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Abstract
WHIM syndrome is a rare combined primary immunodeficiency disease named by acronym for the diagnostic tetrad of warts,
hypogammaglobulinemia, infections, and myelokathexis. Myelokathexis is a unique form of non-cyclic severe congenital
neutropenia caused by accumulation of mature and degenerating neutrophils in the bone marrow; monocytopenia and lympho-
penia, especially B lymphopenia, also commonly occur. WHIM syndrome is usually caused by autosomal dominant mutations in
the G protein-coupled chemokine receptor CXCR4 that impair desensitization, resulting in enhanced and prolonged G protein-
and β-arrestin-dependent responses. Accordingly, CXCR4 antagonists have shown promise as mechanism-based treatments in
phase 1 clinical trials. This review is based on analysis of all 105 published cases of WHIM syndrome and covers current
concepts, recent advances, unresolved enigmas and controversies, and promising future research directions.
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Historical Background

Myelokathexis was first described as a new type of severe
congenital neutropenia in 1964 by Krill and colleagues from
the University of Cincinnati School of Medicine and Wolf
Zuelzer from Wayne State University School of Medicine
[1, 2]. Remarkably, their independent but complementary
findings were based on studies of the same 9-year-old girl
suffering from recurrent bacterial infections, published by
the New England Journal of Medicine as two single case re-
ports 6 weeks apart, without cross-references [1, 2]. Both pa-
pers described the same distinctive hematopathology: (1) full
myeloid maturation; (2) a hypercellular bone marrow with
increased granulocyte reserve (increased myeloid to erythroid

[M:E] ratio with a “shift to the right”); and (3) numerous
dysmorphic bone marrow neutrophils having cytoplasmic
hypervacuolation and hyperlobulated pyknotic nuclear lobes
connected by long thin strands (Fig. 1). Neutrophils could be
mobilized to the blood by acute infections and endotoxin chal-
lenge. In Zuelzer’s classic and astute interpretation: “The ob-
servations presented indicate an increased rate of
intramedullary cell death and reduced viability and functional
activity of the mature granulocytes in the bone marrow and
suggest that the retention of cells damaged at the site of their
origin was the mechanism responsible both for the “shift to the
right” within the marrow and for the peripheral
granulocytopenia. The term “myelokathexis” (kathexis, reten-
tion) is proposed for this mechanism [2].”

By 1990, several other myelokathexis cases had been re-
ported, including in several kindreds [4–12]. An autosomal
dominant pattern of monogenic inheritance was suspected,
and phenotype analysis found that myelokathexis commonly
occurred as a syndrome together with treatment-refractory
warts, hypogammaglobulinemia, and recurrent infections
[10]. These observations were codified by Wetzler and col-
leagues in the acronym WHIM, and the Online Mendelian
Inheritance in Man (OMIM) catalog accepted WHIM syn-
drome as a new disease entity in 1990 (listed as OMIM
#193670). In 2003, George Diaz from Mt. Sinai School of
Medicine performed gene linkage analysis of DNA from
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WHIM pedigrees and discovered causal gain-of-function mu-
tations in CXCR4 [13]. Greater than 95% of genotyped
myelokathexis cases have CXCR4 mutations, which has ori-
ented research into mechanism-based treatment and cure
strategies.

Previously, from 1993 to 1996, CXCR4 (CD184) had been
discovered independently multiple other times, first as an or-
phan G protein-coupled receptor (GPCR) superfamily mem-
ber cloned under various aliases [14–18], then as an HIV
coreceptor named fusin isolated using an unbiased genetic
screen (Supplemental Table 1) [19–27]. CXCR4 was original-
ly reported to be a neuropeptide Y receptor; however, this has
not held up, and its homology to known chemokine receptors
ultimately directed investigators to its correct identification as
a receptor for the chemokine CXCL12 [26–29]. Since then,
several other ligands for CXCR4 have been identified, includ-
ing CXCL14, HMGB1, MIF, and CD74 [30]; however, the
biological significance of CXCL12 agonism is best-validated.
Human CXCR4 is most closely related to two other chemo-
kine receptors CXCR1 and CXCR2 (~ 37% amino acid iden-
tity), and it is encoded by a 2-exon gene on human chromo-
some 2: a 103 bp 5′ exon and a 1563 bp 3′ exon separated by a
2132 bp intron between codons 5 and 6 of a 352-codon open
reading frame [31]. CXCR4 is now recognized as an essential
multitasking receptor important in diverse aspects of develop-
ment [32–36], cancer [37–40], immune homeostasis and in-
fectious, inflammatory, and immunologically mediated dis-
ease [41, 42]. On January 23, 2019, a search of PubMed
Titles and Abstracts using the query term “CXCR4” returned

11,173 published papers, including 1124 reviews. It is the
most intensely studied of all chemokine receptors and one of
the best understood GPCRs, from its 3-dimensional structure
to its role in human disease. Of these, 110 papers, including 28
reviews, matched the search term “WHIM syndrome,” almost
all of which were included in the list of 116 papers including
29 reviews [3, 30, 43–48] that matched the search term
“myelokathexis,” which demonstrates statistically that
myelokathexis is almost pathognomonic for WHIM
syndrome.

WHIM syndrome is typically classified as a severe congen-
ital neutropenia, yet most patients have multiple leukocyte
deficiencies [43, 49, 50], even panleukopenia [51, 52], and
therefore, it might also be classified as a severe combined
immunodeficiency. B lymphopenia is particularly severe,
and this probably accounts in part for hypogammaglobulinemia
[53]. Some patients also have developmental defects of the
cardiovascular, urogenital, and nervous systems, although only
the cardiovascular defects appear to be clinically significant
[43, 54–57]. Paradoxically, WHIM syndrome behaves as a rel-
atively benign immunodeficiency. Infections are not usually
invasive or life-threatening, and patients survive into adult-
hood, thanks in part to the ability of the host response to acute
infections to mobilize leukocytes to the blood.

Remarkably, Krill et al. and Zuelzer ’s original
myelokathexis patient was spontaneously cured of WHIM
syndrome as an adult by a second genetic event known as
chromothripsis (“chromosome shattering” followed by com-
plex chromosomal rearrangements) [58]. The mechanism

Neutrophil Bone Marrow      Blood

Tri-lineage Hematopoiesis
Myeloid Hyperplasia
‘shift to the right' NeutropeniaDysmorphic

Autosomal Recessive 
Loss-of-Function

CXCR2WHIM

Autosomal Dominant
Gain-of-Function

CXCR4WHIM

Fig. 1 Defining hematologic
features of myelokathexis, the
pathognomonic syndromic
feature of WHIM syndrome:
neutropenia, myeloid hyperplasia
with a shift to the right, and a high
frequency of degenerating
dysmorphic neutrophils in bone
marrow. Eleven different CXCR4
mutations (see Fig. 3) and one
CXCR2 mutation
(p.H323fs329X) have been
reported in myelokathexis
patients. The figure is a
modification of Fig. 1 in
Reference 3. Gr., Greek. In some
patients and in WHIM model
mice, the neutrophils are not
dysmorphic, but the other features
are present
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involved deletion of the CXCR4 WHIM allele and 163 other
genes on one copy of chromosome 2 in a single hematopoietic
stem cell (HSC), which fortuitously acquired a selective and
benign growth advantage resulting in repopulation of her bone
marrow with chromothriptic non-WHIM myeloid cells
[58–61]. She is now followed by us at the National Institutes
of Health (NIH) and is referred to as WHIM-09.

Epidemiology

We identified 105 individuals in the biomedical literature
through January 31, 2019, who were reported to have a diag-
nosis of myelokathexis or WHIM syndrome or a germline
CXCR4 mutation. This expands the list of 60 cases aggregat-
ed in a classic review published in 2012 by Beaussant-Cohen
and colleagues, who estimated the frequency of WHIM syn-
drome in France to be ~ 0.23 cases per 1,000,000 live births
[43]. Many of the patients have been reported multiple times
(Supplemental Appendix); a minority has been reported to
French and US neutropenia registries [43, 62–64].

We mined data reported for all 105 patients across 207
clinical, genetic, hematologic, immunologic, cellular, and mo-
lecular parameters. The cases included 62 females, 41 males,
and 2 individuals whose sex was not reported, distributed
among 6 infants, 47 children (ages 1–18), 48 adults, and 4
individuals whose age was not reported (Supplemental
Table 2). The broad and inclusive search strategy we used
enabled identification of the classic WHIM tetrad due to
CXCR4 mutations in 38% of the 105 cases, as well as pheno-
typic and genotypic variants (57% and 5%, respectively) of
the classic presentation (Supplemental Table 3). The great
majority of cases were from Western Europe, especially Italy
and France, and the USA. Race information was available for
only 44 of the 105 reported cases, including 32 Caucasians, 10
Asians, and 2 Hispanics. One report which focused on HPV
seroprevalence in Africa alluded to 13Nigerian females with a
“history or signs of WHIM as a genetic disorder,” but without
providing diagnostic evidence or any other information [65].
These cases are therefore not included with the 105 aggregat-
ed here, and no other cases of African ancestry have been
described yet. One case was from South Africa, but the race
was not specified [66].

Genetics

Gene linkage analysis of 7 WHIM pedigrees originally
established CXCR4 on human chromosome 2q22.1 as the dis-
ease gene for WHIM syndrome [13, 67]. Germline CXCR4
mutations have not been reported in any other disease. Forty-
seven of the 105 cases occurred de novo; the other 58 were
distributed among 21 pedigrees, the largest of which had 6

affected members. Eighty-six of the 105 cases were reported
to have specific CXCR4 mutations, and 3 lacked CXCR4 mu-
tations and remain genetically undefined. Genotypic informa-
tion was lacking for the other 14 cases, most of which were
reported before CXCR4 was discovered as the disease gene
[13]. Two siblings from Slovenia who presented with
myelokathexis and recurrent infections but not warts or
hypogammaglobulinemia were found to have an autosomal
recessive loss-of-function (ERK phosphorylation, chemotax-
is) mutation in CXCR2, designated p.H323fs329X [68]. This
is the second and only other mutation in the chemokine sys-
tem known to cause a Mendelian condition coincidentally the
same one. Consistent with this, in mouse mixed bone marrow
chimeras transplanted with Cxcr2−/− and Cxcr2+/+ cells,
Cxcr2−/− neutrophils are preferentially retained in the bone
marrow and cannot be dislodged by transient blockade of
Cxcr4 [69]. Thus, CXCR2 signaling is thought to counter-
regulate CXCR4 with respect to promoting hematopoietic
stem cell and neutrophil egress from the bone marrow, with
CXCR2 promoting egress and CXCR4 inhibiting it (Fig. 2)
[70, 71]. The CXCR2 mechanism is thought to involve
CXCL1 and CXCL2 produced by endothelial cells which di-
rect neutrophils to cross endothelium and enter the blood.
Mouse neutrophils lacking both receptors are constitutively
mobilized, indicating a dominant effect for CXCR4.

