinical findings were obtained from patients’ records. We confirmed the diagnosis of COVID-19 via reverse transcriptase-polymerase chain reaction (RT-PCR) assays performed on nasopharyngeal swab specimens.

Inclusion criteria were: COVID-19 infection confirmed by serological testing and molecular assays. Exclusion criteria were as follow: acute and chronic liver diseases, fibrosis, cirrhosis, thrombotic thrombocytopenic purpura patients, heparin-induced thrombocytopenia, infections (such as hepatitis B virus, human immunodeficiency viruses, hepatitis C virus or coinfections), history of autoimmune disease, hypertension, splenomegaly/hypersplenism, pregnancy-related thrombocytopenia, gastrointestinal bleeding, cancer, transfusion of blood products, severe iron deficiency anemia, aplastic anemia, intravenous injection of human immunoglobulin, taking anti-PLT drugs such as aspirin, corticosteroids, and other diseases that cause thrombocytopenia. This study was approved by the Ethics Committee of Semnan University of Medical Sciences (Ethical committee code number: IR.SEMUMS.REC.1401.046). All experiments were performed by relevant guidelines and regulations.



DNA extraction

Five ml of patients’ peripheral blood samples were collected on admission in sterile tubes containing EDTA anticoagulant. DNA extraction was performed using the Brasilica kit (LGC Biotecnologia, Brazil) kit using the standard manufacturer’s protocol. Briefly, 200 μl of lysis solution was added to 200 μl of the patient’s blood sample, and after adding 20 μl of proteinase K, it was placed at 60°C for 15 min. Then 100 μl of isopropanol was added and the solution was transferred to a DNA extraction column. After centrifugation, washing solutions 1 and 2 were added, and after the final centrifugation, 100 microliters of Elution buffer were added, and after centrifugation, DNA was extracted. DNA concentration was determined spectrophotometrically at 260 nm (A260) absorption using NanoDrop1000 (Thermo Scientific).



Sequence-specific primers PCR

Genotyping of the 6 HPA polymorphisms [HPA-1 T196C, HPA-2 T524C, HPA-3 T2622G, HPA-4 G526A, HPA-5 G1648A & HPA-15 A2108C (22)] was performed by Sequence-Specific Primers PCR (PCR–SSP), as described previously (23) with slight modifications. Briefly, to perform the PCR–SSP assay, the kit was used in such a way that 10 μl of Red master mix amplicon (Taq polymerase 2x and Mgcl2 1.5 μM) and 1 μl of forward primer, 1 μl of reverse primer, 4 μl of water and 4 μl of DNA Template were mixed and vortexed. Two sets of primers, each comprising an allele-specific and a common primer, were employed for the recognition of each allele. Negative control was carried out in all PCR runs.



Detection of PLTs associated antibodies

The frequency of target HPAs of anti-PLT antibodies in thrombocytopenic patients was assessed by Quantitative monoclonal immobilization of PLT antibodies (MAIPA). Since the frequencies of different HPA genes vary in different populations, MAIPA for different IgG antibodies against HPA-1, -2, -3, -4, -5, and -15 is needed. HPA-1, HPA-3, and HPA-4 are present on the GPIIb/IIIa, while HPA-2 is found on the GPIb/IX, HPA-5 is carried on the GPIa/IIa, and HPA-15 is localized to CD109 (22). MAIPA assay is an enzyme-linked immunosorbent assay (ELISA) technique for the detection and identification of HPA antibodies. The MAIPA assay was performed as described previously (24). In short, human PLT-Antibody Screening Cells and PLT-Antibody Identification Panel Cells (apDiaMed AG Kit, Switzerland) were incubated with the plasma of patients with COVID-19 and washed three times with phosphate-buffered saline (PBS) containing 0.05% EDTA. By adding PBS containing 1% Triton X-100, soluble PLT lysate was prepared and added to the pre-coated 96-well microtiter plates with Goat Anti-Mouse IgG Fc fragment specific (Jackson ImmunoResearch, West Grove, PA). After 1 hour (h) incubation, antibodies in the plasma of COVID-19 patients bound to HPA were detected with the final antibody (horseradish peroxidase-conjugated goat-antihuman IgG Fc fragment specific) and a substrate solution containing 3,3’,5,5’-tetramethylbenzidine. The reaction is stopped by adding H2SO4. The absorbance of the plate was read at 450 nm on an automated microtiter plate reader. The optical density (OD) values above 0.2 were considered positive.



Statistical analysis

Pearson’s χ2 test or Fisher’s exact test was utilized to assess associations between the genotypic frequency of the HPA-1 to -5 and -15 systems with PLT count. Also, Pearson’s χ2 test (or Fisher’s exact test) and Student’s t-test were utilized for qualitative variables and quantitative variables, respectively. Deviation from Hardy-Weinberg equilibrium was analyzed by Pearson’s χ2 test. The multivariate logistic regression model was carried out to determine an independent association of HPA genotypes with thrombocytopenia. HPA combined genotype estimation was performed by the maximum-likelihood procedure. HPA genotype combinations were coded as per the allele (wild type or mutant) at each locus. The first letter refers to HPA-1 (T allele = 1a, C allele = 1b), the second to HPA-2 (T allele = 2a, C allele = 2b), the third to HPA-3 (T allele = 3a, G allele = 3b), the fourth to HPA-4 (G allele = 4a, A allele = 4b), the fifth to HPA-5 (G allele = 5a, A allele = 5b) and the sixth to HPA-15 (A allele = 15a, C allele = 15b). Odds ratios (OR) and 95% confidence intervals (CI) were determined by Univariate analysis. Statistical analysis was performed with the SPSS version 24.0 software (SPSS Inc., Chicago, IL, USA) and a genetic analyzer (ABI PRISM 310, Applied Biosystems). Statistical significance was set at a 0.05 level for all the tests.




Results


Demographic characteristics

There were a total of 222 patients admitted with a median age of 41.6 years old, ranging from 24 to 69 years. A total of 124 patients (55.8%) were male, and 98 (44.2%) were female. The demographic and clinical data of all the patients included are demonstrated in Table 1. No statistically significant differences were found between the patient groups about age, gender, BMI, AST, ALT, albumin, viral load, FBS, cholesterol, triglyceride, PT, total bilirubin, creatinine, LDH, WBCs, absolute lymphocyte count, and PLT-to-lymphocyte ratio. APRI, D-dimer, death rate, and duration of hospitalization were significantly higher in thrombocytopenic SARS-CoV-2 positive patients compared with non-thrombocytopenic patients (P < 0.05).


TABLE 1    Clinical characteristics of patients at admission.
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Genotype and allele frequencies of HPAs

The HPA-1 to -5 and -15 genotypes and allele frequencies in patients with SARS-CoV-2 infection are summarized in Table 2. There were no significant differences in the genotype and allele frequency distribution for the HPA-1, -2, -4, -5, and -15 between thrombocytopenic SARS-CoV-2 positive patients and non-thrombocytopenic patients (P > 0.05). However, distributions of the genotype and allele frequency for HPA-3 were significantly different between the two groups. The allele frequency of HPA-3b [G allele] in the thrombocytopenic patients was found to be significantly higher than in the non-thrombocytopenic patients, and HPA-3a [T allele] in the thrombocytopenic patients was significantly lower than in the non-thrombocytopenic patients (P = 0.028). The genotype frequency of HPA-3bb [2622 G/G] was significantly higher in thrombocytopenic patients than that in non-thrombocytopenic patients, and the genotype frequency of HPA-3aa/ab [2622 T/T & T/G] was significantly lower in thrombocytopenic patients than that in the non-thrombocytopenic patients (P = 0.038). The OR of the HPA-3bb [2622 G/G] for thrombocytopenia was 3.425 (95% CI 1.275–9.199), and the OR of the HPA-3b [G allele] was 1.617 (95% CI 1.051–2.488). Genotypes did not deviate from the Hardy–Weinberg equilibrium in the HPA systems and revealed no indication of linkage disequilibrium (Table 3). Multivariate logistic regression showed an independent association between the genotype HPA-3aa (P = 0.014; OR [95% CI], 5.666 [1.412–22.737]) and HPA-3ab (P = 0.011; OR [95% CI], 5.827 [1.504–22.575]) with thrombocytopenia, when compared with genotype HPA-3bb, independent of the age at infection (P = 0.720) (Table 4).


TABLE 2    HPA allele and genotype frequency.
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TABLE 3    The evaluation of the distribution of gene frequencies of HPA-1, HPA-2, HPA-3, and HPA-15 by Hardy–Weinberg equilibrium test.
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TABLE 4    Multivariate regression logistic of risk factors related to thrombocytopenia.
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HPA genotype combinations

Analysis of the six-locus HPA combined genotypes is shown in Table 5. Of the 62 HPA genotype combinations recognized, selected HPA genotype combinations were associated with thrombocytopenia. These included the TCGGGC (P = 0.001) & TTGGGC (P = 0.029) combined genotypes, which were higher, and the CCGGGC (P = 0.001) & TCTGGC (P = 0.047) combined genotypes, which were lower among thrombocytopenia patients compared to non-thrombocytopenic patients. Univariate analysis identified the CCGGGC (P = 0.016) combined genotype to be negatively associated & the TCGGGC (P = 0.003) and CCGGGC (P = 0.003) to be positively associated with thrombocytopenia (Table 6).


TABLE 5    HPA combined genotypes in thrombocytopenic and non-thrombocytopenic SARS-CoV-2 positive patients.
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TABLE 6    Distribution of HPA combined genotypes.
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Evaluation of PLT count

The mean PLT counts ± SD was significantly lower in thrombocytopenic SARS-CoV-2 positive patients compared to non-thrombocytopenic patients (110.4 ± 48.8 vs. 220.4 ± 48.8, × 103/μL; P = 0.012). The mean PLT counts did not differ among HPA-1, -2, -4, -5, and -15 genotypes (Figures 1A, B, D). However, the mean PLT counts of patients with the HPA-3bb genotype was significantly lower than patients with genotype HPA-3aa/ab (P < 0.05) (Figure 1C). In thrombocytopenic SARS-CoV-2 positive patients, 71.2% with HPA-3bb genotype had a low PLT count compared with 32.3% of those with HPA3aa/ab genotype. In non-thrombocytopenic patients, 57.4% with the HPA-3bb genotype had a low PLT count compared to only 27.6% of those with the HPA-3aa/ab genotype, using the normal cut-off of 150,000/μL. The mean ± SD time of hospitalization was 9.6 ± 4.8 days. Time of hospitalization was significantly and negatively correlated with the observed PLT count in two groups (Figure 2A). Also, correlation analysis showed that hospitalization time was significantly and negatively correlated with patients’ PLTs based on HPA-3 genotype (Figure 2B). The duration of hospitalization was 8.5 ± 4.3 for HPA-3aa, 11.7 ± 5.1 for HPA-3ab, and 15.9 ± 3.5 for HPA-3bb.
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FIGURE 1
Platelet count of patients according to HPA-1, -2, -3, and -15 genotype. The line through the middle of the box is the median. Platelet count of patients with HPA-3bb genotype was significantly lower than patients with genotype HPA-3aa or HPA-3ab (P < 0.05).



[image: image]

FIGURE 2
(A) Correlation between the HPA-3 and time of hospitalization in SARS-CoV-2 positive patients. (B) Correlation between the platelet count and time of hospitalization in SARS-CoV-2 positive patients.




MAlPA results in patients

Until now, the MAIPA assay was the specific method for PLT autoantibody detection. Thus we performed autoantibody detection in patient samples using the MAIPA method (25). In SARS-CoV-2 positive patients, MAIPA was positive in 54 of 222 (24.3%) (23/86 thrombocytopenic patients and 31/186 non-thrombocytopenic patients). The highest frequency of target HPAs of anti-PLT antibodies in thrombocytopenic patients was HPA-1a (12.7%), HPA-2a (6.9%), HPA-2b (3.4%), HPA-3a (13.9%), HPA-3b (9.3%), HPA-5a (5.8%), HPA-15a (4.6%), HPA-15b (3.4%), and all cases negative for HPA-1b, HPA-4a, and HPA-4b (Figure 3). The highest frequency of target HPAs of anti-PLT antibodies in non-thrombocytopenic patients was HPA-1a (16.9%), HPA-2a (6.6%), HPA-2b (3.6%), HPA-3a (13.9%), HPA-3b (5.1%), HPA-5a (6.6%), HPA-15a (5.1%), HPA-15b (5.8%), and all cases negative for HPA-1b, HPA-4a, and HPA-4b (Figure 3). The frequency of anti-HPA-1a and anti-HPA-3a antibodies was significantly higher in all patients compared to other anti-HPAs antibodies (P < 0.05).
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FIGURE 3
Comprehensive distribution of platelet-specific antibodies according to HPA-1, -2, -3, -4, -5, and -15 genotype in thrombocytopenic/non-thrombocytopenic SARS-CoV-2 positive. Statistical significance was set at a 0.05 level for all the tests. *P < 0.05, and **P < 0.01. T, thrombocytopenic; Non-T, non-thrombocytopenic.





Discussion

In this study, thrombocytopenia occurred in 38.7% of patients with COVID-19. In line with these findings, a study in China that included 1099 patients showed that 36.2% of patients had thrombocytopenia (26). In total, it has been determined that 5-41% of COVID-19 patients suffer from thrombocytopenia (27). Also, previous studies have shown that patients with severe COVID-19 disease present with thrombocytopenia and lymphopenia more than those with non-severe disease. These patients were more likely to develop acute respiratory distress syndrome (28, 29).

Numerous studies have tried to determine the relationship between the severity of COVID-19 disease and the rate of disease progression by examining different variables to use the results along with other factors in diagnosing and determining the prognosis of patients and also managing treatment. Therefore, we studied the PLT count changes in patients with COVID-19 and the association between thrombocytopenia and the polymorphisms of HPA-1 to -5 and -15. To our knowledge, this is the first study to evaluate the association of HPA polymorphisms with PLT count in patients with COVID-19 infection.

Our study showed that in patients with COVID-19, the HPA-3bb genotype and HPA-3b allele are associated with a low PLT count. This study also identified HPA genotypic combinations associated with thrombocytopenia in COVID-19 patients. A significant finding was the reduction of PLT counts in TCGGGC and TTGGGC genotypes. While the combined genotypes TCTGGC and CCTGGC were not associated with a decrease in PLT count.

The HPA polymorphisms are related to a wide variety of clinical conditions (17, 18) and their pattern of distribution is affected by ethnicity (23, 30). Several previous studies have reported a possible association between the susceptibility to hepatitis C virus (HCV) infection and the gene frequencies of HPAs (18, 31). The association between HPA-1 polymorphic variants and fibrosis progression was previously reported by Silva et al. (31) in Brazilian HCV-infected patients.

