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Abbreviations

AML Acute myeloid leukemia

ANC Absolute neutrophil count

CBCD Complete blood count with differential
CGD Chronic granulomatous disease

CHS Chediak-Higashi syndrome

DADA?2 Deficiency of adenosine deaminase 2
DEB Diepoxybutane

DHR Dihydrorhodamine

FISH Fluorescence in situ hybridization
G-CSF  Granulocyte colony-stimulating factor
Hgb Hemoglobin

HLH Hemophagocytic lymphohistiocytosis
HSCT Hematopoietic stem cell transplantation
MDS Myelodysplastic syndrome

MMC Mitomycin C (MMC)

MPO Myeloperoxidase

SBDS Shwachman-Bodian-Diamond syndrome
SCN Severe congenital neutropenia

SDS Shwachman-Diamond syndrome
WBC White blood count
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Introduction

Congenital conditions caused by an absolute or functional deficiency of neutrophils
are associated with considerable morbidity and mortality in children and adults.
Quantitative neutrophil disorders include severe congenital neutropenia, cyclic neu-
tropenia, and bone marrow failure syndromes, notably Shwachman-Diamond syn-
drome [1]. Phagocyte functional deficits result from myeloperoxidase deficiency,
chronic granulomatous disease, the leukocyte adhesion disorders, Chediak-Higashi
syndrome, and neutrophil-specific granule deficiency [2]. The focus of this chapter
is to touch upon many of these disorders and provide clinicians with the knowledge
necessary to effectively diagnose and manage these clinically important immunode-
ficiency conditions (Table 16.1).

Case Presentation 1

A 5-year-old boy was being evaluated by a pediatric hematologist for worsening of
neutropenia since the age of 1 year. A routine complete blood cell count with plate-
lets and differential (CBCPD) obtained at 12 months of age showed a white blood
cell count (WBC) 3.6 x 10%/ul (absolute neutrophil count (ANC) 0.8 x 10°/uL),
hemoglobin (Hgb) 12.1 g/dL, and platelets 389 x 10°/uL. The initial moderate neu-
tropenia was attributed to a recent viral illness and the patient was monitored with
annual CBCPDs by his pediatrician. At well-child visits his mother noted that his
stools were often loose and voluminous. His growth overall was poor with height
falling below the 5th percentile for age. He had no history of bleeding symptoms,
persistent adenopathy, or infections requiring hospitalizations. At a recent dental
visit, he was found to have gingivitis and notable oral ulcers. Physical examination
was without limb or nail abnormalities, significant bruising/petechiae, leukoplakia,
or pulmonary crackles. A repeat CBCPD was obtained by the hematologist noting a
WBC of 1.3 x 10°*/uL. (ANC 0.3 x 10*uL), Hgb 9.8 g/dL, and platelets 178 x 10/
uL.. Given CBCD abnormalities a bone marrow examination was performed show-
ing overall marrow hypocellularity (average of 40%) with granulocyte and erythroid
hypoplasia but no evidence of dysplastic changes, malignancy, or ringed sidero-
blasts. Additional laboratory studies revealed a reduced pancreatic isoamylase level,
no evidence of abnormal chromosomal breakage upon cellular exposure to mitomy-
cin C (MMC) or diepoxybutane (DEB), and normal telomere lengths within lym-
phocytes and granulocytes by fluorescence in situ hybridization (FISH) testing.



273

16 Congenital Neutropenia and Migration Defects

(panunuoo)

3unso) onouad
‘uraned junoos rrydonnou

eruadonnou

[231USSUO0D QIOAS URY) UOISIOAUOD
JueuUSI[EW JO YSII SSI[ ‘SHIAISUIS
pue s1o0[n [eJo ‘eruadoo)so
{(wnip143s0]) JUIPN[OUT) SUOTIOJUT
[eSunj pue [e110JoBq 9I0AS