All eleven known CXCR4WHIM mutations as well as the
CXCR2 myelokathexis mutation are located in the genomic
region that encodes the C-terminal domain of the receptors
(Fig. 3). All but one of the CXCR4 mutations truncate this
domain, four by premature termination and six by frameshifts
that introduce 3 to 24 additional new amino acids [3, 13]. The
CXCR2 mutat ion is a lso a frameshif t . The only
myelokathexis-associated missense mutation is CXCR4
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Fig. 2 Genetic mechanisms of myelokathexis. The balance of CXCR2
release signals and CXCR4 retention signals determines the rate of
neutrophil egress from bone marrow to blood and the distribution of
neutrophils between the two compartments. Thus, both loss-of-function
CXCR2 mutations and gain-of-function CXCR4 mutations cause
myelokathexis. CXCR4 mutations account for > 95% of genotyped cases
of WHIM syndrome, whereas a CXCR2 mutation has been identified in
two siblings
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p.E343K, which involves a single amino acid substitution and
a charge change [72]. By far the most common WHIM muta-
tion is c.1000C > T (p.Arg334Ter, also written informally as
R334X), which accounts for 52% of genotyped cases in the
literature, including both de novo and familial cases (Table 1).
CXCR4 p.S338X accounts for 15 of the genotyped cases [73].

The remaining 29 genotyped cases are distributed among 10
mutations, 8 of which were observed in only 1–3 cases each.
Interestingly, acquired CXCR4WHIM-like mutations, includ-
ing R334X, also occur in ~ 28% of cases of Waldenstrom’s
macroglobulinemia, a plasma cell cancer, and are associated
with poorer prognosis and worse treatment responses [74, 75].

Table 1 Genotype-phenotype relationships among all 105 reported
cases in the WHIM syndrome spectrum literature. The first 12 entries
are CXCR4 genotypes, where the mutant allele is named according to

the amino acid changes. W, warts; H, hypogammaglobulinemia; I,
recurrent infections; M, myelokathexis; fs, frameshifted mutant allele;
X, termination; +, wild type allele

WHIM phenotype penetrance (n) Total (n)

WHIM WIM HIM WM HM IM W M None

Genotype +/R334X 26 5 10 1 2 0 0 2 1 47

+/S338X 3 1 4 0 1 5 1 0 0 15

+/G323fs343X 1 1 1 0 1 0 0 1 1 6

+/S339Cfs342X 4 0 0 0 0 2 0 0 0 6

+/E343K 1 0 0 0 0 2 0 1 0 4

+/G336X 2 0 0 0 0 0 0 0 0 2

+/E343X 1 0 1 0 0 0 0 0 0 2

+/S319fs343X 1 0 0 0 0 0 0 0 0 1

+/L329Qfs341X 1 0 0 0 0 0 0 0 0 1

+/S341Pfs365X 0 1 0 0 0 0 0 0 0 1

+/S324fs344X 0 0 1 0 0 0 0 0 0 1

+/+ 2 0 0 0 0 0 0 0 1 3

CXCR2fs/fs 0 0 0 0 0 2 0 0 0 2

Not determined 5 1 2 0 2 4 0 0 0 14

Total (n) 47 9 19 1 6 15 1 4 3 105

Fig. 3 CXCR4 mutations in WHIM syndrome are located in the C-
terminus of the receptor. The 7-transmembrane domain crystal structure
of CXCR4 is shown on the left with stars demarcating locations of
WHIM mutations. The sequence of the C-tail of the mutant receptors is

shown on the right compared with the wild-type sequence. Neo-sequence
imposed by frameshift mutations is underlined. The figure is modified
and updated from Fig. 2 in Reference [3]
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CXCR4 WHIM mutations occur in the context of a gene
that is exceptionally highly conserved in vertebrate phylogeny
and in a region of the gene that is even more highly conserved
than the gene as a whole [72]. In particular, the 19 C-terminal
amino acids in CXCR4 deleted by the R334X mutation are
identical from human to bird and differ by only a single amino
acid between human and zebrafish [72]. In contrast, almost all
other chemokine and chemokine receptor genes are highly
divergent across vertebrate phylogeny with the notable and
telling exceptions of genes for the CXCR4 chemokine ligands
CXCL12 and CXCL14 and the atypical CXCL12 receptor
ACKR3 (previously known as RDC1 and CXCR7) [27,
76–80]. Accordingly, Cxcl12, Cxcl14, Cxcr4, and Ackr3, but
not any of the other ~ 45 chemokine or 23 chemokine receptor
genes, are essential for life, as demonstrated by perinatal lethal
phenotypes in the corresponding gene-knockout mice [29, 32,
81–83]. Not surprisingly, no humans lacking CXCL12,
CXCR4, or ACKR3 have been identified. Cxcl12- and
Cxcr4-knockout mice are phenocopies of abnormal hemato-
logic, cardiovascular, and cerebellar development, with death
occurring most likely from cardiovascular malformations
(ventricular septal defect, abnormal gastric vascular develop-
ment). The fatal phenotype of Ackr3-knockout mice is also
cardiovascular, but pathologically distinct: atresia of all four
cardiac valves [82, 83].

Clinical Manifestations

Phenotypes

Where it has been looked for, myelokathexis has almost al-
ways been found in patients with germline gain-of-function
CXCR4 mutations. Exceptions include an aborted fetus with
a CXCR4 G323fs343X mutation [43] and an unaffected chi-
meric father with R334X somatic and gonadal mosaicism [13,
56]. The latter indicates that myelokathexis requires expression
of the WHIM mutation specifically in hematopoietic cells.

Mild thrombocytopenia may also occur in many untreated
WHIM patients; however, anemia is not a phenotype.
Hypogammaglobulinemia was mentioned in 70% of the re-
ported cases. When present, it is usually relatively mild and
may involve one or several subclasses of immunoglobulin
(Supplemental Table 3 and Table 1). With the exception of
HPV, those WHIM patients who have severe CD4+ T lym-
phopenia do not present with opportunistic infections seen in
HIV infection, idiopathic CD4+ T lymphopenia, or other types
of CD4+ T cell deficiency, and WHIM patients with even the
most severe levels of neutropenia (ANC ~ 50 cells/μl) rarely
present with invasive bacterial infections (only 5 cases of sep-
sis and 3 of meningitis reported among the 105 patients).
Instead, the most common infectious problems inWHIM syn-
drome are HPV-induced lesions and recurrent infections of the

oto-sino-pulmonary tract and skin caused by common extra-
cellular Gram-positive bacteria, which were reported in 58%
and 90% of the 105 patients, respectively [30]. Recurrence
may result in important chronic sequelae such as hearing loss
and bronchiectasis. This pattern somewhat resembles com-
mon variable immunodeficiency disease (CVID) patients,
who have a selective defect in B cell development associated
with antibody deficiency. However, an important distinction is
that CVID patients classically suffer from acute and chronic
gastroenteropathy that may be infectious or non-infectious,
whereas in WHIM syndrome infectious enterocolitis is un-
common and inflammatory bowel disease has not been report-
ed [84, 85]. Gingivitis and tooth loss may also be problems in
WHIM syndrome. Urogenital tract infections and infections
with intracellular bacterial pathogens, fungi, and protozoans
have been documented anecdotally and are not clearly more
common in WHIM patients than in the general population
(Supplemental Table 4).

HPVs are a large group of structurally related viruses that
infect the basal cell layer of stratified squamous epithelium.
Infection stimulates cell proliferation resulting in a broad
spectrum of changes ranging from benign hyperplasia to dys-
plasia to invasive carcinoma. HPVs can be differentiated by
tissue tropism (skin or mucous membranes), associated dis-
eases (latent infections, skin warts, epidermodysplasia
verruciformis, anogenital warts, condyloma acuminata, muco-
sal intraepithelial lesions), and their oncogenic potential (low-
risk versus high-risk genital HPV types). The unusual suscep-
tibility of WHIM patients to HPV is highlighted by a recent
report of 83 novel HPV types discovered by metagenomic
analysis of skin swab or wart biopsy samples from patients
with immunodeficiency, most of whom were WHIM patients
[86]. The viruses typically coinfected the same area of skin, in
some cases even the same wart, and an unusually high pro-
portion of the novel types were members of the gamma genus
of HPV, which are not typically isolated from common warts
in healthy individuals [86]. Remarkably, one patient was doc-
umented to have 17 different types of HPV recovered from
eczematoid lower leg skin lesions in the absence of warts [87].

The warts in WHIM patients may be flat or exophytic and
most commonly involve the hands and feet. In adults,
anogenital disease is also common and may progress to con-
dyloma acuminata and neoplasia [43]. In this regard, two
WHIMpatients have diedwith active HPV-associated disease,
one with HPV+ head and neck squamous cell carcinoma [87],
the other with HPV+ vulvar cancer [43]. Six additional cases
of HPV-related squamous cell carcinoma and many cases of
precancerous genital lesions that have required surgical man-
agement have also been reported [43, 44, 50, 67, 87–89]. Only
about half the cancer cases had HPV status defined, and none
had the exact HPV types defined. Treatment-refractory warts
also occur in patients with inherited and acquired T cell defi-
ciencies but are not typically associated with other forms of
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immunodeficiency that affect only the neutrophil lineage [90,
91].

Only 10 of the 105 cases we found were described to have
problems with oral and/or genital infections with herpes sim-
plex virus, and 9 patients were reported to have varicella-
zoster virus infections, including 3 with severe varicella and
6 with zoster. Anecdotal cases of infection with rubella,
Epstein-Barr virus (EBV), influenza,Molluscum contagiosum
virus, rubeola, and trichodysplasia spinulosum virus were also
noted in theWHIM literature. Three cases of B cell lymphoma
were recorded among the 105 patients, including two that
were defined as EBV+ [92–94].

