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BACKGROUND. Warts, hypogammaglobulinemia, infections, and myelokathexis (WHIM) syndrome is a primary
immunodeficiency disorder caused by heterozygous gain-of-function CXCR4 mutations. Myelokathexis is a kind of
neutropenia caused by neutrophil retention in bone marrow and in WHIM syndrome is associated with lymphopenia and
monocytopenia. The CXCR4 antagonist plerixafor mobilizes leukocytes to the blood; however, its safety and efficacy in WHIM
syndrome are undefined.

METHODS. In this investigator-initiated, single-center, quadruple-masked phase Il crossover trial, we compared the total
infection severity score (TISS) as the primary endpoint in an intent-to-treat manner in 19 patients with WHIM who each
received 12 months treatment with plerixafor and 12 months treatment with granulocyte CSF (G-CSF, the standard of care for
severe congenital neutropenia). The treatment order was randomized for each patient.

RESULTS. Plerixafor was nonsuperior to G-CSF for TISS (P = 0.54). In exploratory endpoints, plerixafor was noninferior to G-CSF
for maintaining neutrophil counts of more than 500 cells/pL (P = 0.023) and was superior to G-CSF for maintaining lymphocyte
counts above 1,000 cells/pL (P < 0.0001). Complete regression of a subset of large wart areas occurred on plerixafor in 5 of 7
patients with major wart burdens at baseline. Transient rash occurred on plerixafor, and bone pain was more common on G-CSF.
There were no significant differences in drug preference or quality of life or the incidence of drug failure or serious adverse events.

CONCLUSION. Plerixafor was not superior to G-CSF in patients with WHIM for TISS, the primary endpoint. Together with wart
regression and hematologic improvement, the infection severity results support continued study of plerixafor as a potential
treatment for WHIM syndrome.

TRIAL REGISTRATION. Clinicaltrials.gov NCT02231879.

FUNDING. This study was funded by the Division of Intramural Research, National Institute of Allergy and Infectious Diseases.

Introduction

Warts, hypogammaglobulinemia, infections, and myelokathexis
(WHIM) syndrome presents in childhood, with severe congeni-
tal neutropenia (SCN), lymphopenia, hypogammaglobulinemia,
recurrent otosinopulmonary and skin infections, and warts. Warts
and hypogammaglobulinemia are incompletely penetrant, and
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additional uncommon phenotypes continue to be discovered
(1-8). In almost all cases the cause is autosomal dominant gain-of-
function truncating mutation of the carboxy-terminal domain of
CXCR4, a G protein-coupled leukocyte chemotactic receptor spe-
cific for the homeostatic chemokine agonist CXCL12. Two muta-
tions, R334X and S338X, account for approximately 70% of cases
(4,9). CXCR4 normally promotes homing of circulating senescent
neutrophils to bone marrow and inhibits egress of nascent bone
marrow neutrophils to blood (10-13). WHIM mutations exagger-
ate both activities, causing neutropenia despite myeloid hyperpla-
sia, two main features of myelokathexis.

Current treatments include granulocyte CSF (G-CSF), the
standard of care for SCN (14), and /or supplemental immunoglob-
ulin; however, breakthrough infections occur and warts persist.
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Figure 1. Flow diagram of the progress of the
participants through the phases of the study.
The diagram was created using CONSORT (http://
www.consort-statement.org/consort-statement/
flow-diagram).
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Moreover, G-CSF commonly causes bone pain, which affects
compliance. G-CSF partly works by releasing neutrophil elas-
tase, which inactivates CXCL12, and does not significantly affect
blood levels of mature leukocytes other than neutrophils (15).
Plerixafor (AMD3100, Mozobil; Sanofi-Genzyme) is a CXCR4
antagonist that rapidly, transiently, and nonselectively increases
levels of most circulating leukocytes in both healthy individuals
and patients with WHIM syndrome (16-20). It is FDA approved
in combination with G-CSF to mobilize hematopoietic stem cells
(HSCs) for autologous transplantation in patients with multiple
myeloma and non-Hodgkin’s lymphoma (21). In a phase I trial,
plerixafor was well tolerated and durably reversed panleukopenia
in 5 patients with WHIM (19, 20). Infection frequency was low,
and some warts regressed. We have now tested the hypothesis
that plerixafor is superior to G-CSF for control of infection sever-
ity in WHIM syndrome.

Results

Patient characteristics and treatments. We enrolled 20 patients with
WHIM at the NIH Clinical Center (NIH-CC) from October 14,
2014, through November 6, 2017 (Figure 1, Table 1, and Supple-
mental Table 1; supplemental material available online with this
article; https://doi.org/10.1172/JCI164918DS1). One patient was
disqualified during screening and before randomization because
of G-CSF intolerance from bone pain. The 19 randomized partic-
ipants included 11 female and 3 male adults (aged 20-57 years)

and 2 female and 3 male children (aged 10-16 years). There were
9 White, 6 Hispanic, 2 African American, and 2 White/Native
American individuals. CXCR4 mutations included R334X (n =
10), S338X (n = 2), E343X (n = 2), and 5 unique mutations (Sup-
plemental Table 2). Patients MO1-M18 have previously reported
CXCR4 mutations (3, 6, 9, 22). Patient M19 has a potentially novel
p.V320£s342X frameshift mutation.

Thirteen patients had all 4 acronymic WHIM phenotypes.
Two patients lacked only hypogammaglobulinemia, 2 lacked only
warts, and 2 lacked both warts and hypogammaglobulinemia
(Table 1). Sixteen patients had end-organ damage from recurrent
infection, including 10 patients with bronchiectasis (Supplemental
Table 3 and Supplemental Figure 1). Ten patients were employed
full-time, and 6 were full-time students. Compared with the gen-
eral population, physical composite scores calculated from patient
responses at the baseline visit to the SF36 version 2 quality of life
questionnaire were the “same or better” for 9 patients, “below” for
4 patients, and “well below” for 5 patients (Supplemental Table 4).

At enrollment, 8 of the 15 patients with a history of hypogam-
maglobulinemia were receiving supplemental immunoglobulin,
and 2 patients were receiving prophylactic oral antibiotics; these
treatments were continued (Table 1). Seventeen patients had been
treated with G-CSF before enrollment, 12 chronically for approx-
imately 1-27 years up to enrollment, and 5 only during infections.
Patients M0O2 and MO4 participated in our previous 6-month
phase I study of plerixafor (19).
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Table 1. Baseline characteristics of the study participants

Prior G-CSF treatment® Other treatments on study

Patient ~ Sex  Race  Age CXCR4 WHIM Study drug Duration  Dose before study g Prophylactic  Time of HPV
(y)  mutation (p.)  phenotypes order (yr) (ug/kg) antibotics vaccination
MO1 M H 15 R334X WHIM GP 0.75 142QD No Yes Before study
M02® F w 51 R334X WHIM GP 12 0.88 QD Yes Yes Y2M4
M03® M w 56 R334X WHIM PG Episodic 0 No No No
M0o48 F W/NA 36 R334X WHIM GP 6 19100 No No After study
M058 F w 52 R334X WIM PG Episodic 0 No No After study
MO6E F w 20 R334X WHIM PG 6 0.46QD Yes No Before study
MO078 M W/NA 10 R334X WHIM GP 6 214QD Yes No Before study
M08 M H 33 R334X WHIME GP 1 0.65QD No No No
M09 F W 34 $324fs343X WHIM PG 27 1.25 QoD No No No
M108 F H 37 5338X WHIM® PG Episodic 296 QD No No Y2M0
M1t M H 14 5338X HIM GP 12 2.36 QD Yes No No
M12 F w 25 R334X WHIMC PG Remote 0 Yes No No
M13 F AA 12 (336X HIM GP 9 1.78 QD Yes No Y1D0
M14 M AA 29 K327fs343X M PG 0 0 No No No
M158 F W 27 E343X WHIM GP 3 715 QoD Yes No Before study
M168 F w 57 E343X WHIM PG 0 0 No No No
M17 F w 38 $339fs342X WHIM GP 13 3.90 BiD Yes No No
M18 F H 38 R334X WIM PG Rare 0 No No Y2M0
M19 F H 16 V320fs342X IM PG 2 1.82QD No No Y2D0

Aspects of the clinical histories of 11 of the 19 patients have been reported previously [M01(37), M02 (18, 19), M03 (9, 38), M04 (18, 19), M05 (9, 38),
M08 (39), M09 (16, 40), M10 (16), M12 (31), M16 (41) and M17 (42)]. ATreatment time in consecutive years is given for patients who were taking G-CSF
at enrollment; “episodic” refers to patients who took G-CSF ad hoc, for example, only at times of infection or as prophylaxis for a medical or surgical
procedure; “remote” refers to patients who had taken G-CSF in the past but not in the year up to the time of the study; “rare” refers to a patient who
had taken G-CSF only a few times in their lifetime. Only patients MO1 and M04 had previously received plerixafor, as part of a phase | clinical trial (19).

Bpatients M04, M10, and M16 are the parents of patients M07, M11, and M15, respectively; patient M02 is the aunt of patient M06; and patients M03 and
MOS are siblings. “Myelokathexis predicted without bone marrow exam based on SCN and a CXCR4 mutation. M, male; F, female; H, Hispanic; W, White;
NA, Native American; AA, African American; GP, G-CSF first followed by plerixafor; PG, plerixafor first followed by G-CSF; Y no. M no., time during the

two 1-year treatment periods expressed as year number and month number; WHIM, warts, hypogammaglobulinemia, infections, and myelokathexis; Ig,

immunoglobulin supplementation; (p.), protein sequence mutation; QD, daily; QoD, every other day; BiD, twice daily.

The protocol began with a 0.5- to 4-month prerandomization
screening phase (Figure 2) to assess compliance with protocol
requirements and tolerance of twice daily (BiD) G-CSF, as well as
for dose-finding to increase the premorning dose trough absolute
neutrophil count (ANC) to a predefined target range of 500-1,500
cells/uL (Figure 3 and Supplemental Table 5). The dosing rationale
and procedure is detailed in Methods. The initial actual unmasked
screening phase G-CSF dose ranged from 0.2 to 1.03 pg/kg BiD,
close to the predefined target dose range of approximately 0.25-
2.0 pg/kg BiD. The initial dose was increased by approximately
50%-100% during this phase in 3 patients (all children).