denyeas 01 sqOg) uonbay ‘SIS0JAO0UOW PAJBIOOSSE (IIM eruodonnou
S9sBY A1010R1JA1 919A3S Ul LDSH USD-D ‘Asdorq moirew auog skep Ge—f1 K122 eruadonnaN av ANV blik)Se)
LDOSH ‘uonewwegur-ojne
jueoyrusts 10J uorssarddnsounurwr
‘spuownaud erpIedou/yonw 3ur1S9) O130UdT ‘SUOTIBAJ[D spruownaud yonw pue AV D940
pue Sewo[nueIS JOAI] J0J SPIOd1I0009N[T JodIew AIOjeuwIweyUl | 9SBISIP [eSuny JO YSLI ‘UONIUNISAp AV FADIN
‘sterqoorunue wnioads-peolq | Yiim SUonodul 10J djenyead | oneday ‘Snijoo/sannoyjip drofoIn AV ZADON
)M JUSWIFBURW UOT)IQJUT QAISSAIZTL 0} Surdew ‘Surpuar) | /SI9d[N [BIO/UONBULIOJ BUIO[NURIT AV TAON 9seasIp
BUWIWES-UOIJINUI —/+ Q[0ZBU0dENT | JYD/YSH ‘(periojard YH) | Surpnpour Aunuwiioine ‘suondajul AV VIAD snojewonueId
pue XINS-dIALL Yy sixejAydoiq | Sunsay euonouny rydonnan wistueSIo oanisod-asereie) X g4qx0 o1uoIy)
3unse) onouagd ‘syyeys Irey (HTH) stsoikoonsmyoyduA]
sonjIfewIouqe d130[0Inau Jo uorssargord | jo Adoosororuwr Y31y ‘serpms onkoog3eydoway
MO[S 0) S[IeJ Inq UONOUNJsAp dunwuwl uoneneAd HH ‘Ma1adl JO YSLI ‘3uIpag|q ‘suonodyur
/o130101eWwaY seaoxdwit [ DSH ‘HTH Teows Teroydirad ‘Ogg JUQIINOAI ‘SAJAD0[NURIS UMM
Sunegie) sardesay) ‘ewwes uoroyAUl —/+ | /DA ‘Surdewl d130[oIndu | s9[NULIS 9FIe[ ‘QUI[IIP J130[0INAU QUWIOIPUAS
4SD-D ‘sixe[Aydoid [erqororupuy | ‘sarpnis uonedai3se 10[a)e[d ‘WSIUIQ[e SNOdUEBIND PUB JB[NOQO) AV ISAT | 1yseSIH-YeIpayD
JuoweSeueA Sunse) onsouSelq SUOTIBISOJIUBW [EOTUI[)) | QOUBILIOYU] | UOTIRINIA uonIpuo))

SIOPIOSIp 199Jop uoneiSru pue eruadonnau [eyruesSuo) 9T I[qEL



T. F. Michniacki et al.

274

uorssaigord
TINV/SAN JO YSH ‘sammyes)
orydrowrsAp jo o[ ‘suonoayur v INOVI
[eSuny/[e119)08q JUALINIAI AV £2d9D
‘s10s1n921d projoAw Jo dousqe X SVM
3unsay oneuas ‘sqOg) s Asdorq modrew ouoq ‘(‘In qv IXVH eruadonnau
9SBASIP 219A3S YNM [ DSH ‘A[1ep 4SD-D ‘Asdorq morrew suog /007> U2)Jo) eruadonnou 210A9S av ANVIA | [eIUdSU0D 210AdS
Aouaroyapounuiul
SOIAQEIP UI S[OAJ] 2509N[3 POO[q [eUOnIPpE 10 SAARIP JO FUMAS
JO [01UOD JUI[[AIXD ‘SUOIIOAJUT JULINIAI JMHA ‘OdIN Ay} uI suondJJuI [e3uny I9YI0 10 Kouaroyop
s asoy) ur stxejAydord [eiqororwunuy | 10j Jurure)s [eoruayoo)siy | ppipun) ‘onewoiydwAse Apuonbarg AV OdW | oseprxorado[aAN
uoneredas p10o
3urnso) onouas ‘skesse [B21[IqUIN PIAB[AP ‘SANLIB[NTILIT
joro3ed pue [rydonnou Quoq 1]-s1s010dodso
[euonouny ‘s9)Ko03n9[ | ‘uonedai3se jo[ie[d [RUONOUNJSAP
LDSH ‘SuIpas[q yiim asoy) Ul SUoISnjsuen | uo uoIssaidxo pue UoneAnoe 01 anp JuIPad[q ‘suondul
1orarerd ‘sixejAydoid [eiqorotunuy uLIgoIul Jo uonen[eAq [eL10)9€q JuaLIndal ‘eijiydonnaN AV | SIWyad
aseasip [eyuoporrad
3unso) onouad ‘“Anowo)ho | ‘uoneredos pIoo [edI[IqUIN UT AB[Op
MOp BIA S9)A003N9[ | ou ‘adKjouayd pooiq (yy) Aequog
(9ouapIAd uo (BG1D) X SIma] a3puiq [eseu passaxdop ym
poyruty) uonejuawa[ddns 9soony ‘QuardAy | [A[ers jo souasqe ‘odAjouoyd | a1nyess Joys ‘Aefop [eyuswdo[oaap
[exo Aypenb ‘sixejAydoid [erqororunuy Poo[q JO SISA[euy | ‘SuoroQyur juaLmdal ‘errydonnan AV | 1DSEDTS
SUONIAYUI AJH ‘SHI0O ‘SuoneIddn
unys ‘sprarsurd/snnuoporrad
sadKjouayd 21043 PIIM 3s0Y) 3unso) QI0AQS ‘FUITeY punom
ur .DSH ‘Injesn jou JSO-ND ‘srxejAydoxd oneuad ‘Anowolko moy 9renbapeur ‘suonoojul [eLI)ORq Kouaroyop
[e1qoorunue ‘QuaI3AY [elo Afenb | e1a s91£003naf uo 11D pue JuaLIMoaI ‘Kefop uoneredos uoIsaype
‘(Apoqnue TT-TI/€7-"TD) qeununyels) | 81D [BUOLIUNJ JO 9OUSAY p10o fearfiquin ‘erfrydonnanN qvV cdoULl a1£00)no]
JuowOFeURIA 3unsay onsouselq SUONL)SOJIUBW [BOIUI[D) | 9OUBILIOYU] |  UONBINIA uonipuo)

