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KEY PO INT S

l WHIM patients
treated orally once
daily with 400 mg of
mavorixafor had
increased total white
blood cell, neutrophil,
and lymphocyte
counts.

l WHIM patients
treated with
mavorixafor for
‡6 months showed
reduced annualized
infection rates and
decreased wart
numbers.

Warts, hypogammaglobulinemia, infections, and myelokathexis (WHIM) syndrome is a rare
primary immunodeficiency caused by gain-of-function mutations in the CXCR4 gene. We report
the safety, tolerability, pharmacokinetics, pharmacodynamics, and preliminary efficacy of
mavorixafor from a phase 2 open-label dose-escalation and extension study in 8 adult patients
with genetically confirmed WHIM syndrome. Mavorixafor is an oral small molecule selective
antagonist of the CXCR4 receptor that increasesmobilization and trafficking ofwhite blood cells
from the bone marrow. Patients received escalating doses of mavorixafor, up to 400 mg once
daily. Fivepatients continuedon theextension study forupto28.6months.Mavorixaforwaswell
tolerated with no treatment-related serious adverse events. At a median follow-up of 16.5
months, we observed dose-dependent increases in absolute neutrophil count (ANC) and ab-
solute lymphocyte count (ALC). At doses ‡300 mg/d, ANC was maintained at >500 cells per
microliter for amedianof 12.6 hours, andALCwasmaintained at>1000 cells permicroliter for up
to 16.9 hours. Continued follow-up on the extension study resulted in a yearly infection rate that
decreased from 4.63 events (95% confidence interval, 3.3-6.3) in the 12months prior to the trial
to 2.27 events (95%confidence interval, 1.4-3.5) for patients on effectivedoses.Weobservedan
average 75% reduction in the number of cutaneous warts. This study demonstrates that

mavorixafor, 400 mg once daily, mobilizes neutrophil and lymphocytes in adult patients with WHIM syndrome and provides
preliminary evidence of clinical benefit for patients on long-term therapy. The trial was registered at www.clinicaltrials.gov as
#NCT03005327. (Blood. 2020;136(26):2994-3003)

Introduction
CXCR4 and its ligandCXCL12 regulate the trafficking of white blood
cells (WBCs) between the bone marrow and blood compartments.1

Constitutively increased CXCR4/CXCL12 signaling causes warts,
hypogammaglobulinemia, infections, and myelokathexis (WHIM)
syndrome, a rare combined primary immunodeficiency with severe
neutropenia (Online Mendelian Inheritance in Man Entry #193670)
that is caused by C-terminal autosomal-dominant gain-of-function
mutations of the CXCR4 gene2-4 (Figure 1A).

The acronym “WHIM” highlights 4 manifestations of the
syndrome5: warts, hypogammaglobulinemia, infections, and mye-
lokathexis, the retention of mature neutrophils in the bone
marrow.2,3 The laboratory manifestations include leukopenia, se-
vere neutropenia, profound lymphopenia, andmonocytopenia that
result in recurrent bacterial infections and unusual susceptibility to
certain viral infections, which have been linked to a higher incidence
of cancer.6,7 Bacterial infections frequently present as pneumonia,
recurrent otitis, sinusitis, or cellulitis and are associated with chronic
morbidity,6-8 such as bronchiectasis or hearing loss. Selective

immunodeficiency to human papilloma virus (HPV) results in
treatment-refractory mucocutaneous warts that are at high risk for
malignant transformation,7,9 and Epstein-Barr virus infections may
be linked to a higher risk for lymphoma,10 further increasing the risk
of malignancy in WHIM syndrome.

Mavorixafor is a selective oral small molecule allosteric antag-
onist of the CXCR4 receptor11 that is in development for the
treatment of WHIM syndrome (Figure 1B). Herein, we present
the clinical and hematological results of a dose-finding and long-
term extension study of 8 patients affected with genetically
confirmed WHIM syndrome treated for up to 28.6 months.

