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Introduction: Approximately 7% of the worldwide population exhibits variations in the globin genes. The recent migration of populations from countries where hemoglobin disorders are endemic has resulted in important epidemiological changes with the diffusion of newly discovered or poorly characterized genetic variants and new combinations and very heterogeneous clinical phenotypes. The aim of our study is to assess the parameters that are more significant in predicting a positive genetic testing outcome for hemoglobinopathies in a pediatric population of patients presenting with anemia or microcythemia, without a definite diagnosis.



Methods and materials: This study included patients evaluated in our hematological outpatient clinic for anemia and/or microcythemia despite normal ferritin levels. A screening of pathological hemoglobins using high-performance liquid chromatography (HPLC) was performed for the entire population of the study. Subsequently, patients with hemoglobin (Hb) S trait and patients with an HPLC profile compatible with beta thalassemia trait were excluded from the study. Genetic screening tests for hemoglobinopathies were performed on the remaining patients, which involved measuring the red blood cell (RBC) counts, red blood cells distribution width (RDW), reticulocyte count, and mean corpuscular volume of reticulocytes (MCVr).



Results: This study evaluated a total of 65 patients, consisting of nine patients with negative genetic analysis results and 56 patients with positive genetic analysis results. The Hb and RDW values in these two groups did not demonstrate statistical significance. On the other hand, there were statistically significant differences observed in the mean corpuscular volume (MCV), RBC count, reticulocyte count, and MCVr between the two groups. Furthermore, in the group of patients with positive genetic test results, specific genetic findings associated with different HPLC results were observed. In particular, 13 patients with positive genetic test results had normal HPLC findings.



Discussion: This study has demonstrated that HPLC, while serving as a valuable first-level test, has some limitations. Specifically, it has been observed that some patients may exhibit a negative HPLC result despite a positive genetic analysis. In addition to the presence of low levels of Hb and HPLC alterations, other parameters could potentially indicate the underlying mutations in the globin genes. Therefore, we propose that the complete blood cell count be utilized as a widely available parameter for conducting targeted genetic analyses to avoid the risk of overlooking rare hemoglobinopathies.
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1. Introduction

Hemoglobinopathies, thalassemias, and hemoglobin variants, characterized by the abnormal structure of one or more globin chains, are the most common monogenic diseases (1).

Due to migratory flows in countries where thalassemia is endemic, there have been important epidemiological changes. In Italy, the genetic landscape of affected and carrier of hemoglobinopathies is in continuous evolution with the diffusion of many other hemoglobinopathies in addition to the beta thalassemia (2).

Hemoglobinopathies are very complex conditions for the genotypic aspect. In fact, more than 1,000 mutations responsible for abnormal hemoglobins have been described in the literature (3, 4), as well as for the phenotypic profile, considering that they are usually characterized by anemia of varying degrees, ranging from mild/moderate to a transfusion-dependent condition (5). The complete blood count, with particular attention to hemoglobin (Hb) levels, and the pathological hemoglobin screening [hemoglobin electrophoresis or high-performance liquid chromatography (HPLC)] represent the first approach to the study of these conditions (6).

HPLC is capable of detecting hemoglobin HbA, HbA2, HbF, and Hb variants in a single analysis. The results, when interpreted on the basis of the reference values, can identify individuals who carry or are affected by hemoglobinopathies. For example, HPLC is highly useful in identifying carriers of beta thalassemia due to the significant increase of HbA2 increase, which compensates for the poor synthesis of beta chains and is one of the most important markers of beta thalassemia carrier status (7). However, HPLC presents limitations to detect other thalassemic traits, such as alpha and delta thalassemia. In addition, HPLC has the capability to recognize the majority of the Hb variants, such as HbS, HbC, and Hb O’Arab and HbE in homozygosis. Overall, HPLC has the capacity to identify approximately 70% of the prevalent variants (8), but the screening shows limitations, resulting in the potential oversight of certain pathological hemoglobin variants.

Currently, the Hb level and HPLC alterations are suggestive of an underlying mutation in the globin genes, hence requiring further testing to assess the genetic etiology. However, some parameters of the complete blood count could also be useful in identifying these conditions.

The primary objective of this study is to determine whether specific Complete Blood Cell count parameters could be used to predict a positive genetic testing for hemoglobinopathies in a pediatric population presenting with anemia or microcythemia, without a definite diagnosis. By exploring the correlation between these hematological parameters and the presence of genetically determined hemoglobinopathies, this research aims to enhance the diagnostic accuracy and early detection of these conditions, thereby facilitating more effective clinical management.



2. Methods and materials


2.1. Population study

A retrospective and monocentric study was conducted on a pediatric population aged between 1 and 18 years. The time period under consideration was from 1 January 2020 to 31 May 2022. The data were obtained from the electronic medical records of the patients.

