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Series Foreword




Richard A. Polin, MD











“Medicine is a science of uncertainty and an art of probability.”—William Osler





Controversy is part of everyday practice in the neonatal intensive care unit (NICU). Good practitioners strive to incorporate the best evidence into clinical care. However, for much of what we do, the evidence is either inconclusive or nonexistent. In those circumstances, we have come to rely on experienced practitioners who have taught us the importance of clinical expertise. This series, “Neonatology Questions and Controversies,” provides clinical guidance by summarizing the best evidence and tempering those recommendations with the art of experience.


To quote David Sackett, one of the founders of evidence-based medicine:





Good doctors use both individual clinical expertise and the best available external evidence, and neither alone is enough. Without clinical expertise, practice risks become tyrannized by evidence, for even excellent external evidence may be inapplicable to or inappropriate for an individual patient. Without current best evidence, practice risks become rapidly out of date to the detriment of patients.





This series focuses on the challenges faced by care providers who work in the NICU. When should we incorporate a new technology or therapy into everyday practice, and will it have a positive impact on morbidity or mortality? For example, is the new generation of ventilators better than older technologies such as continuous positive airway pressure, or do they merely offer more choices with uncertain value? Similarly, the use of probiotics to prevent necrotizing enterocolitis is supported by sound scientific principles (and some clinical studies). However, at what point should we incorporate them into everyday practice given that the available preparations are not well characterized or proven safe? A more difficult and common question is when to use a new technology with uncertain value in a critically ill infant. As many clinicians have suggested, sometimes the best approach is to do nothing and “stand there.”


The “Neonatal Questions and Controversies” series was developed to highlight the clinical problems of most concern to practitioners. The editors of each volume (Drs. Bancalari, Oh, Guignard, Baumgart, Kleinman, Seri, Ohls, Maheshwari, Neu, and Perlman) have done an extraordinary job in selecting topics of clinical importance to everyday practice. When appropriate, less controversial topics have been eliminated and replaced by others thought to be of greater clinical importance. In total, there are 56 new chapters in the series. During the preparation of the Hemodynamics and Cardiology volume, Dr. Charles Kleinman died. Despite an illness that would have caused many to retire, Charlie worked until near the time of his death. He came to work each day, teaching students and young practitioners and offering his wisdom and expertise to families of infants with congenital heart disease. We dedicate the second edition of the series to his memory. As with the first edition, I am indebted to the exceptional group of editors who chose the content and edited each of the volumes. I also wish to thank Lisa Barnes (content development specialist at Elsevier) and Judith Fletcher (global content development director), who provided incredible assistance in bringing this project to fruition.










Preface


Just like every other organ in the body, the hematological and immune systems in the newborn are in a state of maturational flux. Exposed to a continuous barrage of environmental antigens at birth, the neonatal immune system has to protect the host from potentially harmful pathogens while developing tolerance to commensal microbes and dietary macromolecules. Although many components of the innate immune system are reasonably mature at full-term birth, the neonate remains highly susceptible to specific pathogens because of developmental constraints in the adaptive branch of immunity. Not surprisingly, despite major strides in neonatal care, neonatal sepsis remains the leading cause of death at any point of time in human life.


In the second edition of this volume of the series “Neonatology Questions and Controversies,” our original goals remain unchanged: we seek to update physicians, nurse practitioners, nurses, residents, and students on (1) developmental physiology of the immune response in the human fetus and neonate that are not typically highlighted, (2) cellular or cytokine replacement therapies for treatment of hematological deficiencies or infectious disease, and (3) controversies in immune modulation that may play a role in preventing allergic disorders in the developing infant. Each chapter provides an overview of how the neonate must utilize cells of the hematological and immune systems to thwart the onslaught of microbial challenges and a roadmap for the clinician to quickly diagnose and intervene to augment neonatal hematological or immunological defenses. We further provide information about how distortions in the immune response can result in allergy or autoimmunity in the neonate. In this extensively revised edition, we have also added several new chapters on infectious diseases specific to the perinatal/neonatal period.


We wish to thank Judith Fletcher, global content development director at Elsevier; Lisa Barnes, content development specialist at Elsevier; and Dr. Richard Polin, chairman of the Department of Pediatrics at Morgan Stanley Children’s Hospital of New York Presbyterian, for their encouragement to write this volume. We, of course, are indebted and grateful to the authors of each chapter whose contributions from around the world will be fully appreciated by the readers and to our families (Daniel, Erin, and Fiona and Ritu, Jayant, and Vikram) for their enduring support. Finally, we would like to acknowledge Dr. Robert Christensen for his ongoing inspiration, enthusiasm, and generosity and for being the best mentor and role model we could ever ask for.




Robin K. Ohls, MD







Akhil Maheshwari, MD
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Introduction


As a normal process of human growth and development, many organs and tissues display a need for continued replacement of mature cells that are lost with aging or injury. For example, billions of red blood cells, white blood cells, and platelets are produced per kilogram of body weight daily. The principal site of blood cell production, the bone marrow, harbors the critically important stem cells that serve as the regenerating source for all manufactured blood cells. These hematopoietic stem cells share several common features with all other kinds of stem cells.1 Stem cells display the ability to self-renew (to divide and give rise to other stem cells) and to produce offspring that mature along distinct differentiation pathways to form cells with specialized functions.1 Stem cells have classically been divided into two groups: embryonic stem cells (ESCs) and nonembryonic stem cells, also called somatic or adult stem cells.1 The purpose of this review is to introduce and provide up-to-date information on stem cell facts that should be familiar to all clinicians caring for sick neonates regarding selected aspects of ESC and adult stem cell research. We will also review several new methods for inducing pluripotent stem cells from differentiated somatic cells and methods for direct reprogramming of one cell type to another. These latest approaches offer entirely novel, patient-specific, non–ethically charged approaches to tissue repair and regeneration in human subjects.


The fertilized oocyte (zygote) is the “mother” of all stem cells. All the potential for forming all cells and tissues of the body, including the placenta and extraembryonic membranes, is derived from this cell (reviewed in Reference 1). Furthermore, the zygote possesses unique information leading to the establishment of the overall body plan and organogenesis. Thus, the zygote is a totipotent cell. The first few cleavage stage divisions also produce blastomere cells retaining totipotent potential. However, by the blastocyst stage, many of these cells have adopted specific developmental pathways. One portion of the blastocyst, the epiblast, contains cells (inner cell mass cells) that will go on to form the embryo proper. Trophectoderm cells make up the cells at the opposite pole of the blastocyst; these cells will differentiate to form the placenta. Cells within the inner cell mass of the blastocyst are pluripotent, that is, each cell possesses the potential to give rise to types of cells that develop from the three embryonic germ layers (mesoderm, endoderm, and ectoderm). ESCs do not technically exist in the developing blastocyst, but are derived upon ex vivo culture of inner cell mass cells from the epiblast using specific methods and reagents as discussed later.









Isolation of Murine Embryonic Stem Cells


Mouse ESCs were isolated more than 20 years ago in an extension of basic studies that had been conducted on how embryonic teratocarcinoma cells could be maintained in tissue culture.2,3 Inner cell mass cells were recovered from murine blastocysts and plated over an adherent layer of mouse embryonic fibroblasts in the presence of culture medium containing fetal calf serum and, in some instances, conditioned medium from murine teratocarcinoma cells. Over a period of several weeks, colonies of rapidly growing cells emerged. These colonies of tightly adherent but proliferating cells could be recovered from culture dishes and disaggregated with enzymes to form a single cell suspension, and the cells replated on fresh embryonic fibroblasts. Within days, the individually plated cells had formed new colonies that could in like manner be isolated and recultured with no apparent restriction in terms of proliferative potential. Cells making up the colonies were eventually defined as ESCs.


Murine (m) ESCs display several unique properties. The cells are small and have a high nuclear to cytoplasmic ratio and prominent nucleoli. When plated in the presence of murine embryonic fibroblasts, with great care taken to keep the cells from clumping at each passage (clumping of cells promotes mESC differentiation), mESCs proliferate indefinitely as pluripotent cells.4 In fact, one can manipulate the genome of the mESC using homologous recombination to insert or remove specific genetic sequences and maintain mESC pluripotency.5 Injection of normal mESCs into recipient murine blastocysts permits ESC-derived contribution to essentially all tissues of the embryo, including germ cells. By injecting mutant mESCs into donor blastocysts, one is able to generate genetically altered strains of mice (commonly referred to as knockout mice).6


Although the molecular regulation of mESC self-renewal divisions remains unclear, the growth factor leukemia inhibitory factor (LIF) has been determined to be sufficient to maintain mESCs in a self-renewing state in vitro, even in the absence of mouse fibroblast feeder cells. More recently, addition of the growth factor bone morphogenetic protein-4 (BMP-4) to mESC cultures (with LIF) permits maintenance of the pluripotent state in serum-free conditions.7,8 Several transcription factors, including Oct-4 and Nanog, are required to maintain mESC self-renewal divisions.9,10 Increasing mitogen-activated protein (MAP) kinase activity and decreasing signal transducer and activator of transcription 2 (STAT2) activity result in loss of mESC self-renewal divisions and differentiation of the mESC into multiple cell lineages.8 Isolation and determination of the transcriptional and epigenetic molecular mechanisms controlling mESC self-renewal continues to be an active area of ongoing research.11-14


The strict culture conditions required for in vitro differentiation of mESCs into a wide variety of specific somatic cell types, such as neurons, hematopoietic cells, pancreatic cells, hepatocytes, muscle cells, cardiomyocytes, and endothelial cells, have been well described.15-18 In most differentiation protocols, mESCs first are deprived of LIF; this is followed by the addition of other growth factors, vitamins, morphogens, extracellular matrix molecules, or drugs to stimulate ESCs to differentiate along specific pathways. It is also usual for the ESC differentiation protocol to give rise to a predominant but not a pure population of differentiated cells. Obtaining highly purified differentiated cell populations generally requires some form of cell selection to enhance the survival of a selected population, or to preferentially eliminate a nondesired population.19 The ability to isolate enriched populations of differentiated cells has encouraged many investigators to postulate that ESCs may be a desirable source of cells for replacement of aged, injured, or diseased tissues in human subjects if pluripotent human (h) ESCs were readily available.20,21









