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Abstract 

WHIM syndrome, an acronym for warts, hypogammaglobulinemia, infections, and myelokathexis, is a 

rare, multisystem, combined immunodeficiency that is usually caused by gain-of-function variants in 

the C-terminal domain of the chemokine receptor CXCR4. Clinically it presents with neutropenia, 

lymphopenia, recurrent bacterial infections, chronic cutaneous warts due to human papillomavirus 

(HPV), and low immunoglobulin levels. Fewer than a hundred cases have been reported worldwide, 

and the incidence is estimated at roughly 0.23 per million births. Although the acronym lists four 

defining findings, only about one quarter of patients display the full tetrad. 

This thesis describes the first comprehensive, international, multicenter analysis of 66 individuals with 

WHIM syndrome (43 pediatric and 23 adult) gathered retrospectively from 42 tertiary immunology 

centers in 21 countries. Detailed demographic, clinical, and laboratory information was collated, and 

longitudinal disease courses were reconstructed. Local molecular testing identified CXCR4 variants; 

every newly detected allele underwent functional testing of CXCL12-induced receptor internalization 

in K562 cells to confirm gain-of-function behavior. Diagnostic delays, treatment timelines, and end-

organ outcomes were compared between index patients and relatives discovered through family or 

newborn screening. 

Seventeen distinct CXCR4 variants were documented, and 11 of these (64 percent) affecting 15 

patients have not been reported previously. All variants clustered at residues 318–346 of the C-

terminus and uniformly disrupted receptor internalization, confirming a shared pathogenic 

mechanism. Seventy percent of patients experienced their first WHIM-related event before 12 months 

of age, yet the median age at molecular diagnosis was 5.5 years (range 2 weeks–51 years). Lifetime 

manifestations included non-cyclic neutropenia (98 percent), serious bacterial infections (92 percent), 

lymphopenia (88 percent), hypogammaglobulinemia (65 percent), and cutaneous warts (40 percent). 

Autoimmune disease, chiefly immune thrombocytopenia, hemolytic anemia, and endocrinopathies, 

developed in 18 percent of cases. Early identification was critical. Patients diagnosed through family 

history or low T-cell-receptor-excision-circle newborn screening (22 percent) were confirmed at a 

median of 1.3 years, began granulocyte colony-stimulating factor and/or immunoglobulin replacement 

sooner, and experienced markedly fewer hospitalizations and less bronchiectasis or hearing loss than 

sporadic index cases. 

These findings broaden the spectrum of pathogenic CXCR4 varients, clarify the natural history of the 

disorder, and show that prompt genetic confirmation permits timely, organ-preserving interventions. 

Severe infections beginning in infancy in combination with neutropenia or lymphopenia—regardless 

of the presence of warts—should prompt targeted CXCR4 sequencing to secure an early diagnosis and 

improve clinical outcomes.  
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Zusammenfassung 

Das WHIM-Syndrom, benannt nach den Kardinalsymptomen Wartzen, Hypogammaglobulinämie, 

Infektionen und Myelokathexis, stellt eine seltene multisystemische kombinierte Immundefizienz dar 

und beruht überwiegend auf pathogenen Gain-of-function-Varianten im C-terminalen Abschnitt des 

Chemokinrezeptors CXCR4. Klinisch fallen Patienten vor allem durch Neutropenie und Lymphopenie, 

rezidivierende bakterielle Infektionen, chronische HPV-assoziierte Hautwarzen sowie erniedrigte 

Immunglobulinspiegel auf. Bisher sind weltweit nur ungefähr hundert Fälle publiziert; die Inzidenz wird 

auf ungefähr 0,23 pro Million Lebendgeburten geschätzt. Obwohl das Akronym vier Leitsymptome 

umfasst, zeigt nur etwa ein Viertel der Betroffenen sämtliche Manifestationen gleichzeitig. 

Die vorliegende Arbeit analysiert retrospektiv eine internationale multizentrische Kohorte von 66 

Patientinnen und Patienten, davon 43 Kinder und 23 Erwachsene. Die Datenerhebung erfolgte in 42 

tertiären Zentren aus 21 Ländern und umfasste demografische, klinische sowie laborchemische 

Parameter; longitudinale Krankheitsverläufe wurden rekonstruiert. Die bisher unpublizierte CXCR4-

Varianten wurden in K562-Zellen funktionell auf ihre CXCL12-induzierte Rezeptorinternalisierung 

geprüft, um den Gain-of-function-Pathomechanismus zu bestätigen. Zusätzlich wurden diagnostische 

Verzögerungen, der Zeitpunkt des Therapiebeginns und Endorganschäden zwischen sporadischen 

Indexfällen und über Familien- oder Neugeborenenscreening identifizierten Patienten verglichen. 

Insgesamt ließen sich 17 unterschiedliche CXCR4-Varianten nachweisen; 11 davon waren zuvor nicht 

beschrieben. Sämtliche Varianten befanden sich innerhalb der Aminosäurepositionen 318 bis 346 des 

C-Terminus und führten zu einer verminderten Rezeptorinternalisierung, was auf einen gemeinsamen 

pathogenetischen Mechanismus hinweist. Siebzig Prozent der Patientinnen und Patienten erlebten ihr 

erstes WHIM-assoziiertes Ereignis vor Vollendung des ersten Lebensjahres. Dennoch wurde die 

molekulare Diagnose median erst mit 5,5 Jahren gestellt (Spanne: 2 Wochen bis 51 Jahre). Nicht-

zyklische Neutropenie trat bei 98 % auf, schwere bakterielle Infektionen bei 92 %, Lymphopenie bei 88 

%, Hypogammaglobulinämie bei 65 % und kutane Warzen bei 40 %. Autoimmunmanifestationen, 

insbesondere Immunthrombozytopenie, hämolytische Anämie und Endokrinopathien, wurden in 18 % 

der Fälle beobachtet. 

Eine frühzeitige Identifikation erwies sich als entscheidend. Betroffene, die durch Familienanamnese 

oder Neugeborenenscreening erkannt wurden (22 %), erhielten die Diagnose im Median bereits mit 

1,3 Jahren. Sie begannen signifikant früher mit einer Therapie und wiesen weniger Hospitalisierungen 

sowie seltener Bronchiektasen oder Hörverluste auf als sporadische Indexfälle. 

Die Ergebnisse erweitern das bekannte Spektrum der bekannten pathogenen CXCR4 Varianten, 

charakterisieren den natürlichen Verlauf des WHIM-Syndroms präziser und verdeutlichen, dass eine 
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rasche genetische Bestätigung frühzeitige, organschützende Interventionen ermöglicht. Schwere 

Infektionen im Säuglingsalter, die mit Neutropenie oder Lymphopenie einhergehen, gelten unabhängig 

vom Vorhandensein von Hautwarzen als klare Indikation zur gezielten CXCR4-Gensequenzierung, um 

die Diagnose frühzeitig zu sichern und die Prognose dauerhaft zu verbessern. 
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1 Introduction  

1.1 Genetic Background 

WHIM syndrome is a rare primary immunodeficiency characterized by the hallmark features of Warts, 

Hypogammaglobulinemia, recurrent Infections, and Myelokathexis.1 In most affected individuals, 

WHIM syndrome arises from germline gain of function GOF variants in the CXCR4 gene located on 

chromosome 2q22.2 

CXCR4 encodes a 352 amino-acid G-protein-coupled receptor that contains seven transmembrane 

domains.3 Upon binding to its principal ligand CXCL12, also known as stromal cell-derived factor 1 SDF-

1, CXCR4 undergoes phosphorylation on critical serine and threonine residues in its cytoplasmic 

carboxy terminus.4 These phosphorylation events normally mediate receptor desensitization and 

internalization.5 However, disease-associated CXCR4 variants in the distal region of the carboxy 

terminus frequently remove or modify these phosphorylation sites, resulting in hyperactive CXCR4 

signaling. 6  

Truncating CXCR4 variants, often caused by nonsense or frameshift events, remove the final 10 to 20 

amino acids and make the receptor resistant to normal feedback inhibition.7 As a result, the receptor 

remains persistently active when exposed to CXCL12 and drives aberrant intracellular signaling through 

G proteins, calcium flux, and the ERK and AKT pathways.8 This enhanced signaling phenotype leads to 

key hematopoietic abnormalities in WHIM syndrome, including impaired neutrophil release from the 

bone marrow, defective immune-cell trafficking, and a higher risk of recurrent bacterial infections.1 

Historically the genetic link between CXCR4 and WHIM syndrome was established in 2003 through 

linkage analyses in multiple families showing that heterozygous CXCR4 truncations segregated with 

the disease.9 Since then, the growing availability of genetic testing has revealed numerous pathogenic 

CXCR4 variants, reinforcing the idea that WHIM syndrome is driven primarily by CXCR4 dysfunction.1 

Nevertheless, these findings have also revealed substantial clinical variability.10 Individuals who share 

the same CXCR4 variant, even within the same family, can show different degrees of severity or organ 

involvement.11 This suggests that additional genetic or environmental factors can affect disease 

presentation, making it challenging to predict outcomes based on genotype alone.12 However, recent 

findings suggest a correlation between genotype and phenotype in WHIM syndrome.7 A comparative 

analysis of the most common fourteen pathogenic CXCR4 WHIM-associated variants revealed that the 

degree of impaired CXCR4 internalization is strongly associated with key clinical measures such as 

neutropenia, lymphopenia, and recurrent infections.7 Variants demonstrating more pronounced 

desensitization defects tend to cause severe leukocyte retention in the bone marrow and more 

frequent or severe infections. 13 



2 

Notably, the same somatic CXCR4 gain-of-function variants observed in germline WHIM syndrome 

have also been identified in Waldenström macroglobulinaemia.14 In addition to CXCR4 variants, 

pathogenic alterations in the related chemokine-receptor gene CXCR2 have been reported in rare 

cases of WHIM-like disease.15 CXCR2 encodes a G-protein-coupled receptor that binds CXC chemokines 

including CXCL8, also called interleukin-8, and is involved in neutrophil recruitment and inflammatory 

processes.16 Although pathogenic CXCR2 variants can lead to myelokathexis and recurrent infections, 

they do not typically induce the full range of WHIM syndrome features.15 In particular, patients with 

CXCR2-mediated disease often lack the extensive warts caused by human papillomavirus and the 

immunoglobulin deficiencies that characterize the classic CXCR4-driven disorder.17 These 

discrepancies likely reflect distinct ligand specificity, tissue expression, and downstream signaling 

between the two receptors. CXCR4-mediated pathology relies on persistent signaling through CXCL12 

and causes defects in immune-cell release from the bone marrow, whereas pathogenic CXCR2 variants 

alter neutrophil trafficking by affecting responses to interleukin-8 and related chemokines.15,18 As a 

result, CXCR2-associated disease, though clinically similar in some aspects, tends to present a narrower 

or milder phenotype, confirming that CXCR4 remains the main genetic driver of classic WHIM 

syndrome.15,1  

 

1.2 Clinical Manifestations 

Neutropenia is an almost universal finding in WHIM syndrome, frequently reaching severe levels with 

absolute neutrophil counts often below 500 cells per µL.1 Despite this profound peripheral deficit, the 

bone marrow typically exhibits hypercellularity due to myeloid hyperplasia, and mature neutrophils 

routinely show the morphological hallmark of myelokathexis.13 Some patients also present with mild 

monocytopenia or lymphopenia, reflecting a broader phenomenon of leukocyte retention.19 Although 

severe invasive infections can occur, many patients experience infections that, while frequent, are not 

as life-threatening as those seen in other forms of neutropenia, possibly owing to intermittent 

compensatory release of neutrophils during acute episodes and longer-term adaptations, presumably 

through mobilization signals that override the abnormal retention mechanisms.11 

Hypogammaglobulinemia, primarily involving reduced IgG and occasionally other immunoglobulin 

isotypes, is another defining feature, arising from B-cell lymphopenia and/or intrinsic B-cell 

dysfunction driven by excessive CXCR4-mediated signaling.20 This deficiency in antibody production 

compromises the ability to mount effective responses against encapsulated bacteria such as 