Methods
Design
X4P-001-MKKA is an open label prospective international dose-
escalation study of mavorixafor in adult patients with WHIM
syndrome followed by an extension study conducted in 2 clinical
trial sites located in Australia and the United States.
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Patients aged $18 years with a pathogenic CXCR4 mutation6

and absolute neutrophil count (ANC)#400 per microliter and/or
an absolute lymphocyte count (ALC) #650 per microliter were
included. Patients treated with plerixafor within the prior
2 months and/or granulocyte colony-stimulating factor (G-CSF)
and/or taking any medications with potential drug interactions
modulated via cytochrome P450 or P-glycoprotein within the
prior 2 weeks were excluded. Highly effective contraception was
a requirement for patients and their partners.

Dose escalation from 50-400 mg once daily was based on the
threshold-adjusted area under the curve for ANC (AUCANC) and the
threshold-adjusted area under the curve for ALC (AUCALC),
with thresholds of 600 cells per microliter for ANC and 1000 cells
per microliter for ALC over 24 hours. Patients were dose escalated
if AUCANC ,2000 or AUCALC ,5000 hours 3 cells/mL. Dose

escalation was at the discretion of the sponsor, with the agreement
of the investigator(s), based on AUCANC and AUCALC values. Pa-
tientswho completed$25weeks of the initial escalation could elect
to continue escalation up to 400mg once daily or extend treatment
at the minimum effective dose with biannual assessments.

Study X4P-001-MKKA was conducted in accordance with Good
Clinical Practice and the principles of the Declaration of Helsinki,
following a written protocol approved by the institutional review
boards or ethics committee for each center. All patients pro-
vided written informed consent.

Assessments and outcomes
The primary objective was to evaluate the safety and tolerability
of the drug and the dose required to achieve a consistent in-
crease in circulating neutrophils and lymphocytes. Exploratory
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Figure 1. Schematic overview ofmavorixafor inWHIM syndrome. (A) Gain of functionmutations in the CXCR4 receptor. Heterozygous autosomal dominant gain-of-function
CXCR4 mutations cause WHIM syndrome. Schematic diagram of the human CXCR4 receptor showing extracellular, transmembrane, and intracellular domains and known
mutated C-terminal (COOH) residues reported to cause WHIM syndrome. CXCR4mutations truncate the C terminus by premature termination (red) or frameshift (gray). A stop
mutation and a single amino acid substitution that causes WHIM syndrome are reported in position 343 (red and blue). (B) Chemical structure of mavorixafor (X4P-001). (S)-N1-
((1H-benzo[d]imidazol-2-yl)methyl)-N1-(5,6,7,8-tetrahydroquinolin-8-yl)butane-1,4-diamine. (C) Study flowchart. Patient P5 discontinued early because of a psoriasiform rash.
Patients P3 and P4 did not continue on the extension phase because of personal preference and trial fatigue. (D) Mean (1 standard error) plasma concentration vs time profile of
mavorixafor by dose presented on a semilog scale. The horizontal dotted line represents the IC50 of mavorixafor for CXCR4 inhibition, corrected for total (bound and unbound)
drug levels.
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objectives evaluated the efficacy of long-term mavorixafor on
infection rate, skin warts, WBC count, ANC, ALC, and absolute
monocyte count (AMC).

The primary end point, used to determine dose escalation, was the
mean value of the threshold-adjusted AUCANC and/or AUCALC

collected over 24 hours (with ANC threshold of 600 cells per mi-
croliter and ALC threshold of 1000 cells per microliter). To calculate
the AUC above the threshold for each visit, the area below the
threshold was subtracted from the total AUC (supplemental Fig-
ure 1, available on the Blood Web site). Exploratory efficacy end
points were: (1) absolute and fold change from baseline for total
WBC, ANC, ALC, and AMC, (2) annualized infection rate at each
dose level compared with the prestudy prior 12 months (supple-
mental Figure 2), and (3) number of warts on the hands and feet
compared with baseline. In addition, a post hoc analysis examined
the time, in hours, during which ANC was maintained at.500 cells
per microliter or ALC was maintained at.1000 cells per microliter,
defined as the time above threshold for ANC (TATANC) and time
above threshold for ALC (TATALC), respectively.