Isolation of Human Embryonic Stem Cells


The growth conditions that have permitted isolation and characterization of hESCs have become available only in the last decade.22 Left-over cleavage-stage human embryos originally produced by in vitro fertilization for clinical purposes are a prominent source for hESC derivation. Embryos are grown to the blastocyst stage, the inner cell mass cells isolated, and the isolated cells plated on irradiated mouse embryonic fibroblast feeder layers in vitro. After growing in culture for several cell divisions, colonies of hESCs emerge, similar to mESCs. These hESCs are very small cells with minimal cytoplasm and prominent nucleoli; similar to mouse cells, they grow very rapidly without evidence of developing senescence and possess high telomerase activity. Unlike mESCs, LIF is not sufficient to maintain hESCs in a self-renewing state in the absence of mouse fibroblast feeder cells. However, human ESCs can be grown on extracellular matrix–coated plates in the presence of murine embryonic fibroblast conditioned medium without the presence of mouse feeder cells. Recent data reveal that the use of specific recombinant molecules and peptides as a tissue culture plate coating is sufficient to maintain and/or modulate hESC into states of high self-renewal and limited differentiation.23-26 Relatively high doses of fibroblast growth factor-2 (FGF-2) help maintain hESCs in an undifferentiated state even in the absence of feeder cells.27,28


The pluripotent nature of hESCs has been demonstrated by injecting the cells into an immunodeficient mouse.22 A tumor (specifically called a teratoma) emerges from the site of the injected cells and histologically contains numerous cell types, including gastric and intestinal epithelium, renal tubular cells, and neurons—descendants of the endoderm, mesoderm, and ectoderm germ cell layers, respectively. At present, teratoma formation in immunodeficient mice continues to serve as the only method to document hESC pluripotency.29 Expression of Oct-4 and alkaline phosphatase, as biomarkers of ESC pluripotency, helps to support but is inadequate alone as evidence of hESC pluripotency.28 Recent evidence indicates that the pluripotent state is best distinguished by colonies of cells with a distinct methylation pattern of the Oct-4 and Nanog promoters, expression of TRA-1-60, and differentiation into teratomas in vivo in immunodeficient mice.30









Derivation of Mouse-Induced Pluripotent Stem Cells (miPSCs) by Defined Factors


Although pluripotent stem cells can be derived from a developing blastocyst to generate ESCs, direct nuclear reprogramming of differentiated adult somatic cells to a pluripotent state has more recently been achieved by ectopic expression of a defined set of transcription factors. Takahashi and Yamanaka reported breakthrough studies in 2006 demonstrating that the retroviral transduction of mouse fibroblast cells with four transcription factors—Oct4, Sox2, Klf4, and c-Myc—induced a stable fate change, converting differentiated cells into pluripotent stem cells.31 These four transcription factors were identified as sufficient factors for direct reprogramming when systematic screening of 24 ESC genes believed to be essential for the maintenance of ESC pluripotency and self-renewal was conducted. Reprogrammed cells were selected by expression of a fusion cassette of β-galactosidase and neomycin resistance genes driven by the promoter of the ESC-specific, but nonessential, pluripotency gene Fbx15. Although Fbx15-expressing induced pluripotent stem calls (iPSCs) shared phenotypic characteristics of mESCs and formed teratoma tumors in nude mice upon implantation (with histologic evidence of cells differentiating into all three germ layers), these cells were significantly different in genetic and epigenetic signatures from naïve mESCs and failed to produce germline transmissible chimeric mice.31 However, when promoter sequences from ESC-specific and essential pluripotency genes (Oct4 or Nanog) were used as selection markers, iPSCs closely resembling ESCs capable of germline transmissible chimera formation were generated.32-34


Although the exact molecular mechanism that led to reprogramming of these somatic cells to pluripotent stem cells is unknown, ectopic expression of these factors eventually resulted in reactivation of endogenous pluripotency genes to mediate the activation of autoregulatory loops that maintain the pluripotent state. Transgene expression of these factors was determined to be required only transiently to reactivate the endogenous pluripotent genes; once the pluripotent state was established, the exogenous transgenes were epigenetically silenced.33,34 Completely reprogrammed mouse iPSCs share all defining features with naïve mESCs, including expression of pluripotency markers, global patterns of gene expression, DNA methylation of the promoter regions of Oct4 and Nanog, reactivation of both X chromosomes, global patterns of histone methylation (H3 lysine 4 and lysine 27 trimethylation), ability to produce germline transmissible chimeric mice,32-35 and development of transgenic mice following tetraploid complementation in which the whole embryo is iPSC derived.36-38


Although original methods of reprogramming factor delivery using retroviral or lentiviral vectors provided proof-of-principle for induced pluripotency, low reprogramming efficiencies, safety concerns associated with the use of randomly integrating viral vectors, and the known oncogenic potential of c-Myc and Klf4 genes have been limiting factors in the clinical applicability of the translation of iPSCs for human cell therapy. Although the most recent studies have reported the ability to reprogram fibroblasts with greater than 2% reprogramming efficiency,39 two orders of magnitude higher than those typically reported for virus-based reprogramming efficiency, a significant increase in reprogramming efficiency is needed for effective clinical utility. Nonintegrative reprogramming factor delivery approaches (to avoid risks of vector insertional mutagenesis), such as use of adenoviral vectors,40 repeated transfection with reprogramming of plasmid vectors,41 excision of reprogramming factors with Cre-loxP42,43 or piggyBAC transposition approaches,44,45 recombinant protein transduction of reprogramming factors,46 transient expression of reprogramming factors with nonviral minicircle DNA vectors,47 and, most recently, use of synthetic modified mRNA encoding the reprogramming factors,39 have made it possible to generate iPSCs through transient expression of reprogramming factors. Further, attempts have been made to remove one or more reprogramming transcription factors, specifically avoiding the known oncogenes c-Myc and Klf4, by substitution with small molecules, such as valproic acid, which modulate the epigenetic status of the cells undergoing reprogramming.48,49 In addition, small molecule inhibitors of transforming growth factor (TGF)-β1, extracellular signal–related kinase (ERK), and glycogen synthase kinase 3 (GSK3) signaling pathways have been shown to facilitate efficient reprogramming of somatic cells into iPSCs.50,51









Derivation of Human-Induced Pluripotent Stem Cells (hiPSCs) by Defined Factors


One of the ultimate goals of regenerative medicine is to have a renewable source of patient- and disease-specific cells to replace or repair diseased or impaired cells in tissues and organs. Although pluripotent hESCs have the potential to give rise to cells from all three embryonic germ layers, they have yet to overcome numerous ethical and scientific barriers. The fact that derivation of hESCs requires the death of an embryo is an ethical dilemma that does not appear to be resolvable. Among the scientific barriers, effective therapies have not yet been developed to overcome host adaptive immune responses because hESC-derived cells are allogeneic in origin. In light of these limitations, Shinya Yamanaka’s announcement of directed reprogramming of mouse31 and human52 fibroblast cells to pluripotent stem cells by a set of defined transcription factors paved the way for overcoming these two major obstacles surrounding the promise of hESCs. The promise of iPSC derivation has profound implications for basic research and clinical therapeutics in that this approach provides patient- and disease-specific cells for the study of disease pathogenesis and the therapeutic efficacy of pharmacologic agents against the disease; it also provides an autologous source of patient cells for cell-based therapeutics (Fig. 1-1).





[image: image]

Figure 1-1 Diagram depicting generation of induced pluripotent stem cells (iPSCs) from patient somatic cells, correction of original genetic defects if necessary, and directed differentiation of patient iPSCs to generate autologous cells of therapeutic importance.


(Diagram adapted from Robbins RD, Prasain N, Maier BF, et al. Inducible pluripotent stem cells: Not quite ready for prime time? Curr Opin Organ Transplant. 2010;15:61-67.)





Although hiPSCs closely resemble hESCs in their morphology, gene expression, epigenetic states, pluripotency, and ability to form teratomas in immune-deficient mice,52,53 more studies are needed to access the functional similarity between hiPSCs and hESCs. However, significant strides have been made in iPSC research in the last few years since the original description of iPSC induction by Yamanaka from mouse cells in 200631 and from human cells52 by Yamanaka and, independently, by Thomson in 2007.53 Although the Yamanaka group used Oct4, Sox2, Klf4, and c-Myc as reprogramming factors, the Thomson group used Oct4, Sox2, Nanog, and Lin28 to reprogram human fibroblasts to iPSCs. Subsequently, a number of human diseases and patient-specific iPSCs were established,54-58 and some of these cells were subjected to directed differentiation to generate healthy functional autologous cells of therapeutic importance. Moreover, other studies have successfully described the differentiation of iPSCs into a diversity of cell types of therapeutic importance, including endothelial cells,59,60 cardiomyocytes,61,62 neuronal cells,63,64 retinal cells,65-67 and hematopoietic cells.23,57,59


Human iPSCs have been generated from patients with a variety of genetic diseases, including Parkinson disease, Huntington disease, juvenile-onset type 1 diabetes mellitus, and Down syndrome.56 Although intense focus has been placed on improving ease, safety, and efficiency for generation of disease- and patient-specific iPSCs, equally impressive progress has been made in the directed differentiation of iPSCs to cell types of therapeutic importance. Particularly promising examples include derivation of glucose-responsive pancreatic islet–like cell clusters from human skin fibroblast-derived iPSCs,58 paving the way for generation of autologous pancreatic islet–like cells for possible cell-based therapy to treat diabetic individuals. Also, disease-free motor neurons have been derived from iPSCs generated from skin cells obtained from elderly patients with amyotrophic lateral sclerosis,54 suggesting that cellular aging and long-term environmental exposure do not hinder the iPSC induction and directed differentiation processes. Equally important, motor neurons with a preserved patient-specific disease phenotype have been derived from iPSCs generated from primary fibroblasts obtained from a patient with spinal muscular atrophy.55 When these motor neurons were treated in vitro with valproic acid and tobramycin, they exhibited upregulation in survival motor neuron protein synthesis, and they displayed selective deficits when compared with normal motor neurons, suggesting that patient-specific iPSC-derived cells can be used to study patient-specific disease processes in vitro, before specific drug therapies are initiated. In fact, use of iPSCs from patients with specific diseases may permit large-scale small-molecule screening efforts to discover completely novel patient therapies. Thus, the discovery of nuclear reprogramming of differentiated somatic cells into pluripotent stem cells is potentially one of the most paradigm-changing discoveries in biomedical research in several decades.