(ponunuod) 1°91 dlqeL,



275

16 Congenital Neutropenia and Migration Defects

payuIl-X 7X ‘@[ozexoyjowens-wdoyiowin X S-d /. ‘Wni[ozend) anjqoniu
LGN ‘eseprxoradojedwr gy ‘owoipuks onse[dsApoeAwr gy ‘Urnqo[Sountwiuil SNOUdABRTUT HJA] ‘Z-UDNA[IUI z-77 ‘uonejuedsuen [[00 wo)s dnarodoy
-eway JDSH ‘stsojkoonsmyoydwA] onkososeydoway g7 10308} Sunenuns-Auojod ageydorosew-0)Lo0nueis ;7§ - 0 10J0e] Sune[nuins-Auojod 9)£o0[nueId
ASD-0D ‘UOTIRZIPLIGAY MITS UT 90UDSAION F7ST.] ‘18I UOTIBIUSWIPIS 2)K001)AId Y7 ‘AyderSolwonosse g ‘weidoreydaousonds[e HF7 QUIUEpOyYIoIpAYIp
YH ‘u1)01d 9A1OBAI-D) J¥D TeNUIIIP YPIM JUN0d Poo[q AR[dWod (7D gD “DAISSadT [EWOSOINE YV ‘I NI] PIO[OAW )Nde T ‘JUBUILIOP [EWOSOINE (JY

Sunsay eruadoifooquiolyy pajerpawr

Kdeloyy | onoua3 ‘onyea jo[eje[d ueow | -ounwiwil JUIpN[ouT A)IUNWWIOINE

Qua3 ‘I DSH ‘seruadolAd sunwiwiione | paseaIddp ‘surnqo[gounuruat ‘Are3owousrdsoreday

M asoy) ur qewrrxniu ‘Aderoy) pue sajAooydwA| ‘KyredoudpeydwA]

-1 @s0p-mo] ‘erwaur[nqojdewresodAy 1 paonpar ‘sajkooydwA] ‘uIpa9rq s Aourudipewr
10J DIAT ‘s[erqororunue onoejAydoid uo Anowo)ko moy ‘ewazod9 ‘eruadonnau ‘suondvyur QWIOIPUAS
‘(PeIRIPELIT) SUOISNJSURI) 19[IB[] eI1A sisATeue urejoid SYAN | JUSLINOAI (IIM ADUSIOYopounuILI] X SVM | UOLIPTY-NOYSIA

3unso)

onoued ‘awm Furpasq TNV/SAN

paguojoid ‘srxejowrayd 0] uorssar3ord jo ysu ‘(A[ewour

[ydonnau [ewouqe JonH-193[04 opnasd) spriydonnou

9SBASIP JUBOYIUTIS ‘surojord onueis jo Paqo[-1q Juenbaij ‘3urpaslq

M 950 Ul [ DSH ‘SUONOQJUI QIOAJS | SJUSWAINSBIW [BITWAYI0Iq 591003 NQ[ UIYIIM SI[NURIT
pIm JSO-IND ‘stxe[Aydoid [eiqororunue ‘spiydonnau jo uoneneAd oy10ads JO Q0UdsqE ‘SUOTOJUL AV | 2o VIAS $109Jop
‘SUOI)OQJUI JO JUQWOTeUBW 9AISSAISIY | Ad0OSOIdIW UOIIR[/SI] [eSuny/[BL19)08q JUALINIY AV Adg7D | Qnueis oyoadg

TINV/SAIA 10} SLI paleAd[d

Suruoa10s d1Ud3 QALIY} O} 2IN[IeJ ‘QINnJe)s Joys

JseasIp ‘(0£¢<) ase[AWrROSI 10 ‘aseasip oneday ‘sanifeuriouqe av #SdYS

QI0ADS M dso) ul JDSH uowadeidar | (0A¢ >) uoSoursdAn wnios | [I9[YS ‘BAYLIONR)S ‘Aoudroyjnsur AV | 1Z2OrVNd QUIOIPUAS
urwe)IA 9[qnjos-jej pue awkzus onearoued ‘searoued Jo punosenin | uLIOX? dnearoued ‘eruadojfoued AV 1144 puowrerq
‘SUOIIEN[BAY MOLIBW JUOQ [BNUUR JSD-D ‘uonenyeAd molrew duog | s AurenedodAy molrew suog qv sgas -uBWIYOBMYS




276 T. F. Michniacki et al.

Diagnosis/Assessment
Signs and Symptoms

Congenital bone marrow failure conditions can present at any age with cytopenias.
The diagnosis of Shwachman-Diamond syndrome (SDS) most frequently manifests
with intermittent and waxing/waning neutropenia during childhood [3, 4]. Anemia
and thrombocytopenia may be present in patients with SDS but may be intermittent
and asymptomatic. Bone marrow biopsy often reveals hypocellularity and hemato-
poietic cell line maturation delay/hypoplasia. Progression to aplastic anemia can
occur with additional transformation to myelodysplastic syndrome and acute
myeloid leukemia possible. Overall the risk in SDS for having malignant transfor-
mation is significant (18-36% at 30 years) but less so than patients with Fanconi
anemia (40% by age 50) [3, 5]. SDS-associated neutropenia increases the risk of
infections, including severe sepsis, in individuals diagnosed with the condition with
additional neutropenic findings of oral ulcerations and gingivitis possible on physi-
cal examination. Quantitative and qualitative B- and T-cell defects may also be seen
on laboratory analysis, further increasing infectious risk [5, 6].