The patients included in this study were evaluated at our hematological outpatient clinic at the Bambino Gesù Children's Hospital for the presence of anemia and/or microcythemia, despite having normal ferritin levels (defined as below the age/specific limit of 2 standard deviations).

Other blood count indices were also considered in the initial assessment such as red blood cells (RBC) count, red blood cells distribution width (RDW), reticulocyte count, and mean corpuscular volume of reticulocytes (MCVr). For normal values, we considered the age/specific limit of 2 standard deviations.

ADVIA 2120i Hematology System was used for complete blood cell analysis.

Other information such as date of birth, age, sex, genotype, clinical and laboratory characteristics, and possible treatment were extracted from the electronical medical records.

The entire study population had a first-level diagnostic test in which HPLC was utilized to screen for pathological hemoglobins.

Subsequently, patients with HbS trait and patients with an isolated increase of HbA2 (HbA2 > 3.3%) suggestive for beta thalassemia trait were excluded from the study.

In order to assess the remaining patients who had normal or different anomalies in their HPLC results, a genetic test was conducted to screen for hemoglobinopathies. Prior to conducting the test, informed consent was obtained from the legal guardians of the patients.

The management flowchart is shown in Figure 1.
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FIGURE 1
Management flowchart.




2.2. High-pressure liquid chromatography

The separation and quantification of the hemoglobin fractions was performed using The VARIANT II (Bio-Rad), an HPLC instrument with ion exchange.

Our instrument is completely automatized working on a primary tube, able to obtain quantification and separation of the hemoglobin fractions in a few minutes from a single EDTA blood sample. The instrument has the ability of quantifying and recognizing the principal hemoglobin fractions (HbA, HBF, HbA2) and the hemoglobin variants (HbS, HbC, HbD) and to report abnormal peaks that can be identified as unknown and rare variants of the beta, alpha, and delta chain. HbE and Hb Lepore components are not separated and quantified since they elute with the HbA2 component.

HbF findings were considered normal for values between 0.1% and 1.2%. HbA2 findings were considered normal for values between 2% and 3.3%.

The HPLC result was evaluated as negative if HbF and HbA2 values were normal in the absence of hemoglobin variants.



2.3. Genetic analysis

Genomic DNA was extracted from peripheral blood leucocytes using an automatic nucleic acid extractor, QIASYMPHONY (QIAGEN). Molecular characterization of the globin gene mutations (alpha, beta, delta, gamma) was achieved by a polymerase chain reaction (PCR), followed by a direct DNA sequencing of the PCR products. Sequencing of the globin genes was performed by Sanger sequencing (BigDye Terminator Cycle Sequencing Ready Reaction Kit v.1.1) on the ABI Prism 3130 XL Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).

A multiplex ligation–dependent probe amplification (MLPA) assay was employed using the SALSA MLPA Probemix P140-C1HBA (MRC-Holland, Amsterdam, Netherlands) and the SALSA MLPA Probemix P102-D1 HBB to detect deletions/duplications within the alpha gene and beta gene clusters, respectively.

We considered “positive genetic tests” the ones that diagnosed mutations in the globin genes.



2.4. Statistical analysis

A statistical analysis was performed to compare and correlate the data. Student’s t-test (two-sided) was used to compare two different groups for parametric distribution or Mann–Whitney test for non-parametric distribution. Chi-squared test or Fisher's exact test (when appropriate) was performed to compare proportions or categorical outcomes. Data considered with statistical significance were those with a p-value of less than 0.05. The statistical analysis was conducted using the GraphPad Prism software, version 5 for Macintosh (GraphPad Software, Inc.).




3. Results


3.1. Population study

In our center, a total of 68 patients presenting with anemia and/or microcythemia, despite having normal ferritin levels, were assessed between the period of 1 January 2020 and 31 June 2022. These patients exhibited normal or different anomalies in their HPLC results, which differed from the anomalies previously mentioned in the Methods and materials section. These patients underwent genetic testing.

Among those included in the study, nine patients exhibited a negative genetic analysis result, while 56 patients displayed a positive result. In the following sections, we summarized the clinical and laboratory findings of the different subpopulations.



3.2. Patients with a negative genetic testing

The genetic testing conducted on the nine patients (seven males and two females, aged 1–14 years old, median: 2 years old) did not reveal any alterations.

In this population, the median Hb level was found to be 9.3 g/dl (range 9–11.2 g/dl) at onset, while the median MCV value was 74.2 fl (range: 67–90 fl).

RBC count was on a median of 3,810,000/µl (range 36,100,000–5,030,000/µl), and the RDW median value was 17.2% (range: 14.7%–25.3%). The median reticulocyte count as absolute number was 61,000/µl (range: 10,500–135,000/µl), and the MCVr had a median value of 92.3 fl (88–109 fl).