Growth and development in WHIM patients are usually
normal. However, several non-immunologic developmental
phenotypes have been reported in a small subset of patients,
including cardiovascular, urogenital, and cerebellar defects.
The cardiovascular defects are the most clinically significant,
especially Tetralogy of Fallot (ToF), a severe cardiovascular
malformation that has a prevalence in the general population
of only 1 in 3000, yet has occurred in 4 out of the 105 reported
WHIM patients, all from different pedigrees (Supplemental
Table 5) [44, 50, 55]. Approximately 20% of ToF cases in
the general population are syndromic, and ~ 75% of these
have 22q11.2 deletion syndrome, caused by mutations in the
T-box transcription factor TBX1 [95]. Among these are cases
of DiGeorge syndrome, the only other primary immunodefi-
ciency disease besides WHIM syndrome that is strongly
linked to ToF [96]. Interestingly, Cxcl12-, Cxcr4-, and
Ackr3-knockout mice also have cardiovascular defects, as
mentioned previously, and Cxcl12- and Cxcr4-knockout mice
commonly have ventricular septal defect, which has been re-
ported as a stand-alone cardiovascular phenotype in WHIM
patients but also occurs as one of multiple malformations that
comprise ToF [44, 50, 55, 56]. Non-immunologic develop-
mental defects have not been reported in WHIM model mice
[97]. Consistent with a cerebellar phenotype inCxcr4−/−mice,
human cerebellar structural changes have been associated
with mild functional abnormalities in a few patients [98].

Interestingly, WHIM syndrome patients usually appear quite
well in between infectious events, and comorbidities rarely in-
clude reports of immunologically mediated disease. There are
one report of diabetesmellitus (type 1) [99], 4 reports of possible
allergic reactions (IgG, Levaquin, strawberries, and vancomy-
cin) [10, 67, 100], and one report of asthma [101]. There are no
other descriptions of autoimmunity, food allergy, or allergy to
common aero-allergens. In addition, there are no cases reported
of myocardial infarction, angina, hypertension, or stroke. This
apparent comorbidity deficit could be due to a reporting bias
because of the focus in the papers on WHIM phenotypes, or
in part to the relatively narrow age distribution of the cohort
(only 9 patients over age 40). Alternatively, and more interest-
ingly, WHIM immunodeficiency might paradoxically benefit
patients by protecting against immunologically mediated and

inflammatory disease. Moreover, apart from HPV-associated
squamous cell carcinoma, EBV+ B cell lymphoma, and two
cases of EBV-negative cutaneous lymphoma, only two other
defined cancers were reported among the 105 WHIM patients:
a melanoma and a basal cell carcinoma [50, 67]. There were no
pediatric cases of cancer, and no cases of common epithelial
cancers (colon, breast, lung).

Diagnosis and Differential Diagnosis

WHIM syndrome was originally defined as a clinicopatholog-
ic diagnosis, not a genetic diagnosis, and myelokathexis is a
hematopathologic diagnosis [45]. The clinical problems that
bring WHIM patients to medical attention are almost always
recurrent infections and problems controlling warts, both of
which may occur in many other types of immunodeficiencies.
In four cases, the presenting manifestation was ToF. A blood
sample showing severe neutropenia will ordinarily lead direct-
ly and quickly to a specific diagnosis of myelokathexis by
bone marrow biopsy or indirectly by finding a CXCR4 muta-
tion [102]. Nevertheless, diagnosis may be delayed [44],
sometimes even into adulthood, by the time required to estab-
lish and recognize a pattern of treatment-refractory warts and/
or recurrent infections, especially since the causative patho-
gens are frequently not defined in WHIM patients, and since
defined pathogens are usually not distinctive by being either
classic opportunists or invasive. Diagnosis may also be de-
layed if the absolute neutrophil count is determined only dur-
ing acute infections when patients most commonly seek med-
ical attention, since, as mentioned previously, acute infection
can mobilize neutrophils from the bone marrow of WHIM
patients [1, 2, 44].

By definition, a diagnosis of WHIM syndrome can be cer-
tain when the diagnostic tetrad is present. However, the fol-
lowing proposed classification scheme is needed to accommo-
date the genotype and phenotype variation that has been ob-
served: (1) complete WHIM syndrome with a CXCR4 muta-
tion (only 38% of the 105 cases considered in this review); (2)
idiopathic complete WHIM syndrome (lacking a CXCR4mu-
tation; 3% of the 105 cases); (3) incomplete WHIM syndrome
with a CXCR4 mutation (myelokathexis without warts and/or
hypogammaglobulinemia and/or recurrent infection; 57% of
cases); and (4) incomplete WHIM syndrome without a
CXCR4 mutation (2% of cases). Marked phenotypic hetero-
geneity may occur for the same genotype even within the
same family (Table 1) [72]. Genetic, epigenetic, lifestyle and
environmental factors that may account for this have not yet
been defined.

When neutropenia and aCXCR4mutation are both present,
a diagnosis of “WHIM syndrome spectrum” is reasonable
even when a bone marrow examination is not possible or does
not satisfy all four criteria for myelokathexis. G6PC3 deficien-
cy and Cohen syndrome are two other rare types of severe
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congenital neutropenia that may in some cases present like
WHIM syndrome with myeloid hyperplasia and recurrent
bacterial infections; however, both may be easily differentiat-
ed by other clinical manifestations and by genotyping
[103–105]. Cohen syndrome is caused by truncating autoso-
mal recessive mutations in VPS13B (vacuolar protein sorting
13 homolog B) encoding a Golgi protein thought to be in-
volved in intracellular protein glycosylation, sorting and traf-
ficking [106]. Interestingly, features of myelokathexis and
possibly other Cohen syndrome manifestations are
phenocopied in border collies with the trapped neutrophil syn-
drome, which is caused bymutations in the canine homolog of
VPS13B [107]. Unlike WHIM syndrome, neutropenia in
Cohen syndrome is usually milder and myeloid hyperplasia
is usually left-shifted [108]. To date, there have been no clear-
cut published examples of acquired myelokathexis.

Natural History

The two oldest WHIM patients recorded in the literature were
age 73 and 78 [43]. Nevertheless, Beaussant-Cohen et al. have
provided estimates that life expectancy may be reduced in
WHIM patients primarily because of excess cancer mortality
[43]. Updating this point, 9 deaths were reported among the
48 adults in the 105 patients we reviewed; there were no
pediatric deaths. The aborted fetus with a CXCR4 mutation
from aWHIM kindred [43] was found to have a double aortic
arch.

Seven of the 9 deaths had been diagnosed with one
or more cancers (Supplemental Table 6), including 2
cases of unspecified cancer; four cases of lymphoma
[92–94]; one case of HPV+ head and neck squamous
cell carcinoma (HNSCC) deceased at age 46; and one
case of HPV+ vulvar cancer deceased at age 41 [43, 87,
92]. One patient had both an EBV+ B cell lymphoma
and HPV+ HNSCC [87, 94]. A total of 16 cancers were
reported in 13 patients, all but one of which were
among the 48 adults. Eight cancers were HPV-related
SCC (6 anogenital SCC and 2 HNSCC), and two were
EBV+ B cell lymphomas. Thus, 63% of cancers report-
ed in WHIM patients were related to viral etiologies,
either HPV or EBV. The remaining six cancers included
one unspecified B cell lymphoma, two EBV-negative
primary cutaneous lymphomas (one B cell, one T cell),
and a single case each of basal cell carcinoma, melano-
ma, and undefined cancer. Ten cases of bronchiectasis
were reported, all in adults, but no patients were report-
ed to have died of chronic lung disease. As recognition
of the disease expands and aggressive treatment be-
comes standardized and improved, survival in WHIM
syndrome is likely to increase further from its already
very high level for a combined immunodeficiency, but

at the expense of further refining knowledge of the nat-
ural history.

Molecular Pathogenesis

The Classic Model

Like all GPCRs, the structure of CXCR4 contains 7 trans-
membrane helices, an extracellular N-terminal domain and
an intracellular C-terminal domain [109–114]. After activa-
tion, GPCRs are negatively regulated by powerful desensiti-
zation mechanisms, including physical internalization of acti-
vated receptor from the plasma membrane by clathrin-
mediated endocytosis, destined for recycling or degradation
[115]. The classic desensitization mechanism involves a
GPCR kinase (GRK), which phosphorylates specific serines
and threonines distributed along the C-terminal domain of
CXCR4, to which β-arrestin is recruited to drive receptor
internalization [116–118]. Impaired internalization prolongs
receptor residence time on the cell surface and is thought to
contribute to amplification and prolongation of receptor sig-
naling. This has been observed for multiple WHIM receptor
variants expressed in cell lines using multiple signaling as-
says, including calcium flux, chemotaxis, Akt/protein kinase
B and ERK phosphorylation, and direct G protein activation
[13, 72, 73, 119, 120]. Thus, paradoxically, a loss of structure
fromWHIMmutations leads to a gain-of-function by stabiliz-
ing the mutant receptor on the cell surface.

Probing this general model mechanistically using
phosphosite-specific CXCR4 antibodies, Mueller et al. uncov-
ered a hierarchical organization of CXCR4 phosphorylation
events whichmay explain in part how small structural changes
from WHIM mutations are leveraged into large functional
effects in CXCR4 [121]. In particular, CXCL12 was found
to induce long-lasting GRK2/3-dependent phosphorylation
of a serine 346/347 phosphosite which preceded less stable
phosphorylation at serine 324/325 and serine 338/339 phos-
phosites. WHIM mutants lacking the serine 346/347
phosphosite as well as the E343K missense WHIM mutant
all had impaired phosphorylation at the intact proximal serine
324/325 and serine 338/339 sites and impaired CXCL12-
induced receptor internalization. Lagane et al. have reported
that, contrary to the classical model, the S338XWHIMmuta-
tion does not abrogate β-arrestin-2 binding to CXCR4, but
instead unexpectedly enhances and prolongs β arrestin-2-
dependent signaling, which is important for the enhanced che-
motactic response [122]. The SHSKmotif in intracellular loop
3 of this WHIM receptor was important for β arrestin-2-
dependent signaling, but not coupling to G proteins, and
disrupting it normalized chemotactic signaling. Cases of
WHIM syndrome known to lack a CXCR4mutation still have
augmented agonist-induced CXCR4 signaling in neutrophils
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associated with impaired receptor downregulation, but the
mechanism appears to involve deficient GRK expression
and function [73].