Classically SDS is associated with exocrine pancreatic dysfunction causing poor
growth, insufficient nutrient absorption, steatorrhea, and voluminous stool output,
although these findings might not always be present [3, 6]. Asymptomatic patients may
still have fatty infiltration within the pancreas on ultrasound imaging and show abnormal
pancreatic enzyme testing (reduced fecal elastase, serum trypsinogen, or serum pancre-
atic isoamylase levels) [3]. The absence of ringed sideroblasts on marrow assessment
assists in differing the condition from Pearson syndrome, which additionally has pancre-
atic dysfunction [7]. Interestingly, pancreatic abnormalities may spontaneously improve
as patients age. Hepatic manifestations have also been reported, including hepatomegaly
with transaminitis and hyperbilirubinemia findings consistent with cholestasis [3, 5].

Physical examination or imaging may reveal skeletal abnormalities, including
metaphyseal dysplasia and thoracic/pelvic dystrophies [3, 6]. Malformed upper
extremities and thumbs may be seen but less frequently than in other congenital
bone marrow failure syndromes, such as Fanconi anemia, Diamond-Blackfan ane-
mia, or congenital amegakaryocytic thrombocytopenia [8, 9]. Finally, behavioral
and neurocognitive manifestations can be present in those with SDS, with some
individuals having developmental delay or neuropsychological disorders [5, 6].

Diagnostic Testing

Bone marrow biopsy assists in verifying suspected marrow hypocellularity and evalu-
ating for promyelocytic arrest (a phenomenon associated with severe congenital neu-
tropenia) as well as ruling out additional causes of cytopenias, including malignancy
and autoimmune processes. Marrow analysis should include diagnostic pathology,
flow cytometry, karyotyping, and FISH screening for dysplastic genetic rearrange-
ments. Telomere length testing is usually normal, unlike in dyskeratosis congenita, and
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chromosomal breakage upon exposure to DEB and MMC is unremarkable, which dif-
fers from Fanconi anemia [8, 10]. Idiopathic or acquired causes of aplastic anemia may
manifest similarly with bone marrow hypocellularity but typically present with more
pronounced acute anemia and thrombocytopenia and a lack of significant gastrointes-
tinal concerns [11, 12]. Testing for deficiency of adenosine deaminase 2 (DADA?2)
through quantitative enzyme analysis should be considered as such patients may pres-
ent with bone marrow failure but typically manifest with early-onset stroke and rheu-
matologic complaints [13]. In children with pancreatic dysfunction and pulmonary
symptoms, cystic fibrosis, often through sweat chloride testing, should be ruled out
[14]. Serum trypsinogen testing is most accurate in those <3 years of age, while pan-
creatic isoamylase analysis is superior if 3 years of age or greater [3, 6].

Genetic testing may verify a suspected diagnosis of SDS. The condition is auto-
somal recessive in nature with most patients (around 90%) having mutations involv-
ing the Shwachman-Bodian-Diamond syndrome (SBDS) gene on chromosome
7q.11. However, up to 10% of patients may fail to have abnormal genetic testing
[3, 5]. The SBDS protein appears to have important functions in ribosomal biogen-
esis, mitotic spindle function. and maintenance of the bone marrow stromal envi-
ronment. It is still fully unclear how deficits in the abovementioned functions of
SBDS lead to the varied clinical manifestations of SDS [5]. Recent studies have
shown that additional genes involved in ribosomal biogenesis, DNAJC21, ELFI,
and SRP54, may also be associated with a SDS phenotype [6, 15-17].

Management/QOutcome

Given the significant clinical variability between patients and the rarity of the disor-
der, the natural history of SDS is overall poorly defined [3, 6]. CBCPDs should be
monitored frequently (at least every 3 months) given risk of progression to signifi-
cant bone marrow failure and possibility of transformation to dysplasia or myeloid
neoplasm. Annual bone marrow evaluations should be strongly considered. Patients
with clinically significant neutropenia and a history of recurrent infections may ben-
efit from daily or intermittent dosing of granulocyte colony-stimulating factor
(G-CSF) [3, 5]. The need for blood product transfusions is rare with SDS unless
considerable marrow hypocellularity is present. Pancreatic enzyme replacement
and supplementation of fat-soluble vitamins is necessary in those with significant
pancreatic dysfunction but may be discontinued in patients who have resolution of
their pancreatic phenotype as they age [3, 5].