Safety and tolerability in the safety population were assessed
according to the National Cancer Institute Common Terminology
Criteria for Adverse Events (version 4.03 or higher) and theMedical
Dictionary for Regulatory Activities (version 19.0). All adverse events
were investigator assessed and monitored until resolution.

Pharmacokinetics (PK) and pharmacodynamics (PD) samples
were obtained in the safety population during 24-hour in-
residence periods (at weeks 5, 13, and 21 and during the ex-
tension period) at the following time points: predose; 30, 60, and
90 minutes; and 2, 3, 4, 8, 12, 16, and 24 hours. Mavorixafor
plasma concentrations were analyzed using a validated reverse-
phase high performance liquid chromatography with tandem
mass spectrometry detection. PK parameters, such as area under
the plasma concentration-time curve for the 24-h dosing interval
(AUC0-24h), maximum observed plasma concentration (Cmax),
and time to maximum plasma concentration (Tmax), were de-
termined by noncompartmental analysis (using Phoenix
WinNonlin 8.1) of the steady-state plasma concentration vs
time from last dose before sample collection for each subject.

Statistical analysis
The data cutoff date for this analysis was 14 June 2019. Descriptive
statistics summarized patient demographics, clinical characteristics,
PK andPD response, and safety parameters. If a subject hadmultiple
PK assessments at the same dose, the median PK parameters were
calculated for that subject at that dose before deriving the summary
statistics. All data processing and statistical analysesweredoneusing
SAS version 9.4 or higher. Infection events were summarized using
annualized rate, and the 95% confidence interval (CI) was calculated
based on Poisson distribution. The infection rate in the 12 months
prior to the study was based on the review of patients’ medical
records (supplemental Figure 2).Dermatological responseevaluated
the number of warts on hands and feet.

Results
Patient baseline characteristics
We enrolled 8 patients (P1-P8) for up to a maximum duration of
28.6months. Patient demographics, baseline hematological and

clinical characteristics are summarized in Table 1. The mean age
at inclusion was 33 years (range, 18-57). Sanger sequencing
identified pathogenic gain-of-function CXCR4 mutations in all
patients: R334X (6/8), E343X (1/8), and S324Pfs365X (1/8)
(Figure 1A). All patients had a history of profound leukopenia,
neutropenia, lymphopenia, and monocytopenia and exhibited
$2 characteristic disease manifestations, including warts and/or
hypogammaglobulinemia, and infections requiring antibiotic
therapy within the past 12 months (Table 1). Infection sequelae
included bronchiectasis (n 5 1) and perforated tympanic
membranes or marked scarring (n 5 5) that resulted in severe
hearing loss in 2 patients. Patient P2 had a history of squamous
cell carcinoma on the arm, basal cell carcinoma on the neck, and
atypical cervical squamous cells on a Papanicolaou test. Prior
treatments included short-term plerixafor (2/8 patients), and all
patients (8/8) had received various regimens of prophylactic
G-CSF). No prophylactic antibiotic regimen was prescribed
during the trial. Patient P8 received chronic prophylactic im-
munoglobulin substitution in the 12 months prior to, as well as
during, the study. This patient was excluded from the PD re-
sponse analysis because of high WBC counts in a context of
chronic bronchitis and splenectomy for cholelithiasis.

Disposition and exposure
During the study, 8 patients receivedmavorixafor for amedian of
16.5 months (mean, 15.4 months; range, 6 days to 28.6 months).
Five patients continued on the long-term extension study
(Figure 1C) for a median of 19.6 months (mean, 21.2 months;
range, 16.3-28.6). Compliance was high (0.9% of missed doses
based on pill count). Two patients each started with 50, 100, 200,
or 300 mg (supplemental Table 1). Seven patients received
mavorixafor, 300 mg once daily; 3 escalated to 400 mg once
daily (Table 2; supplemental Figure 3) based on AUCANC. Total
median drug dose exposure for all 8 patients was 151 200 mg
(range, 1200-268 950). Patients P3 and P4 exited the study after
6 months. Patient P5, who had previously discontinued a trial
investigating low-dose plerixafor because of a psoriasiform rash
developed a similar rash after 6 days on mavorixafor and dis-
continued (Figure 1C; Table 1). At the date of submission of this
manuscript, 5 patients remain on the extension study.