The screening phase concluded with randomization, fol-
lowed by a 2-day washout of G-CSF to determine baseline blood
cell counts, and then by a quadruple-masked 28-month crossover
treatment period composed of two 12-month treatment phases,
each preceded by a 2-month dose-finding drug equilibration phase
(Figure 2). Ten patients received plerixafor first, and 9 received
G-CSF first. The initial masked G-CSF dose during the equilibra-
tion phase usually equaled the final unmasked dose during the
screening phase (Figure 3). The initial actual masked equilibra-
tion phase plerixafor dose was approximately 10-20 pg/kg BiD,
with adjustments made within a predefined target dose range of

J Clin Invest. 2023;133(19):e164918 https://doi.org/10.1172/)CI1164918

approximately 10-40 pg/kg BiD to identify the lowest dose that
increased the premorning dose trough ANC into the predefined
target range of 500-1,500 cells/pL.

During the equilibration phase, no patients required adjust-
ment of the G-CSF starting dose (Figure 3). In contrast, 8 patients
required approximately 40%-225% increases of the plerixafor
starting dose in 1-3 steps during the equilibration phase (Figure 3),
as expected because 17 patients were plerixafor naive before the
study. Patient MO7 failed to reach the prespecified ANC thresh-
old of 500 cells/pL during plerixafor equilibration and, therefore,
did not enter the plerixafor treatment phase. Two other patients
dropped out during an equilibration phase due to side effects,
as described in detail in Safety outcomes: patient MO9 during
plerixafor equilibration and patient M14 during both G-CSF and
plerixafor equilibration. Patient M17 dropped out at month 6 of
the plerixafor treatment phase. Patient MO6 became pregnant
during month 8 of treatment phase 2. Unmasking revealed she
was receiving G-CSF, which was continued.

Initial drug doses during the treatment phase were the same
as the final drug doses during the preceding equilibration phase
for each patient and were maintained within, slightly above, or
slightly below the prespecified target ranges (Figure 3). Low ANC
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Figure 2. Trial design. Study phase durations, treatment, and interval NIH visits (designated by blue dots) are indicated.

or an adverse event (mainly bone pain or rash) led to additional
dose adjustments within or close to the target range during the
treatment phase for 5 patients on the G-CSF arm and for 7 patients
on the plerixafor arm (Figure 3). Analysis of the maximal G-CSF
and plerixafor doses given during the treatment phase suggest-
ed 2 distinct groups of patients defined by relatively lower versus
higher ANC responsiveness to both drugs. Eighty percent of the
children were relatively low responders, whereas 93% of adults
were relatively high responders (Supplemental Figure 2). The end-
of-study visit for the final patient occurred on October 8, 2020.
COVID restrictions overlapped only for patient M19, during the
final 2 months of G-CSF treatment.

Infection outcomes. The primary endpoint was the difference
between the two 12-month treatment phases for total infection
severity score (TISS), a weighted composite of predefined infec-
tion frequency and severity parameters (number of infections,
presence or absence of fever, sterile versus nonsterile site of
infection, route of administration of antibiotics, and level of care
needed) that are relevant to the participants’ experience. TISS was
variable on each drug and between the two 1-year treatments and
was not significantly lower for plerixafor than for G-CSF (median
TISS = 11 on G-CSF and 10 on plerixafor, P = 0.54; Figure 4A and
Supplemental Table 6). An analysis excluding the 4 treatment fail-
ures confirmed the primary analysis result (P = 0.6). The average
number of infections was 3.89/patient-year on G-CSF and 2.84/
patient-year on plerixafor, compared with the prestudy experience
of 3 infections/patient-year in 11 patients with WHIM that was
used to perform the primary endpoint power calculation. A ranked
analysis of infection incidence as a secondary endpoint showed no
difference between plerixafor and G-CSF (P = 0.49; Figure 4B).

Nonsterile barrier sites (skin/mucosa) accounted for 86% of
114 total infections occurring during the 2 treatment phases; 89%
of all infections occurred in 5 sites: the upper respiratory tract (n =
69), gastrointestinal tract (n = 11), skin (n = 11), lower urinary tract
(n =6), and oral cavity (n = 4) (Figure 4C and Supplemental Table
6). The distributions of infection incidence and location were sim-
ilar on plerixafor and on G-CSF (Supplemental Figure 3). Patho-
gens were identified for only 18 infections: influenza A, metapneu-
movirus, rhinovirus, enterovirus, Moraxella sp. and Hemophilus
sp. for airway infections; Pithomyces species and Trichophyton ton-
surans for tinea corporis and tinea capitis; HSV-1 dermatitis; Cyclo-

spora enteritis and Clostridium difficile colitis; Candida albicans
vaginitis; and a S. aureus skin abscess (Supplemental Table 6). All
but 2 microbiologic diagnoses were made at the NIH.

No patient died, consistent with low mortality reported in the
literature (3, 4). Three patients were hospitalized for 5 total infec-
tions. Two patients were hospitalized for 4 total infections during
G-CSF treatment: patient M19 for 3 infections (acute appendici-
tis treated with surgical removal of a ruptured appendix and 7
days of intravenous antibiotics, followed by readmission 4 days
later for intraabdominal abscess for 10 days of intravenous anti-
biotics, and later overnight for a possible urinary tract infection),
and patient MO7 overnight for gastroenteritis. The fifth hospital-
ized infection was a S. aureus axillary abscess in patient M13 on
plerixafor for 1 week of intravenous antibiotics and drainage. Six
additional patients visited an emergency department for 10 total
infections (8 respiratory), 7 during G-CSF treatment and 3 during
plerixafor treatment. The rate of hospitalization for infection/
patient-year was 0.22 and 0.06 for G-CSF and plerixafor, respec-
tively, and the rate of emergency department visits for infection/
patient-year was 0.39 and 0.19 for G-CSF and plerixafor, respec-
tively. Consistent with the G-CSF result, the rate of hospitaliza-
tion for infection for the 19 patients for the 2 years preceding
enrollment, when most patients were receiving G-CSF, was 0.24/
patient-year. Lower respiratory tract infection is a major cause
of hospitalization in patients with WHIM; however, no patients
received a diagnosis of pneumonia on plerixafor, whereas 5
patients were diagnosed with pneumonia once each on G-CSF,
all treated as outpatients. Antibiotics were prescribed for 89 non-
hospitalized infections, 87% orally (n = 33 on plerixafor, n = 44
on G-CSF), and 12% topically (rz = 5 on plerixafor and n = 6 on
G-CSF) (Figure 4D and Supplemental Table 6).

Although evaluation of lung function was not a prespecified
study endpoint, all 19 patients had chest computerized tomog-
raphy at baseline. Of 13 patients with lung abnormalities, 10 had
mild-to-severe bronchiectasis, and 7 of the 10 had mild-to-severe
pulmonary function test abnormalities, particularly diminished
diffusion capacity of the lung for carbon monoxide; however, nei-
ther study drug significantly improved pulmonary dysfunction
(Supplemental Figure 1 and Supplemental Results).

Immunologic outcomes. All patients had severe baseline neutro-
penia and lymphopenia: the mean = SEM ANC was 246 + 42 (range,

J Clin Invest. 2023;133(19):e164918 https://doi.org/10.1172/)C1164918
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Figure 3. Low dose G-CSF versus plerixafor for 19 patients with WHIM. Drug doses for the 3 phases of the study are shown, stratifying patients by
randomization order. P, plerixafor; G, G-CSF. Horizontal dashed red lines indicate the package insert-recommended total daily dosage of G-CSF for severe
congenital neutropenia or the single injection daily FDA-approved dose of plerixafor for HSC mobilization. Vertical dashed green lines indicate day 56, the
final day of the equilibration phase (Equil. phase). Horizontal dashed black lines indicate target total daily dose ranges for the study. Children are indicated
by asterisks. Changes in drug dose were to stay within the target ANC range or to mitigate side effects. (fail), patient dropouts due to side effects or drug

failure (see main text for details).

50-740 cells/puL), and the mean * SEM absolute lymphocyte count
(ALC) was 597 + 48 (range, 320-1,010 cells/uL) (Figure 5A).
Sixteen patients had the same predefined success outcome in
maintaining at least 75% of planned measurements of the ANC
above 500 cells/uL during both treatment phases (11 succeeded
in both, and 5 failed in both), and 3 had success only on G-CSF,
leading to a difference in proportion of success on G-CSF minus
the proportion of success on plerixafor of 14/19 - 11/19 = 0.158
(95% CI, -0.081, 0.396), which is significantly less than the pre-
specified margin of 0.40 (P = 0.023) (Supplemental Statistical
Analysis Plan). Hence, plerixafor was judged noninferior to G-CSF

J Clin Invest. 2023;133(19):e164918 https://doi.org/10.1172/)CI1164918

for maintaining the ANC above the prespecified threshold of 500
cells/uL for 1 year (Figure 5B). The ANC showed minor differenc-
es between the predose trough and approximately 3-hour post-
dose measurements during both plerixafor and G-CSF treatment
(Figure 5B, Supplemental Figure 4A, and Supplemental Figure 5).

Regarding reversal of lymphopenia, 4 patients failed on both
drugs, 1 succeeded on both drugs, and 14 succeeded only on
plerixafor, leading to a difference in success proportions of 1/19
to 15/19 =-0.737 (95% CI, -0.909, -0.341); thus, plerixafor was
judged superior for maintaining the ALC above the prespecified
threshold of 1,000 cells/uL for 1 year (P < 0.0001) (Figure 5C).
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Figure 4. Infection severity and distribution for patients with WHIM during the plerixafor and G-CSF treatment phases. (A, B, and D) Drug order is
color-coded in the top right corner. GP, G-CSF first followed by plerixafor; PG, plerixafor first followed by G-CSF. Each line represents a single patient,
connecting results for each treatment phase. “Fail” in A and B refers to patients who dropped out because of drug intolerance or failure to meet the
prespecified ANC threshold during the equilibration phase. (C) The infection distribution by site and the total number of patient-years of drug exposure for
each treatment phase. UTI, urinary tract infection; Gl, gastrointestinal infection. P values at the top left of each graph were determined using a Wilcoxon’s

rank-sum analysis, as specified in the Supplemental Statistical Analysis Plan.

During plerixafor treatment, the ALC predose trough value was
usually lower than the approximately 3-hour postdose value (Fig-
ure 5C, Supplemental Figure 4B, and Supplemental Figure 5).

The 4 patients who failed the ALC maintenance test during
the treatment period for both drugs — M07, M09, M14, and M17
— all failed on plerixafor because they were study dropouts for that
phase, as detailed previously. However, examination of data from
the equilibration phase for all 4 patients and limited data from the
treatment phase prior to dropout for patients MO7 and M17 indicat-
ed that the ALC consistently exceeded 1,000 cells/pL on plerixafor
for these patients (Supplemental Figure 5 and data not shown).