Ferritin levels were normal in all patients as required by the inclusion criteria.

All patients underwent HPLC testing before the genetic assessment with the following results:


	-HbF median value: 1.2% (range 0.2%–4.3%).

	-HbA2 median value: 2.2% (range 1.1%–3.2%).



An isolated increase of HbF levels was detected in four patients, while the remaining five patients exhibited normal results.



3.3. Patients with a positive genetic testing

A total of 56 pediatric patients (33 males and 23 females) aged between 1 and 18 years (median age: 2 years) underwent genetic assessment that revealed anomalies in the globin genes.

In this population, the median Hb level was found to be 10.2 g/dl (range 7.6–14.4 g/dl) at onset, while the average MCV value was 63.5 fl (range: 45.2–91 fl). The median RBC count was 5,310,000 (range 2,860,000–6,520,000). The RDW median value was 17.5% (range 13%–26%). The reticulocyte count was on a median value of 98,000 (44,000–4,141,000/µl) while MCVr mean value was 84.8 (range 65–101 fl).

All patients underwent HPLC testing before the genetic assessment with the following results:


	-HbF mean value: 3.2% (range 0.2%–83%).

	-HbA2 mean value: 2.7% (range 0.1%–27%).



To better characterize the clinical and laboratory characteristics of this population, we further categorized it into four distinct groups based on their HPLC results (Figure 1). The four groups were as follows:


	-Increase of HbF levels (19 patients, 33.9% of the total population, median age: 1 year, range: 1–12 years).

	-Increase of HbF and HbA2 levels (18 patients, 32.1% of total population, median age: 4.5 years, range: 1–18 years).

	-Presence of Hb variant, HbS excluded (six patients, 10.7% of the total population, median age: 5 years, range: 1–14 years).

	-Normal HPLC test result (13 patients, 23.3% of the total population, median age: 4 years, range: 1–10 years).



The reticulocyte and MCVr values at onset were not available for nine patients, while the RBC count at onset was not available for three patients.



3.4. Statistical analysis

We then proceeded to compare the group of patients with a positive genetic testing and the group without alterations to investigate whether there are specific laboratory parameters that could predict a positive genetic outcome.

The Hb value did not demonstrate statistical significant with a p-value of 0.14. Similarly, the RDW value also lacked statistical significance with a p-value of 0.95. On the other hand, all the other parameters (MCV, RBC count, reticulocyte count in absolute number, MCVr) exhibited statistically significant differences between the two groups (see Table 1 for details).


TABLE 1 Comparison between patients with positive genetic tests (Genetic+) and patients with negative genetic tests (Genetic−).
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Majority of the identified genotypes have only been anecdotally reported in the general population. Therefore, the general incidence in the Italian population cannot be retrieved and hence remains unreported in this context.




4. Discussion

In this study, we wanted to assess what parameters are more significant in predicting a positive genetic test for hemoglobinopathies in a pediatric population of patients with anemia.

Disorders of hemoglobin, due to genetic alterations in one or more of the globin genes, are the most common monogenic disorders worldwide. In fact, approximately 7% of the world population is heterozygous for one of these genes (1, 9). The diffusion of hemoglobinopathies worldwide is a constantly changing phenomenon, and the actual indications are set on an outdated historical context, in which the prevalence of globin variants was low and limited to some geographical areas. The recent migratory process of populations from countries where hemoglobin disorders are endemic has led to important epidemiological changes. Furthermore, we are witnessing an increased diffusion of new or little-known genetic variants and especially new combinations, which can be associated with very heterogeneous clinical phenotypes (2, 10).

To study the efficacy of genetics in diagnosing hemoglobinopathies, we selected a group of patients with anemia, or microcytic anemia, without a diagnosis. We excluded patients with low ferritin levels, as well as patients with iron deficiency anemia. Moreover, all patients were subjected to HPLC testing, and those diagnosed with beta thalassemia trait (HbA2 > 3.3%) or sickle cell trait (presence of HbS) were excluded. No HPLC or non-diagnostic alterations were observed in the remaining subjects.

Genetic testing and data analysis were performed in this group of patients.

The first relevant result found was the positive genetic test in the majority of the patients examined (56 out of 65 patients). Initially, the patients with positive genetic test were divided into two groups: (1) patients with abnormal HPLC results later confirmed through molecular analysis and (2) patients with no relevant findings during the HPLC testing, but were diagnosed exclusively based on genetic research studies.

The patients with HPLC alterations were categorized into three groups: those with an isolated increase of HbF levels, those with an increase of both HbF and HbA2 levels, and those with the presence of Hb variants.