Alternative Approaches to Reprogramming Somatic Cells to a Pluripotent State


In addition to the use of transcription factors to induce nuclear reprogramming to a pluripotent stem cell state, at least two other general approaches—nuclear transfer and cell fusion—have been utilized to accomplish the same feat.68 Nuclear transfer is accomplished by removing the nucleus from an oocyte, isolating a somatic cell nucleus, transferring the donor somatic cell nucleus into the oocyte, and electrically fusing the donor nucleus with the enucleated oocyte. The created zygote may be grown to the blastocyst stage, where the embryo is disaggregated and cells from the inner cell mass are harvested for creation of ESC in vitro, or the blastocyst is implanted into a recipient female. Such a procedure is technically challenging but possible; a variety of domestic animals and laboratory rodents have been successfully cloned in this fashion.69


Some of the challenges that need to be overcome when nuclear transfer technology is used to create viable cloned animals include the great inefficiency of the process (hundreds to thousands of oocytes are often injected, with only a few viable animals surviving beyond birth as an outcome). Much of this inefficiency may be the result of poor epigenetic reprogramming of the donor somatic nucleus in the oocyte.70 In adult somatic tissues, epigenetic modifications of DNA and chromatin are stably maintained and are characteristic of each specialized tissue or organ. During nuclear transfer, epigenetic reprogramming of the somatic nucleus must occur, similar to the epigenetic reprogramming that normally occurs during oocyte activation following fertilization.71 Epigenetic reprogramming deficiencies during animal cloning may lead to a host of problems, including epigenetic mutations and altered epigenetic inheritance patterns, causing altered gene expression and resulting in embryonic lethality or maldeveloped fetuses with poor postnatal survival. Although great strides have been made in identifying the molecules involved in chromatin remodeling and in epigenetic programming, considerable work remains to identify strategies to facilitate this process. It is interesting that hESCs have been used to reprogram human somatic cells and may offer an alternative to the use of oocytes.72


A more simplified approach in generating reprogrammed somatic cells is to fuse two or more cell types into a single cellular entity. The process of cell fusion may generate hybrid cells in which the donor nuclei fuse and cell division is retained, or heterokaryons that lose the ability to divide contain multiple nuclei per cell. Studies performed four decades ago revealed that the fusing of two distinctly different cell types resulted in changes in gene expression, suggesting that not only cis-acting DNA elements but also trans-acting factors are capable of modulating the cellular proteome.73 Fusion of female embryonic germ cells with adult thymocytes yielded fused tetraploid cells that displayed pluripotent properties and heralded more recent studies, in which male thymocytes fused with female ESCs resulted in reactivation of certain genes in the thymocytes that are required for ESC self-renewal but are silenced in mature thymocytes.74 These and other studies have revealed that factors regulating pluripotency in general can override factors regulating cellular differentiation and exemplify the potential for cell fusion studies to illuminate the mechanisms that underpin successful nuclear reprogramming.









Somatic Stem Cells


Adult (also called somatic, postnatal, or nonembryonic) stem cells are multipotent cells that reside in specialized tissues and organs and retain the ability to self-renew and to develop into progeny that yield all the differentiated cells that make up the tissue or organ of residence. For example, intestinal stem cells replenish the intestinal villous epithelium several times a week, skin stem cells give rise to cells that replace the epidermis in 3-week cycles, and hematopoietic stem cells replace billions of differentiated blood cells every hour for the life of the subject. Other sources of self-renewing adult stem cells include the cornea, bone marrow, retina, brain, skeletal muscle, dental pulp, pancreas, and liver (reviewed in Reference 1). Adult stem cells differ from their ESC and iPSC counterparts in several ways, including existence in a quiescent state in specified microenvironmental niches that protect the cells from noxious agents and facilitate such stem cell functions as orderly self-renewal, on-demand differentiation, occasional migration (for some stem cell types), and apoptosis (to regulate stem cell number). Although ESCs and iPSCs predominantly execute self-renewal divisions with maintenance of pluripotency, adult stem cells are required to maintain their stem cell pool size through self-renewal, while giving rise to daughter cells that differentiate into the particular lineage of cells needed for homeostasis at that moment—a feat requiring adult stem cells to execute asymmetric stem cell divisions. ESCs and iPSCs are easily expanded into millions of cells, but adult stem cells are limited in number in vivo, are difficult to extricate from their niches for in vitro study or for collection, and often are extremely sensitive to loss of proliferative potential and are skewed toward differentiation rather than maintaining self-renewal during in vitro propagation. Thus, obtaining sufficient numbers of adult stem cells for transplantation can be challenging. Strategies for improving adult stem cell mobilization, isolation, and expansion in vitro are all intense areas of investigation.23,75,76 Nonetheless, adult stem cells are the primary sources of hematopoietic stem cells (adult bone marrow, mobilized peripheral blood, or umbilical cord blood) for human transplantation for genetic, acquired, or malignant disease.









Stem Cell Plasticity


Various studies have reported that adult stem cells isolated from one organ (in fact, specified to produce differentiated progeny for the cells making up that organ) possess the ability to differentiate into cells normally found in completely different organs following transplantation.77 For example, bone marrow cells have been demonstrated to contribute to muscle, lung, gastric, intestinal, lung, and liver cells following adoptive transfer,78-81 and neuronal stem cells can contribute to blood, muscle, and neuronal tissues.82,83 More recent studies suggest that stem cell plasticity is an extremely rare event, and that in most human or animal subjects, the apparent donor stem cell differentiation event was in fact a monocyte-macrophage fusion event with epithelial cells of recipient tissues.84-87 At present, enthusiasm for therapeutic multitissue repair in ill patients, from infusion of a single population of multipotent stem cells that would differentiate into the appropriate lineage required for organ repair, has waned considerably.82,88 However, there is intense interest in understanding and utilizing novel recently developed tools to reprogram somatic cells into pluripotent cells (see earlier) or to directly reprogram one cellular lineage into another.









Direct Reprogramming of Somatic Cells from One Lineage to Another


One of the long-held tenets of developmental biology is that as an organism progresses through development to reach a final mature organized state, cells originating from embryonic precursors become irreversibly differentiated within the tissues and organs. However, in some rare examples, one cell type may be changed into another cell type; these events have been called cellular reprogramming. This biologic phenomenon occurs most prominently in amphibian organisms (e.g., axolotls, newts, lampreys, frogs) during limb regeneration, where fully differentiated cells dedifferentiate into progenitor cells with reactivation of embryonic patterns of gene expression. As noted previously, it has become evident through nuclear transfer, cell fusion, and transcription factor–induced reprogramming studies that differentiated somatic cells can become pluripotent cells with requisite changes in gene expression. Thus, cellular differentiation is not a fixed unalterable state, as was once thought.


Several years ago, Zhou and associates89 rationalized that re-expression of certain embryonic genes may be a sufficient stimulus to reprogram somatic cells into different but related lineages. As a target tissue, this group chose to examine pancreatic β-cell regeneration, because it is known that exocrine cells present in the adult organ are derived from pancreatic endoderm, similarly to β-cells, and that exocrine cells could become endocrine cells upon in vitro culture. Upon screening for transcription factors specific for cells within the embryonic pancreas, several dozen were identified that were enriched in β-cells or in their endocrine progenitor precursors. Further examination revealed that nine of these transcription factors were important for normal β-cell development because mutation of these factors altered the normal developmental process. Adenoviral vectors were developed that would express each of the nine transcription factors and a reporter gene upon cellular infection. All nine of the recombinant viruses were pooled and injected into the pancreata of adult immunodeficient mice. One month later, extra-islet insulin expression was identified among some of the infected cells of the pancreas in host animals. Upon sequential elimination of one experimental construct at a time, it became evident that three transcription factors—Ngn3, Pdx1, and Mafa—were essential for the reprogramming event. Evidence was presented that the new insulin-producing cells were derived from exocrine cells, and that the induced β-cells were similar to endogenous β-cells in size, shape, and ultrastructural morphology. Induced β-cells expressed vascular endothelial growth factor and remodeled the existing vasculature within the organ in patterns similar to those of endogenous β-cells. Finally, injection of the three transcription factors via an adenoviral vector into the pancreas in diabetic mice improved fasting blood glucose levels, demonstrating that induced β-cells could produce and secrete insulin in vivo. Thus, β-cells may be regenerated directly from reprogrammed exocrine cells within the pancreas in vivo through introduction and expression of certain transcription factors. This work further postulated that reliance on knowledge of normal developmental pathways to reprogram adult somatic cells to stem/progenitor cells or another mature cell type may be a general strategy for adult cell reprogramming.


As predicted, the direct conversion of mouse fibroblast cells into functional neurons, cardiomyocytes, and multilineage blood cell progenitors has been reported. Vierbuchen and colleagues90 reasoned that expression of multiple neural-lineage specific transcription factors may be sufficient to reprogram murine embryonic and postnatal fibroblasts into functional neurons in vitro. This group chose a strategy of using TauEGFP knock-in transgenic mice, which express enhanced green fluorescence protein (EGFP) in neurons, as a source of embryonic fibroblasts to permit reporting of new-onset EGFP expression in fibroblasts infected with a pool of 19 genes (chosen as neural specific or important in neural development) as an indicator of induced neuronal (iN) cells. A combination of three transcription factors—Ascl1, Brn2, and Myt1l—was determined to be required to rapidly and efficiently convert mouse embryonic fibroblasts into iN cells. These iN cells expressed multiple neuron-specific proteins, generated action potentials, and formed functional synapses in vitro. These studies suggest that iN cells can be generated in a timely and efficient manner for additional studies of neuronal cell identity and plasticity, neurologic disease modeling, and drug discovery, and as a potential source of cells for regenerative cell therapy.


Direct reprogramming of murine postnatal cardiac or dermal fibroblasts into functional cardiomyocytes has been reported by Ieda and coworkers.91 Investigators developed an assay system in which induction of cardiomyocytes in vitro could be identified by new-onset expression of EGFP in fibroblasts isolated from neonatal transgenic mice in which only mature cardiomyocytes normally express the transgene. A total of 14 transcription or epigenetic remodeling factors were selected for testing as reprogramming factors in this assay system. All factors were cloned into retroviral vectors, and the retroviruses generated were used to infect the postnatal fibroblasts. A combination of three transcription factors—Gata4, Mef2c, and Tbx5—was sufficient to induce cardiac gene expression in the fibroblasts. Evidence was presented that induced cardiomyocyte-like (iCM) cells directly originated from the fibroblasts, and not through an intermediary cardiac progenitor cell state. Comparison of global gene expression patterns in the iCM, neonatal cardiomyocytes, and cardiac fibroblast cells yielded support for the contention that iCMs were similar, but not identical, to neonatal cardiomyocytes, and that the reprogramming process was generally reflected in the sweeping changes in gene expression displayed by these three different cell populations. Finally, iCMs displayed spontaneous contractile activity at 2 to 4 and at 4 to 5 weeks in culture, and intracellular electrical recordings of the iCM revealed action potentials resembling those detected in adult mouse ventricular cardiomyocytes. Proof that reprogramming events could be enacted in vivo was provided by harvesting adult cardiac fibroblasts, infecting the cells with retroviruses encoding the reprogramming transcription factors and a reporter gene (or the reporter gene control), and injecting into the heart. Some of the infected and engrafted myocardial fibroblast cells expressed the cardiomyocyte-specific reporter gene in vivo, indicating that transcription factors can reprogram the fibroblast within 2 weeks in vivo. Further studies on the ability of transcription factors to directly reprogram fibroblasts into iCMs in vivo are certainly warranted; future studies will need to test the in vivo physiologic functionality of iCM cells.