The only patients to fail the ANC maintenance test for both
drugs were the 3 youngest children in the study, patients MO?7,
M11, and M13, despite receiving the maximal allowable doses of
both drugs (Figure 3). M11 and M13 passed the ALC maintenance
test for plerixafor, whereas MO7 failed because he did not advance
beyond the starting visit of the treatment phase, having failed to
raise the ANC during the equilibration phase. The adult patients
M14 and M17 also failed the ANC maintenance test for both drugs.
M14 dropped out during both equilibration phases because of
adverse events; M17 dropped out from only the plerixafor arm but
failed the ANC test on G-CSF with a score 0of 72%, close to the suc-
cess threshold of 75%.

The 3 patients who were ANC successes on G-CSF but not on
plerixafor (M04, M06, and M09) failed on plerixafor for different
reasons. MO9 had an adverse event during the equilibration phase
that prevented entry into the plerixafor treatment phase. MO4 and
MO6 both fell short of the prespecified 75% threshold for success
(60% for M04 and 73% for M06). M04, M06, and M09 received
a total actual daily dose of 92, 33, and 33 pg/kg/d of plerixafor,

respectively, relative to the prespecified total target dose range for
the protocol of 20-80 pg/kg/d.

The baseline absolute monocyte counts were below the low-
er limit of normal for all but 1 patient and normalized on plerixa-
for for most patients but did not increase on G-CSF (Figure 5A
and Supplemental Figure 4C). Almost all patients had severe B
lymphopenia that was unresponsive to G-CSF, whereas plerixafor
durably increased B cells into the normal range for most patients
(Figure 6). Circulating T cell levels followed the same pattern of
being G-CSF unresponsive and plerixafor responsive; however,
the details varied by subset (Supplemental Figure 4, D-L, and
data not shown). Total CD8* T cells matched the B cell pattern of
severe baseline deficiency reversed by plerixafor but insensitive to
G-CSF. Total CD4" T cells were below the lower limit of normal for
a subset of patients but could be increased to and maintained in
the normal range for all patients by plerixafor. Central and effec-
tor memory CD4*and CD8* T cells followed the total CD4* T cell
response patterns. In contrast, although naive CD4* and CD8* T
cell numbers were severely deficient at baseline in all but 1 patient,
plerixafor was able to increase them in only 7 patients (Supple-
mental Figure 4, I and J): the adult siblings MO3 and MO5 and all
4 evaluable pediatric patients. In yet another pattern, the baseline
absolute numbers of NK cells were normal for all but 5 patients,
and early increases on plerixafor were not consistently sustained
(Supplemental Figure 4K). Finally, the NK-T cell response pattern
resembled that of total CD4" T cells (Supplemental Figure 4L).

Baseline serum IgG levels were below the lower limit of nor-
mal for 2 of 11 patients not receiving supplemental IgG, and base-
line serum IgM and IgA levels were low in only 2 and 7 of the 19
patients, respectively (Figure 6). Pediatric patients MO7 and M11
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Figure 5. Effects of plerixafor versus G-CSF on circulating blood cell counts in patients with WHIM. (A) Plerixafor, but not G-CSF, reversed panleukopenia
without affecting circulating platelet concentration. Baseline refers to the day 0 value of the equilibration phase after 2-day washout of G-CSF or plerixafor
from the preceding phase. G-CSF and plerixafor values are the final values obtained for the approximately 3-hour postmorning dose at the end of each
treatment phase. Dashed green horizontal lines indicate the prespecified thresholds for judging success for improving neutropenia and lymphopenia. Each
symbol represents a different patient. Dashed red horizontal lines demarcate the normal range for adults for each parameter established by the NIH-CC
Department of Laboratory Medicine. P values were determined by a 2-sided Wilcoxon's matched pairs rank test. (B and C) Plerixafor is noninferior to G-CSF
for durably reversing neutropenia and is superior to G-CSF for durably reversing lymphopenia for 1year. Filled black circles indicate individual values at the
indicated times; open black squares indicate missing values due to scheduling conflicts; and red triangles indicate missing data due to drug failure. The

y axes are on a log scale from 50 to 5,000 for ANC and from 100 to 10,000 for ALC. The thresholds for judging success are indicated by dashed horizontal
lines at 500 and 1,000 cells/uL for ANC and ALC, respectively. P values (at the top of each panel) were determined by a Wilcoxon's matched pairs rank test,
as specified in the Supplemental Statistical Analysis Plan and the Supplemental Statistical Analysis Plan.

and adult patients M12 and M15 consistently had IgA levels below
the limit of detection (5 mg/dL). All 4 patients were receiving
supplemental IgG and had IgM levels below or at the lower lim-
it of normal and in the lower 25% of all patients, consistent with
selective IgA deficiency, which has not previously been reported
in WHIM syndrome. By contrast, the prevalence of selective IgA
deficiency in White individuals is 0.2%-0.25% (23). IgA deficien-
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cy is typically associated with gastrointestinal and airway infec-
tions as well as conjunctivitis; however, the medical histories and
study events for these patients included mainly airway and skin
infections that were not distinguishable in frequency or severity
from the other 15 study participants (Supplemental Tables 3 and
6). Correction of B lymphopenia by plerixafor did not correct
IgG, IgM, or IgA deficiency in any patients (Figure 6 and data not
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shown). In this regard, young WHIM model mice have severe B
lymphopenia but not hypogammaglobulinemia (24).

Neither drug affected patient hemoglobin levels, which were
normal at baseline, nor the platelet count, which distributed below
and at the lower limit of the normal range at baseline (Figure 5A
and Supplemental Figure 4, M and N). At baseline and after both
treatment phases, patient and healthy control PBMCs responded
similarly to stimulation with IL-2, PHA, concanavalin A, poke-
weed mitogen, Tetanus toxoid, and Candida antigen, and mixed
lymphocyte reaction responses were similar (Supplemental Figure
6 and data not shown).

Wart responses. At baseline, 69 wart areas were defined for 13
patients with warts (average 5.3/patient; range 1-16/patient), 87%
on the upper or lower extremities (Table 2, Supplemental Table 7,
and Supplemental Figure 7). Two additional patients had a history
of warts but could not be evaluated: patient MO8, whose warts had
been surgically removed and patient M16, who lacked the neces-
sary clinical photography. Two patients with warts were children
(MO1 and MO7). Eight patients had anogenital warts, including
pediatric patient MO7. Eight patients with warts had received
chronic G-CSF before enrollment; in each case, serial photographs
indicated that wart burden had been stable for 0.75-8 years before
enrollment (Supplemental Figure 7).

The statistical analysis plan limited analysis of wart regression
to treatment phase 1 because of the possibility of carryover effects.
In this phase, there was detectable wart regression in 3 patients
given plerixafor (M03, MO6, and M12) and in 3 patients given
G-CSF (M04, M07, and M17) (Figure 7, Supplemental Figure 7,
Table 2, and Supplemental Tables 7 and 8). Nevertheless, plerixafor
induced complete regression of multiple large wart areas in patient
MO3 and 1 large wart area of patient M12 during this phase, where-
as G-CSF induced complete but clinically insignificant regression

500

400
300
2004 o°

A
A
A
A
A
100 13§— '%i?‘
e - =gl - - [T -
o

L ing B cell levels by plerixafor did not
affect immunoglobulin levels. Dashed
horizontal lines demarcate the normal
range for each parameter established by
the NIH-CC Department of Laboratory
Medicine. Top: B cells. The time on each
drug includes both equilibration and
treatment phases and is indicated at
the top by brackets. Each graphed line
represents data for a single patient.
Bottom: Immunoglobulin levels. G-CSF
and plerixafor data designate the final
value obtained at the end of each treat-

IgA ment phase. IgG data are only shown

for patients not receiving supplemental

immunoglobulin. P values are only
shown for the drug comparisons and
were determined by a 2-sided Wilcox-
on’s matched pairs rank test. Compari-
sons of day -0 baseline data to data on
each drug were not significant.

of only 2 small elbow wart-like lesions of patient MO7. Wart regres-
sion for patients MO4 and M17 on G-CSF and for MO6 on plerixa-
for during the first treatment phase involved partial regression of
very small warts in patients with minor wart burdens (Figure 7 and
Supplemental Table 8). Given this large disparity in effect size, we
performed exploratory analysis of both treatment periods.

For 4 patients (M05, M09, M10, and M18) wart burden was
unaffected by either drug. The other 9 patients (69%) improved
on at least one treatment (Figure 7, Supplemental Figure 7, Table
2, and Supplemental Tables 7-9). Eight patients improved on
plerixafor, 5 with complete regression of at least 1 large wart area.
Of these 5 patients, 3 had received G-CSF first without improve-
ment and 2 had received plerixafor first. Four patients improved
on G-CSF, but major clinically substantial improvement on G-CSF
occurred only in patient MO3, in large verrucous areas on several
fingers early in treatment phase 2 following complete regression
and partial regression in multiple other wart areas on plerixafor
during treatment phase 1, suggesting a possible carryover effect
from plerixafor (Figure 7 and Supplemental Figure 7). Minor
increases in wart burden were observed in 5 patients on G-CSF
and in 1 patient on plerixafor.

Of the 69 wart areas identified at baseline in the 13 patients,
26 improved on plerixafor, 13 improved on G-CSF, 1 worsened on
plerixafor, and 10 enlarged on G-CSF. Responses were highly het-
erogeneous in responding patients (Supplemental Tables 7 and 8).
For example, patient MO3 had complete regression of multiple large
warts on both hands and feet but little to no change in other areas,
including the genitalia. Most wart regression on his hands and feet
was complete after the 12-month plerixafor treatment, whereas 1
finger wart began to regress soon after crossover to G-CSF. After
wart regression began on plerixafor, he applied imiquimod to the
genitalia, one hand, and one foot from month 8 to 12 of plerixa-
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Table 2. Wart responses during treatment with G-CSF or plerixafor in patients with WHIM

Treatment order Total,
PG, n (%) 6P n (%) n (%)
Wart responses Patients Wart areas Patients Wart areas Patients Wart areas
(n=7) (n=37) (n=6) (n=32) (n=13) (n=69)
Improvement on P 3(42) 12(33) 5(83) 14 (41) 8 (62) 26 (38)
Improvement on G 1(14) 6 (16) 3(50) 7(20) 4(31) 13(19)
No improvement on P or G 4(57) 1(31) 0(0) 0(0) 4(31) 11(16)
Complete responses on P 2(29) 6 (16) 3(50) 5(15) 5(38) 11(16)
Complete responses on G 1(14) 3(8) 1(17) 2(6) 2(15) 5(7)
Clinically substantial improvement on P 2(29) - 3(50) - 5(38) -
1(

Clinically substantial improvement on G 14) -

0(0) = 1(8) =

Wart areas were considered improved if they regressed by 50% or more at the end of a treatment compared with the size at the baseline visit for that
drug. Complete response refers to complete regression on treatment of a wart area defined at baseline. Clinically substantial improvement refers to

improvement of large wart areas. G, G-CSF; P, plerixafor.

for treatment and not after crossover to G-CSF. Patient M15 also
applied imiquimod but only to genital warts and only for the first 4
months on plerixafor, yet had major regression of all wart areas on
her upper extremities starting at approximately month 8 of plerixa-
for treatment, without genital wart regression. Patient MO5 also
applied imiquimod but had no wart regression on either G-CSF or
plerixafor. Anogenital wart regression occurred only on plerixafor
but was minor and in only 2 patients (M02 and M04) (Supplemen-
tal Table 10). In 65% of cases, we first detected wart regression
on plerixafor at the 8- or 12-month visits (Supplemental Table 11).
Both large and small warts and different wart types regressed (Sup-
plemental Table 12). The distribution of CXCR4 genotypes was
similar for wart responders and nonresponders.