The HPA-3 (T2622G, Ile843Ser) is present on the human PLT GPIIb. GPIIb is the alpha subunit of the PLT integrin GPIIb-IIIa receptor complex. The GPIIb/IIIa receptor complex performs various functions, including interaction with the endothelium and a role in the risk of myocardial infarction and thrombosis (12, 32–34). On the other hand, Hamaia et al. (35) reported that PLTs can act as carriers of HCV. There is not enough information about the direct interaction of HCV and COVID-19 with PLT. However, integrins such as glycoprotein or other adhesion molecules can play an important role in the interaction of viruses such as HCV or COVID-19 with PLTs.

The pathogenesis of thrombocytopenia in patients with COVID-19 is not fully understood. Severe changes in the immune response and autoimmunity have been reported in some viral infections, including HCV (36). From previous studies, it is known that antibodies against PLT surface antigens in patients with HCV can cause immunological destruction of PLTs (37). In a study about the role of immune mechanisms as a causative agent of thrombocytopenia in HCV hepatic patients, the authors found that PLT-associated GP antibodies cause thrombocytopenia in patients with chronic HCV infections. Also, Their results revealed that the highest frequency of target HPAs of anti-PLT antibodies in thrombocytopenic HCV-positive hepatic patients was HPA-1 (46.7%), HPA-2 (10%), HPA-3 (46.7%), HPA-4 (6.7%), HPA-5 (10%) and all cases negative for HPA-15 (38). These findings were to some extent similar to the results of this study. We detected PLT-specific antibodies in the patient’s plasma to ensure a more accurate and credible conclusion of the relationship between PLT-specific antibodies and thrombocytopenia. These findings suggest an immune-based mechanism of thrombocytopenia in COVID-19-infected patients.

Moreover, we found a significant negative correlation between PLT count and time of hospitalization in SARS-CoV-2-positive patients. The average hospitalization day of patients with thrombocytopenia was longer than those without thrombocytopenia. In line with this finding, one study reported that patients with a higher platelet count had shorter hospitalization than patients with a lower platelet count at the time of admission (29).

Therefore, several hypotheses that lead to thrombocytopenia in patients with COVID-19 can be expressed as follows:


(a)Under normal physiological conditions, PLTs do not adhere to the vascular endothelium unless the PLT-endothelium interaction is disrupted (39, 40). The attachment of COVID-19 to platelets through HPA may cause the adhesion of platelets to the endothelium of blood vessels and subsequently thrombocytopenia by disrupting the PLT-endothelium interaction.

(b)In clinical trials and preclinical studies, it has been determined that GPIIb/IIIa receptor antagonists are effective inhibitors of platelet aggregation so that these antagonists reduce platelet half-life (41). The binding of COVID-19 to the GPIIb/IIIa receptor through HPA may cause the virus to act as an antagonist of this receptor and subsequently cause thrombocytopenia.

(c)PLT degradation may be due to the presence of anti-PLT antibodies with or without the presence of immune complexes that react with specific glycoproteins or HPAs.

(d)Binding of COVID-19 to PLTs via HPAs may lead to the formation of neo-antigens on the PLT surface, resulting in the formation and production of antibodies against target HPAs. In addition, it can be assumed that the immune complexes attached to the PLT surface may play an important role in PLT destruction, possibly through phagocytosis by macrophages of the reticuloendothelial system. Therefore, HPA polymorphisms may play a role in the immune-mediated clearance of platelets in the reticuloendothelial system of patients with COVID-19.



To confirm these hypotheses, it is suggested to evaluate the glycoproteins of PLT levels and PLT-specific antibodies in patients with COVID-19.



Conclusion

These results highlight the role of HPAs in the thrombocytopenia of COVID-19-infected patients. Also, PLT-specific antibodies represent a common mechanism inducing thrombocytopenia in COVID-19-infected patients. We presented the first evidence suggesting the distinct association of specific HPA genotype combinations with thrombocytopenia in COVID-19-infected patients. Considering the population and ethnic heterogeneity in the distribution of HPA polymorphisms and their possible pathogenic capacity, it is recommended to evaluate the role of HPA polymorphisms as risk factors for thrombocytopenia in different populations with COVID-19.
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Background: Severe fever with thrombocytopenia syndrome (SFTS) is an emerging and life-threatening infectious disease caused by SFTS virus. Although recent studies have reported the use of nomograms based on demographic and laboratory data to predict the prognosis of SFTS, no study has included viral load, which is an important factor that influences the prognosis, when compared with other risk factors. Therefore, this study aimed to develop a model that predicts SFTS prognosis before it reaches the critical illness stage and to compare the predictive ability of groups with and without viral load.

Methods: Two hundred patients with SFTS were enrolled between June 2018 and August 2023. Data were sourced from the first laboratory results at admission, and two nomograms for mortality risk were developed using multivariate logistic regression to identify the risk variables for poor prognosis in these patients. We calculated the area under the receiver operating characteristic curve (AUC) for the two nomograms to assess their discrimination, and predictive abilities were compared using net reclassification improvement (NRI) and integrated discrimination improvement (IDI).

Results: The multivariate logistic regression analysis identified four independent risk factors: age, bleeding manifestations, prolonged activated partial thromboplastin time, and viral load. Based on these factors, a final nomogram predicting mortality risk in patients with SFTS was constructed; in addition, a simplified nomogram was constructed excluding the viral load. The AUC [0.926, 95% confidence interval (CI): 0.882–0.970 vs. 0.882, 95% CI: 35 0.823–0.942], NRI (0.143, 95% CI, 0.036–0.285), and IDI (0.124, 95% CI, 0.061–0.186) were calculated and compared between the two models. The calibration curves of the two models showed excellent concordance, and decision curve analysis was used to quantify the net benefit at different threshold probabilities.

Conclusion: Two critical risk nomograms were developed based on the indicators for early prediction of mortality risk in patients with SFTS, and enhanced predictive accuracy was observed in the model that incorporated the viral load. The models developed will provide frontline clinicians with a convenient tool for early identification of critically ill patients and initiation of a better personalized treatment in a timely manner.
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1 Introduction

Severe fever with thrombocytopenia syndrome (SFTS), commonly known as “tick disease,” was first reported in China in 2011 (1). It is an emerging infectious disease caused by a new type of bunyavirus carried by ticks [originally named SFTS virus (SFTSV). In 2019, SFTSV was renamed Dabie bandavirus and reclassified into the genus Bandavirus, family Phenuiviridae, and order Bunyavirales] (2). Later on, the news of this syndrome reached Korea and Japan (3, 4). Cases of SFTS have also recently been recorded in Vietnam and Myanmar (5, 6), suggesting that the disease has spread more widely. The clinical manifestations of SFTSV include fever, thrombocytopenia, diarrhea, and even circulatory system-wide coagulation and multi-organ dysfunction in severe cases, with a fatality rate ranging from 2.8% to 47% (7, 8). Moreover, according to the World Health Organization’s 2018 annual update of the Blueprint List of Priority Diseases, SFTS is one of the top 10 infectious diseases that demand priority attention (9). Because there is no effective treatment or vaccine to combat this disease, symptomatic and supportive care is essential for patient management, making it necessary for frontline clinicians to recognize patients at risk of life-threatening illness promptly.

It is well known that mathematical modeling of disease progression can help in predicting the success of clinical trials. The nomogram has gained acceptance as a trustworthy statistical tool in recent times. A nomogram is a simple visual graph that uses multiple key parameters to create a statistical model to quantify the risk of a clinical event (10, 11). Nomograms are frequently used in clinical settings to determine and decipher prognostic outcomes in various diseases, such as cancers and coronavirus disease (12–14). Although recent studies have reported the use of nomograms based on demographic and laboratory data to predict the prognosis of SFTS, no study has included viral load, which is more important in influencing the prognosis, compared with other risk factors. This study aimed to develop an accurate and simple model based on viral load and other factors, providing frontline clinicians with a convenient tool for early identification of critically ill patients and initiation of an optimal personalized treatment in a timely manner.



2 Materials and methods


2.1 Study participants

Between June 2018 and August 2023, 254 patients with SFTS confirmed by laboratory testing who were admitted to the Affiliated Chaohu Hospital of Anhui Medical University were included in this study. The inclusion criteria were as follows: (1) positive serum nucleic acid test and specific viral load and (2) hospitalization for at least 72 h. The exclusion criteria were as follows: (1) age < 18 years; (2) laboratory-confirmed infections with other pathogens, such as Hantaan virus, Orientia tsutsugamushi, and rickettsia; (3) history of hematological disorders; and (4) missing clinical data. Finally, 200 patients were enrolled in this study. Because this disease is prevalent in rural areas, many local medical institutions do not have relevant equipment to detect the viral load and have to send samples to the Centers for Disease Control and Prevention or large tertiary hospitals. Therefore, we divided the patients into two groups: with viral load and without viral load. Comparing the detection accuracy of the.

Two models will provide an extra choice and reference for locations where viral RNA load testing for SFTSV is unavailable (Figure 1). The patients were then divided into 165 survivors and 35 non-survivors based on their clinical outcome following admission. The study protocol complied with the Declaration of Helsinki and was approved by the hospital’s ethics review board (No. KYXM-202303-025).

[image: Figure 1]

FIGURE 1
 Flow diagram of study profile.




2.2 Data gathering

We gathered the patient demographic information (sex, age, illness duration, and outcome), presenting clinical signs, and results of initial post-admission laboratory tests [viral load, routine blood, liver and kidney functions, C-reactive protein (CRP), etc.] from an electronic system. The endpoints observed in this investigation were discharge on better terms or death.



2.3 Statistical analysis

Statistical analyses were performed using SPSS version 26 (SPSS Inc., Chicago, IL, United States) and R (version 4.2.2). Comparisons between groups were carried out using two independent samples t-tests on measurement data with a normal distribution, which are presented as mean ± standard deviation. Chi-square tests were used to assess categorical variables, which are reported as percentages (n, %). Measurement data with a non-normal distribution are presented as medians with interquartile ranges and compared using the Mann–Whitney U test. Independent risk factors were identified using univariate and multivariate logistic regression analyses to predict mortality rates. Statistical significance was set at p < 0.05.

Two nomograms were developed using independent risk factors for mortality prognosis. We calculated the area under the receiver operating characteristic curve (AUC) of the two nomograms to test model discrimination, and net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were used to assess improvements in risk prediction and measure the usefulness of the new models (15, 16). The calibration curves of the two models indicated excellent concordance, and the net benefit at various threshold probabilities was measured using decision curve analysis.




3 Results


3.1 Demographic and laboratory indicators

In total, 200 patients met the inclusion criteria (53% female), 17.5% of whom died during hospitalization. The median age of all patients was 71 (range, 59–76) years, and the average time from symptom onset to hospitalization was 4 (range, 3–5) days. The majority of the patients lived in rural areas (78%) and were farmers (76%). Approximately one-quarter (32.5%) had a clear history of tick bites, and less than half (46.5%) had underlying diseases such as hypertension, coronary heart disease, or chronic hepatitis at the time of admission. A high incidence of the SFTS was observed between April and October of each year. The patients were stratified into mortality and survival groups, with only age being significantly different between these groups (p < 0.05). Among all patients, 97.5% had fever, 66% fatigue, 74% anorexia, and 41% nausea or vomiting. Eleven clinical symptoms and indicators were compared between the survival and mortality groups. According to these findings, the incidence of bleeding manifestations was significantly higher in the mortality group than in the survival group [18/35 (51.4%) vs. 20/165 (12.1%), p < 0.001]. In contrast, the incidence of consciousness disorders was significantly higher in the mortality group than in the survival group [17/35 (48.6%) vs. 32/165 (19.4%), p < 0.001]. Bleeding manifestations included skin petechiae, as well as oral, gastrointestinal, and pulmonary bleeding. Consciousness disorders included drowsiness, blurred consciousness, and severe impairment of consciousness (no Glasgow Coma Score examination was performed). Fever, exhaustion, anorexia, and any other symptoms did not significantly differ between the two groups (p > 0.05) (Table 1).



TABLE 1 Comparison of demographics and clinical characteristics between the two groups.
[image: Table1]



3.2 Laboratory parameters

Most patients had leukopenia, thrombocytopenia, elevated liver enzyme levels, and myocardial impairment. Lymphocyte count, platelet count, and albumin level were significantly lower; levels of aspartate aminotransferase, creatine kinase (CK), CK-MB isoenzyme (CK-MB), lactate dehydrogenase, blood urea nitrogen, serum creatinine, uric acid, activated partial thromboplastin time (APTT), D-dimer, CRP, procalcitonin, and viral load were significantly higher; and prothrombin time (PT) was longer but within the normal range, in the mortality group than in the survival group, while the other biological indicators showed no differences between the two groups (Table 2).



TABLE 2 Comparison of laboratory test indicators between the two study groups.
[image: Table2]



3.3 Screening of predictors

Univariable logistic regression analysis revealed that older age; hemorrhagic manifestation; disturbance of consciousness; reduced platelet count; elevated levels of aspartate aminotransferase, CK, CK-MB, lactate dehydrogenase, blood urea nitrogen, serum creatinine, uric acid, PT, APTT, D-dimer, CRP, procalcitonin, albumin, and viral load were risk factors for mortality (Figure 2). Multivariable logistic regression analysis was performed to identify variables that could predict critical illness in patients with SFTS (Table 3). In the group with viral load, the variables associated with poor prognosis were older age, hemorrhagic manifestations, prolonged APTT, and viral load (p ≤ 0.001 for all) (Table 3). In the group without viral load, the variables related to poor prognosis were older age, hemorrhagic manifestations, and prolonged APTT (p < 0.001 for all) (Table 3).

[image: Figure 2]

FIGURE 2
 The results of univariate logistic regression analysis of mortality risk in 200 patients hospitalized with SFTS.




TABLE 3 Multivariable logistic regression analysis of the mortality risk in 200 patients with viral load.
[image: Table3]

Based on the four factors identified in the group with viral load, a final nomogram predicting mortality risk in patients with SFTS was constructed (Figure 3A); another brief nomogram excluding the viral load was also constructed (Figure 3B). The AUC [0.926, 95% confidence interval (CI): 0.882–0.970 vs. 0.882, 95% CI: 0.823–0.942] and NRI (0.143, 95% CI: 0.036–0.285) were calculated and compared between the two models (Figure 4). In addition, we also calculated IDI (0.124, 95% CI, 0.061–0.186) between the two models. These results suggest that the former model is more accurate than the latter for predicting patient prognosis. Both calibration plots showed remarkable concordance between the predicted probability of mortality and actual observations, with mean absolute errors of 0.024 and 0.033, respectively (Figure 5). The decision curve analysis showed a potential net benefit with rather broad threshold probability distributions (Figure 6).
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FIGURE 3
 (A) The nomogram for predicting risk of death with SFTS. (B) The brief nomogram for predictor risk of death with SFTS.
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FIGURE 4
 (A) ROC curve of 4 predictors, (B) ROC curve of 3 predictors, (C) the result graph NRI.
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FIGURE 5
 (A) The calibration curve of 4 predictors, (B) the calibration curve of 3 predictors.
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FIGURE 6
 (A) DCA of 4 predictors, (B) DCA of 3 predictors.