A total of 19 patients with an isolated increase of HbF levels represent the first group. They exhibited heterogeneous clinical and genetic pictures. Overall, microcytic anemia was found to be the dominant clinical presentation. Some of these (four patients accounting for 22%) presented with severe anemia and required blood transfusions; specifically, the three patients diagnosed with beta thalassemia (beta0/beta0, beta0/beta + thalassemia or compound heterozygosis beta0/delta − beta0) required blood transfusions. However, despite the presence of underlying mutations, they showed a phenotype requiring infrequent blood transfusion support.

Although the HPLC alteration was the same, HbF levels increased. However, the genetic test showed different mutations. The increased production of HbF can occur through various means, including prematurity (11), bone marrow failure syndromes (12), leukemia (13, 14), solid tumors (15), or as an inherited disorder, the latter as a primary condition or as secondary to various anemias. The primary increases are divided in deletional and non-deletional forms. The deletional group is caused by deletions in the beta gene cluster, resulting in the removal of some parts or the entirety of the beta and delta-globin genes. These deletions are associated with a variable but often nearly complete compensatory increase in the expression of the gamma-globin gene and HbF levels. The non-deletional forms are caused by point mutations in the gamma-chain promoters. An increase in HbF levels is also observed in other cases of hemoglobinopathies such as beta thalassemia, delta beta thalassemia, and sickle cell anemia (16–18).

The increase in HbF and HbA2 levels represents the main alteration in the second category of patients, comprising a total of 18 patients. The majority of patients exhibited microcytic anemia. In addition, we found heterogeneous clinical and genetic pictures in this group. In fact, although the majority of cases have a benign clinical phenotype without complications, two patients (11.1%) required blood transfusions concomitantly with infectious events. Numerous mutations have been identified through genetic research. Moreover, genetic analysis played a crucial role in accurately diagnosing two hemoglobin variants that were not identified by HPLC. Specifically, one case involved the detection of HbE, while the other case involved the identification of Hb Lepore.

The last group of HPLC alterations pertains to the presence of Hb variants. Furthermore, different laboratory findings were documented in this group. Out of the six patients assessed, two patients displayed microcytic anemia, one patient had normocytic anemia, and three patients had microcythemia without anemia. None of the patients in this group received transfusion. HPLC identified the homozygous existence of Hb C, Hb O'Arab, and HbE.

Genetic analysis played a crucial role in identifying 20 different hemoglobin variants, out of which six cases (30%) initially went undetected using HLPC. In these cases, the genetic tests provided additional information that could not be determined otherwise. Specifically, the two patients who were heterozygous for HbC displayed a thalassemia trait known as alpha + (del − 3.7). Regarding the presence of HbE, three patients were identified through genetic testing. Among these patients, only one case was diagnosed through HPLC and confirmed to be homozygous for HbE through genetic analysis. However, HPLC testing was negative for the other two patients (who displayed heterozygosity for HbE). In addition, HPLC testing was negative for Hb Lepore, Hb Contaldo, Hb Sardinia, and Hb A2-NYU in these two patients.

Regarding the patients with normal HPLC results (13 out 56 patients), it was observed that they presented normal levels of HbA2 (<3.3%) and HbF (<1.2%), without any presence of Hb variants. However, these patients displayed alterations in their blood count, such as microcytic/normocytic anemia or microcythemia without anemia. Their genetic exams highlighted 10 carriers of alpha thalassemia and one carrier of delta thalassemia.

Alpha thalassemia is one of the most common monogenic gene disorders across the global population. The molecular basis typically involved deletions and, less frequently, point mutations affecting the expression of one or more of the duplicated alpha-genes. The clinical variation and increase in disease severity are directly related to the decreased expression of either one, two, three, or four copies of the alpha-globin genes (19). The two clinically significant forms of alpha thalassemia are hemoglobin Bart’s hydrops fetalis syndrome (caused by deletion/inactivation of all four alpha-globin genes; −/−) and hemoglobin H disease (caused by deletion/inactivation of three alpha-globin genes; −/− alpha) (20). The patients in our study exhibited the mild forms, specifically alpha + thalassemia (caused by deletion/inactivation of one alpha-globin genes; alpha-alpha/alpha−) and alpha 0 thalassemia (caused by deletion/inactivation of two alpha-globin genes: alpha-/alpha−, alpha-alpha/−). Alpha + thalassemia is marked solely by mild microcytosis; alpha0 thalassemia is characterized by mild microcytic anemia, a phenotypic expression very similar to the carrier of beta thalassemia (21). In both cases, hemoglobin electrophoresis is normal, and molecular studies are essential to identify mutations of the globin genes. Due to the high rate of carriers of alpha deletions, genetic screening is important to identify couples at risk of having a baby with Hb Bart syndrome or HbH disease (20).