A plerixafor dose-response relationship for wart regression
was not apparent (Supplemental Table 13). All 13 patients with
warts received a full treatment course of G-CSF, whereas 10
patients with warts received a full treatment course of plerixafor
(patients MO7 and M09 received only 2 and 1 months of treat-
ment, respectively, in the equilibration phase for plerixafor, and
patient M17 dropped out at month 6 of the treatment phase for
plerixafor; none of these patients experienced wart regression).

The 5 patients with major wart responses on plerixafor rep-
resented 71% of the subset of 7 patients with major wart burdens
(Supplemental Tables 7, 8, and 13). These 5 patients had an aver-
age of 1.6 infections/patient-year on plerixafor and included the
only 3 patients who had no infections while on plerixafor (patients
MO1, M03, and M12), whereas all patients who experienced no
wart response or a minor wart response on plerixafor had at least
1linfection during that treatment phase and overall an average of 3
infections/patient-year (Supplemental Table 13).

We previously published a survey of HPVs infecting immuno-
deficiency patients, including 10 patients from the present study
before enrollment (20, 25). Here, we considered further the data
for the 10 patients with WHIM. We identified HPV sequences by
rolling circle amplification in all skin and genital samples sub-
mitted from all 10 patients and from none of the blood samples
submitted from any of 4 of the 10 patients. Ninety-five HPV types
were identified in the samples (Supplemental Table 14). Of 62
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unique HPVs, there were 10 «, 13 B, 37 v, and 2 p types, a distribu-
tion thatis strongly skewed toward y types compared with the HPV
distribution in the general population. Follow-up samples were
unavailable to test the effect of plerixafor or G-CSF treatment on
baseline HPV distribution.

Of 62 HPVs identified, 16 were novel, all gammas, includ-
ing 13 types and 3 species. HPV diversity correlated poorly with
HPV disease burden. As extreme examples, patients M09 and
M16 had low wart burdens yet harbored many HPV types, even in
areas lacking warts. In particular, MO9 had widespread plerixafor-
induced psoriasiform lesions with no warts, from which we iden-
tified 8 different HPV types, including 5 y and 3 f types. Likewise,
M16 had a large pedunculated gluteal lipoma associated with 6
different HPV types, including 5y and one B type.

Safety outcomes. Seven serious adverse events (SAEs) occurred
among 6 patients, 1 during the open-label G-CSF posttreatment
phase and 6 during a treatment phase (1 during plerixafor treat-
ment only, 4 during G-CSF treatment only, and 1 during both
plerixafor and G-CSF treatment) (Table 3). Five treatment phase
SAEs were infections requiring hospitalization and, therefore,
were not unanticipated, as described in Infection outcomes.

A sixth SAE that was unanticipated and probably related to
both study drugs was new onset reactive additive polyarthritis
occurring in the wrists, hands, and knees of patient M14 on both
plerixafor and G-CSF. He first noticed mild arthralgia in his hands
10 days after beginning open-label G-CSF during the screening
phase. After starting plerixafor as study drug number 1, symptoms
intensified and spread to involve the other joints. Plerixafor was
stopped after 18 days. Workup revealed a friable urethra that was
painful on gentle dacron swabbing, with bleeding and a yellowish
discharge. Chlamydia sp. was detected by nucleic acid amplifica-
tion of urethral exudate, which was treated with 1 g azithromycin.
Arthritis resolved on a short course of prednisone and sulfasala-
zine, and repeat PCR 2 months later was negative for Chlamydia
sp. He was then given masked G-CSF with return of disabling
arthritis after 1 week. G-CSF was discontinued, and the symp-
toms resolved on prednisone and sulfasalazine. During 2.5 years
of follow up, he was not treated with either G-CSF or plerixafor
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Figure 7. Plerixafor and G-CSF effects on wart burden in patients with WHIM. Representative images of warts at baseline and at the end of the indicated drug
treatment period are shown for patients demonstrating improvement in wart areas during the study. Images are for the patient indicated to the left of the cor-
responding row. Comprehensive assessments of wart changes on drug treatment are detailed in Table 2, Supplemental Tables 7-13, and Supplemental Figure 7.

and had 3 mild flares limited to the wrists, which responded to
short courses of low-dose prednisone. The patient was G-CSF
and plerixafor naive prior to the study and did not have a prior
history of arthritis, urethritis, or Chlamydia infection; rheumatoid
factor was negative. His biological son has both juvenile rheuma-
toid arthritis and WHIM syndrome.

One unanticipated noninfectious SAE occurred on G-CSF and
was judged unrelated to the drug: a transient ischemic attack in
patient MO5 during outpatient gynecologic surgery. There was no
prior history of cerebrovascular events, and she has had no recur-
rence through June 2023.

Another 207 noninfectious adverse events in 58 descriptor
categories occurred during the trial (an average of 0.33 versus
0.40 noninfectious adverse events/patient-month on G-CSF ver-
sus plerixafor, respectively) (Supplemental Table 15). Bone pain,
joint pain, and transient rash were most common, affecting 15, 14,
and 9 patients, respectively, and accounted for all adverse events
considered definitely related to a study drug (Table 4). Bone pain
was significantly more common on G-CSF, and transient eczem-
atous rash mainly affecting the palms and soles was significantly

more common on plerixafor. Patient M17 dropped out during
month 6 of the plerixafor treatment period because of worsening
of baseline arthralgia.

Patient M09, who had a family history of psoriasis, dropped
out during the plerixafor equilibration phase because of exten-
sive new onset psoriasis. The lesions completely resolved when
plerixafor was discontinued and after a short course of topical
corticosteroids and did not flare during treatment with G-CSF,
which was given second. She subsequently experienced one other
psoriasis flare over 5 years since the end-of-study visit, during a
phase II clinical trial for WHIM syndrome of the chemically dis-
tinct small-molecule CXCR4 antagonist mavorixafor (26).

A second group of less frequent, transient, and tolerated grade
1 or 2 adverse events that were considered probably or possibly
related to a study drug and were not significantly different in fre-
quency on the 2 drugs included headache in 9 patients, hyperuri-
cemia in 7 patients, weight gain in 7 patients, nausea in 7 patients,
and injection site reactions in 4 patients. The remaining adverse
events were transient minor laboratory abnormalities or were mild
and affected only a few patients.

J Clin Invest. 2023;133(19):e164918 https://doi.org/10.1172/)C1164918
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Table 3. Serious adverse events experienced by patients with WHIM during treatment with G-CSF or plerixafor

Patient Study drug Serious adverse event Hospitalization duration (d) Relationship of event to drug
M05 G-CSF Outpatient intraoperative transient ischemic attack 1 Unrelated
Mo7 G-CSF Gastroenteritis 1 Unrelated
M13 Plerixafor Axillary abscess 7 Unrelated
M14 G-CSF and plerixafor Reactive arthritis 0 Probably related to both drugs
M16* G-CSF Pneumonia 4 Unrelated
M19 G-CSF Appendicitis and then abdominal abscess 7 and then 10 Unrelated
M19 G-CSF Possible urinary tract infection 1 Unrelated

AThis event occurred after the end-of-study visit but before locking the database. All phases of the study were considered from randomization until the

data base was locked for each patient.

Survey outcomes. When asked at study completion and before
unmasking, 10 patients favored plerixafor, 4 favored G-CSF, 3
had no preference, and 2 patients did not respond (Table 5). Two
patients preferred G-CSF because of transient rash on plerixafor.
MO09 and M17, who dropped out on plerixafor because of rash
and arthralgia, respectively, preferred G-CSF. Of 15 patients who
completed treatment with both drugs, 10 preferred plerixafor,
citing less bone pain, more energy, and/or reduced wart burden.
This difference in drug preference was not statistically signif-
icant. Overall, quality of life, as assessed by the Short Form-36
question health survey version 2 questionnaire, was not signifi-
cantly different between the 2 drugs (Supplemental Table 4 and
Supplemental Results).

Discussion

In this crossover treatment study for WHIM syndrome, plerixa-
for was not superior to G-CSF for the primary endpoint of total
infection severity scored over 1 year for each drug. The study had
limitations for demonstrating a potential plerixafor advantage
over G-CSF for controlling infections, including (a) the primary

endpoint, which includes subjective measures of medical deci-
sion-making and judgment (diagnostic accuracy, level of care,
antibiotic usage), as well as the simple classification of infections
(sterile versus nonsterile site), and which does not require a pat-
tern of recurrence typical of WHIM syndrome or exclude common
infections unrelated to immunodeficiency that might attenuate
a benefit signal; (b) using G-CSF, the standard-of-care in SCN
(14), as the comparator, which sets a high bar for demonstrating
potential plerixafor superiority; (c) coadministration of immuno-
globulin and prophylactic antibiotics in several of the patients; (d)
potential for carryover effects due to the crossover design; and (e)
the short period on drug, the low dose used and the few patients
available for study.