4 Discussion

SFTS is an emerging infectious disease caused by the Dabie bandavirus with a rapid progression and high fatality rate. Early identification of patients with poor prognosis is particularly important (8). Consequently, we conducted a retrospective examination of demographic data, clinical manifestations and symptoms, laboratory results, and indicators of mortality risk in 200 patients with SFTS. Since this disease is prevalent in rural areas and the cost of SFTSV testing equipment is high, many local healthcare facilities do not perform this test and thus, SFTSV results are not available in a timely manner. Therefore, we divided the patients into two groups based on whether the viral load was included and plotted nomograms. We aimed to compare the difference between the two groups regarding poor prognosis of SFTS and, at the same time, provide a reference for those who are unable to obtain viral load immediately. This study is the first to incorporate viral load into a model to predict the potential for poor prognosis in patients with SFTS, and better predictive accuracy was observed in the model that incorporated viral load (AUC: 0.926 vs. 0.882; NRI 0.143, 95% CI: 0.036–0.285; IDI 0.124, 95% CI: 0.061–0.186). According to Kwon et al. (17), there is a substantial difference in plasma viral RNA levels between survivors and non-survivors upon admission. Hayasaka et al. (18) performed a molecular imaging of SFTSV-induced infectious diseases in A129 mice infected with a lethal dose of the virus. The findings of this study support the idea that high viral load is a strong risk factor for catastrophic results in patients with SFTS. This may be related to the fact that high viral load induces higher levels of IFN-inducible protein-10 and macrophage inflammatory protein-1 while blocking the release of activated normal T cell-expressed and secreted factors, even more leading to severities or even death (19). Nevertheless, this investigation also indicated that advanced age was a significant contributor to SFTS mortality, consistent with previous reports. Qian et al. (20) constructed a risk model to forecast fatalities in patients with SFTS based on three high-risk variables: age, APTT, and CRP to lymphocyte ratio. According to research by Jung et al. (21), older age was linked to a higher 30 days mortality rate in patients with SFTS (adjusted hazard ratio: 1.10; 95% CI:1.04–1.17). This may be related to the prevalence of underlying disorders, reduced immunity, and higher incidence of morbidity and death in many older individuals. In addition, in ferrets with anatomical and physiological characteristics similar to those of humans, older ferrets infected with SFTSV were found to exhibit more severe clinical signs and higher mortality rates, than younger ferrets (22, 23). The three stages of the clinical course of SFTS are fever, multi-organ dysfunction, and convalescence. Jia et al. (24) discovered that APTT and thrombin time in patients that died were noticeably longer throughout the fever and multi-organ dysfunction stages and that APTT had high sensitivity and specificity in predicting mortality (84.85% and 81.65%, respectively). Song et al. (25) demonstrated a link between fatal outcomes in patients with SFTS and coma, pulmonary infection, high viral load, and prolonged APTT. In addition, Xu et al. (26) observed that prolonged APTT and bleeding manifestations were early independent warning factors for mortality, which is in line with our study. Additionally, we noticed that APTT was significantly prolonged in the mortality group (p < 0.001), whereas PT was significantly different between the mortality and survival groups (p = 0.034); however, PT was within the normal range and not significantly prolonged. This may be related to the absence of coagulation factor XI, which Mizoe et al. (27) demonstrated to be the likely cause of APTT prolongation in SFTS. If APTT prolongation is triggered by coagulation factor deficits, plasma-derived or recombinant coagulation factors may serve as alternatives for the management of bleeding tendency (28, 29).

In line with the literature, our study revealed that bleeding symptoms were more frequent in the mortality group than in the survival group. This was the most significant risk factor of the parameters, both in the group with and without viral load [odds ratio (OR) 1 = 12.474; 95% CI: 3.894–39.955, OR 2 = 9.073; 95% CI: 3.259–25.260, respectively]. Li claimed that the emergence of hemorrhagic symptoms (adjusted OR = 2.79; p < 0.001) was a risk factor for SFTS mortality. The possible mechanisms of hemorrhagic signs as a risk factor for mortality may be thrombocytopenia and endothelial dysfunction (30). Patients with SFTS who experience severe thrombocytopenia may see a reduction in thrombin synthesis; in addition, SFTSV increases vascular permeability by destroying vascular endothelial cells, which are capable of causing extensive skin ecchymosis, as well as tissue and organ hemorrhages in patients with SFTS (31, 32). Most importantly, practically all bleeding manifestations had a strong causal relationship with mortality, indicating the importance of regularly monitoring bleeding symptoms over the course of the illness.

This investigation established nomograms based on older age, presence of bleeding manifestations, prolonged APTT, and viral load. The models indicated the likelihood of critical illness in patients with SFTS, and our internal validation supported the model’s efficacy. Analyzing risk factors can help predict severe illness, enabling proper care, and maximizing the use of available medical resources.

However, there are three limitations associated with the study design. First, because this was a single-center retrospective study, the quality and generalizability of the data may have been affected. Second, as APTT prolongation is a risk factor for predicting the prognosis of SFTS, SFTS in combination with other conditions that may cause APTT prolongation were not considered, such as antiphospholipid antibody syndrome, etc. Third, the models were not externally validated. For this reason, we are undertaking a prospective study in a larger cohort of patients with SFTS admitted to other healthcare facilities and after August 2023 to validate the predictive value of the model.



5 Conclusion

This study identified several risk variables for SFTS, including advanced age, presence of bleeding symptoms, prolonged APTT, and viral load. Two critical risk nomograms were developed based on these indicators for the early prediction of mortality risk in patients with SFTS, and enhanced predictive accuracy was observed in the model that incorporated viral load. The findings of this study may be of great significance for clinical applications.
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Background: Voriconazole is mainly used to treat progressive and potentially life-threatening infections in immunocompromised patients. The adverse drug reactions related to voriconazole are varied. In some rare cases, the use of voriconazole can result in myelodysplastic syndrome (MDS)-like adverse reactions.

Case presentation: Here, we present a rare case of systemic lupus erythematosus patient with a fungal infection that developed MDS-like adverse reactions after treatment with voriconazole. The patient was admitted to the hospital because of 3 days of chest tightness and dyspnea. After the admission, the patient’s sputum culture showed Candida albicans infection, and voriconazole was prescribed to be taken orally. After using voriconazole, drug-related adverse reactions such as visual impairment, nausea, vomiting, hiccup, middle and lower abdominal pain, disorders of consciousness, delirium, hallucination, slow response, and subcutaneous ecchymosis appeared, as well as the gradually increased serum creatinine, oliguria, and aggravated lower limb edema. In addition, there was a decrease in peripheral blood cells, and MDS-like changes in bone marrow were indicated by bone marrow biopsy. After discontinuing voriconazole, drug-related adverse symptoms disappeared, and hematocytopenia and the changes in MDS were significantly improved, which was confirmed by a subsequent bone marrow puncture at a 6 months interval.

Conclusion: This case reminded us that when using voriconazole for treatment, individual differences in patients should be considered, and the blood concentration of voriconazole should be closely monitored. Otherwise, potential drugs that affect voriconazole metabolism should be noted, and related adverse symptoms of patients should be closely observed during medication to reduce the occurrence of adverse drug events.

KEYWORDS
 voriconazole, myelodysplastic syndrome, hematocytopenia, adverse drug reaction, case report, systemic lupus erythematosus


Introduction

Voriconazole is primarily used to treat progressive and potentially life-threatening infections in immunocompromised patients. As a broad-spectrum triazole antifungal drug, voriconazole prevents the biosynthesis of ergosterol and produces antifungal effects by inhibiting the demethylation of 14a-sterols which is mediated by cytochrome P450 in fungi. In the human body, voriconazole is primarily metabolized in the liver while inhibiting the liver cytochrome P450 system. 80% of the metabolites are excreted in the urine, and 20% are excreted in the feces. This medication is efficient in treating invasive fungal Aspergillus and Candida infections. Most patients have a high tolerance for triazole antifungal medications. The most frequent side events, which are often mild to moderate, are vision impairment, fever, rash, nausea, vomiting, diarrhea, headache, hallucinations, peripheral edema, and abdominal discomfort (1–3). The most frequent side effects associated with medication withdrawal include liver failure, rash, and vision impairment. Additionally, gastrointestinal issues, such as nausea, abdominal pain, vomiting, and diarrhea, are the most often reported adverse events in clinical settings. The most frequent side effects of voriconazole were transient visual impairment (23% of patients), fever (12%), diarrhea (9%), and vomiting (7%) in a randomized, double-blinded, multicenter safety and tolerability study (4). The rate of adverse responses associated with voriconazole treatment was 18.5% (22/119), in another multicenter observational study evaluating the treatment of invasive aspergillosis in adults with voriconazole. Serious adverse reactions include hallucinations, toxic nephropathy, neurotoxicity, hepatotoxicity, psychogenic encephalopathy, liver side effects (10.1%), and nephrotoxicity (3.4%) (5). Moreover, the most recent voriconazole instruction manual refers to “rare adverse reactions” involving various systems, including myelodysplastic syndrome (MDS). However, clinical reports of voriconazole-related MDS-like reactions were rare. Herein, we report a case of a patient with systemic lupus erythematosus who had a fungal infection and experienced MDS-like following voriconazole therapy.



Case presentation

A 73 years-old man was admitted to the hospital after experiencing dyspnea and chest tightness for 3 days. He has a 6 years history of gout, 5 years history of coronary heart disease, and a 2 years history of hypertension. He had long been treated for his disease with nifedipine GITS, clonidine, bisoprolol, and febuxostat. In addition, he received a diagnosis of systemic lupus erythematosus (SLE) due to skin erythema, photosensitivity, joint pain, positive for anti-dsDNA (228.65, normal <71 U/mL), anti-ANA (1.80), anti-Ro52 (99, normal <25), and decreases in complement C3 (0.574, normal 0.9–1.8 g/L) and C4 (0.088, normal 0.1–0.4 g/L) 2 years prior to admission and was taking prednisone 10 mg and hydroxychloroquine 100 mg daily, respectively. The patient’s laboratory results are displayed in Table 1.



TABLE 1 Laboratory results of the patient.
[image: Table1]

After admission, the pulmonary computer tomography (CT) scan was performed, and the results revealed pulmonary interstitial changes, pulmonary edema, and a small amount of pleural effusion on both sides, and his blood oxygen saturation was 75% (93% after oxygen inhalation), and the pulmonary infection was treated with cefminox sodium, piperacillin/tazobactam, and meropenem successively. Otherwise, a total of 120 grams of human immunoglobulin were administered to help improve the immune system of the patient.

The patient was given oral voriconazole (200 mg/day) for 25 days after the patient’s sputum culture revealed Candida albicans infection and the serum (1,3)-β-D-glucan (+) (542 pg/mL, normal <60 pg/mL). Following the administration of voriconazole, we noticed a progressive decline in the patient’s hemoglobin, leukocyte, and platelet counts in the patient’s CBC test (Figure 1), accompanied by symptoms including visual impairment，nausea, vomiting, hiccups, middle and lower abdominal pain, disorders of consciousness, delirium, hallucination, slow response, and subcutaneous ecchymosis. AKI diagnosis criteria were also met by the patient’s oliguria, gradually rising serum creatinine level, aggravated pleural effusion, and lower limb edema. The patient was treated with hemodialysis and intravenous methylprednisolone (40 mg) daily. When renal function, heart failure, pleural effusion, and edema rapidly improved and urine volume returned to above 1,000 mL per day, hemodialysis was discontinued. The patient’s hemoglobin, leukocyte, and platelets gradually increased once the voriconazole was discontinued. At a follow-up of 14 days, we observed that these markers continued to improve.

[image: Figure 1]

FIGURE 1
 Changes in patient laboratory test results.


During the course of the patient’s treatment, red blood cells (600 mL), fresh frozen plasma (800 mL), and platelet concentrate (400 mL) were transfused. The blood alterations are depicted in Figure 1, but there was no discernible improvement in stopping the decreasing trend of blood cell count. We performed a bone marrow biopsy the day after discontinuing voriconazole to rule out any potential pathology that might cause hematopenia. Bone marrow aspirate showed active bone marrow hyperplasia. Nucleated cells proliferated actively, and the ratio of granulocytes to red blood cells was 0.387:1. Granular proliferation decreased, accounting for 27.5% of nuclear cells, with primitive cells accounting for 4.5%, the proliferation was mainly characterized by neutrophils, late promyelocytes, rod-shaped nuclei, and lobulated nuclei, with no abnormalities in morphology or size. Erythrocytosis was extremely active, accounting for 71% of nuclear cells, among them, primary red blood accounts for 5.5%, mainly consisting of proliferation of middle and late erythroblasts, imbalance in nuclear and cytoplasmic development, nuclear abnormalities, and megaloblastic transformation of erythroblasts could be observed, the size of mature red blood cells varies significantly, pathological hematopoiesis was very obvious. Megakaryocyte proliferation is very active with maturation disorders. Iron staining: external iron: 2 (+), internal iron: 80% iron granulosa erythrocytes. In addition, genetic testing was negative. Fluorescence in situ hybridization (FISH) was used to perform genetic testing on bone marrow aspirates and did not find any chromosomal abnormalities or gene deletions, including –7/7q–, +8, p53 (17p13.1), EGR1 (5q31), D20S108, etc. Flow cytometry detection of bone marrow (Figure 2A) showed that 1.6% of myeloid cells were primitive or immature. Microscope (Figures 2B,C) indicated that myelodysplastic syndrome (MDS) should be considered, erythroid hyperplasia is significantly active with megaloblastic transformation.

[image: Figure 2]

FIGURE 2
 First bone marrow puncture results. (A) Flow cytometry: flow cytometry shows 1.6% of myeloid cells were primitive or immature. (B) Microscope (×400): the proliferation of nucleated red blood cells in the bone marrow is active, and primitive/immature cells are readily visible; the amount of erythrocytes increases, megaloblastic cells are easy to find; megakaryocytes are not decreased, no obvious collagen fibrosis in the bone marrow stroma. (C) Immunohistochemistry (×400): CD34 primitive/immature cells (+), accounting for 10%–15%, some of which are weak positive and tend to be erythroid precursor cells; megakaryocyte (+), small megakaryocytes and lymphoid small megakaryocytes are easily seen; MPO granulocyte (+); CD71 nucleated red blood cells (+); a small amount of CD20 B cells are scattered (+); CK (−); a small amount of NK cells in CD56 are scattered (+). Conclusion: myelodysplastic syndrome (MDS) should be taken into consideration, the erythroid hyperplasia is significantly active with megaloblastic transformation.