Hematopoietic stem cell transplantation should be considered in those with SDS-
associated severe aplastic anemia and is often necessary in patients who have pro-
gressed to myelodysplastic syndrome (MDS) or acute myeloid leukemia (AML) [5].
Outcomes posttransplantation were previously poor in this population but have
improved recently with optimization of supportive care, usage of reduced intensity
conditioning regimens, and enhanced prevention of graft-versus-host disease mea-
sures, although those with AML continue to have a poor prognosis [6, 18, 19].
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Case Presentation 2

An 18-year-old female is hospitalized for her second bout of Candida sepsis. She addi-
tionally had a history of frequent mucocutaneous fungal infections and polyarthritis and
was recently diagnosed with type 1 diabetes mellitus. CBCPDs obtained during admis-
sion showed neutrophilia and normal absolute lymphocyte counts. Quantitative T- and
B-cell subsets showed normal absolute values with proliferation of T cells to antigens
and mitogens additionally unremarkable. Immunoglobulin levels, including IgE, were
normal. Dihydrorhodamine oxidation (DHR) testing was abnormal but genetic testing
for mutated genes associated with chronic granulomatous disease was negative.

Diagnosis/Assessment
Signs and Symptoms

Myeloperoxidase (MPO) is abundantly found within neutrophils and enzymatically
reacts with hydrogen peroxide and chloride to produce hypochlorous acid as part of
the respiratory burst pathway that facilitates destruction of phagocytosed microbes
[20]. MPO deficiency is one of the most common primary phagocytic disorders but
very frequently manifests without any clinical symptoms [21]. Those with complete
MPO deficiency may present with an elevated risk of disseminated or invasive can-
didiasis infections. A concurrent diabetes mellitus diagnosis further increases this
risk. Human MPO-deficient neutrophils appear to have a reduced ability to kill
Aspergillus fumigatus, but patients with MPO deficiency seem to have a less signifi-
cant risk of Aspergillus infection than those with chronic granulomatous disease
(CGD) [22, 23]. MPO deficiency is further associated with autoimmune clinical
symptoms, revealing the enzyme’s importance in regulation of inflammation [24, 25].

Diagnostic Testing

Given that oxidation of DHR to rhodamine 123 requires the presence of hydrogen
peroxide, a diagnosis of MPO deficiency can yield abnormal DHR results. Such a
finding could lead the clinician to assume a diagnosis of chronic granulomatous
disease in this patient. However, abnormal DHR testing may also be present with
significant glucose-6-phosphate dehydrogenase deficiency [26]. Histochemical
staining for MPO within neutrophils and a normal nitroblue tetrazolium assay result
may aid in making the correct diagnosis [22, 26]. Additional disorders of neutrophil
function, such as the leukocyte adhesion defect disorders, Chediak-Higashi syn-
drome, and neutrophil-specific granule deficiency, should also be considered within
the differential diagnosis [2].

Human immunodeficiency virus (HIV) should be ruled out in those with severe
disseminated fungal infections and a history of chronic mucocutaneous Candida
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infection [27]. Further causes of such infections, including CARD9 and STAT3
deficiencies, should be considered [28, 29]. Even in those found to have a deficiency
of MPO, additional causes of the patient’s symptomology should be ruled out given
the overwhelming majority of MPO-deficient patients are asymptomatic, as incor-
rectly attributing a patient’s clinical manifestations to MPO deficiency may result in
overlooking the true cause of their immunodeficiency.

Management/Qutcome

Most individuals with MPO deficiency do well and are asymptomatic. Therefore,
treatment interventions are often unnecessary. Aggressive management of acute
infections in those with a history of invasive organisms should be undertaken. In
such individuals, prophylactic antifungal therapy may be helpful. Specific treat-
ments targeting the pathologic cause of the disorder, MPO deficiency, are lacking.
Supportive care options include optimal control of serum glucose values in diabetic
patients and avoidance when possible, of therapies such as corticosteroids that fur-
ther exacerbate the risk of fungal infections [22].

Case Presentation 3

An 8-month-old female was hospitalized for her second episode of suppurative
lymphadenitis. She also had a history of numerous bouts of pneumonia, as well as
persistent stomatitis. During these episodes CBCPDs obtained demonstrated sig-
nificant neutropenia (absolute neutrophil counts ranging from 0.1 x 10%L to
0.3 x 10%L). Both episodes of lymphadenitis were confirmed to be caused by
Staphylococcus aureus. She had a normal evaluation of circulating B, T, and NK
cells. Her immunoglobulin (IgA, IgM, and IgG) serum concentrations were normal.

Diagnosis/Assessment
Signs and Symptoms

Severe congenital neutropenia (SCN) is characterized by severe neutropenia, with
absolute neutrophil counts (ANC) less than 0.2 x 10°/L on at least three separate
occasions in a one-month time period [1, 30]. Clinically, these patients present with
severe bacterial infections early in life. Genetic evaluations have detected both
inherited (autosomal dominant, X-linked, or recessive in situations frequently with
consanguinity) and spontaneous mutations. Dominant forms are caused by neutro-
phil elastase (ELANE) mutations, while patients with X-linked inheritance will
manifest mutations in the Wiskott-Aldrich syndrome (WAS) gene. Kostmann
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syndrome is the autosomal recessive form of the disorder due to pathogenic variants
in HAX1, characterized by early stage maturation arrest of myeloid differentiation
[31]. The incidence of SCN is approximately one in one million [1]. Phenotypically,
these patients may present with mouth sores, gingivitis, otitis media, respiratory
infections, cellulitis, and skin abscesses. They also may have mild hepatospleno-
megaly on exam [1, 30].