Since WHIM syndrome is a type of SCN, and G-CSF is the
SCN standard-of-care, we chose G-CSF as the comparator instead
of placebo. Nevertheless, it is important to point out that G-CSF
efficacy has not specifically been assessed by a placebo-controlled
clinical trial in WHIM syndrome. Restricting the primary endpoint
to a particular type of infection or level of severity or else to recur-
rent infections would have imposed a level of arbitrariness on how

Table 4. Most common noninfectious adverse events experienced by patients with WHIM during treatment with G-CSF or plerixafor

Treatment period during which the adverse event occurred

Adverse event G (n) P (n) Gand P (n) Neither (n) Pvalue* Relationship of event to drug
Bone pain 8 1 6 4 0.039 Definitely related
Arthralgia 9 3 2 5 0.146 Probably or definitely related
Rash 0 6 3 10 0.031 Probably or definitely related
Headache/migraine 6 4 1 8 0.754 Possibly related
Nausea 6 1 0 12 0.125 Possibly related
Hyperuricemia 2 1 2 14 1.000 Possibly related
Weight gain 0 3 2 14 0.250 Possibly related
Hyperglycemia 2 0 2 15 0.500 Possibly related
Injection site reaction 0 4 0 15 0125 Probably or definitely related
Ovarian cyst 2 0 1 16 0.500 Possibly related
Splenomegaly 2 0 0 17 0.500 Probably related
Anemia 1 1 1 16 1.000 Possibly related

Drug failures 0 B 1 15 0.250 Definitely related

AWe calculated the proportion with each adverse event while assigned to the particular treatment. Then, we calculated the difference in proportions with

95% Cls and provide the 2-sided P value from the exact McNemar’s test on whether the proportions are equal using the method of Fay and Lumbard (36).
Values indicate the number of patients experiencing the indicated adverse event at least once during the indicated treatment phase. G, G-CSF; P, plerixafor.
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Table 5. Study drug preferences of patients with WHIM treated with G-CSF and plerixafor

Patient Study drug order Preference*
MO1 GP No
M02 GP Plerixafor
MO03 PG Plerixafor
M04 GP Plerixafor
MO5 PG Plerixafor
MO06 PG Plerixafor
M07 GP No response
M08 GP No
M09 PG G-CSF
M10 PG Plerixafor
M GP G-CSF
M12 PG Plerixafor
M13 GP No

M14 PG No response
M15 GP Plerixafor
M16 PG G-CSF
M17 GP G-CSF
M18 PG Plerixafor
M19 PG Plerixafor

Stated reason
“Both drugs worked”

Fewer infections and no side effects on plerixafor
Wart improvement on plerixafor; bone pain on G-CSF
Less bone pain on plerixafor, but not 100% sure
Felt healthier during plerixafor
Less pain, more energy on plerixafor
Failed plerixafor due to poor ANC response
Nausea (on G-CSF) vs. peeling of hands (on plerixafor)
Failed plerixafor due to psoriasis
Not stated
Peeling of hands/feet on plerixafor
Warts got smaller on plerixafor
None given
Failed G-CSF and plerixafor due to arthritis
Improvement in warts on plerixafor
Rash on plerixafor
Joint pain during plerixafor (failed plerixafor)
More energy, less muscle ache on plerixafor
“Felt better” on plerixafor
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normal skin (28). Moreover, in model
in vitro systems, CXCL12 signaling has
been reported to promote HPV-mediated
transformation of keratinocytes (29, 30).
For this reason, blocking keratinocyte
CXCR4 must be considered as a potential
wart response mechanism in our study.
In addition, a patient with WHIM with
warts was cured as an adult of WHIM
syndrome by chromothriptic deletion of
the disease allele solely in her myeloid
lineage, which suggests that plerixafor
might also benefit warts by blocking
CXCR4 on myeloid cells (31).

Our results also highlight the diverse
mobilization sensitivity of different leu-
kocyte subsets to plerixafor. Neutrophils
appeared less responsive than monocytes,
B cells, and memory CD4* and CD8* T
cells, which were durably increased by
plerixafor into the normal range for most

] -

AP = 0.1796, using an exact McNemar’s test on the 17 participants who answered the question, with
compatible Cls on the difference in proportions that prefer plerixafor versus G-CSF. GP, G-CSF first

followed by plerixafor; PG, plerixafor first followed by G-CSF.

patients. Additional studies will be need-
ed, for example, of CXCR2 and CXCR4
expression, in both patients with WHIM
and healthy individuals to investigate the

to set boundaries and made adequately powering the study imprac-
tical. However, not doing so imposed a potential cost of attenuat-
ing an infection efficacy signal. Strikingly, few severe infections
occurred on either drug. No patient was hospitalized during a
treatment phase for respiratory infection, the most common cause
of hospitalization in patients with WHIM (1, 2, 4, 27). Moreover,
there were no new persistent infections on the study, and all but
5 infections were treated in the outpatient setting, 2 of which were
for overnight observation given the history of immunodeficiency.
Only 18 infections resulted in a specific pathogen being identified,
and most of these were common viruses. This highlights the diffi-
culty under real world conditions of defining pathogens in the non-
sterile sites typically infected in patients with WHIM.

Our exploratory results confirm previous reports of clini-
cally significant wart regression in patients with WHIM treated
with plerixafor or the unrelated CXCR4 antagonist mavorixafor
(19, 26) and justify additional investigation of longer treatment
courses and different dosing schedules of plerixafor to improve
efficacy. Our study identified subgroups of plerixafor responder
and nonresponder patients with warts, plerixafor responder and
nonresponder wart areas in the same patient, and an apparent
refractory state of genital HPV disease to plerixafor in patients
demonstrating major regression of cutaneous warts on the drug.
In this regard, we found that diverse and unusual HPV types
infect patients with WHIM, with a predominance of § and y types
and multiple types infecting the same patient, the same wart,
and even nonverrucous lesions and nonlesional skin (Supple-
mental Table 14) (20, 25). There is evidence that CXCL12 and
CXCR4 are coexpressed in WHIM and non-WHIM warts, and
CXCR4 has been detected on keratinocytes in warts but not in

apparent relative neutrophil mobiliza-

tion insensitivity of patients with WHIM
to plerixafor. Neutrophil responses in pediatric participants
were weaker than those in adults, despite excellent lymphocyte
responses, including for naive T cells, which conversely were poor-
ly mobilized by plerixafor in most adults. Despite severe baseline
lymphopenia, we documented normal proliferative T cell respons-
es to mitogens, environmental organisms, and vaccine antigens at
baseline and after plerixafor treatment (Supplemental Figure 6),
consistent with the observation that, apart from HPV, infection
with opportunistic pathogens is uncommon in WHIM syndrome.

Our study confirmed the disparity between severe circulating
B cell deficiency in patients with WHIM and the relatively modest
effect on circulating immunoglobulin levels affecting a subset of
patients, with IgG more consistently and quantitatively affected
than IgA or IgM. Nevertheless, we made a potentially new obser-
vation of unexpectedly high incidence of selective IgA deficiency
at baseline in 4 of 19 patients on study, which may represent an
incompletely penetrant WHIM phenotype. Despite sustained nor-
malization of the circulating absolute total B cell count by plerixa-
for, hypogammaglobulinemia did not improve.

With regard to safety, both drugs caused one unexpected and
idiosyncratic but reversible inflammatory side effect in patients
with risk factors for the condition but no prior expression of it
(psoriasis, reactive arthritis). We speculate that WHIM immuno-
deficiency may protect from immunologically mediated disease
in such predisposed patients. Bone pain was common in patients
receiving G-CSF, despite the low doses used. Eczematous rash of
the palms and soles was common on plerixafor, but it was tran-
sient and did not result in any dropouts. Side effects, especially
bone pain, were most commonly cited by patients in deciding their
drug preference, which trended in favor of plerixafor. This result
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from the study will be important during informed decision making
between physicians and patients.

The lower age limit for participation (10 years of age) preclud-
ed our ability to judge the safety and efficacy of plerixafor in young-
er children. Our findings, together with recent results suggesting
that early diagnosis may improve outcomes in WHIM syndrome
(3), may justify testing plerixafor in this age group. Importantly,
the drug doses in our study were much lower than those recom-
mended for G-CSF in SCN and for plerixafor in HSC mobilization.

In conclusion, plerixafor was not superior to G-CSF for con-
trol of infection severity, the primary endpoint. The study was not
designed to answer whether plerixafor is noninferior to G-CSF for
infection severity; however, no differences between the G-CSF
and plerixafor arms were found for any infection outcome mea-
sures. The exploratory endpoints suggested that plerixafor may
be noninferior to G-CSF for durably increasing the ANC and may
have an advantage over G-CSF for elevating the ALC, for wart
regression, and for limiting bone pain. Dermatitis or arthritis
severe enough to stop treatment occurred in 3 patients while on
plerixafor and 1 patient while on G-CSF.

Methods

Trial design and oversight. The study has a randomized, quadruple-
masked (participants, care providers, investigators, and outcome asses-
sors), crossover design comparing plerixafor with G-CSF, and it was con-
ducted at the NIH-CC. The trial was investigator initiated and designed
and was sponsored by the National Institute of Allergy and Infectious
Diseases Division of Clinical Research. Additional details can be found
in the Supplemental Methods section. The protocol was composed of
6 phases (Figure 2). The first 5 phases (screening as well as 2 masked
drug equilibration and treatment crossover phases) are described in
the Results section. The sixth phase is a posttreatment phase, in which
patients were offered open-label G-CSF and followed for approximately
6 months until the end-of-study visit. The primary and secondary end-
points were compared between the two 12-month treatment phases.
The results we report follow the 2010 CONSORT guidelines (32). The
full protocol can be accessed at Clinicaltrials.gov (NCT02231879).

Patients. Eligibility criteria included a 10- to 75-year age range, a
baseline ANC ofless than 1,500 cells/pL, a history of recurrent infec-
tions, and a CXCR4 mutation damaging the C-terminus of CXCR4. A
history of treatment with G-CSF or plerixafor was not disqualifying,
and continuation of prophylactic antibiotics and immunoglobulin sup-
plementation according to best medical practice was allowed. Addi-
tional details are provided in the Supplemental Methods.