In addition to patients with alpha thalassemia, genetic testing was able to diagnose a carrier of delta thalassemia among the group of patients with negative HPLC results. The patient exhibited a case of mild microcytic anemia. In fact, the mutations of the delta-globin gene solely decrease the quality or quantity of the delta-globin chain synthesis, without any clinical effect (22). Nevertheless, it is crucial to establish a diagnosis of delta thalassemia due to the potential impact of its interaction with defects in other globin genes, which can alter the percentage of Hb A2 and lead to an inaccurate diagnosis. For example, the elevated Hb A2 (alpha2delta2) levels typically indicate the presence of a beta thalassemia carrier; however, the coinheritance of delta and beta thalassemia may result in a normal Hb A2 level, as Hb A2 levels remain normal despite deficient delta chain production (23).

These results highlight the limitations of HPLC testing. Although it has the advantage of being easy to use and inexpensive, it showed many important limitations. The hemoglobin screening method successfully detected 70% of the diagnosed hemoglobin variants using genetic testing (8). In particular, it accurately identified the presence of Hb S, Hb C, Hb O’Arab, and HbE in homozygosis. However, the heterozygous HbE, Hb Lepore, Hb Contaldo, Hb Sardinia, and Hb A2-NYU were undetected. In addition, the screening process presented limitations in accurately identifying the alpha and delta thalassemia carriers, who had negative HPLC results but with pathological genetic panel.

To summarize, our findings confirm and reiterate the importance of genetic testing in the diagnosis of hemoglobinopathies, and considering the abundance of a heterogeneous group of different variants identified (alpha, beta, gamma, and delta), we emphasize the importance of studying all globins. Genetic testing is essential to make a diagnosis and therefore gain a better understanding of the clinical phenotype, therapeutic possibilities, and reproductive risk.

Given that HPLC has been observed to lack diagnostic accuracy in many patients who were later diagnosed through genetic testing, our study aimed to analyze our dataset to identify which blood count parameters may serve as predictors for a positive genetic test result. Hemoglobinopathies are usually characterized by varying degrees of anemia, ranging from mild or moderate conditions to transfusion-dependent diseases (5), extramedullary erythropoiesis, and early hemolysis of red blood cells (24, 25). In this study, our findings confirmed that the presence of anemia with normal ferritin values could lead the clinical suspect toward alterations in the globin genes. However, our findings did not demonstrate significantly lower anemia values in patients with positive genetic results (in patients with negative genetic results. the Hb mean value was of 9.3 vs. 10.2 g/dl for the patients with positive genetic results). The same was observed in RDW, where a quantitative measure of anisocytosis (mean value 17.2% for patients with negative genetics vs. 17.5% for patients with positive genetics) did not demonstrate statistical significance. On the other hand, other significant differences in blood count parameters were seen between patients with positive genetics and those with negative genetics (Table 1), including MCV, total number of red blood cells, reticulocytosis, and MCVr.

The average MCV value in the negative genetic testing population was found to be 92.3 fl, but in the positive genetic population, the average MCV value was seen to be 63.5 fl (p-value 0.03, Table 1). This finding indicates that low MCV level is not exclusively indicative of iron deficiency anemia or beta thalassemia carriers, but it is also a hallmark of other less common hemoglobinopathies or carrier status. Another difference between the two populations pertains to the total number of red blood cells (3,810,000/µl vs. 5,310,000/µl, Table 1). Lastly, there have been observed variations in the reticulocyte indices. The negative genetics sample had an absolute reticulocyte count of 61,000/µl and an MCVr mean value of 92.3 fl. In the positive genetics sample, the reticulocyte count was 98,000/µl, and the MCVr mean value was 84.8 fl (p-value 0.0008, Table 1). The RBC count and the reticulocyte indices are blood parameters extensively studied by previous research studies. In fact, the high RBC count and the mildly increased reticulocyte count are traditionally related to a beta thalassemia carrier, and they are often helpful in distinguishing thalassemia from iron deficiency anemia (26). Concerning MCVr, there is a limited number of studies available on its clinical utility. For example, MCVr was measured in subjects with depleted iron stores or megaloblastic anemia in order to monitor the efficacy of replacement therapy (27, 28).

Based on our analysis, red cell parameters and reticulocyte indices play an essential role in the differential diagnosis of anemia, and also provide a significant help in predicting a positive genetic testing for hemoglobinopathies.

Despite these interesting data, the laboratory alterations displayed an important heterogeneity, even among patients with identical genetic alterations. Consequently, the lack of a univocal correlation between genotype and phenotype implies a difficult interpretation of the results, presenting an ongoing challenge for physicians.

Although our study highlights some important issues regarding the diagnosis of hemoglobinopathies and the carrier status, it has some limitations. One critical point concerns patients with anemia/microcythemia but yielding negative results on genetic testing (nine out of 65 patients). In the group of nine patients with negative genetics, five patients had normal HPLC results. Specifically, four of these patients exhibited an isolated increase in HbF levels. Further investigation should be conducted to explore an additional genetic reason for the increased HbF observed in this subgroup of patients.