Treatment-emergent adverse events
Seven patients (87.5%) experienced $1 treatment emergent
adverse event (TEAE). Three patients experienced 11 grade 1
related TEAEs: nausea (4 events), nasal dryness (2 events), dry
mouth (2 events), dyspepsia (1 event), conjunctivitis (1 event), and
dermatitis psoriasiform rash (1 event). TEAE frequency did not
increase with dose. No pregnancies were recorded. Infections
were the most common type of TEAE, were considered unrelated
to the study drug, andwere reported as outcomes (yearly infection
rate). There were 2 unrelated grade 3 TEAEs (cholecystitis in a
patient with multiple gallstones and procedural pain). No related
serious adverse event or significant findings in clinical chemistry or
urinalysis, ophthalmology, or electrocardiograms was reported.

Mavorixafor, 400 mg once daily, was established as
a therapeutically effective dose
Patients received escalated doses of mavorixafor based onmean
AUCANC and AUCALC: 50mg (n5 2), 100mg (n5 4), 150mg (n5
2), 200 mg (n 5 3), 300 mg (n 5 7), and 400 mg (n 5 3). Not all
patients received all doses. Plasma concentration vs time profile
is presented in Figure 1D. PK parameters are shown in Table 2
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and supplemental Table 3. Mavorixafor was rapidly absorbed
with a Tmax of 1.25 to 2 hours postdose. Based on the power
model test for dose proportionality,12 the Cmax increased almost
proportionally with dose, whereas AUC0-24h increasedmore than
proportionally. The steady-state Cmax and AUC0-24h for the 300-
and 400-mg once-daily doses were similar (2430 and 2260 ng/
mL for Cmax and 9500 and 8060 hours 3 ng/mL for AUC0-24h,
respectively), but this may be an artifact of the small number of
subjects (n 5 3) in the 400-mg dose group or interoccasion
(within-subject) PK variability due to limited sampling occasions.

We observed a dose-dependent increase in the mean WBC,
ANC, ALC, and AMC (Figures 2A-C, 4), as well as the AUCANC

(Figure 2D; supplemental Table 2) and AUCALC (supplemental
Table 2). When AUC0-24h was plotted against TATANC and
TATALC, we observed a strong correlation with ANC (correlation
coefficient, r 5 0.73) and a weak correlation with ALC (r 5 0.22)
(Figure 3A-B). Similar relationships were seen with mavorixafor
Cmax (data not shown). For patients treated with 300 mg or 400
mg, the median (range) TATANC was 12.6 (0-24.0) hours (n 5 7)

compared with 1.9 (0-7.3) hours (n 5 4) for doses #150 mg,
representing a 6.6-fold increase; the median TATALC was 16.9
(9.6-24.0) hours. Median TATANC at 300 mg was 8.6 (0.0-
24.0) hours (n 5 7). Median TATANC at 400 mg was 13.8 (1.7-
24.0) hours (n 5 3). Two patients treated with 300 mg increased
their mean AUCANC above 2000 hours 3 cells/mL and did not
receive higher doses (Figure 4); TATANC for these 2 patients was
22.5 and 24.0 hours. Of the 3 patients escalated to 400 mg,
mean AUCANC was .2000 hours 3 cells/mL and TATANC was
.12 hours (ie, 13.6 and 24 hours) in 2 patients (Figure 2A;
Table 2; supplemental Table 3). Based on these observations,
and particularly the increase in WBC at higher doses, which
indicates the mobilization of multiple leukocyte subsets, the
400-mg once-daily dose was determined to be therapeutically
effective.

