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We recently reported a 59 year old
female, designated WHIM-09, who

was born with the rare immunodeficiency
disease WHIM syndrome but underwent
spontaneous phenotypic reversion as an
adult. The causative WHIM mutation
CXCR4R334Xwas absent in her myeloid and
erythroid lineage, but present in her lym-
phoid lineage and in epithelial cells, defin-
ing her as a somatic genetic mosaic.
Genomic and hematologic analysis revealed
chromothripsis (chromosome shattering)
on one copy of chromosome 2, which
deleted 164 genes including CXCR4R334X

in a single haematopoietic stem cell (HSC)
(Fig. 1). Experiments inmice indicated that
deleting one copy of Cxcr4 is sufficient to
confer a selective advantage for engraftment
of transplanted HSCs, suggesting a mecha-
nism for clinical cure in WHIM-09.
Genome editing may allow autologous
transplantation of HSCs lacking one copy
of CXCR4 without bone marrow condi-
tioning as a general cure strategy inWHIM
syndrome, safely recapitulating the out-
come in patientWHIM-09.

Warts, Hypogammaglobulinemia, Infec-
tions, and Myelokathexis syndrome
(WHIM) (OMIM # 193670) is a rare, pri-
mary immunodeficiency that was first dis-
covered as a non-cyclic blood neutropenia
with increased numbers of neutrophils in
the bone marrow (myelokathexis).1,2 The 2
original publications from 1964 were both
single case studies of our patient WHIM-
09.3 Details of the syndrome, which
include severe cutaneous, oral, and anogen-
ital human papillomavirus (HPV) disease,
mild and variable hypogamm aglobuline-
mia and frequent infections, became more
evident as additional patients were

discovered.4 WHIM syndrome is caused in
almost all cases by mutations in the gene
for the chemokine receptor CXCR4.5 The
syndrome is autosomal dominant and all
known mutations are in the carboxy-termi-
nus of the receptor in a region that encom-
passes negative regulatory elements.6-9

Thus, the mutations increase and prolong
signaling when the receptor is bound to its
ligand, CXCL12.10 Previous Phase 1 stud-
ies have demonstrated that an FDA-
approved small molecule inhibitor of
CXCR4 named plerixafor (MozobilTM or
AMD3100) appeared to ameliorate warts
and infection frequency in a small number
of patients,11-13 and an ongoing trial is
comparing this treatment to the standard
treatment of severe congenital neutropenia
(SCN) using infection frequency as the pri-
mary endpoint (www.clinicaltrials.gov,
Identifier NCT02231879). Should plerixa-
for be safe and effective, it would likely
need to be injected frequently for life,
much like insulin for Type I diabetics.
Moreover, it is quite expensive. Thus, a
cure strategy is needed; however, WHIM
syndrome is typically not sufficiently life-
threatening to justify bone marrow trans-
plantation, and to date this approach has
only been reported once.14 Targeted gene
therapy would be ideal, and our patient
WHIM-09, who was cured spontaneously
by a genetic accident in one HSC, suggests
that WHIM syndrome may be an excellent
target disease for this approach.

CXCR4 is an HIV coreceptor espe-
cially important in late stage disease
(AIDS).9 It is also believed to be impor-
tant in the metastasis and growth of many
hematologic and other cancers.15 Lack of
CXCR4 or its ligand CXCL12 is perinatal
lethal in mice, which die with a complex
multisystem phenotype, including
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abnormalities in hematopoiesis.16-20

CXCR4’s role in HSC biology has been
known for over 15 years and in fact the
reason that plerixafor has been licensed is
that it promotes release of CD34C HSC
to the blood from the bone marrow facili-
tating harvesting of these cells by apheresis
for bone marrow transplantation (BMT)
in cancer.21,22 However, the role of
CXCR4 gene copy number in HSC biol-
ogy had not been previously fully explored
or understood. Patient WHIM-09

provides an experiment of nature showing
how CXCR4 might be manipulated in
order to enhance BMT, much as trans-
plantation of homozygous CCR5D32
bone marrow to an HIVC leukemia
patient (aka the Berlin patient) resulting
in functional cure of HIV demonstrated
the importance of CCR5 in maintenance
of HIV disease.23