The persistence of HbF has emerged as a prominent issue of investigation. In recent years, understanding the regulation of fetal hemoglobin genes has been the subject of intensive study.

In general, HbF production is characteristic of the prenatal and perinatal period. In fact, during human erythroid development, there is a sequential switch from expression of the embryonic ε-globin gene to the fetal ɣ-globin gene in utero. Later on, in the postpartum period, the ɣ-globin gene is silenced, as the beta-globin gene becomes the predominantly expressed locus (29). The transcription regulatory complexes at the beta-globin gene govern this developmental switch. However, the silencing of the fetal globin genes in adult RBC count is incomplete, resulting in the limited amounts of HbF in the bloodstream of healthy adults. Furthermore, higher levels of HbF may be observed in patients with sickle cell disease and several types of beta thalassemia. The hereditary persistence of HbF (HPFH) is a condition resulting from a variety of different mutations. The major loci that account for the genetic variation in HbF are BCL11A, KLF1, HBSL1-MYB DNA region, SOX6, FOP, NF-E4, TR2/TR4 erythroid-definitive complex, and COUP-TFII (30–33).

Most of these genes are involved in the gamma-chain downregulation, and in particular, the most studied is BCL11A, which was identified as a key gamma-globin gene repressor. These recent insights into the repressive factors that silence gamma-globin gene expression have offered potentially novel approaches to “reactivate” HbF expression for therapeutic purposes in the context of sickle cell disease and beta thalassemia (30). In fact, increasing the expression of HbF in adults is of major clinical interest in beta thalassemia, as it can potentially serve as a compensatory mechanism for the lack of HbA production. Similarly, in the cases of SCD, HbF provides a potent anti-sickling effect by blocking the deoxygenation-induced HbS polymerization (34).

Performing genetic tests aimed at identifying these regulatory genes could justify some of the patterns found in our population. Nevertheless, these genetic conditions have a benign course and protective effect toward other beta variants, so we do not routinely perform them in all patients with high HbF levels.

All current studies in Europe focus on the identification of the carriers of beta thalassemia during the preconception, pregnancy, or neonatal stages. In contrast, this study shows that the genetic landscape of these carriers is changing. In Italy, the most commonly found alteration is the presence of beta thalassemia carriers, even though the prevalence of other hemoglobinopathies is steadily increasing.

To the best of our knowledge, this is the first study that has extensively characterized patients with anemia or microcythemia to study parameters in the complete blood cell count that may indicate the necessity of genetic testing. These data confirm the importance of genetic testing in the diagnosis of hemoglobinopathies although it must be reserved to selected patients. We are aware that this study and its conclusions have several limitations. It is a retrospective study, with a small sample size and with an unequal distribution of participants across the two groups being compared (positive vs. negative genetic test sample). Moreover, it is a monocentric study, with the bias of the high incidence of hemoglobinopathies in Italy (35). Our study was conducted in cases of moderate anemia, especially microcytic, in which iron deficiency or other known causes have been excluded, with no HPLC alterations or non-diagnostic alterations. This study has demonstrated that HPLC, while serving as a valuable first-level test, has many limitations. Specifically, it has been observed that some patients may exhibit a negative HPLC result despite a positive genetic testing. Besides the presence of low levels of Hb and HPLC alterations, other parameters may be suggestive of underlying mutations in the globin genes, such as MCV, RBC count, MCVr, and reticulocytes count. Therefore, we propose utilizing these blood count parameters as a crucial tool in identifying patients who warrant complete genetic testing.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

Ethical approval was not required for the study involving human samples in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

SM and MD performed the writing—original draft preparation. GC performed the supervision and conceptualization. GG and MCo performed the data curation. MCa, RC, and CC performed the methodology and formal analysis. GP performed the review of the manuscript for intellectual content. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Italian Ministry of Health with the “current research” fund.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Weatherall DJ, Clegg JB. Inherited haemoglobin disorders: an increasing global health problem. Bull World Health Organ. (2001) 79:704–12.11545326;2566499. Available at: https://pubmed-ncbi-nlm-nih-gov.opbg.idm.oclc.org/11545326/11545326

2. Cataldo F. Immigration and changes in the epidemiology of hemoglobin disorders in Italy: an emerging public health burden. Ital J Pediatr. (2012) 38:32. doi: 10.1186/1824-7288-38-32

3. Cai L, Bai H, Mahairaki V, Gao Y, He C, Wen Y, et al. A universal approach to correct various HBB gene mutations in human stem cells for gene therapy of beta-thalassemia and sickle cell disease. Stem Cells Transl Med. (2018) 7:87–97. doi: 10.1002/sctm.17-0066

4. Thom CS, Dickson CF, Gell DA, Weiss MJ. Hemoglobin variants: biochemical properties and clinical correlates. Cold Spring Harb Perspect Med. (2013) 3:a011858. doi: 10.1101/cshperspect.a011858