Treatment. G-CSF was purchased from Amgen, and plerixafor was
provided by the manufacturer, Sanofi-Genzyme. Both drugs come in
similarly sized vials and are indistinguishable, clear, colorless, sterile,
and nonviscous liquids (1.6 pL at 300 mg/mL for G-CSF and 1.2 uL
at 20,000 pg/mL for plerixafor). Either the Pharmaceutical Devel-
opment Section of the NIH-CC Pharmacy or Integrity Bio Inc. trans-
ferred the drugs undiluted under cGMP conditions into unmarked
borosilicate syringes in 5 different predefined amounts: 15, 22.5, 36,
54, and 75 pg G-CSF (corresponding to 0.05, 0.075, 0.12, 0.18, and
0.25 mL, respectively) and 800, 1,200, 1,800, 2,600, and 3,800 pg
plerixafor (corresponding to 0.04, 0.06, 0.09, 0.13, and 0.19 mL,
respectively). These 2 ranges were predefined to deliver target dos-
es ranging from approximately 0.25 to 2.0 pg/kg BiD for G-CSF and
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approximately 10 to 40 pg/kg BiD for plerixafor for the body weight
range anticipated for the study participants. The predefined target
dose ranges for both drugs were expected to be sufficient, based on
previous experience in treating patients with WHIM, who do not have
a myeloid block and have mobilizable leukocyte pools (16, 18-20), to
increase the premorning dose trough ANC into a predefined target
range of 500-1,500 cells/uL. The target threshold of 500 cells/uL was
chosen because (a) although the relationship between ANC and infec-
tion susceptibility has not been established in patients with WHIM,
500 cells/pL is an established ANC safety threshold below which the
risk of bacterial infection increases in patients with cancer receiving
chemotherapy (33); (b) most patients with WHIM have a baseline ANC
of less than 500 cells/uL; and (c) drug exposure would be limited to
the lowest level compatible with the desired hematologic response.
The latter consideration was important for plerixafor, because there
was little preclinical or clinical experience with chronic administration
and because Cxcr4-knockout mice are nonviable (34). It was import-
ant for G-CSF because high doses of the drug cause significant bone
pain, potentially resulting in patient dropout. The predefined plerixa-
for target dose range of approximately 10-40 ng/kg BiD is less than
the FDA-approved dose for HSC mobilization of 240 pg/kg daily for
4 days (21). BiD dosing was selected because peak plasma concentra-
tions of plerixafor are observed at 30-60 minutes after subcutaneous
injection in both healthy individuals and patients with WHIM and
because the half-life is approximately 5 hours. The predefined G-CSF
target dose range of approximately 0.25-2.0 pg/kg BiD is lower than
the recommended initial dose for SCN of 6 pg/kg BiD (14) and was
selected because our prestudy experience over 10 years in 16 patients
with WHIM at the NIH had shown that low doses could be effective at
raising the ANC to more than 500 cells/uL and were well tolerated.
For patients already taking open-label G-CSF at enrollment, the
unmasked prefilled G-CSF syringe amount prescribed to start the
screening phase was judged based on the preenrollment dose, the
preenrollment ANC response, and patient weight. Those not already
taking G-CSF at enrollment started the screening phase using the
syringe containing either the lowest or second lowest G-CSF dose.
Dose adjustments using the 5 available syringe amounts were made
during the screening phase if necessary, guided by periodic blood
count assessments, to increase the morning dose trough ANC into the
predefined target range of 500-1,500 cells/uL. To start the masked
and randomized equilibration phases, the masked principal investiga-
tor selected both a prefilled G-CSF syringe dose based on the patient’s
screening phase response and a prefilled plerixafor syringe that would
deliver a dose within the lower portion of the target dose range, i.e.,
approximately 10-20 ng/kg BiD. The unmasked pharmacist then dis-
pensed the correct syringe option based on the randomization. The
initial G-CSF dose in this phase was, in most cases, the same as the
dose the patient had already been receiving at the end of the screening
phase. From these starting doses, adjustments were made during the
equilibration phase using the same prescribing procedure for the oth-
er 4 prefilled syringe amounts for each drug, guided by masked ANC
assessments every 2 weeks before the morning dose, until the ANC
reached at least 500 cells/uL. Patients who failed to reach this thresh-
old by 8 weeks were declared drug failures and were switched to the
second drug. Patients who succeeded during the equilibration phase
were continued on the effective dose for a 12-month treatment phase.
The dose could be further adjusted within the prespecified range for
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Table 6. Infection severity scoring system for individual infections

Score Type of infection Fever Antiinfective route of
administration

0 No chills/fever No treatment

1 Nonsterile site 38.3°C-39°C Topical

2 Sterile site >39°C Oral

3 Parenteral

Points for each parameter in each column were added for each individual infection that occurred
during a treatment phase and were summed to produce an infection severity score, which could
range from 1to 10. Scores for all infections that occurred during a given treatment phase were then

summed to create the TISS score for each patient for each treatment.

were counted as maintenance failures during the

treatment phase and given the worst scores in a

Level of care ranked' a'naly51s. '
Clinical photography and dermatologist

Outpatient provider assessments of warts were obtained at base-
Emergency room line on day O of the equilibration phase as well
Hospitalized as at the month 0, 4, 8 and 12 visits during the
ICU treatment phase. Two masked dermatologists

scored the percentage change in baseline wart
area at each of the 4 visits during each treatment
phase. A complete response was defined as visi-
ble absence at the month 12 visit of a wart area

each drug during the treatment phase if the ANC fell below 500 or
above 7,500 or to mitigate an adverse event thought to be related to
the drug. Patients unable to tolerate a study drug or who met prespec-
ified failure criteria were switched in the first treatment period to the
alternate agent or in the second treatment period to open-label G-CSF.

Assessments and end points. The prespecified primary efficacy end-
point was the difference between the two 12-month treatment periods
for the TISS, a weighted composite of predefined infection frequen-
cy and severity inputs defined for this study. Records of each medical
encounter for infection were collected from the treating health care
provider and scored by the study team according to the predefined
point system shown in Table 6.

The points for each parameter in each column were added for
each infection to produce an infection severity score, which could
range from 1 to 10. For each patient, infection severity scores for all
infections occurring during a treatment phase were added to generate
a TISS for that phase that was then compared with the TISS for the
second treatment phase. Additional details are provided in the Sup-
plemental Methods.

Ordered secondary endpoints included sustained ANC and ALC
improvement; infection incidence; antibiotic treatment duration; wart
regression; and quality of life based on the 36-Item Short Form Sur-
vey, version 2 instrument (Supplemental Methods and Supplemental
Statistical Analysis Plan). Sustained ANC and ALC improvement was
defined on an intent-to-treat basis as a minimum of 75% of visit mea-
surements during a treatment phase that met or exceeded prespecified
thresholds (500 and 1,000 cells/uL for ANC and ALC, respectively),
reasoning that even imperfect maintenance of the counts above the
threshold would be clinically desirable. For ANC, we included in the
analysis measurements before the morning dose and approximately
3 hours after the morning dose at NIH at month O (day 1 of the treat-
ment phase), 4, 8, and 12 visits during each treatment phase as well as
the measurements before the morning dose by the local laboratory at
months 2, 6, and 10 of each treatment phase (measurements after the
morning dose were not done at those visits). Because our phase 1 data
showed that the ALC tended to approach baseline within 12 hours of
administering plerixafor (19), to evaluate sustained ALC improvement
we considered only ALC measurements after the morning dose at the
4 NIH visits during each treatment phase. Note that the month O visit
measurements came after 2 months of treatment with the same drug
during the equilibration phase of the study. Drug failures occurring
during an equilibration phase and dropouts during a treatment phase

defined at the baseline visit. Because carryover
effects on warts were possible during drug cross-
over, the prespecified statistical analysis plan
compared improvement only for the first treatment phase. HPV iden-
tification was as previously reported (25, 35).

Blood for quantitative immunoglobulin and lymphocyte sub-
set assessments was obtained at the NIH-CC before the first study
drug dose on day O of each equilibration phase and approximately 3
hours after the morning dose at the month 0, 4, 8, and 12 visits of each
treatment phase. Immunophenotyping was performed by the Depart-
ment of Clinical Immunology at the NIH-CC using freshly isolated
PBMC:s. Cells were washed with PBS, fixed with 1.0% formaldehyde,
resuspended in PBS, and then stained for cell surface expression of
CD45, CD3, CD4, CD8, CD14, CD56, CD45RA, CD62L, and CD19
using directly labeled monoclonal antibodies (Supplemental Table
16). Lymphocyte proliferation assays assessed freshly isolated PBMCs
from study patients and healthy donors obtained at the day -0 base-
line and month 12 visits for each treatment, as detailed in the Supple-
mental Methods. Normal ranges for leukocyte and immunoglobulin
subsets were those defined by the NIH-CC Department of Clinical
Immunology. Clinical laboratory assessments complied with Clinical
Laboratory Improvement Amendments standards.

We report all adverse events for all study phases.

Statistics. Participant sample size of 20 was defined from retro-
spective frequency and severity data on infections in 11 patients with
WHIM treated with G-CSF at the NIH-CC for 1 year (as detailed in
the Supplemental Protocol and the Supplemental Statistical Analy-
sis Plan), which gave a power of 90%, assuming a reduction of 50%
between the TISS score during the plerixafor and G-CSF treatment
phases. Detailed rules formissing data and drug failures were prespec-
ified in the Supplemental Statistical Analysis Plan, and all analyses
were performed using an intent-to-treat paradigm. For the primary
analysis we used a 2-sample Wilcoxon’s test under a ranking scheme,
where we formed a score S for each participant, defined as follows:
S = (TISS during treatment phase 1 - TISS during treatment phase
2), for a patient who did not have a drug failure and had complete
follow up. Patients who failed to complete a treatment phase were
given the worst score for that phase. Because the order of drug
administration was randomized, if there were phase effects or carry-
over effects, the methods are still valid. A 2-sample Wilcoxon’s rank
sum test analyzed TISS differences between plerixafor and G-CSF
at the 2-sided 0.05 level. If significant, we would proceed to test the
prespecified secondary outcomes in the predefined order using the
fixed-sequence method, each at the 1-sided 0.025 level adjusting for
multiple comparisons.
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We used a noninferiority test to assess sustained ANC improve-
ment because both drugs are known to increase the ANC, and we
used a superiority test to assess sustained ALC improvement because
plerixafor, but not G-CSF, is known to elevate the ALC. The effect
parameter for ANC is the proportion of successes (at least 75% of mea-
sured ANC above 500 cells/pL) while on G-CSF minus the proportion
of successes while on plerixafor, and we prespecified a noninferiority
margin of 0.40, which was estimated to be about 50% of the size of the
effect of G-CSF versus placebo. For quantifying CIs on differences in
success proportions for maintaining the ANC and ALC above prede-
termined levels on drug, we used a method that accounts for the pair-
ing due to the crossover design and is valid for small samples (36). We
switched from a 2-sided test for the primary endpoint (a level 0.05) to
a 1-sided test (o level 0.025) for the secondaries, because the primary
was prespecified as 2 sided, and the secondary for the ANC endpoint
is a noninferiority hypothesis, which is inherently 1 sided. Because the
primary outcome was not significant, secondary endpoints were treat-
ed as exploratory, and P values were not adjusted for multiple com-
parisons. Exploratory endpoints not prespecified were analyzed by a
Wilcoxon’s matched pairs rank test. Additional details are provided in
the Supplemental Statistical Analysis Plan.