To ascertain whether the patient had fully recovered, we conducted another bone marrow puncture after a 6 months follow-up. The results of the second bone marrow aspiration revealed a significant reduction in the abnormal proliferation of erythroid, granulocytic, and megakaryocytic cells compared to the first, and no obvious MDS-like bone marrow abnormal proliferation was discovered. Flow cytometry results (Figure 3A) demonstrated that no significant evidence of acute leukemia, NHL, or high-risk MDS-related immunophenotypic abnormalities were detected. Microscopic results bone marrow test was negative, no indication of MDS (Figures 3B,C).

[image: Figure 3]

FIGURE 3
 Second bone marrow puncture results 6 months later. (A) Flow cytometry: flow cytometry shows no significant evidence of acute leukemia, NHL, or high-risk MDS-related immunophenotypic abnormalities were detected. (B) Microscope (×400): the proliferation of nucleated red blood cells in the bone marrow is active; cells in all stages of the granulocyte lineage are visible, with the majority being cells in the more mature stage, while pale nucleus-like cells are easily visible; the number of red blood cells is small, mainly composed of middle to late-stage erythrocytes distributed in scattered and small clusters; the number of recognizable megakaryocytes is small, with varying sizes and scattered distribution; no obvious collagen fibrosis was observed between the bone trabeculae. (C) Immunohistochemistry (×400): CD34 primitive/immature cells (+), accounting for about 1%; CD117 primitive/immature cells (+), no increase observed; CD42b: megakaryocyte (+), increased in number, mainly small megakaryocytes; CK (−); CD71 nucleated red blood cells (+); MPO granulocyte (+); CD138 A few plasma cell were scattered (+). Conclusion: bone marrow test was negative, no indication of MDS.


Overall, when treating the patient with voriconazole during the first-hospital admission, we observed decreases in peripheral blood cells and diagnosed MDS-like changes in bone marrow by bone marrow puncture. After voriconazole withdrawal, drug-related side effects vanished, and the MDS alterations were significantly improved.



Discussion

The metabolism of voriconazole and the symptoms of adverse medication reactions differ dramatically between different races and individuals. Voriconazole metabolism in vivo exhibits a nonlinear pharmacokinetics characteristic, meaning that when the dosage is increased, the area under the drug time curve (AUC) increases sharply. The steady blood concentration was reached in about 5 days after intravenous or oral administration (6). In addition to being metabolized by liver cytochrome P450 Isozyme CYP2C19, CYP2C9, and CYP3A4, Voriconazole also inhibits these three enzymes. The pharmacokinetics of voriconazole vary significantly among individuals. In vivo studies have revealed that the main metabolic pathway, CYP2C19, exhibits genetic polymorphism with individual variations of up to 100 times. The population can be categorized into individuals with strong metabolism and individuals with weak metabolism based on the activity of this enzyme. While the prevalence of individuals with poor metabolisms ranges from 3% to 5% among Caucasians and African Americans, it can reach up to 15%–20% among Asians. In China, the phenotypes of people with weak CYP2C19 metabolism are nearly CYP2C19 * 2 and CYP2C19 * 3. According to research studies in healthy Caucasians and Japanese, the concentration of voriconazole in individuals with weaker metabolism within the same race was on average, four times greater in those with better metabolisms. The primary plasma metabolite of voriconazole is N-oxide, which accounts for approximately 72% of the total plasma. The half-life of voriconazole is around 6 h, and its distribution volume is 2–4.6 L/kg, indicating that it is broadly distributed in tissues. The genotype of CYP2C19 and the co-administration of medications that regulate the activity of CYP2C19, CYP2C9, and CYP3A4 could all have an impact on the blood concentration of voriconazole. The metabolism of CYP substrates may also be inhibited by voriconazole (7–10).

In this case, after taking voriconazole, this patient experienced symptoms of psychiatric encephalopathy, nausea, vomiting, hiccup, middle and lower abdominal pain, diarrhea, delirium, hallucinations, delayed response, and clinical signs such as progressive elevation of creatinine and renal toxicity, even blood cells counts and bone marrow also changed. These symptoms are consistent with the side effects listed in the instructions and early clinical studies. However, the majority of the side effects reported in previous clinical reports typically coexist with a few symptoms in a single patient. Nevertheless, in this case, the patient’s use of voriconazole led to more complicated symptoms mentioned above, indicating the patient’s susceptibility and intolerance to voriconazole’s side effects.

It is important to highlight that this patient had a 2 years history of SLE. The phenomenon of SLE combined with hematological diseases has been widely reported in China. However, cases of combining with MDS are rare (11–13). The mechanism of bone marrow morphological changes in SLE patients is not yet elucidated. Some have suggested there are various antibodies against blood cells in the serum of SLE patients, which directly damage a certain lineage of hematopoietic progenitor cells or alter the bone marrow microenvironment, causing bone marrow dysplasia in SLE patients (14). MDS, which frequently arises during the active phase of SLE, has been linked to SLE in some studies (15, 16). Meanwhile, the patient was diagnosed with SLE for 2 years, but, there had been no significant reduction in his blood cells while receiving long-term steroid medication. In addition, there was no obvious increase in the levels of ANA, dsDNA antibody, rheumatoid factor, or decrease in C3 in the patient, and there was no joint swelling and pain, nor were there any other SLE symptoms like new erythra, indicating relevant performance during SLE flares. Although C-reactive protein (CRP) is also an indicator of SLE activity, the patient’s CRP showed a transient spike. The increase in CRP was accompanied by exacerbation of pulmonary infection, indicating infection rather than SLE flare. It was unlikely related to SLE activity since it immediately returned to normal after the anti-infection and antifungal treatment. Based on the aforementioned findings, SLE activity and SLE-related triple decline or SLE-related MDS can be essentially ruled out.

We also took into account whether the patient developed primary MDS. MDS is a group of heterogeneous myeloid clonal diseases originating from hematopoietic stem cells, characterized by abnormal differentiation and development of myeloid cells, manifested as ineffective hematopoiesis, refractory hemocytopenia, hematopoietic failure, and high-risk transformation to acute myeloid leukemia (AML) (17, 18). The following conditions must be met for the MDS diagnosis: (1) continuous (≥6 months) reduction of one or more lineages of blood cells: red blood cells (Hb <110 g/L); neutrophils (ANC < 1.5 × 109/L); platelets (BPC <100 × 109/L). (2) Exclude other hematopoietic and non-hematopoietic system diseases that can lead to reduced blood cells and pathological hematopoiesis. Determination criteria: (1) morbid hematopoiesis: bone marrow smear with at least 10% of any lines of red blood cell, neutrophil, or megakaryocyte; (2) the proportion of circular iron granulocytes occupying nuclear red blood cells is ≥15%; (3) primitive cells: 5%–19% in bone marrow smear; (4) chromosome abnormalities (19, 20). The literature indicates that MDS has multiple gene mutations, and spontaneous self-remission in de novo MDS is very rare (21, 22). The results of the patient’s first bone marrow biopsy revealed MDS-like characteristics. Interestingly, the hemocytopenia resolved spontaneously after discontinuation of voriconazole and without any anti-MDS treatment. The bone marrow biopsy examined 6 months later revealed a notable improvement, indicating no MDS-like disease. Besides, no gene mutations were found in the two bone marrow biopsies with a 6 months interval before and after. Taken together, these findings rule out primary MDS, and conform to the characteristics of drug-related MDS.

The possibility of additional medications causing hemocytopenia during the treatment should also be taken into consideration. In the treatment of pulmonary infection, in addition to voriconazole, we also used cefminox sodium (4 days), piperacillin/tazobactam (3 days), and meropenem (29 days) successively for anti-infection. According to the instructions for these drugs, the side effect of cefminox sodium is occasional pancytopenia (23); side effects of piperacillin/tazobactam include leukopenia, neutropenia, thrombocytopenia and other side effects (rare)，whole blood cell reduction (very rare) (24–26); side effects of meropenem include pancytopenia, agranulocytosis, hemolytic anemia (frequency unknown), leukopenia, thrombocytopenia (<1%) (27). The first two drugs have been used for a short period of time (only 3 and 4 days, respectively), and the incidence of side effects caused by drug-related hemocytopenia and MDS-like change in bone marrow is very low. Meropenem basically covered most of the course of inpatient treatment; among the three drugs, it seems to have the highest likelihood of causing the patients’ hemocytopenia. Meropenem is a kind of carbapenem antibiotic, and carbapenem antibiotics usually have the characteristics of a broad spectrum and strong effect. The side effects of meropenem mainly include the following aspects: first, it may be prone to allergic reactions, such as skin erythema, itching, fever, redness, etc. In addition, it may have an impact on the blood system, and some patients may experience a decrease in granulocytes or platelets after use or may also experience an increase. However, the blood cells of the patient had decreased significantly before the use of meropenem, and the number of blood cells began to recover during the treatment without interrupting the use of it. Therefore, the evidence of hemocytopenia caused by meropenem is insufficient.

Figure 1 illustrates the patient’s decreased blood cell count upon arrival. Following the discontinuation of voriconazole, the patient’s blood cell count gradually increased but did not reach its pre-voriconazole values. The patient has a long-term history of SLE, as was already indicated, which may contribute to a decrease in blood cell count. The patient’s condition, though, remained largely constant, and there had never before been an abrupt drop in blood cells. Following the administration of voriconazole, the patient’s blood cell count dropped quickly and steadily, with platelets experiencing the greatest decline, dropping to a minimum of 8.0 × 109/L. After discontinuing voriconazole, the patient’s blood cell count steadily improved until it reached the pre-disease level, though it was still lower than that of healthy individuals. Two possible explanations include the following: first, even though discontinuing voriconazole, the drug residue in the body was not immediately metabolized, and the drug side effects still played a role to some extent; secondly, although the patient’s SLE condition remained stable, however, SLE continues to exist and will not disappear, and the objective phenomenon of cell reduction caused by it still exists.

The limitation of this case report is that we did not monitor the blood concentration of voriconazole to rule out the possibility of drug overdose. It is also important to understand the exact mechanism of voriconazole or its metabolites-induced bone marrow suppression in future studies.



Conclusion

Voriconazole was the cause of the patient’s MDS-like bone marrow suppression. This case report reminds us that in clinical practice, when using voriconazole for anti-fungal infection treatment, individual differences in patients should be taken into consideration, and the serum concentration of voriconazole should be closely monitored. On the other hand, potential medications that affect voriconazole metabolism should also be noted, and patients should be carefully observed during medication to avoid the occurrence of adverse drug events.
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Introduction: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus causing the coronavirus disease of 2019. The disease has caused millions of deaths since the first pandemic at the end of 2019. Immunocompromised individuals are more likely to develop severe infections. Numerous mutations had developed in SARS-CoV-2, resulting in strains (Alfa Beta Delta Omicron) with varying degrees of virulence disease severity. In CML (chronic myeloid leukemia) patients, there is a lot of controversy regarding the effect of the treatment on the patient outcome. Some reports suggested potential better outcomes among patients with CML, likely due to the use of TKI; other reports showed no significant effects. Additionally, it is unknown how much protection immunization provides for cancer patients.

Method: In accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) standards, we conducted a systematic review. Retrospective, prospective studies, reviews, case series, and case reports of chronic myeloid leukemia patients aged above 18 years who had SARS-CoV-2 infection were included. English literature was screened using PubMed, SCOPUS, and Google Scholar. Search terms include chronic myeloid leukemia, chronic myelogenous leukemia, and SARS-CoV-2 and Coronavirus disease 2019 (COVID-19). We searched the reference lists of the included studies for any new articles. The search included all articles published up to April 20, 2023. The review is registered in PROSPERO (registration number CRD42022326674).

Results: We reviewed 33 articles of available published literature up to April 2023 and collected data from a total of 682 CML patients with COVID-19. Most patients were in the chronic phase, seven were in the accelerated phase, and eight were in the blast phase. Disease severity was classified according to WHO criteria. Mortality was seen in 45 patients, and there were no reports of thrombotic events. Two hundred seventy-seven patients were in the era before vaccination; among them, eight were in the intensive care unit (ICU), and mortality was 30 (11%). There were 405 patients after the era of vaccination; among them, death was reported in 15 (4%) patients and ICU in 13 patients.

Limitations and conclusion: The major limitation of this review is the lack of details about the use or hold of TKIs during SARS-CoV-2 infection. Additionally, after the appearance of the different variants of the SARS-CoV-2 virus, few studies mentioned the variant of the virus, which makes it difficult to compare the outcome of the other variants of the SARS-CoV-2 virus in patients with CML. Despite the limitations of the study, CML patients with COVID-19 have no significant increase in mortality compared to other hematological malignancy. Hematological cancers are associated with an increased risk of thrombosis, which is expected to increase in patients with COVID-19. However, patient with CML has not been reported to have a significant increase in thrombosis risk. The available data indicates that COVID-19’s effect on patients with chronic myeloid leukemia (CML) still needs to be better understood due to the limited data.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/display_record.php? RecordID:326674.
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Introduction

Chronic myeloid leukemia (CML) is a clonal myeloproliferative neoplasm with an overproduction of mature granulocytes. Nearly half of patients are asymptomatic and detected during routine screening or during routine blood work. Usually, patients present with abdominal distension, early satiety, and fatigue. Others may have atypical presentations and complications like priapism, eye symptoms or abdominal pain, and appendicitis (1–3). After the introduction of tyrosine kinase inhibitors, the treatment goals of CML have changed dramatically, and Patients with CML are expected to have a normal life expectancy, and treatment aims for a better quality of life (4). Worldwide, SARS-CoV-2 has caused millions of deaths. Mortality is higher for patients with multiple medical conditions, such as diabetes mellitus and hypertension (5, 6). Besides the respiratory manifestation, COVID-19 can present with liver renal cutaneous manifestations (7–9). Recently, the overall mortality of COVID-19 has improved with time due to improvements in preventive measures, the presence of vaccination, and effective antiviral medications. What the exact risk is for CML patients infected with SARS-CoV-2 is unclear, though. Additionally, the real mortality impact of immunization, ideal treatment options, and interactions with CML and COVID-19 therapy need to be explored. Many studies suggested a potentially higher risk of mortality among CML patients from COVID-19, while other studies reported lower mortality with a presumed protective effect from TKI. Additionally, the impact of SARS-CoV-2 on CML patients and the outcome with the different strains is poorly understood.