Szabo and associates92 observed that a portion of human fibroblast cells undergoing the process of transcription factor–induced reprogramming toward pluripotency fail to fully reach the pluripotent state, but instead form colonies in which some of the progeny display morphologic characteristics similar to those of hematopoietic cells, expressing the human pan-hematopoietic marker CD45 and lacking expression of the pluripotency marker Tra-1-60. Upon comparing the role of Oct4 with those of Nanog and Sox2 in terms of ability to reprogram human fibroblast cells, these investigators determined that only Oct4 was capable of giving rise to hematopoietic-like CD45+ cells, and that once formed, CD45+ cells become responsive to hematopoietic growth factors with a fourfold to sixfold increase in hematopoietic colony formation in vitro. Evidence was presented that formation of hematopoietic colonies was not dependent on reprogramming to the pluripotent state and then differentiation to the hematopoietic lineage, but was a direct effect of Oct4 on fibroblast cells to become hematopoietic-like cells. Induced CD45+ cells displayed colony-forming activity (clonal colony growth in semi-solid medium) for myeloid, erythroid, and megakaryocytic lineages and for cells engrafted in the marrow of immunodeficient mice upon transplantation. As compared with engrafted adult bone marrow or cord blood progenitor cells, engrafted induced CD45+ cells revealed a skewing toward myeloid lineages in vivo. Induced CD45+ cells did not differentiate into lymphoid lineages in vitro or in vivo. This finding suggests that reprogramming of fibroblast cells did not lead to the generation of hematopoietic stem cells. Nonetheless, these results provide a fundamental starting point from which to explore those modifications to the reprogramming process that may eventually lead to autologous blood cell replacement therapies for patients with hematopoietic dysregulation or outright bone marrow hematopoietic failure.









Summary


Until 2006, stem cells were classified as those cells derived in vitro from preimplantation mammalian blastocysts (ESCs) or cells derived from somatic tissues and organs (adult stem cells).1 Since 2006, it has become clear that iPSCs may be derived from differentiated somatic cells.93 Although iPSCs and ESCs have displayed certain properties that generate enthusiasm for these stem cells as a source of differentiated cells for future applications of cell-based therapies for human diseases, iPSCs have recently emerged with greater appeal as a potential autologous approach to tissue repair and regeneration in human subjects.93 Adult stem cell populations are also being investigated as potential sources for clinical cell-based therapies. Although ESC and iPSC approaches may offer many theoretical advantages over current adult stem cell approaches, the use of adult stem cells to treat patients with certain ailments is a current treatment of choice. No current or prior approved indications are known for the use of an hESC- or hiPSC-derived cell type for a human clinical disorder. Investigators working on adult stem cells, hESCs, and hiPSCs will continue to focus on improvements in cell isolation, in vitro stem cell expansion, regulating stem cell commitment to specific cell lineages, facilitating in vitro cellular differentiation, tissue engineering using synthetic matrices and stem cell progeny, optimizing transplantation protocols, and in vivo stem cell or stem cell–derived tissue testing for safety and efficacy in appropriate animal models of human disease. The recently acquired ability to directly reprogram one cell lineage into another cell lineage perhaps provides the most exciting possibilities for developing small molecules that someday may become drugs for administration to patients to repair or regenerate a dysfunctional or deficient cellular population. One may speculate that these approaches may permit arrest of human disease progression and may serve as methods of disease prevention as we learn how to tailor patient-specific disease risk detection with cellular reprogramming for tissue and organ regeneration.


This is an optimistic view of the potential benefit that mankind may derive from this basic research; however, we believe it is important to caution against unsubstantiated claims that such benefits can now be derived from these cells. The hope for medical benefit from a stem cell therapy is a powerful drug for many patients and their families suffering from currently incurable diseases, but as indicated previously, no indications are currently approved for the use of hESC- or hiPSC-derived cell therapy for any patient disorder. Likewise, indications for the use of adult stem cells as cell therapy are quite specific and, in general, are largely restricted to hematopoietic stem cell transplantation for human blood disorders. Several recent publications have addressed the issues that surround the phenomenon of “stem cell tourism” and provide some helpful considerations for subjects or families of subjects contemplating travel to seek medical benefits from “stem cell treatments” that may not be available in their own country.94-96
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Evaluation and management of thrombocytopenic neonates present frequent challenges for neonatologists, because 22% to 35% of infants admitted to the neonatal intensive care unit (NICU) are affected by thrombocytopenia at some point during their hospital stay.1 In 2.5% to 5% of all NICU admissions, thrombocytopenia is severe, which is defined as a platelet count lower than 50 × 109.2,3 These patients are usually treated with platelet transfusions in an attempt to diminish the occurrence, or severity, of hemorrhage. However, considerable debate continues on what constitutes an “at risk” platelet count, particularly because a number of other variables (e.g., gestational age, mechanism of thrombocytopenia, platelet function) may significantly influence bleeding risk. In the absence of randomized trials to address this question, we have only limited data available to guide treatment decisions in this population. In this chapter, we will review current concepts on normal and abnormal neonatal thrombopoiesis and current methods of evaluating platelet production and function. We then will provide a step-wise approach to evaluation of the thrombocytopenic neonate, and finally will review current controversies regarding neonatal platelet transfusions and the potential use of thrombopoietic growth factors.






Platelet Production in Neonates


Platelet production can be schematically represented as consisting of four main steps (Fig. 2-1). The first is a thrombopoietic stimulus that drives the production of megakaryocytes and, ultimately, platelets. Although various cytokines (e.g., interleukin [IL]-3, IL-6, IL-11, granulocyte-macrophage colony-stimulating factor [GM-CSF]) contribute to this process, thrombopoietin (Tpo) is now widely recognized as the most potent known stimulator of platelet production.4 Tpo promotes the next two steps in thrombopoiesis: the proliferation of megakaryocyte progenitors (the cells that multiply and give rise to megakaryocytes), and the maturation of the megakaryocytes, which is characterized by a progressive increase in nuclear ploidy and cytoplasmic maturity that leads to the generation of large polyploid (8 N to 64 N) megakaryocytes.4,5 Through a poorly understood process, these mature megakaryocytes then generate and release new platelets into the circulation.





[image: image]

Figure 2-1 Schematic representation of neonatal megakaryocytopoiesis. Tpo acts by promoting the proliferation of megakaryocyte progenitors and the maturation of megakaryocytes. Through a poorly understood process, mature megakaryocytes release new platelets into the circulation. These new platelets represent the reticulated platelet percentage. MK, megakaryocyte; RP%, reticulated platelet percentage; Tpo, thrombopoietin.


(Adapted from Sola MC. Fetal megakaryocytopoiesis. In: Christensen RD [ed]. Hematologic Problems of the Neonate. Philadelphia: WB Saunders; 2000:43–59, with permission.)





Although the general steps in platelet production are similar in neonates and adults, important developmental differences need to be considered when neonates with platelet disorders are evaluated. Whereas plasma Tpo concentrations are higher in normal neonates than in healthy adults, neonates with thrombocytopenia generally have lower Tpo concentrations than adults with a similar degree and mechanism of thrombocytopenia.6-8 Megakaryocyte progenitors from neonates have a higher proliferative potential than those from adults and give rise to significantly larger megakaryocyte colonies when cultured in vitro.6,9,10 Neonatal megakaryocyte progenitors are also more sensitive to Tpo than adult progenitors both in vitro and in vivo, and are present in the bone marrow and in peripheral blood (unlike adult progenitors, which reside almost exclusively in the bone marrow).4,10,11 Finally, neonatal megakaryocytes are smaller and of lower ploidy than adult megakaryocytes.12-17 Despite their low ploidy and small size, however, neonatal megakaryocytes have a high degree of cytoplasmic maturity and can generate platelets at very low ploidy levels. Indeed, we have recently shown that 2 N and 4 N neonatal megakaryocytes are cytoplasmically more mature than adult megakaryocytes of similarly low ploidy levels, challenging the paradigm that neonatal megakaryocytes are immature. At the molecular level, the rapid cytoplasmic maturation of neonatal megakaryocytes is associated with high levels of the transcription factor GATA-1 (globin transcription factor) and upregulated Tpo signaling through the mammalian target of rapamycin (mTOR) pathway.18 Because smaller megakaryocytes produce fewer platelets than are produced by larger megakaryocytes,19 it has been postulated that neonates maintain normal platelet counts on the basis of the increased proliferative rates of their progenitors.


An important but unanswered question involves how these developmental differences impact the ability of neonates to respond to thrombocytopenia, particularly secondary to increased platelet consumption. Specifically, it was unknown whether neonates could increase the number and/or size of their megakaryocytes, as adult patients with platelet consumptive disorders do. Finding the answer to this question has been challenging, mostly because of the limited availability of bone marrow specimens from living neonates, the rarity of megakaryocytes in the fetal marrow, the fragility of these cells, and the inability to accurately differentiate small megakaryocytes from cells of other lineages. A study using immunohistochemistry and image analysis tools to evaluate megakaryocytes in neonatal bone marrow biopsies suggested that thrombocytopenic neonates do not increase the size of their megakaryocytes.17 In fact, most thrombocytopenic neonates evaluated in this study had a lower megakaryocyte mass than their nonthrombocytopenic counterparts. These findings were confirmed in a subsequent study using a mouse model of neonatal immune thrombocytopenia, in which thrombocytopenia of similar severity was generated in fetal and adult mice.20 Taken together, these studies suggest that the small size of neonatal megakaryocytes represents a developmental limitation in the ability of neonates to upregulate platelet production in response to increased demand, which might contribute to the predisposition of neonates to develop severe and prolonged thrombocytopenia.