Streptococcus pneumoniae, Haemophilus influenzae type b, and Neisseria meningitidis—pathogens 

that heavily depend on antibodies for their clearance.21 Consequently, patients often experience 

recurrent sinopulmonary infections, including pneumonia, bronchitis, and chronic otitis media, which 
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can cumulatively lead to complications such as bronchiectasis, hearing impairment, or permanent 

structural lung damage.22 

HPV-related skin and mucosal lesions are highly characteristic of WHIM syndrome and may include 

numerous cutaneous and anogenital warts that can be refractory to standard therapies, raising the 

risk of malignant transformation over time.10 This predisposition is underscored by the markedly higher 

incidence of HPV-related carcinomas, including cervical, vulvar, vaginal, and anal squamous-cell 

carcinomas.23 Viral infections caused by herpes simplex, varicella-zoster, or Epstein-Barr virus may also 

be more persistent or severe.1 Although less common, certain patients display autoimmune 

phenomena such as cytopenias or arthritis, and some experience lymphoproliferative manifestations 

such as splenomegaly or lymphadenopathy.12,24 There have also been reports of congenital anomalies, 

including structural cardiac and urogenital abnormalities, though only cardiac defects appear 

repeatedly enough to be considered clinically significant.25 

1.3 Diagnostic Approaches 

Persistent non-cyclic neutropenia (absolute neutrophil count [ANC] generally < 0.5–1.0 × 10Ͽ LЁ¹) 

accompanied by lymphopenia and marked monocytopenia on serial blood counts should immediately 

raise suspicion for congenital neutropenia including WHIM syndrome. 26 Bone-marrow aspirates are 

usually hypercellular yet dominated by mature, often hypersegmented neutrophils displaying 

cytoplasmic vacuolization, nuclear pyknosis and karyorrhexis; this “myelokathexis” picture is virtually 

pathognomonic and distinguishes WHIM from other causes of congenital neutropenia.13 

Serum immunoglobulins must be quantified because up to 60 % of children and one-third of adults 

show pan-hypogammaglobulinemia or selective IgM and/or IgA deficiency. Functional humoral 

assessment with vaccine-specific IgG titers often reveals impaired antibody production even when 

total IgG is normal.20 

Multiparameter flow cytometry typically demonstrates a reduction of circulating naïve and memory B 

and T cells with preservation of NK cells, together with an expanded CD34Ѐ progenitor compartment 

sequestered in the marrow—findings that mirror impaired egress caused by CXCR4 hypersignaling. 27,28  

More than twenty-five pathogenic CXCR4 variants are now recognized; most introduce premature stop 

codons between residues 315 and 346, abolishing serine/threonine motifs needed for receptor 

internalization, with p.R334* and p.S338* together accounting for roughly two-thirds of mutant 

alleles.26 Targeted Sanger sequencing suffices when clinical suspicion is high, but next-generation 

sequencing panels for congenital neutropenia or whole-exome sequencing increasingly detect for 

atypical disease presentation. In vitro assays such as receptor internalization, calcium flux, or β-arrestin 
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recruitment can rapidly provide functional evidence of pathogenicity and support the reclassification 

of variants of uncertain significance. However, despite their utility, these assays are currently 

employed primarily in research settings and have not yet been widely adopted in routine diagnostic 

practice.29,7 

The European Society for Immunodeficiencies (ESID) working definition streamlines case classification. 

A definitive diagnosis requires chronic non-cyclic neutropenia with ANC < 1.0 × 10Ͽ LЁ¹ and a 

heterozygous gain-of-function variant truncating the intracellular C-tail of CXCR4. A probable diagnosis 

is made when chronic neutropenia with ANC < 0.5 × 10Ͽ LЁ¹ coexists with myelokathexis and at least 

two supportive criteria—persistent or recurrent warts, chronic lymphopenia with absolute lymphocyte 

count (ALC) < 1.5 × 10Ͽ LЁ¹, hypogammaglobulinaemia, or an affected first-degree relative with 

neutropenia and warts.3026 

1.4 Treatment Options 

WHIM syndrome management has shifted from purely supportive measures to mechanism-based 

interventions that directly blunt pathological CXCR4 signaling.29 The overarching therapeutic goals are 

to sustain protective leukocyte thresholds, prevent recurrent or severe infections, and forestall HPV-

driven oncogenesis or bronchiectatic lung damage.30 Foundational care relies on replacement 

immunoglobulin given intravenously or subcutaneously, which in an international cohort lowered the 

yearly serious respiratory infection burden by more than half in three quarters of recipients.25 Daily 

broad-spectrum antibiotic prophylaxis such as trimethoprim-sulfamethoxazole further decreased 

infection frequency in approximately 80 % of cases.31 Routine childhood and booster vaccinations are 

recommended, though quantitative antibody responses may be blunted and should be periodically 

checked.20 The quadrivalent human papillomavirus vaccine elicited measurable humoral and cellular 

immunity in a documented case, supporting pre-exposure immunization of all eligible patients.20 

Granulocyte-colony-stimulating factor remains the most widely used hematopoietic adjunct and is 

typically administered at 3–5 µg kgЁ¹ dayЁ¹ to raise absolute neutrophil counts above 1 × 10Ͽ LЁ¹ in 

roughly two thirds of recipients.32 Despite demonstrable infection reduction, long-term filgrastim is 

limited by bone pain, evolving splenomegaly, and occasional marrow fibrosis, and it exerts no direct 

effect on lymphopenia or wart burden.32 In a randomized 12-month crossover trial involving 19 

adolescents and adults, G-CSF maintained ANC > 0.5 × 10Ͽ LЁ¹ for a median 45 % of evaluable weeks 

and served as the active comparator for CXCR4 antagonism studies.32 Accordingly, filgrastim remains 

an important bridge or fallback option where next-generation therapies are inaccessible or 

contraindicated.29,32 
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The first mechanism-targeted agent, plerixafor, is a reversible small-molecule antagonist that 

transiently blocks CXCR4-CXCL12 interactions and thereby mobilizes mature neutrophils and 

lymphocytes from the marrow niche.33 Compassionate-use and phase 1 studies using 0.01–0.02 mg 

kgЁ¹ subcutaneously twice daily for up to four years produced durable normalization of neutrophil and 

lymphocyte counts, a 60 % reduction in infection days, and partial wart regression in several subjects.33 

The 2023 phase III crossover trial demonstrated non-inferiority to G-CSF for infection control while 

showing superiority for absolute lymphocyte time-above-threshold, yet patient-reported benefit was 

tempered by twice-daily self-injection requirements and frequent local reactions.32 Plerixafor’s short 

half-life and parenteral route have therefore catalyzed the search for orally bioavailable, longer-acting 

CXCR4 inhibitors.34,35 

Mavorixafor is an orally administered, highly selective CXCR4 antagonist with five-fold greater receptor 

specificity than plerixafor and a pharmacokinetic profile that supports once-daily dosing.34 In the 

double-blind, placebo-controlled  phase III study of 31 participants aged ≥ 12 years, mavorixafor 400 

mg resulted in a fifteenfold increase in time above both ANC 0.5 × 10Ͽ LЁ¹ and absolute lymphocyte 

count 1 × 10Ͽ LЁ¹ over 52 weeks.36 The same trial documented a 60 % reduction in composite infection 

score, a 75 % reduction in antibiotic-treated episodes, and clinically meaningful regression of 

cutaneous and anogenital warts.36 Treatment-emergent adverse events were predominantly mild 

gastrointestinal symptoms without serious drug-related toxicities, corroborating earlier phase II safety 

findings.37 On 29 April 2024 the U.S. Food and Drug Administration and subsequently the European 

Medicines Agency approved mavorixafor, branded Xolremdi™, as the first disease-modifying therapy 

for WHIM syndrome in patients aged 12 years or older with pathogenic CXCR4 variants.34,38 Early post-

marketing surveillance suggests that sustained oral CXCR4 antagonism may reduce dependence on G-

CSF and immunoglobulin without detectable impairment of hematopoietic stem-cell reserve, though 

longer follow-up is required. (personal communications) 

Management of established and refractory human papillomavirus disease remains challenging 

because traditional ablative modalities frequently fail and neither G-CSF nor plerixafor consistently 

clears extensive lesions.30 Nevertheless, the superior lymphocyte mobilization achieved with 

mavorixafor has correlated with progressive wart regression in a majority of treated subjects, 

highlighting the importance of effective T-cell reconstitution.36 Regular anogenital and oropharyngeal 

cancer screening is advised for all adults, reflecting the persistence of oncogenic HPV genotypes 

despite hematologic correction.29,30 Vaccination against HPV prior to sexual debut, supplemented by 

post-immunization serology to guide booster schedules, remains a cornerstone preventive measure.20 

Allogeneic hematopoietic stem-cell transplantation offers a theoretical cure by replacing mutant 

hematopoietic and immune cells with donor progenitors carrying intact CXCR4 regulatory domains.29 
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In a 2021 multicenter retrospective analysis of seven pediatric procedures, six children achieved 

durable correction of cytopenias, immunoglobulin deficiency, and wart burden, whereas one died from 

transplant-related complications, underscoring the narrow therapeutic window of this approach.39 

Because WHIM is frequently controllable with lower-risk pharmacologic regimens, transplantation is 

generally reserved for life-threatening HPV malignancy, progressive marrow failure, or intolerance to 

CXCR4 blockade.30 When pursued, full HLA matching and reduced-intensity conditioning are favored 

to mitigate graft-versus-host disease and organ toxicity.39 

The curative potential of transplantation has spurred autologous genome-editing strategies aimed at 

rendering a patient’s own hematopoietic stem cells CXCR4-haploinsufficient rather than completely 

correcting the gain-of-function allele.40 Interest in this tactic was catalyzed by a remarkable case in 

which spontaneous chromothriptic deletion of the mutant CXCR4 allele in a single hematopoietic stem 

cell repopulated the marrow and permanently cured the patient.41 Preclinical experiments in mice 

show that donor Cxcr4+/- stem cells enjoy a competitive engraftment advantage over wild-type cells, 

leading to durable correction of leukopenia without recipient conditioning. Using CRISPR/Cas9, 

investigators recently achieved selective knockout of the disease allele in murine WHIM hematopoietic 

stem cells, normalizing leukocyte counts and infection susceptibility after transplantation.42 Ongoing 

optimization of base-editing and prime-editing platforms aims to enhance on-target efficiency and 

minimize off-target mutagenesis before translation to human trials.42 
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2 Results  
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Abstract
Warts, hypogammaglobulinemia, infections, and myelokathexis (WHIM) syndrome (WS) is a combined immunodeficiency 
caused by gain-of-function mutations in the C-X-C chemokine receptor type 4 (CXCR4) gene. We characterize a unique 
international cohort of 66 patients, including 57 (86%) cases previously unreported, with variable clinical phenotypes. Of 
17 distinct CXCR4 genetic variants within our cohort, 11 were novel pathogenic variants affecting 15 individuals (23%). All 
variants affect the same CXCR4 region and impair CXCR4 internalization resulting in hyperactive signaling. The median age 
of diagnosis in our cohort (5.5 years) indicates WHIM syndrome can commonly present in childhood, although some patients 
are not diagnosed until adulthood. The prevalence and mean age of recognition and/or onset of clinical manifestations within 
our cohort were infections 88%/1.6 years, neutropenia 98%/3.8 years, lymphopenia 88%/5.0 years, and warts 40%/12.1 years. 
However, we report greater prevalence and variety of autoimmune complications of WHIM syndrome (21.2%) than reported 
previously. Patients with versus without family history of WHIM syndrome were diagnosed earlier (22%, average age 1.3 
years versus 78%, average age 5 years, respectively). Patients with a family history of WHIM syndrome also received earlier 
treatment, experienced less hospitalization, and had less end-organ damage. This observation reinforces previous reports 
that early treatment for WHIM syndrome improves outcomes. Only one patient died; death was attributed to complications 
of hematopoietic stem cell transplantation. The variable expressivity of WHIM syndrome in pediatric patients delays their 
diagnosis and therapy. Early-onset bacterial infections with severe neutropenia and/or lymphopenia should prompt genetic 
testing for WHIM syndrome, even in the absence of warts.
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Introduction