Unanswered Questions

Defective receptor downregulation may not be the whole ex-
planation for the molecular pathogenesis ofWHIM syndrome.
CXCR4 downregulation is too slow (30–60 min) and too in-
sensitive to CXCL12 stimulation to directly explain the in-
crease in WHIM receptor signaling that can be observed by
real-time calcium flux assay of transfected cell systems within
seconds after stimulation with very low concentrations of
CXCL12, suggesting that another mechanism, for example,
more efficient coupling to G protein, may also contribute to
the observed gain-of-function. The two most commonWHIM
variants, R334X and S338X, have been tested and shown to
have enhanced G protein activation when stimulated with
CXCL12, but only in transfection systems [73]. Additional
studies are needed to evaluate this using primary cells from
patients.

Secondly, since WHIM syndrome is an autosomal domi-
nant condition, both the wild type and WHIM alleles could be
and probably are co-expressed in primary patient-derived
cells. Therefore, since the crystal structure of CXCR4 is a
homodimer [109, 110], both the WHIM and wild type recep-
tors could coexist as independent monomers and/or as
homodimers and/or as heterodimers in primary cells, poten-
tially conferring novel and unpredictable effects on receptor
expression levels, effector coupling and signaling potential.
The stoichiometry of the different forms could vary according
to cell type and among different patients, potentially contrib-
uting to the phenotypic heterogeneity that is observed even for
the same mutation in different members of the same pedigree.
There is biochemical evidence that WHIM variant receptors
can in fact heterodimerize with the wild type receptor [122].
Going one step further, it has recently been reported that
CXCR4 activation results in receptor nanoclustering that
may be important for signaling. Thus, effects of WHIM
mutations on larger order signalosomes must now also be
considered [123].

A full explanation of the underlying mechanism will re-
quire detailed comparisons of receptor stoichiometry, dimer-
ization, signaling, and internalization using primary cells from
multiple WHIM patients and healthy matched controls, a dif-
ficult analysis to perform. Of note, CXCR4 antibodies have
revealed impaired internalization of the epitope in CXCL12-
stimulated primary cells suggesting that normal internalization
of any coexpressed wild-type receptor may be inhibited in
trans by expression of the WHIM receptor [119]. It is difficult
to test this using primary cells from patients with nonsense
mutations since the receptor sizes are so similar. However,
WHIM receptors with frame-shift mutations provide an

opportunity to generate WHIM receptor-specific antibodies
as investigational tools to begin to investigate stoichiometry.
Studies of coexpressed differentially tagged wild-type and
WHIM receptors in transfection systems would also be rele-
vant and possibly insightful.

It is important to note that classic CXCR4 signaling by the
WHIM receptor is typically no more than double the magni-
tude for the wild type receptor in assays tested to date in vitro
[13, 119], and that hemizygous Cxcr4+/o mice have no overt
phenotype, unlike Cxcr4−/−mice. Thus, it must be considered
that something more than just a relatively modest quantitative
change in CXCR4 signaling capacity through conventional
pathways may be involved in the extreme hematologic phe-
notypes of WHIM syndrome.

Immunopathogenesis

Overview

Understanding the mechanism of combined immunodeficien-
cy inWHIM syndrome requires first delineating which leuko-
cyte subsets are deficient in the blood for each patient and then
defining for each deficient subset whether the cause is de-
creased production, increased clearance or cell death, abnor-
mal sequestration, or a combination of these mechanisms;
whether the abnormalities are leukocyte intrinsic, autono-
mous, or extrinsic; and whether mature leukocyte effector
functions are also affected. In addition, a pathway must be
defined for how CXCR4 mutation leads to each leukocyte
abnormality and an assessment of how the abnormality results
in the infections that occur. Very little of this has been accom-
plished to date, in part because (1) the disease is rare; (2)
panleukopenia may be severe making it sometimes difficult
to obtain enough cells for functional studies; (3) other than
bone marrow, immune organs are not readily accessible for
analysis; (4) leukocyte dynamics are difficult to measure in
patients in vivo; (5) there is substantial phenotypic heteroge-
neity; and (6) the “WHIM” mouse model does not fully phe-
nocopy the human disease.

Regarding this last point, the mouse model is a knock-in of
the second most common human WHIM mutation CXCR4
S338X into mouse Cxcr4 (Table 2) [97]. It develops severe B
lymphopenia, as do patients, but the absolute neutrophil count
is only reduced by ~ 50%, not 90–95% as in most patients.
The dysmorphic neutrophil features characteristic of
myelokathexis have been described in detail in 3 patients with
the S338X mutation but are not found in the S338X knock-in
mice [50, 55, 97]. Moreover, specific assays of apoptosis did
not reveal increased levels in bone marrow neutrophils from
the knock-in mice [97]. The model is also limited by the in-
ability of mice to be infected by HPV, as well as the absence of
hypogammaglobulinemia, spontaneous infections, and
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congenital malformations. Still, significant progress has been
made in understanding WHIM immunopathogenesis by com-
bining both patient and mouse model investigations and may
continue to be made in the future with challenge studies using
relevant WHIM pathogens, including MmuPV1, a mouse-
specific papillomavirus.

At the most basic level, WHIM syndrome can be under-
stood as a multisystem and combined immunodeficiency dis-
ease consistent with (1) broad expression of CXCR4 by all
subsets of both hematopoietic stem and progenitor cells and
mature leukocytes (www.immgen.org) as well as by many
non-hematopoietic cell types, including endothelial and epi-
thelial cells and fibroblasts; (2) broad expression of CXCL12,
including at high levels in all primary and secondary immune

organs; and (3) the close (but imperfect) correspondence be-
tween the most profoundly affected cell types (myeloid cells,
B cells) and organs (heart, brain) inWHIM syndrome patients
and Cxcr4-knockout mice [30, 42].

Myelokathexis and Innate Immunity

Our current molecular understanding of myelokathexis was
anticipated in part by pioneering studies of the role of
CXCL12 and CXCR4 in normal HSC homeostasis by
Lapidot and colleagues [124–127]. HSCs home from blood
to bone marrow niches in a Cxcr4-dependent manner in re-
sponse to local production of Cxcl12 by CAR cells (Cxcl12-
associated reticular cells) [128]. This suggested that the gain-

Table 2 Effect of mutations in the CXCR2 and CXCR4 signaling systems

Genotype Phenotype

Receptor signaling Early
mortality

Immune system Cardiovascular development Cerebellar
development

Human
CXCR4+/W-

HIM

Increased; impaired
desensitization

0% Panleukopenia
Myelokathexis
Low Igs
Impaired vaccine responses
Recurrent infections
Persistent HPV disease
HPVand EBVassociated cancer

Tetralogy of Fallot (n = 4) Abnormal
vermis
(n = 5)

Mouse
Cxcr4+/WH-

IM

Increased; impaired
desensitization

0% Panleukopenia (B>T~N), reversed by
AMD3100

No myelokathexis
Normal Ig levels
Low cellularity in spleen due to low B

and T lymphocytes
No spontaneous infections
No warts or spontaneous cancers

na na

Mouse
Cxcr4+/o

Decreased 0% Normal na na

Mouse
Cxcr4−/−

None 100% Impaired BM myelopoiesis
Impaired B cell lymphopoiesis
Neutrophilia

VSD
Abnormal gastric and renal

vascularization

Disorganized
granule cell
layer

Mouse
Cxcl12−/−

None 100% Impaired BM myelopoiesis
Impaired B cell lymphopoiesis

VSD
Abnormal gastric and renal

vascularization

Disorganized
granule cell
layer

Mouse
Ackr3−/−

Impaired due to defective
Cxcl12 gradient formation

70–95% Impaired marginal zone B cell
development

Cardiomegaly, VSD, semilunar
valve atresia, lymphatic sac
dilatation

Normal

Human
CXCR2fs/fs

Absent CXCL2-dependent
chemotaxis, ERK phos-
phorylation

0% Myelokathexis na na

Mouse
Cxcr2−/−

None 0% --Complete ko, SPF: neutrophilia,
myeloid hyperplasia, extramedullary
myelopoiesis

--Complete ko, GF: myeloid
hyperplasia, normal ANC
--Mixed WT/Cxcr2−/− bone marrow

chimeras: Cxcr2−/− myelokathexis

na na

B, B cells; T, T cells; N, neutrophils; Ig, immunoglobulin; BM, bone marrow; VSD, ventricular septal defect; n, number of patients; na, not available/
reported; SPF, specific pathogen-free; GF, germ-free; WT, wild type; ANC, absolute neutrophil count in blood
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of-function WHIM allele might simply shift the normal equi-
librium of all CXCR4-expressing cells to pathologically favor
sequestration in CXCL12-rich storage areas resulting in
panleukopenia.

Neutrophils

The classic descriptions and detailed studies of neutrophils in
the first WHIM patient, now known asWHIM-09, anticipated
the molecular model and remain the most extensive and de-
tailed clinical investigations into myelokathexis carried out to
date [1, 2]. A central sequestration mechanism of neutropenia
was supported by (1) the lack of detectable leukoagglutinins;
(2) the failure of splenectomy, high-dose corticosteroid thera-
py, and experimental epinephrine challenge (to reveal the mar-
ginated pool) to reverse neutropenia; and (3) the presence of
bone marrow hypercellularity and myeloid hyperplasia with a
marked shift to the right (high M:E ratio). This bone marrow
picture has subsequently been consistently observed in most
other WHIM patients (Supplemental Table 7). The inference
that the central pathogenic mechanism involved retention and
sequestration of mature neutrophils in bone marrow was orig-
inally based on (1) the high proportion of mature neutrophils
in the bone marrow (~ 25% of nucleated cells), which were
evenmore abundant than band forms; (2) the absence of bands
from the blood; (3) the normal appearance of the rest of my-
eloid development through the band stage both in terms of cell
distribution and morphology; and (4) the rapid and transient
increase of the ANC caused by mobilization of mature neu-
trophils, not bands, after challenging the patient intravenously
with Pseudomonas and Salmonella endotoxins [1, 2].
Experimental reversibility of neutropenia aligned with the as-
sociation of marked, transient, and non-cyclic neutrophilia (as
high as 28,700 total white blood cells/μl with 92% neutro-
phils) in the patient during episodes of acute bacterial
infection.