5. Porter JB, Garbowski M. The pathophysiology of transfusional iron overload. Hematol Oncol Clin North Am. (2014) 28:683–701, vi. doi: 10.1016/j.hoc.2014.04.003

6. Needs T, Gonzalez-Mosquera LF, Lynch DT. Beta thalassemia. In: Statpearls. Treasure Island, FL: StatPearls Publishing (2022). Available at: https://pubmed-ncbi-nlm-nih-gov.opbg.idm.oclc.org/30285376/

7. Giambona A, Passarello C, Renda D, Maggio A. The significance of the hemoglobin A(2) value in screening for hemoglobinopathies. Clin Biochem. (2009) 42:1786–96. doi: 10.1016/j.clinbiochem.2009.06.026

8. Joutovsky A, Hadzi-Nesic J, Nardi MA. HPLC retention time as a diagnostic tool for hemoglobin variants and hemoglobinopathies: a study of 60,000 samples in a clinical diagnostic laboratory. Clin Chem. (2004) 50:1736–47. doi: 10.1373/clinchem.2004.034991

9. Piel FB. The present and future global burden of the inherited disorders of hemoglobin. Hematol Oncol Clin North Am. (2016) 30:327–41. doi: 10.1016/j.hoc.2015.11.004

10. Giordano PC, Harteveld CL, Bakker E. Genetic epidemiology and preventive healthcare in multiethnic societies: the hemoglobinopathies. Int J Environ Res Public Health. (2014) 11:6136–46. doi: 10.3390/ijerph110606136

11. Bard H. Postnatal fetal and adult hemoglobin synthesis in early preterm newborn infants. J Clin Invest. (1973) 52:1789–95. doi: 10.1172/JCI107360

12. Alter BP, Rosenberg PS, Day T, Menzel S, Giri N, Savage SA, et al. Genetic regulation of fetal haemoglobin in inherited bone marrow failure syndromes. Br J Haematol. (2013) 162:542–6. doi: 10.1111/bjh.12399

13. Weatherall DJ, Clegg JB, Wood WG, Callender ST, Sheridan BL, Pritchard J. Foetal erythropoiesis in human leukaemia. Nature. (1975) 257:710–2. doi: 10.1038/257710a0

14. Papayannopoulou T, Nakamoto B, Anagnou NP, Chui D, Dow L, Sanders J. Expression of embryonic globins by erythroid cells in juvenile chronic myelocytic leukemia. Blood. (1991) 77:2569–76. doi: 10.1182/blood.V77.12.2569.2569

15. Chudwin DS, Rucknagel DL, Scholnik AP, Waldmann TA, McIntire KR. Fetal hemoglobin and alpha-fetoprotein in various malignancies. Acta Haematol. (1977) 58:288–93. doi: 10.1159/000207839

16. Thein SL. The molecular basis of β-thalassemia. Cold Spring Harb Perspect Med. (2013) 3:a011700. doi: 10.1101/cshperspect.a011700

17. Chakalova L, Osborne CS, Dai YF, Goyenechea B, Metaxotou-Mavromati A, Kattamis A, et al. The Corfu deltabeta thalassemia deletion disrupts gamma-globin gene silencing and reveals post-transcriptional regulation of HbF expression. Blood. (2005) 105:2154–60. doi: 10.1182/blood-2003-11-4069

18. Steinberg MH. Fetal hemoglobin in sickle hemoglobinopathies: high HbF genotypes and phenotypes. J Clin Med. (2020) 9:E3782. doi: 10.3390/jcm9113782

19. Farashi S, Harteveld CL. Molecular basis of α-thalassemia. Blood Cells Mol Dis. (2018) 70:43–53. doi: 10.1016/j.bcmd.2017.09.004

20. Tamary H, Dgany O. Alpha-thalassemia. In: Adam MP, editor. Genereviews®. Seattle, WA: University of Washington (1993). Available at: https://pubmed-ncbi-nlm-nih-gov.opbg.idm.oclc.org/20301608/

21. Piel FB, Weatherall DJ. The α-thalassemias. N Engl J Med. (2014) 371:1908–16. doi: 10.1056/NEJMra1404415

22. Kordafshari A, Amirian A, Zeinali S, Valaei A, Maryami F, Karimipoor M. Molecular characterization of δ-thalassemia in Iran. Hemoglobin. (2016) 40:44–7. doi: 10.3109/03630269.2015.1092982

23. Lacerra G, Scarano C, Lagona LF, Testa R, Caruso DG, Medulla E, et al. Genotype-phenotype relationship of the δ-thalassemia and Hb A(2) variants: observation of 52 genotypes. Hemoglobin. (2010) 34:407–23. doi: 10.3109/03630269.2010.511586