WHIM syndrome (warts, hypogammaglobulinemia, infec-
tions, myelokathexis) is a rare multi-system combined 
immunodeficiency most often caused by autosomal domi-
nant pathogenic variants in the CXCR4 gene region coding 
for the C-terminus of the C-X-C chemokine receptor type 
4. In selected cases, variants in CXCR2 have been reported 
while other cases are unresolved since no genetic abnor-
malities were found yet the patients presented clinically 
with WHIM syndrome [1–4]. In cases of WHIM syndrome 
with CXCR4 gain-of-function (GOF) variants, CXCR4 
internalization is decreased, thus prolonging the interaction 
of CXCR4 and its ligand CXCL12, leading to hyperactive 
signaling. Myeloid and lymphoid cells fail to response to 
CXCL12 gradients and to egress from the bone marrow into 
periphery and/or to sites of inflammation [2, 5, 6]. Hence, 
neutrophils overmature in the bone marrow and cause a dis-
tinct pathological entity coined “myelokathexis” (Gr. mar-
row retention) [7–9]. Bone marrow pathology in WHIM syn-
drome is not limited to neutrophils, but also shapes B and T 
cell development and homing. As an example of its pleio-
tropic function, CXCR4 also plays a role in development of 
the cardiac system, as well as in cancer. CXCR4 overexpres-
sion contributes to tumor growth, invasion, angiogenesis, 
metastasis, relapse, and therapeutic resistance [10–13]. The 
wide spectrum of multi-system clinical presentations, often 
with incomplete penetrance and expressivity, together with 
rareness and lack of awareness of the disease, relative infre-
quency of life-threatening infection and incorrect interpreta-
tion of bone marrow pathology poses a significant diagnostic 
challenge even among members of the same family with 
identical heterozygous CXCR4 pathogenic variants [14].

Since the first description of myelokathexis in 1964 and 
identification of the molecular basis of WHIM syndrome in 
2003, more than 100 cases of WHIM have been reported in 
the literature based on individual case reports and patient 
registries [2, 7, 8]. Most patients have pan-leukopenia, 
including neutropenia and lymphopenia, and associated 
hypogammaglobulinemia. Registry-based studies of WHIM 
syndrome have described wide heterogeneity in the clini-
cal phenotypes, including variable incidence of recurrent 
infections (including respiratory tract infections, skin infec-
tions, periodontal disease, osteomyelitis, meningitis), sus-
ceptibility to human papilloma virus (HPV), conotruncal 
heart defects, and an increased risk of malignancy, especially 
EBV and HPV-associated lymphoproliferative diseases [10, 
15–18]. However, there are fewer data on the natural history 
of manifestations of the disease in childhood, and on the 
implications of delayed diagnosis for the risk of end-organ 

damage. Disease complications such as bronchiectasis, hear-
ing loss, and cancer may be prevented or better managed 
with early diagnosis and intervention [10]. This is especially 
critical in the era of precision medicine, where targeted 
therapy antagonizing CXCR4 signaling is being studied and 
developed [19, 20].

Despite highly variable clinical presentations, histori-
cally, WHIM syndrome has been a clinicopathologic diag-
nosis. Bone marrow biopsy reveals the hallmark feature of 
myelokathexis [21]. Neutropenia, a laboratory hallmark of 
WHIM, arises early on (often around birth); however, it nor-
malizes intermittently with infections, and therefore could 
be unnoticed and may delay evaluation [22, 23]. Although 
warts develop in 61% of cases, this clinical sign may be 
absent early in life and further hinders the diagnosis of 
WHIM syndrome [10]. As genetic testing has become more 
readily available, sequencing for pathogenic gain-of-function 
variants in the C terminal region of the CXCR4 gene is often 
used to confirm a clinical suspicion of WHIM syndrome. 
The advantage of genetic testing is that it is non-invasive and 
easily accessible. Therefore, it may facilitate early diagnosis 
and serve as an alternative to diagnosis by bone marrow 
biopsy to confirm myelokathexis.

The goal of our study was to characterize the disease pro-
gression and clinical spectrum of WHIM syndrome across 
the life span of patients, with a focus on identifying clinical 
presentations prominent in early childhood that can facilitate 
timely recognition of the disease. Furthermore, we sought 
to compare clinical outcomes of those identified by family 
history versus clinical presentation of sporadic cases with 
a de novo variant, and to evaluate the importance of early 
diagnosis on disease outcomes.

Material and Methods

A retrospective chart review was conducted of an interna-
tional cohort of patients with WHIM syndrome from 42 
centers in 21 countries across Africa, Asia, Australia/Oce-
ania, Europe, North America, and South America. Centers 
were invited to participate through outreach for collabora-
tion with international, regional-federal, or national immu-
nological societies. Inclusion criteria were based on adapted 
ESID-PAGID diagnostic criteria for WHIM syndrome: 
(1) definitive WHIM syndrome diagnosis—chronic (non-
cyclic) neutropenia (ANC less than 1000/μL) and a mutation 
in the intracellular C-tail of CXCR4; (2) probable WHIM 
syndrome diagnosis—chronic neutropenia (ANC less than 
500/μL), myelokathexis, and at least two of the following 
criteria, chronic or recurrent warts, chronic lymphopenia 
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(ALC less than 1500/μL), hypogammaglobulinemia, and/
or a parent with neutropenia and warts.

Age at diagnosis was defined as age when patients ful-
filled the adapted ESID-PAGID diagnostic criteria for 
WHIM syndrome. Patients were characterized (1) as pro-
spectively diagnosed by genetic testing, which was prompted 
by a positive family history (FH) and diagnosis below the 
age 1 year; (2) as diagnosed by genetic testing prompted by 
a known WHIM syndrome diagnosis of a relative, which 
triggered evaluation for WHIM, regardless of age or degree 
of kinship; (3) as diagnosed based on clinical signs (Sx) of 
WHIM syndrome, which triggered evaluation for primary 
immunodeficiency and subsequent diagnosis of WHIM syn-
drome. Initial WHIM-related manifestation was defined as 
the first presenting sign or symptom of WHIM syndrome 
recorded in the medical record that contributed to a retro-
spective diagnosis based on chart review, as advocated by 
Prince and Berman in 2012 [24]. Disease progression was 
calculated as, number of patients with a specific disease 
manifestation divided by the number of patients tested at 
a specific age.

A structured datasheet was utilized to collect clinical 
information of 66 patients with WHIM syndrome from 
their treating physicians, including the following: patient 
sex, age (as of December 2020), age at diagnosis, race and 
ethnicity, genotype (specific CXCR4 variants), diagnostic 
details, age at onset of neutropenia, lymphopenia, hypogam-
maglobulinemia, presence of myelokathexis, infectious 
complications, end-organ damage, presence of malignancy, 
heart defects, malformations or autoimmunity, and therapies 
trialed (including response and complications). Of the study 
subjects, 9 cases had been previously described in published 
case reports [14, 21, 25–31]. As a separate initiative, we 
included and analyzed 2 patients with autoimmune mani-
festations from Australia and the USA: these patients added 
to our understanding of the autoimmune (AI) manifestations 
in WHIM syndrome but, due to lack of sufficient data were 
not included in the calculation of the prevalence of these 
manifestations. Immune thrombocytopenic purpura (ITP) 
was defined according to the EHASWGT as isolated throm-
bocytopenia (< 100 ×  109/L) in the absence of other causes 
[32]. Autoimmune hemolytic anemia (AIHA) was defined 
as hemolytic anemia with positive direct antiglobulin test 
(DAT) [33].

Therapeutic response was scored based on clinical judg-
ment by treating physicians for all annotated cases using 
the following criteria: “non” = no clinical response to the 
intervention was seen or side effects were limiting; “partial” 
= some clinical improvement to the intervention was seen 
but therapeutic escalation was ultimately required for sta-
bilization—specifically (1) G-CSF improved ANC counts 
but no effect on susceptibility to infections and (2) IgGRT 
and antibiotics prophylaxis improved infectious burden by 

< 50%; or “full” = clinical improvement to the intervention 
was seen and no subsequent escalation has been required 
for stabilization to date—specifically (1) G-CSF improved 
ANC counts and improved susceptibility to infections and 
(2) IgGRT and antibiotics prophylaxis improved infectious 
burden by > 50%. Infectious burden was assessed by treat-
ing physician.

Statistical comparisons of categorical variables were 
performed using Fisher’s exact test. To evaluate continuous 
variables, t-statistic and Kruskal–Wallis tests were applied. 
All reported p values are 2-sided, and p values less than 
0.05 were considered significant. The R statistical software 
(version R 3.6.2) was used to perform all statistical analyses.

Genetics

CXCR4 sequencing was performed using standard tech-
niques (whole-exome, panel-based, Sanger sequencing) 
in local laboratories, and referenced to NM_003467.3 and 
NP_003458.1.

All observed CXCR4 variants were classified according 
to the 2015 standards and guidelines for the interpretation 
of sequence variants established by the American College 
of Medical Genetics and Genomics (ACMG) and the Asso-
ciation for Molecular Pathology (AMP) [34]. Definitions 
of criteria for classifying pathogenic variants are published 
by Richards and colleagues [34]. Additional general guid-
ance developed by the Clinical Genome Resource (ClinGen) 
for the PVS1[35] and PS3[36] criteria were also incorpo-
rated. Of note, the PVS1 criterion is applied only to loss 
of function variants; given that the disease mechanism of 
WHIM syndrome is gain of function, PVS1 was not applied 
to any CXCR4 variants. In lieu of PVS1, the PM4 criterion 
was applied to variants resulting in protein length changes. 
Although this criterion is typically applied to in-frame dele-
tions/insertions, ClinGen recommendations (https:// clini 
calge nome. org/ docs/ varia nt- curat ion- stand ard- opera ting- 
proce dure- versi on-2/) suggest PM4 can also potentially be 
applied to variants that cause premature truncation, but not 
nonsense-mediated decay, such as those observed in the 
CXCR4 variants reported in association with WHIM syn-
drome that lead to production of C-terminally truncated 
receptors lacking residues critical for receptor internaliza-
tion. Although the in silico predictor CADD [37, 38] sug-
gests that the observed variants are likely to be damaging to 
protein function, the PP3 criterion was not applied to avoid 
double counting of evidence used to support the application 
of PM4. Additionally, the PP1 criterion used to support co-
segregation of the variant within one or more families was 
applied if the genotype of the affected family member(s) was 
confirmed. The PS4 criterion (used at a moderate strength 
when a variant was observed in multiple unrelated patients 
with the same phenotype) was applied if the variant was 
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observed in ≥ 3 unrelated individuals asserted to have 
WHIM syndrome. A specific phenotype sufficient for appli-
cation of the PP4 criterion was defined as the presence of 
most features of WHIM, including myelokathexis.