Reduction in the annualized infection rate The retrospective
yearly infection rate in the 12 months prior to the trial was
4.63 (95% CI, 3.3-6.3) events (n 5 8) in the safety population
(Figure 5A), which was comparable to 5 (95% CI, 3.34-6.66)

Table 1. Baseline genetic, clinical, and biological manifestations of WHIM syndrome in 8 patients enrolled in
X4P-001-MKKA study

P1 P2 P3 P4 P5 P6 P7 P8 Reference range

Mutation R334X R334X R334X E343X S324Pfs365X R334X R334X R334X

Sex M F F M F F F F

Age, y 39 57 18 25 34 23 41 49

Hemogram
WBC, 109 0.7 0.44 0.75 1.21 1.38 0.54 0.9 4.1 3.5-10.5
Neutrophils, 109 0.19 0.06 0.14 0.11 0.69 0.06 0.3 2.3 2.1-7.8
Lymphocytes, 109 0.43 0.35 0.53 1.04 0.58 0.35 0.5 1.4 0.8-3.3
Monocytes, 109 0.06 0.01 0.07 0.05 0.1 0.11 0.1 0.3 0.3-1.3
Basophils, 109 0.01 0 0 0.01 0 0.01 0 0.1 0-0.2
Eosinophils, 109 0.01 0.01 0.01 0 0.01 0.02 0 0 0-0.4
Hb, g/L 136 114 132 146 120 136 137 151 130-175
Platelets, 109/L 187 122 164 174 176 203 188 500 140-370

Serumimmunoglobulin, g/L
IgG 10.47 5.97 4.98 9.23 7.04 6.03 10 12.3 7-16
IgG1 8.19 4.26 3.61 6.44 4.14 3.54 7.5 6.9 4.2-12.92
IgG2 1.68 0.96 0.63 2.41 1.59 1.09 1.2 4.9 1.17-7.47
IgG3 0.1 0.09 0.29 0.31 0.29 0.33 0.08 0.15 0.41-1.29
IgG4 0.04 0.04 0.04 0.05 0.05 0.04 0.02 0.17 0.01-1.64
IgM 0.74 0.70 1.08 0.45 1.04 0.32 1.2 0.42 0.4-2.3
IgA 0.05 0.52 0.57 0.85 1.73 1.35 2.67 0.28 0.9-3.86

Clinical presentation
Warts 1 2 1 1 1 1 1 2

Prior treatments
Immunoglobulin therapy 1 2 2 2 2 2 2 1*
G-CSF 1 1 1 1 1 1 1 1

Status on study Ongoing Ongoing Off Off Off Ongoing Ongoing Ongoing
Mavorixafor, mg (once daily) 400 400 300 300 200 400 300 300
Duration on study, d 873 873 239 167 6 598 508 500

1, present; 2, absent; F, female; Hb, hemoglobin; M, male.

*Ongoing at baseline.
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yearly events for the 7 patients treated with up to 300 mg
(Figure 5B; supplemental Table 3) and to 4.53 (95% CI, 2.1-9.5)
yearly events in 4 patients treated with subtherapeutic doses of
50mg, 100mg, or 150mg. In contrast, we observed a decreased
yearly infection rate of 2.41 (95% CI, 1.29-4.48) for the 7 patients
treated at 300 mg once daily and 2.14 (95% CI, 1.11-4.10) for
400 mg once daily. No patient required G-CSF for infection
events or prophylactic antibiotics on study. At 300 mg and/or
400 mg on the extension study, the infection frequency was
correlated to the time on treatment. Indeed, during the first
6 months, the yearly infection rate was 3.14 (95% CI, 1.83-4.46)
(n 5 7) compared with 2.0 (95% CI, 0.76-3.24) for patients
treated for 6 to 12months (n5 5) and 0.8 (95%CI, 0.02-1.58) for
patients treated .12 months (n 5 5), providing preliminary
evidence that long-term treatment may further prevent infec-
tions in this population (Figure 5B; supplemental Table 4).
Overall, during the 12 months prior to the study, the most
common types of infections involved the lower respiratory tract,
followed by the upper respiratory tract and skin. This contrasted
with the observed infections on study; the most common in-
fections concerned the upper respiratory tract, followed by the
lower respiratory tract.

We analyzed the clinical response of patient P8, who presented
elevated baseline ANCs due to chronic bronchitis with a history
of lung exacerbations and bronchiectasis. This patient continued
immunoglobulin prophylaxis on study at the same dose and
regimen as in the 12 months prior. The infection rate of 8 events
in the 12 months prior to the study decreased to 2 infections in
the first 6 months at 300 mg once daily, then to 1 infection in the
following 6 months, and no infections in the most recent 12 to
16.5 months. Patient P2 demonstrated increased WBC counts,
ALC, and AMC at 400 mg, but only modestly increased ANC
(Figure 4), and nevertheless had a yearly infection rate that
decreased from 5 events in the year preceding the trial to 2.13
annualized events at 400 mg once daily.