Krill et al. found that accelerated clearance of neutrophils
from the blood might also contribute to myelokathexis in the
patient [1]. In particular, they performed P32-tagged di-
isopropylfluorophosphate (DFP32)–labeled leukocyte kinetic
studies, which showed that labeled leukocytes from WHIM-
09 were cleared at a similar markedly accelerated rate from the
blood after transfer back into either the patient or into a “com-
patible” previously non-transfused healthy adult recipient,
whereas the healthy individual’s labeled cells were cleared
with much slower kinetics when transferred into WHIM-09.
Calculations revealed massive decreases in the total, circulat-
ing, and marginated granulocyte pools in the blood but only a
50% reduction of the blood granulocyte turnover rate for the
patient compared with archival healthy adult norms. This also
suggested that the problem was neutrophil-autonomous, which
was further supported by the inability of passive transfer of
patient serum to induce neutropenia in a hematologically

normal 6-month-old infant recipient. The clearance studies
were limited, however, by not defining how the cells were
cleared and by their anecdotal nature, as they were never
attempted subsequently in other WHIM patients.

The discovery of CXCR4 as the disease gene in WHIM
syndrome allowed development of zebrafish [129] and mouse
[97] models by genetic knock-in of mutant human alleles. In
both cases, neutropenia was recapitulated. Neutropenia could
also be selectively phenocopied in congenic lethally irradiated
wild-type mice transplanted with WHIM mouse HSCs in
competition with wild-type HSCs, confirming an HSC-
autonomous effect of the WHIM allele in driving neutropenia
[58, 60]. Furthermore, in a human experiment of nature, the
chromothriptic event in WHIM-09 purged the myeloid line-
age, but not the lymphoid lineage, of the CXCR4 WHIM al-
lele, but not the wild-type allele, causing a transition from
neutropenia to neutrophilia without improving the patient’s
severe lymphopenia or hypogammaglobulinemia [58]. This
event, essentially an acquired myeloid-specific selective
knockout of the CXCR4 WHIM allele, suggests that the
WHIM allele on hematopoietic cells alone may promote leu-
kopenia and that the hematologic effects of the WHIM allele
may be myeloid lineage-autonomous [58, 60, 61]. This is also
consistent with a chimeric R334X individual in a WHIM ped-
igree from Japan who lacks the mutation selectively in hema-
topoietic cells and is hematologically normal. In addition,
transducing the WHIM allele R334X into human CD34+ pro-
genitor cells enhanced homing to mouse bone marrow from
blood compared with cells transduced with wild-type CXCR4
[130].

Meanwhile, clinical studies with the CXCR4-specific small
molecule antagonist AMD3100 (developed first by Anormed,
which was acquired by Genzyme, which was then acquired by
Sanofi; trade and market names Mozobil and plerixafor) [131,
132] showed that blocking CXCR4 signaling mobilizes most
subtypes of leukocytes [49, 53]. This has been confirmed in
wild-type mice [133], although the provenance of the cells is
not settled, with indirect and direct mobilization studies sug-
gesting bone marrow as the most important source and direct
imaging studies indicating that plerixafor might not mobilize
bone marrow neutrophils but rather might increase the ANC
by mobilizing neutrophils from the marginated pool in the
lung and by inhibiting senescent neutrophil return from blood
to bone marrow [70, 133–135].

At the functional level, Zuelzer’s original report described
an absence of spontaneous bone marrow neutrophil motility
in vitro and reduced spontaneous blood neutrophil motility,
suggesting a primary motility defect in neutrophils
(Supplemental Table 8) [2]. Consistent with this, a Rebuck
window test of neutrophil migration in vivo using typhoid
vaccine as an irritant on denuded forearm skin was markedly
abnormal with only small numbers of degenerating neutro-
phils appearing in a delayed manner on the window. A similar
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result was revealed by tail wounding in a zebrafish model of
WHIM syndrome [129]. The original neutrophil motility as-
says for WHIM-09 have not been reattempted in subsequent
patients with the exception of local skin challenge with vac-
cines, which was found to be defective for three out of four
patients using either mumps or typhoid vaccine [4, 5]. Instead,
follow-up ex vivo studies of blood neutrophil motility in
WHIM patients have commonly but not invariably found nor-
mal responses to most chemoattractants and selective hyper-
responsiveness to the CXCR4 agonist CXCL12, which is not
a stimulus that could have been tested by Krill and Zuelzer in
1964 [10, 56, 119]. The defective Rebuck skin window test in
WHIM-09 and other WHIM patients may have been more a
consequence of neutropenia than an intrinsic inability of neu-
trophils to migrate from blood to tissue. In most other WHIM
patients for whom neutrophil functional studies have been
reported, phagocytosis was reported to be normal, as were
superoxide production and bacterial killing capacity.

An alternative explanation for impaired spontaneous bone
marrow neutrophil motility in WHIM-09 was included in
Zuelzer’s original report: a high proportion of bone marrow
neutrophils (~ 2/3) had morphologic features consistent with
cell death, and a high percentage failed to exclude trypan blue
[2]. Studies in seven other WHIM patients have confirmed an
increased proportion of apoptotic neutrophils, which have
been shown to have an increased rate of apoptotic death when
cultured ex vivo and a suggestion of decreased bcl-x expres-
sion [100]. Whether CXCR4 signaling drives neutrophil apo-
ptosis ex vivo has not been demonstrated, since neither con-
stitutive signaling by the receptor nor the presence of
CXCL12 in the ex vivo system nor the effect of CXCL12
depletion has been evaluated. On the contrary, addition of
CXCL12 has been reported in three patients to reduce spon-
taneous neutrophil apoptosis ex vivo [56, 136]. This is the
opposite of what would be expected if increased CXCR4
WHIM receptor signaling accelerates neutrophil apoptosis.
G-CSF addition has also been reported to reduce WHIM neu-
trophil apoptosis ex vivo [136]. Additional experiments are
clearly needed to clarify this, including work with CXCR4
antagonists, particularly since wild-type CXCR4 signaling
has been considered to have anti-apoptotic effects in various
systems.

An attractive model of myelokathexis has been proposed
that couples pro-adhesive, egress, and apoptotic mechanisms.
In the model, enhanced neutrophil CXCR4 signaling capacity
conferred by the WHIM allele biases the cells towards reten-
tion in the bone marrow. Cells with the lowest CXCR4 levels
egress best in response to CXCR2 signaling, but later than
normal. As they senesce in the periphery, CXCR4 levels in-
crease which drives the cells back to the CXCL12-rich bone
marrow where they die and are cleared by macrophages [137,
138]. This model is consistent with the discovery of loss-of-
function CXCR2 mutations and gain-of-function CXCR4

mutations in myelokathexis patients, as described in the
“Genetics” section. The prediction from the model is that the
rates of neutrophil egress from bone marrow, homing to bone
marrow, and residence time in the periphery should all be
reduced, which is consistent with the neutrophil kinetics in
WHIM-09 published by Krill and colleagues when she still
had WHIM syndrome [1].

There is strong evidence that hypoxic induction of
hypoxia-inducible factor-1 (HIF-1) upregulates both
CXCL12 in endothelial cells and CXCR4 in cancer cells and
may be an important mechanism in both metastasis and tissue
regeneration [139, 140], as well as evidence that hypoxia
equips neutrophils for prolonged survival, for example in in-
flammatory microenvironments [141]. However, clear evi-
dence for HIF-1 regulation of CXCR4 triggered by matura-
tion, senescence, or hypoxia in either normal or WHIM neu-
trophils is currently lacking. CXCR4 has also been implicated
with CXCR2 as a molecular timer in a cell-autonomous aging
mechanism that controls diurnal compartmentalization of neu-
trophils between blood and tissue [142].

Accelerated neutrophil senescence with induction of high
levels of CXCR4 expression might explain why all of nine
WHIM patients entered into plerixafor dose escalation studies
(described in detail in a later section) achieved substantially
lower maximal neutrophil mobilization responses compared
with both healthy control subjects and with their own lympho-
cyte responses [49, 53, 63]. The relatively poor response to
plerixafor raises the question of whether WHIM patients
might have a general hyporesponsiveness to neutrophil-
mobilizing agents, such as epinephrine, lipopolysaccharide,
and G-CSF. This would require comparative studies in multi-
ple patients with healthy controls, which have not been per-
formed. Alternatively, the high levels of neutrophilia that have
been documented for many WHIM patients during acute in-
fections suggest that the sluggish mobilization response of
neutrophils to plerixafor may be an unexplained idiosyncrasy
of the drug rather than a direct effect of the mutation or a result
of degeneration per se. Additional studies are needed that
carefully compare migration responses of neutrophils harvest-
ed from the blood and bone marrow of the same patient at the
same time to further address the role of apoptosis in driving
neutropenia.

Importantly, recent studies of long-term low-dose
plerixafor treatment in WHIM patients reported a marked im-
provement in the proportion of apoptotic-appearing neutro-
phils in the bonemarrow and a return of the myeloid:erythroid
ratio to normal; neutropenia also was improved but did not
normalize at the doses used [49, 87]. Additional studies are
needed to quantitate the effect of CXCR4 blockade on the rate
of mature neutrophil senescence and to compare the mobili-
zation potency and efficacy of G-CSF and plerixafor in
WHIM patients, as well as to optimize plerixafor dosing. In
addition, the factors that override CXCR4-dependent
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neutrophil retention in the bone marrow during infection and
after endotoxin administration, which may include G-CSF,
need to be defined. The relationship between neutrophil dy-
namics in vivo and CXCR4 expression dynamics also needs
to be established. Finally, the effect of the WHIMmutation on
neutrophil adhesion needs to be investigated at the molecular
level, as this is the most likely terminal effector mechanism
explaining myelokathexis and may reveal another therapeutic
target.