Internalization Assay

The cDNA of human CXCR4 (GenBank accession no 
NM_003467) carrying the consensus Kozak sequence at the 
5′ end (GCC GCC ACCatg) and 36 nucleotides of the 3′UTR 
at the 3′ end was synthesized at Genewiz (Leipzig, Ger-
many) and cloned in pcDNA3.1 (Hygro+) via NheI/EcoRV 
to give pcDNA3.1_CXCR4. CXCR4_WHIM syndrome vari-
ants were generated by site-directed mutagenesis, using the 
QuickChange II XL kit (Agilent Technologies), the primers 
(listed in table below) and pcDNA3.1_CXCR4 as template. 
S346Pfs*12 was synthesized at Genewiz and cloned in 
pcDNA3.1 (Hygro+) via NheI/EcoRV. Plasmids were gen-
erated using the Endofree Plasmid MaxiPrep Kit (Qiagen) 
and all plasmid preparations were sequenced (Microsynth, 
CMV forward, BGH reverse) (STable3).

K562 (CCL-243, ATCC) cells were cultured in IMDM 
(Gibco) containing 10% FCS (Sigma) and penicillin-strep-
tomycin (Gibco). Starvation was performed in IMDM, 0.5% 
BSA (Sigma), penicillin-streptomycin overnight.

K562 cells (2.5 ×  106 cells in 250 μl/cuvette) were tran-
siently transfected by electroporation with 25 μg pcDNA3.1_
CXCR4 plasmids per cuvette in Ingenio Solution (Mirus), 
using a Gene pulser Xcell device (BioRad) and exponential 
decay protocol (250 V, 1000 μF) in 0.4 cm cuvettes fol-
lowed by immediate transfer to 6-well plates containing 2.25 
ml pre-equilibrated culture media. After 24 h, transfected 
cells (1 ×  105 cell/well) were seeded in 96-well plates and 
serum-starved overnight. Cells were then resuspended in 
warm incubation bu%er (HBSS with  Ca2+ and  Mg2+ + 0.5% 
BSA + 20 mM Hepes pH 7.4) and stimulated with CXCL12 
for 45 min or 4 h at 37 °C, 5%  CO2. After incubation, the 
cells were washed twice with cold incubation bu%er and 
then stained with CXCR4 12G5-APC antibody (BD, 1:20 
dilution in incubation bu%er) for 20 min at 4 °C. After wash-
ing and resuspending in flow bu%er (HBSS with  Ca2+ and 
 Mg2++ 0.1% BSA + 20 mM Hepes pH 7.4), the samples 
were measured on Cytoflex (Beckman-Coulter) and analyzed 
in FCS Express software (De Novo Software). Cells were 
gated based on the FSC/SSC and isotype control and the 
mean fluorescence intensity (MFI) of CXCR4+ population 
was used in subsequent analysis.

Statistical analysis was performed in the GraphPad Prism 
software. p Values < 0.05 were considered statistically sig-
nificant and set as follows: *p < 0.05; **p < 0.01; ***p < 
0.001; nsp ≥ 0.05. Unpaired 2-tailed t test was used. The 

number of independent experiments (n) is stated in each 
figure legend.

Results

Demographic Characterization

The study cohort comprises 66 patients with WHIM syn-
drome, diagnosed according to the adapted ESID-PAGID 
guidelines: the majority met criteria for a definite diagno-
sis (64), and two cases met criteria for a probable WHIM 
diagnosis. Our cohort includes 57 unique unreported cases 
of WHIM syndrome, those reported previously were indi-
vidual case reports (n = 9) referenced in Supplementary 
Table&1. Our cohort does not have major overlaps with any 
prior reports from academic centers with high expertise in 
Europe (Italy, France) or the National Institutes of Health in 
the USA. Table&1 summarizes the demographics of the sub-
jects. Our cohort includes nearly twice as many children (n 
= 43, < 18 years old) as adults (n = 23, > 18 years old). The 
median age at diagnosis was 5.5 (range 2 weeks–51 years). 
There was a predominance of female patients (62% female, 
n = 41; 38% male, n = 25). The diagnosis of the majority 
of patients (79%, n = 52) was prompted by clinical signs 
(Sx) related to WHIM, rather than via positive family his-
tory (FH, 20%, n = 13) and/or newborn screening for SCID 
(NBS-SCID, 1.5%, n = 1) with low T cell receptor excision 
circles (TRECs). In 71% (n = 47) of patients, both genetic 
testing and diagnostic bone marrow biopsy were used to 
confirm WHIM diagnosis. In 26% (n = 17) of patients, diag-
nosis of WHIM syndrome was confirmed solely based on 
genetic testing, and the remaining 2 patients were diagnosed 
by bone marrow biopsy and clinical signs only. Only 22.7% 
(n = 15) of patients in our cohort presented with all four 
features of the WHIM acronym. An asterisk in parenthesis 
(*) indicates that a bone marrow biopsy was not performed 
but leukopenia was present. The most common phenotype 
combination was HIM with 24% (n = 16), followed by IM 
in 15.2% (n = 10), I(*) 7.6% (n = 5), WI(*) 7.6% (n = 5), 
HI(*) 6.1% (n = 4), WIM 4.5% (n = 3), HM 4.5% (n = 3), 
WHI(*) 4.5% (n = 3), M or (*) 1.5% (n = 1) each (Supple-
mentary Table&1).

Genetic Characterizations

Of 66 patients, 64 cases were reported to have variants in the 
C-terminal domain of CXCR4. In one case, genetic informa-
tion was lost, and in 2 patients, the diagnosis of WHIM syn-
drome was based on clinical presentation and bone marrow 
morphology, according to ESID-PAGID diagnostic criteria 
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for WHIM syndrome. We identified 17 distinct variants in 
our cohort, resulting in 16 different amino acid changes 
(Fig. 1A). Four variants were nonsense-truncating variants 
and 12 were frameshift variants, all positioned (p.318 to 
p.346) in the intracellular region of the C terminus (p.303 
to p.352), similar to prior reports [5] (Fig. 1B, C). Nonsense 
mutations were reported in 45 patients (68%) and frameshift 
mutations in 17 patients (26%). In 38 (64%) cases, mutations 
occurred de novo, while the other 21 cases were distributed 

among 15 pedigrees (SFigure1). Eleven of seventeen vari-
ants (64%) are previously unpublished in WHIM patients 
and represent 23% of our cohort (15 cases). As expected, 
p.R334* (47%, n = 31), and p.S338* (17%, n = 11) were 
the most common variants in our cohort. We identified two 
different genotypes (c.1013C>G and c.1013C>A) resulting 
in p.S338*, with the c.1013C>A (1/11, 9%) never reported 
in WHIM syndrome. Both variants create a premature stop 
codon, tCa>tGa, and tCa>tAa, respectively, thus truncating 
the C terminus. The 14 remaining amino acid changes were 
distributed among the remaining genotyped cases in only 
1 to 4 cases, each (STable2). We observed a marked phe-
notypic heterogeneity in patients with the same genotype, 
even within the same family, with no obvious correlation 
between genotype and clinical manifestations (SFigure1). 
All 17 distinct variants in our study cohort, including the 11 
novel variants, are predicted to be deleterious with a CADD 
PHRED value above 15. (range: 26.5 to 39) (STable2). All 
variants observed in the cohort were classified according 
to the ACMG/AMP 2015 standards and guidelines for the 
interpretation of sequence variants [34]. Of the 17 iden-
tified variants, 15 were classified as likely pathogenic or 
pathogenic (STable2). These classifications were primar-
ily supported by the location of the variants in the critical 
C-terminus, absence in the gnomAD population database 
[39], availability of inheritance information gleaned from 
family studies (variant co-segregation with disease or variant 
de novo status), and presence of WHIM-specific phenotypic 
features observed in affected individuals.

The receptor desensitization defect is believed to be a hall-
mark of CXCR4 mutations found in WHIM syndrome patients 
and is the mechanism responsible for their gain-of-function 
phenotype [40]. To confirm that the newly identified CXCR4 
variants (T318N fs*26, S319Lfs*2, R322Qfs*22, S324Ffs*21, 
S324Pfs*42, L326Q fs*17, K327R fs*17, S339L fs*27, 
V340L fs*27, S346* and S346Pfs*12) also displayed the same 
defects, we measured their internalization responses to the 
natural ligand CXCL12. CXCR4-WT, CXCR4-WHIM (R334* 
and E343K) and the novel CXCR4 variants were expressed 
in K562 cell line (lacking endogenous CXCR4 expression 
[41]), stimulated with increasing concentrations of ligand and 
stained for remaining CXCR4 expression on the cell surface 
(Fig. 1D). As a result of CXCL12 stimulation, CXCR4-WT 
receptor surface levels decreased in a dose-dependent manner. 
CXCR4-R334*, the most frequent WHIM syndrome variant, 
displayed a significant internalization defect at all CXCL12 
concentrations used, while E343K, a missense variant found 
in WHIM syndrome patients [42], altered the internalization 
response only at lower ligand concentrations. All investigated 
new variants showed defective CXCR4 internalization. The 
S346* variant was the least affected, displaying significant 

Table 1  Demographic characterization of study subjects

Attribute (n = 66)

Sex, n (%)
  Male 25 (37.9)
  Female 41 (62.1)

Race
  Non-Hispanic White 46 (69.7)
  Hispanic White 2 (3.0)
  African American 2 (3.0)
  Asian/Pacific Islander 13 (19.7)
  Others/unknown 3 (4,5)

Geography
  Northern America 17 (25.8)
  South America 3 (4.5)
  Northern Europe 3 (4.5)
  Western Europe 9 (13.6)
  Southern Europe 1 (1.5)
  Eastern Europe 17 (25.8)
  Northern Africa 1 (1.5)
  Western Asia 2 (3.0)
  Eastern Asia 11 (16.7)
  Southeast Asia 1 (1.5)
  Australia and New Zealand 1 (1.5)

Age, median 15.0
Age at diagnosis, median 5.5
Mutation, n (%)

  De novo 39 (59.1)
  Familial 20 (30.3)
  Unknown 7 (10.6)

Confirmatory diagnostic, n (%)
  Genetic alone 17 (25.8)
  Myelokathexis alone 2 (3.0)
  Both 47 (71.1)

Age at clinical presentations, mean (SD)
  Infections 1.6 (2.7)
  Neutropenia 3.5 (5.4)
  Lymphopenia 5.3 (6.0)
  Hypogammaglobulinemia 7.3 (8.5)
  Warts 12.0 (8.7)
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Fig. 1  Genetic characterization of 66 patients with WHIM syndrome. 
A CXCR4 full-length sequence of the native CXCR4 aligned with 
CXCR4 mutations in C-terminus identified in WHIM syndrome 
patients. Novel mutations are highlighted with a red dot. B Snake 
plot of the schematic structure of CXCR4 with mutations highlighted 
in red. Light pink … CXCL12 (SDF1A) binding domain, yellow … 
dimerization domain. C  Phyre2 three-dimensional model structure 
of the chemokine receptor CXCR4 residues 2–334, with conforma-

tional change of CXCR4 truncating mutations highlighted in red. D 
K562 cells transfected with WT CXCR4 and the indicated variants 
were stimulated with CXCL12 (vehicle, 1 nM, 10 nM, 100 nM) for 
45 min and 4 h, respectively, and the surface expression of CXCR4 
was measured by flow cytometry. Values are expressed as % remain-
ing CXCR4 signal compared to vehicle-treated cells. Values represent 
mean ± SEM, n = 3–12)
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impairment only at 1nM CXCL12. Interestingly, while a sub-
set of this patient’s neutrophils demonstrates the typical mye-
lokathexis changes with long internuclear strands, the majority 
of neutrophils had a normal morphology.