Because bone marrow studies in neonates remain technically difficult (particularly in those born prematurely), significant efforts have been aimed at developing blood tests to evaluate platelet production that would be suitable for neonates. Among these tests, Tpo concentrations,6-821 circulating megakaryocyte progenitors,6,22,23 and reticulated platelet percentages (RP%)24-27 have been used. As shown in Figure 2-1, circulating Tpo concentrations are a measure of the thrombopoietic stimulus. Because serum Tpo levels are a reflection of both the level of Tpo production and the availability of Tpo receptor (on progenitor cells, megakaryocytes, and platelets), elevated Tpo levels in the presence of thrombocytopenia usually indicate an inflammatory condition leading to upregulated gene expression (e.g., during infection)28 or a hyporegenerative thrombocytopenia characterized by decreased megakaryocyte mass (such as congenital amegakaryocytic thrombocytopenia). Several investigators have published Tpo concentrations in healthy neonates of different gestational and postconceptional ages, and in neonates with thrombocytopenia of different causes.6-8,29-33 Although Tpo measurements are not yet routinely available in the clinical setting, serum Tpo concentrations can provide useful information in the diagnostic evaluation of a neonate with severe thrombocytopenia.


As previously stated, megakaryocyte progenitors (the precursors for megakaryocytes) are present both in the blood and in the bone marrow of neonates. Several investigators have attempted to measure the concentration of circulating progenitors as an indirect marker of marrow megakaryocytopoiesis, although the correlation between blood and marrow progenitors has not been clearly established.6,22,23 The concentration of circulating megakaryocyte progenitors decreases in normal neonates with increasing postconceptional age, possibly owing to the migration of megakaryocyte progenitors from the liver to the bone marrow.23 When applied to thrombocytopenic neonates, Murray and associates showed that preterm neonates with early-onset thrombocytopenia (secondary to placental insufficiency in most cases) had decreased concentrations of circulating megakaryocyte progenitors compared with their nonthrombocytopenic counterparts.22 The number of progenitors increased during the period of platelet recovery, indicating that the thrombocytopenia observed in these neonates occurred after platelet production was decreased. It is unlikely, however, that this relatively labor-intensive test (which requires culturing of megakaryocyte progenitors for 10 days) will ever be applicable in the clinical setting.


A test that recently became available to clinicians for the evaluation of neonatal thrombocytopenia is the immature platelet fraction (IPF), which is the clinical equivalent of the reticulated platelet percentage (RP%). Reticulated platelets, or “immature platelets,” are newly released platelets (<24 hours old) that contain residual RNA, which permits their detection and quantification in blood.34-37 Unlike the RP test, which requires flow cytometry, IPF can be measured as part of the complete cell count with a standard hematologic cell counter (Sysmex 2100 XE Hematology Analyzer, Kobe, Japan), which is now available in the clinical hematology laboratories at several medical centers. In adults and children, the RP% and the IPF have been evaluated as a way of classifying thrombocytopenia kinetically, similar to the way the reticulocyte count is used to evaluate anemia, so that a low IPF would signify diminished platelet production, and an elevated IPF would signify increased platelet production. Two recent studies have shown the usefulness of the IPF in evaluating mechanisms of thrombocytopenia and in predicting platelet recovery in neonates.38,39


Although none of these tests has been adequately validated through concomitant bone marrow or platelet kinetics studies in neonates, studies in adults and children indicate that the application of several tests in combination can help differentiate between disorders of increased platelet destruction and those of decreased production, and sometimes even provide important diagnostic clues.40-44 In neonates, use of these tests in combination has allowed the recognition of very specific patterns of abnormal thrombopoiesis, such as ineffective platelet production in congenital human immunodeficiency virus (HIV) infection45 and unresponsiveness to thrombopoietin in congenital amegakaryocytic thrombocytopenia.46


From the clinical perspective, the IPF, if available, is likely to offer useful information to guide diagnostic evaluation in neonates with severe thrombocytopenia of unclear origin. However, bone marrow studies still provide information that cannot be obtained through any indirect measure of platelet production (e.g., marrow cellularity, megakaryocyte morphology, evidence of hemophagocytosis) and should be performed in selected patients.47









Neonatal Platelet Function


Although platelet transfusions are routinely provided to neonates with the goal of decreasing their risk of catastrophic hemorrhage, it is known that not only platelet count but also gestational and postconceptional age, the disease process, and platelet function at that time significantly influence an infant’s risk of bleeding. Emphasizing this point, a recent study demonstrated that nearly 90% of clinically significant hemorrhages among neonates with severe thrombocytopenia occurred in infants with a gestational age less than 28 weeks and during the first 2 weeks of life.2 Therefore, assessment of platelet function and primary hemostasis is likely to offer greater insight into an infant’s bleeding risk than the platelet count alone. A limitation of this approach, however, has been the lack of a simple, rapid, and reproducible technique for the measurement of neonatal platelet function.


To evaluate the contribution of platelet function to hemostasis, two different approaches have been used. The first focuses on specific platelet functions such as adhesion, activation, or aggregation; the second involves the measurement of primary hemostasis in whole blood samples. Primary hemostasis represents the summation of the effects of platelet number and function with many other circulating factors and is a more global and physiologic measure. To measure specific platelet function, many researchers have used aggregometry to assess platelet aggregation and flow cytometry to assess platelet activation. Initial platelet aggregation studies, performed using platelet-rich plasma, demonstrated that platelets from neonatal cord blood (preterm greater than term)48 were less responsive than adult platelets to agonists such as adenosine diphosphate (ADP), epinephrine, collagen, thrombin, and thromboxane analogues (e.g., U46619).49-54 This hyporesponsiveness of neonatal platelets to epinephrine is probably due to the presence of fewer α2-adrenergic receptors, which are binding sites for epinephrine, on neonatal platelets.55 The reduced response to collagen likely reflects impairment of calcium mobilization,51,56 whereas the decreased response to thromboxane may result from differences in signaling downstream from the receptor.48 In contrast to these findings, ristocetin-induced agglutination of neonatal platelets was enhanced compared with that in adults, likely reflecting the higher levels and activity of circulating von Willebrand factor (vWF) in neonates.57-61 The main limitation of platelet-rich plasma aggregometry was that large volumes of blood were needed, thus limiting its application in neonatology to cord blood samples. New platelet aggregometers, however, can accommodate whole blood samples and require smaller volumes, thus opening the door to whole blood aggregometry studies in preterm neonates.62,63


Activated platelets undergo a series of changes in the presence or conformation of several surface proteins, which are known as activation markers. Using specific monoclonal antibodies and flow cytometry to detect platelet activation markers, studies of cord blood and postnatal (term and preterm) samples demonstrated decreased platelet activation in response to platelet agonists such as thrombin, ADP, and epinephrine (concordant with aggregometry studies).51,64-67 This platelet hyporesponsiveness appears to resolve by the 10th day after birth.68 Flow cytometry is an attractive technique for these tests because it requires very small volumes of blood (5 to 100 µL), and it allows the evaluation of both the basal status of platelet activation and the reactivity of platelets in response to various agonists. However, data on applying this technique to neonates with thrombocytopenia, sepsis, liver failure, disseminated intravascular coagulation (DIC), and other disorders are limited.68


The second approach to evaluating platelet function involved methods to determine whole blood primary hemostasis, a more global and physiologic measure of platelet function in the context of whole blood. Historically, bleeding time has been considered the gold standard test of primary hemostasis in vivo. Bleeding time studies performed on healthy term neonates demonstrated shorter times than those performed on adults, suggesting enhanced primary hemostasis.69 This finding contrasts with the platelet hyporesponsiveness observed in aggregometry and flow cytometry studies. It has been suggested that the shorter bleeding times were a result of higher hematocrits,70 higher mean corpuscular volumes,71 higher vWF concentrations57,72 and a predominance of longer vWF polymers in neonates.59,61 When bleeding times were measured in preterm neonates, they were found to be overall longer than those in healthy term neonates.73 A recent study serially evaluated bleeding times in 240 neonates of different gestational ages and observed that preterm neonates (<33 weeks’ gestation) on the first day of life had longer bleeding times than term neonates, but these differences disappeared by day 10 of life.74


A single study attempted to determine the relationship between bleeding times and platelet counts in thrombocytopenic neonates. This study revealed prolonged bleeding times in patients with platelet counts below 100 × 109/L but no correlation between degree of thrombocytopenia and prolongation in bleeding time.75 However, because bleeding times are highly operator dependent and existing evidence suggests that bleeding times do not correlate well with clinically evident bleeding or the likelihood of bleeding, it was unclear whether this finding was a reflection of the limitations of the test, or whether a true lack of correlation occurred.


The cone and platelet analyzer tests whole blood platelet adhesion and aggregation on an extracellular matrix–coated plate under physiologic arterial flow conditions.76 When a modified technique was applied to healthy full-term neonatal platelets, they demonstrated more extensive adhesion properties than adult platelets, with similar aggregate formation.60 Healthy preterm platelets had decreased platelet adhesion compared with those of term infants, but it was still greater than that seen in adults.77,78 Adherence in preterm infants correlated with gestational age in the first 48 hours of life and did not increase with increasing postconceptional age even up to 10 weeks of life.78 It is interesting to note that when the cone and platelet analyzer was used, septic preterm infants displayed lower adherence than healthy preterm infants, suggesting a mechanism for bleeding tendencies in this population.77 Similarly, term neonates born to mothers with pregnancy-induced hypertension and gestational diabetes displayed poorer platelet function compared with healthy term neonates.79 Unfortunately, the cone and platelet analyzer is not available for clinical use in most institutions, thus limiting its use to research purposes.


More recently, a highly reproducible, automated measure of primary hemostasis was developed and commercialized as a substitute for bleeding time. The platelet function analyzer (PFA-100) measures primary hemostasis by simulating in vivo quantitative measurement of platelet adhesion, activation, and aggregation. Specifically, anticoagulated blood is aspirated under high shear rates through an aperture cut into a membrane coated with collagen and either ADP or epinephrine, which mimics exposed subendothelium. Platelets are activated upon exposure to shear stress and physiologic agonists (collagen + ADP or epinephrine), adhere to the membrane, and aggregate until a stable platelet plug occludes blood flow through the aperture.80 The time to reach occlusion is recorded by the instrument as closure time. Two closure times are measured with each instrument run: one is obtained with collagen and epinephrine, and the other with collagen and ADP.81,82


The PFA-100 test offers the advantages of being rapid, accurate, and reproducible, while only requiring 1.8 mL of citrated blood. Four studies applied this method to neonates and demonstrated shorter closure times in term neonates compared with adults, in concordance with previous bleeding time studies.80,83-85 However, these studies were performed on term cord blood samples, which makes interpretation of this diagnostic test in neonates of different gestational and postconceptional ages very difficult (in the absence of reference values). To address this issue, our group recently evaluated serial closure times in blood samples obtained from a group of nonthrombocytopenic neonates of different gestational ages. We observed that both ADP and epinephrine closure times were significantly longer in neonatal samples than in cord blood samples, and that an inverse correlation was evident between ADP closure times and gestational age in samples obtained on the first 2 days of life.86 Several recent studies have also examined the effects of common neonatal medications on neonatal closure and bleeding times. In these studies, ampicillin tended to prolong bleeding times after three or four doses, but it did not significantly affect neonatal closure times.87 Ibuprofen, in contrast, was found to slightly prolong closure times, but it did not affect neonatal bleeding times.88 The clinical significance of these findings remains to be determined.