Diagnostic Testing

Frequent CBCPD testing over a month period is required for the diagnosis of SCN
and to rule out cyclic patterns to the neutropenia. Cyclic neutropenia is an autoso-
mal dominant congenital granulopoietic disorder caused by mutations in the ELANE
gene as well [1, 32, 33]. This disorder is characterized by periods of normal neutro-
phil counts oscillating with severe neutropenia classically within a 21-day cycle
with 5-7 days of profound neutropenia. Cyclic neutropenia is estimated to effect
approximately 0.6 per 1 million people. At times of the neutropenic nadir, recipro-
cal monocytosis is observed. Clinically, these patients may experience oral ulcers,
stomatitis, or cutaneous infections during periods of neutropenia. Diagnosis is made
by obtaining CBCPD approximately two to three times a week, for 2 months [1, 33].
Genetic testing confirming pathogenic variants in ELANE can also support the diag-
nosis. Treatment is focused on utilizing G-CSF to minimize the length of neutrope-
nia per cycle such that cycles are typically reduced to 9—11 day cycles with 1-2 days
of profound neutropenia [1].

Severe congenital neutropenia patients may demonstrate peripheral blood eosino-
philia and monocytosis on the CBCPDs obtained at the time of diagnosis and also
during times of profound neutropenia. They may also demonstrate mild thrombocyto-
sis and anemia of chronic disease [1, 30]. Their bone marrow evaluation will demon-
strate arrest of myeloid cell maturation at the promyelocytic stage. This maturation
arrest in the bone marrow is not seen in immune or idiopathic neutropenia making this
assessment a key component of evaluation. Antineutrophil antibody testing may addi-
tionally be positive on testing in those suspected of an immune-mediated neutropenia,
although a negative result does not rule out a diagnosis of the condition and a positive
result does not rule out a diagnosis of congenital conditions, such as SCN [34].

Management/QOutcome

The incidence of fatal disease in SCN has decreased tremendously due to the use of
G-CSF. The vast majority (95%) of patients respond well to G-CSF, although dos-
ing can be quite variable between patients [1, 30]. In SCN patients requiring
extremely high G-CSF dosing (greater than 8—10 mcg/kg/day) or those with severe
infections despite apparently adequate G-CSF dosing, hematopoietic stem cell
transplant should be considered [35, 36].
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Approximately 10-20% of patients with the initial diagnosis of SCN will go on
to develop MDS/AML [1, 37]. The development of MDS or AML does not appear
to be related to the use of G-CSF. The development of MDS may present with subtle
changes in platelet count or hemoglobin or pathologically flawed bone marrow fail-
ing to respond appropriately to increases in the dosing of G-CSF. Due to the risk of
MDS/AML, annual bone marrow evaluations and every three-month CBCPD are
recommended in patients with SCN [37]. In patients who demonstrate cytogenetic
abnormalities or MDS on bone marrow evaluation, stem cell transplantation should
be pursued, as traditional chemotherapy agents are not effective in these patients [1,
35, 36].

Case Presentation 4

A 2-year-old boy was admitted to the local hospital for evaluation of fever and
abdominal pain. His previous history included frequent respiratory infections,
recurrent ear infections, and occasional episodes of high fevers. He was noted to
have significant lymphadenopathy and hepatosplenomegaly on exam, in addition to
pallor and areas of skin hypopigmentation. His laboratory evaluation demonstrated
pancytopenia, coagulopathy, and elevated transaminases. In particular, his lympho-
cytes were noted to have rod-shaped cytoplasmic organelles with a central linear
density. His bone marrow evaluation also demonstrated giant intracytoplasmic
inclusions in the myeloid cells, as well as evidence of hemophagocytosis.

Diagnosis/Assessment
Signs and Symptoms

Chediak-Higashi syndrome (CHS) is an autosomal recessive disorder caused by
mutations in the lysosomal trafficking regulator (LYST), leading to formation of
giant lysosomes or lysosome-related organelles [38]. Phenotypically, CHS is
defined by immunodeficiency, oculocutaneous albinism, and hemophagocytic lym-
phohistiocytosis (HLH). Patients with CHS also have bleeding phenomena as a
result of deficient platelet dense bodies [39, 40]. The immunodeficiency is charac-
terized by incomplete degranulation and chemotaxis defects of neutrophils [41].

To aid in clinical diagnosis, these patients typically have partial albinism with
hair colors ranging from gray to white, as well as eye pigmentation changes that can
result in photosensitivity. The infections associated with CHS are typically pyo-
genic, especially involving the respiratory tract and skin. Due to the abovemen-
tioned platelet defects, they may have easy bruising and mucosal bleeding. Their
neurologic manifestations can include weakness, ataxia, sensory defects, and neu-
rodegeneration [40].
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Diagnostic Testing

The hallmark of a CHS diagnosis is the presence of large cytoplasmic granules
in granulocytes. Platelet aggregation studies reflect on the deficient platelet
granules. Evaluation of hair shafts demonstrates large, speckled pigment clumps
[39]. The classic bone marrow evaluation demonstrates abnormal granules in all
stages of myeloid cell maturation, as well as evidence of hemophagocytic lym-
phohistiocytosis. Ultimately genetic testing of the CHSI/LYST gene can confirm
diagnosis [40].