In addition to in silico and functional testing, we con-
ducted a database search to find identical or similar (dif-
ferent mutation on cDNA level with identical amino acid 
sequence) somatic CXCR4 gain-of-function mutations in 
malignant diseases. Conditions included Waldenström’s 
macroglobulinemia, lymphoma, and IgM monoclonal gam-
mopathy. All literature reported malignant variants could be 
identified as somatic CXCR4 gain-of-function mutations. Of 
the 11 novel variants, 6 variants possessed identical somatic 
nucleotide changes and 5 variants resulted in identical amino 
acid sequences but different nucleotide changes (STable2).

Initial Clinical Manifestation of WHIM Syndrome

First, we assessed the initial type of WHIM-related illnesses 
that occurred within the first year of clinical presentation. 
Infections were the most common initial clinical manifesta-
tion of WHIM syndrome (88%), dominated by upper and 
lower respiratory tract infection (49%), followed by otitis 
media (23%), and skin infections (13%), while HPV-related 
manifestations and warts were uncommon (2%). Five percent 
of patients initially presented with congenital abnormalities, 
including malformation (3%, maxillofacial defects including 
orofacial cleft) and heart defects (2%, patent ductus arte-
riosus) (Fig. 2A). Seventy percent of symptomatic patients 
had their first initial WHIM clinical manifestation before the 
age of 1 year, and 96% had it before the age of 5 years. To 

Fig. 2  Analysis of WHIM syndrome-related clinical manifestation 
and laboratory findings. A Type of first WHIM syndrome-related 
clinical manifestation. B Cumulative percentage of patients suffer-
ing from their first WHIM syndrome-related clinical manifestation 
at a given age for all patients (black line, n = 66), and prospectively 

diagnosed patients based on positive family history and < 1 year of 
age (blue line, n = 9). C Lifetime prevalence of individual WHIM 
syndrome-related manifestations and laboratory findings (frequency 
as % total cases)
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account for any retrospective, observational bias, we calcu-
lated the age at initial clinical manifestation of those WHIM 
syndrome patients that were prospectively diagnosed based 
on positive family history and age < 1 year (n = 9). Over 
50% of those prospectively diagnosed patients had their first 
WHIM-related manifestation before the age of 3 months and 
over 90% of prospectively diagnosed patients, had their first 
WHIM-related manifestation before the age before 1 year 
of age (Fig. 2B).

WHIM Clinical Manifestations Are Diverse

The majority of patients (98%) had laboratory abnormali-
ties, with non-cyclic neutropenia (98%) being the most 
prevalent finding, followed by lymphopenia (88%) and 
hypogammaglobulinemia (65%). Infections were seen in 
92% of patients, with otitis media occurring in 68% and 
pneumonia in 63% of patients. Bacterial meningitis and 
bacteremia resulting in sepsis had a cumulative lifetime 
prevalence of 13% in our cohort. Infection-associated end-
organ damage, including bronchiectasis and bronchiolecta-
sis due to recurrent pneumonias, and hearing loss due to 
recurrent otitis, were seen in 20% of patients. HPV-related 
manifestations were seen in 42% of patients, with warts 
occurring variably on face, hands, feet, arms, or legs in 
40% of patients. No cases of HPV-related malignancy were 
reported in this cohort. However, two patients developed 
non-HPV-related malignancy: one adult patient with basal 
cell cancer and an infant with melanotic neuroectodermal 
tumor. Autoimmune (AI) complications were observed 
in 21% of patients. Heart defects were observed in 17% 
of patients, including patent ductus arteriosus, tetralogy 
of Fallot, right-sided aortic arch, tricuspid valve insuf-
ficiency, aortic valve insufficiency, and Wolff–Parkin-
son–White (WPW) syndrome. In addition, minor malfor-
mations including maxillofacial anomalies were seen in 3% 
(Fig. 2C).

Disease Progression of WHIM Syndrome

Clinical manifestations in our cohort (n = 66) varied across 
the life span; we therefore calculated the cumulative per-
centage of WHIM syndrome-related manifestations tested 
at a given age. STable1 displays the individual observational 
period, with a median of 12 years. The predominant clinical 
presentation in infancy was susceptibility to bacterial infec-
tions, more than 50% (n = 36) of them had documented bac-
terial infections during the first year of life. Overall, the most 
common infections were otitis media and pneumonia devel-
oping at a median age of 3 years. Neutropenia was diagnosed 
prior to 4 weeks of age in 26% of our study population (n 
= 66) and in 50% by the age of 6 months. Lymphopenia 

and hypogammaglobulinemia were diagnosed later in life, 
with more than half of the cohort being diagnosed at the 
age of 4 years (n = 34) and 10 years (n = 33), respectively. 
Three patients reported cutaneous warts during early child-
hood. The incidence of warts increased to more than 25% 
in adulthood, with a median reported onset of 14 years (n 
= 17) (Fig. 3A).

Patients that were prospectively diagnosed based on posi-
tive family history and < 1 year of age (n = 9), with a median 
observational period of 9.2 years, had a similar median onset 
of infections, with 50% developing their first infectious com-
plication at 1 year of age. Neutropenia and lymphopenia 
were observed in 50% and 33% prior to 4 weeks of age, 
respectively. Neutropenia prevalence increased to 100% at 
age of 10 months, while lymphopenia was observed in 50% 
at the age of 10 months and increased to 80% at the age of 
10 years. Hypogammaglobulinemia was rarely diagnosed in 
early life, with more than half of the cohort being diagnosed 
at the age 10 years. Warts were never reported in infancy, 
with one patient developing warts at age 2 years (11%) and 
2 additional patients at age 6 and 9 years, respectively (22% 
and 33%). Patients presented a mean lowest value during 
follow-up of 852 ± 386 leukocytes/mm3 and 113 ± 95 neu-
trophils/mm3. In addition, we observed a mean lowest value 
during follow-up of ALC count of 526 ± 153 cells/mm3 
and an AMC count of 51 ± 37 cells/mm3 (Supplementary 
Figure 2).

Furthermore, we performed a longitudinal analysis of 
patients’ laboratory values for those that neither received 
G-CSF or CXCR4 antagonists. Lab values were excluded if 
patients were actively treated for infection at this time point 
(n = 35, median observational period of 6.5 years). Patients 
with WHIM syndrome displayed moderate leukopenia prior 
to 4 weeks of age, with a median WBC count of 3920 cells/
mm3 (n = 5), until age of 1 year with 3590 cells/mm3 (n = 
8). However, with age, leukopenia progressively worsened 
with a median WBC count of 1350 cells/mm3 (n = 13) at age 
of 2 years, 1240 cells/mm3 (n = 13) at age of 5 years, and 
830 cells/mm3 (n = 8) at age 10. Neutropenia varied through 
life; however, there was a trend towards a progressive loss of 
neutrophils with a median ANC count of 540 cells/mm3 (n = 
6) around birth, to 1238 cells/mm3 (n = 8) at age 1 year, 547 
cells/mm3 (n = 12) at age 2, and 197 cells/mm3 (n = 8) at 
age 5. The progressive loss was most noticeable with ALC: 
WHIM syndrome patients had overall normal lymphocyte 
counts at birth up to one year of age, with a median ALC of 
2350 cells/mm3 (n = 4) and 1694 cells/mm3 (n = 6), respec-
tively. However, we observed the development of a progres-
sive lymphopenia in early childhood, with an ALC count of 
939 cells/mm3 (n = 11) at age 2 and 787 cells/mm3 (n = 13) 
at age 5. Individual WBC, ANC, and ALC counts over time 
for every single patient can be seen in (Supplementary Fig-
ure 2). Analyzing individual patients longitudinally showed 
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a progressive neutropenia in 20 patients (57%) and progres-
sive lymphopenia in 25 patients (71%) (Fig. 3B).

Treatment and End-Organ Damage

Treatment data were available for 54 WHIM syndrome 
patients. Granulocyte colony-stimulating factor (G-CSF) 
was used in 55.7% (n = 30), IgG replacement therapy 
(IgGRT) in 53.7% (n = 29) and antibiotic prophylaxis 
in 38.9% (n = 23) to reduce susceptibility to infections 
(Fig. 4A). Therapeutic response was scored based on clini-
cal judgment by treating physicians, for detailed definition 
see material and methods. G-CSF improved infectious 
complications and increased ANC counts in approximately 
50% of patients, while 22% of patients showed improved 
ANC counts with no effect on susceptibility to infections 
and 26% of patients failed to increase ANC counts or ame-
liorate infection frequency in response to G-CSF treatment. 
Antibiotic prophylaxis and IgG replacement therapy were 
able to reduce infectious burden (> 50%) in 80% and 74% 
of patients, respectively, while partial response (< 50%) was 
observed in 10% and 22%, respectively. Only a minority of 

patients showed no response to antibiotic prophylaxis and 
IgGRT (10% and 4.35%), respectively (Fig. 4B). CXCR4 
antagonist (plerixafor) was used in 5.6% (n = 3) of patients, 
which ameliorated the burden and frequency of infection 
and improved panleukopenia. Of patients, 5.6% (n = 3) 
underwent hematopoietic stem cell transplantation (HSCT) 
as definitive treatment for WHIM syndrome, with success-
ful outcome in 2 patients; however, one patient died due 
to HSCT-associated complications. Details for the patients 
that underwent HSCT were described by Laberko et al. [43] 
Twenty-two percent of our cohort required no therapeutic 
intervention at the time of this study. Data on treatment 
response of different drug combinations were not consid-
ered in this analysis.

We observed a substantial diagnostic delay from first date 
of recorded neutropenia to the final molecular diagnosis of 
WHIM syndrome. FH and/or NBS played a crucial role in 
facilitating early recognition of WHIM syndrome: in 67% (n = 
6/9) of subjects, diagnosis was prompted by FH or NBS within 
the first year of life with a median delay of 1.3 years; in com-
parison, in 14% (n = 7/49) of subjects, diagnosis was prompted 
by clinical signs within the first year of life with a median delay 

Fig. 3  Clinical and immunological disease progression of WHIM 
syndrome. A Cumulative percentage of WHIM syndrome-related 
manifestations at a given age in all WHIM syndrome patients (n = 
66, left panel) and patients prospectively diagnosed patients based 
on positive family history and < 1 year of age (n = 9, right panel). 

B Longitudinal analysis of WBC, ANC, and ALC counts (n = 35). 
Black line represents median value at a given age, dots represent 
individual patient’s values at a given time point and dotted line is age 
matched reference values
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of 5 years (p = 0.0387) (Fig. 4C). Those patients with a diag-
nosis prompted by FH and/or NBS were more likely to receive 
early therapeutic interventions, e.g., G-CSF and IgGRT, with a 
median age of 2 and 2.6 years, respectively, compared to those 
with a diagnosis prompted by clinical signs with a median age 
of 6 and 9 years, respectively (IgGRT p = 0.04, G-CSF p = 
0.09) (Fig. 4D).

Irreversible end-organ damage, including bronchiectasis 
and hearing loss, was significantly more common in those 

patients with a diagnosis prompted by clinical signs com-
pared with those with a diagnosis prompted by FH/NBS. 
Of the former, 27% developed bronchiectasis (n = 9) and 
hearing loss (n = 3) secondary to infections, while only one 
patient in the FH/NBS group was diagnosed with bronchi-
ectasis (8%, p = 0.03), and non-developed hearing loss. 
End-organ damage in WHIM appeared early in life with a 
median age of 9.6 years; however, we did not find a correla-
tion of age and end-organ damage (p = 0.278) (Fig. 4E). 