Approach to the Neonate With Thrombocytopenia


The fetal platelet count reaches a level of 150 × 109/L by the end of the first trimester of pregnancy.89 Thus, traditionally, any neonate with a platelet count lower than 150 × 109/L, regardless of gestational age (23 to 42 weeks), is defined as having thrombocytopenia. This definition was challenged by a recent large population study involving 47,291 neonates treated in a multihospital system. In this study, reference ranges for platelet counts at different gestational and postconceptional ages were determined by excluding the top and lower 5th percentiles of all platelet counts.90 Through this approach, the lowest limit (5th percentile) of platelet counts for infants at less than 32 weeks’ gestation was found to be 104 × 109/L, compared with 123 × 109/L for neonates older than 32 weeks. Although this is the largest study of platelet counts in neonates published to date, the investigators did not exclude critically ill neonates from the study; therefore, these values may be appropriate as epidemiologic “reference ranges” for neonates admitted to the NICU rather than as “normal values” for this population. An additional finding from this study was that the mean platelet counts of the most immature infants (born at 22 to 25 weeks) always remained below the mean levels measured in more mature infants. The mechanisms underlying these observations are unknown, but they are likely related to developmental differences in megakaryocytopoiesis. Nevertheless, because platelet counts in the 100 to 150 × 109/L range can be found in healthy neonates more frequently than in healthy adults, careful follow-up and expectant management in otherwise healthy-appearing neonates with transient thrombocytopenia in this range are considered acceptable, although lack of resolution or worsening should prompt further evaluation.


For practicing neonatologists, the first step in the evaluation of a thrombocytopenic neonate is to try to identify patterns that have been associated with specific illnesses. Table 2-1 lists the diagnoses most commonly reported in the literature as potential causes of neonatal thrombocytopenia, as well as their presentations. If the pattern of thrombocytopenia fits any of the listed categories, then confirmatory testing is indicated. Some overlap in these processes is obvious, as with sepsis and necrotizing enterocolitis (NEC), or birth asphyxia and DIC.




Table 2-1 SPECIFIC ILLNESSES AND PATTERNS ASSOCIATED WITH NEONATAL THROMBOCYTOPENIA


[image: image]


[image: image]





Figures 2-2 and 2-3 provide algorithms for the evaluation of a neonate with severe (platelet count <50 × 109/L) or mild (100 to 150 × 109/L) to moderate (50 to 100 × 109/L) thrombocytopenia, respectively. In addition to severity, this approach uses time of presentation to classify the different causes of thrombocytopenia as early (onset at <72 hours of life) versus late (onset at >72 hours of life) thrombocytopenia. When severe, early thrombocytopenia occurs (see Fig. 2-2) in a term or preterm neonate, infection (usually bacterial) should be suspected and evaluated. If the neonate is well appearing and infection has been ruled out, then a careful family history and physical examination can provide critical clues to the diagnosis. For example, a prior sibling with a history of neonatal alloimmune thrombocytopenia (NAIT) strongly supports this diagnosis, prompting immediate evaluation and treatment (see next section). A family history of any form of congenital thrombocytopenia warrants further investigation in this direction (Table 2-2). The presence of physical findings of trisomy 13 (i.e., cutis aplasia, cleft lip and palate), 18 (i.e., clinodactyly, intrauterine growth retardation [IUGR], rocker-bottom feet), or 21 (i.e., macroglossia, single palmar crease, atrioventricular [AV] canal, hypotonia), or Turner syndrome (edema, growth retardation, congenital heart defects), dictates chromosomal evaluation. Decreased ability to pronate/supinate the forearm in an otherwise normal-appearing neonate could suggest congenital amegakaryocytic thrombocytopenia with proximal radioulnar synostosis.91 The presence of hepatosplenomegaly suggests the possibility of viral infection; an abdominal mass should prompt an abdominal ultrasound to evaluate for renal vein thrombosis.
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Figure 2-2 Evaluation of the neonate with severe thrombocytopenia (<50 × 109/L) of early (<72 hours of life) versus late (>72 hours of life) onset. DIC, Disseminated intravascular coagulation; EBV, Epstein-Barr virus; ITP, immune thrombocytopenic purpura; NAIT, neonatal alloimmune thrombocytopenia; NEC, necrotizing enterocolitis; RVT, renal vein thrombosis; TAR, thrombocytopenia absent-radii syndrome. *TORCH evaluation consisting of diagnostic work-up for toxoplasmosis, rubella, cytomegalovirus (CMV), herpes simplex virus (HSV), and syphilis. **Refer to Table 2-2 for a listing of disorders.
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Figure 2-3 Evaluation of the neonate with mild to moderate thrombocytopenia (50 to 149 × 109/L) of early (<72 hours of life) versus late (>72 hours of life) onset. NEC, Necrotizing enterocolitis.






Table 2-2 FAMILIAL THROMBOCYTOPENIAS, INCLUDING PLATELET SIZE, MODE OF INHERITANCE, AND ASSOCIATED PHYSICAL FINDINGS
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In the absence of any obvious diagnostic clues, the most likely cause of thrombocytopenia in an otherwise well-appearing infant is immune (allo- or auto-) thrombocytopenia caused by the passage of antiplatelet antibodies from the mother to the fetus. If the antiplatelet antibody work-up is negative, then a more detailed evaluation is indicated. This should consist of TORCH (toxoplasmosis, rubella, cytomegalovirus [CMV], herpes simplex virus [HSV], and syphilis) evaluation, including HIV testing.45 Rarer diagnoses such as thrombosis (renal vein thrombosis, sagittal sinus thrombosis), Kasabach-Merritt syndrome, and inborn errors of metabolism (mainly propionic acidemia and methylmalonic acidemia) should be considered if clinically indicated. Thrombocytopenia in these disorders may range from severe to mild, depending on the particular presentation. It is important to recognize that some chromosomal disorders have very subtle phenotypic features, such as can be the case in the 11q terminal deletion disorder (also referred to as Paris-Trousseau thrombocytopenia or Jacobsen syndrome),92 which has a wide range of phenotypes (including any combination of growth retardation, genitourinary anomalies, limb anomalies, mild facial anomalies, abnormal brain imaging, heart defects, and ophthalmologic problems).92,93 Therefore, a growth-restricted neonate with no obvious reason for growth restriction or an infant with subtle dysmorphic features and thrombocytopenia warrants chromosomal analysis. Severe and persistent isolated thrombocytopenia in an otherwise normal neonate can also represent congenital amegakaryocytic thrombocytopenia. If the thrombocytopenia is part of a pancytopenia, osteopetrosis and other bone marrow failure syndromes should be considered.


When a neonate presents with severe thrombocytopenia after 72 hours of life (see Fig. 2-2), prompt evaluation and treatment for bacterial/fungal sepsis and/or NEC must be initiated. If all cultures are negative and there is no clinical evidence of NEC, but the platelet count is still severely low, then the evaluation must be expanded. Appropriate testing should include evaluations for (1) DIC and liver dysfunction; (2) certain viral infections (i.e., HSV, CMV, Epstein-Barr virus [EBV]); (3) thrombosis, especially with a history of a central line; (4) drug-induced thrombocytopenia (Table 2-3)94-101; (5) inborn errors of metabolism; and (6) Fanconi anemia (rare).102,103


Table 2-3 MEDICATIONS FREQUENTLY USED IN NEONATES THAT MAY CAUSE THROMBOCYTOPENIA*






	Medication Class

	Examples






	Antibiotics

	Penicillin and derivatives






	Ciprofloxacin






	Cephalosporin






	Metronidazole






	Vancomycin






	Rifampin






	Nonsteroidals

	Indomethacin






	Anticoagulants

	Heparin






	Histamine H2-receptor antagonists

	Famotidine, cimetidine






	Anticonvulsants

	Phenobarbital, phenytoin







* Most of the medications listed have been reported to cause neonatal thrombocytopenia in isolated case reports.99-106


The presentation of mild to moderate thrombocytopenia (see Fig. 2-3) within the first 72 hours of life in a well-appearing preterm infant without risk factors for infection and with a maternal history of preeclampsia or chronic hypertension is most likely related to placental insufficiency.7,22 If the platelet count normalizes within 10 days, no further evaluation is necessary. However, if thrombocytopenia becomes severe or the platelet count does not return to normal, further evaluation (especially for infection or immune thrombocytopenia) is required. Mild to moderate thrombocytopenia within the first 72 hours of life in an ill-appearing term or preterm neonate warrants an immediate evaluation for sepsis. If sepsis is ruled out, the evaluation should be very similar to the one described for early, severe thrombocytopenia in a nonseptic neonate (see Fig. 2-2). If thrombocytopenia is persistent, the differential diagnosis should be expanded to include familial thrombocytopenias, which frequently (but not always) are in the mild to moderate range. Many familial thrombocytopenias can be identified on the basis of platelet size, mode of inheritance, and associated clinical findings (see Table 2-2). Platelet size can be evaluated by using the mean platelet volume (MPV; normal, 7 to 11 fL),93 which frequently is reported on routine complete blood counts, or by reviewing the blood smear and looking for large or small platelets. For example, the May-Hegglin anomaly, Fechtner syndrome, and Epstein syndrome present with large platelets (MPV >11 fL),93 as well as with other associated clinical findings that may be identified during the neonatal period.93 In contrast, Wiskott-Aldrich syndrome and X-linked thrombocytopenia present with abnormally small platelets (MPV <7 fL).93 Certain physical findings on examination may provide key diagnostic clues as to the underlying diagnosis (see Table 2-2). The inability to supinate/pronate the forearm may be a sign of congenital amegakaryocytic thrombocytopenia with proximal radioulnar synostosis, which can be easily confirmed by forearm X-rays.91


If the presentation of thrombocytopenia occurs at greater than 72 hours of life, the most likely diagnosis is bacterial or fungal sepsis with or without NEC. Late-onset thrombocytopenia associated with sepsis has been reported to occur in 6% of all admissions to the NICU in some institutions.104 However, if these are ruled out, then an approach similar to that outlined for late-onset severe thrombocytopenia should be followed (see Fig. 2-2).