Reduction in number of cutaneous warts after treatment
with mavorixafor Patients (n 5 4) with $1 cutaneous wart on
their hands and/or feet at baseline and treated with up to 300mg
or 400 mg once daily, demonstrated an average 75% reduction
in the number of warts after 5 to 18 months on study, without the
use of topical imiquimod or other treatment. The number of
warts was further reduced in the 2 patients who remained on

study beyond 12 months, with an average 80% reduction. On
treatment, larger lesions evolved intomultiple smaller warts, and
continued treatment allowed clearance of most lesions. Patient
P6 displayed the most severe treatment-refractory warts, with
174 lesions on the hands and feet at baseline. Over the course of
the study, we observed a gradual, but marked, disappearance of
the warts. After 6 months, a .50% decrease in the number of
warts (69 lesions) was observed. At the most recent examination
after 18months on study (and 14months onmavorixafor, 400mg
once daily), the patient presented 33 lesions, corresponding to a
.80% reduction in wart burden. This is documented photo-
graphically (Figure 5C-D).

Discussion
In this study, we present the first safety, hematological, and
clinical efficacy results of a dose-finding PK and long-term ex-
tension study of 8 patients affected with genetically confirmed
WHIM syndrome treated with once-daily oral CXCR4 antagonist
mavorixafor for up to 28.6 months.

There is no approved therapy targeting the molecular mecha-
nism of WHIM syndrome. WHIM syndrome has been recognized
as an example of a severely debilitating or life-threatening he-
matologic disorder by the US Food and Drug Administration.13

Therapeutic options include G-CSF to correct the neutropenia,
immunoglobulin replacement to increase immunoglobulin G
(IgG) levels, and antibiotics to treat acute bacterial episodes or
prevent infections. Unfortunately, evidence of efficacy using
these treatments in WHIM patients is lacking.8 Additionally,
warts remain refractory to treatment,8 and no treatment
addresses the associated lymphopenia or monocytopenia. Al-
though proof-of-concept clinical studies using low-dose twice-
daily subcutaneous injections of plerixafor (AMD3100, Mozobil),
a CXCR4 antagonist, were shown to safely and durably correct
panleukopenia in WHIM syndrome,9,14-17 mavorixafor is the only
orally bioavailable CXCR4 antagonist.

Mavorixafor is a small molecule selective allosteric antagonist of
the CXCR4 receptor that increasesmobilization and trafficking of
WBCs from the bone marrow.18,19 Mavorixafor binds to the
extracellular region of the CXCR4 receptor11,18 and specifically
and reversibly inhibits receptor signaling of the most common
pathogenic CXCR4 variants (R334X and E343X) and wild-type

Table 2. PK and PD parameters by mavorixafor daily dose

Treatment
Tmax, median
(range), h

Cmax, median
(range), ng/mL

AUC0-24, median
(range), h 3 ng/mL

TATANC >500 cells/
mL, median (range), h

TATALC >1000 cells/
mL, median (range), h

50 mg (n 5 2) 1.25 (0.50-2.00) 117 (85-148) 262 (173-352) 0.00 (0.00-0.00) 6.87 (1.71-12.02)

100 mg (n5 4) 1.25 (1.00-2.00) 514 (337-890) 1090 (497-3 480) 1.93 (0.00-7.27) 14.29 (1.47-19.41)

150 mg (n5 2) 1.75 (1.50-2.00) 633 (271-994) 1680 (606-2 760) 0.00 (0.00-0.00) 9.01 (2.73-15.28)

200 mg (n5 3) 1.50 (1.00-2.00) 956 (614-1290) 3830 (1 980-3 870) 2.28 (0.00-7.51) 16.32 (11.16-17.01)

300 mg* 2.00 (0.50-3.00) 2430 (295-4140) 9500 (1 370-16 500) 8.60 (0.00-24.00) 18.13 (9.64-24.00)