Methods

Following the PRISMA (preferred reporting items for systematic reviews and meta-analyses) guidelines, PubMed, Scopus, and Google Scholar databases were searched for published articles through April 20, 2023, for qualified studies. The search included Retrospective, prospective studies, randomized control trial, reviews, case series, and case reports. The inclusion criteria were English literature with CML patients above 18 years who had SARS-CoV-2 infection. Articles in a language other than English articles about patients less than 18 years and articles with non-sufficient information were excluded, and patients with bone marrow transplants were excluded. Search terms were (chronic myeloid leukemia) OR (chronic myelogenous leukemia) AND (SARS-CoV-2) OR (COVID-19). Two independent reviewers (EA and A.E.) evaluated the studies for inclusion in the review by looking through the titles and abstracts of the search records they had retrieved to see which ones were eligible. If there was ever a disagreement between the independent reviewers over a research’s eligibility, it was usually resolved via careful consideration and evaluation of the study in question, a third reviewer, was consulted in case consensus could not be established. Excluded studies were those that did not fit the predetermined qualifying requirements. We searched the reference lists of the included studies for any new articles. The search included all articles published up to April 20, 2023. The review is registered in PROSPERO (registration number CRD42022326674).



Results

We reviewed 33 articles of available published literature (Figure 1) up to April 2023 and collected data from a total of 682 CML patients with COVID-19 (35–70). Most of the reports were from the United States, Europe (United Kingdom, Italy, Germany), and China. Twenty-four studies were reported before and 12 after the introduction of vaccination. Most patients were in the chronic phase, seven patients were in the accelerated phase, and eight patients were in the blast phase. Disease severity was classified as per WHO criteria (10), severe disease if a patient requires oxygen or, has saturation below 94% or requires ventilatory support. SARS-CoV-2 infection was reported in both patients with a recent diagnosis of CML and in patients diagnosed with CML for months to years (up to 14 years). Twenty-seven patients were managed at home, and 21 patients were in ICU (intensive care unit) during the hospital course. Forty-one patients required oxygen therapy; among them, seven patients required mechanical intubation, and six patients required non-invasive ventilation. Mortality was seen in 45 patients, and there were no reports of thrombotic events. In the pre-vaccination era (Supplementary Tables 1, 2), five patients were intubated, four required NIV, and nine required oxygen. In the post-vaccination era (Supplementary Tables 1, 2), 32 (8.1%) patients out of 407 required oxygen; among them, two were intubated, and 3 required NIV. Two hundred seventy-seven patients were in the era before vaccination; among them, eight were in ICU, and mortality was 30 (11%). There were 405 patients after the era of vaccination; among them, death was reported in 15 (4%) patients and ICU in 13 (3.19%) patients. This is expressed as a Z score of 3.5614 with a p value of 0.00038. The result is significant at p < 0.05. For patients admitted to ICU, the mortality was 4/8 in the pre-vaccination era and 9/13 in the post-vaccination era. For the vast majority of the patients, there was no clear documentation if treatment of CML was continued or held during COVID-19. The first COVID-19 vaccine was the Pfizer-BioNTech COVID-19 Vaccine, which was first available on December 11, 2020, followed by other vaccines like Moderna. Also, there was no documentation about prior vaccination for cases reported after introducing COVID-19 vaccines. Many patients had comorbidities, including diabetes mellitus, hypertension, chronic kidney disease, coronary artery disease, hypothyroidism, obesity, dyslipidemia, prostate cancer, and gastroesophageal reflux disease. There was no report of thrombotic events; however, some patients developed AKI, autoimmune hemolytic anemia, rhabdomyolysis, DIC and possible HLH, cranial nerve palsy, and DKA during COVID-19.
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FIGURE 1
 The PRISMA flow diagram detailing articles screening of chronic myleid leukemia patient with SARS-CoV-2.




Discussion

The primary factor in mortality from COVID-19 is often ARDS; other factors include cardiac arrhythmia, cardiac arrest, and pulmonary embolism. The average mortality for the general population from COVID-19 varies; during the first wave, there were no vaccines, and the mortality was around 4.3% (11). However, after the emergence of vaccination, worldwide mortality went down. The availability of resources plays a major role; in limited-resource countries, the mortality was reported to be extremely high, up to 48% (12). Patients with hematological malignancies have a high rate of mortality with SARS-CoV-2 infection. In a study with over 300 hematology patients (70% myeloma, acute leukemia, and active lymphoma), the mortality was 26%, which is markedly higher than our findings in CML patients (13). The same study showed a mortality of 83% for patients with critical illness. Our review showed that for ICU-admitted CML patients, the mortality exceeds 50%: 4/8 (50%) in the pre-vaccination era and 9/13 (69%) in the post-vaccination era. This data showed a three-times drop in overall mortality in CML patients in the post-vaccination era, 11 to 4%, but high ICU mortality. This would suggest that COVID-19 immunization and treatment are effective in reducing illness severity but have little impact on lowering fatality rates for critical patients with CML. On the other hand, mortality in the general population varied significantly during the different waves of the pandemic, but the ICU mortality did not change substantially; most reports show mortality around 23 to 28% (14).

Fortunately, the majority of SARS-CoV-2 mutations have no effect on viral function. Only a few mutations resulted in new variants with significant effects on transmission and clinical implications on populations. It resulted in different strains, some of which have increased spread but low severity of illness like Omicron (Table 1). Omicron infections were reported to be milder than other strains. Omicron differs from other SARS-CoV-2 strains in three ways: high rate of replication (15), capacity to avoid the humoral immune response, and high rate of reinfection (15). In CML patients, Omicron infection was reported to cause mild infection (16). A similar outcome was also observed in other groups of patients, such as acute leukemia, polycythemia Vera, essential thrombocythemia, and chronic lymphocytic leukemia (17–19).



TABLE 1 Shows a comparison between the different variants of SARS-CoV-2.
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Unfortunately, few studies regarding SARS-CoV-2 virus infection in CML patients have been done after the introduction of vaccines and the emergence of different strains. Our review included 24 studies that were reported before December 2020. Considering that the first vaccine was available in December 2020, it is less likely that studies published before 2021 included patients who received vaccines. The data showed that there was a significant drop in mortality for patients with CML after the vaccination from 11 to 4%, which is a drop by three times in mortality. The improvement in mortality after vaccination could be attributed to several factors. First, it might be related to the different strains that have different virulence; for example, infections with milder strains like Omicron resulted in a lower mortality rate compared to other strains (Table 1). Additionally, the availability of effective treatment and medications with antiviral activity that were not available initially during the first waves. Similarly, ICU admission rates are probably lower due to the effect of vaccination on preventing fatal illness and severe illness (20). Besides vaccination, adherence to preventive measures, start of new medications, and experience with treating COVID-19 (21).

Generally, Interruption of TKI therapy was found to be associated with poor long-term outcomes. The real question is, is TKI continuation during COVID-19 beneficial or harmful? Few studies reported the status of TKI if it was continued during COVID-19 treatment or was held. For patients who had the TKI continued (n = 9), there were no mortality or serious adverse events. Few patients reported that TKIs were held due to prolonged QT, namely with imatinib (n = 1) and with nilotinib (n = 2). One patient out of the nine patients who continued TKI had the dose of imatinib reduced due to interaction with ritonavir, which resulted in an increased effect of imatinib. It seems that the decision to continue or to hold TKI should be individualized and weigh benefits and risks. For patients with expected serious side effects, it might be reasonable to hold TKI for a few days and then reassess the risks and benefits.

Initial reports showed that CML patients on TKI are noted to have a favorable outcome against severe COVID-19, after noticing that patients on TKI including CML have a favorable outcome. In vitro studies showed that gilteritinib, nintedanib, and imatinib pose antiviral activity, and they vary in their potency, likely depending on the host-targeted tyrosine kinase by suppressing viral replication (22). Additionally, It was therapeutically possible to use gilteritinib at a concentration that would result in 90% virus suppression (22). TKI might have a protective effect against SARS-CoV-2 through different mechanisms; firstly, TKI inhibits viral cell entry and fusion with cell membranes and the formation of endosomes (23). Also, Imatinib and other TKI inhibit Abl2 protein expression, which is required for viral growth (24). On the other hand, there is a theoretical risk of increased severe infection in CML patients taking TKI due to targeted inhibition of kinases involved in immune cell function. This might result in suppressed cellular immune response that facilitates viral replication.

Generally, patients with cancer usually have poor outcomes with SARS-CoV-2 infection, particularly lung cancer and hematological cancer (25). Moreover, patients with cancer have an increased risk of thrombosis compared to the non-cancer population. CML is not known to be at high risk for thrombosis compared to other cancers like pancreatic and gastric cancers. Compared to other MPNs like polycythemia vera and essential thrombocythemia, CML has a lower risk of thrombotic events (26). The heparinase, which is associated with angiogenesis and the development of cancer, may provide a mechanistic explanation for the decreased thrombosis in CML. When compared to ET and JAK2-positive MPN, CML, and Jak2-negative, MPN expresses less heparinase in the bone marrow and has fewer thrombosis (27). The reported thrombosis in CML is mainly arterial (myocardial infarction, cerebrovascular accidents, and peripheral artery disease) and mostly linked to the use of different TKI more often reported with the second-generation TKIs nilotinib, dasatinib, and ponatinib (28). TKI use is associated with endothelial dysfunction and vascular toxicity that lead to accelerated atherosclerosis and thrombosis (28). However, previous studies demonstrated no significant increased risk of arterial thrombosis (29). Paradoxically, TKI is associated with an increased risk of bleeding that is related to TKI-associated thrombocytopenia and is seen in dasatinib more than the other TKIs and platelet dysfunction (30). Platelet dysfunction with TKI use was demonstrated with impaired platelet aggregation with epinephrine in vitro (31). Overall, TKIs are associated with bleeding and an increased risk of arterial thrombosis; this might explain the lower risk of thrombotic events in CML patients. Considering their increased risk of thrombosis compared to the general population, CML patients with COVID-19 interestingly are not reported to develop additional risk thrombotic events as might be expected. This finding is supported by the Sweden study (32), the study with the longest follow-up for patients with CML and COVID-19, starting from March 2020 to April 2023, showed that there is no significant adverse outcome when compared imatinib to the newer TKI, also the study showed CML patients with no vaccination, had a slightly higher risk of hospitalization compared to their controls (32). The study also raised the finding that few events were reported among these patients. Our review showed that the mortality rate in CML covid patients improved significantly in the post-vaccination era. This could be explained by the improvement of our understanding of COVID-19, the protective effect of vaccines, and the change in the virulence of the recent strains. A similar finding is seen in a systematic review comparing COVID-19 among hematological malignancies; most cases before the vaccination were available (March 10, 2021) showed that CML patients reported no dyspnea, diarrhea, or respiratory distress compared to other cancers like ALL, MPN lymphoma (33).

In this review, there are important limitations; the testing of CML patients for COVID-19 may change from region to region, where patients with mild disease are less likely to be diagnosed with COVID-19 in resource-limited settings, creating a potential bias that results in higher-than-actual mortality rates among these cases as mild cases are not reported. Additionally, the indications for COVID-19 testing changed multiple times and may not have been the same before and after vaccination, which creates a bias when comparing the two eras in terms of mortality and severe disease. Moreover, the availability of vaccines was not synchronous throughout the world, and some of the reported patients in the post-vaccine era may not have had vaccines locally available. On the other hand, during the initial pandemic, there were no clear treatment guidelines. Many studies have tried to find an effective treatment that can reduce the mortality of COVID-19. Currently, there are many medications that have been shown to prove survival benefit in patients with severe COVID-19 pneumonia (32).



Conclusion

The COVID-19 mortality rates among CML patients did not appear to be extremely high compared to the general population and were lower than most reports calculating COVID-19 mortality among patients with more severe hematologic diseases. Our review showed that the mortality of CML patients with COVID-19 has significantly improved from 11% in the pre-vaccination period to 4% in the post-vaccination era. However, for CML patients with severe infection requiring ICU admission, the mortality remains high. The available data indicates that COVID-19’s effect on patients with chronic myeloid leukemia (CML) still needs to be better understood due to the limited data.
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Refractory human cytomegalovirus infection without evidence of genetic resistance in the UL-54 and UL-97 genes in a pediatric hematopoietic stem cell transplant recipient: a case report

Alejandra Pando-Caciano1*, Ketty Adid Escudero-Ramirez1, Jackeline Carol Torres-Rodríguez2 and Holger Maita-Malpartida1,3


1Department of Cellular and Molecular Sciences, School of Science and Philosophy, Universidad Peruana Cayetano Heredia, Lima, Peru

2Sub Unidad Integral Especializada del Paciente de Progenitores Hematopoyéticos, Instituto Nacional de Salud del Niño San Borja, Lima, Peru

3Sub Unidad de Investigación e Innovación Tecnológica, Instituto Nacional de Salud del Niño San Borja, Lima, Peru

Edited by
 Pierpaolo Di Micco, Ospedale Santa Maria delle Grazie, Italy

Reviewed by
 Nopporn Apiwattanakul, Mahidol University, Thailand
 Nicolina Capoluongo, Hospital of the Hills, Italy

*Correspondence
 Alejandra Pando-Caciano, alejandra.pando@upch.pe 

Received 09 November 2023
 Accepted 15 January 2024
 Published 02 February 2024

Citation
 Pando-Caciano A, Escudero-Ramirez KA, Torres-Rodríguez JC and Maita-Malpartida H (2024) Refractory human cytomegalovirus infection without evidence of genetic resistance in the UL-54 and UL-97 genes in a pediatric hematopoietic stem cell transplant recipient: a case report. Front. Med. 11:1335969. doi: 10.3389/fmed.2024.1335969
 

Cytomegalovirus (CMV) infection is a common complication in patients undergoing hematopoietic stem cell transplantation (HSCT). Management of refractory CMV infections, especially in developing countries, can be challenging due to the limited availability of second and third-line antiviral drugs or alternative treatments. Here, we present a case of an 8 years-old patient diagnosed with acute myeloid leukemia. Eight months post-diagnosis, the patient underwent TCR-αβ+/CD19+-depleted haploidentical HSCT. Both the donor and recipient tested positive for anti-CMV IgG and negative for IgM antibodies. Before transplantation, the patient received CMV prophylaxis in the form of intravenous ganciclovir. Post-transplantation, the patient exhibited oscillating CMV viral loads and was diagnosed with a refractory infection. Treatment with ganciclovir, foscarnet, and cidofovir was unsuccessful. Sequencing of UL-54 and UL-97 genes was performed to rule out potential resistance to first-line treatment. Ten months after the HSCT, the child died from hypovolemic shock due to gastrointestinal bleeding. This is the first case reported in Peru and Latin America of a refractory CMV infection in a pediatric HSCT recipient without evidence of clinical symptoms and CMV genetic resistance. This case demonstrates the need for alternative treatments to manage refractory CMV infections, especially in haploidentical HSCT cases where drug resistance is frequent (~15%). Furthermore, this case highlights the importance of using highly sensitive genetic tools to detect mutations associated with virus resistance in a broader range of the viral genome.
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Introduction

Human herpesvirus 5 or human cytomegalovirus (CMV) is a member of the Herpesviridae family (1). CMV seroprevalence in Latin America (60%–90%) is significantly higher than in Europe or North America (2). The infection among immunocompetent individuals is usually asymptomatic, but among transplanted individuals, CMV can cause fatal diseases such as pneumonia, enteritis, cystitis, and encephalitis (3). Additionally, infection can cause graft failure due to the inhibition of the myelopoiesis (4).