24. Cao A, Galanello R. Beta-thalassemia. Genet Med. (2010) 12:61–76. doi: 10.1097/GIM.0b013e3181cd68ed

25. Baird DC, Batten SH, Sparks SK. Alpha- and beta-thalassemia: rapid evidence review. Am Fam Physician. (2022) 105:272–80.35289581. Available at: https://pubmed-ncbi-nlm-nih-gov.opbg.idm.oclc.org/35289581/35289581

26. Clarke GM, Higgins TN. Laboratory investigation of hemoglobinopathies and thalassemias: review and update. Clin Chem. (2000) 46:1284–90. doi: 10.1093/clinchem/46.8.1284

27. Piva E, Brugnara C, Spolaore F, Plebani M. Clinical utility of reticulocyte parameters. Clin Lab Med. (2015) 35:133–63. doi: 10.1016/j.cll.2014.10.004

28. Buttarello M. Laboratory diagnosis of anemia: are the old and new red cell parameters useful in classification and treatment, how? Int J Lab Hematol. (2016) 38 (Suppl 1):123–32. doi: 10.1111/ijlh.12500

29. Ginder GD. Epigenetic regulation of fetal globin gene expression in adult erythroid cells. Transl Res. (2015) 165:115–25. doi: 10.1016/j.trsl.2014.05.002

30. Wilber A, Nienhuis AW, Persons DA. Transcriptional regulation of fetal to adult hemoglobin switching: new therapeutic opportunities. Blood. (2011) 117:3945–53. doi: 10.1182/blood-2010-11-316893

31. Basak A, Sankaran VG. Regulation of the fetal hemoglobin silencing factor BCL11A. Ann N Y Acad Sci. (2016) 1368:25–30. doi: 10.1111/nyas.13024

32. Wahlberg K, Jiang J, Rooks H, Jawaid K, Matsuda F, Yamaguchi M, et al. The HBS1l-MYB intergenic interval associated with elevated HbF levels shows characteristics of a distal regulatory region in erythroid cells. Blood. (2009) 114:1254–62. doi: 10.1182/blood-2009-03-210146

33. Bank A. Regulation of human fetal hemoglobin: new players, new complexities. Blood. (2006) 107:435–43. doi: 10.1182/blood-2005-05-2113

34. Khandros E, Blobel GA. Heterogeneity of fetal hemoglobin production in adult red blood cells. Curr Opin Hematol. (2021) 28:164–70. doi: 10.1097/MOH.0000000000000640

35. Canatan D, Vives Corrons JL, Piacentini G, Kara F, Keskinkılıç B, Tezel B, et al. Immigration and screening programs for hemoglobinopathies in Italy, Spain and Turkey. Acta Biomed. (2021) 92:e2021410. doi: 10.23750/abm.v92i4.11965



OPS/images/fped-11-1228443-t001.jpg
Genetic+ group

Genetic— group

p-value
Median age (range), years 2(1-18) 2 (1-14) 098
Sex Females 41% Females 22% 028
Males 59% Males 78%
Median Hb (range), g/dl 1025 (7.6-14.4) 93 (9-11.2) 014
Median RBC (range), /pl 5,310,000 (2,860,000-6,520,000) 3,810,000 (3,610,000-5,030,000) 0.0004
Median MCV (range), fl 635 (45.2-91) 742 (67.1-90.6) 0003
Median RDW (range), % 175 (13-26) 17.2 (14.7-25.3) 095
Median reticulocytes (range), /ul 98,000 (44,000-4,141,000) 61,000 (10,500-135,000) 0011
Median MCVr (range), fl 848 (65-101) 923 (87.8-108.7) 0.0008"

*Data with statistical significance.





OPS/images/fped-11-1228443-g001.jpg
Patients with anemia and/or
microcythemia despite normal ferritin
levels

l

of path

with HPLC

Patients with present HbS, patients with

= | isolated increase of HbA2 (HbA2 >3.3%)

were exclued

Y

I N

Increase of HbF,

Increase of HbF. and HbA2

Hb variant

Normal HPLC
test

|

|

Genetic test screening for hemoglobinopathies

Mutation in globin genes

Normal ges

netic test






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The blood count as a compass to navigate in the ever-changing landscape of the carrier state of hemoglobinopathies: a single-center Italian experience

		1. Introduction



		2. Methods and materials



		2.1. Population study



		2.2. High-pressure liquid chromatography



		2.3. Genetic analysis



		2.4. Statistical analysis











		3. Results



		3.1. Population study



		3.2. Patients with a negative genetic testing



		3.3. Patients with a positive genetic testing



		3.4. Statistical analysis











		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Pediatrics

The blood count as a compass to navigate
in the ever-changing landscape of the
carrier state of hemoglobinopathies: a

singlecenter Italian experience









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Pediatrics