Other similar disorders include Griscelli syndrome, which also results in partial
albinism, respiratory tract infections, hypogammaglobulinemia, and variable cellu-
lar immunodeficiency [42]. Griscelli syndrome type 2 patients also demonstrate
immunodeficiency phenotypes and hemophagocytic lymphohistiocytosis but these
patients do not have the giant granules as seen in CHS [43]. Hermansky-Pudlak also
results in oculocutaneous albinism and bleeding phenotypes despite a normal plate-
let count due to the absent platelet dense bodies. This syndrome, however, does not
involve neutrophils or natural killer cell dysfunction or result in the accelerated
phase seen in CHS [44].

Other conditions with chemotactic defects of neutrophils include hyper-
immunoglobulin (hyper-Ig) E syndrome. Patients present with elevated IgE levels
(typically >200 IU-mL), as well as recurrent Staphylococcal infection of the respi-
ratory tract and lung [45]. Skeletal and dental abnormalities, in addition to dermati-
tis, are also seen in patients with hyper-IgE [46].

Management/Outcome

Diagnostic workup is important to identify CHS patients prior to development of
the “accelerated phase” if possible. Approximately 85% of patients with CHS will
enter this phase, which can occur anytime between birth and early childhood. In the
accelerated phase, patients demonstrate fever, pancytopenia, hepatosplenomegaly,
lymphadenopathy, coagulopathy, and jaundice. This accelerated phase is a nonma-
lignant infiltrate of lymphohistiocytes across multiple organs [39, 40]. It is typically
precipitated by infection, in particular Epstein-Barr virus infections [40, 47].
Unfortunately, development of the accelerated phase can be fatal as result of severe
anemia, bleeding complications, or infectious complications. In patients who do
survive past the first decade of life (<20%), progressive neurological dysfunction
typically leads to further complications [39, 40].

Supportive care including prophylactic antibiotics given immune dysfunction is
key in patients with CHS. Treatment of the hematologic and immune defects of
CHS is bone marrow transplant; however the neurological outcomes are not
improved after transplantation. Higher mortality is associated with patients who
enter transplant at the time of the accelerated phase [48, 49].
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Case Presentation 5

A 3-year-old girl was referred to pediatric hematology for evaluation of a persistent
mild-moderate leukocytosis in the setting of recurrent Staphylococcal aureus skin
infections. In review of her history, she was hospitalized for the first 2 weeks of life
due to omphalitis and a presumed leukemoid reaction. With intravenous antibiotics,
her omphalitis resolved, and her leukocytosis improved, although her parents note
she had persistent neutrophilia even at discharge. In addition, she has received anti-
biotics three additional times for extensive skin abscesses. Incision and drainage of
each abscess was attempted and yielded positive growth of Staphylococcal aureus
but no pus. The complete blood count obtained at her 1-year well-child visit showed
her white blood cell count (WBC) was 21.8 x 10°/uL. (absolute neutrophil count
(ANC) 17.2 x 10%/uL), hemoglobin (Hgb) 12.1 g/dL, and platelets 482 x 10°/uL.. A
dihydrorhodamine flow assay previously demonstrated a normal oxidative burst.
Physical exam was notable for poor dentition with diffuse gingival hyperemia and
two ulcerative skin lesions on her left leg. Flow cytometric analysis for CD18
expression on neutrophils was decreased and CD11b expression was nearly absent.

Diagnosis/Assessment
Signs and Symptoms

Patients with leukocyte adhesion deficiency 1 (LADI1), particularly those with
severe disease, routinely present in the newborn period often with omphalitis,
delayed umbilical cord separation and recurrent infections, especially with
Staphylococcus aureus and gram-negative bacilli. Of note, delayed umbilical cord
separation is not reported in other forms of LAD but is frequently found in patients
with urachal anomalies [50]. Moreover, delayed umbilical cord separation is not
uniformly seen in patients with LADI. Laboratory evaluation of LADI1 patients
demonstrates a neutrophil predominant leukocytosis that may be subtle during peri-
ods of wellness but exuberant with infections. The physical exam is notable for the
lack of pus formation and poor wound healing. Older patients have near universal
periodontal disease secondary to dysregulation of the IL17/23 axis [S1] with many
patients suffering complete loss of their teeth by late adolescence. Additionally,
LADI1 patients are prone to inflammatory skin lesions that are pyoderma
gangrenosum-like in appearance although notably on biopsy do not have a neutro-
philic infiltrate [52], inflammatory bowel disease [53], and HPV-related warts [54].