In neonates with thrombocytopenia of unclear origin, identifying the responsible mechanisms (increased destruction, decreased production, sequestration, or a combination) may aid in narrowing the differential diagnosis. Neonatal alloimmune and autoimmune thrombocytopenias are examples of increased destruction, whereas infants born to mothers with placental insufficiency, or who have inherited bone marrow failure syndromes, are examples of decreased platelet production. The exact mechanism remains unknown for a large percentage of neonates with thrombocytopenia. In adults, bone marrow studies and radiolabeled platelet survival studies provide a thorough mechanistic evaluation. Unfortunately, these studies are cumbersome and technically difficult in neonates. For this reason, use of the tests described in the first section may prove to be of particular value in the evaluation of neonates with thrombocytopenia of unknown origin.









Treatment/Management of Neonatal Thrombocytopenia


Despite the frequency of thrombocytopenia in the NICU, and the severity of its potential consequences, only one prospective, randomized trial has evaluated different thresholds for platelet transfusions in neonates. In this study, performed by Andrew and associates in 1993,105 thrombocytopenic premature infants were randomly assigned to maintain a platelet count greater than 150 × 109/L at all times, or to receive platelet transfusions only for clinical indications or for a platelet count lower than 50 × 109/L. Overall, these investigators found no differences in the frequency or severity of intracranial hemorrhages between the two groups, suggesting that nonbleeding premature infants with platelet counts greater than 50 × 109/L did not benefit from prophylactic platelet transfusions. Because this study included neonates with a platelet count greater than 50 × 109/L, it remained unclear whether lower platelet counts could be safely tolerated in otherwise stable neonates. To answer this question, Murray and colleagues104 performed a retrospective review on their use of platelet transfusions among neonates with platelet counts lower than 50 × 109/L (n = 53 of 901 admissions over a 3-year period). They reported that 51% of these neonates (27/53) received at least one platelet transfusion (all infants with a platelet count lower than 30 × 109/L, and those with platelet counts between 30 and 50 × 109/L who had a previous hemorrhage or were clinically unstable). No major hemorrhages were observed in this group of severely thrombocytopenic neonates, indicating that a prophylactic platelet transfusion trigger threshold of less than 30 × 109/L probably represents safe practice for clinically stable intensive care unit (ICU) patients.104 As the authors themselves recognized, however, this was a relatively small retrospective study that should be interpreted with caution.


In the absence of high-quality evidence to guide our transfusion decisions, numerous experts and consensus groups have published guidelines for the administration of platelet transfusions to neonates. The most recent guidelines are summarized in Table 2-4, although it is important to recognize that these represent only educated opinions based on limited existing evidence. This lack of evidence is clearly reflected in the variability of neonatal platelet transfusion practices worldwide, as exposed by recent papers describing platelet transfusion usage in different NICUs.104-108 Three recent reports have retrospectively documented platelet transfusion practice in NICUs from the United States, the United Kingdom, and Mexico.104,106,107 In summary, these reports highlighted that approximately 2% to 9% of neonates admitted to the NICU receive at least one platelet transfusion, that most platelet transfusions are given to nonbleeding patients with platelet counts lower than 50 × 109/L, and that more than 50% of neonates who receive a transfusion will receive more than one. A recent survey of neonatal platelet transfusion practices among neonatologists in the United States further confirmed the extraordinary variability in neonatal platelet transfusion thresholds used by clinicians in this country.109




Table 2-4 SUMMARY OF RECENT GUIDELINES FOR PLATELET TRANSFUSIONS IN TERM AND PRETERM NEONATES (PLATELET COUNTS × 109/L)
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Although the threshold for platelet transfusions remains controversial, there is better agreement on the desired characteristics of transfused platelets. Experts agree that neonates should receive 10 to 15 mL/kg of a CMV-safe standard platelet suspension, derived from a random donor platelet unit (whole blood–derived) or from a plateletpheresis unit. Regardless of the source, a dose of 10 to 15 mL/kg should provide enough platelets to increase the blood platelet count to greater than 100 × 109/L. Volume reduction is not routinely recommended. The use of more than one random donor platelet unit in a transfusion is discouraged because this increases the number of donor exposures without conferring benefit.


Because of concerns of CMV infection, most institutions transfuse infants with blood products obtained from donors without detectable antibodies to CMV.110 However, the incidence of CMV infection following transfusion with CMV-negative platelets is still 1% to 4% owing to an intrinsic false-negative rate of the test for antibody to CMV, a low antibody titer, or transient viremia quenching the circulating antibody.111-113 A major limitation of the use of CMV-negative blood is that less than 50% of the blood donor population is CMV antibody negative. An alternative to CMV-negative blood is leukocyte reduction, although whether this offers comparable safety is controversial.114-118


Another concern involves transfusion-associated graft-versus-host disease (TA-GVHD), which is caused by contaminating T lymphocytes in platelet concentrates. TA-GVHD presents between 8 and 10 days after a transfusion and is characterized by rash, diarrhea, elevated hepatic transaminases, hyperbilirubinemia, and pancytopenia. TA-GVHD is also characterized by an extremely high mortality rate (>90%). Exposure of platelets to 2500 cGy of gamma irradiation before transfusion effectively prevents GVHD; irradiated cellular products are definitely indicated in cases of suspected or confirmed underlying immunodeficiency (e.g., DiGeorge syndrome, Wiskott-Aldrich syndrome), intrauterine or exchange transfusions, or blood transfusions from a first- or second-degree relative or a human leukocyte antigen (HLA)-matched donor.119 However, because an underlying primary immunodeficiency disorder may not be apparent in the neonatal period, many institutions choose to irradiate all cellular blood products administered to neonates.


When a full-term, well-appearing neonate presents at birth with severe thrombocytopenia, a diagnosis of NAIT must be considered. NAIT is caused by fetomaternal mismatch for human platelet alloantigens; the pathogenesis resembles that of erythroblastosis fetalis. Platelets exhibit a large number of antigens on their membranes, including ABO, HLA antigens, and platelet-specific antigens, referred to as human platelet antigens (HPAs). If incompatibility between parental platelet antigens exists, the mother can become sensitized to an antigen expressed on the fetal platelets. These maternal antibodies then may cross the placenta, bind to fetal platelets, and induce platelet removal by the reticuloendothelial system, resulting in severe thrombocytopenia as early as 24 weeks’ gestation.120 Intracranial hemorrhage has been reported in 10% to 15% of cases of NAIT121; it is therefore important to provide effective therapy as soon as possible. A recent large study evaluating HPA-specific antibodies showed that in approximately 31% of cases in which NAIT was suspected, a specific antiplatelet antibody was identified.122 In these cases, maternal HPA-1 (previously known as PLA-1) alloimmunization accounted for most cases (79%),122 but many other specific platelet alloantigens have been implicated in the pathogenesis of NAIT and should be considered, particularly when maternal serum is shown to react with paternal platelets.122-127


The treatment of neonates with NAIT depends on whether the diagnosis is suspected or known prenatally. If the diagnosis is clinically suspected (i.e., first affected pregnancy), random donor platelet transfusions are now considered the first line of therapy, based on recent data demonstrating that a large proportion of infants with NAIT respond to random donor platelet transfusions.128 If the patient is clinically stable and does not have evidence of an intracranial hemorrhage, platelets are usually given when the platelet count is lower than 30 × 109/L, although this is arbitrary. If the patient shows evidence of an intracranial hemorrhage, the goal is to maintain a platelet count greater than 100 × 109/L, although this can be challenging in neonates with NAIT. In addition to platelets, if the diagnosis of NAIT is confirmed or is strongly suspected, intravenous immune globulin (IVIG) (1 g/kg/day for up to 2 consecutive days) may be infused to increase the patient’s own platelets and potentially to protect the transfused platelets.129 Because in NAIT, the platelet count usually falls after birth, IVIG can also be infused when the platelet count is between 30 and 50 × 109/L to try to prevent a further drop.


The blood bank should be alerted immediately about any infant with suspected NAIT. Some of these infants will fail to respond to random donor platelets and IVIG,128 and arrangements should be made to secure as soon as possible a source of antigen-negative platelets (either from HPA-1b1b and 5a5a donors, which should be compatible in >90% of cases, or from the mother) for the “nonresponders.” If maternal platelets are used, these should be concentrated to minimize the amount of maternal plasma, which contains antiplatelet antibodies. Maternal plasma can also be eliminated by washing the platelets, although this procedure has been shown to cause significant damage to the platelets.130 In some European countries, HPA-1b1b and 5a5a platelets are maintained in the blood bank inventory and are immediately available for use. In those cases, they are preferable to random donor platelets and/or IVIG and should be the first line of therapy. Methylprednisolone (1 mg/kg twice a day for 3 to 5 days) has been used in individual case reports and small series, but should be considered only if the infant does not respond to random platelets and IVIG, and if antigen-matched platelets are not readily available. Some experts recommend intravenous methylprednisolone at a low dose (1 mg every 8 hours) on the days that IVIG is given.130


When a neonate is born to a mother who had a previous pregnancy affected by confirmed NAIT, genotypically matched platelets (e.g., HPA-1b1b platelets in case of a mother with known anti–HPA-1a antibodies) should be available in the blood bank at the time of delivery and should be the first line of therapy if the infant is thrombocytopenic. In addition, mothers who delivered an infant with NAIT should be followed in high-risk obstetrics clinics during all future pregnancies and should receive prenatal treatment to reduce the incidence and severity of fetal/neonatal thrombocytopenia in subsequent pregnancies. The intensity of prenatal treatment will be based on the severity of thrombocytopenia and on the presence or absence of intracranial hemorrhage (ICH) in the previously affected fetus. This is particularly important in assessing the risk of ICH in the current pregnancy and in minimizing this risk. Current recommendations involve maternal treatment with IVIG (1 to 2 g/kg/wk) with or without steroids, starting at 12 or at 20 to 26 weeks’ gestation, depending on whether the previously affected fetus suffered an ICH, and if so, at what time during pregnancy.130


Because of the risks associated with blood products, the potential use of thrombopoietic growth factors has been explored as an appealing therapeutic alternative for thrombocytopenia. IL-3, IL-6, IL-11, stem cell factor (SCF), and thrombopoietin (Tpo) all support megakaryocyte development in vitro and have been touted for their preclinical thrombopoietic activity, but have led to limited platelet recovery or excessive toxicity in the adult patient care setting.131 No trials have so far been conducted in neonates.