Study approval. The Institutional Review Board of the National
Institute of Allergy and Infectious Diseases approved the study. All
patients gave written informed consent prior to participation and for
the use of clinical photographs.

Data availability. Values for all data points in graphs are reported
in the Supporting Data Values file. Data are available upon request.

Author contributions

DHM, DF, MPF, HLM, and PMM designed the study and devel-
oped the protocol. CBB and DVP acquired, analyzed, and inter-
preted HPV genomic data. KRC analyzed bone marrow data.
DHM, PMM, PJG, EWC, JJD, MAM, PS, DV, EC, HJK, CB, and JDK
acquired and analyzed clinical data. SDR supervised flow cytom-
etry. DBK supervised T cell proliferation and antibody assays. DF,
MPF, DHM, and PMM established the statistical analysis plan. DF,
MPF, and PMM performed statistical analyses. PMM made the

CLINICAL MEDICINE

decision to publish the paper. The paper was written mainly by
PMM and MPF with contributions from all authors.

Acknowledgments

We thank the patients, their families, and health care providers for
participating in the research, which was supported primarily by
the Divisions of Intramural and Clinical Research of the Nation-
al Institute of Allergy and Infectious Diseases, with contributions
from the Divisions of Intramural Research of the National Can-
cer Institute, the National Institute of Dental and Craniofacial
Research, the National Institute on Deafness and Other Commu-
nication Disorders, the National Human Genome Research Insti-
tute, the National Institute of Arthritis and Musculoskeletal and
Skin Diseases, the National Institute of Neurologic Disorders and
Stroke, and the NIH-CC as well as, in part, by federal funds from
the National Cancer Institute, NIH, to Leidos Inc. under contract
no. 75N91019D00024. We thank John Tierney and Susan Vogel
from the Division of Clinical Research, National Institute of Aller-
gy and Infectious Diseases, for regulatory support; Sanofi-Gen-
zyme for providing plerixafor under a Clinical Trials Agreement
with the National Institute of Allergy and Infectious Diseases; the
staff of the NIH-CC Pharmacy, particularly George Grimes, Judy
Starling, Sanaz Kiana, Michael Kolf, David Kossor, and Nadia
Gurguis, for their assistance with drug acquisition, compounding,
testing, monitoring, masking, and shipment; the staff of Sano-
fi-Genzyme, particularly Joanne Swanson, Yvonne Barnes, Tra-
cy Chen, Andrew Bodiford, and Simon Fricker, for support and
helpful suggestions; and Adriana Marques and Siu-Ping Turk from
National Institute of Allergy and Infectious Diseases for helpful
advice analyzing quality-of-life data.

Address correspondence to: Philip M. Murphy, Bldg. 10, Room
11N111, NIH, 9000 Rockville Pike, Bethesda, Maryland 20892-
1886, USA. Phone: 301.496.8616; Email: pmm@nih.gov.

PJG’s present address is: BC Cancer, Vancouver, British Columbia,
Canada.

—_

. Beaussant Cohen S, et al. Description and
outcome of a cohort of 8 patients with WHIM
syndrome from the French Severe Chronic Neu-
tropenia Registry. Orphanet ] Rare Dis. 2012;7:71.

2.Dale DC, et al. Family studies of warts,
hypogammaglobulinemia, immunodeficiency,
myelokathexis syndrome. Curr Opin Hematol.
2020;27(1):11-17.

. Geier CB, et al. Disease progression of WHIM
syndrome in an international cohort of 66

w

pediatric and adult patients. J Clin Immunol.
2022;42(8):1748-1765.

4. Heusinkveld LE, et al. WHIM syndrome: from
pathogenesis towards personalized medicine and
cure. J Clin Immunol. 2019;39(6):532-556.

. Krill CE Jr, et al. Chronic idiopathic granulocyto-
penia. N Engl ] Med. 1964;270:973-979.

6. Tassone L, et al. Clinical and genetic diagnosis of

warts, hypogammaglobulinemia, infections, and

ol

myelokathexis syndrome in 10 patients. J Allergy
Clin Immunol. 2009;123(5):1170-1173.
7. Wetzler M, et al. A new familial immunodefi-

J Clin Invest. 2023;133(19):e164918 https://doi.org/10.1172/)CI1164918

el

0

10.

1

j—y

12.

ciency disorder characterized by severe neutro-
penia, a defective marrow release mechanism,
and hypogammaglobulinemia. Am | Med.
1990;89(5):663-672.

. Zuelzer WW. “Myelokathexis”—a new form of

chronic granulocytopenia. Report of a case.

N Engl] Med.1964;270:699-704.

Hernandez PA, et al. Mutations in the chemokine
receptor gene CXCR4 are associated with WHIM
syndrome, a combined immunodeficiency dis-
ease. Nat Genet. 2003;34(1):70-74.

Devi S, et al. Neutrophil mobilization via
plerixafor-mediated CXCR4 inhibition arises
from lung demargination and blockade of neu-
trophil homing to the bone marrow. J Exp Med.
2013;210(11):2321-2336.

. Eash KJ, et al. CXCR2 and CXCR4 antagonistically

regulate neutrophil trafficking from murine bone
marrow. ] Clin Invest. 2010;120(7):2423-2431.
Martin C, et al. Chemokines acting via CXCR2
and CXCR4 control the release of neutrophils
from the bone marrow and their return following

13.

14.

15.

16.

17.

18.

senescence. Immunity. 2003;19(4):583-593.
McDermott DH, et al. AMD3100 is a potent
antagonist at CXCR4(R334X), a hyperfunctional
mutant chemokine receptor and cause of WHIM
syndrome. ] Cell Mol Med. 2011;15(10):2071-2081.
Dale DC, et al. A randomized controlled phase
I1I trial of recombinant human granulocyte
colony-stimulating factor (filgrastim) for treat-
ment of severe chronic neutropenia. Blood.
1993;81(10):2496-2502.

Petit I, et al. G-CSF induces stem cell mobi-
lization by decreasing bone marrow SDF-1

and up-regulating CXCR4. Nat Immunol.
2002;3(7):687-694.

Dale DC, et al. The CXCR4 antagonist plerixafor
is a potential therapy for myelokathexis, WHIM
syndrome. Blood. 2011;118(18):4963-4966.

De Clercq E. The AMD3100 story: the path to
the discovery of a stem cell mobilizer (Mozobil).
Biochem Pharmacol. 2009;77(11):1655-1664.
McDermott DH, et al. The CXCR4 antagonist
plerixafor corrects panleukopenia in patients with

= [


https://doi.org/10.1172/JCI164918
mailto://pmm@nih.gov
https://www.jci.org/articles/view/164918#sd
https://doi.org/10.1186/1750-1172-7-71
https://doi.org/10.1186/1750-1172-7-71
https://doi.org/10.1186/1750-1172-7-71
https://doi.org/10.1186/1750-1172-7-71
https://doi.org/10.1097/MOH.0000000000000554
https://doi.org/10.1097/MOH.0000000000000554
https://doi.org/10.1097/MOH.0000000000000554
https://doi.org/10.1097/MOH.0000000000000554
https://doi.org/10.1007/s10875-022-01312-7
https://doi.org/10.1007/s10875-022-01312-7
https://doi.org/10.1007/s10875-022-01312-7
https://doi.org/10.1007/s10875-022-01312-7
https://doi.org/10.1007/s10875-019-00665-w
https://doi.org/10.1007/s10875-019-00665-w
https://doi.org/10.1007/s10875-019-00665-w
https://doi.org/10.1056/NEJM196405072701902
https://doi.org/10.1056/NEJM196405072701902
https://doi.org/10.1016/j.jaci.2008.12.1133
https://doi.org/10.1016/j.jaci.2008.12.1133
https://doi.org/10.1016/j.jaci.2008.12.1133
https://doi.org/10.1016/j.jaci.2008.12.1133
https://doi.org/10.1016/0002-9343(90)90187-I
https://doi.org/10.1016/0002-9343(90)90187-I
https://doi.org/10.1016/0002-9343(90)90187-I
https://doi.org/10.1016/0002-9343(90)90187-I
https://doi.org/10.1016/0002-9343(90)90187-I
https://doi.org/10.1056/NEJM196404022701402
https://doi.org/10.1056/NEJM196404022701402
https://doi.org/10.1056/NEJM196404022701402
https://doi.org/10.1038/ng1149
https://doi.org/10.1038/ng1149
https://doi.org/10.1038/ng1149
https://doi.org/10.1038/ng1149
https://doi.org/10.1084/jem.20130056
https://doi.org/10.1084/jem.20130056
https://doi.org/10.1084/jem.20130056
https://doi.org/10.1084/jem.20130056
https://doi.org/10.1084/jem.20130056
https://doi.org/10.1172/JCI41649
https://doi.org/10.1172/JCI41649
https://doi.org/10.1172/JCI41649
https://doi.org/10.1016/S1074-7613(03)00263-2
https://doi.org/10.1016/S1074-7613(03)00263-2
https://doi.org/10.1016/S1074-7613(03)00263-2
https://doi.org/10.1016/S1074-7613(03)00263-2
https://doi.org/10.1111/j.1582-4934.2010.01210.x
https://doi.org/10.1111/j.1582-4934.2010.01210.x
https://doi.org/10.1111/j.1582-4934.2010.01210.x
https://doi.org/10.1111/j.1582-4934.2010.01210.x
https://doi.org/10.1182/blood.V81.10.2496.2496
https://doi.org/10.1182/blood.V81.10.2496.2496
https://doi.org/10.1182/blood.V81.10.2496.2496
https://doi.org/10.1182/blood.V81.10.2496.2496
https://doi.org/10.1182/blood.V81.10.2496.2496
https://doi.org/10.1038/ni813
https://doi.org/10.1038/ni813
https://doi.org/10.1038/ni813
https://doi.org/10.1038/ni813
https://doi.org/10.1182/blood-2011-06-360586
https://doi.org/10.1182/blood-2011-06-360586
https://doi.org/10.1182/blood-2011-06-360586
https://doi.org/10.1016/j.bcp.2008.12.014
https://doi.org/10.1016/j.bcp.2008.12.014
https://doi.org/10.1016/j.bcp.2008.12.014
https://doi.org/10.1182/blood-2011-07-368084
https://doi.org/10.1182/blood-2011-07-368084

CLINICAL MEDICINE

19.