Fig. 4  Treatment approaches 
and end-organ damage in 
WHIM syndrome. A Preva-
lence of individual treatment 
strategies. B Percent of patients 
with a treatment response that 
was scored using the following 
criteria: “non” = no clinical 
response or side effects were 
limiting, “partial” = clinical 
improvement but therapeutic 
escalation was required, or 
“full” = clinical improvement 
with no escalation. C Time 
from first record of neutropenia 
to final diagnosis of WHIM 
syndrome. All patients (black 
box plot), patients diagnosed 
by family history or newborn 
screening (FHS/NBS blue box 
plot) and patients diagnosed by 
clinical signs (Sx, red box plot). 
Whiskers-box plot represents 
(median ± quantile 0.1–0.9). D 
Time from first record of neu-
tropenia to initiation of either 
GCSF or IgGRT. All patients 
(black box plot), patients 
diagnosed by family history 
or newborn screening (FHS/
NBS blue box plot) and patients 
diagnosed by clinical signs (Sx, 
red box plot). Whiskers-box plot 
represents (median ± quantile 
0.1–0.9). E Patients with end 
organ damage, including bron-
chiectasis and/or hearing loss 
of all patients (black bar), those 
diagnosed by clinical signs 
(red bar) and those diagnosed 
by family history (red bar). 
F Cumulative percentage of 
first hospital admission due to 
WHIM-related manifestation 
by age
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Eighty-three percent of our cohort were admitted to the hos-
pital due to WHIM-related complications, with a median 
first hospital admission at the age of 2 years. Patients with 
a family history of WHIM were less likely to be hospital-
ized compared to those whose diagnosis was prompted by 
clinical signs (69% vs 87%). We further observed that the 
age at which patients required inpatient treatment differed 
between those with a diagnosis prompted by FH/NBS and 
clinical signs, with a median age of 7 years and 2 years, 
respectively (Fig. 4F).

Autoimmunity in WHIM Syndrome

In our cohort of 66 patients with WHIM syndrome, we 
observed 12 patients (18%) with prominent autoimmune 
manifestations. In addition, we included and analyzed the 

cases of 2 patients with AI manifestations from Australia and 
the USA on the basis of a literature search and/or personal 
communication. Among patients with AI, we observed a 
predominance of female patients (71% females, 29% males). 
All WHIM syndrome patients with AI were non-Hispanic 
whites. AI manifestations were reported in patients that were 
significantly older than the overall cohort, with a median age 
of 22.1 years (range 6.2–47.2) compared with those without 
AI with a median age of 9.0 years (range 1.1–36.4). We 
could not identify any significant difference in lymphocyte 
counts, serum immunoglobulin levels or mutation between 
patients with and without AI. Taking into account the 
patients from this cohort and the literature search, the most 
frequent AI complications were autoimmune cytopenias (n 
= 8, 57.1%), followed by endocrinopathies (n = 4, 28.6%, 
type 1 diabetes [n = 3] and autoimmune thyroiditis [n = 

Fig. 5  Autoimmunity and hyperinflammation in WHIM syndrome. 
A Prevalence of individual autoimmune (AI) and hyperinflammatory 
(HI) complications (frequency as % patients with subtype among all 
patients with AI or HI complications, n = 14). B Occurrence of auto-
immune and hyperinflammatory complications in isolation or com-
bination (frequency reported as above). C Prevalence of single- and 
multi-lineage cytopenias (frequency reported as above). D Platelet 
and hemoglobin nadir during flares (symbols representing individual 

values; median ± SEM shown). E Prevalence of individual treatment 
strategies used for ITP and AIHA. F Ratio of patients with a treat-
ment response for first line (steroids ± IVIG) and second line (biolog-
icals, immunosuppressives or splenectomy). Treatment response was 
scored using the following criteria: “non” = no clinical response or 
side effects were limiting, “partial” = clinical improvement but thera-
peutic escalation was required, or “full” = clinical improvement with 
no escalation
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1]), skin manifestations (n = 2, 14.3%, psoriasis [n = 1] and 
vitiligo [n = 1]) and two patients presented with arthritis and 
autoimmune hepatitis (each n = 1, 7.1%) (Fig. 5A). A total 
of 49.9% (7/14) of patients had more than one AI complica-
tion. Specifically, 35.7% of cytopenia cases presented with 
an additional autoimmune complication, while other auto-
immune complications were more likely to occur in isola-
tion (35.7%) (Fig. 5B). Immune thrombocytopenia purpura 
(ITP) was the most frequent autoimmune complication (n 
= 7, 53,8%), followed by Coombs-positive autoimmune 
hemolytic anemia (AIHA) (n = 5, 38%). Evans syndrome 
was observed in 4 patients (30.7%). No trilineage Evans 
syndrome was reported, with no autoimmune neutropenia 
observed in our cohort (Fig. 5C). Cytopenias had a nadir 
hemoglobin level of 6.4 g/dL attributed to AI (n = 5) and 
nadir platelet count of 37.000 cells/μL due to ITP (Fig. 5D).

Treatment of Autoimmune Cytopenias in WHIM 
Syndrome

Treatment outcomes were reviewed in detail in patients with 
ITP (n = 7) and AIHA (n = 5). Mild AIHA (n = 2, median 
hemoglobin nadir 6.9 g/dL) required no specific therapy. 
High-dose intravenous immunoglobulin (IVIG) and steroids 
were frequently used as first-line therapy. Disease control 
using first-line therapy was achieved in a subset of patients 
(ITP 27%, AIHA 20%) only. Most patients with ITP required 
second-line therapy, which most frequently consisted of 
thrombopoietin receptor agonist (n = 1), B cell depletion 
with rituximab (n = 2), and mTOR inhibitor, sirolimus (n = 
1). Second-line treatment of ITP fully or partially improved 
the outcome in the majority of cases (93%). Splenectomy 
seemed to be effective for controlling AIHA (n = 1) but 
failed to improve ITP (n = 1) (Fig. 5E, F).

Discussion

Herein we describe 57 unreported WHIM syndrome cases, 
thereby expanding the number of published WHIM cases to 
162 patients worldwide [5]. In general, our cohort showed 
similar rates of warts, hypogammaglobulinemia, infections, 
and neutropenia, while we observed fewer malignancies and 
deaths when compared with other cohorts [14, 20]. This is 
likely due the significantly younger median age (13.6 years) 
of our cohort compared to previously described cohorts with 
median ages of 22 and 29 years, respectively [14, 20]. In 
addition, the majority of our cohort patients were actively 
under treatment which likely confounds our study with a 
survival bias. In particular, the younger pediatric patients 
are likely a reflection of more accessible genetic screening, 

which has facilitated the diagnosis of pathogenic CXCR4 
variants even in patients with incomplete phenotypes. In 
the recently described review of 105 previously published 
patients, less than half (38%) fulfilled the diagnostic tetrad 
of WHIM syndrome. [5] Consistent with published data, 
we observed incomplete penetrance and variable severity in 
our cohort. Only 23% of the patients in our cohort presented 
with all four classic WHIM features. Lack of the diagnos-
tic tetrad of WHIM syndrome correlated with age. Indeed, 
we observed that the majority of pediatric patients lacked 
the presence of HPV-related manifestations. Warts were 
reported in only a quarter of our cohort, and only 3 patients 
developed warts during early childhood. Our observations 
that warts developed at a median age of 14 years concurs 
with previous observations that the seroprevalence for HPV 
in the general population peaks during ages 15–30 years 
[44].

Hypogammaglobinemia was observed in two thirds 
of our cohort predominantly in late childhood and early 
adulthood. However, future research needs to determent 
the extent of antibody deficiency, e.g., vaccine response in 
patients with WHIM syndrome. As expected, neutropenia 
was the most prominent diagnostic feature in our pediatric 
cohort. However, neutropenia can remain unidentified dur-
ing medical attention as neutrophil mobilization is induced 
during acute infections [23, 45]. Incomplete presentation 
of the pediatric disease course in combination with diag-
nostic challenges and lack of disease awareness contribute 
to diagnostic delays and worse outcomes [16, 46]. Indeed, 
when contrasting clinical outcomes of patients with early 
diagnosis due to family history to those diagnosed de 
novo, we observed a significant reduction in end-organ 
damage (bronchiectasis and hearing loss) as well as fewer 
hospital admissions. Sometimes diagnostic delay can be 
considerable. In one of the patients, the disorder had been 
labelled severe chronic neutropenia, and delayed the diag-
nosis until age 30 years, and in another, it was classified 
as combined immunodeficiency that delayed the diagnosis 
until age 46. In addition, end-organ damage, e.g., bronchi-
ectasis, might be underreported in WHIM syndrome, as 
surveillance CT scans might be underutilized in WHIM 
syndrome.

Neutropenia was the earliest laboratory finding and the 
predominant, defining feature of WHIM syndrome through-
out life. Only 26% of patients had neutropenia documented 
around birth and 50% had it by 6 months of age. The diagno-
sis of neutropenia can be delayed compared with the actual 
onset of a low neutrophil count due to a lack of awareness. 
Furthermore, in WHIM syndrome, ANC is not static and 
may normalize during infections [17]. Therefore, it is of 
great importance for ANC to be retested in patients who 

1759Journal of Clinical Immunology  (2022) 42:1748–1765

1 3



exhibit WHIM-like presentations, yet have anormal neutro-
phil count.

Interestingly, WHIM patients may come to medical atten-
tion at an asymptomatic stage, with low TREC levels at birth 
during NBS for SCID [26, 31]. Therefore, it may be of ben-
efit to include a CBC with differential count and genetic 
testing for WHIM syndrome as the part of the evaluation 
process in case of abnormal NBS-SCID. The prevalence 
of WHIM syndrome is not known. In the French registry, 
it was estimated at about one in 4 million [5]. We have 
reported with Evans et al. that 3 of 6 infants with WHIM 
syndrome had low TRECs in the era of NBS-SCID [26, 47]. 
NBS-SCID screening may be an opportunity for early rec-
ognition of WHIM syndrome cases, even during clinically 
asymptomatic stages of the disease. An increased preva-
lence of WHIM syndrome would be predicted with more 
widespread screening. Consequently, early diagnosis could 
expedite therapeutic interventions, by using G-CSF to cor-
rect neutropenia, immunoglobulin (Ig) replacement to raise 
IgG levels, and prompt initiation of antibiotics to treat acute 
bacterial episodes or prevent infections [17]. Early therapeu-
tic intervention with emerging CXCR4 antagonists, plerixa-
for and mavorixafor, is promising and could significantly 
mitigate morbidity and mortality by specifically targeting 
the mechanism of disease [19, 20]. However, additional evi-
dence is needed to assess the therapeutic value of CXCR4 
antagonists. Through our international cohort, we increased 
the list of CXCR4 pathogenic variants from 17 to 28 (STa-
ble4). Based on our cohort and prior reports, CXCR4 vari-
ants linked to WHIM syndrome are located in the region 
of p.318–346 [5]. Our report highlights the possibility of 
discovering new variants, especially in the era of NBS for 
SCID when patients with T cell lymphopenia may undergo 
sequencing around birth [47].

The majority of the newly identified CXCR4 variants 
showed defects in CXCL12-induced internalization compara-
ble to R334*, the most frequent and most studied WHIM syn-
drome variant. This observation is in line with the requirement 
of intact phosphorylation motifs in the C-terminus for efficient 
CXCR4 internalization [48]. The S346* variant, which pre-
serves one of the serine residues of the C-terminal GRK2/3 
phosphorylation site [48], displayed only mild impairment in 
the internalization assays. Such mild internalization defects 
may be sufficient to cause a WHIM phenotype, as evidenced 
by patients harboring the E343K mutation [42]. Interestingly, 
the frameshift variant at the same position, S346Pfs*12, 
behaved differently and had defective internalization at all 
tested CXCL12 concentrations. The de novo additional 
sequence generated by the shift in the reading frame may thus 
confer previously unidentified inhibitory effects on receptor 
internalization that warrants further investigation.