400 mg (n5 3) 2.00 (1.50-2.00) 2260 (1340-3080) 8060 (7 510-9 880) 13.85 (1.73-24.00) 15.79 (4.83-16.05)

*n 5 7 for Tmax, Cmax and AUC0-24h; n 5 6 for TATANC and TATALC because of the exclusion of 1 subject with chronic infection that could bias the PD results.
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CXCR4 receptors.18 In vitro data show that mavorixafor acts as an
allosteric inhibitor that blocks CXCR4 binding with a 50% in-
hibition concentration (IC50) of 12.5 nM (4.4 ng/mL), with high
selectivity against other chemokine (CXC and CC motifs) re-
ceptors.18 Themean concentrations of mavorixafor in the plasma
after the 400 mg once-daily dose remained above the corre-
sponding IC50 value (corrected for total bound and unbound
drug) for CXCR4 inhibition, as shown by the dotted line in
Figure 1D, for the full 24 hours of the dosing interval.

In this study, the favorable tolerability profile is highlighted by
the high compliance with treatment and by the fact that 5 of the
8 patients enrolled remain on the long-term extension. Fur-
thermore, patients and healthy volunteers in 9 clinical studies
(oncology,20-23 n5 99; healthy volunteers,19,24,25 n5 70; HIV,26,27

n 5 16; and WHIM syndrome; n 5 8) have received mavorixafor
from 5 to 1064 days (mean, 221 days) (supplemental Table 5);
overall, it was well tolerated, with no mavorixafor-related serious
adverse event grade 3 or higher.

The patients in this study were representative of WHIM patients in
the literature. Genetically, 6 presented the most common patho-
genic R334X variant reported to cause WHIM syndrome,16 and
2 carried other pathogenic variants that result in a premature
translational stop signal in the receptor (E343X and S324Pfs365X).4,14

Clinically, the heterogeneous presentation reported in this study is
consistent with the literature. This phenotypic variability may lead to
diagnostic delay and underestimation of the disease prevalence.6,28

The study determined that a therapeutic dose to sustainably
achieve an increase in neutrophils .500 cells per microliter and
lymphocytes .1000 cells per microliter for .12 hours was
400 mg once daily; patients maintained on prolonged therapy
showed a reduction in the yearly infection rate and a reduction in
the number of cutaneous warts.

Dose escalation was based on AUCANC and AUCALC collected
over 24 hours (with ANC threshold of 600 cells per microliter and
ALC threshold of 1000 cells per microliter). However, the high
variability in the AUCANC and AUCALC limited the clinical
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relevance of these measures. Therefore, we examined, as a post
hoc analysis, a more clinically relevant end point: TATANC and
TATALC. The 500 cells per microliter ANC threshold is used to
predict the risk of serious bacterial infections in patients who
have neutropenia resulting from disorders of bone marrow
production.29 With this analysis, we observed that 4 of the
6 evaluable patients increased their TATANC, at 300 mg and/or
400 mg once daily, to .12 hours, with higher WBC cells, in-
creased ALC and AMC, and a reduction in the infection rate
compared with the 12 months prior to study initiation. We now
suggest that TATANC is an objective and consistent biomarker of
the response to therapy in WHIM patients. We further propose

that TATANC is a valid PD end point that reflects global immu-
nological improvement and leukocyte mobilization and corre-
lates with plasma drug exposures (Figure 3A) and clinical end
points (Figure 5). TATANC is the primary end point in our current
phase 3 study in WHIM syndrome.

This study demonstrated that treatment duration at effective
doses correlated with reduction in infection rate (Figure 5B). The
yearly infection rate for patients treated with 400 mg once daily
decreased to 2.14 (95% CI, 1.11-4.10) events compared with the
4.63 (95% CI, 3.3-6.3) events in the prior 12 months (Figure 5A).
This was correlated with increased ANC and ALC (Figure 4;
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Table 2; supplemental Table 3), which translated as increased
total WBC count ratios from baseline (Figure 2C). Prolonged
treatment duration at the effective doses of 300 mg and/or
400mg once daily showed decreasing yearly infection rate trends.
During the first 6 months, the yearly infection rate was 3.14 (95%
CI, 1.83-4.46) events (n 5 7); the infection rate decreased to
2.0 (95% CI, 0.76-3.24) events between 6 and 12 months (n 5 5)
and to 0.8 (95% CI, 0.02-1.58) events for patients treated
.12 months (n 5 5), providing preliminary evidence of the im-
portance of long-term treatment to prevent infections and their
related morbidity in WHIM syndrome (Figure 5B).