20.

2

—_

22.
23.

24.
25.

26.

B

WHIM syndrome. Blood. 2011;118(18):4957-4962.
McDermott DH, et al. A phase 1 clinical trial of
long-term, low-dose treatment of WHIM syn-
drome with the CXCR4 antagonist plerixafor.
Blood. 2014;123(15):2308-2316.

McDermott DH, et al. Plerixafor for the treat-
ment of WHIM Syndrome. N Engl ] Med.
2019;380(2):163-170.

. DiPersio JF, et al. Phase III prospective random-

ized double-blind placebo-controlled trial of
plerixafor plus granulocyte colony-stimulating
factor compared with placebo plus granulocyte
colony-stimulating factor for autologous stem-
cell mobilization and transplantation for patients
with non-Hodgkin’s lymphoma. J Clin Oncol.
2009;27(28):4767-4773.

Laberko A, et al. Multicenter experience of hema-
topoietic stem cell transplantation in WHIM
syndrome. ] Clin Immunol. 2022;42(1):171-182.
Weber-Mzell D, et al. Gender, age and seasonal
effects on IgA deficiency: a study of 7293 Cauca-
sians. Eur J Clin Invest. 2004;34(3):224-228.
Balabanian K, et al. Proper desensitization of
CXCR4 is required for lymphocyte development
and peripheral compartmentalization in mice.
Blood. 2012;119(24):5722-5730.

Pastrana DV, et al. Metagenomic discovery

of 83 new human papillomavirus types in
patients with immunodeficiency. mSphere.
2018;3(6):e00645-18.

Dale DC, et al. Results of a phase 2 trial of

27.

28.

29.

30.

31

32.

33.

34.

an oral CXCR4 antagonist, mavorixafor,

for treatment of WHIM syndrome. Blood.
2020;136(26):2994-3003.

Dotta L, et al. Long-term outcome of WHIM
syndrome in 18 patients: high risk of lung disease
and HPV-related malignancies. ] Allergy Clin
Immunol Pract. 2019;7(5):1568-1577.

Balabanian K, et al. WHIM syndromes with
different genetic anomalies are accounted for

by impaired CXCR4 desensitization to CXCL12.
Blood. 2005;105(6):2449-2457.

Chow KY, et al. A pivotal role for CXCL12 signal-
ing in HPV-mediated transformation of kera-
tinocytes: clues to understanding HPV-patho-
genesis in WHIM syndrome. Cell Host Microbe.
2010;8(6):523-533.

Meuris F, et al. Symptomatic improvement in
human papillomavirus-induced epithelial neopla-
sia by specific targeting of the CXCR4 chemokine
receptor. ] Invest Dermatol. 2016;136(2):473-480.
McDermott DH, et al. Chromothriptic cure of
WHIM syndrome: Implications for bone marrow
transplantation. Rare Dis. 2015;160(4):686-699.
Schulz KF, et al. CONSORT 2010 statement:
updated guidelines for reporting parallel group
randomised trials. BM]J. 2010;340:¢332.

Taplitz RA, et al. Antimicrobial prophylaxis for
adult patients with cancer-related immunosup-
pression: ASCO and IDSA clinical practice guide-
line update. ] Clin Oncol. 2018;36(30):3043-3054.
Zou YR, et al. Function of the chemokine recep-

The Journal of Clinical Investigation

tor CXCR4 in haematopoiesis and in cerebellar
development. Nature. 1998;393(6685):595-599.

35. Buck CB, et al. Complete genome sequence
of a tenth human polyomavirus. J Virol.
2012;86(19):10887.

36. Fay MP, Lumbard K. Confidence intervals for
difference in proportions for matched pairs com-
patible with exact McNemar’s or sign tests. Stat
Med. 2021;40(5):1147-1159.

37. McDermott DH, et al. Case Report: Ocular toxo-
plasmosis in a WHIM syndrome immunodefi-
ciency patient. FIOOORes. 2019;8:2.

38. Gorlin RJ, et al. WHIM syndrome, an autoso-
mal dominant disorder: clinical, hematolog-
ical, and molecular studies. Am ] Med Genet.
2000;91(5):368-376.

39. Hagan JB, Nguyen PL. WHIM syndrome. Mayo
Clin Proc. 2007;82(9):1031.

40. Aprikyan AA, et al. Myelokathexis, a congenital
disorder of severe neutropenia characterized
by accelerated apoptosis and defective expres-
sion of bel-x in neutrophil precursors. Blood.
2000;95(1):320-327.

41. Mentzer WC Jr, et al. An unusual form of chron-
ic neutropenia in a father and daughter with
hypogammaglobulinaemia. Br ] Haematol.
1977;36(3):313-322.

42. Sanmun D, et al. Stromal-derived factor-1 abol-
ishes constitutive apoptosis of WHIM syndrome
neutrophils harbouring a truncating CXCR4
mutation. Br ] Haematol. 2006;134(6):640-644.

J Clin Invest. 2023;133(19):e164918 https://doi.org/10.1172/)C1164918


https://doi.org/10.1172/JCI164918
https://doi.org/10.1182/blood-2011-07-368084
https://doi.org/10.1182/blood-2013-09-527226
https://doi.org/10.1182/blood-2013-09-527226
https://doi.org/10.1182/blood-2013-09-527226
https://doi.org/10.1182/blood-2013-09-527226
https://doi.org/10.1056/NEJMoa1808575
https://doi.org/10.1056/NEJMoa1808575
https://doi.org/10.1056/NEJMoa1808575
https://doi.org/10.1200/JCO.2008.20.7209
https://doi.org/10.1200/JCO.2008.20.7209
https://doi.org/10.1200/JCO.2008.20.7209
https://doi.org/10.1200/JCO.2008.20.7209
https://doi.org/10.1200/JCO.2008.20.7209
https://doi.org/10.1200/JCO.2008.20.7209
https://doi.org/10.1200/JCO.2008.20.7209
https://doi.org/10.1200/JCO.2008.20.7209
https://doi.org/10.1007/s10875-021-01155-8
https://doi.org/10.1007/s10875-021-01155-8
https://doi.org/10.1007/s10875-021-01155-8
https://doi.org/10.1111/j.1365-2362.2004.01311.x
https://doi.org/10.1111/j.1365-2362.2004.01311.x
https://doi.org/10.1111/j.1365-2362.2004.01311.x
https://doi.org/10.1182/blood-2012-01-403378
https://doi.org/10.1182/blood-2012-01-403378
https://doi.org/10.1182/blood-2012-01-403378
https://doi.org/10.1182/blood-2012-01-403378
https://doi.org/10.1128/mSphereDirect.00645-18
https://doi.org/10.1128/mSphereDirect.00645-18
https://doi.org/10.1128/mSphereDirect.00645-18
https://doi.org/10.1128/mSphereDirect.00645-18
https://doi.org/10.1182/blood.2020007197
https://doi.org/10.1182/blood.2020007197
https://doi.org/10.1182/blood.2020007197
https://doi.org/10.1182/blood.2020007197
https://doi.org/10.1016/j.jaip.2019.01.045
https://doi.org/10.1016/j.jaip.2019.01.045
https://doi.org/10.1016/j.jaip.2019.01.045
https://doi.org/10.1016/j.jaip.2019.01.045
https://doi.org/10.1182/blood-2004-06-2289
https://doi.org/10.1182/blood-2004-06-2289
https://doi.org/10.1182/blood-2004-06-2289
https://doi.org/10.1182/blood-2004-06-2289
https://doi.org/10.1016/j.chom.2010.11.006
https://doi.org/10.1016/j.chom.2010.11.006
https://doi.org/10.1016/j.chom.2010.11.006
https://doi.org/10.1016/j.chom.2010.11.006
https://doi.org/10.1016/j.chom.2010.11.006
https://doi.org/10.1016/j.jid.2015.11.004
https://doi.org/10.1016/j.jid.2015.11.004
https://doi.org/10.1016/j.jid.2015.11.004
https://doi.org/10.1016/j.jid.2015.11.004
https://doi.org/10.1080/21675511.2015.1073430
https://doi.org/10.1080/21675511.2015.1073430
https://doi.org/10.1080/21675511.2015.1073430
https://doi.org/10.1136/bmj.c332
https://doi.org/10.1136/bmj.c332
https://doi.org/10.1136/bmj.c332
https://doi.org/10.1200/JCO.18.00374
https://doi.org/10.1200/JCO.18.00374
https://doi.org/10.1200/JCO.18.00374
https://doi.org/10.1200/JCO.18.00374
https://doi.org/10.1038/31269
https://doi.org/10.1038/31269
https://doi.org/10.1038/31269
https://doi.org/10.1128/JVI.01690-12
https://doi.org/10.1128/JVI.01690-12
https://doi.org/10.1128/JVI.01690-12
https://doi.org/10.1002/sim.8829
https://doi.org/10.1002/sim.8829
https://doi.org/10.1002/sim.8829
https://doi.org/10.1002/sim.8829
https://doi.org/10.12688/f1000research.16825.1
https://doi.org/10.12688/f1000research.16825.1
https://doi.org/10.12688/f1000research.16825.1
https://doi.org/10.1002/(SICI)1096-8628(20000424)91:5<368::AID-AJMG10>3.0.CO;2-9
https://doi.org/10.1002/(SICI)1096-8628(20000424)91:5<368::AID-AJMG10>3.0.CO;2-9
https://doi.org/10.1002/(SICI)1096-8628(20000424)91:5<368::AID-AJMG10>3.0.CO;2-9
https://doi.org/10.1002/(SICI)1096-8628(20000424)91:5<368::AID-AJMG10>3.0.CO;2-9
https://doi.org/10.4065/82.9.1031
https://doi.org/10.4065/82.9.1031
https://doi.org/10.1182/blood.V95.1.320
https://doi.org/10.1182/blood.V95.1.320
https://doi.org/10.1182/blood.V95.1.320
https://doi.org/10.1182/blood.V95.1.320
https://doi.org/10.1182/blood.V95.1.320
https://doi.org/10.1111/j.1365-2141.1977.tb00654.x
https://doi.org/10.1111/j.1365-2141.1977.tb00654.x
https://doi.org/10.1111/j.1365-2141.1977.tb00654.x
https://doi.org/10.1111/j.1365-2141.1977.tb00654.x
https://doi.org/10.1111/j.1365-2141.2006.06240.x
https://doi.org/10.1111/j.1365-2141.2006.06240.x
https://doi.org/10.1111/j.1365-2141.2006.06240.x
https://doi.org/10.1111/j.1365-2141.2006.06240.x