Myelokathexis clearly highlights the concept of the
neutrostat and underscores the point that the impact of leuko-
penia on host defense cannot be generalized and is instead
strongly dependent on context and mechanism [143]. For ex-
ample, studies in the chemotherapy literature have defined
500 neutrophils/μl as a useful threshold below which patients
acquire a high risk of developing life-threatening invasive
bacterial infections [144], and in AIDS 200 CD4+ T cells/μl
plays the same clinical role for susceptibility to most oppor-
tunistic infections and AIDS-related cancers. However, these
benchmarks occur in settings where the total body mass of the
corresponding cell type is reduced and where cell function
may be compromised. In WHIM syndrome, where neutrophil
development is not blocked, and total body neutrophil mass
and neutrophil effector function may not be compromised, the
impact of severe neutropenia on invasive infection suscepti-
bility should be and is relatively low compared with other
types of congenital and acquired neutropenia. Nevertheless,
there have been no studies defining the relationship of the
absolute neutrophil count and infection susceptibility in
WHIM patients. Conversely, as suggested previously, this de-
fect could conceivably protect against some non-infectious
neutrophil-mediated acute and chronic inflammatory diseases
such as chronic obstructive lung disease and may helpWHIM
patients who develop bronchiectasis from repeated infection,
although this has not been studied.

Natural Killer Cells

Relatively little is known about NK cells in WHIM syndrome
[46]. Normal NK cell development requires CXCR4 signaling
[145], and NK cell egress from bone marrow is regulated by
the balance of retention and egress signals from CXCR4 and
sphingosine-1 phosphate receptor 5, respectively [146]. NK
cell development is not affected by WHIM mutations; how-
ever, circulating NK cell levels are reduced in a subset of
WHIM patients [49, 88, 147]. Since NK cells express
CXCR4, this may be a direct effect of the WHIM mutation
on trafficking, retention, or positioning. Consistent with this,
plerixafor treatment increases NK cell levels in the blood in
WHIM patients [49], as well as in wild-type rhesus macaques
[148] and mice [146]. However, another possible factor is
neutropenia per se, which has been reported to impair NK cell
maturation and function [149]. This issue has not been studied

in the context of WHIM syndrome. In WHIM mice, although
NK cell development does not seem to be disrupted, the total
NK cell numbers are increased in bone marrow and lymph
node but reduced in the spleen and blood [146]. NK cell func-
tion and the role of NK cells in recurrent infections and HPV
pathogenesis in WHIM patients are undefined.

Adaptive Immunity

The original studies of Krill et al. and Zuelzer documented
marked lymphopenia in WHIM-09 but did not study this phe-
notype or include it in the definition of myelokathexis [1, 2].
At the time there were no simple methods to distinguish B and
T cells, so the discovery of B lymphopenia as a severe and
strongly penetrant WHIM phenotype came later in other pa-
tients [5]. The circulating levels of Tcells may also be reduced
in WHIM patients but usually less severely and less consis-
tently than B cells and neutrophils [43, 44, 56, 120, 150, 151].
B lymphopenia is also the most prominent hematologic phe-
n o t y p e i n WH IM m i c e [ 9 7 ] . N e v e r t h e l e s s ,
hypogammaglobulinemia is not severe or invariant in patients
and does not occur inWHIMmice.Moreover,WHIMpatients
do not have a strong susceptibility to infection with encapsu-
lated organisms or bacteremia as do patients with severe B cell
deficiency associated with severely impaired immunoglobulin
production.

Humoral Immunity

The high impact of WHIM mutations on B cell distribution is
consistent with the fact that all stages of developing B cells
normally express CXCR4 and at significantly higher levels
than for most other leukocyte subsets (www.immgen.org). A
relevant historical point here is that CXCL12 was first
identified by direct purification from bone marrow stromal
cells as a pre-B cell growth-stimulating factor (PBSF), which
together with stromal cell-derived factor-1 (SDF-1) was one of
its two original names [28, 152]. Moreover, Cxcr4-knockout
mice have defective bone marrow myelopoiesis and B
lymphopoiesis but T lymphopoiesis is relatively intact [81].
In bone marrow, CXCR4 signaling in B cells induces B cell
motility and the gradual loss of CXCR4 results in reduced
motility followed by egress of immature B cells [153].

There is no discernable block in B cell development in
either WHIM patients or WHIM model mice [97]. In WHIM
mice, mature B cells are abundant in bone marrow but there
are fewer pro/pre and immature B cells. This was not attribut-
ed to increased apoptosis (Fig. 4) [97]. B cells are also abun-
dant in the bone marrow of WHIM patients and can be effi-
ciently mobilized to the blood by plerixafor, suggesting that B
lymphopenia, like neutropenia, may be caused at least in part
by B cell retention in the bone marrow [49, 53, 155].
Consistent with this, plerixafor injection in wild-type mice
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markedly increases blood levels of both naïve and memory B
cells while concurrently depleting these cells from bone mar-
row [133]. Splenectomized wild-type mice given plerixafor
have much higher absolute lymphocyte counts in the blood
after plerixafor administration than sham-operated mice, sug-
gesting the spleen may be a storage site and not a source for
plerixafor-mobilized cells, although there are other possible
explanations [133]. Consistent with this, an asplenic WHIM
patient treated with plerixafor had by far the strongest lym-
phocyte and B cell mobilization response to plerixafor that we
have seen [87].

The paucity of pathologic studies of immune organs is
a major weakness in WHIM syndrome research. There is
rarely a clinical indication for biopsy or excision, and
autopsies are rarely performed. Only three patients have
been reported to have had a lymph node biopsy or exci-
sion. In two patients, this was performed following diph-
theria toxoid vaccination and was reported to show few
follicles and few plasma cells [5]. Pathologic examination
of the spleen of patient WHIM-09 removed at age 9 re-
vealed lymphoid hyperplasia and a twofold increase in
weight [1]. In WHIM mice, the spleen is also enlarged.
Splenic architecture is normal, but the size and number of
follicles are markedly decreased, associated with a 45%

reduction in cellulari ty which involves multiple
splenocyte subsets [97].

Extramedullary hematopoiesis also occurs in WHIM mice
and is associated with increased levels of CXCL12 in the
spleen and increased trafficking of hematopoietic stem and
progenitor cells from blood to the spleen [156]. In the perito-
neal cavity, the B cell compartment is defective, with an ex-
panded B1a subset, which is derived from fetal liver precursor
cells, and reduced content of bone marrow-derived B2 and
B1b subsets [97].

Consistent with B lymphopenia as a major effect of gain-
of-function WHIMmutations, targeted deletion of Cxcr4 in B
cells causes premature egress of B cell precursors from bone
marrow [157]. The cells localize within splenic follicles which
reduces mature B cell content in the primary follicles and
marginal zones of the spleen and induces formation of aber-
rant B cell follicles ectopically in intestinal lamina propria and
Peyer’s patch. As a functional consequence, T-independent
antibody responses are blunted [157].

M a n y W H I M p a t i e n t s p r e s e n t w i t h
hypogammaglobulinemia, with defects in one or more sub-
classes of antibody [43, 50, 56, 57, 67, 147, 150, 158]. How
some WHIM patients with severe B lymphopenia manage to
avoid hypogammaglobulinemia has not been explained.
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Fig. 4 Leukocyte distribution in
immune organs is distorted in
WHIM model mice [97]. A
corresponding detailed
assessment of leukocyte
distribution is unavailable in
WHIM patients. Eff/Mem,
effector/memory. The figure is
reproduced from [154]
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Detailed B cell functional studies performed in a few patients
have documented restricted immunoglobulin heavy chain var-
iable region diversity, impaired class switching, and poor or
unsustained responses to vaccines [43, 48–50, 57, 88, 147]. In
particular, HPV-specific antibody titers were lower and less
durable in a 12-year-old WHIM patient compared with
healthy controls vaccinated with the quadrivalent HPV vac-
cine, Gardasil® [159]. In a second study, reduced B cell Ig
gene class switching was observed after immunization [147].
The mechanism was not defined and could include defects in
germinal center trafficking of lymphocytes and organization
of germinal center light and dark zones, which are known to
be regulated in part by CXCR4 (and CXCR5) [160] and to be
distorted in WHIM mice, as well as intrinsic defects in B cell
activation [161].

In contrast to patients, hypogammaglobulinemia has not
been reported inWHIMmice [97]. In fact, IgG and IgM levels
are elevated, while IgA levels are comparable with wild-type
controls. Furthermore, immunization ofWHIMmice has been
reported to increase absolute numbers and the proportion of
antigen-specific functional plasma cells (PCs) in the spleen
and lymph node germinal centers [162]. Nevertheless, al-
though immature PCs accumulate in the bone marrow early
after immunization, antigen-specific PCs fail to accumulate in
the bone marrow and antigen-specific antibody responses are
not durable [162].

At the molecular level, CXCR4 normally colocalizes with
and costimulates the IgD-B cell receptor (BCR) resulting in
actin remodeling and PI3K/AKT and ERK signaling; B cells
lacking IgD show reduced chemotactic responses to CXCL12
stimulation [163]. In normal B cells, CXCL12 stimulation
upregulates the activation marker CD69 and this is enhanced
in cells from WHIM patients and WHIM mice. Moreover, B
cells from unstressed WHIM patients and mice are
hyperactivated at baseline and, like WHIM neutrophils, are
hypersusceptible to apoptosis. In this regard, lowering the
dose of immunogen has been reported to paradoxically im-
prove and prolong antibody responses in WHIM mice [161].
Additional studies are needed to define B cell responses in
larger numbers of WHIM patients across a broad panel of
vaccines and to test whether CXCR4 blockade and immuno-
gen dose variation might be combined to elicit durable and
protective responses in these patients, as suggested by studies
in WHIM mice. In addition, the question of how WHIM mu-
tations affect B cell effector function remains fundamentally
unanswered.

The precise contribution of hypogammaglobulinemia rela-
tive to neutropenia to infection risk is undefined in WHIM
syndrome. As previously mentioned, there is not a strong sig-
nal of infection with encapsulated bacteria and documented
bacteremia is uncommon. Moreover, many WHIM patients
suffer ing from recurrent infect ions do not have
hypogammaglobulinemia. Nevertheless, in those that do,

anecdotal evidence suggests that Ig supplementation early in
life may reduce the frequency of respiratory tract infections
[57]. Of note, low-dose, long-term twice daily plerixafor in-
jections in five WHIM patients durably raised the circulating
B cell levels and reduced infection frequency but had only
modest if any effects on immunoglobulin levels [49, 87].
Vaccine responses were not assessed. It will be interesting to
test whether delivering plerixafor by continuous infusion
might improve immunoglobulin levels and vaccine responses,
but attributing any clinical benefit to this rather than to re-
duced neutropenia will be impossible since plerixafor has
pleotropic immunologic effects including reversing neutrope-
nia. WHIM-09 provides compelling though anecdotal infor-
mation on this point since her warts cleared and recurrent
infections stopped as her neutropenia, but not her severe
hypogammaglobulinemia, was corrected by chromothripsis
[58]. She is also asplenic, creating a further complication of
interpretation from this single case.