In this study, we have shown a correlation between increases in
ANC and improved clinical outcomes for patients; in certain
cases, clinical benefit has also been observed in patients who did
not achieve target ANC thresholds, as is the case for patient P2.
This may be because mavorixafor treatment facilitated and
hastened the neutrophil response to infections, thereby re-
ducing the infection rate. However, the study design does not
allow us to determine whether this occurred. Although patient
P2 did not sustain ANC.500 cells per microliter threshold at the
400-mg dose, an approximately threefold increase in neutrophils

and lymphocytes, compared with values at the 50-mg dose, were
observed based on 4-hour postdose values. In addition, the ability
of mavorixafor to increase multiple WBC subsets distinguishes
mavorixafor from currently available therapies that only increase
ANC. Finally, the pan-elevation of WBCs in response to mavor-
ixafor, as a result of improved leukocyte trafficking, may also
contribute to an overall improved immunological function and
may further decrease the risk of infection in WHIM patients.

Prolonged oral CXCR4 inhibition showed an impact on the HPV-
induced skin warts. The precise immune mechanisms of HPV
immunity are not completely understood in WHIM syndrome.30

One hypothesis is that the control of HPV may involve myeloid
and lymphoid cells, including plasmacytoid dendritic cells, which
express CXCR4 and are deficient in the blood of untreated
WHIM patients.31 Further understanding of the importance of
the myeloid compartment in the control of HPV can be gained
from the report of 1 WHIM patient whose warts were cleared
after a spontaneous cure by chromothripsis,32 which resulted in a
correction of the myeloid lineage in the bone marrow and
supports the contribution of this lineage to HPV immunity. In the
literature, WHIM syndrome patients treated with long-term
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twice-daily subcutaneous injections of plerixafor showed partial
responses in the appearance of cutaneous warts,6,15,16 and HPV
genotyping found that, after 7 to 18 months on treatment, the g

HPV predominance decreased.33 These observations may ac-
count for the reduction in skin warts in response to CXCR4
antagonism, because of the ability of this treatment to mobilize
the myeloid and lymphoid compartments from the marrow.

We observed a median 75% reduction in the number of cuta-
neous warts on the hands and feet in the 4 patients with warts at
baseline who were treated with mavorixafor, up to 300 mg or
400 mg, once daily. Treatment benefit was even more apparent
in the patients who remained on the extension treatment. In
particular, patient P6, who has a history of severe treatment-
resistant warts, showed 80% clearance of the lesions after
18 months on treatment (14 months on 400 mg, once daily),
without any adjunct therapy for warts (Figure 5C-D);
reductions . 50% in wart burden were evident after 6 months
on study. One of the shortcomings of the wart assessment in this
study is that response to treatment was based only on counting
the number of warts on the hands and feet, whereas size or
severity of lesions was not recorded. In addition, larger lesions
evolved into multiple smaller warts, so counting the number of
warts potentially underestimated clinical improvement. Fur-
thermore, the impact of mavorixafor on genital warts was not
evaluated. Future trials should characterize the dermatological
response in WHIM by assessing the severity and global change
over time of cutaneous warts in association with standardized
photography procedures and systematic HPV genotyping. The
evaluation of anogenital warts may provide additional insight
into the long-term impact on malignant transformation risk.

In summary, these data highlight that mavorixafor provides
improved and durable clinical efficacy compared with current
therapeutic options for WHIM syndrome. The excellent tolera-
bility profile and therapeutic benefit of long-termmavorixafor on
infection rate and wart burden are being investigated further in
the ongoing phase 3 study of mavorixafor, once daily, in patients
with WHIM syndrome.
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