A previously underappreciated observation from our 
cohort was a high prevalence of autoimmune complications in 
WHIM syndrome (18%). This is in line with immune dysregu-
lation in other inborn errors of immunity leading to autoim-
mune and autoinflammatory complications in approximately 
25% of patients with primary immunodeficiencies [49, 50]. 
In contrast, a recent analysis of the French national primary 
immunodeficiency registry does not report any autoimmune 
complications in patients with WHIM syndrome [51]. While 
the underlying mechanism of immune dysregulation in WHIM 
remains to be determined, abnormalities in T and B cell func-
tion and development that may result in impaired central and 
peripheral tolerance have been described. WHIM syndrome 
patients’ T cells form unstable immunological synapses with 
antigen-presenting cells (APCs), which may impair cytokine 
secretion and mitigate IgG class switching [52, 53]. In addi-
tion, a marked reduction in circulating B cells, restricted 
immunoglobulin heavy chain variable region diversity, and 
impaired class switching response have been described in 
WHIM [29, 46, 53–55]. Similar to observations in other 
combined immunodeficiencies, lymphopenia may contribute 
to the rescue of self-reactive T and B cell in the periphery, 
disrupting peripheral tolerance [56, 57]. In addition, aberrant 
CXCR4 expression has been shown to correlate with autoim-
munity in lupus and CXCL12/CXCR4 signaling regulates T 
cell migration to target organs in Sjögren’s syndrome [58, 59]. 
In addition, mild thrombocytopenia of unknown etiology may 
also occur in untreated WHIM syndrome patients [5]. Further 
research is needed to understand the extent of impaired adap-
tive immunity given the possibility that B and T cell dysfunc-
tions reported in patients with WHIM syndrome may play a 
role in immune dysregulation [15].

In conclusion, WHIM syndrome can present with variable 
clinical expressivity that results in diagnostic and therapeutic 
delays. Early-onset bacterial infections with severe pan-leuko-
penia should prompt early genetic testing for WHIM syndrome, 
even in the absence of warts. We expanded the clinical spec-
trum of WHIM syndrome to include autoimmune complica-
tions. Based on our data, we propose that workup for definitive 
diagnosis of WHIM should include genetic testing as a feasi-
ble alternative to bone marrow biopsy to assess myelokathexis, 
especially in young children. Therapeutic approach is versatile 
in WHIM syndrome and primarily based on clinical presenta-
tion and response. With targeted therapies on the horizon, labo-
ratory immune biomarkers are needed for to determine the ini-
tiation and length of therapy with these novel treatment options.
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3 Discussion 

WHIM syndrome (warts, hypogammaglobulinemia, infections, myelokathexis) is an ultra-rare primary 

immunodeficiency with a highly variable phenotype. Prior to our study, only about 105 cases had been 

reported worldwide. By characterizing 57 previously unreported patients (in a total cohort of 66), we 

expanded the global case count to 162, making this the largest series to date. This expanded cohort 

confirms the core clinical features of WHIM and uncovers new aspects of disease variability and 

complications. All patients in our series carry heterozygous gain-of-function variants in CXCR4, and we 

identified 17 distinct CXCR4 variants, including 11 novel pathogenic variants affecting 15 individuals 

(23%). Consistent with other reports, all variants cluster in the C-terminal tail of CXCR4 and lead to 

impaired receptor internalization with prolonged CXCR4/CXCL12 signaling. The most common 

recurrent variant, a truncating variant p.R334*, alone accounts for nearly half of reported cases in the 

literature. A few WHIM syndrome cases without pathogenic CXCR4 variants have been documented 

(including rare instances with CXCR2 variants), but in our cohort all of our patients had CXCR4WHIM 

variants, reinforcing CXCR4’s central role in pathogenesis. Mechanistically, sustained CXCR4 signaling 

traps leukocytes in the bone marrow: myeloid cells fail to egress, causing the retention and 

“myelokathexis” of neutrophils, and lymphocyte trafficking is likewise disrupted. Indeed, neutropenia 

was nearly universal in our series (98% of patients) and typically severe, with neutrophil counts often 

<500/µL from infancy. Bone marrow biopsies (when performed) characteristically show hypermature 

neutrophils retained in the marrow, reflecting the myelokathexis originally described by Zuelzer and 

colleagues in 1964.43 The CXCR4/CXCL12 axis also governs lymphocyte development and egress, and 

accordingly lymphopenia (especially affecting CD8^+ T cells and B cells) was present in 88% of patients. 

In our cohort the median age at WHIM diagnosis was 5.5 years, indicating most patients present in 

early childhood, though a subset with milder disease escaped recognition until adulthood. This delay 

reflects the variable expressivity of WHIM: while some infants suffer life-threatening infections, others 

have relatively moderate courses, underscoring the importance of maintaining a high index of 

suspicion even in atypical cases. Early-onset bacterial infections together with unexplained 

neutropenia and/or lymphopenia in a young child should prompt genetic testing for WHIM syndrome 

even in the absence of warts, as our findings emphasize that cutaneous warts often develop much 

later or may even be absent in some cases. 

Our analysis of clinical manifestations across 66 patients illustrates the evolving phenotype of WHIM 

over the lifespan. Recurrent infections were the most common presenting problem (occurring in ~88% 

of patients as an initial manifestation) and affected 92% of our cohort overall. Susceptibility to 

pyogenic bacterial infections manifests early: over half of patients had documented infections in the 

first year of life, most often otitis media (68% lifetime prevalence) and pneumonia (63% prevalence). 
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Sinopulmonary infections in early childhood were a near-universal feature, with a median onset 

around 1.6–3 years. Severe infections such as sepsis or meningitis occurred in a minority (cumulative 

~13% of patients), but recurrent moderate infections led to significant morbidity. One-fifth of patients 

showed infection-related end-organ damage by adolescence, such as bronchiectasis from recurrent 

pneumonia or hearing loss from chronic otitis. Notably, our cohort’s younger median age (13.6 years) 

likely limited the observed frequency of long-term complications; older WHIM cohorts have reported 

progressively increasing pulmonary damage and risk of malignancy with age.10,11 For example, a long-

term study of 18 WHIM patients found a high risk of chronic lung disease and HPV-related cancers in 

adulthood, underscoring the need for vigilant monitoring and early intervention.11 In our series 

(median age ~14 years), HPV-related manifestations were already documented in 42% of patients, 

most commonly cutaneous warts (40% of patients) appearing at a median age of ~12–14 years. Warts 

were never observed in infancy in our cohort and were uncommon in childhood, with the incidence 

rising in adolescence and adulthood. This delay in wart onset explains why only a minority of young 

patients fulfill the full “WHIM” acronym at diagnosis, as also noted in prior reviews (only ~22–38% of 

patients exhibit the complete tetrad at any given time). Our findings reinforce that absence of warts 

in early life does not exclude WHIM syndrome. However, by adulthood most patients will develop 

extensive cutaneous warts or papillomavirus-related dysplasias. In fact, female WHIM patients face a 

notable risk of HPV-driven cervical dysplasia and carcinoma later in life, and at least one instance of 

tongue carcinoma in WHIM has been reported.11 Prophylactic HPV vaccination and regular surveillance 

thus constitute important aspects of care as patients age. In our cohort, no HPV-induced malignancies 

were yet observed (consistent with the young age of most patients), although two patients developed 

other cancers (one basal cell carcinoma and one infantile melanotic neuroectodermal tumor). We also 

identified an unexpectedly high frequency of congenital anomalies not previously emphasized in 

WHIM. Congenital heart defects were present in 17% of our patients, including conotruncal defects 

such as tetralogy of Fallot and great vessel abnormalities. This novel association is biologically 

plausible, as CXCR4 signaling is known to play a role in cardiac morphogenesis. Recognition of such 

atypical features (e.g. cardiac defects or maxillofacial malformations in a minority of patients) 

broadens the phenotypic spectrum of WHIM syndrome beyond immunologic abnormalities. Despite 

these multi-system features, it is notable that survival in WHIM can extend well into adulthood with 

appropriate care. Only one patient in our 66-person series succumbed to disease-related 

complications, and that death was due to a treatment intervention (complications of hematopoietic 

stem cell transplantation) rather than the natural course of the syndrome. This aligns with prior 

observations that WHIM, though causing significant morbidity, has relatively few reported deaths in 

childhood; many patients live to middle age, though not without cumulative damage.10,11 Our cohort’s 
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low mortality and relatively lower rate of malignancies compared to older reports likely reflects earlier 

diagnosis and supportive therapy in recent years. 

Importantly, our study highlights how early diagnosis and intervention can favorably alter the disease 

trajectory. Among our patients, those with an affected family member or an abnormal newborn 

screening (NBS) result were diagnosed much earlier (on average at 1.3 years old) than sporadic cases 

diagnosed based on clinical presentation (average 5 years old). Early-identified patients (often through 

family screening or SCID newborn screening programs) received prompt interventions, resulting in 

significantly fewer hospitalizations and less end-organ damage compared to those diagnosed late. 

These real-world data validate previous anecdotal reports that initiating therapy in infancy or early 

childhood can prevent complications and improve long-term outcomes.1 They also underscore the 

value of newborn screening in WHIM: although WHIM is not a classical SCID, infants with WHIM may 

have low T-cell receptor excision circle (TREC) levels on SCID screens due to lymphopenia. Indeed, a 

recent report of SCID screening outcomes found that 3 out of 6 WHIM infants born during the 

screening era had low TRECs at birth, leading to early diagnosis of WHIM.44 The inclusion of one such 

infant in our cohort exemplifies this scenario. Newborns with unexplained low TRECs but normal SCID 

evaluations should therefore be evaluated for WHIM syndrome (especially if neutropenia is present), 

as WHIM is now recognized as part of the differential diagnosis of abnormal SCID screens. Early 

identification through NBS or family history creates an opportunity for pre-symptomatic management, 

such as antibiotic prophylaxis, immunoglobulin replacement, and possibly novel targeted therapies, 

before irreversible complications occur. 

Our expanded cohort also allowed us to appreciate the immunological heterogeneity of WHIM 

syndrome. While neutropenia and B-/T-lymphopenia are defining laboratory features, their severity 

and clinical consequences vary widely. Hypogammaglobulinemia was observed in about two-thirds of 

our patients but ranged from mild IgG subclass deficiencies to panhypogammaglobulinemia requiring 

intravenous immunoglobulin (IVIG) therapy. Recurrent sinopulmonary infections in those with more 

pronounced antibody deficits support the recommendation that WHIM patients be periodically 

assessed for antibody levels and functional responses. Prompt IVIG replacement in those with 

significant hypogammaglobulinemia can reduce infection frequency and prevent chronic lung damage. 