Chromothripsis is thought to occur all
at once in a single cell that either dies or
acquires a selective advantage.24 Thus, we

postulate that chromothripsis affecting
one copy of chromosome 2 in patient
WHIM-09 occurred in a single primitive
HSC that subsequently possessed a strong
selective advantage that eventually allowed
that cell to engraft in the bone marrow
replacing most if not all of her previous
HSC.3 This is quite unprecedented. Even
in BMT, where large numbers of HSCs
are transplanted at the same time, engraft-
ment requires pretreatment with a cytore-
ductive conditioning regimen.25

Conditioning often consists of non-spe-
cific chemotherapy and/or irradiation
which directly or indirectly results in
much of the toxicity of BMT either by ini-
tiating graft vs. host disease (GVHD) or
damaging the host immune response cre-
ating lethal infections. Thus if BMT could
be achieved by successfully engrafting
autologous gene-corrected HSC that
would replace the patient’s HSC without
the need for conditioning, much of the
morbidity, mortality and expense of BMT
would be avoided.

However, our patient was actually hap-
loinsufficient for at least 163 other genes
that might also have contributed to effi-
cient engraftment of her seminal chromo-
thriptic HSC.3 Therefore, we turned to
murine models of WHIM (Cxcr4C/S338X)
and Cxcr4 haploinsufficiency (Cxcr4C/o),
in which none of the other 163 genes was
disrupted, and used competitive bone
marrow repopulation experiments to
define whether the competitive advantage
apparent for chromothriptic Cxcr4C/o

HSC in WHIM-09 could be phenocopied
by non-chromothriptic mouse Cxcr4C/o

HSC. We found that Cxcr4C/o bone mar-
row cells are able to outcompete both
wild-type (Cxcr4C/C) and WHIM
(Cxcr4C/S338X) bone marrow cells after
irradiation of the recipient mouse.3 Since
CXCR4 mutations in WHIM patients
increase signaling by the receptor, this
suggested that increased CXCR4 signaling
leads to decreased bone marrow engraft-
ment (Fig. 2). We obtained the same
result whether whole bone marrow cells or
lineage-depleted bone marrow cells were
used for transplantation. Together, the
results are consistent with the notion that
most if not all of ability of HSC from
WHIM-09 to engraft can be attributed to
the loss of one CXCR4 allele in that cell.

Figure 1. Chromothripsis (chromosomal shattering) resulted in clinical cure of a patient with a rare
immunodeficiency (WHIM syndrome) by deleting the mutant copy of CXCR4.

Figure 2. Based on the patient described in this article, WHIM-09, and subsequent mechanistic
murine bone marrow transplantation experiments, we have demonstrated an inverse correlation
between CXCR4 signaling and bone marrow engraftment potential.
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We are now following up these findings
with additional tests of the hypothesis
using more stringent models of HSC
transplantation.

New techniques of genome editing
have steadily been developed in the past
10 years to allow precise enzymatic cleav-
age of DNA (so called molecular scis-
sors).26 Adaptation of these techniques to
surgically target and inactivate the mutant
CXCR4 allele in HSC from WHIM
patients might recapitulate and pheno-
copy outcome of chromothripsis in
WHIM-09 with little risk since fully
edited CXCR4¡/¡ cells would not be
expected to engraft or survive and since
conditioning might be obviated.17-20 This
could allow WHIM syndrome to be cured
as it was in WHIM-09, but by selectively
targeting only CXCR4 using edited autol-
ogous HSC. Our murine experiments sug-
gest this would be safe and efficacious. Of
course, restricting editing to the mutant
CXCR4 allele would be key to safety. Ulti-
mately, as gene editing techniques develop
further, it may be possible to delete one
copy of CXCR4 while simultaneously cor-
recting the underlying genetic defect with
autologous HSC from patients with other
haematopoietic diseases. This might work
best with myeloid or erythroid genetic dis-
orders such as chronic granulomatous dis-
ease (CGD) or sickle cell disease. Further
murine experiments will clarify the safety
and efficacy of this concept. It may also be
possible to replicate the apparent engraft-
ment enhancing effect of CXCR4 haploin-
sufficiency by using drugs, antibodies, or
other blocking reagents to temporarily
knockdown or inhibit CXCR4 function
and then withdraw these engraftment
stimulators. This could further enhance
safety and broaden the application to
nearly all diseases that BMT is currently
used to treat. The safety of this approach
is still a concern. However, WHIM-09
has been healthy with CXCR4 haploinsuf-
ficient HSC for at least 20 years.
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