Cellular Immunity

Naïve, effector, regulatory, and memory T cell subsets
may all be reduced in the blood of WHIM patients, and
CD8+ T cells tend to be more affected than CD4+ T
cells [49, 56, 87, 120, 150, 151, 164, 165]. T lympho-
cytes are abundant in primary and secondary lymphoid
organs and can be mobilized to the blood by plerixafor
treatment in healthy humans [166], rhesus macaques
[148], wild-type mice [133], and WHIM patients [53],
suggesting a primary CXCR4-dependent distribution
problem. There does not appear to be an absolute block
to T cell development [97]. However, in limited studies,
the WHIM mutation has been associated with distorted
maturation and a narrowed T cell repertoire [48]. A
recent study has suggested that recent thymic emigrant
output is affected [44]. Apart from a 30% reduction in
thymic cellularity, circulating T cell numbers and thymic
architecture, and frequency and spatial distribution of
thymocytes were all reported to be normal in WHIM
mice [97]. This is somewhat surprising since Cxcr4
has been reported to modulate multiple stages of T cell
development, including survival and proliferation of T
cell precursors in the bone marrow; homing of Cxcr4+

thymic progenitors to the thymus from the blood [167,
168]; migration of immature thymocytes from the
corticomedullary junction to the cortex [169]; stimula-
tion of TCR β-chain selection [170]; expansion of
double-negative (DN) thymocytes [171, 172]; and
Notch-dependent development of DN cells into double
pos i t ive (DP) thymocy tes [171] . A p laus ib l e
explanation might be redundancy in the roles of the
main thymic chemokine receptors, CCR7, CCR9, and
CXCR4 [167]. Thymic dendritic cells also express
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Cxcr4 and Cxcl12, which enhance survival by increas-
ing the ratio of the survival factor Bcl2 to the pro-
apoptotic factor Bax [173]. Too few lymph nodes have
been excised and examined in sufficient pathologic de-
tail from patients to draw any firm conclusions about
the distribution of specific subsets. As mentioned previ-
ously, this was performed in two patients following
diphtheria toxoid vaccination and reportedly showed a
low number of follicles [5]. In contrast to thymus, the
axillary and inguinal lymph nodes display increased cel-
lularity in WHIM mice, especially for naïve CD4+ and
CD8+ T cell subsets [97].

As with B cells, functional defects have been reported for T
cells from WHIM patients. CXCR4 has been reported to nor-
mally localize to the immunologic synapse of CD4+ T cells
and to physically associate with and activate the TCR, enhanc-
ing ZAP-70 (protein tyrosine kinase zeta-associated protein)
binding to the TCR ITAM (immunoreceptor tyrosine-based
activation motif) domain. This results in prolonged activation
of the mitogen-activated protein kinase, ERK, increased intra-
cellular calcium ion flux, increased activity of the transcription
factor AP-1, and secretion of cytokines [174]. In addition,
CXCR4 costimulation induces F-actin polymerization, which
enhances the number and stability of microclusters formed by
the adaptor molecule SLP-76 [175]. Activated ZAP-70 phos-
phorylates two tyrosine residues on SLP-76, resulting in en-
hanced proliferation [176] and upregulation of T cell activa-
tion molecules, including CD69 and CD25 [177].
Costimulation also results in enhanced production of the cy-
tokines IFN-γ, IL-10, and IL-4 [174, 177]. Thus, it might be
anticipated that gain-of-function WHIM variants of CXCR4
would have augmented costimulatory activity. However, this
does not appear to be the case and Tcells fromWHIMpatients
are unable to form long-lasting immunologic synapses with
antigen-presenting cells [178]. This may contribute to delayed
immunoglobulin gene class switching. Along with a weak-
ened immunological synapse, inhibitory mechanisms may al-
so operate to hinder CXCR4-mediated costimulation of T
cells. In some patients, WHIM T cells appeared to proliferate
normally and to produce cytokines in response to mitogenic
stimulation or TCR cross-linking with anti-CD3 plus
costimulation with anti-CD28 [178]. T lymphopenia in
WHIM syndrome might also result in part from defective
homeostatic proliferation, which is partially regulated by
CXCR4 [179]. However, CXCR4 does not appear to play a
role in self-renewal of CD8+ memory T cells upon antigen
rechallenge [179].

The clinical impact of cellular immunodeficiency in
WHIM syndrome is relatively mild. As mentioned pre-
viously, EBV+ lymphomas have occurred in a few pa-
tients [94]; however, EBV-dependent lymphoprolifera-
tive disease has otherwise not been reported, nor have
there been reports of mycobacterial infections,

toxop la smos i s , CMV disease , cand id i a s i s , o r
Pneumocystis jirovecii infection. As mentioned previous-
ly, HSV and VZV have caused significant infections in
only ~ 10% of patients.

Conversely, HPV disease can occur opportunistically in
WHIM patients who lack hypogammaglobulinemia and T
lymphopenia and who have normal in vitro Tcell proliferative
responses to mitogens (Table 1). In this regard, Balabanian
and colleagues have published a series of papers describing
a non-immunological autocrine CXCL12-CXCR4/ACKR3-
dependent mechanism in keratinocytes for HPV-mediated cell
transformation driven by the viral oncogenes E6 and E7 [73,
180, 181]. They found that CXCL12 and CXCR4 are co-
expressed by keratinocytes in warts from both healthy indi-
viduals and WHIM patients, but CXCR4 is not expressed by
non-lesional keratinocytes. E6 and E7 from oncogenic
HPV16- and HPV18-immortalized keratinocytes induced
CXCL12, CXCR4, and ACKR3 expression. CXCL12 signal-
ing in immortalized keratinocytes expressing wild type
CXCR4 induced cell motility and survival, whereas
cells expressing the S338X WHIM CXCR4 variant be-
came transformed. The mechanism involved stabilization
of E6 and E7 and could be reversed by CXCR4 antag-
onists. Despite these insights, the precise role of
keratinocyte CXCR4 signaling in keratinocyte biology
and in HPV-associated lesions is still unsettled [182].
Future research may benefit from focusing on the role
of the receptor in potentially modulating innate anti-
viral mechanisms within keratinocytes, including viral
DNA pattern recognition receptors/sensors (e.g., AIM2,
TLR3, and TLR7) which may activate inflammasomes
to produce caspase-1 for generation of IL-1β, as well as
activation of the type I interferon pathway [183].

The importance of monocyte-derived cells in HPV
susceptibility was suggested by the case of WHIM-09,
whose warts resolved as the WHIM allele was purged
from her myeloid lineage, but not from other cells, by
chromothripsis [58]. CD8+ T cells are known to limit
HPV pathogenesis and tumorigenesis [184–186].
However, the specific role of T cells in HPV suscepti-
bility in WHIM syndrome is not known. This has been
approached experimentally in a transgenic mouse model
of squamous cell cancer induced by the expression of
the HPV16 early region oncogenes E6 and E7 driven by
the K14 keratinocyte promoter [187]. In this model,
p l e r i x a f o r t r e a t m e n t r e d u c e d k e r a t i n o c y t e
hyperproliferation, immune cell infiltration, and HPV-
induced epidermal neoplasia.

Plasmacytoid dendritic cells (pDCs) may also contrib-
ute to HPV control by producing IFN-α [188]. Production
of pDCs and trafficking of pDCs in tissues are both reg-
ulated by CXCR4, and in WHIM patients, pDCs have
been reported to be significantly reduced in the circulation
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and from warts, as well as to be incapable of secreting
IFN-α upon exposure to HSV-1 and the TLR-9 agonist
CpG [189]. Consistent with this, the type 1 interferon-
responsive gene MxA is ordinarily detectable in warts
from healthy individuals but was not detected in warts
from a WHIM patient. In contrast, mature DCs from
WHIM patients have been reported to produce normal
amounts of interleukin-12 (p70) compared with healthy
donors [189], and both Langerhans cells and CD1a+

DCs were present in WHIM warts [189].

Patient Management

Treatment

Overview

There is no standardized consensus treatment for WHIM
syndrome (Table 3). Best practices are aimed at treating
infections and removing problematic warts, correcting
neutropenia, and supplementing immunoglobulin defi-
ciency when present. Most infections respond well to
oral antibiotics, and patients rarely need to be hospital-
ized and rarely die of acute bacterial infections. Patients
with frequent infections are often treated with prophy-
lactic antibiotics. Chronic sequelae of repeated infection,
including hearing loss and bronchiectasis, and HPV-
associated neoplasia can be difficult to manage.

Vaccines

Inactivated vaccinations have not been associated with
unusual complications and should be given on schedule.
Live vaccinations should be considered on a case by case
basis to balance individual risk and benefit, especially if
the CD4+ T cell count is < 200 cells/μl. However, no
complications have been reported. Instead, as described
in the section on humoral immunity, vaccine responses
have been reported to be weak or unsustained [43, 49,
50, 57, 88, 147, 164]. WHIM patients have been diag-
nosed with influenza infection after receiving the vaccine
[72]. However, it is not known whether the frequency of
vaccine failure or the intensity of disease exceed those in
the general population. It is unlikely that HPV vaccination
will substantially affect wart incidence or clearance in
WHIM patients, since there are over 250 known types
of HPV but only nine high-risk types represented in the
broadest multivalent vaccine. Whether established HPV
disease burden might be affected by HPV vaccination in
WHIM patients is unknown.