In fact, aggressive infection prophylaxis (including IVIG and antibiotic prophylaxis) is a cornerstone of 

WHIM management.30 We also noted that lymphocyte profiles in WHIM can differ between 

individuals: some patients have profoundly low T-cell counts (especially naïve T cells), whereas others 

maintain near-normal T-cell numbers but with impaired function. One intriguing mechanistic insight 

from prior studies is that WHIM-associated CXCR4 variants can perturb the immunological synapse.45 

CXCR4 normally co-localizes to the synapse during T-cell activation. 46 in WHIM T cells, the mutant 
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receptor is not properly recruited, leading to unstable T cell-APC conjugates.45 This defect in 

immunologic synapse formation provides a potential explanation for the impaired adaptive immunity 

observed in WHIM patients (e.g. poor viral clearance and delayed antibody class switching) beyond the 

simple numeric lymphopenia. Indeed, experiments in a WHIM mouse model have shown that mutant 

CXCR4 disrupts long-lived T–APC interactions and likely contributes to suboptimal T cell help for B cells. 
45 Consistent with this, many WHIM patients show low class-switched memory B cells and diminished 

specific antibody responses despite normal B-cell counts, suggesting an intrinsic immunodeficiency in 

the adaptive immune compartment.47 Additionally, WHIM B cells themselves appear to be 

hyperresponsive to CXCL12 signaling, which may drive them into a state of activation-induced 

attrition.48 Murine studies indicate that WHIM-model B cells are over-activated and prone to 

apoptosis, with a shortened lifespan in germinal centers. This could underlie the 

hypogammaglobulinemia and poor long-term antibody production seen in patients.28 Notably, total 

circulating lymphocyte counts may remain near normal in WHIM syndrome. However, significant 

functional impairments are evident, as we observed a disproportionately reduced numbers of naïve T 

cells and CD27Ѐ memory B cells, even in the absence of marked lymphopenia in our cohort. In 

summary, our findings and prior mechanistic studies collectively paint WHIM as a syndrome of 

disordered leukocyte trafficking and immune dysregulation, affecting both the innate and adaptive 

immune arms. 

One of the most significant new insights from our study is the prevalence of autoimmune 

manifestations in WHIM syndrome. Historically, WHIM has been defined by susceptibility to infections 

and HPV-driven skin lesions, and autoimmunity was thought to be rare. Prior to our work, only isolated 

cases of autoimmune cytopenias had been noted in WHIM. However, in our international cohort, we 

found that approximately 20% of patients (12 of 66) developed prominent autoimmune or 

autoinflammatory complications. This rate of autoimmunity is substantially higher than previously 

recognized and reveals that WHIM, like many inborn errors of immunity, can straddle the boundary 

between immunodeficiency and immune dysregulation.12 The spectrum of autoimmunity in our 

patients was broad. The most common manifestations were autoimmune cytopenias, observed in over 

half of the autoimmune subgroup: immune thrombocytopenia (ITP) occurred in ~54% (7/13) of these 

patients and autoimmune hemolytic anemia (AIHA) in ~38%, with Evans syndrome in about 30%. 

Notably, we did not document any cases of autoimmune neutropenia, even though neutropenia is 

universal in WHIM, none of the patients tested had an immune-mediated neutrophil destruction, 

suggesting that the neutropenia is purely due to retention in marrow rather than peripheral 

autoimmunity. Beyond cytopenias, we also observed organ-specific autoimmunity: approximately 29% 

had endocrine autoimmune diseases (type 1 diabetes in three patients, and autoimmune thyroiditis in 

one). Additionally, vitiligo and psoriasis were seen (each in one patient), as well as single cases of 
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juvenile idiopathic arthritis and autoimmune hepatitis. We observed several patients with multiple 

autoimmune diagnoses (half of those with autoimmunity had more than one autoimmune disorder), 

indicating a general loss of immune tolerance rather than a single organ-specific issue. We noted a 

female predominance (about 70%) among WHIM patients with autoimmunity and a higher median age 

(third decade of life) compared to those without autoimmunity. These trends mirror the female bias 

and age-related accumulation of autoimmunity seen in the general population and other 

immunodeficiencies. Interestingly, we did not find significant differences in baseline immunoglobulin 

levels, lymphocyte counts, or CXCR4 variant types between patients with and without autoimmunity, 

suggesting that one cannot readily predict which WHIM patients will develop autoimmune 

complications. The emergence of autoimmunity in WHIM may stem from chronic immune activation 

and dysregulated homeostasis. Lymphopenia, as present in WHIM, is known to drive homeostatic T-

cell proliferation that can be a fertile ground for autoreactive clones.12 Additionally, persistent HPV 

and bacterial infections could provide ongoing inflammatory stimuli and neoantigens, potentially 

triggering autoimmunity over time.49 CXCR4 itself has been implicated in autoimmune pathology: for 

instance, aberrant CXCL12/CXCR4 signaling has been linked to lupus and Sjögren syndrome models, 

where it influences effector T-cell migration to tissues.50 It is conceivable that hyperactive CXCR4 

signaling in WHIM alters immune cell trafficking in a way that promotes breakdown of tolerance in 

certain individuals. Regardless of mechanism, our documentation of autoimmunity firmly establishes 

WHIM as a combined immunodeficiency with autoimmune/inflammatory components, echoing the 

concept that primary immunodeficiencies and autoimmunity often coexist on a continuum. From a 

clinical standpoint, this finding advocates for routine screening of WHIM patients for signs of 

autoimmunity (e.g. cytopenias, endocrinopathies) during follow-up.24 Additionally, management may 

require immunosuppressive therapies (such as corticosteroids, IVIG, or rituximab) alongside infection-

focused treatments in those patients who develop significant autoimmune complications like Evans 

syndrome. 

The expanding clinical spectrum of WHIM syndrome, from severe infections and malignancies to 

autoimmunity, calls for personalized management strategies and has spurred the development of 

targeted therapies. Traditional treatment for WHIM has been largely supportive. Patients with severe 

neutropenia have often been managed with G-CSF (filgrastim) to boost neutrophil counts, and indeed 

many of the historical WHIM cases benefitted from chronic G-CSF therapy despite only partial 

responses. Antibiotic prophylaxis and aggressive treatment of acute infections are mainstays. For 

warts, destructive therapies (cryotherapy, imiquimod, etc.) are used, though they often recur due to 

underlying HPV susceptibility. Ultimately, the only curative therapy is hematopoietic stem cell 

transplantation (HSCT).39 HSCT has been attempted in a few WHIM cases, it can cure the 

immunodeficiency but carries significant risk, as exemplified by the one transplant-related death in our 
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series. Given the risks of HSCT and the relatively stable life expectancy on supportive care, transplant 

is usually reserved for the most severe cases.  

Building on the molecular understanding of WHIM pathophysiology, efforts have increasingly focused 

on mechanism-based therapies that directly target CXCR4 signaling. The prototypical agent is plerixafor 

(AMD3100), a CXCR4 antagonist originally developed to mobilize hematopoietic stem cells for 

transplantation.51 In WHIM syndrome, plerixafor counteracts aberrant leukocyte retention by 

promoting rapid egress of neutrophils, lymphocytes, and monocytes from the bone marrow into the 

peripheral blood, often raising circulating counts several-fold within 12 to 24 hours following a single 

dose. Starting around 2010, physicians began using plerixafor off-label in WHIM patients to transiently 

correct cytopenias.52 Case reports and a small Phase 1 trial in 5 patients demonstrated that twice-daily 

low-dose plerixafor could safely maintain near-normal neutrophil counts and even reduce wart burden 

over a 6-month period.33 Building on this, a Phase 3 randomized crossover trial was conducted 

comparing daily plerixafor versus daily G-CSF in WHIM patients.32 The trial found that plerixafor was 

non-inferior to G-CSF in maintaining neutrophil counts >500/µL (and actually superior in raising 

lymphocyte counts), and notably plerixafor therapy led to complete regression of extensive warts in 5 

of 7 patients with heavy wart burden. Infection outcomes in that study were similar between plerixafor 

and G-CSF arms, but patients reported less bone pain with plerixafor, and overall the CXCR4 antagonist 

was well. These results support plerixafor as an effective long-term treatment option for WHIM, 

especially advantageous in that it also alleviates lymphopenia and HPV disease, which G-CSF cannot 

address.32 A practical limitation of plerixafor, however, is its route (subcutaneous injection) and short 

half-life requiring twice-daily dosing, which is burdensome for chronic use. 

Recent therapeutic advances have focused on mavorixafor, a novel oral CXCR4 antagonist developed 

for continuous treatment of WHIM syndrome. In a Phase 2 open-label study of 8 adults, mavorixafor 

(400 mg once daily) was shown to sustainably mobilize WBCs from the marrow and significantly 

ameliorate the immunophenotype of WHIM.53 Neutrophil and lymphocyte counts rose in a dose-

dependent manner; at the optimal doses (≥300 mg), patients maintained an absolute neutrophil count 

(ANC) above 500/µL for a median of ~12–13 hours per day, and an absolute lymphocyte count (ALC) 

above 1000/µL for ~17 hours per day. Over a median 16.5-month follow-up on mavorixafor, the 

annualized infection rate in these patients dropped by roughly 50% (from 4.63 to 2.27 infections per 

year), and importantly there was an approximate 75% reduction in cutaneous wart burden (with some 

patients’ warts clearing completely). No drug-related serious adverse events were observed, indicating 

that long-term CXCR4 blockade was feasible and safe.53 These encouraging results have been 

confirmed in a larger Phase 3 randomized trial. In the placebo-controlled 4WHIM trial (31 patients aged 

≥12), mavorixafor showed a highly significant benefit over placebo in hematologic and clinical 
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endpoints. Treated patients had their “time above threshold” for safe cell counts dramatically 

increased – on average, 15 hours per day with ANC >500/µL (versus ~3 hours on placebo) and a similar 

~16 hours per day with ALC >1000/µL (versus ~5 hours on placebo). Consequently, infection outcomes 

improved: the annual infection rate was ~60% lower in the mavorixafor group than placebo (1.7 vs 4.2 

infections/year) and overall infection severity scores were ~40% reduced. Mavorixafor was well 

tolerated in this trial, with no significant safety concerns, and patients on active drug experienced 

better quality-of-life due to fewer infections.36 These data have established proof that targeting CXCR4 

can modify the disease course of WHIM. As of 2025, mavorixafor has completed regulatory evaluation, 

and an FDA approval for WHIM syndrome was recently granted – marking the first mechanism-specific 

therapy approved for this condition.37 The availability of an oral daily medication that addresses the 

root cause of WHIM is poised to transform management. Instead of lifelong dependence on supportive 

care alone, patients can potentially maintain near-normal immune cell counts and avert many of the 

hallmark complications through CXCR4 inhibition. It will be important to monitor long-term outcomes 

of such therapy, including whether it can reduce the risk of malignancies in WHIM. 

In conclusion, our expanded cohort study offers a comprehensive view of WHIM syndrome as a 

multisystem disorder with diverse clinical expressions. We have clearly delineated the classical 

features and brought to light underappreciated aspects such as the frequency of autoimmunity and 

congenital anomalies. These findings, coupled with insights from contemporary literature, reinforce 

that WHIM syndrome is a prototype of an inborn error of immunity where a single gene defect in a 

chemokine receptor disrupts immune cell trafficking, leading to susceptibility to infection, 

opportunistic viral disease, and immune dysregulation. The CXCR4 variant spectrum continues to 

expand, but all known pathogenic variants converge on the mechanism of enhanced CXCR4 signaling. 

This unifying pathophysiology has made CXCR4 a prime therapeutic target, and we are now entering 

an era where targeted therapy can substantially restore immune competence in WHIM patients. The 

encouraging results with CXCR4 antagonists like plerixafor and mavorixafor validate a precision-

medicine approach: they demonstrate that overcoming the marrow retention of leukocytes can 

correct both neutropenia and lymphopenia and reduce clinical disease activity. As such drugs become 

standard of care, we anticipate improved outcomes – fewer infections, controlled HPV disease, and 

perhaps a lower incidence of autoimmune complications as immune balance is partially restored. 

Nevertheless, long-term monitoring remains crucial, as questions about optimal treatment duration, 

potential resistance, and unforeseen effects will need to be answered. Our work also underlines the 

importance of early diagnosis – through newborn screening or awareness of WHIM in chronically 

neutropenic children – to initiate therapy before irreversible damage occurs.  
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