Post-transplant CMV infection monitoring relies on weekly qPCR-based detection and quantification of blood viral load (5). This approach enables preemptive antiviral therapy to prevent end-stage organ disease (5). Approved antiviral agents for CMV infections include ganciclovir, valganciclovir, foscarnet, cidofovir, letermovir, and maribavir (6, 7).

One main challenge in managing CMV infection in transplant recipients is refractory infections, which may be related to genetic or non-genetic mechanisms (8). The significant incidence of resistant CMV, especially among haploidentical HSCT recipients (~15%) (9), makes the need for quick and accurate detection of resistant cases evident. Typically, the choice of therapeutic approaches is adjusted according to the specific resistance profile of the virus with the aim of achieving early remission of the infection. CMV drug resistance is evaluated by conventional PCR and sequencing of the UL-54 (phosphotransferase) and UL-97 (DNA polymerase) genes (10).

We report here the case of a high-risk pediatric patient with acute myeloid leukemia who developed a refractory CMV infection. Despite treatment with ganciclovir, valganciclovir, foscarnet, and cidofovir, the infection persisted. This is the first case reported in Peru and Latin America of refractory CMV infection in a pediatric HSCT recipient without evidence of clinical symptoms or genetic resistance.

This case highlights the need for highly sensitive genetic tests to characterize mutations associated with CMV resistance to drugs and for alternative treatments to manage refractory CMV infections in order to extend the survival chances of individuals undergoing HSCT.



Case report

We present the case of an 8 years-old male patient who underwent haploidentical hematopoietic stem cell transplantation (HSCT) for acute myeloid leukemia. The procedure was carried out on November 18th, 2019, at the Instituto Nacional de Salud del Niño San Borja in Lima, Peru. The patient received an allograft from his mother with a 3/6 HLA match after depleting CD19+ and TCRαβ+ cells.

The patient received chemotherapy according to the ALL-BFM 2009 protocol and achieved complete remission after four blocks of consolidation (11). The conditioning regimen involved the administration of fludarabine, antithymocyte globulin, cyclophosphamide, and total body irradiation. No prophylaxis for graft-versus-host disease (GvHD) was provided before transplantation. The histocompatibility study showed haploidentical compatibility with his mother at the HLA-B and HLA-DQ loci, resulting in the selection of the mother as the transplant donor.

The patient had no active CMV infection prior to transplantation. However, both the recipient and donor tested positive for anti-CMV IgG. Anti-CMV prophylaxis was started 16 days prior to transplantation, with the initial administration of ganciclovir at a dose of 5 mg/kg/12 h for 6 days, suspension of treatment for 7 days, and restart of ganciclovir treatment at a dose of 5 mg/kg/12 h for 3 days.

No immunosuppressive therapy was administered following transplantation. At day +14, immune reconstitution was assessed by absolute neutrophil count, which was greater than 0.5 × 109 cells/L (neutrophil count = 0.6 × 109 cells/L). Recovery of CD8+, CD19+, and NK cells was faster than CD4+ cells. CD4+ recovery occurred at 6 months post-HSCT, while CD8+, CD19+, and NK recovery occurred during the first trimester (Table 1). At day +35, the patient presented complete chimerism with >95% donor cells for all three cell lineages (T, B, and myeloid cells), confirming engraftment without GvHD.



TABLE 1 Immune recovery after HSCT.
[image: Table1]

The viral load of CMV was quantified by real-time PCR (targeting the 4 IE antigen gene) in peripheral blood (PB) samples. Reactivation of CMV infection was observed on day +32, with the presence of 688 DNA copies/mL. The kinetics of the viral load showed a pattern consistent with a CMV infection refractory to the administered drugs, observing an increase in viral load, accompanied by a fall and a new increase, throughout the post-HSCT period (see Figure 1).

[image: Figure 1]

FIGURE 1
 Timeline representing CMV viral loads and antiviral treatments of the case. The dashed red horizontal line represents the limit of detection of the qPCR assay. The red arrows indicate the time points of genotypic resistance analysis. GCV, ganciclovir; FOS, foscarnet; CFV, cidofovir; VGCV, valganciclovir.


Because of infection reactivation, preemptive treatment was started with intravenous ganciclovir (5 mg/kg/12 h) for 7 days, followed by foscarnet (180 mg/kg/day) for 10 days, ganciclovir (5 mg/kg/12 h) for 46 days, foscarnet (180 mg/kg/day) for 15 days, and cidofovir (5 mg/kg/week) for 4 weeks. The highest viral load (2.5 × 105 copies/mL) was recorded on day +67 during the application of the antiviral treatment and gradually decreased until it reached 223 copies/mL on day +123. An invasive pulmonary infection with small pseudo-nodules in the right lung was also recorded. No causative agents were identified, and the infection was managed with amphotericin B and voriconazole.

On day +127, an increase in viral load from 223 copies/mL to 1,452 copies/mL was observed, restarting treatment with foscarnet (180 mg/kg/day) for 18 days, cidofovir (5 mg/kg/week) for 2 weeks, ganciclovir (5 mg/kg/12 h) for 3 days and foscarnet (180 mg/kg/day) for 80 more days, until day +273. On the fourteenth day after the administration of foscarnet (day +207), the viral load fell below the detection limit (equivalent to 120 copies/mL). However, 4 days later (day +211), an increase in the viral load to 649 copies/ml was observed during the application of foscarnet. The viral load then became negative at day +221, remaining undetectable until day +232. Three days later, virus reactivation was observed with a viral load of 135 copies/mL (day +235), which increased to 549 copies/mL, then decreased to 292 copies/mL, 135 copies/mL, and finally became negative on day +249. The last reactivation was observed on day +256, with a viral load of 149 copies/mL. On day +275, the patient started treatment with oral valganciclovir (15–18 mg/kg/day) for 9 days. After the last reactivation, the viral load became undetectable on day +276, coinciding with the administration of valganciclovir.

Due to our suspicion of a refractory CMV infection, PB samples were analyzed by Sanger sequencing to identify mutations, deletions, insertions, or substitutions in the UL-54 and UL-97 genes known to confer genetic resistance to drugs. Nevertheless, genotypic analyses performed on days +39, +67, and +99 failed to detect modifications compatible with genetic drug resistance.

During the post-HSCT period, the patient showed coinfection with adenovirus and BK polyomavirus, detected by quantitative PCR in plasma and serum. These infections were detected on days +11 and +18 and successfully cleared at days +148 and +188, respectively.

On day +245 of HSCT, the patient was diagnosed with disease relapse by flow cytometry and PCR of bone marrow samples (7.49% of pathological myeloid blasts and 11.14% of AML1-ETO+ cells). The biopsy of the pterygoid mass confirmed infiltration of blasts in the right sphenoid maxillary sinus, which extended from the right pterygoid to invade the intracranial extra-axial space at the level of the temporal fossa and right choana. Intravenous cytarabine (30 mg every 24 h) was started for 8 days, and intrathecal cytarabine (30 mg every 24 h) for 3 days, with no effect on disease remission. Chimerism tests revealed mixed chimerism greater than 94%, with donor T, B, and myeloid cell populations greater than 95%, 94%, and 95%, respectively. The patient presented volume growth of the right side of the face, palpebral ptosis, and visual loss of the right eye due to infiltration of blasts. On day +276, the patient was discharged with parental consent and received palliative therapy for pain management with morphine administration.

On day +290, the patient was admitted to the emergency department due to hematemesis followed by fainting. Laboratory tests revealed severe anemia, acute kidney disease due to tumor lysis, leukocytosis with blastemia, and thrombocytopenia. The patient was discharged 2 days later with a poor short-term prognosis. On day +308, the patient was readmitted to the emergency department due to hematemesis. On physical examination, he presented poor general condition, with paleness, tachycardia, hypotension, fever, sunken eyes, multiple ecchymoses, increased volume of the left arm, and chronic malnutrition. Laboratory studies revealed leukocytosis due to the presence of blasts, thrombocytopenia, anemia, high levels of C-reactive protein (354.6 mg/L), urea (80.2 mg/dL), urea nitrogen (37.45 mg/dL), and procalcitonin (86.17 ng/mL). One day after readmission, the patient died of hypovolemic shock due to intestinal bleeding.



Discussion

This is the first case reported in Peru and Latin America describing persistent CMV infection in a pediatric haploidentical HSCT recipient. CMV infection significantly increases morbidity in transplant patients and represents a major risk factor for survival (12). The incidence of CMV infection in individuals undergoing haploidentical HSCT is significantly higher than in those with matched sibling donors (MSD) or matched unrelated donors (MUD) (85.7%, 39.0%, 55.6%, respectively; p < 0.001) (13). Among haploidentical HSCT patients, CMV reactivation occurs in 55% of cases, leading to CMV disease in 5% (14). Receiving a haploidentical HSCT is considered a risk factor for CMV infection development (OR = 4.24, p = 0.007) (15).

Refractory infections in HSCT recipients are usually common (12%) (12). Refractory CMV infection is characterized by a viremia increase of more than 1-log10 after at least 2 weeks of antiviral treatment (8). It is important to note that some drugs used to treat the CMV infection in the present case could not be administered on time due to shortage at the institution.

The presence of refractory infection constitutes a significant risk for the survival of infected patients (3 years event-free survival: 53% in cases of resistant CMV vs. 87% in cases of susceptible CMV; p < 0.001) (12). In the present case, a persistent viral load was observed during the 9 months post-HSCT, with an increase of 2.5-log10 compared to the initial viral load of 688 copies/mL. The highest viral load was 2.5 × 105 copies/mL on day +67. These findings confirmed the presence of a refractory CMV infection, which is characterized by fluctuating viral loads.

Initial treatment for CMV infection among HSCT recipients consists of ganciclovir or valganciclovir for at least 2 weeks (3). In case of adverse events (neutropenia or thrombocytopenia) or intolerance, using foscarnet for 2–3 weeks or cidofovir for 2 weeks is recommended (3). Foscarnet administration as a first-line treatment has been suggested for adult patients presenting bone marrow function (16). In cases of mutations conferring high resistance to foscarnet and cidofovir, such as the C592G mutation in the UL97 gene, a switch to ganciclovir is recommended, expecting virus clearance within 14 days (16, 17).

In addition to conventional pharmacological approaches, CMV-specific T-cell therapy (CMV-TCT) has been suggested as a promising treatment option for CMV infections following HSCT. The therapy is suggested for cases of refractory CMV with progressive viral disease such as pneumonitis and colitis (18). Donor-derived CMV-TCT has been proven to be effective in treating CMV infections in pediatric patients undergoing HSCT, with an overall response rate of 89.5% (19). Combining CMV-TCT with foscarnet has demonstrated efficacy in resolving CMV-associated retinitis in a pediatric recipient of haploidentical TCRαβ+/CD19+ cell-depleted HSCT (20). Notably, this therapeutic strategy has not been reported for HSCT recipients in Peru. Challenges related to logistics and the cost of the T-cell separation process may pose significant obstacles to the future implementation of this therapy in developing countries.

Previous reports suggest combining viral load monitoring with genetic screening to detect mutations in the UL-97 and UL-54 genes for treatment adjustment based on the specific viral resistance profile (21). However, in the presented case, genetic resistance testing during the first 3 months post-HSCT did not reveal any known mutations associated with drug resistance. Contrarily, the highest viral load observed during the entire post-transplant period occurred at day +67 (2.5 × 105 copies/ml), approximately 2 months after the transplant.

Known drug resistance in CMV results primarily from mutations in the UL-97 and UL-54 genes. UL-97 mutations affect ganciclovir activation but do not impact susceptibility to foscarnet or cidofovir (22). UL-54 mutations confer resistance to all available drugs, and their combination with UL-97 mutations results in high-level resistance to multiple drugs (23). Additionally, in transplant recipients, rare mutations associated with letermovir resistance have also been reported in the UL-56 gene, which encodes a component of the viral terminase complex responsible for the cleavage and packaging of viral genome into nascent viral capsids (24–26). Among solid organ transplant recipients, mutations in the UL-97 and UL-54 genes account for 26% of drug resistance cases, whereas mutations in UL-56 account for only 3% of cases (27).

The case presented here is exceptional since there was no response to treatment with ganciclovir, foscarnet, and cidofovir despite the absence of mutations associated with CMV resistance. The last measurement of viral load before the patient’s discharge at day +276, suggested virus clearance by foscarnet, although no additional tests were performed to confirm a possible new reactivation. A similar case of an older adult with chronic myelomonocytic leukemia who underwent HSCT with an MUD donor was previously reported in 2022. The patient presented four episodes of CMV infection with no mutations on the UL-97 and UL-54 genes. Intriguingly, however, analysis of the UL-56 gene revealed an unknown mutation (R246C). This mutation was associated with a superior replicative capacity but did not necessarily lead to a reported increase drug resistance (27). The combination of enhanced replicative capacity and the absence of mutations in UL-97 and UL-54 genes may explain persistent viral loads in cases like the one presented here, suggesting the importance of including the analysis of the UL-56 gene in addition to UL-97 and UL-54 genes in similar cases.

On day +308, the patient died of gastrointestinal bleeding, possibly caused by CMV colitis, similar to a previous report (28). Since gastrointestinal biopsies were not performed, the diagnosis of a probable CMV infection of the gastrointestinal tract could not be verified. Upper and lower gastrointestinal tract infections are more frequent in transplant recipients with underlying hematological conditions than in transplant patients with solid tumors (p = 0.02) (29). Therefore, it is essential that healthcare institutions managing transplanted patients have access to tests permitting CMV detection and quantification in the gastrointestinal tract (30). In the case reported here, despite the availability of these laboratory tests, signs of gastrointestinal involvement in the patient did not manifest themselves in the final month before death. During this period, no further testing was performed to confirm probable CMV gastrointestinal disease, as the patient was in palliative care.

In transplant patients, the initial episode of DNAemia is usually asymptomatic (>80%). However, approximately 15% of these individuals have CMV disease when the first viremia is detected, which includes CMV syndrome, pneumonia, and gastrointestinal disease (31). Gastrointestinal bleeding in haploidentical HSCT recipients may occur from day +1 to +892 post-transplantation, with clinical presentations that include rectal bleeding (69%), hematemesis (20%) and melena (9%) (32). Timely treatment is crucial to increase the chances of survival in transplant patients, especially in HSCT patients, as mortality from CMV-induced gastrointestinal can be as high as 42% (29). Hence, monitoring the potential development of CMV disease in transplant patients with persistent viral loads is of critical importance.