The differential diagnosis for patients with suspected LAD1 includes LADII
(impaired fucosylation of macromolecules, especially selections) and LADIII
(defective beta integrin activation) as well as other related defects that share a com-
mon link of a defect in adhesion protein or flawed regulation of adhesion proteins
that do not allow phagocytes to migrate from the peripheral blood across the
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endothelium and into tissue. Importantly, LADII patients can be clinically distin-
guished by the high frequency of neurologic manifestations, craniofacial anomalies,
and the presence of the rare Bombay erythrocyte phenotype, while LADIII is
accompanied by bleeding diatheses.

Diagnostic Testing

Criteria for the diagnosis of LAD1 was published in 1999 and relies heavily on the
decreased expression of CD18 on leukocytes (<5% expression) in the appropriate
clinical setting of recurrent or deep-seated infections, delayed umbilical cord separa-
tion, poor wound healing, and leukocytosis [55]. Updated flow cytometric analysis for
LADI1 suggests that both the assessment of CD18 and CD11 (through either CD11a,
CDl11b, or CD11c) expression on leukocytes be routinely performed as some patients
with LAD1 may have expression or residual function of CD18; however, all LADI
patients have near absent expression of CDI11 subunits. Utilizing both CD18 and
CD11a measurements increases the sensitivity of the assay and minimizes the risk of
delayed or missed diagnoses [56]. Beyond functional testing, genetic sequencing is
being increasingly utilized to identify biallelic pathogenic variants in the common
beta chain of the beta-2 integrin family (/7GB2). Identification of familial pathogenic
variants is being increasingly used in prenatal counseling.

LADII patients can be diagnosed through flow cytometric analysis of peripheral
blood leukocytes to assess for the absence of properly fucosylated macromolecules,
particularly of sialyl Lewis X expression, i.e., CD15a. Confirmation of LADII is
obtained through sequencing the gene encoding the GDP-fucose transporter. LADIII
patients primarily rely on identification of pathogenic variants in the kindlin-3 gene,
although functional assessment of integrin function is also useful.

Management/QOutcomes

Optimal management of LAD1 is dependent on the severity of disease. Historically,
severity of clinical features and the magnitude of functional defects have been
directly related to the degree of CD18 expression [57], although the correlation is
imperfect as several cases of LAD1 are now recognized to have normal expression
of CD18, albeit nonfunctional.

Patients are generally classified into severe and moderate subgroups with a relative
assignment of less than 2% CD18 expression of the B2 integrins considered severe
disease. Patients with severe disease have historically been assigned a very poor prog-
nosis with most patients dying in the first decade of life without hematopoietic stem
cell transplant (HSCT) [58]. HSCT is the only current curative option for LADI,
although gene therapy has been explored [59]. Patients with mild/moderate disease
respond to conservative measures including optimizing oral hygiene, aggressive anti-
microbial therapy for infections, and prevention of infection through prophylactic
antibiotics as needed and vaccination, particularly immunization against HPV.
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For the management of periodontal and/or skin disease related to LADI,
ustekinumab, a monoclonal antibody of the p40 subunit common to IL-12 and
IL-23, has been used with favorable results [51]. LADII management relies on the
use of antibiotics and fucose supplementation, while LADIII management is
focused on management of bleeding complications and consideration of HSCT [60].

Conclusion

Congenital neutropenia and migration defect disorders may manifest with various
phenotypes, but all can cause an elevated risk of serious bacterial, fungal, and even
viral infections. Early diagnosis is essential to decreasing the morbidity and mortal-
ity of these conditions with crucial diagnostic laboratory analyses including func-
tional neutrophil studies, flow cytometry, and direct pathologic evaluation of the
bone marrow and peripheral blood. Supportive care often entails usage of antimi-
crobial prophylaxis, aggressive management of infectious complications, and regu-
lar administration of G-CSF. Frequently hematopoietic stem cell transplantation can
be curative but is not without risks.

Clinical Pearls/Pitfalls

» Congenital bone marrow failure syndromes may present with a reduction in
only one cell line and may not diagnostically become apparent until adulthood.

* Abnormal physical exam findings may be crucial to assisting in the diag-
nosis of congenital neutropenia and migration defect disorders.

* Significant enzymatic deficiencies in MPO and glucose-6-phosphate dehy-
drogenase may lead to abnormal DHR testing results, leading to an incor-
rect presumed diagnosis of chronic granulomatous disease.

* Clinically asymptomatic and well-appearing African-Americans may pres-
ent with ANC values less than 500/microL. which is likely consistent with
a diagnosis of Duffy null benign ethnic neutropenia, rather than severe
congenital neutropenia.

* Griscelli syndrome may present similarly to Chediak-Higashi syndrome
with albinism, immunodeficiency, and hemophagocytosis but Chediak-
Higashi syndrome may be differentiated by microscopic examination of
patient hair shaft and peripheral blood granulocytes.

* Delayed umbilical cord detachment should raise suspicion for LAD1, but
evaluation for urachal anomalies should also be considered.

* HSCT remains the only curative therapy for leukocyte adhesion defects,
but IL-23 directed therapy with ustekinumab has shown promise in improv-
ing oral and skin manifestations of LADI.

» Patients with LADII can be easily differentiated from LADI patients by
the presence of the rare Bombay blood group in patients with LADII.
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