Leukocyte-Mobilizing Agents

Patients with ANC < 500 cells/μl and recurrent infections
are often advised to receive G-CSF (G-CSF/filgrastim,
Neupogen; Amgen, Inc.), the standard of care for severe
congenital neutropenia (SCN). Most types of SCN in-
volve defective myeloid production and therefore rely on
all functions of the drug: stimulation of survival, prolifer-
ation, differentiation, and function of neutrophil precur-
sors and production and bone marrow release of mature
neutrophils. In contrast, myelokathexis may only require
and primarily take advantage of the neutrophil-mobilizing
activity of the drug. The mechanism may involve cleav-
age and inactivation of CXCL12 by neutrophil elastase
and selective downregulation of CXCR4 on bone marrow
neutrophils [124]. Many patients can be treated with daily
low-dose G-CSF. This strategy helps to promote compli-
ance by avoiding bone pain, which is a common and
sometimes extremely disabling side-effect associated with
higher doses [190]. Several WHIM patients have devel-
oped thrombocytopenia, in at least one case associated
with severe myelofibrosis [86], during treatment with G-
CSF. The precise efficacy of G-CSF for reducing infection
frequency and severity has not been defined by clinical
trials in the disease and could be quite different from
other types of SCN. Moreover, defining efficacy for G-
CSF in WHIM syndrome must first resolve an ethical
dilemma regarding study design as to whether a placebo
ought to be used at all as a control for experimental treat-
ment in a specific type of SCN when G-CSF is already
the standard of care for SCN as a disease class.

Although immunoglobulin replacement and G-CSF treat-
ment improve hypogammaglobulinemia and neutropenia and
are thought to be clinically beneficial, some treated patients
still suffer recurrent infections and persistent warts resulting in
substantial morbidity, possibly because G-CSF does not sig-
nificantly affect monocytopenia or lymphopenia. To address
this unmet need, two potent specific CXCR4 antagonists have
been entered into clinical trials, plerixafor (also known as
AMD3100 and Mozobil®, Sanofi) [131, 132] and X4P-001
(Mavorixafor; X4-Pharma) [191].

Plerixafor is a small molecule bicyclam initially devel-
oped as an HIV entry inhibitor [192–194]. It failed further
development for that indication because most strains of
HIV in patients can use CCR5 for entry and because it
is only bioavailable parenterally and has a short half-life
of ~ 5 h [195]. The drug was then repurposed for single-
dose HSC mobilization and is currently approved by the
US Food and Drug Administration for use in combination
with G-CSF in patients with non-Hodgkin’s lymphoma
and multiple myeloma to mobilize and collect HSCs for
autologous bone marrow transplantation after chemother-
apy [194, 196].
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As of January 2019, plerixafor was listed as the
study agent in 157 clinical trials on www.clinicaltrials.
gov, mostly in the areas of HSC mobilization and
cancer. Three trials were listed for WHIM syndrome,
including two phase 1 open-label trials (ClinicalTrials.
gov identifiers: NCT01058993 and NCT00967785) and
a phase 3 randomized double-blind non-inferiority com-
parison trial with G-CSF sponsored by the National
In s t i t u t e o f A l l e rgy and In f ec t i ous Di sea se s
(NCT02231879) [49, 53, 87, 155]. In the phase 1 trials,
the absolute numbers of neutrophils, lymphocytes, and
monocytes were transiently increased in the blood after
administration of plerixafor in a dose-dependent manner
in both healthy individuals and 11 WHIM patients
(Fig. 5). Conversely, the frequencies of neutrophils
and CD19+ B cells in the bone marrow were reduced,
suggesting mobilization from that site. Long-term
(6 months to ~ 5 years), open-label low-dose twice dai-
ly plerixafor administration in 5 patients was associated
with durable mobilization responses to blood for most
leukocyte subsets tested, lower infection frequency and
wart burdens, stabilization of HPV16+ head and neck
squamous cell carcinoma in one patient, improved
myelokathexis, and improved quality of life [53, 87].
Immunoglobulin levels did not increase. One patient
who harbored 17 different types of HPV while on G-
CSF had no detectable HPV after switching to chronic
treatment with plerixafor [87]. Two of the patients
treated with high-dose G-CSF developed severe throm-
bocytopenia, which resolved after discontinuing the
drug and switching to plerixafor [87]. No serious ad-
verse events attributable to plerixafor were noted in this
limited study. The phase 3 plerixafor versus G-CSF
trial is fully enrolled with 20 patients and will be com-
pleted in 2020. Of interest regarding long-term safety,
mice lacking a single copy of Cxcr4 (Cxcr4+/o mice)
have normal longevity and hematopoiesis [60].

Plerixafor’s short half-life, high cost, and need for paren-
teral administration are acceptable limitations for HSC mobi-
lization but impose significant challenges for insurance cov-
erage and compliance in a chronic disease like WHIM syn-
drome. One WHIM patient in Germany is receiving the drug
paid for by insurance, whereas all other patients currently
receive the drug through clinical trials. X4P-001
(Mavorixafor) is an allosteric small molecule CXCR4 antag-
onist that has the advantages of oral bioavailability and a lon-
ger half-life for once-a-day dosing [191]. In a phase 1 clinical
trial consisting of eight WHIM patients (NCT03005327),
X4P-001 was well-tolerated and increased the ANC and
ALC in a dose-dependent manner [191]. A placebo-
controlled phase 3 trial is now recruiting patients.

Many other CXCR4 blocking agents have been identi-
fied and are in development for various indications. In a
phase 2 pilot study, the orally bioavailable small molecule
CXCR4 inhibitor burixafor (TaiGen Biotechnology Co.) in
combination with G-CSF mobilized stem cells into periph-
eral blood in patients with multiple myeloma, non-
Hodgkin ’s lymphoma, o r Hodgkin ’s lymphoma
(NCT01458288) [197]. The oligonucleotide NOX-A12 is
a CXCL12-specific inhibitor that has a longer half-life than
plerixafor and also mobilizes lymphocytes and other leuko-
cyte subsets in healthy controls [198]. Balixafortide is a
cyclopeptide inhibitor of CXCR4 that has been utilized in
metastatic breast cancer therapy in a phase 3 trial
(NCT03786094). The small-molecule inhibitor chalcone 4
is also specific to CXCL12 and inhibits CXCR4-CXCL12
interaction [199]. Recombinant single-domain anti-CXCR4
llama antibody fragments known as nanobodies have been
developed that are potent inhibitors of WHIM receptor sig-
naling [200]. These therapies merit further investigation to
assess their hematological effects and safety and efficacy in
generating vaccine responses and reducing HPV-induced
wart burden and recurrent bacterial infection frequency dur-
ing prolonged administration in WHIM patients.

Table 3 Outcomes after immune modulation therapy in WHIM patients. Ig, supplemental immunoglobulin (IV or subcutaneous route of
administration); HSC, hematopoietic stem cell. Adverse events are those attributed to the treatment.

Treatment n Clinical response (n) Adverse events (n)

Improved Not improved Not mentioned

G-CSF 59 24 9 28 Thrombocytopenia (3)
Myelofibrosis (1)
Bone pain

GM-CSF 4 3 – 1 Myelofibrosis (1)
bone pain

Ig 33 6 1 21 Allergic reaction (1)

Plerixafor 11 11 (hematologic)
5 (clinical)

0 – None observed

HSC transplantation 4 4 (cured) 0 – Bronchitis flare (1)
Mild skin GVHD (1)
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Cure Strategies

Allotransplantation

To date, all four WHIM patients who have received al-
logeneic HSC transplantation (HSCT) have achieved du-
rable and full donor chimerism, no longer receive immu-
nosuppression, and appear to be cured [151, 201–203].
The patients were transplanted at ages 3, 4, 8, and 20.
Mild acute GVHD (skin, grade I, stage I) occurred in
one patient, who received a haploidentical HSC trans-
plant from her father matched at 7 of 8 loci [201]. The
other patients received matched unrelated donor HSC
transplants. In addition to durable reconstitution of αβ
T cells, a transient increase in the proportion and number
of γδ T cells was observed in one patient, attributed to
transient inhibition of β-selection in the thymus post-
transplantation [201]. The application of HSCT more

generally in WHIM syndrome is limited by the availabil-
ity of immunologically matched donors and by the
significant short and long-term risks of allotransplanta-
tion [59].

Gene Therapy

Since WHIM syndrome is a gain-of-function disorder,
gene therapy will require silencing or correcting the dis-
ease allele. Two observations suggest WHIM allele inac-
tivation may be superior to correction and that WHIM
syndrome may be particularly amenable to cure by gene
therapy: (1) patient WHIM-09 was cured by spontaneous
chromothriptic deletion of the WHIM allele in HSCs
(Fig. 6), and (2) in an attempt to recapitulate WHIM-
09’s cure experimentally, Cxcr4+/o HSCs displayed a
marked long-term advantage over Cxcr4+/+ and Cxcr4+/
WHIM HSCs for supporting blood chimerism after

a b

c

Fig. 5 CXCR4 antagonist plerixafor has shown promise in phase 1 trials
in patients with WHIM syndrome. a Structure of the bicyclam plerixafor.
b Plerixafor durably increases the absolute neutrophil count in WHIM
patients. This figure is reproduced from Reference [49]. c Plerixafor
treatment of WHIM patients was associated with clinical improvement.
Photographs show clinical manifestations from two patients before and
approximately 6 months after twice daily treatment with plerixafor,

including partial regression of a heavy wart burden on the hand,
reduced myelokathexis in bone marrow and resolved chronic
inflammatory lower leg lesions. The “before” photograph of the leg in
panel C is reproduced fromReference [87]; the after photograph of the leg
shows discoloration at sites of previous inflammation, probably due to
hemosiderin deposition that had not yet cleared. See details in Reference
[87]
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transplantation in the context of both lethally irradiated
and non-conditioned congenic recipients [58–60]. The
mechanism appears to involve enhanced mature leuko-
cyte release to the blood and possibly enhanced HSC
proliferation. The power of CRISPR/Cas9 gene editing
is currently being used to test this approach in preclinical
models.

Conclusions

The study of WHIM syndrome is providing unique in-
sights into diverse aspects of both innate and adaptive
immunity. It has identified important new questions re-
garding host defense mechanisms, HPV pathogenesis,
and development of the cardiovascular system. Although
understanding the protean hematologic and non-
hematopoietic phenotypes that occur has been focused at
the molecular level by discovery of causal CXCR4 muta-
tions, delineating precise mechanisms still remains a chal-
lenge due to the rarity and clinical heterogeneity of the

disease. Nevertheless, the emergence of CXCR4 antago-
nists as potential mechanism-based therapy, gene editing,
and transplantation together give WHIM patients new
hope for safe and effective treatment and even cure.
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