Documented cases of HSCT recipients with refractory or resistant CMV infections are scarce worldwide and more typically involve adult solid organ transplants (26, 33–35). In Latin America, only one case of a heart transplant recipient with suspected genetic resistance has been reported, involving a 12 years-old pediatric patient initially treated with ganciclovir upon diagnosis of CMV-DNAemia. As viral loads persisted, foscarnet was administered, resulting in remission of the infection (36). Genetic resistance tests were not conducted, presumably due to the absence of this type of testing in the healthcare institution.

The case reported here highlights the importance of actively monitoring the development of CMV disease in patients with asymptomatic CMV DNAemia and considering alternative therapeutic options. It also highlights the need for more sensitive genetic tests, such as next-generation sequencing (NGS), since standard sequencing fails to detect relevant mutations in 9% of cases (37). The need for this approach is exemplified by the case of an 8 months-old who received an HSTC from an MSD. NSG detected the D588N mutation in the UL-54 gene, while standard sequencing failed to detect it. This mutation is clinically relevant due to its association with resistance to foscarnet, ganciclovir, and cidofovir (38).

In summary, this report described the case of a patient diagnosed with acute myeloid leukemia who underwent haploidentical HSCT and subsequently developed CMV infection refractory to first, second, and third-line treatment. The infection had an atypical asymptomatic presentation with no evidence of genetic resistance in the UL-97 and UL-54 genes. Although thrombocytopenia may have caused gastrointestinal bleeding, it cannot be ruled out that CMV colitis caused this episode.
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Univariate

Combined Z P OR (95%Cl)
genotype* [elo] (]

TTTGGA 1.00 (reference)
TTTGGC 0.847 0.397 1.242 (0.775-1.991)
TCTGGC 1.911 0.056 1.051 (1.013-1.091)
TCGGGC 2.967 0.003 0.480 (0.293-0.785)
CCTGGC —2.967 0.003 1.109 (1.053-1.169)
TTGGGC 2.408 0.016 0.948 (0.900-0.999)

*HPA combined genotype (HPA-1, to -5, and -15) frequency determined by the maximum
likelihood method. Combined genotypes were coded according to the allele (wild type or
mutant) at each locus. Bold indicates p < 0.05.





OPS/images/fmed-10-1180614/fmed-10-1180614-g003.gif
® mrotmrn

T2+ of MRI2 - T2° o MRI3

2" of MRI1 - T2° of MRI3

05

10|
g

154

5]
s

0

T e e 0

Meonof T2* etween MRIT ond MAI2

R

Mean of T2*between MR2 and MRI3

RO

Mean of T2* between MRI1 and MRI3





OPS/images/fmed-10-1321490/crossmark.jpg
(®) Check for updates






OPS/images/fmed-10-1180614/crossmark.jpg
(®) Check for updates





OPS/images/fmed-10-1180614/fmed-10-1180614-g001.gif
Averag Livor ron Concentration 5.9 mig ry tissuo. rmoman
106 mmovikg dry tissuo s






OPS/images/fmed-10-1180614/fmed-10-1180614-g006.gif
1-Specifcty

1 Specificity





OPS/images/fmed-10-1265568/fmed-10-1265568-t002.jpg
Allele/Genotype Thrombocytopenic Non- OR (95% CI)

SARS-CoV-2 positive thrombocytopenic
(n = 86) SARS-CoV-2 positive
(n = 136)
T allele 165 (95.9) 257 (94.5) 0.494 1
C allele 7 (4.1) 15 (5.5) 0.727 (0.290-1.821)
HPA-1 T/T 79 (91.9) 121 (89) 0.483 1
T/IC 7(8.1) 15 (11) 0.715 (0.279-1.831)
c/Ic 0 0
T allele 122 (70.9) 205 (75.4) 0301 1
C allele 50 (29.1) 67 (24.6) 1.254 (0.816-1.927)
HPA-2 T/T 44 (51.2) 75 (55.1) 0339 1
T/IC 34 (39.5) 55 (40.5) 1.054 (0.598-1.857)
c/Ic 8(9.3) 6(4.4) 2.273 (0.740-6.980)
T allele 118 (68.6) 212(77.9) 0.028 1
G allele 54 (31.4) 60 (22.1) 1.617 (1.051-2.488)
HPA-3 T/T 45 (52.3) 83 (61) 0.038 1
TIG 28 (32.5) 46 (33.8) 1.123 (0.620-2.033)
GIG 13 (15.2) 7(5.2) 3.425 (1.275-9.199)
G allele 172 (100) 272 (100) 1.000
A allele 0 0
HPA-4 GIG 136 (100) 136 (100) 1.000 -
GIA 0 0
A/A 0 0
G allele 172 (100) 272 (100) 1.000
A allele 0 0
HPA-5 GIG 136 (100) 136 (100) 1.000 -
GIA 0 0
A/A 0 0
HPA-15 A allele 73 (42.4) 137 (50.4) 0.103 1
C allele 99 (57.6) 135 (49.6) 1.376 (0.937-2.022)
A/A 11 (12.7) 32(23.6) 0.136 1
A/C 51 (59.3) 73 (53.6) 2.032 (0.938-4.402)
c/c 24(28) 31(22.8) 2.252 (0.946-5.365)

*Pearson’s ¥ 2 test. Number (percent of total). Bold indicates p < 0.05.
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Variable name Number Min. ~ (@IVET{] (] (@IVET(]] Median

(N) maximum (P259) (P75%) (M)
value
Test group To* (ms) 191 0.86-28.92 1.19 425 2)
LICE (mg/g dw) 191 0.60-43.00 57 29.5 14.9
Validation groupl Ta* (ms) 82 0.90-25.44 1.0875 4.4375 1.85
LICg (mg/g dw) 82 0.90-43.00 6.025 35.925 14.6
LICe-151 (mg/g dw) 82 0.72-42.52 6.08 33.755 17.6
Validation group2 Ty* (ms) 54 0.95-20.83 1.5075 5.155 2.625
LIC (mg/g dw) 54 1.10-43.00 5325 23.175 955
LICe 57 (mg/g dw) 54 0.92-39.81 52751 22.9435 12.1968
Validation group3 Ty* (ms) 64 0.90-28.92 1.4725 4.76 2.885
LICE (mg/g dw) 64 0.60-43.00 5.225 24.925 9.8
LIC_ 57 (mg/gdw) 64 0.62-42.52 52751 233285 102663
3T group (mild-to-moderate range) T,* (ms) 19 1.23-5.58 1.67 52 2.73
LICE (mg/g dw) 19 2.00-13.30 29 10.2 5.4
LIC,sr (mg/g dw) 19 2.59-14.58 281 10.28 5.86
3T group (moderate-to-severe range) Ty* (ms) 46 0.61-2.80 0.8 1.2075 0.94
LIC (mg/g dw) 46 5.40-43.00 14.375 3755 244
LIC,31 (mg/g dw) 46 5.70-32.47 14.8875 23.82 19.81
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Genotypes ThrombocytopenicSARS-CoV-2 positive Non-thrombocytopenicSARS-CoV-2 positive
p-value EN (O)\ p-value

T/T 79.1 79 1214 121

HPA-1 | T/C 6.7 7 0.793 142 15 0.925
| c/ic 0.1 0 0.4 0
T/T 433 44 77.3 75

HPA-2 T/C 355 34 0.582 50.5 55 0.929
| c/ic 7.3 8 83 6
T/T 405 45 82.6 83

HPA-3 T/G 37.0 28 0.981 46.8 46 0.076
| GIG 8.5 13 6.6 7
A/A 155 11 345 32

HPA-15 A/IC 420 51 0.691 68.0 73 0.140
c/ic 285 24 335 31

ON, observed number; EN, expected number.
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HPA-3: T/T vs. G/G

HPA-3: T/G vs. G/G 2.54 0.011 5.827 (1.504-
22.575)
Age at infection —0.35 0.720 0.982

(0.891-1.083)

Bold indicates p < 0.05.
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Combined genotype* Thrombocytopenic Non-thrombocytopenic

SARS-CoV-2 positive (%) SARS-CoV-2 positive (%)
TTTGGA 73 (42.2) 137 (50.4) 0.119
TTTGGC 45(26.2) 68 (25) 0.823
TCTGGC 0 7(2.6) 0.047
TCGGGC 50 (29.1) 45(16.5) 0.001
CCTGGC 0 15 (5.5) 0.001
TTGGGC 4(23) 0 0.029

*HPA combined genotype (HPA-1, to -5, and -15) frequency determined by the maximum likelihood method. Fisher’s exact test. Bold indicates p < 0.05.
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Variable

Thrombocytopenic

SARS-CoV-2 positive (n = 86)

Non-thrombocytopenic
SARS-CoV-2 positive (n = 136)

p-value

Age, years [median (IQR)] 38.5 (27-69) 41.1 (24-65) 0.207
Gender (M/F) 45/41 79/57 0.409
Body weight (kg)* 761+738 774+49 0.142
Body mass index (kg/m2)* 32.7+34 337+24 0.118
Aspartate transaminase, U/l (IQR) 41.3 (16-83) 43.5(21-89) 0.190
Alanine transaminase, U/L (IQR) 34.9 (7-129) 41.6 (11-165) 0.201
Platelet count, x 103/[LL* 110.4 4+ 48.8 262.2 £53.6 0.012
AST-to-platelet ratio index (IQR) 0.49 (0.20-1.14) 0.44 (0.14-1.11) 0.001
Albumin, g/d* 4.24+0.95 43+£0.93 0.846
SARS-CoV-2 RNA, UI/ml* 1238889.6 £ 1663703.3 1553931.2 £ 1979994.6 0.258
Fast blood sugar * 106.5+ 174 110.6 & 39.6 0.219
Cholesterol, mg/dl* 149.7 4+ 34.7 150.1 4 40.8 0.824
Triglyceride, mg/dl* 102 +31.6 103.2 433 0.826
Prothrombin time (s) (IQR) 12.1 (10-15) 12.2 (10-13) 0.967
Total bilirubin, mg/dl* 0.25 £ 0.16 0.28 £0.17 0.278
Creatinine, pmol/L 75.3 (62.4-89.8) 71.6 (60.5-86.7) 0.358
D-dimer, jLg/mL 0.7 (0.5-6.2) 0.3(0.1-1.4) 0.021
Death rate, n (%) 11(12.8) 7(5.2) 0.042
Lactate dehydrogenase 438.6 + 2314 394.6 +224.8 0.354
White blood cells (x10°/L) 78+19 81+24 0.598
Absolute lymphocyte count (x 10°/L) 1.8:£:2.7 2.1 1], 0.231
Platelet-to-lymphocyte ratio* 115:3:41251 231.7 £ 88.4 0.01

Time of hospitalization®, days 11.3+52 8.6+4.3 0.03

For quantitative variables, data are provided as the median (IQR) or, if marked with *, as the mean = standard deviation. SARS-CoV-2 RNA: severe acute respiratory syndrome coronavirus 2

ribonucleic acid; n, number; IQR, interquartile range. Bold indicates p < 0.05.
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No. 200 165 35

Age (years) 71(59-76) 70(57-75) 76 (73-79) <0001
Days of onset (days) 4(3-5) 1(3-5) 4(-5) 0332
Female (%) 106 (53) 89(53.9) 17 (48.6) 0563
Smoking (%) 3206 21145) 5(229) 0223
Alcohol (%) 3015 2033 8(229) 0152
Operation history (%) 33(165) 24(145) 9(25.7) 0.106
Epidemiology

Residence, rural/urban, n (%) 156/44 (78/22) 126/39 (76.4/23.6) 30/5 (85.7/14.3) (85.7/14.3) 0.225
Occupations, former/others n (%) 152/48 (76/24) 124/41 (75.2/24.8) 28/7 (80/20) 0542
History of tick bite, (%) 65 (32.5) 55(333) 10 (28.6) 0585
Underlying discases, 1 (%) 93 (165) 72(436) 21(60) 0078

Clinical symptoms, n (%)

Fever 195 (97.5) 160 (97.0) 35 (100) 0.297
Fatigue 132(66) 107 (648) 25(71.4) 0455
Anorexia 148 (74) 119(72.1) 29(82.9) 0.188
Nausea/vomiting 82(41) 65(39.4) 17 (48.6) 0316
Myalgia 100 (50) 83(50.3) 17 (48.6) 0.852
Diarthea 80 (40) 61(388) 16 (45.7) 0447
Dizzy 35(17.5) 29(17.6) 6(17.1) 0951
Headache 30(15) 23(139) 7(20) 0.362
Enlargement of lymph nodes 50(25) 3(26.1) 7(20) 0452
Bleeding manifestations. 38(19) 20021 18 (51.4) <0001

Disturbance of consciousness 49(24.5) 32(194) 17 (48.6) <0001
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No. 200 165 35
Leukocytes,x 10°/L 236 (1.68-3.24) 239 (1.84-3.00) 0953
Neutrophils, x 10"/L. 1.4 (1.00-2.04) 1.76 (1.18-1.98) 0177
Lymphocytes,x 10°/L 0.60 (0.44-0.83) 0.62 (0.45-0.86) 0.50 (039-0.64) 0016
Monocytes, x 10°/L. 0.15 (0.09-0.25) 0.16 (0.10-0.25) 0.12(0.08-0.26) 0417
Hemoglobin (g/L) 126.6717.92 126.90+17.89 125.5718.23 0.602
Platelets, x 10"/ 60.75£19.79 62.81£19.92 510321616 001
ALT (UIL) 540(333-99.8) 520 (325-96.5) 640 (40.0-116.0) 0242
AST (UIL) 1355 (74.3-280.8) 1220 (68.0-270.5) 208.0(143.0-512.0) <0.001
GGT (U/L) 240 (16.0-40.8) 230 (155-38.5) 320 (19.0-45.0) 0055
CK (UIL) 351 (147-844) 279 (142-644) 730 (226-1464) 0.002
CK-MB (U/L) 15.0 (6.4-30.0) 140 (5.0-25.1) 250 (150-51.8) <0.001
LDH (U/L) 485 (313-853) 469.0 (311.5-822.5) 581 (423-1223) 0.0396.
BUN (mmol/L) 70(51-96) 67 (5.0-9.0) 100 (7.5-14.5) <0.001
Creatinine (ymol/L) 770 (63.0-100.0) 740 (61.0-93.0) 1000 (88.0-131.0) <0.001
Uric acid (umol/L) 2755 (213.0-359.8) 269.0 (211.5-347.0) 347.0(251.0-477.0) 0.001
PT (second) 1835125 11745126 12245109 0.04
APTT (second) 45.36£9.40 44.06+8.87 51532949 <0.001
Fibrinogen (g/L) 259062 260063 2524058 0726
D-dimer 271(1.57-5.41) 238 (1.45-4.86) 485 (274-10.89) 0.001
Potassium (mmol/L) 3741051 3722052 383049 0.161
Sodium (mmol/L) 133.58+3.91 133.58+3.89 133.56£4.09 0776
Calcium (mmol/L) 198£0.13 198£0.13 195£0.14 0.124
Albumin (g/L) 34942428 35442420 3254389 <0.001
CRP (mg/L) 267 (067-7.42) 235 (050-5.32) 7.60 (3.26-9.56) <0.001
PCT (ng/mL) 0.23 (0.11-0.54) 0.20 (0.11-0.44) 0.6 (029-2.27) <0.001
Viral load (Ig copy/mL) 477 (383-591) 450 (3.63-5.57) 6.15(538-6.75) <0.001