Recombinant IL-11 was the first thrombopoietic growth factor to be approved by the Food and Drug Administration (FDA) for the prevention of severe thrombocytopenia after myelosuppressive chemotherapy for nonmyeloid malignancies,132 although significant side effects such as fluid retention and atrial arrhythmias may limit its use.133,134 Reports of experimental benefits for NEC135,136 and sepsis137 in animal models have made the thought of using this cytokine in neonates somewhat appealing. However, safety and efficacy in neonates have never been investigated, and its use should be restricted to well-controlled clinical trials.


The cloning of Tpo (the most potent known stimulator of platelet production) led to a flurry of studies that quickly progressed from bench research to clinical trials. Unfortunately, a few of the subjects treated with a truncated form of recombinant Tpo (PEG-rHMGDG) developed neutralizing antibodies against endogenous Tpo, resulting in severe thrombocytopenia and aplastic anemia.138 This led pharmaceutical companies to discontinue all clinical trials involving Tpo. As an alternative, much interest was devoted to the development of Tpo-mimetic molecules. Most of these are small molecules that have no molecular homology to Tpo but bind to the Tpo receptor and have biologically comparable effects. In 2008, the FDA approved the use of two novel Tpo receptor agonists—romiplostim (AMG-531, Nplate) and eltrombopag (SB497115, Promacta)—for the treatment of adults with chronic immune thrombocytopenic purpura (ITP) not responsive to standard treatment. Although initially restricted to second-line treatment of ITP in adult patients, it is anticipated that both agents will become part of the treatment for other thrombocytopenic disorders and/or other patient populations. In neonates, these agents offer the opportunity to decrease platelet transfusions and potentially improve the outcomes of neonates with severe and prolonged thrombocytopenia. Neonates may be suitable candidates for treatment with Tpo-mimetics for two reasons: (1) neonates have developmental limitations in their ability to increase platelet production, and perhaps Tpo concentrations, in response to increased platelet demand; and (2) neonatal megakaryocyte progenitors are more sensitive to Tpo than adult progenitors, suggesting that doses lower than those used in adults might be sufficient to achieve the desired response.


The use of Tpo-mimetic agents in neonatal care in the future will require careful consideration of several developmental issues. First, we need to identify the subgroup of thrombocytopenic neonates who are most likely to benefit from such therapy. We know that after administration of Tpo-mimetics, platelet counts start to rise about 4 to 6 days after the initiation of therapy, peak at around 10 to 14 days, and return to baseline by 21 to 28 days. Therefore, infants who are likely to continue to require platelet transfusions for a period longer than 10 to 14 days would be appropriate candidates for treatment. Given that approximately 80% of cases of severe thrombocytopenia in the NICU resolve within 14 days,104 this would constitute only a minority of thrombocytopenic neonates. Unfortunately, no good clinical markers currently allow us to predict the duration of thrombocytopenia in affected infants, with the exception of the association between liver disease and prolonged neonatal thrombocytopenia as described in two studies.106,107 Because liver is the main site of Tpo production, infants with severe liver disease and thrombocytopenia might be attractive candidates. However, caution is needed in this subgroup of patients because portal vein thrombosis has been reported in adults with thrombocytopenia due to HCV-related cirrhosis treated with romiplostim.139 Along these lines, neonates who receive the largest numbers of platelet transfusions (“very high users,” >20 platelet transfusions) most frequently have thrombocytopenia due to extracorporeal membrane oxygenation (ECMO), sepsis, or NEC140—all conditions associated with high levels of platelet activation. In vitro studies have shown that Tpo and romiplostim, but not eltrombopag,141 increase the degree of platelet reactivity to agonists. Thus, the theoretical potential of Tpo-mimetic agents to increase the risk of thrombosis needs to be carefully evaluated, particularly during the acute phase of clinical conditions already characterized by high levels of platelet activation.


A major consideration in the use of hematopoietic cytokines (and mimetics) in neonates is their effects on cells and tissues outside the hematopoietic system. Erythropoietin, for example, has pro-angiogenic properties on vascular cells that might explain the higher incidence of retinopathy of prematurity found in infants treated with erythropoietin during the first week of life.142 The nonhematopoietic effects of Tpo are not yet well defined, particularly in a developing organism. Tpo and its receptor are expressed in the brain,143 and available data indicate that Tpo might have pro-apoptotic and differentiation-blocking effects on neuronal cells.144,145 Newer TPO mimetics, particularly eltrombopag, have a significantly lower molecular weight than endogenous Tpo, which might make these agents more likely to cross the blood–brain barrier. Thus, careful evaluation of the hematopoietic and potential nonhematopoietic effects of Tpo on the developing organism is warranted before these novel compounds are introduced into the NICU.


The use of recombinant Factor VIIa (rFVIIa), which is approved for use in severe, life-threatening bleeding episodes in patients with hemophilia A and B,146,147 has been debated in conditions associated with thrombocytopenia. High-dose rFVIIa can shorten bleeding time in adult patients with thrombocytopenia, and recent studies have explored the use of rFVIIa in the treatment and prevention of bleeding in patients with inherited and acquired platelet function disorders.148-150 Whether rFVIIa can improve platelet function in thrombocytopenic neonates remains to be determined. Several published case reports used rFVIIa in bleeding preterm neonates as a desperate measure, in most cases with some success.151-154 However, until the results of further well-designed randomized clinical trials on the physiology of rFVIIa and its effects on neonates become available, its use should be reserved for select circumstances.


In conclusion, although most cases of neonatal thrombocytopenia are mild to moderate and do not warrant aggressive treatment, this condition constitutes a significant problem in the NICU and may be the presenting sign of a serious diagnosis. Recent studies indicate that neonates may have a relative inability to increase platelet production when faced with thrombocytopenia. Novel indirect tests of thrombopoiesis, such as the IPF, are currently available, and it is likely that their increasing use in neonates will lead to a better understanding of the pathophysiology of the different varieties of thrombocytopenia. In addition, application of the PFA-100 to neonates may eventually provide a better screening mechanism for evaluating platelet function, thus allowing neonatologists to determine an infant’s risk of bleeding when faced with a low platelet count. Platelet transfusions remain the only current treatment for thrombocytopenia, but no solid evidence is available to guide our decisions regarding when to administer transfusions. Well-designed randomized controlled trials are required to determine what constitutes a safe platelet count and to better balance the risks of significant hemorrhage versus additional donor exposure in individual situations.
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Neutrophils and Host Defense


Neutrophils are pivotal to antibacterial host defense.1 People who lack neutrophils, whether by a congenital or an acquired defect, will experience a natural history that includes repeated local and systemic infections and early death.1-3 Severe chronic neutropenia (SCN) consists of a cluster of diagnoses that bear the common feature of very low circulating neutrophil concentrations from birth.3,4 The advent of recombinant granulocyte colony-stimulating factor (rG-CSF) dramatically improved the lives of patients with SCN, in most cases elevating their circulating neutrophil concentrations, reducing infectious illnesses, and extending their life expectancy.5


Rarely, patients with SCN are diagnosed as neonates, or even as patients in neonatal intensive care units.6,7 However, most patients with SCN are not diagnosed until several months of age, after infectious episodes have prompted an investigation into immunologic deficiencies. When SCN is diagnosed in a neonate, that patient should receive the benefit of rG-CSF treatment.1-5 Whether neonates who have other varieties of neutropenia, distinct from SCN, benefit from rG-CSF treatment is less clear. This chapter will review biologic plausibility and clinical trials aimed at testing rG-CSF treatment for neonates with neutropenia of the SCN category and for those with neutropenia of non-SCN categories. The chapter is divided into the diagnosis of neutropenia in neonates, the use of rG-CSF in neonates with SCN, and the proposed uses of rG-CSF in neonates with varieties of neutropenia distinct from SCN.









Neutropenia in a Neonate


Neutropenia can be defined statistically as a blood neutrophil concentration below the 5th percentile of the reference range population. For neonates, this definition is complicated because the reference range varies according to several situations, including gestational age, postnatal age, gender, type of delivery (vaginal delivery vs. cesarean section), and altitude (meters above sea level).8 Figure 3-1 shows the 5th and 95th percentile limits for blood neutrophil counts during the first 72 hours after birth of term and late preterm neonates among neonates in the Intermountain Healthcare hospitals in the Western United States.8 Reference ranges for blood neutrophil counts at altitudes of 4000 to 5000 feet above sea level have a wider range of values than do those at sea level. This is illustrated in Figure 3-2, which shows the reference range at sea level and the range at high altitude superimposed. Dots on the graph show counts of neonates at Intermountain Healthcare hospitals who would have been judged to have an elevated neutrophil count if the sea level range was used, but who are seen to have a normal count when the appropriate reference range is used.9 The largest altitude-dependent discrepancy is noted in the 95th percentile value. The definition of neutropenia is very similar in the sea level10,11 and high-altitude8,9 reference ranges (see Fig. 3-2).





[image: image]

Figure 3-1 Reference range for blood neutrophil concentrations during the first 72 hours after birth of term and late-preterm neonates. A total of 12,149 values were used in this analysis. The 5th percentile, mean, and 95th percentile values are shown.


(From Schmutz N, Henry E, Jopling J, et al. Expected ranges for blood neutrophil concentrations of neonates: The Manroe and Mouzinho charts revisited. J Perinatol. 2008;28:275–281.)
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Figure 3-2 Reference range for blood neutrophil concentrations, with superimposition of the Manroe (Dallas, Tex) and Schmutz (Intermountain Healthcare) curves. The dots represent neonates in Utah who would have been regarded as having an elevated neutrophil count using the sea level (Dallas) curve, but who fell within the high-altitude (Intermountain) Schmutz curve.


(From Lambert RM, Baer VL, Wiedmeier SE, et al. Isolated elevated blood neutrophil concentration at altitude does not require NICU admission if appropriate reference ranges are used. J Perinatol. 2009;29:822–825.)





A much simpler approach to defining neutropenia in a neonate is to use a neutrophil concentration less than 1000/µL, and to define severe neutropenia by a count less than 500/µL.4,5 Although this approach lacks the accuracy of data-derived reference range approaches, it offers the advantages that it is easy to remember, and it is in keeping with the standard definitions for neutropenia used in pediatric and adult medicine.12 Furthermore, it is not clear whether blood neutrophil counts labeled as low by the reference range approach actually convey a host-defense deficiency, unless they are less than 1000/µL.
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