AL, alanine transaminase; APTT activated partial thromboplastin time; AST, aspartate aminotransferase; CRP, C-reactive protein; CK, creatine kinase; CK-MB, creatine kinase-MB.
isoenzyme; GGT, gamma-glutamyl transferase; LDH, lactate dehydrogenase; BUN, blood urea nitrogen; PCT, procalcitonin; PT, prothrombin time.
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(A) Group with viral load

Variable Coefficient (B) OR (95% CI)

Age (years) 0.142 1152 (1,058-1.255) 0.001
Hemorrhagic manifestations (Yes vs. No) 2524 12,474 (3.894-39.955) <0.001
APPT (5) 0.152 1164 (1.088-1.246) <0.001
Viral load (Ig copy/mL) 0.778 2,178 (1.494-3.176) <0.001

(B) Group without viral load

Variable Coefficient (B) OR (95% ClI)

Age (years) 0.140 1150 (1.064-1.242) <0.001
Hemorrhagic manifestations (Yes vs. No) 2205 9.073 (3.259-25.260) <0.001
APPT (5) 0133 1142 (1.079-1.208) <0.001

APTT, activated partial thromboplastin time; OR, odds ratio; CI, confidence interval.
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\ELELIES Total (n =2,187) Outcome

Non-cytopenias Cytopenias (n =1,079)
(n=1,108)
CD3* T cell count (cell/ul) 493 (274,814) 550 (315,899) 456 (242,745) <0.001
CD4/CDS ratio 0.16 (0.06,0.36) 0.17(007,0.39) 0.15 (0.06,0.33) 0.004
CD4" T cell count (cell/ul) 63 (18,167) 76 (20214) 54(15,143) <0.001
CD45" T cell count (cell/ul) 743 (433,1,194) 843 (491,1,321) 681 (378,1,061) <0.001
CD8" T cell count (cell/ul) 374 (217,617) 402 (245,665) 352(191,578) <0001
(1-3)-p-D Glucan (pg/ml) 93(73,77.4) 9.2(72,58.0) 9.5 (7.4,105.4) 0.02
CEA (ng/mL) 39(17.26.3) 41(18.28.3) 38(17.25.1) 0.162
ALB (g/1) 31.0(265354) 326 (27.836.6) 30 (253341) <0.001
HCO3std (mmol/L) 25.1(22.5,27.1) 255(233,27.2) 248 (21.6269) <0.001
CHE (U/L) 4643.0 (3165.0,6358.0) 5194.1 (3718.8,6936.3) 42330 (2804.0,5786.5) <0.001
LDL-C (mmol/L) 22(1627) 241829 2001525 <0.001
AMY (U/L) 93.0(68.0,125.0) 91.9.(68.0,120.2) 940 (67.0,129.4) 0311
Ca (mmol/L) 21(19.22) 21(2022) 21(1822) <0.001
TG (mmol/L) 14(1.1,2) 15(11,21) 14(10,20) 0041
HDL-C (mmol/L) 08(06,1.1) 09(07,1.1) 08(05,1.1) <0.001
GGT (UIL) 73 (39,139) 69.0(38.8,127.0) 79.0 (40.0,150.0) 0032
ALT (UIL) 20(12,35) 215(13.0,37.0) 190 (11.0,34.0) 0.001
AST/ALT 15(1022) 14(09,20) 16(1.1,23) <0.001
AST (UIL) 28 (20,44) 27(20,41) 29 (19,46) 0.306
Cys-C (mg/L) 119(1.00,1.53) 114 0.98,1.41) 124 (1.03,1.65) <0.001
CREA (umol/L) 69 (56,88) 69.(56,85) 70(55,92) 0173
Cer (ml/min) 632 (48.276) 66.2(52.677.7) 605 (44.4,74.1) <0.001
CK (UIL) 5.0 (34.095.5) 57.0(36.099.0) 530 (33.0920) 0.04
K (mmol/L) 37(34.10) 37(3340) 37(334.1) 0928
IBIL (umol/L) 36(2456) 36(2456) 35(245.6) 0967
ALP (UIL) 99(70,143) 92.0(68.0,134.0) 1050 (73.0,151.5) <0.001
Cl (mmol/L) 1029 (100.0,105.8) 1020 (99.0,105.0) 1029 (100.0,106.8) <0.001
Mg (mmol/L) 0.8(07,08) 0.77(070,0.84) 0.75 (0.67,0.82) <0.001
Na (mmol/L) 136 (133,139) 136 (133,139) 136 (133,139) 0545
UREA (mmol/L) 41(059) 40(29,54) 43(3.063) 0.001
UA (umol/L) 299 (217,416) 303 (227.430) 295 (211,409) 0011
Glu (mmol/L) 658(558.5) 69(5688) 67(558.4) 0.008
PA (mg/L) 151 (91,218) 170 (109,237) 137 (78,205) <0.001
GLOB (g/L) 374 (314,43.6) 36.9(31.4,426) 378 (31.6,44.4) 0031
LDH (U/L) 227 (179,307) 224(179,296) 230 (179.315) 0.238
ADA (UIL) 226(15.1,31.5) 223(15530.0) 228 (14.4,329) 0359
DBIL (umol/L) 28(17,56) 26(164.8) 30(1765) 0.001
CHOL (mmol/L) 3.6(29.4.4) 39(314.6) 342740 <0.001
TBIL (umol/L) 66(44,11.1) 65 (44,103) 67 (45,12.0) 0031
TBA (umol/L) 76 (38,15) 658(35,13.2) 83 (4.1,17.0) <0.001

TP (g/L) 692 (61.6.75.6) 70.1(62.9,76.0) 68.5(60.6,75.4) 0.001
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AELELIES Total (n =2,187) utcome Statistic

Non-cytopenias Cytopenias
(n =986) (n=1,201)
Age, years 56 (45.66) 56 (45,66) 55(44,66) -1.023 0.306
Days in hospital, days 21(12,33) 22(13,32) 21(12,33) -0.102 0919
Sex 8718 0.003
Female 501 (22.9%) 197 (39.3%) 304 (60.7%)
Male 1,686 (77.1%) 789 (46.8%) 897 (53.2%)
Ethnicity 8586 0.014
Han 986 (45.0%) 415 (42.1%) 571(57.9%)
Zhuang 1,049 (48.0%) 507 (48.3%) 542 (51.7%)
Other (minority) 152 (7.0%) 64 (42.1%) 88 (57.9%)
Marital Status 7.289 0.026
Unmarried 485 (22.2%) 204 (42.1%) 281 (57.9%)
Married 1,296 (59.3%) 615 (47.5%) 681 (52.5%)
Divorce and
hiouhood 406 (18.6%) 167 (41.1%) 239 (58.9%)
Residence 6803 0.009
Urban 514 (23.5%) 206 (40.1%) 308 (59.9%)
Rural 1,673 (76.5%) 780 (46.6%) 893 (53.4%)

Numbers in bold represent significant groups (p < 0.05).
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Variables Total (n =2,187) Outcome Statistic

Non-cytopenias Cytopenias
(n =986) (n=1,201)

Pneumonia 0797 0372
No 1,157 (52.9%) 532 (46.0%) 625 (54.0%)
Yes 1,030 (47.1%) 454 (44.1%) 576 (55.9%)

Tuberculosis 0519 0471
No 1,157 (52.9%) 530 (45.8%) 627 (54.2%)
Yes 1,030 (47.1%) 456 (44.3%) 574(55.7%)

Preumocystis 1.266 0.260
No 1,653 (75.6%) 734 (44.4%) 919 (55.6%)
Yes 534 (244%) 252 (47.2%) 282 (52.8%)

9435 0002

No 944 (43.2%) 461 (48.8%) 483 (51.2%)
Yes 1,243 (56.8%) 525 (42.2%) 718 (57.8%)

Cryptococcus 12046 0001
No 2093 (95.7%) 960 (45.9%) 1,133 (54.1%)
Yes 94 (4.3%) 26 (27.7%) 68 (72.3%)

Herpesvirus 2055 0.152
No 1972 (90.2%) 899 (45.6%) 1,073 (54.4%)
Yes. 215 (9.8%) 87 (40.5%) 128 (59.5%)

Cytomegalovirus 10781 0.001
No 2020 (92.4%) 931 (46.1%) 1,089 (53.9%)
Yes. 167 (7.6%) 55 (32.9%) 112(67.1%)

Electrolyte disturbances 50684 <0.001
No 1937 (85.6%) 926 (47.8%) 1,011 (52.2%)
Yes. 250 (11.4%) 60 (24.0%) 190 (76.0%)

Hypoproteinemia 250351 <0.001
No 1,138 (52.0%) 697 (61.2%) 441 (38.8%)
Yes. 1,049 (48.0%) 289 (27.6%) 760 (72.4%)

Hepatitis B/Hepatitis C 6564 001
No 1903 (87.2%) 878 (46.1%) 1,025 (53.9%)
Yes. 284 (12.8%) 108 (38.0%) 176 (62.0%)

Hypertension 0272 0602
No 2036 (93.1%) 921 (45.2%) 1115 (54.8%)
Yes 151 (6.9%) 65 (43.0%) 86 (57.0%)

Diabetic M 0792 0373
No 2073 (94.8%) 930 (44.9%) 1,143 (55.1%)
Yes 114 (5.2%) 56 (49.1%) 58 (50.9%)

Cancer 214099 <0.001
No 1954 (89.3%) 986 (50.5%) 968 (49.5%)

Yes 233 (10.7%) 0(0.0%) 233 (100.0%)
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ect adm Before discharge Reference range
White blood cell 2.39 x 10°/L. 331 x 10°/L 4~10 x 109/L
Neutrophil percentage 87.60% 48.90% 50~70%
Lymphocyte 0.18 x 10°/L. 1.19 x 10°/L 1~4 x 109/L.
Monocyte 0.11 x 10°/L. 0.4 x 10°/L 0.26~0.8 x 10°/L
Red blood cell 1.91 x 10"/L 2.60 x 10°/L 4~5.5 x 10°/L.
Hemoglobin 58 g/L 79g/L 120~160 g/L
Hematocrit 0.184 0248 0.41~0.49
Platelet 37 x 10°/L 84 x 10°/L 90~300 x 10°/L
ALT 112U/L 30 UL 5~40 U/L
AST 126 U/L 32UL 5~40 U/L
Total bilirubin 9.5 umol/L 20 umol/L 2~20 umol/L
Total protein 52.98 g/L 61.50 g/L 60~82 g/L
Albumin 27.39g/L 3551 g/L 33~48 g/L
Globulin 2559 g/L 2599 g/L 18~35g/L
Lactic dehydrogenase 332U/L 155 U/L 109~240 U/L
Procalcitonin 58.05 ng/ml 0.36 ng/ml 0~0.5 ng/ml
C-reactive protein 122.81 mg/L 627 mg/L 0~8 mg/L
Triglyceride 2.05 mmol/L 1.83 mmol/L. 0.45~1.7 mmol/L
Prothrombin time 1225 13.0s 9.4~125s
D-dimer levels 5.613 ug/ml 1.824 ug/ml 0~0.243 ug/ml
FDP 30.896 ug/ml 14.542 ug/ml 0~2.01 ug/ml
Fibrinogen 3.17g/L 252g/L 238~4.98 g/L.
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Characteristic Modeling group Validation group (n=114) Zly
(n=435)

Gender, 1 (%) Male 261 (60.00%) 64 (56.14%) 056 046

Female 174 (40.00%) 50 (43.86%)
Gestational age (weeks), Median (IQR) 29(27,32) 29(27,33) 125 021
Birth weight (g), Median (IQR) 1,230 (980, 1,640) 1,280 (94375, 2351 25) -029 077
With infectious diseasesat  Yes 100 (22.99%) 33 (28.95%) 175 019
admission, (%) No 335 (77.01%) 81(71.05%)
Age of admission (days) Median (IQR) 201, 13) 3(1, 17.25) 101 031
Nosocomial infection with | Yes 89(20.46%) 17 (1491%) 178 018
MDRO, 7 (%) No 346 (79.54%) 97 (85.09%)

IQR, interquartile range, MDRO: multi-drug resistant organism.
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Variable MDRO infection

group (n =89)

non-MDRO infection
group (n =346)

Premature’, 1 (%) 85 (95.51%)
Low birth weight', n (%) 85(95.51%)
With infectious diseases at admission, 7 (%) 25(28.09%)
Maternal age > 35 years', n (%) 40 (44.94%)
Breastfeeding, n (%) 63 (70.79%)
Invasive mechanical ventilation, 1 (%) 65 (73.03%)
Blood transfusion, 1 (%) 78 (87.64%)
Use of vascular catheter for 27 days', n (%) 50 (56.18%)
Blood collection >10 times", 1 (%) 49.(55.06%)
Use of antibiotics >7days', n (%) 72 (80.90%)
Combination of antibiotics, (%) 56 (62.92%)
MDRO colonization, (%) 49 (55.06%)
Length of stay >10days?, 1 (%) 81(91.01%)

MDRO, multi-drug resistant organism.
‘Preterm infants were defined as those born at a gestational age of < 37 weeks (<259 days).
“Low birth weight infants were defined as those whose birth weight was <2,500g.

284(32.08%)
284(82.08%)
75 (21.68%)
54(15.61%)
230(66.47%)
227 (65.61%)
246 (71.10%)
179 (51.73%)
134 (38.73%)
169 (48.84%)
179 (51.73%)
138 (39.88%)

257 (74.28%)

‘Advanced maternal age is generally considered as maternal age > 35 years, 50 the cut-off value was determined by this.

*The cut-off values were determined according to the relevant research results.
“¢The cut-off values were determined according to the ROC curves.
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AThe calibration curve of modeling group

B The ROC curve of modeling group

C The calibration curve of internal validation

E The ROC curve of validation group
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HJHS, Haemophilia Joint Health Score; US, ultrasound.
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HJHS, Haemophilia Joint Health Score, range 0-20; US, ultrasound, range 0-18.
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